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Abstract: This study applied regionalization techniques on future climate change scenarios for the
precipitation over the Xingu River Basin (XRB) considering the 2021–2080 horizon, in order to assess
impacts on the monthly flow rates and possible consequences for electricity generation at the Belo
Monte Hydroelectric Power Plant (BMHPP). This is the fourth largest hydroelectric power plant in
the world, with a generating capacity of 11,233 MW, and is located in the Brazilian Amazon. Two
representative concentration pathways (RCP 4.5 and RCP 8.5) and an ensemble comprising four
general circulation models (CanESM2, CNRM-CM5, MPI-ESM-LR and NORESM1-M) were used.
The projections based on both scenarios indicated a considerable decrease in precipitation during the
rainy season and a slight increase during the dry season relative to the reference period (1981–2010).
According to the results, a reduction in the flow rates in Altamira and in the overall potential for
power generation in the BMHPP are also to be expected in both analyzed periods (2021–2050 and
2051–2180). The RCP 4.5 scenario resulted in milder decreases in those variables than the RCP 8.5.
Conforming to our findings, a reduction of 21.3% in the annual power generation at the BMHPP
is expected until 2080, with a corresponding use of 38.8% of the maximum potential of the facility.
These results highlight the need for investments in other renewable energy sources (e.g., wind and
solar) in order to compensate for the upcoming losses in the BMHPP production.

Keywords: climate scenarios; regionalization; precipitation; flow rate; hydroelectric power;
Brazilian Amazon

1. Introduction

In the context of electricity production, Brazil is among the countries in possession
of the greenest portfolios, with its total primary energy supply being presently comprised
of the following contributions: 64.1% from hydropower, 22.9% from thermal sources, 9%
from wind and 4% from other sources, such as nuclear, solar and others [1]. Since climatic
variations influence the volume of water available in the reservoirs for hydroelectricity
generation, the establishment of rules for the operation of hydropower plants must take
into consideration the availability of water resources based on reliable future scenarios [2].

The Xingu River Basin (XRB) is located in Brazil’s Legal Amazon (as defined in IBGE,
2022—https://www.ibge.gov.br/en/geosciences/environmental-information/vegetation/
17927-legal-amazon.html?edicao=30976&t=o-que-e (accessed on 10 July 2022) and hosts
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one of the largest projects of the Brazilian government in terms of electricity generation, Belo
Monte Hydroelectric Power Plant (BMHPP), which is the fourth largest hydroelectric power
plant in the world by installed capacity, representing the greatest energy enterprise that is
entirely Brazilian. Since the completion of its construction in 2019, the installed capacity
was 11,233 MW, which is equivalent to almost 10% of the Brazilian electricity demand [3,4].

Studies on the operational planning, management of and investments in power gen-
eration from hydroelectric plants in Brazil, especially in the Amazon Basin, have been
carried out frequently [5,6]. Climate projections based on future scenarios indicate negative
trends in rainfall over the Amazon [7,8], which underline the sensitivity of the region’s
hydroelectric systems to climate variability, as the river flow rates are naturally correlated
with the precipitation over their respective basins, with significant impacts on hydropower
generation being expected.

There are considerable uncertainties, however, in the simulations from Global Climate
Models (GCM) in relation to precipitation patterns and climate change [9]. Due to the
coarse resolution of the GCMs, it is necessary to apply downscaling techniques, which
converts information from large to regional or local scales [10]. The models are also forced
through the implementation of boundary conditions, which are determined by the emission
scenarios. This ends up consisting of another source of uncertainty in the projections [11].
The combination of different sources of uncertainty can lead to unrealistic projections of
precipitation and of the impacts of climate change on hydrology [12,13]. Some options have
been applied in order to reduce the uncertainties in the projections of the impacts of climate
change, such as the use of sets of several models (ensembles) and statistical post-processing
on the data, aimed at removing biases [13,14].

Through the use of the Coupled Model Intercomparison Project (CMIP5), some works
have pointed to possible scenarios of climate change in South America and in Brazil,
specifically, until the end of this century [15,16]. For the Amazon, in general, the projections
indicate a decrease in precipitation and, consequently, in flow rates [7,17,18], as well as
an increase in temperature [19]. Studies have been reporting that numerical models fail
to capture important aspects of climate variability in the Amazon [8,20]. According to
them, a poor representation of the atmospheric systems that cause precipitation over the
Amazon and the difficulty in adequately representing the variability of the sea surface
temperature anomalies on the tropical Pacific and Atlantic Oceans may be responsible for
the underestimation of precipitation in the region.

In light of the above, the main purpose of this work is to obtain future regionalized sce-
narios of climate change for precipitation over the XRB, considering the 2021–2080 horizon
and then assess their impacts on the monthly flow rates and the possible consequences for
the power generation in the BMHPP. The results may aid in the improvement of planning
and operation of the Belo Monte reservoir with regards to hydropower production. In
addition to the known electricity potential, the XRB is of extreme relevance as an environ-
mental and cultural asset, as it encompasses not only part of the Amazon rainforest, but
also extensive portions of the Cerrado biome (the Brazilian savannah), as well as protected
forest areas and indigenous territories.

2. Materials and Methods
2.1. Region of Study

The XRB encompasses about 13% of the Amazon River Basin area that is located
in Brazil, spanning across the states of Pará and Mato Grosso (Figure 1), with a total
drainage area of around 510,000 km2. The main river, Xingu, has its source in Mato Grosso,
at an altitude of 600 m, at the meeting of Formosa and Roncador ridges, in the Brazilian
Cerrado, and then joins the Amazon biome covering an extension of approximately 2000 km
up to its mouth in the Amazon River, at an altitude of 4 m [21]. The XRB exhibits a
south–north orientation and is basically divided into three regions: Upper Xingu, Middle
Xingu and Lower Xingu. The main tributaries are the Iriri, Fresco, Curuá, Culuene and
Bacajá rivers [22].
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Figure 1. Geographical location of the XRB. Source: [22].

The XRB hosts two important Brazilian biomes (Amazon Forest and Cerrado) and
about 280,000 km2 of protected areas and indigenous territories, such as the Xingu In-
digenous Park, one of the largest forest conservation areas in Brazil, comprising nearly
26,000 km2. In spite of representing only 5% of the XRB area, the park is home to several
ethnic groups, in addition to an exuberant fauna and flora. That territory is constantly
threatened by anthropic actions, such as deforestation aimed at expanding agriculture
and livestock frontiers. This has been taking place across the entire area surrounding
the park [23,24].

The spatiotemporal variability of precipitation over the XRB exhibits different regimes
between the northern and southern portions of the basin. In the south, as well as in the
center, the largest rainfall volumes are observed in the months of December, January and
February (DJF), owing to the South Atlantic Convergence Zone. Conversely, in the north,
precipitation is concentrated in the period from February to April, when the northern part
of the basin is within the reach of the Intertropical Convergence Zone, the atmospheric
system that governs the rainfall regime of most of the Amazon [25–27].

The characteristic flow rate parameters of the XRB (long-term average flow rate and
Q95—flow permanence of 95%) were calculated by the Brazilian National Water and
Sanitation Agency (ANA) from monthly mean flow rates recorded by their network of river
gauge stations [28]. Their study shows that the XRB has a long-term average flow rate of
8548 m3/s and a Q95 of 1184 m3/s. Water availability is the amount of water effectively
available for different uses in the basin. Thus, identifying the availability of flow rate
intended for meeting important demands is an essential part of a water resources plan.
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2.2. Future Emission Scenarios and GCMs

This work investigated the influence of climate change caused by the continuous
increment in greenhouse gases concentration from scenarios of radiative forcing projected
by the Intergovernmental Panel on Climate Change [29]. The RCP 4.5 and RCP 8.5 scenarios
were used for the generation of predicted precipitation series over the XRB in the period
2021–2080. The results are presented and discussed for two different three-decade periods,
2021–2050 and 2051–2080, thus comprising two climatological normals. The characteristics
of the two employed Representative Concentration Pathways are described in Refs. [30–32].

The GCMs from CMIP5 used here were: “CanESM2”, which stands for the second
generation Canadian Earth System Model [33,34]; “CNRM-CM5”, which is the GCM of the
(French) National Centre for Meteorological Research (CNRRM) and Centre Européen de
Recherche et de Formation Avancée en Calcul Scientifique (CERFACS) [35,36]; “MPI-ESM-
MR”, which is the Earth System Model (ESM) developed by the Max Planck Institute for
Meteorology, based in Germany [37,38]; and NORESM1-M”, the Norwegian ESM of the
Norwegian Climate Center [39,40].

Precipitation data were generated through the Data Access and Downscaling (DAD)
Portal developed by the Santander Meteorology Group (https://www.meteo.unican.es/
downscaling/intro.html, accessed on 10 January 2022). The applied Statistical Downscaling
Method (SDM) used daily data of large-scale variables from the ERA-INT-DM reanalysis
project from the period 1979–2010, with a spatial resolution of 2.5◦ × 2.5◦ and observed
daily precipitation data from gauge stations located in Amazon that are operated by the
(Brazilian) National Institute of Meteorology, from the same period.

SDMs consist of finding an empirical relation (a statistical model) between large-scale
variables from reanalysis (predictors) and variables observed at smaller scales (predictands).
Then, the resulting statistical model is applied to the data from different climate change
simulations by GCMs and different scenarios [41,42]. A detailed review of statistical
downscaling methods is presented in Ref. [43].

Figure 2 presents the resolution grid over the Amazon region that was applied to the
SDM for the generation of the precipitation data used in this study, focusing on the XRB
area. Further information related to the reanalysis data used as predictors in the SDM is
also exhibited in Figure 2, such as the spatial and temporal resolutions, the identification
of the variables, and the respective atmospheric levels and time of the day for which their
values were obtained. The variables include: Mean Sea Level Pressure, Temperature and
Specific Humidity at 850 hPa, Geopotential Height at 500 hPa and Meridional and Zonal
Velocities at 850 hPa. A detailed description of this reanalysis can be found in Ref. [44],
which describes the prediction model, the data assimilation method and the employed
input dataset from observational data, in addition to discussing improvements in relation
to previous reanalysis data, ERA-40.

Calibration and validation of the statistical downscaling was performed by employ-
ing the Analogue Method, which is thoroughly described in Refs. [45–47]. The common
historical period for predictors (reanalysis) and predictands (observations) was divided
into two different periods: 1979–2010 for training and 2011–2020 for comparison of results.
The calibration used data from the training period to verify the climate similarity between
observations and simulations, i.e., if the past climate was well represented by the predic-
tors, relative to the period 1979–2010. The descriptive statistical metrics are described in
Section 2.5, based on data accumulated in monthly values, which were used in the model
for simulating monthly flow rates at the XRB.

Some works have been employing SDMs for obtaining local information from integra-
tions by GCMs [48,49]. Ref. [50] applied the Analogue Method as a simple technique of
statistical downscaling for scale reduction of a GCM for monthly and daily precipitation
over the Iberian Peninsula during winter and performed a comparison with more complex
methods, such as canonical correlations and neural networks. In general, the Analogue
Method rendered satisfactory results relative to the other methods and could be applied to

https://www.meteo.unican.es/downscaling/intro.html
https://www.meteo.unican.es/downscaling/intro.html
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local variables with normal distributions or not. Those authors concluded that the neural
networks, despite being more complex, do not provide a direct physical relation.

Figure 2. Resolution grid over the Amazonian area used to establish the relations between predictor
(reanalysis) and predictand (surface observations) data.

Based on the observed underestimation of the precipitation simulations for the training
period (see Section 3.1), we resorted to the Linear Scaling method to estimate a correction
factor for the monthly precipitation data generated by the SDM. Then, we performed bias
removal, based on that correction factor, on the future precipitation series for the simulations
of data for each station. This methodology of bias correction results in considerable benefits
to research, as described by Ref. [16]. According to Ref. [51], GCM results are biased in
the simulations of precipitation, which leads to flow-rate simulations that are also biased.
However, the methods of bias correction can improve the simulated precipitation and the
representation of flow rates in river basins.

Linear Scaling is a simple method to correct variables based on the observed long-term
average [52]. Precipitation is corrected by multiplying the simulated value by a factor that
is based on the ratio between the long-term averages of the observed and simulated data,
as in the following equation:

Pcor
sim (t) = Psim (t)×

[
u (hist

obs (t))
u(hist

sim (t))

]
(1)

where Pcor
sim (t) is the corrected simulated precipitation for time t, Psim (t) is the simulated

precipitation for time t, u (hist
obs (t)) is the long-term average of the observed precipita-

tion over the historical period and u(hist
sim (t)) is the long-term average of the simulated

precipitation over the historical period.

2.3. Rainfall–Runoff Model

The application of the hydrological modeling of rainfall–runoff through statistical
techniques (empirical models) has been a growing tendency for the past few decades,
especially because of the lack of some input data to conceptual models, the need for faster,
reliable and less complex predictions. Therefore, we resorted to the Principal Component
Regression (PCR) technique for the rainfall–runoff modeling for the XRB, in order to
simulate monthly flow rates. The river gauge station of Altamira will be used as the
reference for the validation of the simulation results of flow rates and the assessment
of future scenarios. The river basins in the Amazon are particularly suitable for the
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application of hydrological rainfall–runoff models, as the precipitation and flow rates are
highly correlated in these basins.

The regression by principal components was initially proposed by Refs. [53,54]. Such
regression technique is based on Principal Component Analysis, with the purpose of
overcoming difficulties found in Multiple Linear Regression, by eliminating problems of
multicollinearity between the variables, as well as decreasing the level of noise that is
entered into the model. Mathematical details about the application of this technique of
multivariate statistical analysis are described in Refs. [55,56].

Ref. [57] applied the PCR technique in the simulation of monthly mean flow rates at the
XRB. That study showed the degree of the relationship between precipitation and flow rate,
input and response of the rainfall–runoff model based on PCR and the respective degrees of
lag with predictive efficiency. The PCR presented good results in the simulation of monthly
flow rates across all the selected stations, characterizing correctly the inherent dynamic
of the time series with optimal results during the dry period (May through October) and
a slight underestimation trend during the wet season (November through April). Such
results, obtained from the use of observed precipitation in the simulation of flow rates at the
XRB allow to conclude that a good system of climate prediction for seasonal precipitation
can lead to a very reasonable level of predictability for flow rates.

The Climate Predictability Tool (CPT) software was used in the PCR for the simulation
of monthly mean flow rates at the XRB. The CPT was developed by the International
Research Institute for Climate and Society [58]. Some works have been conducted using
this tool [59–63]. The CPT uses two datasets for the simulations. The first one contains
“variables X”, called “predictors”, “independent variables” or “explanatory variables”.
These variables are used to predict the variables in the second dataset, which must include
“variables Y”, called “predictands”, “dependent variables” or “response variables”.

2.4. Hydropower Generation Estimation

The electricity generation potential at the BMHPP was estimated for both emission
scenarios (RCP 4.5 and RCP 8.5) and separately for the 30-year periods of 2021–2050 and
2051–2080, based on the projected flow rates at Altamira. Only the electricity generated at
the main dam of Belo Monte was considered, with the production of the auxiliary dam at
Pimentel being disregarded, since the main plant represents 98% of the installed capacity
of the complex. The maximum amount of energy after calibration was established at
11,000 MW, which corresponds to the maximum installed capacity of that plant.

In agreement with the methodology adopted and described by Ref. [64], the generation
potential at Belo Monte was estimated for each scenario by applying Equation (2) with data
coming from the planning of the BMHPP:

Pm = ∆h × Qm × g × EF × CAE (2)

where Pm is the monthly mean hydroelectric potential (in MW); ∆h is the height of the
fall, which is equal to 87.5 m; Qm is the adjusted monthly mean flow rate (in m3.s−1);
g is the gravity acceleration (9.81 m × s−2); EF is the efficiency factor associated with the
turbines (0.918); and CAE is an additional calibration factor. The latter is provided by the
ratio between the average annual production mentioned in the project (4419 MW) and the
uncalibrated generation potential considering the average annual flow rate observed in the
training period of 1981–2010.

The monthly flows projected for each scenario were calibrated with the data used in
the project to estimate the minimum energy production at Belo Monte (Table 1). The first
step was to calibrate the simulated flow rate in the period 1981–2010 with the official annual
average flow rate estimated in the project. Thus, the ratio between the estimated annual
average value and the simulated annual average value by the ensemble of the models was
calculated, resulting in the CAE value of 0.92. Next, we reduced the simulated flow until the
minimum flow that must remain in the river each month, as regulated by the hydrograph
of minimum ecological flows established for the project [65]. We adjusted the flow rates
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for each scenario over the selected 30-year period by subtracting the amount of minimum
primary flows from the estimated monthly means and then we established whether the
subsequent year’s flow rate would be determined by the minimum ecological flow A or B.

Table 1. Official data from the BMHPP project [65].

BMHPP Flow Rate (m3/s) Minimum Ecological Flow Rate (m3/s)

Month Average Hydrograph A Hydrograph B

January 7803 1100 1100
February 12,759 1600 1600

March 18,178 2500 4000
April 20,028 4000 8000
May 15,784 1800 4000
June 7156 1200 2000
July 2902 1000 1200

August 1571 900 900
September 1069 750 750

October 1120 700 700
November 1891 800 800
December 3754 900 900

Annual 7835 1438 2163

Since Belo Monte does not yet have a historical record of electricity production (op-
eration began in November 2019), an additional calibration was performed in order to
compare the results found here with those reported in the official project documentation.
Calculations did not consider possible effects caused by the 440 km2 reservoir, as it is
not large enough to alter the nature of a run-of-the-river reservoir of the facility. Further
corrections may have been carried out by the project developers (which are not available
for public consultation). Therefore, the estimate of potential generation for all the scenarios
are probably different from those described in the project.

2.5. Skill Assessment

In order to assess the skill of the models used in the simulations of precipitation
and flow rates at the XRB, statistical comparisons were performed in the results between
the simulated and the respective observed values. Statistical parameters for model skill
assessment were calculated, such as the Pearson correlation coefficient (r), as defined in
Equation (3):

r = ∑(xi − x)× (yi − y)√(
∑(xi − x)2 ×

(
∑(yi − y)2

)) (3)

where x and y are, respectively, the explanatory and response variables to be correlated.
The coefficient value varies from −1 to 1 (−1 ≤ r ≤ 1). When r is near 1, it means that a
perfect positive correlation is taking place between the two variables, whereas, for r values
near −1, a perfect negative correlation has been found between the variables, i.e., when
one increases, the other decreases. Null values for r mean that the two variables are not
linearly dependent.

Interpretation of the correlation coefficient can be made using intervals. However, the
nature of the data, as well as the size of the sample and the physical relation between the
variables must be known [66]. In general, r values higher than 0.5 are deemed as denoting
a moderate correlation; if r > 0.7, then a strong correlation has been identified; and a very
strong one is taking place between two variables if their correlation coefficient is above 0.9.
Weak correlations present r values below 0.3 [67]. Other employed statistical metrics for
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skill assessment of the simulations were BIAS and Root Mean Square Error (RMSE) [68],
defined, respectively, in Equations (4) and (5):

BIAS =
1
N

N

∑
i=1

(F − O) (4)

RMSE =

√
1
N

N

∑
i=1

(F − O)2 (5)

where F represents the values that are estimated by the model, O denotes the observed val-
ues and n is the number of the sample. BIAS indicates if a model is prone to overestimation
(if positive) or underestimation (if negative). Values around zero are expected, since this
indicates a good simulation performed by the employed models. RMSE was used in order
to obtain a quantitative indication of the model error in terms of dimensioned quantity.

3. Results
3.1. Statistical Downscaling Model Evaluations

The first step performed was to verify if the selected models were capable of satisfacto-
rily representing the past climate. The period 1979–2010 was used for assessments of such
scope. Figure 3 shows the results of simulations of monthly precipitation climatology by the
four models and their ensemble for the grid point that corresponds to the Altamira station
location, compared to observations from the same period. No considerable discrepancies
between the simulations nor superiority of any one in particular was noticed. This ratified
our option for the use of the ensemble rather than one of them. The display of the ensemble
results concurrently to those from each of the models facilitates the statistical analysis and
corroborates the application of the research [16].

Figure 3. Climatology of monthly precipitation in Altamira for the 1979–2010 period. The different
curves correspond to observed data and simulations by the aforementioned models, as well as
their ensemble.

As observed in Figure 3, the comparison between the monthly precipitation climatol-
ogy according to observed data collected in Altamira in the period 1979–2010 and results of
simulations by the models and their ensemble for the same place lead to the conclusion
that the models represented satisfactorily the monthly precipitation there, except for March,
when the models presented an underestimation of about 70 mm on average. Typically, peak
amounts of rainfall are observed in March, with accumulations of almost 400 mm. For the
dry period, the simulated monthly values were very close to the observations.

According to the scatter plot between the simulated monthly precipitation (ensemble)
and the data recorded in Altamira for the training period 1979–2010 (Figure 4), the results
with r = 0.75 and the coefficient of determination (R2) value of 0.55, indicate a strong
correlation between simulated and observed data sets. BIAS presented a slight negative
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value (−6.51 mm) and RMSE was at 98.68 mm, mainly associated with the underestimation
of the ensemble during the rainy season in Altamira.

Figure 4. Scatter plot for the simulated (ensemble) and observed monthly precipitation in Altamira
for the 1979–2010 period.

The deviations of the simulations relative to the observations in the period 1979–2010 for
the XRB are presented in Figure 5. The results show that, overall, the models tend to
underestimate rainfall during the wet season, especially between February and April, with
significant negative deviations in the north and west sectors. Better results are observed in
the dry season, with lower absolute differences between the simulations and observations.
This applies most noticeably to the period from May to August. These results indicate
that the past climate, as assessed based on the reference period 1979–2010, was well
represented by the models based on the predictors from reanalysis. Nonetheless, the
monthly precipitation in the future scenarios was subjected to correction for each month
through the bias removal technique addressed in Section 2.5.

Figure 5. Cont.



Energies 2022, 15, 7698 10 of 26

Figure 5. Differences in the climatology of the monthly precipitation over the XRB between the
ensemble simulations and the observed data (ensemble minus observation), in mm/period, for the
1979–2010 period.

3.2. Climate Scenarios Applied to Precipitation

The climate projections based on the two different emission scenarios are applied to
precipitation data with the ensemble of the models. The results of the precipitation simula-
tions for the XRB based on the RCP 4.5 and RCP 8.5 scenarios are presented sequentially for
two different 30-year periods, 2021–2050 (Figures 6 and 7) and 2051–2080 (Figures 8 and 9),
which comprise two consecutive climatological normals. The projected seasonal deviations
for precipitation over the XRB, in the period 2021–2050, in relation to the climatology of
1981–2010, as obtained through the ensemble of the models, are exhibited for both emission
scenarios in Figure 6.
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Figure 6. Projected seasonal deviations in the precipitation over the XRB, in mm/period, for the
2021–2050 period, according to the RCP 4.5 (a) and RCP 8.5 (b) scenarios.

Figure 7. Projected annual deviation in the precipitation over the XRB, in mm/period, for the
2021–2050 period, according to the RCP 4.5 (a) and RCP 8.5 (b) scenarios.
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Figure 8. The same as in Figure 6, but for the 2051–2080 period.

Figure 9. The same as in Figure 7, but for the 2051–2080 period.
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The spatial behavior of the deviations is similar in both scenarios, but with slightly
lower magnitudes for the RCP 8.5. The DJF (summer) and MAM (autumn) quarters exhibit
negative deviations, indicating an expected reduction in precipitation volumes, especially
in the south and in the west. In JJA (winter), a slight increase in precipitation, of up to
100 mm, is to be expected nearly throughout the basin. For the SON (spring) quarter, the
projections point to mild positive deviations in the north and to the east of the middle
sector, whereas negative deviations are projected for the west and the south.

Figure 7 shows the annual deviation in precipitation between the average of the
projections based on each of the scenarios and the reference period of 1981–2010. Both
scenarios exhibit a similar behavior with regard to spatial pattern, indicating a reduction
in the amount of precipitation for most of the XRB, with higher negative deviations in the
south and western sectors (Upper and Middle Xingu), where the RCP 4.5 projects an annual
deviation of more than 400 mm (Figure 7a). In the northern portion of the basin (Lower
Xingu), the scenarios indicate negative annual deviations of up to 100 or 200 mm. For an
area to the east of the center (the eastern part of Middle Xingu), the projections based on
the RCP 4.5 suggest a decrease of less than 100 mm per year, whereas the RCP 8.5 signals
an increase of up to 100 mm in the annual rainfall volume.

In Figures 8 and 9, the seasonal and annual projected deviations, respectively, are
exhibited for the period 2051–2080. Analogously to Figure 6, the spatial patterns are
quite similar between the two emission scenarios. It is worth mentioning a substantial
reduction in precipitation in DJF, especially in the south and along the western strip, which
may experience a decrease of up to 500 mm for that quarter alone. Milder reductions
are expected in the MAM quarter according to both scenarios. The JJA quarter should
see a slight increase in precipitation, of up to 100 mm across the whole basin. In SON, a
positive deviation is projected for the north and to the east of the center part, while negative
amounts should be observed in the south and in the west, with slightly higher deviations
being predicted based on the RCP 4.5 scenario. In general, projections according to both
scenarios indicate a considerable reduction in rainfall during the wet season and mild
increments in the dry season in the XRB for those three decades.

Regarding the annual deviations for the same period, higher numbers are projected
for this period (Figure 9) than the first one (Figure 7). However, the spatial pattern is largely
the same, suggesting a strong decrease in precipitation in southern XRB (Upper Xingu),
where the RCP 4.5 scenario projections show negative deviations in excess of 800 mm. For
this period, both scenarios indicate a slight increase in the rain over an area to the east of
the center (eastern Middle Xingu). The projections based on the RCP 8.5 scenario are nearly
the same for this region across both 30-year periods, whereas the ones based on the RCP
4.5 differ in which a negative deviation of less than 100 mm is indicated for 2021–2050, but
a positive deviation of up to 200 mm is signaled for 2051–2080. The incongruent behavior
of this area, by displaying projections of positive deviations while reductions are projected
for most of the basin, may be associated with the application of the bias removal technique
and/or reflect the quality of the data used for the reference period (observations from
the station based at São Felix do Xingu, PA). For the northern sector (Lower Xingu), the
projections are mostly the same as the ones for the previous period, with the exception of
the westernmost part, where higher decreases are to be expected for this period.

Concerning the projections for Altamira, Figure 10 shows the monthly mean precip-
itation from the reference period and the projected numbers conforming to each of the
emission scenarios for both the 30-year periods. An overall reduction in rainfall is expected
during the wet season, most notably in the FMA quarter, with a slight decrease being
projected for the dry season by both scenarios, especially from July to September, according
to RCP 4.5, and in October and November, based on the RCP 8.5.
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Figure 10. The monthly mean precipitation in the period of 1981–2010 (black) in Altamira and the
projections for the 2021–2050 (a) and 2051–2080 (b) periods, based on the RCP 4.5 (blue) and the RCP
8.5 (green) scenarios.

The monthly climatology of precipitation in the XRB was reflected in the results
from both scenarios for the Altamira station for both periods. Table 2 shows the expected
variation, in percentage, in precipitation as measured at that station for each period, relative
to the reference period of 1981–2010. Qualitatively, the seasonal behavior is similar across
both scenarios, indicating a negative variation in the wet season (DJF and MAM quarters)
and a positive variation in the dry one (JJA and SON). The annual variations were also of
the same sign for both scenarios in both periods.

Table 2. Deviations (%) in the projected precipitation for Altamira relative to the 1981–2010 period.

Scenarios RCP 4.5 RCP 8.5

Period 2021–2050 2051–2080 2021–2050 2051–2080

DFJ −12.9 −29.6 −6.1 −0.5
MAM −14.6 −26.2 −7.5 −8.7

JJA 12.0 21.3 6.1 3.2
SON 4.5 11.7 15.8 14.3

ANNUAL −9.7 −19.4 −3.6 −2.6

Nonetheless, the degree of variation according to one scenario differs considerably from
the one projected through the other. For the nearest horizon (2021–2050), the RCP 4.5 and
RCP 8.5 projections indicate an annual reduction of 9.7% and 3.6%, respectively. A higher
discrepancy is observed in the projections for the 2051–2080 period, where the RCP 4.5
results in a much larger decrease (−19.4%) than the RCP 8.5 (−2.8%), even though it is
the RCP 8.5 scenario that represents the most pessimistic future climate projections in the
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context of global warming, which leads to a radiative forcing of 8.5 W.m−2 by 2100, as
a consequence of a high rate of increase in the concentration of greenhouse gases in the
atmosphere, especially carbon dioxide.

One of global warming projected impacts is alterations in the vegetation cover [69].
However, higher levels of carbon dioxide in the atmosphere can also favor plant growth [70],
and some species are more tolerant and less sensible to environmental change than others [71].

This work did not directly address changes in land use and cover (the influence of
deforestation on the XRB). Therefore, these factors are not considered in our projections of
future precipitation, which leads us to conjecture that the lower amounts of precipitation
decreases delivered by RCP 8.5 can be explained by that. Moreover, the most pessimistic
scenarios are associated with more often occurrences of extreme events, which can be
characterized by either an excess or a deficit in precipitation [15,72].

It is important to highlight that, even with the BIAS removal technique applied to
the projections of monthly rainfall data, the models continued to indicate a significant
reduction in the XRB, mainly for its southern part during the wet season. Most climate
models predict less precipitation for the southeastern region of the Amazon, which includes
the headwaters of the Xingu River [18,64]. These results are in agreement with previous
works that performed CMIP5 simulations, which have also indicated an overall reduction
in rainfall along the Amazon basin [7,8].

3.3. Projections of Future Flow Rates

In order to better understand the relationship between precipitation and flow rate
at the XRB, the monthly climatology of those two variables, based on observed data at
Altamira in the period 1981–2010 was plotted and exhibited in Figure 11, which shows
a clearly identifiable rainfall regime. The region has a dry period from July through
November, with the lowest amounts of precipitation being observed in the ASO quarter,
when the monthly values typically fail to reach 50 mm, and a wet season from December
through May, with the monthly precipitation exceeding 300 mm during the FMA quarter.

Figure 11. Monthly climatology of precipitation (bars) and flow rate (line) at Altamira based on the
period 1981–2010.

The monthly climatology of flow rate at Altamira follows a similar behavior to the
one of precipitation, with the ebb period taking place from July to December and the
flood period from January to June. As showcased in Figure 11, April presents the peak
in flow rate, reaching about 20,000 m3s−1, while September sees the lowest flow rate of
the year, of only 1200 m3.s−1. It is worth noting that the aforementioned peak in April
happens in the month after the one when the peak in precipitation is observed, which is
March. This evinces the relationship of dependence of the flow rate in one month (t) on the
precipitation in the previous month (t − 1) for Altamira, especially during the wet season
and the transition periods of December–January and May–June.
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The monthly flow rates at the Altamira station were estimated using the PCR technique
for the 2021–2050 and 2051–2080 periods based on the precipitation projections. Figure 12
shows the monthly mean flow according to the RCP 4.5 and RCP 8.5 scenarios for both
future periods compared to the ensemble simulations for the reference period (1981–2010).
In general, the projections reflect the ones for precipitation in Altamira for both periods,
suggesting a considerable reduction during the flood period, especially in the FMA quarter,
and a slight increase in the ebb period.

Figure 12. The observed monthly mean flow rate in the period of 1981–2010 (black) in Altamira and
the ones projected for the 2021–2050 (a) and 2051–2080 (b) periods, based on the RCP 4.5 (blue) and
the RCP 8.5 (green) scenarios.

The projections from both scenarios for the 2021–2050 period (Figure 12a) show that
the flow seasonality is preserved, with no changes being observed with respect to the
month when the flow rate peaks (April) and the ones when it reaches its annual minimum
(from September to October). Analogously to the precipitation projections, the RCP 4.5
scenario projects more prominent decreases than the RCP 8.5 for the flood period.

For the 2051–2080 period, the projections based on both scenarios (Figure 12b) denote
a change in the month when the flow rate reaches its highest value. In consonance with
the RCP 4.5 scenario, the peak should occur one month in advance (March) relative to the
reference period (April), with a smooth decline taking place since then towards the ebb
period, whereas, according to the RCP 8.5, a double peak scenario should happen, where
the two maxima show up in March and May, with the latter being higher. April, however,
exhibits similar values for the variable, so that the MAM quarter resembles a plateau. Such a
behavior can be associated with factors such as bias removal in the precipitation projections
and the delays that were applied to the simulation process of the rainfall–runoff model.

In Figure 13, the flow permanence curves of the monthly flow rates in Altamira
are exhibited for both the future periods, where the reference curve is also plotted for
comparison. The latter evinces that the flow rate in Altamira exhibits a large variability. This
behavior is maintained in both scenarios, especially in 2021–2050. The greatest reductions
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take place from the point where the flow rate equals or exceeds Q40 up to when they reach
Q5. The flow permanence curve suggests a trend of longer periods under the minimum
flows. Q90 and Q95 (steady flow) should observe an increase in both periods according to
both scenarios.

Figure 13. The observed flow permanence curve in the reference period of 1981–2010 (black) in
Altamira and the ones projected for the 2021–2050 (a) and 2051–2080 (b) periods, based on the
RCP 4.5 (blue) and the RCP 8.5 (green) scenarios.

The monthly mean flow rate of 8114 m3s−1 is equaled or surpassed in 39% of the
time in 1981–2010. This average should be matched or exceeded in 2021–2050 in 38% and
42% of the time according to the projections based on the RCP 4.5 and on the RCP 8.5,
respectively (Figure 13a). For the 2051–2080, it is projected that the average will be reached
or exceeded in 36% of the time according to both pathways (Figure 13b). By comparing
the flow permanence curves, it is evident that the 2021–2050 period shows peaks of higher
amounts, whereas the 2051–2080 period suggests a lower variability regarding the projected
monthly rates.

The percentage change of the projections for both future periods according to both
pathways relative to the observed period of 1981–2010 are shown in Table 3 for each quarter
of the year. During the DJF and MAM quarters, the deviations based on both scenarios
behave similarly, pointing to a decrease in the flow, mainly during the MAM quarter, which
is the flood period. The negative deviation is highest for this season for the RCP 4.5 scenario,
particularly in the 2051–2080 period. For the JJA quarter, the projections signal positive
variations according to both scenarios, albeit slight, except for the 2051–2080 projection
based on RCP 4.5, according to which the observed increase should reach the two digits.
As for the SON quarter (the ebb season), the RCP 4.5 scenario indicates a mild decrease,
whereas the RCP 8.5 suggests slightly positive variations for both periods.

Table 3. Deviation (%) in the projected flow rate for Altamira relative to the 1981–2010 period.

Scenarios RCP 4.5 RCP 8.5

Period 2021–2050 2051–2080 2021–2050 2051–2080

DFJ −13.0 −15.4 −4.6 −15.0
MAM −17.1 −31.6 −13.1 −22.4

JJA 3.9 12.6 4.8 1.0
SON −5.8 −0.3 6.9 8.6

YEAR −12.9 −20.2 −7.6 −16.0

Concerning the annual totals, both scenarios point to overall reductions in Altamira
in both future periods. As in the precipitation results, the projected negative deviations
reached higher amounts with the RCP 4.5 scenario than with the RCP 8.5. The projections
indicate a lower annual reduction for the nearer horizon (2021–2050), of −12.9% and −7.6%,
based on the RCP 4.5 and RCP 8.5, respectively, than for the more distant one (2051–2080),
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during which the negative variations may reach up to −20.2% and −16.0%, respectively
(Table 3).

By coupling a GCM with a terrestrial ecosystem model (CCM3/IBIS), the projections
by Ref. [63] suggest an overall decrease in the flow rate across XRB that varies from 6% to
36% depending on the deforestation scenario that is implemented for the Amazon basin.
The said results are similar to the ones found here, which point to deviations in Altamira
that vary between −12.9% and −7.6% for 2021–2050 according to the RCP 4.5 and RCP 8.5
emission scenarios, respectively.

Conforming to the Technical Note on the calculation of the “physical guarantee” of
the BMHPP [64], for the Francis turbine in the main powerhouse (Belo Monte) to operate
at its maximum capacity, a nominal flow of 775 m3s−1 is required, although it can also
operate safely, without risk of cavitation, at a partial load of 465 m3s−1 (60% of the nominal
flow). Based on the aforementioned specifications and considering that the BMHPP is
of the run-of-the-river type, aimed at maintaining a fairly constant water level, the flow
projections for Altamira under the effect of climate change warn that its main powerhouse
may not be in operational conditions during the SON quarter (ebb season) for several years
in both the assessed future periods.

3.4. Electricity Generation in Belo Monte

The energy generation potential at Belo Monte was estimated from the projections
of flow rate at Altamira for the 2021–2050 and 2051–2080 periods based on both emission
scenarios. Figure 14 shows a comparison between the generation potential estimations
based on the flow rates of the reference period (1981–2010) with the projections. According
to the projections of precipitation and flow rate, the results indicate a noteworthy decrease
in the energy generation during the flood season and a slight increase in the ebb period for
both scenarios.

Figure 14. Estimates of the monthly mean generation potential at Belo Monte based on the flow rates
observed in the reference period (1981–2010) and on the ones projected for the 2021–2050 (a) and
2051–2080 (b) periods, based on the RCP 4.5 (blue) and the RCP 8.5 (green) scenarios.

One known characteristic of the energy generation at Belo Monte is that, from July to
December (the ebb season), the projections cannot reach the guaranteed capacity in any
of those months, staying under the value of 4419 MW that was estimated in its project.
This pattern is maintained in all the projections presented here (for both periods, based on
both scenarios).
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With the exception of some months during the dry season, the RCP 4.5 pathway
projections display higher decreases than the RCP 8.5 ones, but the monthly climatology
of the governing variables is qualitatively reflected and sustained relative to the reference
period. Conforming to the RCP 8.5 projections for 2051–2080, that period should see a shift
of the generation peak from March to May, which reflects the change in the flow projections
for the same period, although that is more conspicuous here.

The projections of generation potential at Belo Monte, relative to the maximum in-
stalled capacity of 11,000 MW, is displayed for each quarter of the year in Table 4. For DJF,
the projections indicate a usage of 46.4–51.6% of the installed capacity during 2021–2050,
and around 45% in 2051–2080. As expected, the best performance of the plant happens in
MAM, with projections of 69.1% and 78.9% according to the RCP 4.5 and RCP 8.5 scenarios,
respectively. In JJA, the performance should be around 20%, whereas, in the SON quarter,
the usage should barely reach 5% for both periods, based on the RCP 4.5, and a little over
6% according to the RCP 8.5. In terms of annual generation, the two applied scenarios
are very close in their projections for the 2021–2050 horizon, at about 39%, while, for the
2051–2080 period, there is a more considerable divergence of 2.7% between them, with the
RCP 8.5 being the most optimistic.

Table 4. Projections of generation potential (%) relative to the maximum installed capacity.

Scenarios RCP 4.5 RCP 8.5

Period 2021–2050 2051–2080 2021–2050 2051–2080

DJF 46.4 44.9 51.6 45.1
MAM 69.1 56.4 78.9 67.7

JJA 19.0 21.2 19.6 18.0
SON 4.8 5.3 6.1 6.3

YEAR 38.8 31.6 39.1 34.3

Table 5 shows the variation in the generation potential at Belo Monte that should
be observed in the two analyzed periods according to the projections based on the two
applied pathways relative to the reference period (simulated). In agreement with both
scenarios, the DJF, MAM and JJA quarters should see a decrease in that variable, especially
in MAM (flood period) in the 2051–2080 period, with reductions varying from −23.0%
to −35.8%. The only variations of a positive sign are found in the SON. For this quarter,
the RCP 8.5 scenario projects prominent increases for both periods, reaching 21.3% in the
2051–2080 period.

Table 5. Variation (%) in the generation potential between the projections and the reference period
(1981–2010).

Scenarios RCP 4.5 RCP 8.5

Period 2021–2050 2051–2080 2021–2050 2051–2080

DJF −12.9 −15.7 −3.2 −15.4
MAM −21.3 −35.8 −10.2 −23.0

JJA −10.1 −0.1 −7.3 −15.0
SON −7.9 3.3 17.8 21.3

YEAR −13.3 −21.3 −2.8 −14.7

Overall, the projections based on both climate scenarios suggest a decrease in the
energy generated at Belo Monte in both future periods. For the nearer horizon (2021–2050),
annual reductions of −13.3% and −2.8% are projected through the RCP 4.5 and RCP 8.5,
respectively. More noticeable declines are expected on the farther horizon (2051–2080), for
which the projections signal variations of −21.3% (RCP 4.5) and −14.7% (RCP 8.5).

Figure 15 summarizes the projections of precipitation, flow rate and energy generation
for both future periods relative to the observations in 1981–2010. In general, the results
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point to a decrease in precipitation and river flow rate in Altamira, and, consequently, in
the electricity generation at Belo Monte. The reductions based on the RCP 4.5 scenario
(Figure 15a) are more prominent than those accomplished through the application of the
RCP 8.5 (Figure 15b), with the difference being higher in the 2021–2050 period (Figure 15a).

Figure 15. Variations in the projections of precipitation (P) and flow rate (Q) in Altamira and of
energy generation (E) at Belo Monte, for the 2021–2050 (left) and 2051–2080 (right) periods, based on
the RCP 4.5 (a) and the RCP 8.5 (b) scenarios.

4. Discussion

The above results indicate that less precipitation and river flow rate are to be expected
in Altamira in the future, affecting the electricity generation at Belo Monte in the two
analyzed periods, which correspond to most of the remainder of this century. The most
worrying situation concerns the period of 2051–2080, for which the monthly mean genera-
tion estimate does not even reach 8000 MW (Figure 14), thus staying considerably under
the maximum installed capacity of the plant, which is 11,000 MW. These results strengthen
the debate regarding the efficiency and performance of the BMHPP in the future [64].

Ref. [73] simulated precipitation and flow rate for the Amazon basin for the 2050 horizon
by coupling a GCM with a terrestrial ecosystem model (CCM3/IBIS) considering two
scenarios: one where a “strict governance” on deforestation takes place and another called
“business-as-usual”, which represents a continuation of deforestation activities without
proper surveillance and legal limits. In regard to precipitation, both scenarios pointed to a
decrease throughout the basin. The results for the XRB indicated a reduction of 15% for
the scenario where deforestation is kept under control and of 20% for the uncontrolled
deforestation scenario. As for flow rate, the work by Ref. [73] signals a reduction of
11% for the regulated deforestation scenario and of 17% for the generalized deforestation
prospect. Ref. [64] also examined the effects of deforestation in the river flow rate and
energy generation at Belo Monte. According to these authors, the deforestation in the
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Amazon region would reduce precipitation and flow rate by 6–36% based on different
deforestation scenarios. Conforming to their “business-as-usual” scenario, assuming a
forest loss of 40% until 2050, the projected energy generation would drop to a mere 25%
of the maximum capacity and 40% of the estimates in the plant project. Although our
work employs scenarios of different warming forcings, rather than deforestation levels, the
sign and degree of the projected precipitation and flow rate deviations for the XRB in our
findings are close to the ones of those studies, especially for the 2021–2050 horizon, which
is disquieting, since both the deforestation and the general warming scenarios can combine
and lead to a troublesome future.

The combined impacts of land use and cover change and of warming climate scenarios
(RCP 4.5 and RCP 8.5) have been addressed by Ref. [74], for the Tapajós basin in the
Brazilian Amazon. The results for the 2026–2045 period suggest that climate change may
reduce the flow rate at the analyzed stations by up to 20% and that interannual variability
may be increased. Concerning water resources management, the overall reduction in the
rivers and the growing variability, combined with the alteration and shortening of the wet
season, may considerably affect the productivity of major hydropower systems that are
being planned for the region.

A more recent study on the flow trends observed in the past decades along the Amazon
basin revealed substantial variations, of ± 9.5 mm/year, for the whole basin [75]. The
changes, however, presented a characteristic spatial pattern across the basin, through which
the north and west sectors experienced an increase in the flow rates, whereas the south and
the east, including the XRB, have seen a negative trend.

Pertaining to some of the techniques employed here, the findings of Ref. [22], with
emphasis on the reference station at Altamira, as in our results, also attest the satisfactory
performance of the PCR technique when applied to simulate monthly mean flows in the
XRB. In fact, the application of PCR for rainfall–runoff modeling meets a demand for
less complex, faster and yet reliable forecasts, especially in large basins such as the ones
across the Amazon, with problems of availability of input data for conceptual models.
The technique, therefore, can be regarded as a useful and operational tool for simulating
monthly flows along the XRB. Monthly flow rate forecasts using this technique can be
achieved from seasonal climate predictions and/or future climate scenarios.

Some works have also assessed the expected energy production of the Brazilian
Hydropower generation systems for the remainder of this century in view of different
climate change scenarios, for several production regions across the country: Xingu [64],
Tocantins [76]; Tapajós [77], Madeira [78], and São Francisco [79,80]. These studies projected
a strong reduction in precipitation in the North and Northeast regions of Brazil, with an
appreciable decrease in the generation potential of the systems hosted by them, which
include important power plants, such as Belo Monte, Tucuruí, Teles Pires, Jirau, and Xingó.

Ref. [78] investigated the impact of climate change on the hydropower planet of
Tucuruí in the 2011–2070 horizon. Their findings project a reduction from 27% to 56% on
the generation potential, according to the different scenarios. That facility has an installed
capacity of 8370 MW, exerting an important role in terms of contribution to the national
energy production of the country. In fact, the systems located in the North and Northeast
regions represent 20.5 and 21.3% of the installed potential of Brazil [1].

Conversely, future projections of energy production at the systems of the South indicate
that climate change might be beneficial for them in this regard until the end of the century,
since a significant increase is expected according to the scenarios assessed by Ref. [6].
Precipitation projections by Ref. [81] considering the RCP 4.5 scenario for the 2011–2099
horizon along the Plata basin indicate a positive trend for southern Brazil and northern
Argentina from 2041, which favors hydropower generation in those regions, corroborating
the aforementioned findings of Ref. [6]. The systems in the South of Brazil represent 19% of
the installed national potential [1] and include the largest hydropower plant in the country,
the “Itaipu Binacional”.
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In general, studies assessing the feasibility of hydropower facilities do not take into
consideration the effects of climate change in their planning. Some works, however, have
discussed the current situation, future perspectives and impacts of climate change on the
existing Brazilian reservoirs [2,5]. Investments in other renewable energy sources, such as
solar, wind and biomass, are needed in order to compensate for the expected losses in the
hydropower production [79] and to guarantee a more stable and robust energy portfolio [6].

5. Conclusions

The SDM employed here was efficient in simulating the monthly precipitation series
for the past reference period in the XRB. The results presented satisfactory values for the
skill indices for the simulations performed by the ensemble of the four adopted GCMs
considering the observed amounts in the reference period. On the whole, they represented
very well the dynamic of monthly precipitation, with some underestimation in the wet
season (especially in March–April) and a slight overestimation in the dry period.

As for the projections for the future in Altamira, based on both the RCP 4.5 and
RCP 8.5 scenarios, a decrease in precipitation is envisioned for 2021–2080 relative to the
reference period (1981–2010). As expected, the flow rate projections also exhibit negative
deviations for the same period, reflecting the reduction in rainfall for both the 30-year
segments (2021–2050 and 2051–2080). As a consequence, the energy generation potential at
Belo Monte is also predicted to fall. The RCP 4.5 scenario resulted in lower precipitation and
flow rate reductions, when compared to the RCP 8.5. According to the latter, a reduction
of 21.3% in the annual generation potential at the BMHPP is expected until 2080, with a
corresponding use of 38.8% of the maximum installed potential.

Climate change may also influence the level of severity of extreme events in the
upcoming decades, such as floods and droughts. The XRB region has been under pressure
from agribusiness and the forced advance of agriculture and livestock frontiers around
it, which leads to an increase in the demand for water resources in order to meet the
multiple activities taking place along the basin. These factors, combined with climate
change, might influence water availability for hydropower generation at Belo Monte. The
BMHPP managers and government decision makers can use information provided by
studies such as this to adopt energy regulations and measures towards the mitigation of
possible impacts of such scenarios.

Since the BMHPP reservoir is of the run-of-the-river type, aimed at maintaining a
fairly constant water level, it cannot rely on a reservoir big enough to maintain a high
generation potential during the dry period, thus depending solely on the natural variability
of the Xingu River. This characteristic aggravates its vulnerability to extreme climate events
and hinders the ability to adjust the water level, with the largest flow rates being limited
in time to only four months per year (FMAM). The findings presented here emphasize
the need for taking into consideration climate projections in the planning of hydroelectric
facilities of this type.

The presented results also highlight the need for reducing the dependency of Brazil
on hydroelectricity while also avoiding having to rely on thermal (fossil) energy in times of
shortages by diversifying the nation’s portfolio towards renewable energy sources other
than hydropower, such as wind and solar, in order to increase the national energy security
and compensate for the upcoming losses in hydroelectricity production at Belo Monte.

The results obtained in this research will also serve as a basis for the calibration
and verification of the Brazilian Global Atmospheric Model (BAM) [82], which is the
atmospheric module of the Brazilian Earth System Model (BESM), in order to adjust the
surface data estimates to weather forecasting purposes for the XRB.
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