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Abstract In the coming decades, higher temperatures and significantly reduced
rainfall are projected for various semi arid regions due to Global Warming. The
objective of this study is to estimate the impact of climate change on hydroelectric
production in various river basins across South America. Three different downscaled
global climate models are used to estimate the percentage changes in rainfall and
streamflow by the 2030s and 2080s under a high emission scenario in comparison
to baseline data from the end of the twentieth century. While rainfall is projected
to increase slightly over the Uruguay River basin, rainfall over the Amazon and
Brazil’s northeast region is expected to decline. Specifically, it was found that due
to climate change, streamflow in the Sao Francisco River, the Tocantins River and
Parnaiba River is projected to decline by 52%, 31% and 32%, respectively, in the
coming 3 decades compared to data from 1961-1990. Moreover, one of the three
climate models indicated that the Sao Francisco and Parnaiba rivers’ streamflow and
hydroelectric production could potentially cease in the second half of the twenty-first
century. Despite some inconsistencies amongst the long-term projections from the 3
different climate models, the results of this research are important in the context of
regional climate change and energy resource planning.

Introduction

While climate change mitigation will require the use of more renewable energy,
renewable resources can be affected by various aspects of regional climate change.
As well as impacting air temperature, climate change is already influencing rainfall,
wind speeds, storm intensities and drought frequencies as well as various aspects of
agriculture and the environment. Climate change projections indicate that there will
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be diminishing precipitation and more severe droughts in Northeast and Northwest
Brazil, Southwest Australia, Southwest USA, the Mediterranean (Jenkins and Warren
2015) and various regions in Africa (Gan et al. 2016). In particular, streamflow in
semi arid regions is vulnerable to more frequent and intense prolonged droughts due
to climate change (de Jong et al. 2018).

Hydrological projections specifically for Brazil’s northeast (NE) region and the
Sao Francisco River basin, which are experiencing their worst drought in history,
indicate that the water balance and agricultural production will continue to deteriorate
in the coming decades (Marengo and Bernasconi 2015; Neto et al. 2016; Marengo
et al. 2016). Consequently, hydroelectric generation from the basin could decrease
dramatically as a result (de Jong et al. 2018). However, the impact of climate change
on other river basins in the South American region requires more in-depth research.
The objective of this study is to determine the impact of climate change on the
long-term streamflow and natural energy flow projections for the Sdo Francisco
River, Tocantins River, Parnaiba River and Uruguay River basins in order to quantify
possible changes in each basin’s hydroelectricity production.

Originality of This Study Compared to Previous Works

Typically, analysis in previous studies makes use of one climate model with only
3 monthly time series projections (Ruffato-Ferreira et al. 2017), which can give
some insight into seasonal rainfall variations, but such studies are dependent on the
idiosyncrasies of the specific climate model used. Therefore, in order to overcome
this knowledge gap, the present study uses 3 global climate models with a monthly
temporal resolution. Additionally, the data is downscaled using a regional climate
model with a horizontal resolution of 20 km in order to more precisely estimate future
rainfall across specific basins. Previous studies that project future rainfall typically
focus on large regions and use models with coarse horizontal resolutions that may not
capture climate variations that occur on a local scale. Yet long-term trends in average
rainfall can vary substantially from one location to another in the same country.

The majority of electricity in South America is generated from renewable energy,
and yet to date there are only a handful of studies that examine the impact of climate
change on renewable energy resources (such as wind and solar) in the region (de
Jong et al. 2019). To our knowledge, there are only a few previous studies that
examine climate change impacts on hydroelectric resources in various basins across
the South American region, but these studies only focus on Brazil and are limited to
one or two climate models. Given that the large majority (more than 80%) of Brazil’s
electricity is generated from renewable sources (MME 2018), this study begins to fill
the knowledge gaps and is an important step to better enable overall energy resource
planning in the region.
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Hydroelectricity in the Northeast Region

A recent study by Ruffato-Ferreira et al. (2017) found that the Sao Francisco,
Amazon, Tocantins-Araguaia, and the North and Northeast Atlantic basins are
projected to experience a declining water balance under both the RCP4.5 and RCP8.5
emissions scenarios. Moreover, the Sdo Francisco is the most vulnerable basin in the
country to water scarcity (Ruffato-Ferreira et al. 2017).! However, that study also
only used one climate model (the HADGEM2/Eta model).

Various other studies indicate that rainfall over Brazil’s Sao Francisco river basin
and the mostly semi arid NE region as a whole has already declined due to climate
change (de Jong et al. 2018; Maisonnave 2018; Jornal da Unicamp 2018). More-
over, annual streamflow in the Sdo Francisco basin has been below its long-term
average every year since 1992, and from 2015-2017 streamflow was at least 60%
below the long-term average due to the recent drought impacting the basin (de Jong
et al. 2018). Based on the IPCC climate models with high emissions scenarios and
the historical trend during the last 30 years, it was estimated that there could be a
decline in average rainfall over the Sdo Francisco basin of 34% and 47% by 2030 and
2050, respectively, and this could result in a reduction of approximately 60% and
80%, respectively, in the NE’s annual average streamflow and resulting hydroelectric
generation (de Jong et al. 2018). Similarly, a study by The World Bank (2017) indi-
cated that for the period 2020-2040 the Sao Francisco’s average streamflow could
drop by 32% and 57% considering the MIROC5/Eta and HADGEM2/Eta models,
respectively. Projections beyond 2040 where not published in the report. According to
Neto et al. (2016), the Sdo Francisco’s streamflow—simulated with the MIROC5/Eta
and HADGEM?2/Eta models using the RCP8.5 scenario—is projected to decline by
41% and 63%, respectively, by 2041-2070. Considering the same models, stream-
flows in the Tocantins, Xingu, Parnaiba, Madeira, Tapajés and Maranhdo basins are
all projected to decline substantially by 2041-2070 (Neto et al. 2016).

It is worth noting that climate models are subject to cumulative uncertainties, and
this is especially true for long-term regional scale hydrological projections. Some
models can exhibit large biases when compared to observed data, and the projections
from different models can vary significantly. Nevertheless, most models tend to agree
in the overall trend direction of a climate variable (e.g. precipitation) in a particular
region.

There are also regional impacts on rainfall and streamflow as a consequence of
deforestation, removal of riparian vegetation and irrigation farming. As a result of
climate feedbacks from land use changes, the continued deforestation of the Amazon
and surrounding tropical forests are expected to cause average rainfall reductions and
higher temperature extremes over the entire Amazon basin as well as the Brazilian
southwest region (Lawrence and Vandecar 2015 and Oliveira et al. 2013). Such
rainfall reductions could even reach as far south as Argentina’s Rio de la Plata basin

I'The study also found that a significant increase in wind speeds is projected for the North, Northeast,
Southeast and South regions of Brazil, especially in summer and autumn (Ruffato-Ferreira et al.
2017)
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and would negatively impact most Brazilian agricultural regions (Lawrence and
Vandecar 2015), as well as affect the hydroelectric potential.

Methodology

Downscaled climate change projection data from 3 different CMIP5 global climate
models was obtained from CPTEC-INPE (Centro de Previsdo de Tempo e Estudos
Climaticos/Weather Forecasting and Climate Studies Centre—Instituto Nacional de
Pesquisas Espaciais/National Institute for Space Research) for the Brazilian territory.
The 3 global climate models are the Hadley Centre Global Environment Model
version 2—Earth System (HADGEMZ2-ES) developed in the UK, the Model for
Interdisciplinary Research on Climate version 5 (MIROCS5) developed in Japan, and
the Second Generation Canadian Earth System Model (CANESM?2). The downscaled
projections at higher resolution were carried out by CPTEC-INPE using a South
American regional climate model (RCM) known as the Eta Model (Chou et al. 2014a,
b; MCTI 2016). The output data (generated by CPTEC-INPE) from the 3 downscaled
models known as HADGEM?2-ES/Eta, MIROC5/Eta and CANESM?2/Eta is available
on the PROJETA Platform (CPTEC-INPE 2019). For each of the 3 models there are
projections from 2006 until 2100 considering the RCP8.5 (high emissions) scenario
and the RCP4.5 (low emissions) scenario. Hindcast data from each model for the
historical period from 1961 to 2005 is also available.

The downscaled projection data used in this study has a 20 km spatial resolution
and monthly and 3 h temporal resolutions. Projections of precipitation (PREC) and
average temperature (TP2M) data with the RCP8.5 (high emissions) scenario will be
analyzed. Analysis will focus on the model projections for hydroelectric resources
in Brazil considering the 2021-2050 and 2070-2099 climate periods in comparison
to the 1961-1990 baseline period.

Rainfall and Streamflow Changes

Climate change impacts on rainfall and streamflow in the S&o Francisco River,
Tocantins River, Parnaiba River, and Uruguay River basins will be estimated. The
long-term projections of average rainfall over each of these entire basins from the
downscaled HADGEM2-ES/Eta, MIROC5/Eta and CANESM2/Eta models consid-
ering the RCP8.5 scenario are calculated using R Core Team (2013) for the periods
2021-2050 and 2070-2099 and compared to the baseline period of 1961-1990. The
results from the downscaled models will be compared to observed historical rainfall
data from 1961 to 2018, which was provided by CPTEC-INPE.

The projected percentage changes in rainfall relative to the baseline are then used
to estimate the projected changes in streamflow in each basin based on the precipi-
tation elasticity factor of each basin. The precipitation elasticity is the amplification
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of streamflow changes in relation to precipitation changes in a particular basin. The
precipitation elasticity of streamflow for each basin is calculated using the method-
ology of de Jong et al. (2018) and Sankarasubramanian et al (2001). Specifically, the
“elasticity” factor is calculated using an equation that models streamflow (Q) as a
function of precipitation (P) as follows:

0 = aP’;

where « and § are constants and the precipitation elasticity E,(P, Q) = . Observed
historical streamflow data from 1961 to 2018 from the Operador Nacional do Sistema
Elétrico (ONS 2019) for the lower Sdo Francisco River, Tocantins River, Parnaiba
River and Uruguay River are used together with historical rainfall data to calculate
the elasticity factor, § of each basin by plotting the 12 monthly rolling average of the
streamflow and precipitation in a scatterplot and fitting a power curve to the data.
The elasticity factor of the Sdo Francisco, Tocantins, Parnaiba and Uruguay basins
were estimated to be 1.8, 1.3, 1.2 and 1.6, respectively. It should be noted that these
elasticity factors are only estimates and can be influenced by irrigation withdrawals,
deforestation and other land use changes.

Results

The changes in average temperature under the RCP 8.5 scenario projected for 2070—
2099 compared to the baseline period of 1961-1990 can be observed in Fig. 3.1.

It can be observed in Fig. 3.1 that temperature is expected to increase across all of
Brazil. This can also be observed in Fig. 3.2, which shows temperature projections
compared to historical observations from 1961 to 2018 at Imperatriz in the state
of Maranhdo and at Santa Vitoria do Palmar in the state of Rio Grande do Sul.
(Imperatriz is located on the most westerly edge of the NE region and Santa Vitoria
do Palmar is located in the extreme south of Brazil). The top graph in Fig. 3.2 shows
that since 1961-1965, the average temperature measured at Imperatriz has increased
by approximately 2 °C, and under the RCP8.5 high emission scenario it is projected
to increase an additional 6 °C by 2100.

Rainfall and Streamflow

The percentage change in precipitation in Brazil and over various basins under the
RCP 8.5 scenario projected for 2070-2099 compared to the baseline period of 1961—
1990 using the MIROC5/Eta, HADGEM?2-ES/Eta and CANESM2/Eta models can
be observed in Fig. 3.3.
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Fig. 3.1 Climate projections
under the
HADGEM2-ES/Eta RCP8.5
scenario. Changes in average
temperature (°C) projected
for 2070-2099 compared to
the 1961-1990 baseline
period in the different
regions of Brazil (de Jong

et al. 2019)

It can be observed that precipitation is projected to decline dramatically across
most of the Brazilian North and semiarid NE regions, especially considering the
CANESM2/Eta model. Considering the HADGEM2-ES/Eta model, the largest
declines in the percentage of rainfall are mostly over the Sdo Francisco and Tocantins
basins as well as most of the semiarid NE region and parts of the east Amazon.
The climate change impact on average annual rainfall over the Sdo Francisco,
Tocantins, Parnaiba and Uruguay basins are shown in Tables 3.1, 3.2, 3.3 and
3.4 for the 3 different downscaled models (HADGEM?2-ES/Eta, MIROC5/Eta and
CANESM2/Eta) and their ensemble considering the RCP8.5 emissions scenario. In
addition to the hindcast of each model, the Table 3.1 also shows the observed average
annual rainfall for 1961-1990.

The Simple Ensemble data shown in Tables 3.1, 3.2, 3.3 and 3.4 is the
average of the 3 downscaled climate models (HADGEM?2-ES/Eta, MIROC5/Eta and
CANESM2/Eta). The ensemble is used in order to overcome idiosyncrasies of one
specific climate model. The ensemble rainfall projections over the Sdo Francisco,
Tocantins, Parnaiba and Uruguay basins are shown in Figs. 3.4, 3.5, 3.6 and 3.7.

It can be observed from Figs. 3.4, 3.5, 3.6 and 3.7 that rainfall is projected to
significantly decline over the Sao Francisco, Tocantins and Parnaiba basins. Further-
more, the 10-year rolling average and the linear trend-line of the observed annual
rainfall of these 3 basins each appear to be declining more rapidly than the respective
climate model ensemble data. However, the observed annual rainfall and projected
rainfall for the Uruguay basin show a slightly increasing trend over the historical and
projected periods.



3 The Impact of Climate Change on Hydroelectric Resources in Brazil

Linear (Temp - observed)

-+ Linear (TP2M - HAGEM2 RCP8.5)

Temp - observed

TP2M - HAGEM2 RCP8.5

Tt A ST aas Ve © © F

VETANONOVINONOVINOXVOITNO
MNnNMMANN

NN

(9.) WzdL ‘@injesadwa)

660C
£60T
S60¢
€607
T60C
680C
£80C
S80¢
€807
T80¢
6L0C
LL0T
SL0T
€L0T
TL0T
690C
£90T
S90¢
€902
T90¢
650C
£S0T
SS0¢
€502
TS0¢
60T
Lv0T
Sv0T
€v0T
Troc
6€0C
LE0T
S€0T
€€0C
T€0T
620C
Jx4114
b4 14
€20t
114114
610C
L10T
ST0C
€102
T10C
6002
£00T
S00¢
€002
T00C
666T
L66T
S66T
€661
T66T
686T
L86T
S86T
€861
1861
6L6T
LL6T
SL6T
€L6T
TL6T
6961
L961
S961
€961
T961

«<+<- Linear (Temp - observed)

e+<+ Linear (TP2M - HAGEM2 RCP8.5)

Temp - observed

TP2M - HAGEM2 RCP8.5

o~

O W NOOWWWOWSTNO
N e oo

(9.) WzdL ‘@amesadwa)

6602
£60¢
S60C
€60¢
T60C
680C
£80¢
S80¢
€80¢
180¢
6L0C
LLOT
SL0T
€L0T
TL0C
690¢
£90T
S90¢
€90¢
T90¢
650¢
£L50T
SS0¢
€50¢
1502
6v0¢
Lv0T
Sst0T
€v0c
10T
6€0C
LE0T
S€0T
€€0¢
T€0T
620C
Jx4114
ST0T
€20t
114114
610C
L10C
ST0C
€10C
T10C
600C
L002
S00¢
€00C
T00C
6661
L66T
S66T
€661
1661
6861
L86T
S861
€861
1861
6L61
LL6T
SL6T
€L6T
1L6T
6961
L961
S961
€961
T961

Fig. 3.2 Temperature-TP2M (°C) projections (using the HADGEM2-ES/Eta RCP8.5 scenario) compared to historical observations (BDMEP 2018) of

temperature (°C) at Imperatriz in the state of Maranh&o (top) and at Santa Vitoria do Palmar in the state of Rio Grande do Sul (bottom)
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Fig. 3.3 Percentage change in precipitation projected for 2070-2099 compared to the baseline
period of 1961-1990 under the RCP8.5 scenario (LHS: MIROCS5/Eta; middle: HADGEM2-ES/Eta;
RHS: CANESM2/Eta). Note, the boundary of various basins is shown with green lines. Key to
basin names: SF—Sao Francisco, TOC—Tocantins; PBA—Parnaiba; XIN—Xingu; TAP—
Tapajés; MAD—Madeira; PNA—Parana; PGY—Paraguay; URU—Uruguay; NEG—Negro;
SOL—Solimdes; ORI—Orinoco; MD—Magdalena

The Case of the Sao Francisco Basin

Applying the rainfall elasticity factor of 1.8 calculated for the Sdo Francisco River
signifies that, for a given decrease in rainfall, the decrease in streamflow would be
amplified 1.8 times. Therefore, the projected decline in the Sdo Francisco River’s
streamflow by the 2080s, considering the downscaled HADGEM?2-ES and MIROC5
models, would be 91% and 54%, respectively. These results concur with the finding
of Neto et al. (2016). However, considering the rainfall decline of 70% projected by
the CANESM2 downscaled model it is possible that the Sdo Francisco River could
virtually dry up by 2070-2099. Moreover, it should be noted that of the 3 different
models used in this study, it is the downscaled CANESM?2 model that appears to
most accurately model the decline in observed rainfall from 1961 to 2018, as can be
seen in Fig. 3.8.

In comparison to observed average rainfall over the Sdo Francisco basin, the
HADGEM2-ES/Eta model simulation has a negative bias (that is, it underestimates
rainfall). Furthermore, the simulation of annual rainfall (considering a 10-year rolling
average) from 1961 to 2018 has a correlation of only 0.075 with the observed annual
rainfall due to an anomaly in the simulated rainfall data from 1964 to 1980. However,
the simulation does show a declining trend for the entire period from 1961 to 2099,
although the gradient is less steep than the decline in observed annual rainfall from
1961 to 2018.

The MIROC5/Eta model simulation has a positive bias (that is, it overestimates
rainfall) in comparison to observed average rainfall over the Sdo Francisco, (as well as
for the Tocantins and Parnaiba basins). Furthermore, the simulation of annual rainfall
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Fig.3.4 Simple ensemble projection of annual precipitation with the RCP8.5 scenario and observed
average annual rainfall over the Sdo Francisco basin from 1961 to 2018
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Fig.3.5 Simple ensemble projection of annual precipitation with the RCP8.5 scenario and observed
average annual rainfall over the Tocantins basin from 1961 to 2018
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Fig.3.6 Simple ensemble projection of annual precipitation with the RCP8.5 scenario and observed
average annual rainfall over the Parnaiba basin from 1961 to 2018

(considering a 10-year rolling average) from 1961 to 2018 has a correlation of only
0.187 with the observed annual rainfall and also shows a declining trend for the
entire period from 1961 to 2099. Again, the gradient is less steep than the decline in
observed annual rainfall over the Sdo Francisco basin from 1961 to 2018. Moreover,
the projected average rainfall decline of 27% for 2021-2050 is only marginally lower
than the projected decline for the 2070-2099 period. However, according to the linear
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Fig.3.7 Simple ensemble projection of annual precipitation with the RCP8.5 scenario and observed
average annual rainfall over the Uruguay basin from 1961 to 2018
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Fig. 3.8 Annual precipitation projections for 3 different downscaled climate models (from top
to bottom: HADGEM2-ES/Eta, MIROC5/Eta and CANESM?2/Eta) with the RCP8.5 scenario and
observed average annual rainfall over the Sdo Francisco basin from 1961 to 2018
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observed rainfall trend-line (see Fig. 3.8), rainfall over the Sao Francisco basin has
already declined by more than 25% from the 1961-1990 baseline average (de Jong
et al. 2018) and the annual rainfall since 2011 has actually declined by an average
of 33%. Furthermore, it was noted that the standard deviation of rainfall projected
by the MIROCS5/Eta model was substantially higher than the projections from the
other models for both the 2021-2050 and 2070-2099 periods. Therefore, it appears
that the MIROCS5/Eta model does not satisfactorily simulate observed rainfall data
in the region. It should be noted that some reanalysis data products of rainfall do not
reproduce the decline in rainfall over the Sdo Francisco basin that has occurred since
1995 (de Jong et al. 2018) and this might be one reason for the poor performance of
some climate models on a regional scale.

The CANESM?2/Eta model simulation appears to have almost no bias in compar-
ison to observed average rainfall over the basin, although it slightly underestimated
rainfall during the 1961-1990 baseline period. Furthermore, the simulation of annual
rainfall (considering a 10-year rolling average) from 1961 to 2018 has a correlation
of 0.221 with the observed annual rainfall. The simulation also shows a declining
trend for the entire period from 1961 to 2099 with a gradient that matches the decline
in observed annual rainfall from 1961 to 2017.

The Simple Ensemble model simulation (shown in Fig. 3.4) appears to have almost
no bias in comparison to observed average rainfall over the basin, although it also
slightly underestimated rainfall during the 1961-1990 baseline period. Furthermore,
the Simple Ensemble simulation of annual rainfall (considering a 10-year rolling
average) from 1961 to 2018 has the best correlation of 0.475 with the observed annual
rainfall. The simulation also shows a declining trend for the entire period from 1961
to 2099 with a gradient that is a little less steep than the decline in observed annual
rainfall from 1961 to 2017.

These results illustrate that projections from different models can vary signifi-
cantly. Moreover, while the CANESM2/Eta model appears to have reasonably simu-
lated the historical trend in annual rainfall, there is still uncertainty that rainfall
over the basin will continue to follow the CANESM2/Eta model. Nevertheless, all
3 models projected very similar declines in annual rainfall of 27-32% over the semi
arid Sdo Francisco basin for the 2021-2050 period compared to the baseline period.
Consequently, streamflow and hydroelectric potential in the Sdo Francisco River
could decline by 49-57% by the 2030s compared to the baseline period. Moreover,
considering the projected rainfall reductions in combination with inter-annual rain-
fall variations, it could mean that the Sdo Francisco basin and agriculture in the semi
arid NE region will be increasingly vulnerable to severe droughts in the coming
decades, which is consistent with the findings of Marengo and Bernasconi (2015),
Neto et al. (2016), Marengo et al. (2016) and de Jong et al. (2018).

As a consequence, irrigation in the Sdo Francisco basin and other basins in the
region is likely to increase to compensate for lost rainfall. Therefore, in accordance
with the findings of Neto et al. (2016), de Jong et al. (2018) and by The World
Bank (2017), hydroelectric generation from the Sao Francisco River could continue
to decline in the coming decades. On the other hand, wind power in the NE region
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is complementary to hydroelectric generation and will improve energy security by
saving water in the Sdo Francisco basin (de Jong et al. 2017).

Conclusions

Climate change is predicted to cause significantly reduced rainfall and higher temper-
atures in most regions of Brazil compared to the end of the twentieth century. Specif-
ically, streamflow in the Sdo Francisco River is projected to decline dramatically
according to all 3 climate models used in this study. However, there were substantial
differences between the model projections, particularly for the 3™ climate period from
2070-2099. The CANESM2/Eta model and the Simple Ensemble best approximated
the historical decline in rainfall over the Sdo Francisco basin. The projected reduction
in streamflow, considering both the CANESM?2/Eta and HADGEM2-ES/Eta models,
together with inter-annual weather variations and an expected increase in irrigation
could cause the Sao Francisco’s hydroelectric production to virtually cease in the
second half of the twenty-first century. This is consistent with the findings of de Jong
et al. (2018) who concluded that streamflow in the semi arid Sdo Francisco basin is
particularly vulnerable to climate change.

In general, the CANESM2/Eta model projected the biggest decreases in rain-
fall across most of Brazil and the other tropical regions of South America.
However, projected rainfall changes across Brazil’s southern region demonstrated
only marginal reductions, and in some areas of the southern region slight increases
in rainfall were projected, while a large increase in rainfall is projected for northern
Argentina and especially across northern Chile. In comparison, the HADGEM2-
ES/Eta model typically showed intermediate decreases in rainfall, with the excep-
tion of Brazil’s southern region and northern Chile and Argentina which showed
increased rainfall, while the MIROC5/Eta model demonstrated smaller decreases
in rainfall across the north and NE regions and a substantial increase in rainfall
over Brazil’s southern region and northern Argentina and most of northern Chile.
However, the MIROCS5/Eta model appeared to be the least reliable model of the
three for simulating past climate data in Brazil (such as historical wind and rainfall
data). This result is consistent with the findings of McSweeney et al. (2015) who
showed that the MIROC global climate models exhibited significant shortcomings
in reproducing historical observations.

However, given the differing results amongst the 3 climate models, this study
also demonstrates the large uncertainties and variations between different down-
scaled climate models, particularly when estimating long-term rainfall. In order
to more accurately estimate changes in hydrology, an ensemble of the 3 climate
models together with basin elasticity factors were used to estimate basin rainfall and
streamflow changes, respectively.

Future work could also compare historical rainfall and streamflow data to climate
model projections for other vulnerable river basins in South America such as the
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Xingu, Madeira, Tapajés and Parana basins in Brazil, as well as the Orinoco river
basin in Venezuela and the Magdalena river basin in Colombia.

Acknowledgements We would like to thank CPTEC—Centro de Previsdo de Tempo e Estudos
Climéticos/INPE—Instituto Nacional de Pesquisas Espaciais for providing downscaled climate
projection data for Brazil and historical rainfall data for the Sdo Francisco basin. We would
also like to thank the Brazilian National Council for Scientific and Technological Develop-
ment/*“Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico’—CNPq Brazil (process
number 153144/2018-1) for their financial support for this research.

References

BDMEP—Banco de Dados Meteorolégicos para Ensino e Pesquisa/Meteorological Database for
Teaching and Research (2018) INMET—Instituto Nacional de Meteorologia/Brazilian National
institute of Meteorology. Available at: https://www.inmet.gov.br/portal/index.php?r=bdmep/
bdmep. Accessed on 20 May 2018

Chou SC, Lyra A, Mourao C, Dereczynski C, Pilotto I, Gomes J, Bustamante J, Tavares P, Silva A,
Rodrigues D, Campos D (2014a) Assessment of climate change over South America under RCP
4.5 and 8.5 downscaling scenarios. Am J Clim Change 3(5):512-525

Chou SC, Lyra A, Mourao C, Dereczynski C, Pilotto I, Gomes J, Bustamante J, Tavares P, Silva A,
Rodrigues D, Campos D (2014) Evaluation of the Eta simulations nested in three global climate
models. Am J Clim Change 3(5):438-454

CPTEC-INPE—Centro de Previsdo de Tempo e Estudos Climaticos/Instituto Nacional de Pesquisas
Espaciais (2019) Plataforma PROJETA—Projecdes de mudanga do clima para a América do Sul
regionalizadas pelo Modelo Eta. Available at https://projeta.cptec.inpe.br/. Accessed on 25 June
2019

de Jong P, Barreto TB, Tanajura CA, Kouloukoui D, Oliveira-Esquerre KP, Kiperstok A, Torres EA
(2019) Estimating the impact of climate change on wind and solar energy in Brazil using a South
American regional climate model. Renew Energy 141: 390-401

de Jong P, Tanajura C A S, Sanchez A S, Dargaville R, Kiperstok A, Torres EA (2018) Hydroelectric
production from Brazil’s Sdo Francisco river could cease due to climate change and inter-annual
variability. Sci Total Environ 634:1540-1553

de Jong P, Dargaville R, Silver J, Utembe S, Kiperstok A, Torres EA (2017) Forecasting high
proportions of wind energy supplying the Brazilian Northeast electricity grid. Appl Energy
195:538-555

Gan TY, Ito M, Hiilsmann S, Qin X, Lu XX, Liong SY, Rutschman P, Disse M, Koivusalo H (2016)
Possible climate change/variability and human impacts, vulnerability of drought-prone regions,
water resources and capacity building for Africa. Hydrol Sci J 61(7):1209-1226

Jenkins K, Warren R (2015) Quantifying the impact of climate change on drought regimes using
the standardised precipitation index. Theoret Appl Climatol 120:41-54

Jornal da Unicamp (2018) Pesquisa aponta alto risco de desertificagdo na Bahia—Identificagdo de
areas vulneraveis em polos de producio agricola serve de alerta para agricultores e representantes
do poder publico. Universidade Estadual de Campinas. Available at https://www.unicamp.br/uni
camp/ju/noticias/2018/02/19/pesquisa-aponta-alto-risco-de-desertificacao-na-bahia Accessed on
25 Feb 2018

Lawrence D, Vandecar K (2015) Effects of tropical deforestation on climate and agriculture. Nat
Clim Change 5(1):27

Maisonnave F (2018) Climate crisis—Northeast: the present drought has lasted six years
and could become the norm for Brazil’s semi-arid region. Folha de S. Paulo. Available


https://www.inmet.gov.br/portal/index.php?r=bdmep/bdmep
https://projeta.cptec.inpe.br/
https://www.unicamp.br/unicamp/ju/noticias/2018/02/19/pesquisa-aponta-alto-risco-de-desertificacao-na-bahia

46 P. de Jong et al.

at https://arte.folha.uol.com.br/ciencia/2018/climate-crisis/northeast/historical-drought-already-
lasts-six-years-and-threatens-to-become-rule-in-the-semi-arid/. Accessed on 25 Apr 2018

Marengo JA, Torres RR, Alves LM (2016) Drought in Northeast Brazil—past, present, and future.
Theoret Appl Climatol 124(3-4)

Marengo JA, Bernasconi M (2015) Regional differences in aridity/drought conditions over Northeast
Brazil: present state and future projections. Clim Change 129:103-115

McSweeney CF, Jones RG, Lee RW, Rowell DP (2015) Selecting CMIP5 GCMs for downscaling
over multiple regions. Clim Dyn 44(11-12):3237-3260

MME—Ministério de Minas e Energia/Brazilian Ministry of Mines and Energy, EPE—Empresa
de Pesquisa Energética/Energy research company (2018) Balango Energético Nacional (BEN).
MME/EPE, Rio de Janeiro

MCTI—Brazilian Ministry of Science, Technology and Innovation. Secretariat of Policies and
Programs of Research and Development. General Coordination of Global Climate Change
(2016) Third National Communication of Brazil to the United Nations Framework Conven-
tion on Climate Change—Volume II/Ministry of Science, Technology and Innovation. Brasilia,
Ministério da Ciéncia, Tecnologia e Inovacao

Neto AR, da Paz AR, Marengo JA, Chou SC (2016) Hydrological processes and climate change in
hydrographic regions of Brazil. J Water Res Protect 8:1103-1127

Oliveira LJ, Costa MH, Soares-Filho BS, Coe MT (2013) Large-scale expansion of agriculture in
Amazonia may be a no-win scenario. Environ Res Lett 8(2):024021

ONS (Operador Nacional do Sistema Elétrico) (2019) Resultados da Operacdo—Histdrico da Oper-
acdo: Geracao de Energia. Rio de Janeiro. Available at https://ons.org.br/Paginas/resultados-da-
operacao/historico-da-operacao/geracao_energia.aspx. Accessed on 20 Jul 2019

Ruffato-Ferreira V, da Costa Barreto R, Janior AO, Silva WL, de Berrédo Viana D, do Nascimento
JA, de Freitas MA (2017) A foundation for the strategic long-term planning of the renewable
energy sector in Brazil: Hydroelectricity and wind energy in the face of climate change scenarios.
Renewable and Sustainable Energy Reviews 72: 1124-37

Sankarasubramanian A, Vogel RM, Limbrunner JF (2001) Climate elasticity of streamflow in the
United States. Water Resour Res 37(6):1771-1781

Team R (2019) Core. R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria.

The World Bank (2017) Low hydrology scenario for the Brazilian power sector (2016—-2030): impact
of climate on greenhouse gas emissions. The World Bank, Brasilia, p 132p


https://arte.folha.uol.com.br/ciencia/2018/climate-crisis/northeast/historical-drought-already-lasts-six-years-and-threatens-to-become-rule-in-the-semi-arid/
https://ons.org.br/Paginas/resultados-da-operacao/historico-da-operacao/geracao_energia.aspx

	3 The Impact of Climate Change on Hydroelectric Resources in Brazil
	Introduction
	Originality of This Study Compared to Previous Works
	Hydroelectricity in the Northeast Region
	Methodology
	Rainfall and Streamflow Changes
	Results
	Rainfall and Streamflow
	The Case of the São Francisco Basin

	Conclusions
	References




