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Abstract. Owing to the Mediterranean-like and highly variable climate of western South America, moderate droughts (20-
30% precipitation deficit) recur every 3-5 years in central Chile, alternating with wet years. Since 2010, however, this region
has experienced a continuous dry spell, including extremely dry conditions in 2019 and 2021, when annual precipitation
deficits exceeded 75%. The substantial lack of rain in those winters resulted in severe environmental impacts (e.g., near
collapse of natural forests) and augmented social tensions in the country. Long-term records reveal similar extreme dry
conditions in 1924, 1968, and 1998, referred to as hyperdroughts (HDs).

The climate drivers, past recurrence, environmental impacts, and social effects of HDs are documented here using station-
based hydroclimate observations, meteorological reanalysis, tree-ring-based precipitation reconstructions, satellite-based
vegetation products, and interviews with social actors. Large-ensemble climate model outputs are employed to assess changes
in the recurrence and intensity of HDs in the near future. This task shed light on the functioning of the atmosphere—
hydrosphere—biosphere—social system in a Mediterranean-like region under extreme events and is timely given the prospect of
a drier climate for central Chile during the rest of the 21st century. Overall, we found that the acute impacts of the HDs are
modulated by precedent conditions, mainly in those systems with long memory (e.g., groundwater and vegetation) and the
social context in which they occur (e.g., rural population fraction). Furthermore, extremely low precipitation causes some
systems to react in a way that substantially departs from the climate-response relationship established under more benign

conditions, including moderate droughts.
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1 Introduction

Droughts are widely recognized as a complex hydroclimate hazard (e.g., Mishra and Singh, 2010; Raposo et al., 2023), whose
harmful effects on society and the environment maximize during extreme dry events (e.g., Xu et al., 2019; Cunha et al., 2019;
Lana and Burgueino, 1998; Prugh et al., 2018) as those studied in the present work in central Chile. As the meteorological
drought extends from months to years, the impacts spread to agriculture, hydrology, ecosystems, and society (Van Loon et al.,
2024). Another distinctive aspect of droughts compared with other hydrometeorological phenomena is the large spatial extent
they can reach and their seeming synchronicity across different regions, contributing to damaging impact on food, water, and
energy security (Mondal et al., 2023).

Dry spells may occur everywhere, but extreme droughts are more common in regions with high interannual climate variability.
This is the case of central Chile, the strip of land along the west coast of South America bounded by the subtropical Andes
(30-37°S, Fig. la). Most of the annual precipitation in this region is accounted by a handful of frontal storms during the
extended winter semester (May to September) when the midlatitude westerly wind belt and the southeast Pacific subtropical
anticyclone reach their northernmost position (e.g., Aceituno et al., 2023). This results in a Mediterranean-like climate
characterized by semi-arid conditions and marked seasonality (Miller, 1976). The region also experiences large year-to-year
fluctuations, partly modulated by El Nifio Southern Oscillation (ENSO, e.g., Montecinos and Aceituno, 2003). Fig. 2 illustrates
this variability through the annual precipitation observed in Santiago (33°S, 71°W), which is representative of the variability
across central Chile. The long-term (1920-2020) mean precipitation in Santiago is about 310 mm/yr, but annual totals vary
widely between 80 and 800 mm/yr. Not surprisingly, years with a precipitation deficit equal to or larger than 25% have an
average recurrence of 3-5 years in central Chile (Nufiez Cobo et al., 2018), alternating with wetter-than-average years.

The high precipitation variability in central Chile paused between 2010 and 2022, a period referred to as the megadrought
(MD, Garreaud et al., 2017). Precipitation in Santiago -and much of the country- was below average every year during this
period, with a 13-year average of 190 mm (35% deficit), the lowest throughout the record. Tree ring-based annual precipitation
reconstructions going back to 1000 CE offer no analogs for the MD regarding its severity (Garreaud et al., 2017). Long-term
drying caused by anthropogenic forcing explains about a quarter or a third of the MD duration and intensity (Boisier et al.,
2016; Garreaud et al., 2019), the rest caused by seemingly natural variability in the Pacific Ocean (Garreaud et al., 2021).
During the central Chile MD, there was an amplified reduction in river flows (Alvarez-Garreton et al., 2021) and a marked
drop in the water levels of lakes and reservoirs, some of which dried up (Barria et al., 2021). The decrease in river flow also
caused a drop in nutrient input in coastal areas (Masotti et al., 2018). On the other hand, along with an increasing freshwater
demand for human activities, the water stress in many basins across the region (Boisier et al., 2024) raised to levels that would
have resulted in “day zero” if it had not been for intensive use of groundwater (Alvarez-Garreton et al., 2024). This, in turn,
caused a sustained decline in groundwater levels, leading to environmental degradation and water access-related conflicts,
with significant environmental and socioeconomic costs (Taucare et al., 2024; Jodar et al., 2024; Alvarez-Garreton et al.,

2024).
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Figure 1. Panel (a) shows the climatological annual mean precipitation in stations along Chile. The study area and the outlines of
the Aconcagua and Maipo basins are also indicated. The rest of the panels (b-f) show the standardized precipitation anomalies
during the HD years of 1924, 1968, 1998, 2019, and 2021.

Within the MD period, 2019 stands out, with merely 82 mm accumulated in Santiago, a ~75% deficit replicated in much of
central Chile (DGA, 2019). The failed rainy season that year resulted in severe environmental impacts. Arroyo et al. (2020)
noted how this extreme drought affected plant species in the Central Chilean Andes in the austral summer of 2019-2020, and
Miranda et al. (2023) detected a large-scale, abrupt forest browning and productivity decline in Chile that began in October
2019 and continued until winter 2020. The browning occurred from the coast to the Andes across a latitudinal range of ~500
km, encompassing different local environmental conditions, species composition, and diverse tree degradation and mortality
levels. Following the extremely dry year of 2019, precipitation in winter 2020 was moderately below average (25-33% deficit),
but in 2021, Santiago only received 113 mm, a very dry condition observed across central Chile (DGA, 2022). The extremely
dry conditions in 2019 and 2021 occurred within the MD and when climate change effects on droughts began to emerge in
many regions worldwide (Vicente-Serrano et al., 2022; Dai, 2011). Nevertheless, a customary inspection of the annual
precipitation in Santiago and other stations reveals that similarly extreme dry conditions occurred over the past century, in

1924, 1968, and 1998.
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Figure 2. (a) Time series of the annual precipitation in station Quinta Normal, Santiago (black line, in mm) and the regional
precipitation index (RPIL, light-blue line) based on 48 stations in central Chile. The hyperdrougth years are indicated by a red circle
and dashed vertical lines. RPI distribution's mean (median) value is indicated by a horizontal solid (dashed) line in the box to the
right. The bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most
extreme data points not considered outliers. (b) Time series of the annual regional river discharge anomalies (blue line) based on
nine stations (see section 2.1) and individual anomalies (grey lines). (c) Time series of the annual maximum regional Snow water
equivalent (purple line) based on four snow curses stations (see section 2.2) and individual anomalies (grey lines).

Given their severity and disproportionate impacts, this work focuses on extremely dry years in central Chile, which we call
hyperdroughts (HDs). Describing the climate setting, impacts, and responses to HDs will shed light on the functioning of the
atmosphere—hydrosphere—biosphere—social system in a Mediterranean-like region under extreme events. This task is also
timely since model-based climate projections consistently indicate a reduction in mean annual precipitation for the rest of the

century (Bozkurt et al., 2018; Boisier et al., 2024) that may favor the occurrence of extreme dryness. Although the precipitation
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anomalies during contemporaneous HDs are similar, we conjecture that the memory of the diverse natural systems (Van Loon
et al., 2024) and the social context in which they occur (Camus and Jaksic, 2021a) strongly modulate their impacts.
Furthermore, the signs of forest collapse in the summer of 2019-2020 (Miranda et al., 2023) suggest that extremely low
precipitation causes some systems to react in a way that substantially departs from the climate-response relationship established

under more benign conditions, including moderate droughts.

The various datasets used in this study are described in section 2. A caveat is that some data (e.g., satellite-derived vegetation
products) are unavailable for earlier periods, limiting the description of older HDs compared to recent events. The
spatiotemporal features of HD events are described using local climate data complemented by a multi-centennial reconstruction
in section 3, followed by the analysis of their associated large-scale circulation patterns in section 4. In section 5, we document
the impacts of the HDs on hydrological and cryospheric conditions and vegetation, testing the dependence of these impacts on
antecedent conditions. In section 6, we describe some of the HD effects on society and its responses, noting the varying social
landscape in which these events have occurred. In section 7, we use climate model simulations to estimate changes in HD

frequency and intensity considering past, present, and future periods. Concluding remarks are provided in section 8.

2 Data and methods

This work employed multiple datasets to characterize the HDs and their impacts, including station-based hydroclimate
observations, meteorological reanalysis, tree-ring-based precipitation reconstructions, satellite-based vegetation products,
large-ensemble climate model outputs, and in-person interviews with social actors. Next, we describe their main features of

the datasets and regional indices derived from them.

2.1 Hydrometeorology

Long-term rain gauge records were gathered and homogenized for this study. For the period 1960-2023, the dataset consists
of ~300 quality-controlled daily observations from the Chilean Water Bureau (DGA), the Weather Service (DMC), the Navy
Weather Service (SERVIMET-DIRECTEMAR), the Agricultural Research Institute (INIA), and the Foundation for Fruit
Development (FDF). These observations were previously used to derive the gridded dataset CR2ZMET (Boisier, 2023). Monthly
data computed from this dataset was merged with monthly totals available for earlier periods from annual reports by the DMC.
Both data sources were merged into a single dataset, with some data from older and newer station records combined and treated
as a single station.

Long-term monthly precipitation data is used to examine rainfall variability in central Chile and the spatial extent of HDs (Fig.
1). To quantify this variability and define HD years, a regional precipitation index (RPI) was computed as a standardized
annual anomaly (January-December), averaged across 48 stations located between 30°S and 37°S (Fig. 2). These stations were

included due to time extension, with their time series containing more than 80 valid annual data points between 1920 and 2023.

5
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The standardized anomalies were calculated as the difference between yearly precipitation and the long-term mean (1920—
2023), divided by the interannual standard deviation.

The DGA also provides daily mean river discharge for more than 70 basins in central Chile. Monthly means were calculated
when at least 25 observations were present that month and annual means (using the hydrological year from May to April) when
at least 11 months satisfied that criteria. These restrictions ensure representatives but reduce the sample to five stations in the
major rivers between 32-35°S with data from at least since 1950 (Sup. Table 1). The Chilean fluviometric data was
complemented with annual mean discharge from four major rivers draining the subtropical Andes towards Argentina (Sup.
Table 1), extending until 2022 the quality-controlled dataset assembled by Masiokas et al. (2006). The data at each of the nine
stations was transformed into percentages of their long-term mean (1966-2004) and then averaged to create a regional river
discharge annual series.

Among the basins, the Maipo River is particularly relevant as it provides more than 70% of the potable water for nearly six
million inhabitants of Santiago. In addition to the discharge measurements at El Manzano station in the Andean foothills, a
nearby station provides hourly turbidity measurements from 1990 to 2023 (Sup. Table 1). The turbidity measurements are
conducted by Aguas Andinas, the sanitary company providing potable water to Santiago, and were previously used to

characterize the sediment transport in the Maipo River (Vergara et al., 2022a).

2.2 Cryosphere, soil moisture, and groundwater

Snow water equivalent and soil moisture were obtained from the global land surface reanalysis ERAS5-Land (Mufioz-Sabater
et al., 2021), available from 1950 onwards with a 9-km horizontal resolution. ERAS5-Land is produced by a high-resolution
integration of the land surface component of the ECMWF reanalysis driven by scaled atmospheric fields of ERAS.

We also employed SWE from four snow courses (Sup. Table 1) in the subtropical Andes between 33 and 36°S. These in-situ
measurements have monthly resolutions from 1954-2022. Following Masiokas et al. (2006), the maximum value of SWE
(MSWE) for each year was used to surrogate total snow accumulation at each site. Annual MSWE values for each snow course
were converted to percentages of their 19662004 mean and averaged to create a regional MSWE record from 1951-2022.
To explore the effects of the HDs on groundwater systems, data on groundwater levels from the observation well network
maintained by the DGA was utilized. Here, we employed 10 wells in the Aconcagua River basin (see Fig. 1a) and two others

south of Santiago, with observations every 1 or 2 months available from 1970 to 2021.

2.3 Climate data and models

To characterize the large-scale atmospheric circulation associated with HDs, we utilized sea level pressure (SLP), 500 hPa
geopotential height, and precipitation from the fifth-generation ECMWF reanalysis (ERAS; Hersbach et al., 2020). Reanalyzes
offer a comprehensive and physically consistent three-dimensional dataset by assimilating multiple meteorological
observations (land-based, upper-air, and satellite products) into a state-of-the-art numerical model. ERAS5 provides hourly

fields on a 0.25°%0.25° lat-lon grid from 1940 onwards.
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The description of the HD in 1924 was based on long-term reanalyzes covering the entire 20th century, specifically, those
provided by ECMWF (ERA-20C; Poli et al., 2016) and NOAA-CIRES-DOE (20CRv3; Slivinski et al., 2019). These
reanalyzes use prescribed SST and assimilate only surface pressure observations (and marine winds in the case of ERA-20C).
We also utilized the ERSST version 5 dataset of sea surface temperature (SST; Huang et al.; 2017), with monthly resolution
available from 1854 onwards on a 2°x2° lat-lon grid. ERSST is obtained by merging SST from ICOADS (ships and buoys)
and profiling floats from Argo Float GDAC. To highlight HD conditions relative to normal, seasonal, and monthly SLP,
precipitation and SST anomalies were computed as the difference between the actual fields and long-term averages for 1970-
2000.

To estimate changes in HD frequency and intensity during past, present, and future periods, we used annual precipitation data
obtained from the Community Earth System Model version 2 Large Ensemble project (CESM2-LE; Rodgers et al., 2021).
This dataset comprises a 100-member single-model initial-condition ensemble of fully coupled simulations at 1°x1° lat-lon
spatial resolution. The simulations cover 1850-2014 and are forced under CMIP6 historical radiative forcing (1850-2014) and
SSP3-7.0 scenario (2015-2100). We averaged the precipitation output at grid cells in the Chilean territory between 30-37°S to
produce a 100-time series of modeled annual precipitation. Then, we used Quantile Mapping (e.g., Cannon et al., 2015) and
observed values from Quinta Normal station in Santiago to correct the bias of the modeled time series. To derive the transfer

function, we fit a Gamma distribution to modeled and observed values within 1921-2020, using all ensemble members.

2.4 Vegetation

The effects of the HD on vegetation were assessed using the Normalized Difference Vegetation Index (NDVI) at two spatial
scales: 30x30 m Landsat 8 satellite data (Ke et al., 2015) for three locations with a representative land cover of Central Chile
(forest, prairie and irrigated agriculture) and 0.08°%0.08° lat-lon gridded data from an improved version of the Global Inventory
Modeling and Mapping Studies (GIMMS) NDVI product, called PKU GIMMS NDVI. This product provides a more regional
perspective with be-weekly consistent NDVI records between 1982 and 2022 and derived from the Advanced Very High-
Resolution Radiometer (AVHRR) instruments on board the NOAA satellites (Li et al., 2023). At the regional scale, NDVI

anomaly maps were constructed using the 1982-2022 period as a reference.

2.5 Tree-ring-based drought reconstructions

To explore HDs under a paleoclimatic context, we used the South American Drought Atlas (SADA), an annually hydroclimate
gridded (0.5°%0.5° lat-lon) reconstruction of the Palmer Drought Severity Index (scPDSI) for the 1400-2021 period based on
286 tree ring records and millions of growth rings over the continent 16° to 56°S. Details on the SADA development are
described in Morales et al. (2020). The scPDSI is one of the most commonly used drought indices for dendroclimatology field

reconstructions and can appropriately characterize annual drought episodes and hydroclimate conditions (Cook et al., 2022).
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2.6 Social effects and demographic data

Primary data on social responses were gathered through qualitative descriptive methods, including 21 interviews with social
actors directly related to water management from governmental and private organizations (Sup. Table 2). Secondary sources
further complemented this data through a literature review for 1998 and 2019. We adopted the typologies proposed by Ortega-
Gaucin (2012) and Wilhite (1993) for the analysis of the impacts of drought, and for the analysis of the responses, the
typologies proposed by Velasco et al. (2005) and Ortega-Gaucin (2018).

Demographic data was obtained from the National Institute of Statistics (https://www.ine.gob.cl/), which summarizes national-
wide census data conducted every 10 years (approximately). Gross domestic product (GDP) and per-capita GDP series were
obtained from the Chilean Central Bank (https://www.bcentral.cl/areas/estadisticas). Agricultural production for selected crops
was obtained from the Office for Studies and Agricultural Policies (ODEPA: https://www.odepa.gob.cl/) of the Chilean

government.

3 Hyperdroughts’ anatomy
3.1 Event selection and basic features

The mean annual rainfall in central Chile (32-37°S) ranges between 100 and 1000 mm (Fig. 1a), increasing southward (due to
the higher frequency of frontal systems at midlatitudes) and eastward (due to the precipitation enhancement over the Andes
cordillera). Despite these climatological gradients, the interannual fluctuations of yearly accumulations are highly coherent
across the region because of the strong large-scale control of precipitation (Garreaud et al., 2017; Aceituno et al., 2021). These
fluctuations are tracked by a regional precipitation index (RPI) based on the standardized precipitation records from 48 stations
(Section 2.1). RPI has marked year-to-year variations throughout most of the historical period (Fig. 2a) with a low
autocorrelation coefficient (r; = 0.2) and high correlation with the precipitation in Santiago (r = 0.8).

HDs are defined as years with RPI in the lowest 5% of the distribution, setting a threshold of -1.4 s.d. when considering the
entire historical record. This simple definition selects 1924, 1968, 1998, 2019, and 2021 as HD during the last hundred years.
Station-based maps of the standardized precipitation anomalies for each HD year are presented in Fig. 1. In each case,
standardized anomalies below -1.5 are present in many stations over a latitudinal band of ~1000 km, emphasizing the
widespread and extreme nature of HDs in central Chile. Around Santiago, those anomalies correspond to annual deficits of up
to 80% (Sup. Fig. 1). All the events exhibit an extremely dry core (standardized anomalies < -2) between 33-36°S, except for
2021, when “a winter storm in the middle of the summer” delivered 50-80 mm of rain in that sector (Valenzuela et al., 2022).
We recognize that almost all stations used in the RPI and displayed in Fig. 1 are located in low-lying terrain. Nevertheless,
snow water equivalent accumulation measured at a few Andean locations exhibits a strong linear relationship with the rainfall
accumulations farther down at the same latitude (Masiokas et al., 2006; Fig. 2a-c), signaling that HDs were similarly severe

across the coast, the inland valleys, and the Andes of central Chile. To further describe the spatial extent of the dry conditions
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during HDs, Sup. Fig. 2 presents maps of precipitation anomalies from ERAS over South America and the surrounding oceans.
Like historical droughts (e.g., Garreaud et al., 2017), all HDs exhibit significant dry anomalies over the adjacent eastern Pacific
and the Argentinean pampas to the south of 35°S, whereas wet anomalies tend to prevail in the southern part of the continent.
Little coherence among precipitation anomalies is found in the rest of the continent, signaling multiple large-scale patterns of
circulation acting during HDs, as discussed in the next section.

Annual precipitation in central Chile is generally caused by about a dozen winter storms lasting 1-3 days. Across the region,
there is a strong correlation between the number of wet days and the annual precipitation, although some intense episodes can
account for a significant fraction of the yearly accumulation (Valenzuela and Garreaud, 2019). A customary analysis of daily
records in selected stations reveals that HDs are characterized by fewer rainy days and weaker precipitation during them
relative to normal conditions. In Santiago, for instance, the five HDs had less than ten rainy days with average accumulation
below 10 mm—both metrics well below the historical range (Sup. Fig. 3). Furthermore, during HDs, precipitation was
extremely low not only during the winter months (May to September) but also in fall and spring. In other words, intense rainy
events in winter or any other season will prevent that year from being an HD.

In this work, we analyse the impact of the historical HDs on selected biophysical and social systems where precipitation is a
major driver. These systems also respond to other climate forcings, including the concurrent local air temperature. In central
Chile, seasonal or annual mean temperature anomalies are weakly related to precipitation anomalies. However, the observed
warming during the last four decades (Falvey and Garreaud, 2009; DMC, 2023) has resulted in recent HDs being warmer than
the older cases. For instance, daily maximum temperature (Tx) in spring (SON) is a control variable for plants’ phenological
cycles (Arroyo et al., 2021). In Santiago, Tx-SON has a climatological value of 23.4°C, reaching 24.3°C in 1998 and ~25°C
in 2019 and 2021. By contrast, the average Tx-SON only reached 23.6°C in 1924 and 23°C in 1968.

3.2 Long-term context

To provide a long-term perspective on extremely dry years before the instrumental record, we use the tree-ring-based Palmer
Drought Severity (scPDSI) field (section 2.5) averaged over Central Chile (30°-37°S) for the 1400-2021 period. Reconstructed
hyperdroughts (RHD) are identified as years with scPDSI equal to or lower than the value attained in 1998, the less severe HD
event that occurred during the recent instrumental period. The recurrence rate of RHD was estimated using a Gaussian kernel
technique with a 15-year bandwidth (Mudelsee et al., 2003) with confidence bands at the 95% level obtained from 1000
bootstrap resampling steps (Cowling et al., 1996).

Extremely dry events have been a recurrent feature of central Chile’s climate, with 28 RHDs recorded since 1400 (Fig. 3a), an
event every 22 years on average (as expected from the 5th percentile threshold adopted for HD selection). However, the return
interval of RHD has not been stationary, varying between ~60-10 years over the last 600 years (Fig. 3b). The return interval
of such extreme events observed during the late 20th and 21st centuries appears anomalous within the multi-centennial context
inferred by tree rings. Other periods with high RHD return intervals are the 16th century and late 19th century, which are

contrasting as the former is a period with a high occurrence of multidecadal droughts while the latter is a period of relatively

9
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wet conditions (LeQuesne et al., 2006). This indicates that extremely dry conditions in Central Chile are not necessarily linked
to sustained periods of drought conditions.

To determine the duration and severity (cumulative deficit) of drought events during the 1400-2021 period concomitant with
the occurrence of RHD, we conducted a bivariate run analysis (Griffin and Anchukaitis, 2014) on the scPDSI reconstruction.
For this purpose, we defined drought events as years with scPDSI<0 (for one or more consecutive years) and the severity of
each event as the sum of the cumulative deficit during each drought event. Most of the 28 RHD events occurred as a single
event within a drought lasting up to 9 years during the past six centuries (Fig. 3c). Just four cases of a pair of RHD occur within
a sustained drought period. When considering the reconstructed scPDSI series, the recent megadrought has lasted 15 years
(2007-2021) and included three extremely dry years (Fig. 3¢), proving the unprecedented nature of the recent period of the

Chilean hydroclimate in the context of the last 600 years.
3 ().

scPDSI
o

1600 1700 1800 1900 2000
Year

- -10

~

[$2]
T
1

Return Period (Years)

15 - / \\\_\ /,/—\ //; 1 Drought
; \/ Drought + 1HD -30

By S~ / Drought + 2HD
— e L / roug t+ .
40~ ~

- - _ ‘ Drought + 3HD
el T Y N 1 I R - IHHIIIHI.! b

1400 1500 1600 1700 1800 1900 2000 1 3 5 7 9 11 13 15
Years Drougth Duration (years)

)
N
)
o
(aAnenwng) Aliaasg ybnoig

Figure 3. (a) Central Chile scPDSI reconstruction. The red dots at the bottom indicate the reconstructed hyperdroughts (RHD)
according to the scPDSI threshold (see section 2.5). (b) The time-varying frequency of RHD events between 1400 and 2021 is
indicated with ticks at the x-axis. The shaded pink area represents 95% confidence intervals based on 1,000 bootstrap simulations.
(b) Severity-duration analysis of RHD and droughts events during the 1400-2021 period. Circles indicate individual drought events
of the duration indicated by the x-axis and a cumulative severity shown on the left y-axis. The left and bottom histograms show the
distribution of cumulative severity and duration, respectively. The blue and red contour dots indicate drought periods with and
without RHD events. The size of the dots indicates if a given drought contains one, two, or three HD events. The solid red dot
coincides with the recent megadrought period 2007-2021.
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4 Climate drivers

EGUsphere\

The typical features of the large-scale atmospheric circulation during moderately dry winters (May to September) in central

Chile are captured by the composite map anomalies of SLP and SST for historical droughts (Fig. 4a). This composite includes

19 years with RPI < —0.5, excluding the HD events. Positive anomalies over the southeast Pacific indicate a strengthened

subtropical anticyclone and weak westerly flow impinging upon the Andes in central Chile. These factors decrease the

frequency of frontal systems reaching this region and weaken the orographic precipitation enhancement on the windward side

of the mountains (Garreaud, 2007). The SLP anomaly pattern also shows negative departures farther south, resulting in a north-

south dipole of SLP anomalies that contribute to a southward shift of the westerly wind belt where extratropical storms are

embedded. A similar pattern emerges in the 500 hPa geopotential height composite anomalies. Additionally, La Nina-like

negative SST anomalies appear in the eastern tropical Pacific and along the coast of South America in the moderate drought

composite. Indeed, droughts in central Chile often occur during the cold phase of ENSO (Montecinos and Aceituno, 2003) due

to teleconnections from the tropical Pacific that project onto the SLP anomaly dipole.
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1 Figure 4. (a) Composite anomalies of sea surface temperature (SST) and sea level pressure (SLP) for the winter (May-September),
considering historical droughts in central Chile but excluding hyperdroughts. Panels b to f show the SLP and SST anomalies for
1968, 1998, 2019, 2021, and 1924. SST data from ERSST v5 dataset. SLP data are from ERAS, except for 1924, which correspond
to the average of the ERA-20C and 20CRv3 dataset (see Section 2). Positive and negative SLP anomalies are shown by solid and
dashed contour lines, respectively, drawn every 0.5 hPa in panel (a) and every 1.5 hPa in panels b-f.

With this background in mind, we now examine and compare the winter-mean circulation anomalies associated with the five
HDs since 1924 (panels b-f in Fig. 4). The subtropical ridging and midlatitude deepening over the southeastern Pacific were
particularly intense in the winters of 1998 and 2021 and are also suggested in 1924 (there is considerable uncertainty in the
SH SLP patterns among datasets for the early 20th century), resulting in a marked SLP anomaly dipole in those years. In the
winter of 2019, however, moderate positive SLP anomalies over the east Pacific encompassed a larger latitudinal band and
extended into the Antarctic Peninsula, with negative anomalies restricted to the western side of the South Pacific Ocean. Even
more surprisingly, during the winter of 1968, positive anomalies persisted over much of southern South America, while
negative SLP anomalies extended from the midlatitudes to the subtropics across the eastern Pacific. Moreover, a clear cold
ENSO phase —expected based on historical droughts— is evident only in 1924 (Fig. 4). In 1998, there was a sharp transition
from the strong El Nifio of 1997 to La Nifia conditions, but the latter became established at the end of winter 1998, making it
difficult to relate to 1998 HD entirely.
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Figure 5. (a) Scatter plot between the winter (May-September) mean sea level pressure (SLP) dipole strength and the annual RPI
index. The SLP dipole strength is calculated as the difference between the area averaged SLP in a subtropical box (35-45°S, 130-
90°W) minus the area averaged SLP in a midlatitude box (50-60°S, 110-80°W). The boxes are indicated on the globe map. Data from
1940 to 2023. The hyperdroughts are highlighted in pink. (b) As in panel (a), but for the scatter diagram between winter mean
Nifno3.4 index (SST anomalies in the box indicated in the globe map) and the annual RPI index.
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The heterogeneity of seasonal-mean SLP and SST anomalies among HDs is further depicted in Fig. Sa, which shows the scatter
between RPI and an index gauging the southeast Pacific SLP anomaly dipole. Despite a significant inter-annual correlation
between these variables (=—0.63), a high dipole strength is not always associated with an extremely dry year, nor do all intense
315 droughts occur under a strong dipole configuration. This result holds for different definitions of the dipole index. Likewise,
interannual variations of RPI are significantly correlated with the Nino3.4 index (+=+0.66), but HDs occur under mostly neutral

ENSO conditions (Fig. 5b).

C. June d. July

SLP (contour lines) and SST (shading, °C) anomalies
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320

Figure 6. (a) (a) Sea surface temperature (SST) and sea level pressure (SLP) anomalies for the extended winter (May-September) of
2019. Panels (b-f) indicate the individual monthly mean SST and SLP anomalies of that winter. Positive and negative SLP anomalies
are shown by solid and dashed contour lines, respectively, draw every 1.5 hPa.
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Part of the diversity in large-scale atmospheric and oceanic conditions during HD winters is caused by intraseasonal variability,
a relevant aspect of the Chilean hydroclimate (Aceituno et al., 2021). To illustrate this point, mean SLP and SST anomalies
for each calendar month of the winter of 2019 are presented in Fig. 6. While SSTs remained stable that winter, with warm
conditions over most of the western Pacific, the SLP anomalies varied substantially. The pattern during May and June
resembles the typical configuration of dry winters (e.g., Fig. 4a) with a well-defined SLP dipole in the eastern Pacific. On the
contrary, the pattern in August and September was dominated by intense positive SLP anomalies to the west of the southern
tip of the continent, extending into subtropical latitudes. The pattern in late winter persisted until summer, expanding the
extremely dry conditions from central Chile to Patagonia, and coincided with extreme values of the Indian Ocean Dipole,
suggesting a teleconnection with that remote area (Pérez-Santos et al., 2021). Circulation anomalies during the extremely dry
winter of 1998 were more homogeneous, but the circulation in May exhibited an SLP dipole with the “wrong” polarity in
connection with the demise of the 1997 El Nifio event (Sup. Fig. 4). Thus, a dry winter can be “constructed” by a continuous
or alternating monthly sequence of large-scale modes that only share the occurrence of positive SLP anomalies over central-

south Chile.

5 Environmental impacts
5.1 Surface hydrology

With headwaters in the Andes, major rivers in central-south Chile exhibit a well-defined nival regime, peaking with snowmelt
during the austral spring and summer (Fernandez and Gironas, 2021). Accordingly, the hydrological year, often defined from
April (year 0) to March (year +1), is used to analyse the annual streamflow-precipitation covariability. The strong, concurrent
streamflow response to precipitation is shown in Fig. 2 by the annual time series of the regional SWE anomalies (four snow
courses) and discharge anomalies average (nine stations) in the subtropical Andes (r = 0.83; section 2.1). Meteorological HDs
have a marked manifestation on surface hydrology. The regional mean flow in the hydrological years of 1924, 1968, 2019,
and 2021 ranked in the lowest 5% of the historical distribution, while 1998 ranked below the 10% percentile (Fig. 2b).
Similar results appear when considering individual basins. In the Maipo River at El Manzano (Fig. 7a), the discharge at the
beginning of the hydrological year (April) in 1968, 2019, and 2021 was slightly below average and decreased substantially as
the HD unfolded, reaching record low values in early spring (data for 1924 is unavailable). Towards the end of those hyper-
dry years, the discharge was one-third or less than the historical average. In 1998, however, the flow remained above the
historical mean until June. From September 1998 until winter 1999, the flow was below average but higher than the flow
observed in other hyperdroughts. The less severe impact of the 1998 HD can be attributed to the high precipitation that fell
over central Chile in the previous winter (1997, RPI~2.2 s.d.), causing a record-high snowpack that lasted until February 1998
(~2 months longer than usual) and above-average soil moisture during much of 1998 despite the lack of winter precipitation
(Sup. Fig. 5). The transition from a highly wet to a dry year underscores a hydrological memory effect extending beyond a
year in snow-dominated Andean basins (Alvarez-Garreton et al., 2021).
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Figure 7. (a) Time series of the daily mean discharge of the Maipo River at El Manzano (33.7°S, 70.7°W, 850 m ASL) in a time
window of 25 months centered in the hydrological years of 1968 (yellow line), 1998 (blue), 2019 (red) and 2021 (green). For the 1968
case, for instance, the time series extends from August 1967 to September 1969. The daily records were smoothed with a 15-day
moving average. Also shown is the climatological mean discharge (thick grey line). (b) Scatter plot between the annual precipitation
(January-December) and the annual mean runoff (mean discharge divided by the basin area, April-March) for the Maipo at El
Manzano (blue circles) and Mapocho at Los Almendros (green circles). Hyperdroughts are highlighted in red.

Figure 7b shows the scatter plot between the basin-scale annual precipitation and river runoff (discharge normalized by the
basin area) in Maipo at El Manzano. The reduction in river runoff during extremely dry years aligns with the expected values
based on the precipitation-runoff relationship established under more benign conditions. This figure also shows the
precipitation-runoff relationship for the Mapocho River in Los Almendros, a much smaller watershed located immediately
north of the Maipo basin (640 km? vs. 4840 km?). Both basins exhibit a similar runoff coefficient (0.7, computed as mean
annual runoff normalized by mean annual precipitation) during average and wet years, but the Mapocho River becomes
increasingly less “productive” than the Maipo River as precipitation reduces. The difference in runoff maximizes in HD years.
Among the factors that may explain this differential response between these two adjacent basins, we note that glaciers cover
about 7% of the upper Maipo basin but less than 1% of the Mapocho basin. During HD winters, the much-reduced snowfall
leaves glaciers largely uncovered from spring onwards, favoring ice melting during the last part of the year. This additional
glacier-derived flow may sustain river discharge, a benefit unavailable in non-glacierized basins (Ayala et al., 2020). While
testing this hypothesis is beyond the scope of this paper, we explored the precipitation-runoff relationship in 18 basins in
central Chile with enough data (section 2.1) and found that the linear slope decreases with the fraction of the glacierized area

(Sup. Fig. 6), suggesting that glacier contributions are particularly relevant for mitigating the effects of extremely dry years.
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5.2 Groundwater

Amid a generalized decline in phreatic levels caused by the MD and intense water uses (e.g., Alvarez-Garreton et al., 2024),
the groundwater (GW) levels response to individual events is highly site-dependent, among other factors influenced by
topography, soil properties, and geology. To illustrate this diversity, Fig. 8 shows the series of GW levels from observation
wells within three basins in central Chile, with the 1998 and 2019 HDs highlighted (no records are available for 1968 or 2021).
Consistent with drought propagation through the hydrological cycle (Van Loon et al., 2024), these plots reveal a lagged or
slow GW response to precipitation, with declines extending beyond the HD year. In 1999, the GW level drop was smaller in
Dofiihue and Tinguiririca and almost absent in Aconcagua after rising levels recorded during the HD year. In 2020, there was

a marked drop of about 2 m in all three sites, followed by a rapid recovery.

Rabuco Il
Rio Aconcagua
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-5
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Figure 8. Groundwater levels (relative to ground surface) at three wells in central Chile: Rabuco (Aconcagua basin), Doiiihue
(Cachapoal basin), and La Puerta (Tingururica basin). The three wells are located in the central valley, at about 300 m ASL. The
observations (circles) are taken by DGA every 1 or 2 months. The black solid line is the LOESS filter, which uses a 5% span of the
total data points. Qutliers are drawn in light grey. The hyperdrougth of 1998 and 2019 are highlighted by the pink vertical bands.
The grey vertical line indicates the beginning of the central Chile megadrought

This memory effect in GW response to precipitation is evident in Fig. 9, which shows the GW level anomalies considering ten

wells in the Aconcagua basin against the basin-wide average precipitation from 1970-2021. The anomalies were calculated
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relative to 1985-2010 mean levels, excluding the MD period, following Alvarez-Garreton et al. (2024). Precipitation
accumulated over a year is a weak predictor of the GW anomalies within the same year (Fig. 9a), as similar HDs can lead to
either severe or minimal GW decline. The correlation improves with a 1-year lag (Fig. 9b) and further improves when
considering the accumulated precipitation over the previous two years (Fig. 9c). This memory effect explains the slight GW
decline caused by the 1998 HD, as the system began from a replenished state following high precipitation in 1997 (>1100 mm
in the Aconcagua basin). In contrast, the other three HDs caused more severe GW declines since they occurred during a dry
spell, as indicated by the 2-year accumulated precipitation in panel c. The relationship between both variables is approximately
logarithmic, so extremely dry conditions (e.g., 1968-1969, 2018-2019, and 2019-2020) cause more significant GW level
declines than expected from the linear trend in near-average conditions. Further, human activities also affect this pattern, as
extended dry periods in recent years have led to more severe GW declines compared to 1968-1969, likely due to sustained

increases in GW extraction rates over the last decades, particularly during the recent megadrought.
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Figure 9. Panels (a)—(c) show mean annual groundwater (GW) level anomalies for 10 observation wells in Aconcagua, plotted against
annual catchment-scale precipitation for the same year (a), the previous year (1-year lag, b), and 2-year accumulated precipitation
with a 1-year lag (c). Wells with at least 35 years of data (1970-2021) were included, with anomalies computed only when >5
observations were available.

5.3 Sediment transport

Turbidity is an excellent proxy for the mass of suspended sediment transported per unit of water (Ziegler et al., 2014) and
plays a fundamental role in river ecology, hydropower generation, and drinking water supply (Zhang et al., 2023; Vergara et
al., 2022a). Figure 10a shows the monthly mean turbidity in the Maipo River for the hydrological years of 1998 and 2019,
along with the long-term mean values. Consistent with the lack of major storms, turbidity was ~10 times lower than average
during both winters. Turbidity remained below average in the summer of 1998/1999 but was ~10 times higher than average in
the summer of 2019/2020. That caused about 50 extreme turbidity events (days with > 4000 NTU) that jeopardized Santiago's
potable water supply (Vergara et al., 2022b) in contrast to 5 events in 1998/1999 (Fig. 10b).
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The noteworthy difference between the number of extreme turbidity events between these two HDs was likely due to the
glacio-sedimentary regime in which each occurred (Vergara et al., 2022b). During the 1990s and 2000s, the bed of the glaciers
was largely disconnected from the atmosphere, as the alternation of dry and wet years would have hindered the development
of glacio-hydrological morphologies that transport meltwater from the glacier surface to the sediment-rich bed. The absence
of snowy years since the onset of the megadrought in 2010, and especially during the HD of 2019, allowed the development
of glacio-hydrological morphologies, leading to an increase in the hydraulic connectivity and sediment exportation (Vergara

et al., 2022b).
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Figure 10. Asymmetric effect of HDs on the turbidity of the Maipo River depending on the glacial context. a) Monthly mean values
of the HD of 1998 (blue), the HD of 2019 (blue) and the long-term mean (grey). b) Interannual frequency of extreme turbidity events
(ETE), i.e. days when the turbidity is higher than 4,000 UNT and the sanitary company cannot purify the river water.

5.4 Vegetation

An important motivation for this work stems from the intense browning and decline of the natural vegetation across central
Chile during the summer of 2019-2020, as documented by Miranda et al. (2023). To provide a detailed view of how different
natural and anthropized vegetation types were affected around the 2019 and 2021 HD, Fig. 11 illustrates the 16-day time series
of Landsat 8 NDVI retrievals over three contrasting vegetation sites of 150x150 m2. The first site is covered by a continuous
canopy of evergreen sclerophyllous forests on the southward-facing slopes of a protected zone in the coastal range. The second
site is situated closely but over flat terrain, presenting forest patches and isolated trees within a grassland matrix. The third site

is represented by irrigated crops in the Aconcagua Valley.
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Figure 11. 16-day Landsat 8 surface reflectance over three sites in north-central Chile from January 2013 to September 2024. In all
cases, we averaged the original pixel (30 m resolution) within 90 x 90 m2 sites characterized by (a) close-canopy forest (centered at
32.99°S, 71.09°W), (b) open prairie (centered at 33.00°S, 71.15°W), and (c) irrigated field (centered at 32.80°S, 70.86°W).

The leaf phenology of the grass-dominated site exhibits a marked seasonal NDVI cycle, with a minimum (~0.3) in late summer
and a maximum (~0.7) in late winter. The conditions were near average in early 2019, but the winter greening failed. NDVI
remained low in spring and reached a minimum in the early summer of 2020. Moderate rainfall returned the following winter,
and NDVI was near normal in spring 2020. The impact of the 2021 HD was even more severe than that of 2019, but the prairie
recovered afterward.

Due to its evergreen leaf habit, the sclerophyllous forest has a weak NDVI annual cycle (0.7-0.8; Fig. 12). The 2019 HD
reduced NDVI in the late winter, but the most dramatic effect occurred in late spring and the following summer when NDVI
dropped below 0.5. A similar situation happened in 2021, and in contrast to the grass-dominated site, the forest has slowly
recovered and not entirely since then. This may reflect the mortality of some trees and the partial dying of leaves and branches
caused by exceeding the critical threshold of forest water potential, as Miranda et al. (2023) suggested. Lastly, NDVI over the
cultivated plot exhibited a maximum in summer and was unaffected in 2019 and 2021, indicating that irrigation was

uninterrupted for this sector.
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The coarser KPU GIMMS NDVI data (Li et al., 2023), extending back to 1982, provides a robust climatology (see section
2.4). NDVI anomalies map across central Chile for August-September-October (ASO) of 1998, 2019, and 2021 are presented
in Fig. 12a. All cases feature a band of negative anomalies from 30 to 34.5°S, which is much more intense in the last two HDs.
Negative anomalies are minor in amplitude and intermixed with positive anomalies farther south, a less water-limited region
where the central valley is occupied by agriculture and forest plantations dominate the coastal range (Heilmayr et al., 2016).

Figure 12b shows the scatter plot between spring NDVI and winter precipitation in a 100x100 km2 coastal box around 32.5°S,
a sector dominated by natural vegetation where NDVI anomalies tend to maximize. The marked browning in response to the
extremely dry winters of 2019 and 2021 is evident, falling substantially below expectations from the linear relationship
established in more mesic conditions. In contrast, NDVI in the spring of 1998 was moderately low, reflecting a plant ecosystem

memory of over one year from the hyper-humid winter of 1997.
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Figure 12. (a) NDVI (KPU GIMMS) anomalies for spring (August-September-October) of 1998, 2019, 2021. (b) Scatter plot
between CR2 winter (May-September) precipitation and spring NDVI in the box indicated in the maps of panel (a).

6 Social impacts and responses
6.1 Historical context

The HDs of the 20th century coincided with years of social crises that had profound political, social, and economic
repercussions (Camus and Jaksic, 2021a). In the second decade of the past century, the Chilean population remained below 4
million, more than half of them living in rural areas, and the country's GDP only reached USD 4000 (CPI adjusted), about a
sixth of the current level. In this relatively poor and rural society, the extraordinary drought of 1924 increased social and

political discontent by plummeting agricultural production (Camus and Jaksic, 2020). This was reflected in events such as the
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saber-rattling in the National Congress, the exile of President Arturo Alessandri, constitutional change, popular mobilizations,
and worker massacres (Camus and Jaksic, 2020). Demands for better salaries and social rights by large sectors of society began
well before 1924. However, in August and September that year, the lack of rainfall and the concomitant decrease in river flows
increased the societal tension. Added to the poor living conditions in tenements and saltpeter pampas were the increase in the
cost of living associated with the scarcity of food, the rise in rents, and the widespread perception that the export and
speculation regarding the price of cereals was “unpatriotic.” The indifference from the elites amid scarcity could well have
been the trigger for a feeling of rebellion that ended up expressing itself in multiple outbreaks, rallies, strikes, and popular
demonstrations that tragically culminated in the massacres of Marusia and La Corufia and the imposition of military order
headed by President Ibafiez (Camus and Jaksic, 2020).

During the 1960s, various social movements questioned the established order worldwide. In the case of Chile, the emergence
of the social movement pushed for both economic transformations and cultural changes. The country's population had risen to
8 million, 70% of which was then living in urban areas. In rural areas, the latifundia represented an ossified economic and
social structure that had to be transformed (Kay, 1978). However, with the second agrarian reform approved in 1967, the
insubordination of tenants and laborers broke out in the fields (Kay, 1978). Politicians and technicians did not consider the
accumulated peasant resentment for centuries. And then came the 1968 HD, described as a “silent earthquake” by President
Frei Montalva. The lack of rainfall affected the agrarian reform process, decreased the availability of vital elements, affected
production, and increased unemployment, poverty, hunger, and social conflicts in an already hostile context (Lopez, 2017;
Camus and Jaksic, 2021b). Water insolvency contributed to frustrating hopes and exacerbating violence, polarizing
sociopolitical positions. It was one more factor in the exacerbation of conflicts. The HD of 1968 affected the agricultural
situation and strengthened social, political, and economic conflicts, which concluded with a new irruption of military power
in Chile in 1973 (Camus and Jaksic, 2021b), just as occurred with the drought of 1924.

Profound economic reforms established during a dictatorship from 1973 to the late 1980s changed the country's economic
structure and orientation. Democracy came back to Chile in 1988, followed by a decade of accelerated economic growth (GPD
~ USD 25.000) in a country with 19 million inhabitants, 80% of them living in urban areas. In this more prosperous and
urbanized country, the extremely wet winter of 1997 exposed significant deficiencies in public infrastructure and housing and
revealed, for the first time after the return to democracy, the close ties between businessmen and politicians (Camus and Jaksic,
2023). One year later, the HD of 1998 coincided with the so-called “Asian crisis”, which had profound and varied repercussions
worldwide (Siddiqi, 2000). The combination of these two stressors increased the price of agricultural goods and energy, which
was fundamental to society's expectations, and eventually brought blackouts in the fall of 1999 (see next). These social and
economic effects deeply impressed the citizens who questioned the policies promoted during the 1990s by the Coalition of

Parties for Democracy, which won the national elections held in late 1999 by a thin margin (Camus and Jaksic, 2023).
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6.2 Zoom in the 1998 and 2019 HDs

We analyzed social impacts, responses, and perceptions during two of the HDs analyzed in this study (1998 and 2019; section
2.6). The impacts of HDs mainly manifest as aggravations of those experienced in droughts of lesser magnitude. The
participants in the study and the literature recall acute impacts in the agricultural sector during 1998 and 2019 (Aldunce y
Gonzalez, 2009; Barcia-Sardinas et al., 2019; Nufiez and Verbist, 2018), such as small farmers going bankrupt and abandoning
agricultural livelihood and rural-urban migration (Crocco, 2021). According to the participants, this was especially critical for
HD 0f 2019 due to being immersed in several years of dry conditions, contributing to accumulated impacts. On the other hand,
changes in irrigation technology, agricultural practices, and market orientations have altered the rural landscape in recent
decades and how it reacts to HDs. For example, Fig. 13 shows the area occupied by permanent crops (mainly wheat, corn, and
rice) in two regions of central Chile that collectively account for 60% of the domestic production. In the 1998/1999 season,
the planted area decreased to about half the average in previous years, as did the production. From the early 2000s onwards,
there was a three-fold increase in the area dedicated to fruits and vineyards at the expense of a reduction in the area dedicated
to annual crops. In this new context, the 2019 and 2021 HDs had a much less impact on the area and production of non-irrigated
crops and little (if any) effect on the overall production of fruits. The latter are irrigated with water from wells, contributing to

the decline in phreatic levels noted before.
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Figure 13. Series of the area used for annual crops (mainly wheat, maize, and rice) in central Chile's Maule and O’Higgins regions.
The hyperdrougth of 1998 and 2019 and the megadrought period (2010 onwards) are indicated.

A large-scale impact specific to the 1998 HD was the rationing of the use of residential and industrial electric power during
November 1998 and between April and June 1999 (Diaz et al., 2000; Rozas, 1999). Hydropower accounted for about 60% of
the total generation in the 1990s, but this fraction was reduced to 35% between 1998 and 1999 (Generadoras de Chile 2021).
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In addition to insufficient water in rivers and reservoirs during this HD, the power outages have been attributed to the failure
of a major thermoelectric power station and inefficient management of the electrical system (Diaz et al., 2000). The demand
for electrical energy in Chile has doubled from 2000 to 2024, but the electricity supply was not compromised in the last two
HDs (2019, 2021) because of the diversification of the energy matrix in the last two decades, including hydropower (less than
30% in average), thermopower and “green energies” (Generadoras de Chile, 2021).

More recently, the social context in Chile was disrupted by one of the largest nationwide protests in the last decades, from
October 2019 to March 2020 (Hofer, 2020). Demonstrations and riots were fueled by the high cost of living and health
treatments, low pensions, and a general rejection of the political class and institutional discredit (Halart, 2023; Hofer, 2020).
Although urban centers, where the social uprising took place, are more protected from adverse climate conditions (Karutz and
Kabisch, 2023), city dwellers feel the drought impacts indirectly (e.g., by the increase in agricultural products) and by
observing the environment beyond the city (e.g., the desiccation of the Aculeo Lagoon; Barria et al., 2021). Thus, the persistent
water deficit during the previous decade and the acute drought in 2019 may have contributed to the social uprising, in which
one of the slogans was "It is not Drought, it is Looting" (“No es Sequia es Saqueo”) (Halart, 2023).

Actions to respond and adapt to the HDs of 1998 and 2019 were similar to those used for droughts of lesser magnitude,
including (1) social and institutional measures; (2) economic measures such as subsidies; investment; and optimization of
productive systems; and (3) infrastructural and technological measures such as construction of engineering works and use of
technical irrigation. It is difficult to track the number and intensity of the last two types of responses, many implemented
locally or by private actors. On the other hand, the state has two main instruments to cope with droughts: water scarcity decrees
and declaration of an agricultural emergency (Nufiez Cobo et al., 2018). Decrees on scarcity, issued by the Ministry of Public
Works since 1981, allow partial or complete restriction to water extractions by the owners of water usage rights (DGA, 2025).
The declaration of an Agricultural Emergency, issued by the Ministry of Agriculture since 1988, provides financial aid and
technical support for areas affected by the low availability of water (MINAGRI, 2025). Both instruments were used during the
1998 and 2019 HD. Nevertheless, in 1998, the use of Water Scarcity Decrees was barely used, but in 2019, they were used
much more frequently in response to political pressures that go beyond the drought.

The energy crisis during the 1998 HD led to instances of coordination among Water User Organizations, the government, and
electric generation companies to manage scarce water resources. On the other hand, the prospect of potable water shortage in
urban centers during the 2019 and 2021 HD resulted in a negotiation process among private sanitation companies, the
agricultural sector, and other industries fostered by the decision to safeguard water in reservoirs for human consumption. These
last events have prompted the discussion of more structural responses to water scarcity, including large-scale water transfers
(Vargas et al., 2020), desalination, water reuse, and artificial aquifer recharge. Nonetheless, no major infrastructure has been
constructed yet in central Chile to cope with the next HDs. Likewise, no new management tools have been created to cope

with extremely dry conditions in response to the most recent HDs.
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7 Hyperdroughts in the future

The recurrence interval of HDs in central Chile has markedly reduced in the last 50 years (Fig. 3). This trend, coupled with the
long-term drying consistently projected by global climate models for the rest of the century in the region (Bozkurt et al., 2018),
raises concern about an increase in the frequency and intensity of these extreme events in the future. To quantify the change
in extreme droughts, we used model output from an initial-condition large ensemble of climate simulations (CESM2-LE) to
obtain a set of 100-time series of bias-corrected annual precipitation over central Chile (see Section 2.3). Three 50-year periods
were used to represent the recent past (1921-1970), present (1971-2020), and near future climates (2021-2070, under SSP3-
7.0 emission scenario).

First, we use precipitation values from present-day climate (i.e., 5000 values) to find the threshold (PD*) defining the lowest
5%. Then, we count the number of values less than or equal to PD* in each time series that occurred during a specific period.
The resulting frequency distributions (Fig. 14a) show considerable spread, but considering the median values, the number of
extreme droughts has doubled since the recent past and will double again in the near future. Alternatively, we calculate the
threshold defining the lowest 5% of the values for each time series within a certain period. We express these thresholds as a
deficit relative to present-day mean precipitation, resulting in median values of ~50% in the recent past, 60% in the present-

day climate, and ~70% in the near future (Fig. 14b).
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Figure 14. Change in extreme droughts in central Chile according to CESM2-LE after bias-correction. (a) Boxplot of extreme
drought frequencies during the recent past (1921-1970), present (1971-2020), and near future (2021-2070, under SSP3-7.0 emission
scenario). Each distribution's mean (median) value is indicated by a horizontal solid (dashed) line in the corresponding box. Bottom
and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data points
not considered outliers. (b) The same as (a) but for the extreme drought intensities expressed as the precipitation deficit relative to
the model mean during the present period.
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Our results show a clear trend towards increasingly frequent and intense HDs. Our findings also reveal that HD intensity and
frequency depend on both the degree of global warming (represented by a shift in the distribution) and the internal variability
of the climate system (represented by the spread of the distribution). Interestingly, the internal variability can be sufficiently

strong to mask the effect of climate change, underscoring the use of large ensemble simulations to assess these extreme events.

7 Conclusions

Moderate droughts, with precipitation deficits ranging from 20% to 30%, are a recurrent feature in central Chile, to which
natural and social systems are well adapted. On the contrary, failed rainy years, with winter precipitation deficits larger than
75% across this region, are exceptional events with seemingly disproportionate impacts. These so-called hyperdroughts (HDs)
were identified here as years in the lowest 5% of the historical distribution of a regional standardized precipitation index (RPI,
48 stations). This simple definition selects 1924, 1968, 1998, 2019, and 2021 as HD during the last hundred years, in which
standardized precipitation anomalies <—1.5 s.d. extend over a latitudinal band of ~1000 km, emphasizing their widespread and
extreme nature. Using diverse hydrometeorological, climatic, vegetation, and social datasets, we documented the drivers and
impacts of HDs in central Chile, and our main findings are as follows:

e A tree-ring-based reconstruction of the Palmer Drought Severity over Central Chile for the 1400-2021 period (the
SADA database) shows that extremely dry events, analog to historical HDs, have had a recurrence similar to those in
the 20th century. Nonetheless, the recurrence interval of HDs in central Chile has markedly reduced in the last 50
years, and results from a large ensemble climate simulation (CESM2-LE) indicate that the number of extreme
droughts has doubled since the recent past and will double again in the near future, with a slight increase in their
intensity, under a moderate GHG emission scenario.

e Moderate dry winters in central Chile tend to occur under the cold phase of ENSO (La Nifia phase), whose
teleconnections foster positive SLP anomalies over the subtropical SE Pacific and negative anomalies farther South,
disfavours the arrival of cold fronts to central Chile. The SLP anomalies during the HD winters exhibit substantial
heterogeneity, with only 1998 and 1924 developing under La Nifia conditions and exhibiting a marked SLP dipole,
partially attributed to intraseasonal variability. Indeed, a dry winter can be “constructed” by a continuous or
alternating monthly sequence of large-scale modes that only share positive SLP anomalies over central-south Chile,
hindering our current capability of predicting the occurrence of HDs.

e  The precipitation deficit during HD rapidly propagates into surface hydrology, causing a commensurate decrease in
the rivers' flow in the subtropical Andes. The decrease in discharge, however, was mediated by the antecedent
conditions, as illustrated by the less severe impact of the 1998 HD (preceded by a wet winter) compared with 2019
(within the central Chile Megadrought). Moreover, the decrease in runoff during HDs is more severe in basins that
lack glacierized areas in their headwaters compared with those in which the glacier ice melt provides an additional

freshwater source during dry events.
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e  Groundwater (GW) response is more sensitive to precedent conditions, and phreatic levels correlate best with
accumulated precipitation over the previous two years. The relationship between both variables is approximately
logarithmic, so extremely dry conditions cause more significant GW level declines than expected from the linear
trend in near-average conditions. This non-linear memory effect explains the slight GW decline caused by the 1998

625 HD compared to the marked drop following 2019.

e The regular winter greening in a grass-dominated control site was nearly absent in 2019, and NDVI reached a
minimum in the early summer of 2020. The impact of the 2021 HD was even more severe than that of 2019, but the
prairie recovered afterward. A continuous canopy of evergreen sclerophyllous forests experienced reduced NDVI in
winter 2019, but the most dramatic browning occurred in late spring and the following summer. A similar situation

630 happened in 2021, and in contrast to the grass-dominated site, the forest has slowly recovered and not entirely since
then. Considering a larger sector within the core of the drought-induced browning, we found a marked decrease in
spring NDVI in connection with the extremely dry winters of 2019 and 2021, falling substantially below expectations
from the linear relationship established in more mesic conditions. In contrast, NDVI in the spring of 1998 was
moderately low, reflecting a plant ecosystem memory of over one year from the hyper-humid winter of 1997.

635 e Historical HDs occurred in entirely different social and economic settings. Over the last 100 years, the Chilean
population has increased from 4 million, with more than half living in rural areas and near or below the poverty level,
to ~20 million, mostly living in urban areas and with less than 5% below poverty. Consistently, the 1924 HD increased
social and political discontent by plummeting agricultural production, contributing to events such as the saber-rattling
in the National Congress, the exile of President Arturo Alessandri, constitutional change, popular mobilizations, and

640 worker massacres. The 1968 HD coincided with the second agrarian reform and insubordination of tenants and
laborers. Water insolvency was another factor in the exacerbation of conflicts, which concluded with a new irruption
of military power in Chile in 1973, just as occurred with the drought of 1924. The HD of 1998 coincided with the so-
called “Asian crisis” and increased the price of agricultural goods and energy, which was fundamental to the
expectation of citizens who questioned the policies promoted during the 1990s by the Coalition of Parties for

645 Democracy.

e The perceived impacts of the most recent HDs mainly manifest as aggravations of those experienced in droughts of
lesser magnitude. A large-scale impact specific to the 1998 HD was the rationing of residential and industrial electric
power, although other factors were at play. The social context in Chile was disrupted by one of the largest nationwide
protests in the last decades, which took place in the spring of 2019. The persistent water deficit during the previous

650 decade and the acute drought in 2019 may have contributed to the social uprising.

e  Since the 1980’s, the state has two main instruments to cope with droughts: water scarcity decrees and declaration of
an agricultural emergency. They were barely used in 1998, but in 2019, they were used much more frequently after a

decade-long drought and in response to political pressures. On the other hand, the prospect of potable water shortage
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in urban centers during the 2019 and 2021 HD resulted in a negotiation process among the government and private
companies to safeguard water for human consumption and a discussion of more structural responses to water scarcity

(desalinization, water transfer), yet to be implemented.

The present study provides a basis for efforts to assess the ample and acute effects of HD on water resource availability,
agriculture and ecosystem functioning, and social behaviors and responses. Understanding the dynamics of these extreme
events may contribute to preparedness efforts in coping with more adverse dry, warm regional climate scenarios. Although we
can’t predict when the next HD will occur, this will happen sooner or later and likely embedded in an overall warm and dry
context, evanescing Andean glaciers and augmented demand for freshwater, signaling a grim prospect for water availability

along central Chile.
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