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Abstract: Brazil has endured the worst droughts in recorded history over the last decade, resulting in
severe socioeconomic and environmental impacts. The country is heavily reliant on water resources,
with 77.7% of water consumed for agriculture (irrigation and livestock), 9.7% for the industry, and
11.4% for human supply. Hydropower plants generate about 64% of all electricity consumed. The aim
of this study was to improve the current state of knowledge regarding hydrological drought patterns
in Brazil, hydrometeorological factors, and their effects on the country’s hydroelectric power plants.
The results show that since the drought occurred in 2014 /2015 over the Southeast region of Brazil,
several basins were sharply impacted and remain in a critical condition until now. Following that
event, other regions have experienced droughts, with critical rainfall deficit and high temperatures,
causing a pronounced impact on water availability in many of the studied basins. Most of the
hydropower plants end the 2020-2021 rainy season by operating at a fraction of their total capacity,
and thus the country’s hydropower generation was under critical regime.

Keywords: hydrological drought; drought monitoring; hydrometeorological extreme; hydropower
generation

1. Introduction

Heat waves, heavy rain, drought and associated wildfires, and coastal flooding are
examples of extreme weather events that pose risks to human health, livelihood, assets,
and ecosystems. The 21st century begins with a considerable record of natural disasters
associated with hydrometeorological and climatic extremes. These occurrences resulted
in significant economic and environmental losses worldwide. Over 4.4 billion people
were injured, homeless, displaced or in need of emergency assistance from 1998 to 2017.
Floods, storms, droughts, heat waves, and other extreme weather events caused 91% of all
disasters, according to the UNISDR and CRED report [1]. However, droughts can seriously
harm a country’s economic performance, causing widespread problems in various sectors.
According to GAR [2], climate change increases the frequency, severity, and duration of
droughts globally, requiring efforts to effectively respond to the significant risks posed
by droughts. Future climate change scenarios are expected to cause considerably more
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deaths, as well as ecological and economic damage [3]. Climate models project significant
regional climate differences between current and 1.5 °C warming scenarios, and even
further variations between 1.5 and 2 °C warming. For example, hot extremes are likely
to increase in most of the land and ocean regions (high confidence), heavy precipitation
is likely in several regions (medium confidence), and drought and precipitation deficits
are likely in others (medium confidence) [4]. High temperatures will exacerbate drought
conditions by increasing evapotranspiration, and thus water demand [5].

Drought is a multifaceted phenomenon with no consensus definition [6]. According
to Wilhite and Glantz [7], drought has conceptual and operational definitions. The first one
defines droughts in relative terms, e.g., a drought is a prolonged dry period. Another way is
to define the onset and the end of drought periods that can be used to analyze the frequency,
severity, and duration of droughts over a given historical period. As the period between the
water inputs (precipitation) into the system and the availability of the “usable” water differs
significantly, the time scale over which water deficits (precipitation deficits) accumulate
becomes extremely important and determines the types of droughts [8]: (1) Meteorological
drought: A prolonged lack of precipitation over a large area. (2) Vegetative/Agricultural
drought: A deficit of soil moisture limiting crop and forage growth. (3) Hydrological
drought: Refers to negative anomalies in river discharge, groundwater levels or lake levels
or a loss of wetland area. The causes of hydrological drought are complex, involving both
atmospheric and hydrological processes at different time scales. The last one provides
humidity to the atmosphere, storage water on the surface and subsurface, and flow to
the streams. (4) Socioeconomic drought: Refers to water shortages and drought-related
ecological or health impacts [9,10]. The last one is linked to the first three types of impacts.
More recently, new types of droughts have also been considered, such as groundwater and
ecological droughts. Droughts in groundwater typically last from months to years. Initially,
droughts reduce the groundwater recharge, then its levels and discharge [10,11]. Ecological
drought is an episodic deficit of water that pushes ecosystems to their vulnerability limits,
impacts ecosystem services, and stresses natural and human systems [12].

Drought management requires an understanding of the timing, duration, severity, and
spatial extent of drought events [10]. Numerous drought indices have been developed
to characterize drought events quantitatively [13]. The standardized precipitation index
(SPI), standardized precipitation and evapotranspiration index (SPEI), and standardized
streamflow index (SSFI), at long time scales (greater than 6 months), are used to identify and
characterize hydrological droughts [13-15]. The SPI index [16] uses the desired period’s
long-term precipitation record, while the SPEI index [8,17] uses the climatic water balance
(precipitation minus potential evapotranspiration). SPI and SPEI both fit a probability
distribution, then a normal distribution. SSFI is analogous to SPI, but the input data is
streamflow rather than precipitation [18]. According to Vicente-Serrano et al. [8], “drought
indices must be associated with a specific time scale to be useful for monitoring and
managing different usable water resources”.

Climate change will increase drought risk and severity depending on the regions,
seasons, and drought indicators used [19], and may exacerbate food, water, and energy
insecurity. This presents real challenges to Brazilian agricultural production [20,21], water
supply, and hydropower generation due to the rising temperatures; changing rainfall
patterns; and deficit of water. Climate extremes have been reported in Brazil in recent
decades. Notable droughts include 2005, 2010, 2015-2016 Amazon droughts [22-25],
the 2012-2018 drought in Northeast Brazil [26-29], the 2001 and 2013-2014 droughts in
Southeast Brazil [30-33], the 2019 and 2020 droughts in Pantanal [34,35], and the 2012-
2013, 2019-2020 droughts in southern Brazil [36,37]. Northeast Brazil, the Amazon region,
central and southern Brazil experienced their worst droughts in the first two decades of
the 21st century. During the last decade, other country areas have suffered severe and
prolonged droughts [36]. For instance, in Southeast Brazil, rainfall has decreased [38] and
air temperature has increased [39], resulting in an increase of the intensity and duration of
droughts [30,32], with severe consequences for the regions” water reserves. Drought in the
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Northeast (2012-2018) impacted Sobradinho’s hydropower plant (HPP), reducing mean
generation. The plant’s functional volume was 60% in 2014 and 20% in December 2015
(http:/ /www.ons.org.br/paginas/resultados-da-operacao/boletins-da-operacao, accessed
on 18 October 2021). Drought conditions prevailed in 2017, and the reservoir reached a
critical volume of 15%. Sobradinho’s minimum generation value fell from 356 MWmed in
2013 to 105 MWmed in November 2017 [40].

Despite the fact that Brazil has 14% of the world’s freshwater, its spatial distribution is
very heterogeneous: Residents of Amazonas have access to 700,000 m® of water per year,
while residents of the Metropolitan Region of Sao Paulo have only 280 m? [41]. Intense
urbanization has exacerbated the distribution issue, increasing demand while decreasing
water quality [42]. Approximately 77.7% of the water consumed is for agriculture (irrigation
and livestock), 9.7% for the industry, and 11.4% for human supply [43]. According to the
national energy balance (BEN) [44], hydroelectric power accounts for approximately 11% of
primary energy and 64% of total electricity generation in Brazil. The national energy plan
(PNE) projects that the hydroelectric sector will remain dominant until 2050, although the
impact of climate change on hydroelectric generation are currently under discussion [45].
Based on PNE studies, the average and critical energy reduction of plants in the North
and Northeast subsystems is estimated to be 15% for the existing park and 25% for the
future park. Moreover, results show that part of the hydroelectric potential will lose
economic viability if energy production falls below the levels indicated in terms of the
installed power by the end of 2050 [45]. Therefore, the PNE suggests that to achieve a 100%
renewable energy matrix, the hydroelectric sector should be utilized to its full potential,
with participation from other renewable energy sources, such as wind, solar, and biomass.

As a result, characterizing and understanding the potential impact of droughts on
water resources availability is essential for future mitigation and adaptation actions in all
of the productive sectors in Brazil. However, most of the research on Brazilian drought
focuses on meteorological and agricultural droughts [36], and only a few studies focus
on hydrological drought in basins [46—49] and reservoirs in the Northeast region [50,51].
In this research, we studied the hydrological drought patterns in 20 priority basins for
hydropower across the country, as well as the impact on hydroelectricity generation. The
interannual variability of three drought indicators was described in detail, highlighting
the current hydrological surface conditions affecting hydropower generation in Brazil. We
characterized hydrological drought conditions using climate, hydrology, and land use data.

2. Materials and Methods
2.1. Study Area

The installed generation capacity of Brazil’s production and transmission energy
system (SIN) is mostly composed of hydropower plants (HPP) distributed over
16 hydrographic basins in diverse regions of the country. The power grid is divided into
four subsystems: South (S), Southeast/Mid-West (SE/MW), Northeast (NE), and North (N).
The largest installed capacity for hydroelectric generation is in the SE/MW subsystem,
with about 54%, followed by the N subsystem with 20%, 16% in the S, and 10% in the NE.
Energy is transferred among all of the subsystems via an interconnected transmission grid,
which improves the subsystems’ synergy and seizes the heterogeneity of the basins’ year-
long hydrological regimes (http:/ /www.ons.org.br/paginas/sobre-o-sin/o-que-e-o-sin,
accessed on 9 December 2021).

In this study, droughts were assessed in 20 priority basins and sub-basins upstream of
HPP reservoirs across Brazil (Figure 1). The basins and their HPPs are described in Table 1.
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Figure 1. Képpen climate classification of the tributary basins at the 20 HPPs evaluated in this study.

Table 1. Basins and the corresponding HPPs description.

Importance
Basin Opera- Useful Power Power fgei?;e_r Onat
HPP Basin Sub-Basin River tion Type Volume Generation . Mean
ID 3 (MW) tion by 3
Start (hm°) Subsystem S (m>/s)
ubsystem
(%)
B1 Nova Ponte Parana Paranaiba Araguari 1994 R* 10,380 510 SE/MW 11.13 293
B2  Emborcagdo  Parana Paranaiba Paranaiba 1982 R* 13,056 1192 SE/MW 10.72 473
B3 Ttumbiara Parana Paranaiba Paranaiba 1980 R* 12,454 2082 SE/MW 7.68 1511
B4 Furnas Parana Grande Grande 1983 R* 17,217 1312 SE/MW 17.21 922
B5  Marimbondo Parana Grande Grande 1975 R* 5260 1488 SE/MW 2.63 1849
B6 Jurumirim Parand  Paranapanema Paranapanema 1962 R* 3165 101 SE/MW 2.02 225
B7 Capivara Parana  Paranapanema Paranapanema 1977 R* 5725 635 SE/MW 191 1098
7000
B8 Ttaipu Parana - Parana 1984  RofR*™ 19,000 (ﬂrggg) SE/MW - 10,284
(total)
B9 Fgfeio Parana Iguacu Iguacu 1980 R* 5600 1676 s 29.8 726
B10 Sasriclitaogo Parana Iguagu Iguagu 1980 R* 4094 1420 S 171 -
B11 GBrzifge Uruguai - Pelotas 2005 R* 2193 690 S 15.03 307
B2 Chz;i «  Uruguai - Uruguai 2010 R* 74 855 S - 1470
B13 TrésMarias | o0 - Sdo 192 R* 15278 306 /MW 115 623
Francisco Francisco and NE
Bl4  Sobradinho Frasna(;')sco - Fraii‘i’sco 1982 RofR*™ 28669 1050 NE 58.23 2060
Serra da Tocantins- . . N SE/MW 17.09 e
B15 Mesa Araguaia Tocantins Tocantins 1998 R 43,250 1275 and N 43.06 660
Bl6  Tucurui lzzagr:;?; Tocantins Tocantins 1984 R* 32,000 8535 N 50.69 11,000
B17 Manso Paraguai - Manso 1999 R* 210 212 SE/MW - 173
B18 Pl‘fe‘(tfr:e Paraguai ; Correntes 2005~ ROFR 76 176 SE/MW - 100
B19 Santo - 4nazonas  Madeira Madeira 2012 R* 273 ases  L/MW - 18,624
Antbnio and N
B20 BeloMonte Amazonas Xingu Xingu 1998 R_Sf R 439 11,000 SaEI{CIIVINW - 3676

* R: Reservoir; ** R-of-R: Run-of-river HPP with reservoir.
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The climate types in the study basins (Figure 1) are primarily tropical (A) and tem-
perate (C), according to the Koppen—Geiger climate classification [52]. Tropical Savannah
(Aw) with Teold > 18 °C (temperature of the coldest month) and Pdry < 100 mm—MAP /25
(Pdry: Precipitation of the driest month, MAP: Mean annual precipitation) is prevalent
in 13 basins, ranging from 40% to 100%: Nova Ponte (B1)—40%; Santo Antonio (B19)—
53%; Marimbondo (B5)—58%; Belo Monte (B20)—60%; Trés Marias (B13)—64%; Itaipu
(B8)—65%; Sobradinho (B14)—80%; Tucurui (B16)—92%; Emborcacdo (B2) and Itumbiara
(B3)—99%; Serra da Mesa (B15), Manso (B17), and Ponte de Pedra (B18)—100% (Figure 1).
The prevalent climate of Furnas basin (B4) is Cwa—77% (temperate dry winter and hot sum-
mer), with Pwdry < Pswet /10 (Pwdry: Precipitation of the driest month in winter and Pswet:
Precipitation of the wettest month in summer) and Thot > 22 °C (temperature of the hottest
month). These basins are located in the SE, MW, N, and NE regions of Brazil. The rainy
season in these basins occurs throughout November to March (NDJFM), and the largest
volumes of rainfall occur during the December, January, and February (DJF) trimester
(Figure 2), accounting for approximately 49% of annual precipitation. The month of Octo-
ber is considered a transition between the dry and rainy seasons, but for many purposes, it
is included among the rainy months. The Jurumirim (B6) and Capivara (B7) climate is Cfa
(temperate without a dry season and hot summer). However, these basins are located in the
SE region of Brazil and have the same rainy season as the previously described basins, but
the dry season is not as severe. In the South region, the Foz do Areia (B9) and Barra Grande
(B11) prevailing climate is Cfb (temperate without the dry season and warm summer),
with Tyon10 > 4 (Timon10: Number of months where the temperature is above 10 °C). Salto
Santiago (B10) and Foz do Chapeco (B12) have Cfa and Cfb climates (53-47% and 50-50%,
respectively). There is no dry season in the southern basins. However, the DJF trimester
accounts for approximately 30% of annual precipitation (Figure 2). The Sobradinho (B14)
basin is primarily located in the Northeast region, with about 20% of the area as the BSh
climate (arid steppe hot), with MAP > 5x P-threshold (P-threshold =2 x MAT + 28) and
MAT > 18 °C (MAT: mean annual temperature), indicating a strong dry season (Figure 2).

Average Monthly Precipitation
(1981 - 2021)

®=B1-B5,B13,B15-20 =B14 =B6-B§ ®=B9-B12

“iudjjjdiii

Figure 2. Mean monthly precipitation (1981-2021). The average of: (i) B1-B5, B13, and B15-B20
(green bars); (ii) B6-B8 (sky blue bars); (iii) B9-B12 (blue bars); and (iv) B14 (orange bars).

300
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2.2. Datasets

In this study, we used both the in situ and gridded data to characterize hydrological
droughts in 20 basins affluent to hydropower plants. Additionally, we used land use land
cover (LULC) data to assess changes in the basins. The study period was from January 1981
to April 2021.
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2.2.1. Precipitation Data

Due to the lack of in situ precipitation data from some study basins, the daily rainfall
dataset from the climate hazards group infrared precipitation with stations, CHIRPS-2.0
was used (0.05° spatial resolution; https://data.chc.ucsb.edu/products/CHIRPS-2.0/, ac-
cessed on 20 May 2021). Studies to validate the dataset for some Brazilian regions [24,53-55]
concluded that the dataset performed well in most of the regions. Nonetheless, the perfor-
mance of CHIRPS-2.0 monthly data was evaluated across three of the 20 examined basins.
We used data from 14 (7 from INMET and 7 from ANA), 66 (8 from INMET, 11 from ANA,
and 46 from CEMADEN), and 32 (12 from INMET and 20 from CEMADEN) rainfall stations
over the basins of the HPPs Serra da Mesa, Furnas, and Trés Marias, respectively. Data
from CHIRPS-2.0 explain over 98% of the monthly average rainfall station data (Figure 3).

Monthly precipitation

HPP Serra da Mesa HPP Furnas HPP Trés Marias

y =0.9859x
R*=1019895

400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Raingauges data (mm) Raingauges data (mm) Raingauges data (mm)

Figure 3. Regression between the average rainfall of the stations and CHIRPS-2.0 data over Serra da
Mesa, Furnas, and Trés Marias basins.

2.2.2. Standardized Precipitation Evapotranspiration Index (SPEI) Data

In some of the studied basins, there is a lack of extensive and consistent meteorological
data to estimate the potential evapotranspiration. To overcome this lack of data, the
SPEI global drought monitor dataset was used [14]. The dataset has a monthly temporal
resolution and 1° spatial resolution. The SPEI time scales range from 1 to 48 months and
are available at https://spei.csic.es/database.html (accessed on 23 May 2021).

2.2.3. Streamflow Data

The streamflow data were obtained from the national electrical system operator (ONS)
and the national water and sanitation agency (ANA) (https://www.ana.gov.br/sar/sin,
accessed on 11 April 2021). We used the naturalized streamflow from 20 sub-basins for each
HPP (Figure 1). There is no standard definition of naturalized streamflow [56]. However,
according to Wubs [57]: “Naturalized streamflow refers to an estimation of the natural flow
under specified conditions of river basin development that include either no human impact
or some defined low level of development”.

Due to the complexity of considering water use changes and climate change [56], the
“natural streamflow” has become a baseline for water resources studies.

2.2.4. Reservoir and Power Generation Data

Hydropower reservoir storage data were obtained from the Brazilian electricity grid
operator (ONS) and the national water and sanitation agency (ANA) (available at https:
//www.ana.gov.br/sar/sin, accessed on 11 April 2021). Particularly for these data, the
period available was from 1993 to 2021. Electricity generation data were obtained from the
Brazilian electricity grid operator and the available period was from 2000 to 2021.
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2.2.5. Land Use Land Cover Data

Although we considered natural flows in this study, an estimation of land use changes
was conducted, to assess the impact on water availability in the studied basins. Since the
MapBiomas collection (MapBiomas Project, 2021—available at https://mapbiomas.org,
accessed on 11 April 2021) has the longest time-series available and has been widely used
in various researches [58—61], it was chosen as the LULC data. This dataset includes annual
data for Brazil (1985-2019), PanAmazonia (1985-2018), and Chaco (1900-2019) in a 30-m
spatial resolution.

2.3. Hydrometeorological Drought Indices

Hydrological droughts are related to the water deficit in the hydrological system,
which is perceived through considerable negative anomalies in the flow of rivers, lev-
els of lakes and reservoirs, and groundwater [9]. Although the SPI is the widely used
drought indicator, additional information is required when the goal consists of water
resources [9]. Therefore, precipitation, evapotranspiration, and streamflow are crucial
variables in monitoring and assessing droughts. In this context, we used three hydrom-
eteorological indices to assess and identify the most severe hydrological drought events
in 20 priority basins for hydropower generation in Brazil: SPI, SPEI, and SSFI, at time
scales of 12, 24, 36, and 48 months. These temporal scales are significant in the context of
hydrological droughts [13].

2.3.1. Standardized Precipitation Index (SPI)

The standardized precipitation index identifies and quantifies dry and wet events [16].
Due to the fact that it is a standardized index, it can be used for any climate region in the
world [62]. The long-term precipitation record is fitted to a probability distribution, and
then transformed to a normal distribution. Positive values indicate wet conditions, while
negative values indicate dry conditions. The fact that SPI can be calculated for different
time scales (e.g., 1, 3, 12, 24 months, etc.) allows for the tracking of the temporal dynamics
of these events, i.e., the increase and decrease of the water deficit [63]. Therefore, the
longer multiscale time-series of SPI (12, 24, 36, 48 months) have been used to quantify the
accumulated precipitation deficit in the study basins from January 1981 to March 2021. The
chosen time scale can indicate the response time of meteorological to hydrological drought.
SPI was calculated using monthly rainfall data.

2.3.2. Standardized Precipitation Evapotranspiration Index (SPEI)

The SPI is the widely used drought indicator, due to its relatively easy application.
However, for water resources management, additional information is required [9]. Since
heat stress increases the amount of water lost through evapotranspiration, this aggravates
drought conditions [17,64]. Vicente-Serrano et al. [8] proposed the standardized precip-
itation evapotranspiration index (SPEI) to include the role of temperature on drought
conditions in a region. The SPEI is calculated similar to the SPI, using the difference be-
tween precipitation and potential evapotranspiration, which is a simple climatic water
balance [65].

2.3.3. Standardized Streamflow Index (SSFI)

The SSFI, proposed by Modarres [18], is used to detect hydrological drought at various
time scales, similar to the SPI. It is the standard deviation of the observation from the
climatological average. Therefore, the negative values represent the streamflow below the
climatological average, and the positive values indicate the streamflow above the historical
average. The SSFI was estimated at time scales of 12, 24, 36, and 48 months.

Both the SPI and SSFI were estimated using the climate indices software developed
at the national integrated drought information system and the NOAA national center
for environmental information. Adams (2017) provided the most recent version at (https:
/ /climate-indices.readthedocs.io/en/latest/#download-the-code, accessed on 1 September 2020).
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2.3.4. Drought Characterization

In this study, we consider the same drought categories for the SPI used by Cunha et al. [36].
The same drought categories were also used for SPEI and SSFI. To define the drought
events, the methodology proposed by Spinoni et al. [66] was adapted. We used SPI, SPEI,
and SSFI values of less than —1.3 (from severe to exceptional drought) for two consecutive
months to define severe drought events. Thereafter, the drought event ends with two
successive positive values of SPI, SPEI, and SSFI. The monthly values for each indicator
were accumulated from the onset to the end month of the drought event by the sum of the
indices values to determine the drought severity.

Frequency analysis was performed to assess the temporal patterns and intensity of
droughts in the four decades of the study period. The SPI, SPEI, and SSFI values of less
than —1.3, severe to exceptional drought, were considered for each decade (1981-1990,
1991-2000, 2001-2010, and 2011-2021). Moreover, correlations were calculated to assess
the linear relationship between the indices and their scales and interdependencies. The
Mann-Kendall test is a widely used non-parametric trend analysis method that requires
uncorrelated time-series (Mann, 1945 and Kendall, 1975 cited by [67]). Using these methods,
we looked for positive (upward) or negative (downward) indicators of time-series trends
with a significance level of 0.05.

3. Results and Discussion
3.1. Temporal Evaluation and Drought Characterization

Figure 4 illustrates the variability of the SPI, SPEI, and SSFI at four scales by basins
from 1981 to 2021. The SPI time-series (1981-2021) show the abnormally low precipitations
since 2014, for all of the scales, in the basins located in the Southeast and Mid-West
regions of Brazil (Figure 4): Nova Ponte (B1), Emborcagdo (B2), Itumbiara (B3), Furnas (B4),
Marimbondo (B5), Trés Marias (B13), and Serra da Mesa (B15). HPPs Tucuri (Mid-West and
North) and Sobradinho (Northeast) have also been impacted since 2014 (Figure 4). Since
late 2019, the basins in the southern of Mid-West and South regions have been facing low
precipitation, as well: Manso (B17), Ponte de Pedra (B18), Jurumirim (B6), Capivara (B7),
Foz do Areia (B9), and Salto Santiago (B10). These results are corroborated by the studies
of Cunha et al. (2019) and Valesca et al. (2021). Cunha et al. (2019) reported meteorological
droughts that occurred in all of the Brazilian regions over the last decades (until 2019),
with varying intensities. Conversely, basins located in the southern of the Brazilian North
region: Santo Antonio (B19—Madeira River) and Belo Monte (B20—Xingu River) show a
wet period since 2014. This was not evident in Cunha et al. (2019) since they analyzed the
North region as a whole.

The SPEI combines precipitation and potential evapotranspiration to include the
temperature variability effects on drought assessment [8]. The effect of temperature was
evident in most of the basins studied (B1-B8 and B13-B20), where the SPEI showed more
severe and intense (SPEI < —1.3) drought conditions in the last decade in the Southeast
and Mid-West regions, compared with the SPI, and since 2019 in the South region. Vicente-
Serrano et al. [8] showed that for a gauge station in Sao Paulo, Brazil, for the period
1910-2007, the SPI could not identify all of the drought events, while the SPEI could. The
SSFI time-series show the same behavior as SPEI, except for basins B19 and B20 (Figure 4),
for which it seems that precipitation has a more decisive influence than temperature.

Furthermore, since the SPEI considers the role of temperature in drought conditions and
severity is the most suitable index for evaluating the impact of climate change [8,13,14,17],
then calculating the SSFI from naturalized streamflow allows for the assessment of the
change in the hydrological system due to both the climate regime and natural components.
Recent work found significant increases in heatwave frequency, intensity, and duration in
2020 in the major cities of central South Brazil [68]. The authors argue that these heatwaves
were part of a compound drought-heat detected in central Brazil.
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Figure 4. Time-series of: SPI (left), SPEI (center), and SSFI (right) for scales of 12, 24, 36, and
48 months, for all of the basins.

The frequency analysis by decades showed that the last decade (2011-2021) recorded
the highest recurrence of severe droughts (indices values < —1.3) since 1981 (Figure 5) for
all of the time scales (12, 24, 36, and 48 months). SPEI and SSFI detected higher frequencies
of severe drought events than SPI, which is also supported by the analysis of severity
and intensity shown in Figures 6 and 7. Figure 6 illustrates the most severe events and
their durations (labels next to the dots), and Figure 7 depicts the maximum intensity of
the events indicated in Figure 6. Most of the severe droughts have occurred in the last
decade, since 2011, including the most recent rainy season (October 2020-March 2021). For
all of the indices, 36 and 48 month scales showed greater drought severity in all of the
basins (Figure 6). This pattern is expected since longer time scales accumulate the water
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deficit effect over time. SPEI and SSFI detected more extreme drought severity than SPL
In comparison, severity peaks varied among the basins, according to the evaluated index.
According to the SPI, basin B14 faced the most severe events at all of the scales (—88.2 from
October 2012 to January 2020, —148.6 from March 2013 to 2020, —198.1 from October 2012 to
September 2020, and —239.1 from October 2013 to March 2021, respectively), followed
by B13 at 24-, 36-, and 48-month scales (—100.2 from January 2014 to 2020, —123.5 from
March 2014 to 2021, and —130.0 from October 2014 to March 2021, respectively). According
to SPEI, the most severe droughts occurred in basins B2, B14, B15, B16, and B20 on the
48 month scale (less than —300), with event durations of over 266 months. For SSFI, basin
B18 had the most severe drought event (less than —300) for all of the scales, followed by
basins B4, B5, B13, B14, B16, and B17 (severity between —200 and —300). Except for basin
B20, the largest intensities are associated with the most severe drought events when SPEI
and SSFI are considered (Figure 7).
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Figure 6. Maximum severity drought events according to SPI, SPEI, and SSF], for scales of 12 (red
circles), 24 (green circles), 36 (blue circles), and 48 months (magenta circles), and the duration (label
and circle sizes) for each basin.
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Figure 7. Maximum intensity for the droughts of maximum severity events shown in Figure 6. Circle
sizes are scaled with severity (positive values).

We performed a cross-correlation analysis between the indices: SPI vs. SPEL SPI vs. SSFI;
and SPEI vs. SSFI, for all of the time scales. The indices correlations between the same scales
(SP11,—SPEly, SP1ps—SPElyy, SPI3s—SPElsg, etc.) were higher than for the cross-scales
(SP11,—SPEly;, SPI,—SPEIy,, SP11,—SPElsg, etc.). The results show a strong positive
correlation (p > 0.75) for SPI vs. SPEI, SPI vs. SSFI, and SPEI vs. SSFI for most of the basins
at all of the time scales (Table S1). At all of the time scales, basins B1-13 and B15 showed the
highest positive correlation between SPEI and SSFI, indicating the link between changes in
water balance (P—PET) and discharge. As an illustration of one of these basins, consider
the Capivara HPP (B7) results with correlations between SPEI and SSFI equal to 0.89, 0.94,
0.94, and 0.95 for the time scale of 12, 24, 36, and 48 months, respectively. For basins B4,
B16, B17, and B19, a moderate positive correlation (0.50 < p < 0.75) was predominant. For
B20, there was no correlation for all of the combinations (—0.30 < p < 0.30), except for SPI
and SSFI at 36- and 48-month scales that show a moderate correlation.

The Mann—Kendall (MK) statistics for the time-series of SPI, SPEI, and SSFI represent
the trends of dryness/wetness. For all of the indicators and time scales considered, the MK
test revealed a statistically significant (p-value < 0.05) downward trend in basins B2, B3, B4,
B5, B13, B14, and B15 (Table 2). The time-series of SPIs¢ and SPlsg have an upward trend in
basins B7, B8, B9, B11, B12, B19, and B20. Basins B8 and B19 have a downward trend for
both SPEI and SSFI, and B7 and B11 have a downward trend for SSFI. In 15 of the 20 basins
studied, the SPEI time-series showed a significant downward trend in all of the time scales,
possibly indicating an increase in temperatures, exacerbating drought conditions. Only
basins B11 and B12 showed an upward trend, correlating with the SPI time-series. Most
of the basins (15 of 20) had downward trends of the SSFI time-series across all of the time
scales. Only the B20 has a statistically significant upward trend for SPIs; and SPlsg and
SSFI over 24 to 48 months.
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Table 2. Tau statistic values from the Mann—Kendall (MK) test values. The highlighted lines indicate
a significance level of 0.05.

Basin SPIlz SP124 SPI36 SPI48 SPE112 SPE124 SPEI36 SPEI48 SSFIlz SSF124 S SFI3(, SSFI48
B1 0.00 0.04 0.07 0.10 —0.24 —0.26 —0.28 —0.32 —0.35 —0.38 —0.40 —0.45
B2 —0.13 —0.14 -0.17 —0.19 —0.34 —0.40 —0.41 —0.44 —0.32 —0.34 —0.34 —0.33
B3 —0.17 —0.22 —0.24 =0.27 —0.39 =043 —0.43 —0.42 —0.34 —0.36 —0.35 —0.34
B4 —0.12 —0.12 —0.08 —0.05 —0.28 —0.30 —0.30 —0.28 —0.43 —0.45 —0.45 —0.45
B5 —0.20 —0.24 —0.25 —0.28 —0.32 —0.29 —0.29 —0.33 —0.42 —0.43 —0.43 —0.44
B6 —0.13 —0.14 —0.12 —0.11 —0.08 —0.10 —0.06 —0.01 —0.14 —0.19 —0.21 —-0.19
B7 0.00 0.04 0.11 0.13 —0.03 —0.06 —0.01 0.08 —0.04 —0.05 —0.02 0.05
B8 —0.05 0.00 0.06 0.10 —0.21 -023 -023 022 019 016 013 —-0.15
B9 0.02 0.04 0.07 0.11 0.04 0.02 0.05 0.15 —0.04 —0.04 —0.03 0.02
B10 —0.05 —0.06 —0.05 —0.04 0.00 0.04 0.07 0.08 —0.04 —0.04 —0.02 0.01
B11 0.12 0.18 0.24 0.32 0.05 0.09 0.15 0.21 —0.09 —0.17 -0.17 —0.14
B12 0.05 0.07 0.13 0.19 0.08 0.11 0.14 0.20 —0.02 —0.06 —0.04 0.01
B13 —0.14 —0.19 —0.24 —0.23 —0.20 —0.23 —0.23 —0.25 —0.32 —0.34 —0.34 —0.32
B14 —0.15 —0.21 —0.26 —0.31 —0.27 —0.39 —0.47 —0.55 —0.48 —0.51 —0.54 —0.55
B15 —0.19 -028 -029 -030 038 -043 045 045 -040 048 049 —0.49
B16 —0.03 —0.03 —0.08 —0.14 —0.54 —0.65 —0.70 —0.75 —0.30 —0.40 —0.47 —0.55
B17 —0.02 —0.04 —0.07 —0.12 —0.22 —0.22 —0.25 —0.30 —0.34 —0.44 —0.46 —0.51
B18 =006  —-0.06  —0.07 -0.09 -038 -04 -050 -05 -034 032 032 033
B19 0.02 0.07 0.11 0.15 —0.43 —0.55 —0.61 —0.67 —0.16 —0.17 —0.16 —0.17
B20 0.03 0.04 0.12 0.12 -049 052 050 —0.50 0.03 0.11 0.15 0.18

Based on the above results, the more intense and severe droughts occurred during the
last decade. In this context, Figure 8 depicts the results of the months with minimum and
maximum precipitation and streamflow values for each year (observations) for all of the
basins (boxplots) investigated over two different periods: 1981-2010 and 2010-2021. Both
the minimum and maximum precipitation and streamflow values show a decline trend
over the time period for most of the basins. The median minimum precipitation values
decreased towards the second period for all of the basins except for B12, B15, B17, and B19.
The median maximum precipitation values decreased over the period 2011-2021 for all of
the basins except for B01, B10, B11, B12, B16, B19, and B20 (Table S2 in the Supplementary
Materials). The median minimum streamflow values decreased over the period 2011-2021
for all of the basins except for B07, B08, and B20. The median maximum streamflow
values decreased over both time periods for all of the basins except for B07, B11, and B20
(Table S3 in the Supplementary Materials).

The largest increase of the minimum and maximum median precipitation occurred
in B19 and B20, respectively, within the Amazon River basin. The largest increase of the
minimum and maximum median streamflow occurred in B20 and B07, respectively, within
the Amazon and Parana River basin. Instead, the largest decrease of the minimum and max-
imum median precipitation occurred in B07 and B18, respectively, within the Amazon River
basin. The largest decrease of the minimum and maximum median streamflow occurred
in B14 and B13, respectively, within the Amazon and Parana River basin. These results
indicate that not a single spatial pattern of increase or decrease in both the precipitation
and streamflow can be identified. However, the maximum decrease for both variables was
larger than the maximum increase, supporting an overall decreasing trend.
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Figure 8. Boxplots for the months with minimum and maximum precipitation and streamflow values
for each year, for all of the basins (boxplots) investigated over two different periods: 1981-2010 (black)
and 2010-2021 (red).
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3.2. Land Use Changes

From land use and land cover changes, the modified patterns detected in the basins
over time may be related to changes in the flow, since the removal of vegetation cover can
interfere with the infiltration capacity, causing increased runoff, decreased real evapotran-
spiration [69,70], reduced soil moisture, and reduced aquifer recharge [71,72]. Furthermore,
the vegetation was associated with temperature trends by Nayak and Mandal [73], an
increase in temperature by the conversion of forest to agricultural land, and a decrease in
temperature by the increased vegetation cover (shrubs to forest).

The variations in LULC in the last three decades (1985 to 2019) are heterogeneous
across all of the basins (Figure 9). The agricultural land class increased by over 20% in
basins B3 and B16-B20, with a peak of 30% in basin B18. Moreover, 10 basins have the
current agricultural land area over 50%: B1 (69.1%), B2 (69.7%), B3 (63.9%), B4 (73.6%),
B5 (77.5%), B7 (71.5%), B8 (77.1%), B10 (60.2%), B12 (53.1%), and B18 (65.0%). Nowadays,
the agribusiness and cattle production that spread over all of these basins, in six Brazilian
Federal states (GO, MG, MS, PR, SC, SP), account for 48% of Brazil’s agriculture (PAM,
2021—https:/ /sidra.ibge.gov.br/pesquisa/pam/tabelas, accessed on 29 June 2021) and 41%
of its livestock production (PPM, 2021—https:/ /sidra.ibge.gov.br/pesquisa/ppm/tabelas,
accessed on 29 June 2021). According to Rapalo et al. [74], the drought tends to intensify by
agriculture expansion. On the other hand, natural vegetation increases water availability
during the dry season.
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Figure 9. LULC changes from 1985 to 2019 for the studied basins.
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The forest class has a slightly increased area in basins B1 (0.17%), B4 (2.95%), B5 (0.44%),
B6 (5.26%), B7 (0.86%), B11 (4.7%), and B12 (1.6%), although, the forest class has a lost
area in most of the studied basins. The largest percentage of forest loss occurred in basins
B16-B20 (Figure 8), despite the fact that three basins have the highest current forest area:
B17 (56.04%), B19 (58.87%), and B20 (68.99%) [74]. Coincidentally, these are some of the
basins that are experiencing severe and prolonged droughts (Figures 6 and 7). Moreover,
basins B9 (58.19%) and B14 (53.07%) have more than half of their land covered in forest.
Finally, across the basins, the urban class has grown by only 1.5%.

For example, the B11 basin, Barra Grande HPP, located between the Santa Catarina and
the Rio Grande do Sul states, showed a significant change (—14%) of other uses. In this case,
it is mainly represented by non-forest natural formation [74] to forest (4.7%) and agricultural
lands (9.71%). The hydroelectric power generation company that manages the Barra Grande
HPP (BAESA) launched a reforestation plan in 2014. As a result, over 4645.74 hectares
have been restored with 1,015,610 native trees [75]. The increase in agricultural areas
began in 2001 with the company BAESA resettling families, which fueled the market for
rural properties for agricultural practices. To find arable land, most of the families bought
land in Pinhal da Serra and Anita Garibaldi [76]. This scenario is likely to grow due to
partnerships with other agricultural companies, providing technical assistance to families,
and expanding cultivation areas [77].

Except for basins B3, B11, and B16-B20, the land use remained the same from 1985 to
2019. Therefore, for these basins, the negative trends detected in the indices time-series are
associated with the climate, with a decrease in precipitation and an increase in temperature,
impacting the hydrological cycle, and not related to land use changes. Leite-Filho et al. [78]
established a strong correlation between deforestation and decreased rainfall in the southern
Amazon (B20), potentially jeopardizing the local HPP operation. Similarly, Maeda et al. [79]
evaluated the impact of large-scales commodity farming and rural settlements on rainfall
and energy balance in the Amazon. They showed that the change of large-scale forest to
commodity agriculture is more likely to reduce convective rainfall and increase land surface
temperature. While Collischon et al. [80] demonstrated that LULC has a negligible effect
on hydrological patterns in the B17 area, our results show that 30% of forest was converted
to agricultural areas. This possibly results in an increase in potential evapotranspiration,
associated with an increase in temperature (a downward trend for SPEI (all scales)) and
streamflow decrease (a downward trend for SSFI, all scales). The boxplot analysis for
streamflow shows that the median decreases for the minimum and maximum values by 25%
and 30% from 1981-2010 to 2011-2021, respectively (Figure 8, Table S3). Miranda et al. [81]
projected that by 2030, vegetation cover would deteriorate, negatively affecting the area’s
hydrological regime, and thus negatively affecting the local HPP operation.

3.3. Impacts on Hydropower Generation and Climate Change Issues

In 2001, Brazil faced its worst energy crisis due to its geographic extension (coun-
trywide) and duration [82]. This crisis occurred for several reasons, such as: (i) 52.3%
increase in electricity consumption in the previous decade, against 41.2% increase in total
generation capacity [82], (ii) periods of poor rainfall since 1999, with a more critical period
in the summer of 2001 [83], and (iii) the lack of nationally connected transmission lines
prevented the energy generated in the South and North to be transferred to the Southeast
and Northeast regions of the country [82]. Nowadays, the situation is different. Trans-
mission lines were installed, allowing for the transfer of electricity between regions, and
the generation capacity was also increased. After the 2001 energy crisis, Cavaliero and da
Silva [84] proposed the reduction of the share of hydroelectric energy by increasing other
renewable energy sources due to the high risk of hydroelectricity shortage.

In recent years, wind power plants have been installed, mainly in the Northeast and
South regions, and thermoelectric plants were generally located close to the main load
centers. These plants play a relevant strategic role, contributing to the security of the
Brazilian interconnected electric system (SIN). These plants are dispatched based on the
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current hydrological conditions, allowing for the management of the stocks of water stored
in the hydroelectric plant’s reservoirs to ensure future service (http://www.ons.org.br/,
accessed on 12 May 2021). However, the dependence on hydroelectric generation is still
high. Many of the country’s hydroelectric power plants ended the last rainy season
(November 2020 to March 2021) operating at less than half of the capacity (http://www.
ons.org.br/paginas/energia-agora/reservatorios, accessed on 12 May 2021).

Water reserves for hydroelectricity generation have been suffering a decrease since
2014 when compared to the period 1993-2013 (storage reservoir data are available from
1993 for most of the HPPs), as illustrated in Figure 10. The difference between periods
1993-2013 and 2014-2021 can be seen in most of the basins, except for B11 and B17, which
remained almost stable. The largest difference occurred for basins B1-B4 and B13 (more
than 25%). Moreover, during the period October 2020-July 2021 (red columns), a strong
decrease in reservoir storage is observed in all of the basins, with differences larger than
35% for basins B1-B7 and B17.
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Figure 10. Mean reservoir storages (in %) in the periods: October 1993-September 2013 (blue column),
October 2013-July 2021 (yellow column), and October 2020-July 2021 (red column). The hydrological
year from October to September is considered.

A decrease in precipitation had become more pronounced and widespread in recent
years, mainly after 2014, when drought led to a water crisis in Sao Paulo metropolitan
region [30-32]. An intense and persistent high-pressure system dominated the central
Southeast region of Brazil (B1-B5 and B13). This “blocking” caused the absence of precipi-
tation for more than 40 days during January and February [32], the peak of the rainy season
in the region (DJF). The cascade effects of this extended dry period were temperatures
exceeding the average and increased soil moisture depletion. Recent studies unveil that
the high-pressure systems’ dominance over central Southeast Brazil is a recurrent feature
of the rainy season, predominantly during January and February [85,86]. However, the
critical standpoint is to realize that climate warming can aggravate this natural feature [68].
Abatan et al. [87] showed that the most significant droughts that impacted central Southeast
Brazil since 1961 presented an amplified version of this high-pressure system.

After the anomalous 2013-2014 season there has not been a single rainy season within
normal ranges until the current one (2020-2021). Figure 11 illustrated this fact, in which it
shows the precipitation difference between 1981-2013 and 2014-2021 for the whole rainy
season (NDJFM) and the peak (DJF). Except for southern Brazil (B9-B11), which has a
different rainfall regime (no dry season), most of Brazil has seen a precipitation decrease in
the last 8 years, during NDJFM, with the greatest differences in the basins located in the
Southeast and Northeast regions of Brazil (Figure 11a). This reduction is more accentuated
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for DJF (Figure 11b) and affects most of the basins examined in this study (except for basins
B9, B10, B11, B12, and B19). Moreover, except for some areas in the northern region, the
period from November 2020 to March 2021 (last rainy season) was one of the worst in recent
years in the precipitation deficit. According to the world meteorological organization (2021),
2020 was one of the three warmest years on record, with a global mean temperature of
1.2 £ 0.1 °C above the 1850-1900 baseline [88]. The past 6 years, 2015-2020, were the six
warmest on record. The 20162020 and 2011-2020 averages were also the warmest on
record, with the land areas warmer than the long-term average (1981-2010). Some of these
areas were the northern and western parts of South America [88]. The monthly averages
of the 2011-2021 surface temperature increased compared to the 1981-2010 averages. The
tendency analysis of the surface temperature (Figure S1) shows that all of the basins
demonstrate an increasing trend. This trend is stronger from September to November,
which is the austral spring season, and in some basins (e.g., B9-B12) this trend is limited
to this period. However, in most of the basins, the trend is visible for most of the year.
Similarly, the monthly averages of potential evapotranspiration have also increased from
1981-2020 to 2011-2021. This trend is visible for all of the basins (Figure 52), especially
during the months of August to October, and for some basins in November. These results
are corroborated by the analyzed hydrometeorological drought indices. The recent and
prolonged drought significantly impacts Brazil’s reservoirs as shown in Figure 10, despite
the contribution of other energy sources, which are mainly thermoelectric in the power
generation (Figure 12).
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Figure 11. The difference in the average rainfall (in mm) between the 19812013 and 2014-2021 peri-
ods for: (a) Rainy season, November to March (left panel), and (b) the peak rainy season, December—
January-February (right panel).

Figure 12 depicts the temporal tradeoff of the energy grid power generation since 2000.
Each subsystem presents a characteristic temporal feature. The northern subsystem has
a strong sinusoidal pattern due to the rainy and dry season throughout the year that has
emerged in the last decade, coinciding with the beginning of thermoelectricity generation.
Thermoelectricity generation ranges between 5% to 52% of the total subsystem generation,
with monthly maximum values from July to December. This subsystem experienced the
largest increase in hydropower capacity, from 6959 MW in January 2006 to 22,251 MW in
December 2020. Moreover, the thermopower capacity increased from 8§ MW in January 2006
to 3631 MW in December 2020. The wind, solar and thermoelectric grid infrastructure
has increased in the last 10 years in the Northeast subsystem, reducing the dependence
on the hydroelectric source whose flow (B13 and B14, Figure 8) had the biggest drop.
The wind power capacity increased from 722 MW in January 2011 through 14,204 MW in
December 2020 to 17,099 MW in November 2021. The solar power increased from 2 MW
in January 2015 through 2128 MW in December 2020 to 3278 MW in November 2021.
Finally, the thermopower capacity increased from 13,087 MW in January 2006 through
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35,744 MW in December 2020 to 39,703 MW in November 2021. Since 2013, 1 year af-
ter the onset of the longest drought in recent decades in the Northeast region [27-29],
the hydropower generation has decreased by 60% from around the first studied decade
(January 2000-December 2012) to the second (January 2013—-April 2021). The increase in the
thermoelectric and wind electricity generation (25% and 33%, respectively) compensated
the hydroelectric power loss. The hydroelectricity generation has also been affected in the
SE/MW subsystem, forcing its temporal pattern to be similar to the North subsystem, as
the annual seasons oscillate from wettest to driest. This pattern was not noted prior to
2014/15. The hydropower generation has decreased by 18% from around the first studied
decade (January 2000-December 2014) to the second (January 2015-April 2021), which is
compensated by thermoelectricity (+18%). The SE/MW subsystem also experienced an in-
crease in hydro- and thermopower capacity. The hydropower increased from 45,053 MW in
January 2006 to 58,113 MW in December 2020 and thermoelectric from 7865 to 19,358 MW,
for the same time period. Notably, 48% of the installed capacity in Brazil is in this subsys-
tem, with 54% of hydroelectric plants. Finally, the southern subsystem has had a more

random tradeoff between the hydro- and thermoelectricity generation over the entire time

period studied. However, the past 2 years indicate a decrease in hydroelectric power (—20%
from January 2000-December 2019 to January 2020-April 2021) and an increase in wind

electric (+12%) and thermoelectric power usage (+9%). The power capacity also increased:
Hydropower went from 11,664 MW in January 2006 to 17,148 MW in December 2020, ther-
mopower from 2522 to 4227 MW, and wind power from 50 to 2022 MW. The major impact

of this change is the increase in thermoelectric power usage, which directly influences the

energy cost at the consumer end.
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Figure 12. Monthly electricity generation (%) by energy source, for the four subsystems, from 2000 to 2021.

Due to the above, in January 2015, the tariff flag regime began with the publication
of Normative Resolution No. 547, of 16 April 2013, which establishes the commercial
procedures for the application of tariffs related to different flags, as well as the immediate
transfer to the consumer of any increase of costs in electricity generation (ANEEL, 2013).
The activation and values associated with the tariff flags were established through cate-
gories by the national electric energy agency (ANEEL) through Ratifying Resolution No.
1859/15, of 3 March 2015. The flags are divided as follows: (i) Green—when conditions for
power generation are favorable without the need of additional charges; (ii) yellow—when



Water 2022, 14, 601

21 of 27

Power Generation (x 10° MWh)

60,000 |

50,000 |

conditions become less favorable and the tariff increases for each kilowatt-hour (kWh)
consumed (R USD 0.01874 kWh~!); and (iii) red—when energy production is more costly
and the tariff suffers a greater increase. This last flag is divided into two levels according
to the generation costs: (a) P1: Increase of R USD 0.03971 kWh™1, and (b) P2: Increase
of R USD 0.09492 kWh~!. Figure 13 shows the activation of the tariff flag due to the
increase in thermoelectric energy generation. Throughout 2015, the tariff flag Red-P1 was
activated, followed by the year 2018, in which the tariff flag Red-P2 was activated for
5 months. Since September 2021, ANEEL has established and is applying a new tariff
flag, called the “water scarcity flag”, whose value is almost 50% more than the flag Red-
P2 (https:/ /www.poder360.com.br/energia/governo-anuncia-bandeira-tarifaria-de-r-14
20-quase-50-maior-que-a-atual/, accessed on 16 December 2021). During the 2001 energy
crisis, electricity consumption rationing and penalties for excessive consumption were
applied. In the current energy crisis, tariff flags have been applied for the first time with
negative consequences in different socioeconomic sectors.
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Figure 13. Power generation (MWh) vs. activation and additional tariff flags (R USD/MWh) since
January 2015.

Notably, many of the reservoirs used for hydroelectric power generation have multiple
uses: Irrigation, human supply, and livestock. The last two are a priority for water use by
law No. 9433 [89]. Nevertheless, the severity of the recent droughts in Brazil also impacted
agriculture and livestock production [36], water availability for consumption [30,31], hy-
dropower generation [82,90], the navigation of some important rivers [34,91], and fire
incidence [34,92].

It is estimated that the global surface temperature increased by 0.99 (0.84-1.10) °C
between 1850 and 2000 [93], with more significant increases over land than ocean.
Between 1850-1900 and 2011-2020, land warming is approximately 45% (1.61 (1.34-1.83) °C)
greater than the global surface temperature warming and, approximately, 80% greater than
the ocean surface warming. Additionally, warming over land increases the atmospheric
evaporative demand and the severity of drought events. Larger warming over the land
than over the ocean alters the atmospheric circulation patterns and reduces the continental
near-surface relative humidity, contributing to regional drying, according to the IPCC [94].
Therefore, the recent rise in temperature, coupled with the accumulated rainfall deficit,
as observed by the SPEI, has resulted in a significant decrease in the basin’s streamflow,
as shown by the SSFI. As the SSFI was estimated from naturalized streamflow, the down-
ward trend observed in most of the studied basins can be associated with the observed
climate change.

As stated above, the recent temperature rise (Figure S1), coupled with the accumulated
rainfall deficit, as observed by the SPEI, has resulted in a significant decrease in basin
discharge, as shown by the SSFI. As a result, there was a reduction in water inflow to
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hydroelectric plants” reservoirs. The heatwave exacerbated the drought [68], affecting
natural and human systems and also contributing to the recent low reservoir levels. Our
results are corroborated by other studies. The lack of precipitation and rising surface
temperatures reduce water inflows to both the run-of-river and reservoir plants [90], re-
ducing hydropower generation [40]. Moreover, drought impacts the hydropower in the
North and Northeast [90,95,96]. Vasquez-Arrojo et al. [40] found that water availability for
hydropower generation decreased by 2 and 4 °C using the downscaled climate models Eta
HadGEM2-ES and Eta MIROCS. It is clear that the high risk of hydroelectricity shortage
demands investments in a new electricity generation capacity from other renewed sources.

4. Conclusions

This study analyzed different drought indicators to assess hydrological drought in
several regions of Brazil, and its impact on hydropower generation. Our results show that
hydrological drought events have been more frequent and intense in the last decades in
Brazil. Particularly in the last decade (2010-2021), droughts also occurred concomitantly in
several country regions, with noticeable impacts in different socio-economic sectors, which
are currently still being experienced.

The results demonstrated that the droughts in the last decade of the 19812021 period,
were the most severe and intense, in terms of precipitation, temperature, and consequently,
streamflow. Moreover, the three indices (SPI, SPEI, and SSFI) used in this study clearly
showed the critical situation of water reserves. Among the three indices, SPEI and SSF], for
all of the scales, presented the strongest evidence. In most of the basins, the Mann—Kendall
trend test showed a downward trend in the SPI, SPEI, and SSFI time-series from 1981 to
2021, indicating an increased frequency of drought events. The strong correlation found
between the SPEI and SSFI in most of the basins, indicates that the SPEI could be used
to assess hydrological drought events in basins with few or no discharge measurement
stations, a reality that is compatible with Brazil’s continental scale.

Our results suggest that droughts are more intense and frequent due to the compound
effect of decreased precipitation, and increased in temperature in a possible global warming
scenario. This correlates with the recent climate changes observed [94]. According to the
IPCC, the decreased precipitation and increased surface temperature result in the increased
evapotranspiration and decreased soil moisture, leading to negative feedback processes
that exacerbate drought events.

Forest cover loss was most significant in basins located in the Central West region
of Brazil, and agriculture was observed to be expanding in these regions. There was no
evidence of an increasing trend in the frequency of droughts in these basins, as measured
by the SPI using only rainfall data. In comparison, decreasing trends in the SPEI (in-
creased frequency of water deficit conditions) were observed in these basins, particularly
in basin B16, which experienced the greatest absolute loss of forest area. Several studies
indicate that removing natural vegetation can contribute to local warming [97-99] and
reduce rainfall [35,99]. This study’s findings indicate a link between deforestation in some
areas and a trend towards increasing water deficit due to the rising surface temperatures,
although in other areas no trend was found. Notably, additional research is required to
establish causalities and understand the changes in hydrometeorological processes, and
their impact on hydrological regimes.

Although Brazil has increased its hydropower capacity after the 2001 energy crises,
from 75,570 MW in January 2006 to 108,739 MW in November 2021, the intense and severe
drought events in the past decade have substantially impacted the hydroelectricity genera-
tion in all of the Brazilian regions, except for the northern region. The Mid-West, Southeast,
and Northeast regions have been most affected. This is of particular concern since the
maximum storage capacity (MW month) is concentrated in these regions, with 71% of all
the installed capacity in Brazil (http://www.ons.org.br/Paginas/resultados-da-operacao/
historico-da-operacao/capacidade_instalada.aspx, accessed on 20 January 2022). The ther-
moelectricity generation increased to avoid electricity rationing. The major impact of this
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change is the increase in energy cost cascading towards the consumer end. Furthermore,
Brazil thermoelectric plants work by burning fossil fuels, diesel, and natural gas. Therefore,
the increase in thermoelectric power usage increases Brazilian greenhouse gases emissions,
contributing to global warming. This situation highlights the urgent need to establish a
preparation plan to mitigate the effects of drought in the country, in a sustainable manner.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/w14040601/s1, Figure S1: Innovative Polygon Trend Analysis—IPTA of 2m temperature
(surface) ERA5 Land monthly data (1:1 No trend-line—red line), for 19812010 (horizontal axis)
and 2011-2021 (vertical axis) periods, for the studied basins. Figure S2: Innovative Polygon Trend
Analysis—IPTA [100] of potential evapotranspiration ERA5 Land monthly data (1:1 No trend-line—
red line), for 1981-2010 (horizontal axis) and 2011-2021 (vertical axis) periods, for the studied basins.
Table S1: Correlations of hydrometeorological indices for all time scales. Table S2: Boxplot s five-
number summary for minimum and maximum precipitation monthly values, for 1981-2010 and
2011-2021 periods. Table S3: Boxplot s five-number summary for minimum and maximum stream-
flow monthly values, for 1981-2010 and 2011-2021 periods.
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