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Droughts are one of the main challenges affecting humanity in a global
change context. Due to its spatial configuration, Chile experiences droughts
of different severities, from arid to humid climates, ranging from sea level
to elevations above 6,000 m above sea level (a.s.l), but it is still unknown
how this phenomenon behaves in distribution, duration and intensity. The goal
of this study is to identify how droughts have affected the different climate
regions of the country between 1979 and 2019. The Standardized Precipitation
Evapotranspiration Index (SPEI), calculated for March and September, at the end
of the humid season in the north and center-south of the country, respectively,
and calculated at 3-, 6-, 9-, 12- and 24-month, allowed to determine the
trends of the drought severity in a 5 X 5 km grid between 1979 and 2019. We
found that negative and significant trends, indicating dry conditions, appear
mainly in the Andes above 2,000 m a.s.l., where the main water reservoirs are
located, affecting all climate types, except Mediterranean ones between 33°S
and 38°S. The SPEI indicates general trends towards drier conditions across
various elevations and climate types, with more pronounced negative trends
in the north and central regions and some positive trends in the south. These
trends suggest a significant impact on water availability, and highlight the need
for focused policy initiatives to combat drought effects and manage water
resources effectively. These findings are of main interest to Chile, one of the
world’s leading producers of lithium and copper, with both industries requiring
substantial amounts of water for extraction and processing, demanding high
water availability in a drier territory.
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1 Introduction

Droughts have been the cause of hundreds of thousands of victims in the recent
past and are expected to be one of the main climate change-induced challenges in the
coming decades (IPCC, 2021). These phenomena are expected to significantly increase
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in intensity, duration, frequency, and spatial coverage by the
second half of the 21st century (Brito etal., 2018; Spinoni et al.,
2018; Xuetal, 2019; Ault, 2020; Chenetal,, 2021), leading to
an increase in the proportion of the world’s population affected
by these events (Spinonietal, 2021), and to the impact of
such events on economic activities such as food production
(Lesk et al., 2016; Immerzeel et al., 2020). Droughts are classified
into four types: meteorological, hydrological, agricultural, and
socioeconomic, as outlined by Heim Jr (2002) and Mukherjee et al.
(2018). Meteorological drought refers to a prolonged period of
below-average precipitation, meanwhile agricultural drought affects
soil moisture and crop yields, hydrological drought involves reduced
water levels in water bodies, and socioeconomic drought impacts
the availability and demand of economic goods and social wellbeing.
Over the past several decades, research on drought has focused on
three main areas. The initial area of study concerns demonstrating
how drought indices, which indicate water scarcity and its
accumulating impacts, vary (Oguntunde etal., 2017). Globally,
it has been identified that, in warmer climates, meteorological
and hydrological drought conditions, such as their duration and
intensity, are expected to relieve due to higher rainfall, except
in Western North America, South America, the Mediterranean,
Southern Africa, East Asia, and Australia (Wu et al., 2022). However,
as drought evolves from meteorological to hydrological phases,
the severity of conditions is likely to increase across most
areas. The progression of drought will initially see conditions
worsen significantly in most of the world’s regions, but they may
subsequently ease as temperatures continue to rise. This suggests that
actions to mitigate global warming could help reduce the worsening
of drought conditions during their development (Wu et al., 2022).
Concerning the spatial distribution of dry areas, such as Southern
Europe, Northeast Brazil, Australia, and the Northwest United
States, they act as focal points for drought occurrences to
nearby areas. Droughts experience coordination within their
respective regions but also establish connections with other areas
across continents, and sometimes even between hemispheres
(Mondal et al., 2023). The connection between these drought centers
is similar to the ‘rich-club phenomenon’ found in Network Theory,
where the ‘wealthy’ nodes (in this case, the drought centers) are
closely linked, forming a network. This suggests the potential for
simultaneous, widespread droughts affecting several continents at
once (Mondal et al., 2023). Over the past 120 years, meteorological
droughts have not displayed significant global changes. However,
there appears to be a rising trend in the severity of agricultural and
ecological droughts, which is likely due to an increase in the intensity
of atmospheric evaporative demand (Vicente-Serrano et al., 2022).
In numerous regions worldwide, droughts are currently a prominent
natural disaster, particularly given the prevailing climate conditions.
Nevertheless, it is acknowledged that the potential for damage
is expected to rise in the future due to climate change. This is
anticipated to result from the impact of global warming on the
frequency of extreme events.

The scale of expenses incurred by droughts, coupled with their
regional nature, justifies investing in early warning systems to
promptly respond and mitigate their societal impact. In the context
of agriculture, it is crucial to consider that severe water shortages
result not only from precipitation falling below a specific threshold
but also from the intensity of water demand (evapotranspiration)
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and the moisture available in soils during the growing season. The
availability of soil moisture stands out as the most critical factor
for meeting plant water requirements. Insufficient water in the
root zone can lead to yield reductions and even complete crop
failure. Given the regional nature of droughts, their occurrence and
intensity exhibit spatial correlations, leading to swift communication
of agricultural drought impacts to the regional economy.

Various indices are available for the examination of droughts
incorporating climatic variables. Among these, the Standardized
Precipitation Evaporation Index (SPEI) stands out as a suitable
method to investigate spatially differentiated droughts. The SPEI
2010; 2014) considers
evapotranspiration data in its formulation and contemplates
It
incorporating temperature as a crucial factor in calculating potential

(Vicente-Serrano et al., Begueria et al.,

climatic water balance at different timescales. involves
evapotranspiration. The SPEI has been used in different regions
of the world, including Asia (Yaoetal, 2018; Fuetal, 2019),
North America (Asongetal., 2018; Pena-Gallardo etal.,, 2019),
South America (Meza, 2013), and Europe (Tomas-Burguera et al.,
20205 Jaagus et al., 2022). Examining the behavior and trends of
SPEI is highly intriguing, as they closely align with the surface water
balance. This balance encompasses factors such as precipitation and
evapotranspiration, with the latter being significantly influenced by
temperature.

In this work, we aim to identify the areas of continental
Chile presenting significant SPEI changes the significant changes
in droughts in continental Chile and their distribution depending
on elevation ranges and climate types for the months of March and
September for the 1979-2019 period. Analyzing drought anomalies
and trends is particularly relevant because they closely correspond
to the surface water balance. This balance incorporates elements like
precipitation and evapotranspiration, with the latter being notably
influenced by temperature. This brief research report aims to depict
the spatial and temporal behavior of drought in continental Chile
and how it varies depending on elevation ranges and climate types.

2 Methods
2.1 Study area

Continental Chile contains a large variety of climate
types (Sarricoleaetal., 2017) (Figure 1). The north of Chile is
characterized by arid climates (18°S to 29°S), and is one of the
driest regions in the world (Meseguer-Ruiz et al., 2020). The central
region (30°S to 42°S), which contain over 70% of the country’s
population, has been in a permanent water deficit since 2010,
the so-called megadrought (Garreaud et al., 2017; Garreaud et al.,
2020), which has caused reductions in the water levels of different
catchments (Alvarez-Garreton et al., 2021), creating adverse effects
for landscapes, ecosystems, and human activities (Munoz et al.,
2020; Barria et al., 2021), and has been identified as the most intense
in the region since the 16th century. This dry trend has been detected
in the central region since the mid-20th century (Gonzilez-Reyes,
2016), and it is expected to continue, as regional climate projections
consistently predict a reduction in mean annual precipitation (by
up to 40% relative to current values) for the second half of the
21st century under high emissions scenarios (Bozkurt et al., 2018).
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FIGURE 1
The main climate types (A) and elevation ranges (B) in Chile.

Southern Chile (43°S-56°S) has the largest reservoirs of fresh water
in South America (Reynhoutetal, 2019), and severe drought
episodes in recent years have compromised human activities in the
region, although not with the intensity and duration of the present
megadrought (McNamara et al., 2021). The factors behind drought
in these regions and the potential spatial variations in their effects
remain unknown to us. Such knowledge is especially important
because of the extreme inter-annual variability of precipitation and
the increase of these events over time (Montecinos and Aceituno,
2003; Montecinos et al., 2011; Garreaud et al., 2020).

A significant number of Chilean climates exhibit either
permanent or quasi-permanent dry conditions, including arid and
semi-arid climates, whereas others experience a dry season lasting

Frontiers in Earth Science

03

only a few months. The presence of the Andes Mountain Range
with a north-south development allows orographic precipitation,
supplying a substantial proportion of the water used in the country
(Immerzeel et al., 2020).

2.2 SPEI calculation

The computation of SPEI relies on the long-term records of
precipitation and potential evapotranspiration for a specific location
and extended period. The calculation method involves transforming
one frequency distribution (such as gamma) into another (normal or
Gaussian). The initial step in SPEI calculation is the careful selection
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of a suitable probability distribution (e.g., gamma distribution,
incomplete beta distribution, or Pearson III distribution) that
accurately fits the long-term precipitation time series, followed by
fitting the data to that distribution. These values are then converted
into a standard normal distribution with a mean of zero and a
variance of one. This standardization facilitates the analysis for the
employed time scales.

The SPEI 2010)
evapotranspiration data in its formulation and contemplates the

(Vicente-Serrano et al., considers
climatic water balance at different timescales, which is a great
indicator of drought concerning temperature changes, suitable for
monitoring the phenomenon in the context of global warming.
As the SPEI assigns a single numeric value to the water balance
calculated through precipitation and theoretical evapotranspiration,
it can be compared across regions with markedly different climates,
such as happens in continental Chile. On the other hand, the
requirement for a serially complete dataset for both temperature and
precipitation may limit its use due to insufficient data being available.
Being a monthly index, rapidly developing drought situations may
not be identified quickly.

To obtain data for the SPEI products, we used a 5-km resolution
gridded monthly temperature and precipitation data from the
CR2MET dataset (Boisier et al., 2016) for continental Chile between
1979 and 2019. The dataset corresponds to a statistically downscaled
ERA-Interim reanalysis, capturing local moisture and land surface
temperature variations through the MODIS sensor. The SPEI
utilizes the monthly variance between precipitation and potential
evapotranspiration. This constitutes a basic climatic water balance,
calculated across various time scales to derive the SPEL. Monthly
evapotranspiration was calculated using the Thornthwaite approach
(Thornthwaite, 1948). We used all the provided data (1979-2019) as
base period for the calculation of the index. Following the original
definition of the SPEI, we used a Log-logistic distribution and a
fitting method based on unbiased Probability Weighted Moments.
We set the kernel as unshifted rectangular, meaning that all the
data of the previous n time steps are given equal weight. We
calculated each pixel 3-, 6-, 9-, 12-, and 24-month SPEI values
in March and September for each of the 59,577 pixels. These
months encompass the beginning of the dry and wet seasons
in central and southern Chile and the end of the wet and dry
seasons in northern Chile, respectively, and are crucial to determine
the behavior of precipitation during the different lengths and,
therefore, the different intensities of drought in these critical months
(Meseguer-Ruiz et al., 2024). The SPEI for n months considers
precipitation and temperature values for the current month and the
preceding n-1 months.

We calculated the trends of SPEI for each pixel in March
and September following the non-parametric Mann-Kendall test
(MK) (Mann, 1945; Kendall, 1962), differentiating between positive
and significant (PS), positive and non-significant, negative and
significant (NS), and negative and non-significant trends. The
significant trends magnitudes were calculated following the Sen’s
slope method (Sen, 1968). We employed the 95% confidence level
to address data variability.

All these trends were then classified according to the third-
order climate types of the Koppen-Geiger classification (Arid =
BWh and BWk, Semi-arid = BSk, Mediterranean = Csb and Csc,
Marine west coast = Cfb and Cfc, and Tundra = ET and ETw)
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(i.e [19]) and different elevation ranges (0-200 m a.s.l, 201-500 m
a.s.l,, 501-1,000 m a.s.l,, 1,001-2,000 m a.s.l, 2,001-3,000 m a.s.l.,
and >3,000 m a.s.1.) (Figure 1).

3 Results

The SPEI shows general dry trends in mostly every region in
the world (Liu et al., 2021; Akter et al., 2023; Serkendiz et al., 2024).
In Chile, the SPEI behavior shows a general trend through drier
conditions in a great part of the study area, affecting a wide range
of elevations and every climate type, as it was previously stated for
some points by Meza (2013).

3.1 Trend magnitudes of the detected
changes in SPEI

The March SPEI 3, 6 and 9 show negative (drier) trends in the
north of the study area, ranging between —0.02 and —0.06 (Figure 2)
per year. The March SPEI 12 and 24 also exhibit negative trends
in central Chile, being more intense for SPEI 24, which also shows
positive (wetter) trends in the south. The September SPEI also shows
negative trends in the north for 3 to 24, with intense trends to
drought in the center of the study area. The September SPEI 6 and
24 also show positive trends in the south.

3.2 Spatial changes according to elevation
ranges

The considered elevation ranges are significantly represented in
the study area (Figure 3A). The March SPEI 3 does not show any PS
trend but displayed NS trends above 1,001 m a.s.l., 41.3% between
1,001 and 2,000 m a.s.l., 46.5% between 2,001 and 3,000 m a.s.l.,
and 12.7% above 3,000 m a.s.l. SPEI 6, 9, and 12 show scarce PS
trends beneath 1,000 m a.s.l., and SPEI 24 exhibits slightly higher
percentages concerning the previous SPEI (5.5% between 0 and 200,
6.8% between 201 and 500, and 4.2% between 501 and 1,000 m
a.s.1.). The only PS trend above 1,000 m a.s.l. is reached in SPEI 24
(1.0% between 1,001 and 2,000 m a.s.l.). As for SPEI 3, the SPEI
6, 9, 12, and 24 show substantial percentages for negative trends
above 1,000 m a.s.l, especially for the range between 2,001 and
3,000 m a.s.l. (SPEI 24 reaches 87.9%). SPEI 24 also exhibits the
highest percentages in PS (5.5%, 6.8%, and 4.2% for ranges 0-200,
201-500, and 501-1,000 m a.s.L. respectively) and NS (30.3%, 24.0%,
and 18.5% for the same ranges) trends below 1,000 m a.s.1. N'S trends
prevail in all ranges, especially above 1,001 m a.s.1., while PS appears
below 1,000 m a.s.l., when the March SPEI timescale increases.

The September SPEI 3 by elevation displays PS trends only in
the 201-500, 501-1,000, and above 3,000 m a.s.l. elevation ranges
(Figure 3B). The highest NS trends are found above 1,000 m a.s.l,
especially between 2,001 and 3,000 m a.s.l. (50.0%). SPEI 6 shows
PS trends mainly below 1,000 m a.s.. (13.6% between 0 and 200,
18.8% between 201 and 500, and 11.5% between 501 and 1,000 m
a.s.l.). Furthermore, the highest NS trends are found above 1,001 m
a.s.l.: 31.4% between 1,001 and 2,000, 41.2% between 2,001 and
3,000, and 32.0% above 3,000 m a.s.l. The SPEI 9 only exhibits
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Sen's slope trends for March SPEI (A) 3, (B) 6, (C) 9, (D) 12, and (E) 24, and September SPEI (F) 3, (G) 6, (H) 9, (1) 12, and (J) 24, per year.
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FIGURE 3

Percentage of negative (NS) and positive (PS) significant trends for the 3-, 6-, 9-, 12- and 24- March (A) and September (B) SPEI per elevation ranges.

NS | PS
10 0 10 20 A
SPEI 3
SPEI 6
SPEI 9
SPEI 12
SPET 24 Elevation ranges (m)
0 - 200 [25.2%]
201 - 500 [21.7%]
501 - 1000 [15.6%]
B 1001 - 2000 [17.8%]
2001 - 3000[7.2%]
SPEI 3 >3000 [12.6%]
SPEI 6
SPEI 9
SPEI 12
SPEI 24

PS trends below 1,000 m a.s.l., mainly below 500 m a.s.l: 2.3%
between 0 and 200, and 2.7% below 201 and 500 m a.s.]. The NS
trends are more important above 1,001 m a.s.l.: 40.9% between
1,001 and 2,000 m a.s.l., 44.2% between 2,001 and 3,000 m a.s.l.
SPEI 12 shows very similar PS trends to SPEI 9 and NS trends,
which show a higher ratio above 3,000 m a.s.l. (39.2%). The SPEI
24 exhibits PS trends below 1,000 m a.s.l, but with higher values
than SPEI 6 and 9. All the elevation ranges display NS trends,
especially the 2,001-3,000 m a.s.l. range (94.3%). As for the case
of the March SPEI, the September SPEI shows NS trends in all
elevation ranges, especially above 1,001 m a.s.l. The percentages
are higher when the SPEI timescale increases, while the same
happens with PS.
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3.3 Spatial changes according to climate
types

All the climate types are well represented, except for Hot Desert
climate (BWh), which only covers 1% of the territory (Figure 4A).
The March SPEI 3 only shows PS in Arid (BWh, 0.3%) and Semi-
arid climates (BSk, 0.1%) but exhibits NS trends in all the climate
types, especially in Arid (BWh, 64.6% and BWk, 58.3%), Semi-
arid (BSk, 28.1%) and Mediterranean (Csb, 13.8%) climates. SPEI
6 shows PS trends in Arid (BWh, 6% and BWk, 1.0%), Semi-arid
(BSk, 6.6%) and Mediterranean (Csb, 1.5%) climate types, while NS
trends are found in Arid (BWh, 43.7% and BWk, 47.4%), Semi-
arid (BSk, 21%) and Tundra (ET, 15.0%) climate types. SPEI 9
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FIGURE 4

The percentage of negative (NS) and positive (PS) significant trends for the 3-, 6-, 9-, 12-, and 24- March (A) and September (B) SPEI per climate type.

shows PS trends in Arid (BWh, 3.8% and BWKk, 0.6%) and NS
trends in all climate types except marine west coast (Cfb and
Cfc). The climates with the most changes correspond to Arid
(BWK, 57.7% and BWh, 48.9%), Semi-arid (BSk, 35.4%) and Tundra
(ETw, 32.0%). SPEI12 exhibits PS trends in six climate types,
with Arid (BWh, 7.3%) and Mediterranean (Csc, 3.6%) climate
types showing the highest change ratio. NS trends are observed
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in all climate types, but the main changes are reached in Arid
(BWh, 46.5% and BWKk, 34.9%), Mediterranean (Csb, 52.1% and
Csc, 23.6%) and Tundra climates (ETw, 44.2%). SPEI 24 shows
PS trends in all climate types except Tundra (ETw) climates. The
most remarkable changes are found in Arid (BWh, 10.1%) and
Mediterranean (Csc, 13.9%) climates. NS trends are found in all
climate types, the highest values happen in Arid (BWh, 44.9% and
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BWK, 60.5%), Mediterranean (Csb, 91.1%) and Tundra (ETw, 72.8%)
climates.

As for elevation ranges, NS trends are higher than PS, especially
for Arid and Semi-arid climates. NS trends appear more in
Mediterranean (Cs and Cf) and Tundra (ET) climates when the SPEI
timescale increases.

The September SPEI 3 exhibits minimal PS trends in Arid (BWKk,
0.1%) and Tundra (ET, 0.2% and ETw, 0.6%) climate types but
shows NS trends in seven climate types, being those with higher
changes in the Arid (BWh, 54.4 and BWK, 37.3%), Semi-arid (BSk,
51.5%) and Tundra (ETw;, 40.8%) climates (Figure 4B). SPEI 6 shows
both PS and NS trends in all climates. The most changing types
in PS trends are Marine west coast (Cfc, 25.5%) and Tundra (ET,
22.8%) climate types, while NS climate types are Arid (BWh, 49.1%
and BWK, 31.1%), Mediterranean (Csb, 69.9%) and Tundra (ETw,
57.8%). SPEI 9 shows PS trends in six climate types, the most
changing are the Mediterranean (Csc, 3.2%), the marine west coast
(Cfc, 2.7%) and the Tundra (ET, 3.0%) climates. NS trends are
found in all climate types, especially in Arid (BWh, 58.9% and
BWKk, 46.3%) and Mediterranean (Csb, 74.8%) climate types. SPEI
12 exhibits changes in the same climate types as SPEI 9, mainly
in Arid (BWh, 2.5%), Mediterranean (Csc, 6.0%) and marine west
coast (Cfc, 2.7%) climate types for PS trends, and Arid (BWh,
51.6% and BWKk, 54.6%), Mediterranean (Csb, 73.9%) and Tundra
(ETw, 55.2%) climate types for NS trends. Finally, SPEI 24 shows
significant positive and negative trends in almost all climate types.
PS is higher in Mediterranean (Csc, 15.2%) and Tundra (ET, 7.5%)
climate types, and NS correspond to Arid (BWk, 66.1%), Semi-
arid (BSk, 52.7%), Mediterranean (Csb, 89.0%) and Tundra (ETw,
75.5%). The September SPEI shows higher NS than PS for all climate
types and SPEI timescales, except for Mediterranean (Csb and Csc)
climates.

4 Discussion

The major part of the detected significant trends shows a change
to drier climates, mainly in the north and center of the country,
with also few areas with trends to wetter climates in the south
(Garreaud et al., 2017; Garreaud et al., 2020). Concerning climate
types, we found that all types tend to become drier, including those
that were already considered arid (arid and semi-arid climates).
The warming trends mainly explain this, and for Mediterranean
(Cs types), Marine west coast (Cf types), and Tundra (ET and
ETw) climate types (Meseguer-Ruiz et al.,, 2018), also coinciding
with altitudinal ranges above 1,001 m a.s.l. More droughts are
explained by the combined effects of the increase in temperatures
and the decrease in precipitations (Garreaud, 2018; Fuentealba et al.,
2021). The September SPEI considers the drought severity at the
end of the wet season in Central and Southern Chile and at the
end of the dry season in the north. Results are similar to those
detected for the different March SPEI but show more negative
trends in central Chile for SPEI 6 to 24. These results agree
with the advance of the arid climate southward for the central
zone of Chile (Alvarez-Garreton et al., 2021). The latter is coherent
with the findings regarding the detected decrease in precipitation
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availability, especially in winter, over the last two decades. Positive
and significant trends in the south, mainly for SPEI 6, could be linked
to more wet winters around 50°S in the last few years.

The SPEI shows major trends to drier climates in all climate
types and elevation ranges. The higher intensities of the drying
trends are found in the north and central regions. The SPEI
identifies these trends in both March and September. For the
March SPEI3, the prevailing trend noted lies predominantly
within the Atacama Desert, characterized by its arid structural
conditions. These arid conditions correspond to the conclusion
of the wet season in the northern region (December to March),
marked by scanty rainfall and insignificantly changing patterns
observed across numerous meteorological stations (Meseguer-
Ruiz et al., 2020). The discernible rise in temperatures significantly
contributes to this NS SPEI trend, as escalating temperatures disrupt
the regularity of annual precipitation, resulting in a pronounced
scarcity of rainfall, particularly in elevated terrains (Meseguer-
Ruiz et al., 2018). Similar aridity-related explanations elucidate NS
trends detected in northern regions across other temporal scales
(Meza, 2013). The negative SPEI trends observed in central Chile
during March and September align with the megadrought episodes
identified in prior studies (Garreaud etal., 2017; Garreaud et al.,
2020). This megadrought signal manifests through a consistent
reduction in precipitation (Fuentealbaetal, 2021). Given the
notable consistencies among various trends, it is anticipated that
warming temperatures play a negligible role in influencing drought
severity. The positive and significant trends identified along the
coastal fringe of the north during the early 21st century’s first
decade may be attributed to the negative phase of the PDO,
potentially explained by cooler temperatures (Guan etal., 2017;
Medhaug et al., 2017).

Trends higher
compromise water availability in a country where trade in water

towards drier conditions at elevations
for the extractive industry at these altitudes is key to the economy.
It may also condition the ability to supply the region’s towns subject
to industrial and mining water demands. The detected trends
can help policymakers to focus on local and delimited initiatives
against drought effects. Water scarcity or availability should be
considered as a key point in the elaboration of national and regional
politics of territorial planning and industrial or agricultural activities
development. It may be interesting to determine if these drier trends
are induced by rising temperatures or by precipitation decline. Also,
as climate modes impact in these two variables, they may affect
especially in drought intensities, it would be crucial to explore their
spatial correlations with the SPEI index.

In conclusion, the SPEI analysis reveals an overarching shift
toward drier conditions throughout Chile, affecting multiple
elevations and climates, with the most significant drying trends
observed in the northern and central areas, and occasional wetter
trends in the southern parts. This drying trend underscores the
pressing need for strategic policies aimed at drought mitigation and
sustainable water management to address the growing challenges of
water scarcity. Moreover, the identification of spatially differentiated
trends of droughts reflects the need to undertake local analysis
of this phenomenon, particularly in areas with a high variety of

climate types.
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