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ABSTRACT

Water security is commonly analyzed by combining indicators representing human, economic, ecosystemic, and resilience dimensions.
However, a comprehensive understanding of water security requires evaluating how these indicators evolve over time. Here, we
combine three decades of Brazilian data to develop the Temporal Water Security Index (TWSI) which includes time variability and
hydrological extremes. We compare TWSI with Brazil’s established index and analyze changes across the country. Our results show
a 28% decrease in the proportion of ottobasins classified as the highest water security levels over time. The greatest decline in water
security was observed in Southeast Brazil, likely associated with population growth and increasing water demand. These findings
underscore the importance of incorporating temporal assessment and hydrological extremes into water security analyses to better
support water resources management.

Keywords: Water security; Hydrological extremes; Water resources management.
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RESUMO

Seguranca hidrica é comumente analisada por meio da combinacio de indicadores que representam as dimensdes humana, econémica,
ecossistémica e de resiliéncia. No entanto, uma compreensao abrangente da seguranca hidrica requer a avaliacdo de como esses indicadores
evoluem ao longo do tempo. Neste estudo, combinamos trés décadas de dados brasileiros para desenvolver o Temporal Water Security Index
(TWSI), que incorpora a variabilidade temporal e os extremos hidrolégicos. Comparamos o TWSI com o indice ja estabelecido no
Brasil e analisamos as mudangas em todo o territério nacional. Nossos resultados indicam uma reducio de 28% na proporcao de
ottobacias classificadas nos niveis mais elevados de seguranca hidrica ao longo do tempo. O Sudeste do Brasil apresentou o maior
declinio na seguranca hidrica, provavelmente associado ao crescimento populacional e ao aumento da demanda por agua. Esses
resultados reforcam a importancia de incorporar avaliagdes temporais e extremos hidrologicos nas andlises de seguranca hidrica, de
modo a oferecer melhor suporte a gestao de recursos hidricos.

Palavras-chave: Seguranca hidrica; Extremos hidrolégicos; Planejamento de recursos hidricos.
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INTRODUCTION

Approximately 80% of the global population is exposed to
high levels of water security threats (VOrosmarty et al., 2010). Over
recent decades, freshwater consumption has grown significantly
due to population growth and socioeconomic development (United
Nations, 2025), while pressures related to water scarcity (Bloschl &
Chaffe, 2023; Mckonnen & Hockstra, 2016) and water pollution
(Hannah et al., 2022) have intensified. Thus, water security emerges
as a central concept in water resource management (Arheimer et al.,
2024; Grey & Sadoff, 2007). According to the United Nations Water
(2013), water security is defined by a population’s capacity to safeguard
sustainable access to adequate quantities and quality of water to
maintain human well-being, socioeconomic development, protection
against water pollution and water-related disasters, and preservation of
ecosystems in a climate of peace and political stability. The challenges
associated with achieving water security are unprecedented in scale and
complexity (Bakker, 2012; Madani, 2026; Wheater & Gober, 2015).

In order to assess water security, several indices have been
proposed over the last decades. One of the early assessments
by Falkenmark et al. (1989), classifies nations into water stress
categories based on per capita water availability. Subsequently,
Sullivan et al. (2003) developed the Water Poverty Index, integrating
resource, access, capacity, use, and environmental components to
assess water stress at both household and community levels. More
recently, Babel et al. (2020) proposed the Water Security Index,
designed for applications at the municipal scale, the framework
is structured into five dimensions and twelve indicators, without
prescribing a fixed set of variables. Instead, it recommends that
indicators comply with the SMART criteria (specific, measurable,
attainable, relevant, and time-bound), ensuring flexibility and
adaptability to different regional contexts. At the institutional
level, the European Environmental Agency developed the Water
Exploitation Index (Huropean Environment Agency, 2011), with
the goal of identifying European countries under the most water
pressure, by balancing the demand and availability of water. At
the global level, the World Resources Institute created the Overall
Water Risk Indicator as part of the Aqueduct Water Risk Atlas
(World Resources Institute, 2023), with the objective of mapping
the regions of the planet with the highest risks related to water
security. In Brazil, the National Water Security Plan (Agéncia
Nacional de Aguas e Saneamento Bésico, 2019), created by the
National Water and Basic Sanitation Agency (ANA), established
the creation of the Water Security Index (ISH, Indice de Seguranca
Hidrica). From a methodological point of view, the index is
composed of four dimensions: human, economic, ecosystem
and resilience. Each dimension has its own related indicators and
weights, comprising a total of eleven indicators.

Despite the importance of these indices for assessing water
security, most of them offer only a portrait of reality constant
over time, limiting their applicability in formulating dynamic water
resource management strategies (Srinivasan et al., 2017). These
frameworks often rely on long-term average values that mask the
temporal and spatial variations for a true characterization of water
security (Savenije, 2000).

For the Brazilian context, the limitations of time-invatriant
analyses are particulatly critical given the documented acceleration
of the hydrological cycle, with an increasing occurrence of floods
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and droughts across large portions of the territory (Chagas ct al.,
2022). Further investigation into the relative contribution and
spatial expression of the ANA’ indicators could enhance the
understanding of water insecurity drivers within the national
framework. Research on the temporal dynamics of water security
in Brazil has predominantly focused on future projections, which
depend on climate models (Ballarin et al., 2023). Consequently,
data-driven analysis of how water security has evolved in the recent
past under observed hydrological, climatic and socioeconomic
changes remains a research gap (Gesualdo et al., 2021).

Here, we address these research gaps through a twofold
approach. First, we evaluate Brazil’s official Water Security Index
(ISH) by analyzing the spatial patterns and the relative importance
of its indicators, thereby revealing strengths and limitations of
the index. Second, we propose the new Temporal Water Security
Index (TWSI) to investigate water security over time, allowing
for a deeper examination of spatial and temporal variabilities
of water security and extreme hydrological events. Using this
new index, we conduct a retrospective analysis of Brazil’s water
security over the past three decades, identifying critical trends and
vulnerable regions to support adaptive and evidence-based water
management policies.

MATERIALS AND METHODS

Revisiting the Brazil’s Water Security Index (ISH)

The Water Security Index (ISH) is a tool of the National
Wiater Security Plan (Agéncia Nacional de Aguas e Saneamento
Basico, 2020), developed by the Brazilian National Water and
Basic Sanitation Agency (ANA) in partnership with the Ministry
of Regional Development (MDR). The ISH is composed of
four dimensions: human, economic, ecosystemic, and resilience.
Each dimension is represented by specific indicators, totaling
eleven across the four dimensions. These dimensions and their
respective indicators are presented in Table 1. The indicators
are classified into five levels, with level 5 corresponding to the
highest degree of water security and level 1 to the lowest. The
only exception is the indicator “Mining tailings dam safety,”
which has only three levels.

Table 1. Water Security Index indicators, according to
the nomenclatures in the ISH Methodological Manual
(Agéncia Nacional de Aguas e Saneamento Basico, 2019).

Dimension Indicator
Human Water supply guarantee
Water supply network guarantee
Economic Water guarantee for irrigation and livestock
Wiater guarantee for industrial activity
Hcosystemic Adequate quantity of water for natural uses
Adequate quality of water for natural uses
Safety of mining tailings dams
Resilience Artificial storage

Natural storage
Groundwater storage potential
Rainfall variability
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For the ISH calculation, the pre-classified values of
each of the eleven indicators are used, as available in ANA’s
Metadata Portal (Agéncia Nacional de Aguas e Saneamento
Basico, 2020). The reproduction of the ISH, as well as the
classification of indicators, dimensions, and the overall index,
followed the guidelines of the ISH Methodological Manual
(Agéncia Nacional de Aguas e Saneamento Basico, 2019). The
first dimension calculated was the human, whose initial area of
application was the urban census mesh. Thus, the initial step
was assigning the pre-classified variables to the polygons of
the respective municipalities. Subsequently, the indicators were
classified according to the classification matrix provided in the
Methodological Manual (Agéncia Nacional de Aguas e Saneamento
Basico, 2019). The next step was to transfer the information to
the ottobasins, proportionally to the urban population of each
municipality. The final calculation of the human dimension was
carried out in a weighted manner: when the supply indicator
exceeded the supply network indicator, it received a weight of
70%; otherwise, only the value of supply was used.

Similarly to the human dimension, the economic dimension
also has its variables at the municipal scale. However, in this case,
the area of application refers to the entire municipal territory.
Thus, the initial step was assigning the variables to the municipal
polygons and subsequently classifying them according to the
classification matrices. The irrigation and livestock indicator
presents two classification levels: one related to irrigated agriculture
and the other to livestock. Therefore, the indicator’s score is
obtained through a weighted average, with 70% associated with
irrigated agriculture and 30% with livestock. In cases where only
one of the values is available, the absent one is assigned a score
of 5. The following step was to transfer the information to the
ottobasins, proportionally to the area of each municipality. Finally,
the economic dimension was classified based on the minimum
value between the water security levels of the indicators.

The ecosystemic and resilience dimensions were calculated
using variables available at the ottobasins scale. In both cases,
the variables were linked to the ottobasins polygons and the
indicators classified according to the classification matrices. For
the ecosystemic dimension, the water security level was defined
by the simple average of the non-null indicators. For the resilience
dimension, before defining the final score, two sub-dimensions
were created: natural condition — obtained through the simple
average of indicators natural storage, groundwater and rainfall
variability — and artificial condition — corresponding directly to
indicator artificial storage. Finally, the resilience water security level
was defined in a weighted manner: when the artificial condition
was lower than the natural condition, the score corresponded
entirely to the natural condition; when the artificial condition was
equal to or greater than the natural one, the score was defined
as a weighted average, with 50% from the natural condition and
50% from the artificial condition.

In the final stage, with all the water security levels of the
dimensions defined, the final ISH was calculated by the simple
average of the non-null dimensions.

A large proportion of ottobasins have null values in the
human dimension indicators, particularly for water supply (91.5%)
and supply network (94.1%), as these variables are derived from
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urban census data and only represent urbanized areas when
transferred to the ottobasin scale. Similatly, the mining dams
indicator shows a high frequency of null values (97.7%), since
it applies only to catchments containing tailings dams and their
downstream reaches

Development of the Temporal Water Security Index
(TWSI)

For the Temporal Water Security Index (TWSI), the same
four dimensions established in the ANA’ original index and
consistent with the United Nations Water (2013) definition of
water security were maintained: human, economic, ecosystemic,
and resilience. However, the indicators were created or adapted
to ensure the development of an index that is applicable and
replicable over time (Rafaai & ILee, 2024). Six indicators were
selected and distributed among these dimensions. The human
dimension includes two indicators: (i) water availability for
the population and (i) water supply network. The economic
dimension is represented by the indicator of water availability
for agriculture. The ecosystemic dimension is characterized by
water quality, while the resilience dimension includes an indicator
for floods and another for droughts. These resilience indicators
were specifically selected to capture the effects of hydrological
extremes, which are closely linked to climate change and play a
critical role in shaping water security.

Among these six indicators, four were adapted from the
original Water Security Index developed by ANA: water availability
for the population, water supply network, water availability for
agriculture, and water quality. Two additional indicators, floods and
droughts, were incorporated to represent hydrological extremes
that have increasingly affected Brazil in recent years (Anzolin et al.,
2023; Chagas et al., 2024; Collischonn et al., 2025). These indicators
were selected to directly represent impacts of hydrological
extremes, which improves temporal comparability and supports
the applicability of the index at the national scale. Together, these
indicators enhance the link between the resilience dimension
of water security and disaster risk reduction, as highlighted by
Ward et al. (2020). Nevertheless, variables related to water storage
capacity may provide important complementary information for
resilience assessments in regions highly dependent on reservoirs,
such as the Brazilian semi-arid region.

Unlike ANA’s index, the TWSI was designed to allow
for a temporal assessment, enabling the evaluation of changes
in water security over time. To achieve this, we prioritized data
containing historical time series. The analysis was conducted over
three reference decades: 1991-2000, 2001-2010, and 2011-2020.

For streamflow data, we adopt the CAMELS-BR database
(Chagas et al., 2020) as the main source. The first step consisted
of identifying valid catchments with consistent and continuous
streamflow records across the three selected decades. To ensure
temporal representativeness, only catchments with at least three
consecutive years of valid daily discharge data within each decade
were retained. This selection resulted in a dataset comprising 857
fluviometric stations, ensuring the robustness of the hydrological
indicators derived in this study by excluding basins with incomplete
or fragmented time series.
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The indicators “water availability for the population” and
“water availability for agriculture” required the computation of the
water balance as an intermediate variable. The water balance was
calculated as the ratio between water demand and water availability,
representing the level of water use balance within each catchment.

For water demand, data was obtained from the Manual
of Consumptive Water Use of the National Water and Basic
Sanitation Agency (Agéncia Nacional de Aguas e Saneamento
Basico, 2021b). The data, originally available at the municipal scale
for the years 2000, 2010, and 2020, was spatially adjusted to match
the catchment boundaries. Demand values were then converted
into equivalent discharge units (m*/s) to ensure comparability with
the availability data. For water availability, the low-flow indicator
Q5 (the discharge exceeded 95% of the time) was calculated for
each decade. Flow duration curves were constructed for each
year using daily streamflow data, and the median Q5 across all
years within a decade was used as the representative value. This
approach provided a robust characterization of minimum flow
conditions and reduced the influence of extreme or atypical years
(Vogel & Fennessey, 1994).

The ratio between water demand and water availability was
computed for each catchment, producing the water balance. Since
the index requires the water balance to be spatially continuous
across the national territory, an ordinary kriging interpolation was
applied. Before interpolating, the balance values were normalized
using the Box—Cox transformation to approximate a normal
distribution, and outliers were removed using z-score thresholds
greater than 2 or lower than —2. Ordinary kriging was then performed
independently for each decade using an exponential variogram
model implemented through the anf0Krige function from the automap
package in R. The kappa parameter was automatically adjusted
during variogram fitting. Considering the national scale of the
analysis, a fixed block size of 500 km was adopted for interpolation,
and the resulting raster was exported with a spatial resolution of
5 km. The kriging results are presented in the Supplementary
Material. The resulting interpolated surfaces were overlaid with
the Ottobasins Hydrographic System and municipal boundaries,
assigning average balance values to each polygon centroid. This
process enabled the consistent inclusion of the hydrological balance
in multiple indicators of the TWSI and provided a unified spatial
representation of water stress across Brazil.

The water availability for the population indicator was
obtained by combining demographic data from the Brazilian
Institute of Geography and Statistics IBGE) with the water
balance. Population data for the census years 2000, 2010, and
2022 were multiplied by the corresponding water balance values to
estimate total and per capita water availability under local demand.

The water availability for agriculture and livestock indicator
followed a similar procedure. Agricultural production values from
the Municipal Agricultural Production database of IBGE were used
to represent irrigation demand instead of population data. The
crops considered were rice, sugarcane, and coffee, which together
account for most of the irrigation water use in Brazil (Agéncia
Nacional de Aguas e Saneamento Bésico, 2021a). Production values
for 2000, 2010, and 2022 were summed for each municipality and
combined with the hydrological balance to estimate the effective
water balance for the agricultural sector.
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The water supply network indicator represents the proportion
of the population served by public water distribution systems.
Data were obtained from the National Sanitation Information
System (Sistema Nacional de Informagdes sobre Saneamento
Basico, 2022), specifically the variable “total water supply coverage
index”, which expresses the percentage of the population with
access to piped water in each municipality. Data was extracted
for 2001, 2010, and 2022, since the dataset for 2000 presented
insufficient spatial coverage.

For all three indicators, municipal results were spatially
integrated with the Ottobasins Hydrographic System. The
intersection between municipal and hydrological boundaries
generated proportional area weights, and weighted averages were
computed to aggregate values at the ottobasin level.

The floods and droughts indicators were developed to
represent hydrological extremes across Brazilian catchments using
streamflow data from the CAMELS-BR database (Chagas et al.,
2020). For each catchment, the 10th percentile flow (Q10) and
the 90th percentile flow (Q90) were calculated from the entire
historical record to establish stable long-term reference thresholds.
Flood events were defined as daily discharges exceeding the Q90,
while droughts corresponded to periods in which the 7-day moving
average of discharge remained below the Q10 for at least seven
consecutive days. These definitions ensured temporal consistency
and comparability across decades (1991-2000, 2001-2010, and
2011-2020).

For floods, the events were selected using a peaks-over-
threshold approach allowing a minimum time lag between consecutive
peaks, ensuring that each event represents a distinct hydrological
response, following the recommendations of Lang et al. (1999).
The time lag (in days) was estimated as 5 + In (catchment area).
For droughts, the mean duration of low-flow events was computed
for each decade, representing the persistence of dry periods. Both
metrics were spatialized through ordinary kriging interpolation to
generate continuous national-scale surfaces of flood and drought
occurrence, following the same preprocessing and interpolation
procedures adopted for the water balance interpolation. The
kriging results are presented in the Supplementary Material. The
interpolated results were integrated with the Ottobasins Hydrographic
System, where average values were assigned to each ottobasin to
ensure spatial consistency with the other indicators of the TWSI.

The water quality indicator was maintained in the TWSI due
to its essential role in assessing the overall state of water security
(Jones et al., 2024), despite the absence of temporal variation
for this component. As a result, changes in the TWSI over time
are driven by the remaining dynamic indicators. The availability
of large-scale water quality data in Brazil did not allow for the
construction of a consistent historical series comparable across
the selected decades (Thomaz et al., 2024). Therefore, the indicator
was adopted directly from the original index developed by the
National Water and Basic Sanitation Agency (Agéncia Nacional de
Aguas e Saneamento Bisico, 2020), which uses biochemical oxygen
demand (BOD) as the proxy for water quality, a methodological
choice supported in the literature (Almeida et al., 2023). This
simplification may not fully capture the ecosystem dimension
of water security, which remains an important limitation of the
proposed framework.
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Allindicators were classified into five water security levels,
ranging from 1 (lowest water security) to 5 (highest water security).
For most indicators, classification thresholds were defined based on
quintile distributions (20% intervals) calculated from the aggregated
values across the three decades. In the case of the indicators
“water availability for the population” and “water availability
for agriculture and livestock,” a decision matrix combining total
and per capita (or production-based) availability was applied to
determine the final security class. For the water supply network,
predefined percentage ranges were adopted to represent coverage
levels, while the floods and droughts indicators were classified
using the same quantile-based approach. After standardizing all
indicators, the four dimensions of water security (human, economic,
ecosystemic, and resilience) were first calculated as the arithmetic
means of their respective indicators. Subsequently, the overall
Temporal Water Security Index was obtained as the arithmetic
mean of the non-null dimension values for each ottobasin and
decade, providing an integrated measure of water security across
the Brazilian territory.

Spatial unity of analysis

We use ottobasins as the basic spatial unit (Figure 1).
It is derived from the Pfafstetter Coding Method (Pfafstetter,
1989) to establish a hierarchical and topologically consistent
classification of river basins. The drainage network is encoded

using a hierarchical decimal system, in which each additional digit
represents a nested sub-basin within the main system, allowing
upstream—downstream relationships to be directly inferred from
the basin code (Pfafstetter, 1989).

This method was adapted by the National Water and Basic
Sanitation Agency (ANA) to organize Brazil’s hydrographic network
into the Ottobasins Hydrographic System, a standardized multi-scale
framework for hydrological analysis. The system subdivides drainage
basins hierarchically, enabling consistent spatial analyses and the
integration of hydrological, environmental, and socioeconomic
data. In this study, fifth-level ottobasins were adopted as the
analytical unit, consistent with the level used by ANA in the Water
Security Index (ISH), totaling 562,279 ottobasins across Brazil.

Correlation analysis of index indicator

To better understand the dynamics and interrelationships
among the indicators that compose the Water Security Index
(ISH), and to identify potential redundancies among indicators
representing similar information, two complementary analyses
were performed. First, the relative frequencies of non-null values
were calculated for each indicator, where null ottobasins represent
areas without available data or where the indicator is not applicable.
The relative frequency analysis helped identify indicators with
potential data sparsity issues and ensure comparability across the

index components.
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20.0°S

30.0°5

0 200 400 km
[— |
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Figure 1. Spatial distribution of ottobasins across Brazil at different map scales. Panels (a) and (b) show different regions at the same
scale, highlighting regional differences in ottobasins density. Blue lines represent the main hydrographic network, while white lines
indicate ottobasins boundaries. Regional abbreviations: N — North, NE — Northeast, MW — Midwest, SE — Southeast, S — South.
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Subsequently, we compute the correlation among indicators
including all ottobasins. For this purpose, we use the Kendall
rank correlation coefficient, as it provides a more representative
measure for discrete samples and frequently tied ranks (IKendall,
1945). Kendall’s rank correlation coefficients were computed
between all pairs of indicators, considering only complete pairs
of observations.

RESULTS AND DISCUSSION

Comparison of two water security indices

A total of 41.4% of the ottobasins had the same water security
level between the ANA’s Index and the Temporal Water Security
Index (TWSI) (Figure 2). In contrast, 32.1% of the ottobasins had
a one-level lower water security in the TWSI, mostly concentrated
in the Southeast (SE) region. The SE had a lower water security,
with 55.8% of the ottobasins. This decline may be related to the
adopted methodology, in which the population and agriculture
indicators likely contributed to lowering the overall index values.
Conversely, 19.5% of the ottobasins showed an improvement
of one level in water security in the TWSI, particularly in the
Northeast (NE) region, where 45.9% of the ottobasins presented
an increase. This change can be associated mainly with the flood
indicator, which showed more favorable values during the last
decade in the NE. However, it is important to note that the
Northeast region, particularly the semi-arid area, is characterized
by strong interannual climate variability (Giannini et al., 2004;
Rodrigues & McPhaden, 2014), which may lead to pronounced
temporal fluctuations in the TWSI.

Compared to ANA’s index, the TWSI exhibits smoother
spatial transitions in water security levels, reflecting a more consistent
regional pattern. This behavior is partly explained by the careful
evaluation of individual indicators and the adoption of a reduced
and non-redundant set of variables, excluding highly correlated
or low-contribution indicators. As a result, the TWSI represents

. Higher water security

Ll

i Lower water security

a more parsimonious index, capable of capturing key aspects of
water secutity using fewer inputs, which contributes to reduced
uncertainty and improved interpretability. One notable outcome
of this approach is the near absence of ottobasins classified in the
lowest security class in the TWSI, alongside a smaller proportion
of ottobasins in the highest class. Despite these differences, both
indices display similar large-scale spatial patterns, while the TWSI
provides a more up-to-date and methodologically consistent
representation of Brazil’s hydrological and socioeconomic conditions.

Overall, the main purpose of the TWSI is to provide a
complementary perspective on water security by incorporating
temporal assessment and hydrological extremes. Although several
global water security indices have been proposed in the literature,
the comparison with the ANA’ index was prioritized due to its
national-scale applicability and widespread use in Brazil. Nevertheless,
further evaluations comparing the TWSI with alternative approaches,
as well as applications at local scales, would be valuable to further
refine and strengthen the proposed framework.

Temporal patterns of water security in Brazil

The proposed TWSI reveals that the proportion of
ottobasins classified in the highest water security levels, i.c. levels
4 and 5, decreased by 27.9 percentage points from the first to the
last decade (Figure 3). During 1991-2000, these classes represented
57.3% of the ottobasins, but by the last decade (2011-2020), this
share had dropped to 29.4%. In contrast, the classes representing
the lowest water security levels (1 and 2) increased from 21.2% in
the first decade to 27.3% in the last. Similar results were reported
by Ballarin et al. (2023), who also identified a declining trend in
water security.

Regionally, Southeast Brazil exhibited the highest concentration
of ottobasins with reduced water security, with 65.8% of the
ottobasins expetiencing a decrease from the first to the last decade.
This region also showed the largest overall decline among all five
regions, with a reduction of 0.68 points in the mean TWSI (Table 2).

Difference

3

2

1

[}
1
2
3

Figure 2. Comparison of water security indices across Brazil. (a) ANA’s water security index; (b) Temporal Water Security Index for
the period of 2011-2020; (c) Difference between the two indices, where positive values (blue) indicate higher water security in the new

assessment and negative values (red) represent a decline.
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Figure 3. Spatial and frequency distributions of the overall Temporal Water Security Index (T'WSI) for the three-reference period,
illustrating the temporal evolution of water security levels across Brazilian ottobasins. (a) 1991-2000; (b) 2001-2010; (c) 2011-2020.

Table 2. Mean Temporal Water Security Index (TWSI) by Brazilian macroregions over three decades.

Regions 1991 - 2000 2001 - 2010 2011 - 2020
Midwest 4.24 3.88 3.76
North 4.72 4.44 4.32
Northeast 2.50 2.75 2.51
South 3.49 3.43 3.27
Southeast 3.65 3.52 297
Brazil 3.48 3.43 3.06

The Midwest followed, with 43.0% of ottobasins showing a
decrease and a mean reduction of 0.48 points, while the North
recorded a decrease in 41.3% of ottobasins and a reduction
of 0.40 points. These three regions have recently experienced
documented water-use conflicts, reflecting increasing pressure
on water resources (Peixoto et al., 2021).

To better understand these patterns, we examine the
indicators of the TWSI individually. The indicators displayed
distinct behaviors over time, reflecting the different drivers of
water security within each dimension. For instance, the population
indicator (Figure 4) showed a pronounced decline in water security
levels. In the first decade (1991-2000), 28.9% of the ottobasins
were classified in the highest security category, whereas in the
last period (2011-2020), this proportion decreased to 16.1%. In
contrast, the combined share of ottobasins in the lowest security
levels (1 and 2) increased substantially, rising from 29.6% in the
first period to 56.9% in the last.

This reduction in water security suggests growing pressure
on water availability for the population, likely driven by demographic
expansion and the increasing demand associated with urbanization.
The population indicator is therefore a key component of water
security assessments, as it captures the interaction between
human demand and available water resources, a relationship
widely recognized as a critical driver of water security (Veettil &
Mishra, 2018).

The Southeast region had the largest share of ottobasins
with declining water security. Approximately 86% of the ottobasins
in this region experienced a reduction from the first to the last
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decade, with an average decrease of 1.38 security level. This pattern
is linked to the high demographic pressure in states such as Sao
Paulo, where intense urbanization and growing water demand
have contributed to recurrent water crises (de Paula & Formiga-
Johnsson, 2023; Soriano et al., 2016).

The water supply indicator (Figure 4) showed a substantial
decrease in the proportion of ottobasins with null values. In the
first decade, 70.5% of the ottobasins had no available data, whereas
in the last decade this proportion dropped to 7.3%. This reduction
reflects an increasing capacity of municipalities, over recent decades,
to monitor and report water supply coverage. However, although
this improvement in data availability is relevant, it represents only
an initial step. Ideally, an increase in the proportion of ottobasins
classified in the highest water supply class would also be observed,
which shows little change from the second to the third decade.

The agriculture indicator (Figure 4) shows a 24.8% increase
in the proportion of ottobasins classified in the lower security
levels (1 and 2) from the first to the third decade. Once again, the
Southeast region exhibited the largest share of ottobasins with
declining conditions, with 91.5% showing some level of decrease.
The Midwest ranked second, with 59.5% of the ottobasins presenting
a reduction in the agriculture indicator, a pattern consistent with
the expansion of agricultural activities observed in the region
over recent decades (Oliveira et al., 2022).

In the floods indicator (Figure 5), almost all ottobasins
in the South region remained in the lowest water security level
throughout the three decades, reflecting persistent vulnerability
to flood-related impacts in the region (Anzolin et al., 2023).
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Figure 4. Spatial patterns and frequency distributions of the population (a—c), water supply (d—f), and agriculture (g—i) indicators
across the three reference periods. Panels (a), (d), (g) corresponds to 1991-2000; (b), (e), (h) to 2001-2010; and (c), (f), (i) to 2011-2020.

In contrast, the Northeast exhibited improvements in flood-
related water security, with 91.8% of its ottobasins showing an
average increase of 1.24 security levels over time. This pattern is
consistent with observed changes in high-flow extremes reported
for northeastern Brazil (Souza & Reis Junior, 2022).
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The proportion of ottobasins classified in the lowest
water security level of the droughts indicator increased by 58.8
percentage points from the first to the last decade (Figure 5),
indicating a marked decline in drought-related water security across
Brazil. The Southeast region experienced the most pronounced
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Figure 5. Spatial patterns and frequency distributions of the quality (a—c), floods (d—f), and droughts (g—i) indicators across the three
reference periods. Panels (a), (d), (g) corresponds to 1991-2000; (b), (e), (h) to 2001-2010; and (c), (f), (i) to 2011-2020.

reduction, with 99.3% of its ottobasins showing a decrease and an average reduction of 2.05 levels. In the North, 60.2% of the
an average drop of 2.56 levels. In the Northeast, 99.9% of the ottobasins recorded a decline, with an average reduction of 1.25
ottobasins also exhibited a decline, although the average reduction levels. The South region showed the smallest variation, where
was smaller, at 1.46 levels. The Midwest region presented a similar ~ 44.2% of the ottobasins experienced a reduction of approximately
pattern, with 95.6% of the ottobasins showing a decrease, with one level, while 55.8% remained unchanged.

RBRH, Porto Alegre, v. 31, €36, 2026 9/14



Assessing temporal variability in water security across Brazil

These results for the Southeast and Northeast regions are
consistent with findings from Chagas et al. (2024), which report
an intensification of extreme drought events in recent decades.
This pattern is also coherent with the historical susceptibility of
the Northeast to drought events (Pereira et al., 2025; Silva et al.,
2025). Although droughts ate a major concern in the region, they
are not the only factor affecting water security, as other studies
have pointed to additional challenges such as water management
and distribution issues (Silva & Ribeiro, 2025).

Taken together, the contrasting behavior of the floods and
droughts indicators in the South and Northeast regions reveals
an asymmetric water security challenge. In the South, the floods
indicator consistently placed most ottobasins in the lowest water
security level, indicating persistent vulnerability to flood events,
while drought-related conditions showed comparatively limited
deterioration over time. In contrast, the Northeast exhibited a more
favorable pattern for flood-related water security but experienced a
pronounced decline in the drought indicator. This contrast suggests
that, from a water resources planning perspective, these regions
have historically been required to allocate substantial resources to
cope with the impacts of their dominant hydrological extremes,
with flood-related damages prevailing in the South and drought-
related impacts more prominent in the Northeast.

Indicators’ influence on the Temporal Water Security Index

The flood and drought indicators exhibit negative correlations,
although this relationship weakens over time, decreasing from —0.67 in
the first period to —0.43 in the last petiod (Figure 6). This gradual
reduction suggests that regions previously dominated by a single type
of hydrological extremes (either floods or droughts) are increasingly
experiencing the coexistence or alternation of both phenomena in short
periods of time. This pattern aligns with the findings of Chagas ctal.
(2022), which identified that approximately 29% of Brazil’s territory
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shows signs of an accelerating water cycle, characterized by the
simultaneous intensification of floods and droughts.

The agriculture and population indicators show the
highest correlations with the overall index (i.e. the final TWSI
value), with correlation coefficients of 0.75, 0.63, and 0.67 for
the three decades respectively for the agriculture indicator, and
0.78, 0.70, and 0.74 for the population indicator. These indicators
are also positively correlated with each other (r = 0.72, 0.66, and
0.65 for each decade), a pattern likely influenced by the adopted
methodology, which uses the water balance as a preliminary
variable, thereby linking demographic pressure and agricultural
demand to hydrological availability.

Despite belonging to the same human dimension, the supply
network and population indicators showed low correlation values
(0.16,0.04, and 0.09). This suggests that even when water availability for
the population evolves in a given direction, infrastructure development
does not necessarily follow the same trend. Such divergence reinforces
the importance of both indicators within the human dimension, as
they capture distinct yet critical aspects of water security.

In general, although some indicators exhibit strong
correlations with the overall TWSI across the three decades, they
do not necessarily present high correlations among themselves. This
indicates that TWSI is able to capture complementary and distinct
characteristics of the four dimensions of water security, rather than
redundantly representing the same processes. Consequently, even with
a reduced number of indicators compared to the ANA’ index, the
TWSI preserves a multidimensional representation of water security,
enhancing parsimony while maintaining interpretative robustness.

Indicators influence on the ANA’s Index

The highest water security class was observed in the indicators
water supply (56.8% of the ottobasins), agriculture (60.8%),
industry (62.7%), water quality (82.6%) and water quantity (95.5%).
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Figure 6. Correlation matrices among the indicators of the Temporal Water Security Index (TWSI) for the three reference decades:
(a) 1991-2000; (b) 2001-2010; (c) 2011-2020. The “Overall” column represents the correlation between each indicator and the
final TWSI score. All correlations are statistically significant at the 1% level. Positive correlations are shown in blue and negative
correlations in red. The color intensity indicates the strength of the relationship, with darker tones representing stronger correlations.
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Figure 7. (a) Spatial distribution of the indicators composing ANA’s Water Security Index (ISH). Null ottobasins represent areas
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indicate positive correlations, while red shades indicate negative correlations. All correlations are statistically significant at the 1% level,

except for the relationship between the mining tailings dams and water supply network indicators.

The dominance of the maximum class in the water quantity
indicator suggests limited discriminatory capacity at the national
scale, as an indicator with nearly all ottobasins classified at the
highest level may contribute little to differentiating water security
conditions across regions. Conversely, indicators within the resilience
dimension exhibit greater dispersion among classes, indicating
greater variability in the conditions related to the capacity of the
ottobasins to resist and recover from hydrological disturbances.

The artificial storage indicator presents a fragmented and
spatially inconsistent distribution, with 70.4% of the ottobasins
classified in the lowest security level. This pattern is largely driven
by the adopted methodology, which estimates reservoir influence
using fixed 50 km buffer zones around each structure (Agéncia
Nacional de Aguas e Saneamento Basico, 2019). Such an approach
may introduce biases, as reservoir impacts are more strongly
governed by upstream—downstream hydrological connectivity
than by a uniform radial distance. The indicator also showed
negative correlations with all other variables and was the only one
to correlate negatively with the overall index (r=-0.20, p < 0.01),
suggesting that the artificial storage variable does not effectively
represent water security conditions at the ottobasins scale.

The economic indicators, agriculture and industry, presented
the strongest correlations with the overall index (Kendall’s correlation
r=0.70 and r = 0.60, respectively, both p < 0.01) and were also
positively correlated with each other (#= 0.58). This suggests that
water-dependent economic activities play a central role in shaping
national water security conditions, consistent with the findings of
Naspolini et al. (2020), who identified agticulture as the most watet-
intensive economic sector in Brazil, a pattern that is also reflected
in the Manual of Consumptive Water Use (Agéncia Nacional de
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Aguas e Saneamento Bésico, 2019). Additionally, the water quantity
and natural storage indicators both showed moderate correlations
with the agricultural indicator (r = 0.48 and » = 0.49, p < 0.01),
while their mutual correlation was low (r = 0.18, p < 0.01). This
indicates that although both variables support agricultural water
use, they represent distinct hydrological dimensions influencing
water security in Brazil (Figure 7).

CONCLUSIONS

In this paper, we developed the Temporal Water Security
Index, allowing for an examination of Brazil’s water security over time
and capturing the spatiotemporal variability of extreme hydrological
events. Incorporating local-scale data and explicitly accounting for
temporal dynamics proved essential for diagnosing water security.

Our analysis shows that the highest water security levels
decreased by 27.9 percent points in three decades. Regionally, the
Southeast exhibited the highest concentration of ottobasins with
reduced water security (65.8%), followed by the Midwest (43.0%).
The reduction in these regions may be associated with population
growth and agriculture expansion, which has intensified pressures
on water resources in recent decades. The drought indicator showed
the worsening decline highlighting a nationwide deterioration
in drought-related water security. In arid regions, such as the
Northeast, the decrease in the drought indicator was the main
driver of the decline in the overall water security.

Our findings underscore the importance of evaluating
water security from a temporal perspective and adopting tools
such as the TWSI to enable continuous monitoring and support
adaptive water resource management.
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