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and multi-annual variability of precipitation in Brazilian hydropower sector basins
under RCP8.5 scenario
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ABSTRACT
Representations of precipitation from CMIP5 models over the 1950–1999 period in hydrographic basins
that are relevant to the Brazilian electricity sector are evaluated in this study. The majority of ensemble
members adequately represented seasonal variability, although they differed about the patterns of
high-frequency interannual variation. The models did not adequately represent seasonal-scale precipi-
tation in the southern region of Brazil. Relative to other models, the CNRM_CM5 and HadGEM2-ES
models demonstrated good seasonal and interannual representation over most basins, while the global
CanESM2, GFDL-ESM2M and IPSL_CM5A-LR models demonstrated relatively poor performance. The
models concur on the impact of the RCP8.5 scenario in the Southeast/Midwest and South sectors over
the period 2015–2044, suggesting that precipitation will decrease up to 15% in the basin supplying the
Furnas hydropower plant and by 12% in the basin supplying the Itaipú plant, which represents 25% of
the hydroelectric production in Brazil.
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1 Introduction

The Brazilian energy matrix has a very high level of clean
energy, mostly due to high levels of hydroelectric production.
Of the 116 618.4 MW authorized to the Brazilian electric
sector, 68% is derived from hydroelectric power (ANEEL
2011). As a renewable energy source, hydropower offers sig-
nificant advantages in terms of greenhouse gas emissions
when compared to thermoelectric power generation, but it
is sensitive to climate variables such as precipitation.
Consequently, climate-informed management of hydropower
in the Brazilian electric power matrix requires careful tem-
poral variability analysis, considering the significant impact
that variations in precipitation can have on the power supply
and, consequently, on the national economy.

This has led to a high demand for climate information for
decision-making at regional and local levels in both the public
and private sectors. Accurate projections of climate change
and climate variability are needed to improve the efficiency of
energy planning and to minimize potential impacts on this
resource availability (World Bank 2010).

Precipitation and streamflow projections provide important
information for the hydroelectric sector by defining potential
impacts on power generation. Further, the possibility to fore-
cast climate change allows decision makers to prepare adapta-
tion strategies, thus reducing the vulnerability of the Brazilian
power supply. This information improves the understanding,
sensitivity and limitations of these projections, making them

tools for defining planning and management policies (Quiggin
2008, Van Vilet et al. 2012, 2016).

The basins of the Brazilian electricity sector are character-
ized by a climate with strong temporal and spatial variability
of rainfall (Albuquerque et al., 2009). This complexity makes
the region vulnerable to hydrological stress, and can lead to
significant social and economic impacts in many sectors, such
as during the “Brazilian electricity sector blackout” episode in
2001 (Watts and Ariztia 2002). Linking climate changes in the
region to possible impacts on the flow regime is therefore
a prerequisite to the development of optimal public policy.

Research on climate change and variability has focused on
identifying the causes (Nobre 2005, IPCC 2007a), potential
environmental, social and economic impacts (IPCC 2007b),
and strategies to minimize the adverse consequences thereof.
A particularly interesting branch of research is related to the
efforts to identify the combination of planet temperature
increases combined with changes in precipitation fields
(Marengo and Soares 2005, Marengo and Valverde 2007).

The Intergovernmental Panel on Climate Change (IPCC)
is a leading international scientific body on climate change
assessments and its Fifth Assessment Report (AR5) reiterates
that the warming of the climate system is unequivocal, and
since the 1950s, many of the observed changes are unprece-
dented over time periods of decades to millennia. Moreover,
the AR5 report included findings such as the increase of the
global average air and ocean temperatures, the widespread
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melting of snow and ice, and the rising global average sea
level. In addition, the level of greenhouse gas (GHG) concen-
trations has been higher and the temperature of the Earth’s
surface in each of the last three decades has been successively
warmer than any previous decade since 1850. The AR5 also
points out that several parts of the world will find it difficult
to find sources of drinking water and that the Andean com-
munities, which depend on seasonal icemelt, will be adversely
affected if glaciers continue to melt at an accelerated rate.
Another AR5 highlight is the acceleration of climate varia-
bility. This means that, in recent years, scientists have
observed higher occurrence of extreme events such as
extreme floods, prolonged droughts and intense storms.

Despite the significant developments in the knowledge of
climate change assessment, there are still many uncertainties
associated with the various climate forecasts or projection
systems. Some examples are the adopted physical parameter-
izations, the numerical methods applied to discretize bound-
ary conditions of differential equations, the carbon cycle,
clouds and aerosols representation, and the behaviour of the
atmosphere itself (Meehl et al. 2005, Soden, Held 2006,
Hargreaves 2010, Qian et al. 2016), which is considered as
a chaotic system (Lorenz 1965). The unknown trajectory of
future GHG concentrations is another process that is inher-
ently uncertain. In the fifth phase of the Coupled Model
Intercomparison Project (CMIP5), this uncertainty was
addressed primarily through ensemble methods (Hou et al.
2001, Silveira et al. 2013).

Given alarge number of models and their highly divergent
projections, especially over the Northeast region of Brazil and
the Amazon (Lázaro 2011, Silveira and Souza Filho 2013), an
evaluation methodology is needed to help to identify models
that adequately represent the precipitation in the river basins
relevant to the Brazilian hydroelectric sector. This evaluation
should consist of two aspects: first identification of the best
models by arguing that better representation of the twentieth
century would lead to a more coherent representation of the
future, and secondly identification of the worst models in
order to remove them from the future statistical analysis.

Silveira et al. (2011) evaluated how the models of the IPCC
fourth assessment report (IPCC-AR4) represent the seasonality
of rainfall in the twentieth century in the northern Northeast of
Brazil and indicated that most of the models adequately repre-
sent the climate in the region. Lázaro (2011) evaluated how the
IPCC-AR4 models represent the multi-annual variation pat-
terns for the northern Northeast of Brazil using wavelet trans-
form and found that nearly one-fifth of the global IPCC-AR4
models represent satisfactorily the interannual and, in some
cases, lower-frequency variations.

Previous studies have addressed evaluating how climate
models represent precipitation over South America (e.g.
Vera et al. 2006, Jones and Carvalho 2013, Yin et al.
2013), with a focus on synoptic and mesoscale alpha sys-
tems (2000 km). Vera et al. (2006) showed that a subset of
CMIP3 models hardly represent the spatial pattern of pre-
cipitation over southeastern Brazil. The precipitation max-
imum in the South Atlantic Convergence Zone (SACZ)
region during the winter is not well represented. However,
seasonal cycle features are captured over the northern

sector of South America. The simulation ability of CMIP5
models was evaluated by Yin et al. (2013), who showed that
some models still present dry bias for the Amazon region
and overestimate rainfall in the Intertropical Convergence
Zone (ITCZ) over northeast South America. Jones and
Carvalho (2013) assessed, in a historical experiment, how
CMIP5 models represent large-scale features of the South
America Monsoon System (SAMS). The main results
showed that some models have improved their representa-
tion of the SAMS relative to the corresponding CMIP3
models. In general, previous studies have focused on
a large-scale or regional patterns of atmospheric systems,
such as ITCZ, SACZ and cold fronts.

In this paper, we address the Brazilian hydropower sector
with analysis of the main reservoirs of different subsystems.
The new approach here is relevant due to the high depen-
dence on Brazil’s supply of hydroelectricity both at present
and for long-term investment. The aim of this study is to
develop a methodology for evaluating the ability of CMIP5
models to predict the regime of future seasonal and inter-
annual rainfall and to apply this to the basins of the Brazilian
electricity sector.

2 Method

2.1 Study region

The Brazilian electricity sector consists of more than 200
hydroelectric plants and several thermoelectric plants
throughout the country. The planning of the Brazilian elec-
trical system (generation and transmission), the National
Interconnected System (NIS), attempts to scale up the
demand and supply of future electric power configurations
in the country. To do so, it is necessary to measure future
energy needs, as well as adjust the schedules of entry of new
generation projects, among other things. These adjustments
are made following criteria that aim to ensure energy supply
and minimize investment and operating costs. Information
that allows a greater understanding of the aspects that affect
the energy generation can provide a greater knowledge about
risk in the decision-making and make the system’s water and
energy allocation more efficient.

Figure 1 shows the basins of the NIS. Other than the Santo
Antonio Basin, they are fully contained within Brazil. The
extensive system of electricity production and transmission in
Brazil implies a great diversity of regions, which are under the
climatic influences of various meteorological phenomena.
Because of this, several basins have distinct seasonal beha-
viour (see Section 3.1). Due to differences in hydrological
seasonality and to produce synergetic gains, the system is
divided into four sectors: the Southeast/Midwest, South,
North and Northeast. These are interconnected by an exten-
sive transmission network that enables the transfer of energy
surpluses enabling the optimization of supply stored in the
reservoirs of hydroelectric plants.

The nature of the NIS requires a spatial and temporal
coupling of the decisions made in its energy operation. In
this work, the studied basins were selected for the main
hydroelectric projects in the country.
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The Northeast sector is formed by the Três Marias,
Sobradinho and Xingó basins (Fig.1). The Brazilian Northeast
region has a well-defined annual cycle of precipitation, in
which two distinct periods predominate: the rainy season and
the dry season. The rainy season is concentrated between
December and July, and the main rainfall system is the ITCZ.

The North sector is formed by the Serra da Mesa, Lajeado,
Tucuruí, Belo Monte, Teles Pires, São Luiz do Tapajós and
Santo Antônio basins (Fig.1). The seasonality of the North
region is practically coincident with that of the Northeast
region: during the rainy season, the flows of Tucuruí are
extremely high, indicating that part of the energy generated
can be taken to another region. The main rainfall climate
system influencing this region is the SACZ.

The Southeast/Midwest sector has the country’s largest
demand and imports energy from other regions for most of
the year. The Southeast region consists of the basins
Emborcação, Nova Ponte, Itumbiana, São Simão, Furnas,
Água Vermelha, Nova Avanhandava, Porto Primavera,
Rosana and Santa Cecilia (Fig.1). This region is also heavily
influenced by the SACZ.

The South sector is comprised of the Itaipu, Salto Caxias,
Itá and Dona Francisca basins (Fig.1). This region has great
storage variability, and the Southeast/Midwest sector is extre-
mely dependent on this sector. The climatology of the South
region is heavily influenced by the incursion of cold fronts
from high latitudes.

2.2 Observational data

The observational database is the reference used to determine
the capabilities of the IPCC models in the continent.
A comparison between two observed rainfall datasets is
made in order to choose the more reliable one regarding
monthly rainfall variability and climatology over the main
basins of the NIS. The CRU monthly rainfall product of the
Climate Research Unit (University of East Anglia, UK) (New
et al. 2001) and the GPCC product of the Global Precipitation
Climatology Centre of the German weather service
(Deutscher Wetterdienst, Germany) (Schneider et al. 2011)
are considered in this study. Both CRU and GPCC datasets
have a resolution of 0.5 × 0.5 degrees and are calculated using
raingauge data without having removed the bias correction.
The datasets cover the period 1950–1999.

2.3 CMIP5 models

The data from the CMIP5 are the results of climate model
simulations at various research centres that contributed to the
reports of the IPCC, and the details are presented in Table 1.
The models were driven by the observed concentrations of
greenhouse gases during the twentieth century. For each
model, one member was considered.

The scenario of the projection simulations analysed here
follows the RCP8.5 protocol: Representative Concentration

Figure 1. Map of the Brazilian hydropower sector (NIS) basins studied.
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Pathways with a target radiative forcing of 8.5 W/m2 in 2100.
This possible future scenario is consistent with high energy
intensity and high dependence on fossil fuels, besides
a continuous growth in the population. The RCP8.5 scenario
has heavy greenhouse gas emissions associated with slow
technological development and no implementation of climate
policies (Riahi et al. 2011).

2.4 Evaluation criteria

To identify the models that best represent the 20th-century
patterns of variation, the seasonal evaluation proposed by
Silveira et al. (2011) was adopted together with an adaptation
of the multi-annual evaluation proposed by Lázaro (2011). The
evaluation consists of three steps that analyse variation patterns
of different scales: seasonal, inter-annual and inter-decadal.
Rainfall variability from climate models is evaluated against
the observed time series over the hydrological basins.

For seasonal evaluation (AVALs) of the models, the aver-
age monthly weather in the study area for all of the IPCC
models was compared to the observations (CRU) based on
the selected statistical indices. The purpose is to define the
models that best represent each relevant basin.

The inter-annual evaluation (AVALi) is based on the
wavelet transform (Torrence and Compo 1998), especially

when comparing the overall spectrum of power variation of
the observed and modelled series. Each evaluation is assigned
0 or 1, representing, respectively, the worst and the best
model for all the indexes of that analysis. From the calcula-
tion of AVALs and AVALi of all models, a general index,
AVALg, is suggested, obtained by the sum of the evaluation
weighted by γj (which has values between 0 and 1), as follows:

AVALg ¼
X
j¼1

γj:AVALi (1)

Xj¼N

j¼1

γj ¼ 1 (2)

The weighting can be done according to the interests of the
evaluator: assigning an equal value of γj for all evaluations results
in the same weight for each assessment in the overall index;
assigning different values to the three evaluations results in
different weights in the overall analysis. The general assessment
of the CMIP5 models follows the hierarchical method of equa-
tions (1) and (2).

The workflow of the model evaluation is summarized in
Figure 2. Seasonal assessment is performed by correlation analysis
of the annual cycle and error analysis (equation (3)). Interannual
assessment is performed by wavelet analysis based on a power

Table 1. The CMIP5 models analysed in this study. The models are identified in some figures by the ID number in column 1.

ID Models Institution Reference

1 ACCESS1-0 Commonwealth Scientific and Industrial Research Organization (CSIRO) and
Bureau of Meteorology (BOM), Australia

Bi et al. (2013b), Dix et al. (2013)
2 ACCESS1-3
3 bcc-csm1-1 Beijing Climate Centre, China Meteorological Administration, China Wu (2012), Xin et al. (2012, 2013)
4 bcc-csm1-1-m
5 BNU-ESM College of Global Change and Earth System Science, Beijing Normal

University, China
Dai et al. (2003, 2004)

6 CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada Arora et al. (2011), von Salzen et al. (2013)
7 CESM1-CAM5 Community Earth System Model Contributors, USA Hurrell et al. (2013)
8 CMCC-CM Centro Euro-Mediterraneo per i Cambiamenti Climatici, Italy Fogli et al. (2009), Scoccimarro et al. (2011)
9 CMCC-CMS Fogli et al. (2009)
10 CNRM-CM5 Centre National de Recherches Meteorologiques/Centre Europeen de

Recherche et Formation Avancees en Calcul Scientifique, France
Voldoire et al. (2013)

11 CSIRO-Mk3-6–0 CSIRO in collaboration with Queensland Climate Change Centre of
Excellence, Australia

Rotstayn et al. (2012)

12 GFDL-CM3 Geophysical Fluid Dynamics Laboratory – NOAA, USA Delworth et al. (2006), Donner et al. (2011),
13 GFDL-ESM2G Dunne et al. (2012, 2013)
14 GFDL-ESM2M
15 GISS-E2-H NASA Goddard Institute for Space Studies, USA Schmidt et al. (2006)
16 GISS-E2-H-CC
17 GISS-E2-R
18 GISS-E2-R-CC
19 HadGEM2-AO National Institute of Meteorological Research/Korea Meteorological

Administration, South Korea
Collins et al. (2011), Martin et al. (2011)

20 HadGEM2-CC Met Office Hadley Centre, UK
21 HadGEM2-ES
22 inmcm4 Institute for Numerical Mathematics, Russian Academy of Sciences Volodin et al. (2010)
23 IPSL-CM5A-LR Institut Pierre-Simon Laplace, France Dufresne et al. (2012)
24 IPSL-CM5A-MR
25 IPSL-CM5B-LR
26 MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Atmosphere and

Ocean Research Institute (The University of Tokyo), and National Institute
for Environmental Studies

Watanabe et al., 2011
27 MIROC-ESM-CHEM

28 MIROC5 Atmosphere and Ocean Research Institute (The University of Tokyo), National
Institute for Environmental Studies, and Japan Agency for Marine-Earth
Science and Technology

Watanabe et al., 2010

29 MPI-ESM-LR Max Planck Institute for Meteorology, Germany Stevens et al., 2012
30 MPI-ESM-MR
31 MRI-CGCM3 Meteorological Research Institute, Japan Yukimoto et al., 2011; Yukimoto et al., 2012
32 NorESM1-M Norwegian Climate Centre, Norway Iversen et al., 2013
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spectrum of the time series between model and observation. The
evaluation of the models is in the period 1950–1999.

2.4.1 Performance evaluation criteria for seasonality
We have used monthly precipitation as an evaluation criter-
ion for seasonal representation of regional climate. Seasonal
representation is highly relevant to assessing climate impact
on water resources and agriculture. The beginning of crop
cultivation and river regimes depends on how rainfall is
distributed over time. Unsatisfactory representation of sea-
sonality compromises the assessment of the impact of climate
changes on those two important areas. Additionally, one can
consider that monthly precipitation totals and their season-
ality are an indication of the ability of the model to represent
rain-generating systems and their occurrence.

To assess the models, we obtained the monthly mean
climatological data of the studied region for all IPCC models
and the historical observations (CRU continent and GPCC,
no interpolation). Next, we compared models based on sta-
tistical indices to determine which models are most appro-
priate for northern Northeast Brazil.

The statistical measures used, as defined below, are: the root
mean square error of the monthly percentage contribution
concerning annual rainfall (RMSE) and correlation (CORREL)
(Wilks 1995). The percentage RMSE (RMSEPC) is the square
root of the individual squared differences in means between the
monthly percentage contribution of modelled rainfall in annual
totals and the monthly percentage contribution of observed
rainfall in annual totals, and is defined as:

RMSEPC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

100PiPn
j¼1 Pj

� 100AiPn
j¼1 Aj

 !2
vuut (3)

where n is the number of months, P is the CMIP5 model pre-
cipitation output for each month and the A is the observed value.

High values of RMSEPC represent greater errors in forecast
fields and values approaching zero point to a nearly perfect

forecast. By squaring the difference term, the RMSEPC tends
to give more weight to the largest discrepancies between the
observed and forecast fields.

The correlation can have values between – 1 and 1, which
indicate, respectively, a perfect anti-correlation and perfect
correlation; there is also the total lack of correlation which is
determined when the result equals zero. The CORREL index
can detect a phase correspondence between the time series:

CORREL ¼
Pn

i¼1 Ai � �Að Þ Pi � �Pð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 Pi � �Pð Þ2Pn

i¼1 Ai � �Að Þ2
q (4)

After calculating those two indexes, a weighted assessment is
made so that the models can be ranked. This assessment is
given by:

AVALs ¼ αc
CORREL� CORRELmin

CORRELmax � CORRELmin

� �

þ αr
RMSEPCmax � RMSEPC

RMSEPCmax � RMSEPCmin

� �
(5)

αc þ αr ¼ 1 (6)

The choice of the coefficients αc and αr is based on the
relevance of correlation and error, weighting the evaluation
against the metrics.

The index CORRELmin is the smallest correlation obtained
between the IPCC models and CORRELmax is the maximum
correlation. Additionally, RMSEPCmax is the maximum mean
square percentage error of the IPCC models and RMSEPCmin

is the minimum.
The variables αc and αr have values between 0 and 1

(according to equation (6)), for αc > αr; therefore, the correla-
tion has greater influence over the model assessment.
However, for αr > αc the RMSEPC of the models has greater
weight in the assessment. When αr= αc = 0.5, the two metrics
have the same weight on the AVALs value, and we considered
αr = αc = 0.5 in this paper.

Figure 2. Scheme of evaluation of the CMIP5 models for the period 1950–1999. All indexes are explained in the text.
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The AVALs variable has values between 0 and 1, which
indicate, respectively, the worst and the best among the
assessed models.

2.4.2 Performance assessment criteria of IPCC models –
inter-annual variability
2.4.2.1 Time series analysis methods – wavelets. The wavelet
term WT is defined in terms of a convolution integral between
the analysed signal f(t) and a known wavelet function, expressed
by:

C a; bð Þ ¼ �
þ1

�1
f tð Þψa;b tð Þdt (7)

in which parameters a and b vary continuously in R with
a ≠ 0, and

ψa;b tð Þ ¼ 1ffiffiffi
a

p ψ
t � b
a

� �
a 2 Rþand b 2 R (8)

The ψa,b functions are called daughter wavelets and are gen-
erated from dilations and translations of the mother wavelets
ψ(t). The Morlet wavelet function was considered for analysis
and is represented by:

ψ tð Þ ¼ π�1=4eiw0ηe�η2=2 with w0 ¼ 6 and η ¼ t=s (9)

where t is the time and s is the wavelet scale. This is a complex
function and has features similar to those of the analysed time
series, such as symmetry or asymmetry, and abrupt or soft time
variation. The algorithm used was that developed by Torrence
and Compo (1998).

2.4.2.2. Evaluation criteria. To evaluate the models, the
global annual precipitation spectra are calculated for the
studied regions in all CMIP5 models and the observations
(CRU/GPCC). A comparison is made between the CRU spec-
trum regions having significance higher than 95% with the
same spectral region of rounds of CMIP5 models.

The statistical measures used are correlation between power
spectrums (CORREL) (equation (4)) and the distance of the
variance variability of the simulations (DIST). Assuming the
ratio between significant spectral variance and global spectrum
variance of annual rainfall time series fP and fA, such that:

fp ¼ VPs
VPG

and fa ¼ VAs

VAG
(10)

where VPs is the variance of the “predicted” precipitation in the
wavelet spectrum significant region, VPG is the variance of the
entire global spectrum of the modelled power series, VAs is the
variance analysis of a significant region, and VAG is the variance
of the overall spectrum of wavelets of the observed data.

The Euclidean distance (DIST) indicates the variability of
the variances of the runs of the models. It is related to the
variance of observed data for bands and is defined by:

DIST2 ¼ fp � fa
� �2

(11)

Large values indicate a greater distance DIST between the
variances of the models and the variance of observed data.

After calculation of these indices, a weighted evaluation is
made for the inter-representation, defined by:

AVALi ¼ βc
CORREL� CORRELmin

CORRELmax � CORRELmin

� �

þ βd
DISTmax � DIST

DISTmax � DISTmin

� �
(12)

with

βc þ βd ¼ 1 (13)

where DISTmax is the maximum distance of variabilities in the
bands of model rounds and DISTmin is the minimum distance.

Variables βc and βr have values between 0 and 1 (according
to equation (12)). For values βc > βr, the correlation has greater
influence over the model assessment, while for βc < βr the
distance between model variabilities has greater weight in the
assessment. For βc = βr = 0.5 the two metrics have the same
effect over the AVALi value. The AVALi variable has values
between 0 and 1 which indicate, respectively, the worst and
best among the assessed models.

2.5 Analysis of projections

For the calculation of seasonal anomalies, projections pro-
vided by global CMIP5 models for the RCP8.5 scenario for
the period 2010–2099 are considered. A comparison is made
with the models of the twentieth century for the period
1984–2003. In this analysis, only the models that pass the
evaluation criteria are considered. To calculate the anomaly in
the annual average, we use the following equation:

Aannual ¼ Pa
XXI � Pa

XX

Pa
XX

� 100 (14)

where Pa
XXI and Pa

XX are the average annual rainfall for the
scenarios of the twenty-first and twentieth centuries, respectively.

3 Results and discussion

3.1 Observed data

As mentioned, Brazilian river basins exhibit high spatial and
temporal variation of rainfall. Distinctly different amounts of
annual precipitation occur in similar basins at the same lati-
tudes; for instance, as shown in Figure 3, São Luiz de Tapajós
basin (23 in Fig.1) has an average annual rainfall of 2000 mm
and that of Xingó basin (17 in Fig.1) is 500 mm/year.

A comparison of the annual precipitation of 24 basins
from GPCC and CRU data for the period 1950–1999 is
shown in Figure 3. The average long-term mean annual rain-
fall from the two datasets in each basin is quite similar;
however, the GPCC shows higher coefficients of variation1

in almost all catchments (Fig.3(b)). This is highlighted in
Teles Pires, São Luíz do Tapajós, Tucuruí, and Belo Monte
basins (North of Brazil), and in the Southeast region, for
Embarcação, Nova Ponte and Itumbiara basins, as well as

1The coefficient of variation is defined as the ratio of the standard deviation to the mean.
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Itaipú (South region), which presents the largest divergences.
This aspect is essentially relevant when looking at the statis-
tical distribution of annual events in the twentieth century,
where the dataset might not satisfactorily represent the inter-
annual variability of total precipitation over the basin.

Monthly climatology and the evolution of annual pre-
cipitation in São Luiz do Tapajós basin for GPCC and
CRU datasets are shown in Figure 4. The average annual
mean is approximately the same (2000 mm); however, the
variance of the series is quite different. The CRU data
present values between 1900 and 2300 mm, while the
GPCC data show a range of 1600–2500 mm (Fig.4(a)).
During the austral summer (December–February), the
peak of the rainy season is in January for the GPCC
data, whereas it is March for CRU (Fig.4(b)). The rainfall
variability in this basin is modulated by Amazon convec-
tion activity from November to March, where the peak
precipitation occurs in January based on raingauge data
(Figueroa and Nobre 1990, Marengo 1995), which agrees
with the GPCC dataset.

The CRU data cannot capture the annual rainfall variabil-
ity (Reboita et al. 2010) for some regions, as seen in Figures 3
and 4. The problem possibly comes from issues in data con-
sistency and spatial coverage of the raingauge stations provid-
ing the data. Therefore, the GPCC dataset is selected as the
observational dataset in this paper to evaluate the CMIP5
models.

3.2 Seasonal assessment

Figure 5 shows the precipitation of the three best and three worst
CMIP5 models (according to the seasonal assessment proposed
herein) and GPCC data for Furnas, Itaipú, Sobradinho and
Tucurui basins (these four power plants are representative of
power generation in each NIS subsystem) for the period
1950–1999. Most models adequately represent the annual preci-
pitation cycle. However, the models differ in the amount of rain-
fall, especially during the rainy season. Additionally, the models
show great difficulty in representing the seasonality of the Itaipú
basin, particularly in the months of April, May and June.

(a) 

(b) 

Figure 3. Comparison between GPCC and CRU datasets of the basins in the NIS for (a) mean total annual rainfall and (b) coefficient of variation.
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The NorESM1_M model underestimates the precipitation
in most of the assessed basins, which is evident for Furnas
basin, where the annual rainfall average is more than 50%
lower than the observed data. Further, this model presented
the poorest performance in representing the seasonal varia-
bility of rainfall in southern Brazil.

The GFDL_ESM2G model shows phase errors in the
annual rainfall distribution over most of the basins. In
Itaipú, for instance, it overestimates rainfall between April
and November and underestimates it in the other months.

In addition, the IPSL_CM5A-LR and IPSL_CM5A-MR
models do not represent the seasonality of precipitation in
Northern and Northeastern basins. These results indicate how
hard it is for climate models to represent precipitation in
regions that are predominantly convective. Better results

rely on higher resolution and improvements in the cumulus
parameterization (Alves et al. 2016).

The HadGEM-AO model was found to be one of the best
regarding seasonal precipitation in most basins, in the
Southeast, South and North regions of Brazil.

The highest (max) and lowest (min) scores obtained for
the proposed statistical indexes in the evaluation of the
CMIP5 models at the seasonal scale for the Brazilian electri-
city sector basins are shown in Table 2. The models indicate
a good representation of the seasonal variation patterns, with
a minimum correlation greater than 0.7 in almost all basins.
For the Itá and Dona Francisca basins the models show lower
correlations compared to basins in other regions, indicating
that there is poor seasonal representation for these basins; this
is possibly due to the spatial scale of the models, since these

(a) 

(b) 

Figure 4. (a) Annual precipitation time series and (b) monthly precipitation climatology over São Luiz do Tapajós basin.

Figure 5. Climatology in terms of precipitation (1950–1999) from six CMIP5 global models and GPCC data (dashed line) for the Furnas, Itaipú, Sobradinho and
Tucuruí basins. The models are chosen according to the AVALs criterion. The three best and three worst models are shown.
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are the two basins with smallest areas, or it may be due to the
poor seasonal representation of South Brazil.

The AVALs and the classification (CLAS) of the CMIP5 mod-
els for the main basins of the Brazilian electricity sector (Furnas,
Itaipú, Sobradinho and Tucuruí), with αc equal to 0.5, are shown
in Table 3. Different members of the same global model set (see
Table 1) show very similar results for all the basins when com-
pared to other models.

Themembers of the IPSL_CM5A_MR globalmodel presented
the worst runs, with AVALs near to zero in Itaipú, Tucurui and
Sobradinho basins. The GFDL-ESM2M model was the worst
model in most basins, showing AVALs lower than most other
models. This indicates that the IPSL_CM5A_MR and GFDL-
ESM2M global models do not represent the seasonality of the
Brazil electricity sector basins adequately.

The AVALs for members of the CNRM-CM5,
HADGEM2-AO and HADGEM2-ES models was higher
than 0.750 in almost every NIS sector (Table 3). In contrast,
despite having AVALs greater than 0.85 in the Northeast
sector, as shown for the Sobradinho basin (Table 3), the
NorESM1_M and CSIRO-MK-3–6-0 models have difficulty
in representing seasonality in the South sector (Itaipú basin).

The difficulties the climate models have in representing the
annual precipitation cycle on landmay be due to inconsistencies
in computing the energy budget on the ocean (Wild et al. 2015),
as well as issues in the atmosphere–ocean interactions, such as
variation modes of sea-surface temperature (SST) anomalies in
the Atlantic and Pacific oceans. Once the downward solar and
thermal radiation response by the incoming energy into the
Oceans has occurred, recurrent bias is found over the Atlantic
warm pool motivated by a radiative effect due to misrepresenta-
tion of high clouds and lower clouds in the atmospheric com-
ponent of the models (Liu et al. 2013). In addition, this bias has
been documented by Amaya et al. (2017) as a driver for errors in

surface wind and latent heat flux anomalies throughout the
tropical Atlantic and also the evolution of Atlantic Meridional
Mode events among CMIP5 models. Further, the existence of
systematic bias in simulating meridional width in El Nino-
Southern Oscillation (ENSO) events has been demonstrated
(Zhang et al. 2013). The CMIP5 models produce erroneous
changes in trade winds and an imbalance of cross-equatorial
flow in northern South America (Wang and Fu 2002). Problems
in representing physical and dynamical processes in ocean and
atmosphere have decreased from CMIP3 to CMIP5 models;
however, some problems, such as clouds, surface fluxes, etc.,
remain, although they no longer reduce the confidence in the
suitability of the models for detection studies and quantitative
projections (IPCC 2013).

3.3 Inter-annual evaluation

3.3.1 Wavelet analysis
The overall spectrum of the observed series and the best and
worst models for Furnas, Itaipú, Sobradinho and Tucuruí
basins are shown graphically in Figure 6. The series of
Tucuruí shows a strong dependence of the low-frequency
variability with a wider range of 3 to 5 years band and with
a significance level greater than 95%. Although it estimates
a lower power, the INMCM4 member efficiently represents
the standard spectrum considered significant and still captures
reasonably well other patterns of the global power spectrum
from the observed series. Meanwhile, the GFDL_ESM2M
member has a very small spectral variance because it does

Table 2. Values of the proposed statistical indices for the evaluation of the
CMIP5 models at the seasonal scale for the Brazilian electricity sector (NIS)
basins. Bold values of the Pearson correlation coefficient (CORREL) are not
significant at the 95% level.

CORREL RMSEBasin

Max Med Min Max Med Min

Emborcação 0.992 0.974 0.874 5.177 1.699 0.912
Nova Ponte 0.995 0.980 0.908 4.301 1.437 0.764
Itumbiana 0.993 0.971 0.855 5.602 1.948 0.805
São Simão 0.997 0.975 0.885 5.192 1.896 0.491
Furnas 0.995 0.979 0.867 3.663 1.519 0.788
Água Vermelha 0.993 0.978 0.923 4.004 1.668 0.716
N. Avanhandava 0.989 0.967 0.868 4.273 1.930 0.814
Porto Primavera 0.965 0.939 0.744 5.663 2.849 1.251
Rosana 0.987 0.972 0.921 5.098 2.565 0.857
Itaipú 0.870 0.820 0.692 7.158 4.093 1.443
Santa Cecília 0.992 0.964 0.836 3.373 1.660 0.712
Salto Caxias 0.816 0.681 0.492 6.371 3.508 1.100
Itá 0.823 0.581 0.404 5.272 3.140 1.181
Dona Francisca 0.651 0.050 –0.401 6.302 3.731 1.498
Três Marias 0.997 0.979 0.872 4.085 1.520 0.596
Sobradinho 0.982 0.925 0.707 7.605 2.866 1.635
Xingó 0.978 0.926 0.797 6.318 3.715 1.549
Serra da Mesa 0.994 0.963 0.808 6.671 2.279 0.754
Lageado 0.993 0.958 0.774 7.354 2.762 0.831
Tucuruí 0.994 0.974 0.839 5.993 2.079 0.735
Belo Monte 0.989 0.963 0.760 5.209 1.921 1.043
Teles Pires 0.997 0.977 0.835 5.182 1.863 0.630
S. L. do Tapajós 0.996 0.972 0.713 4.525 1.747 0.515
Santo Antônio 0.997 0.983 0.928 3.780 1.626 0.404

Table 3. AVALs of the CMIP5 models tested for the Furnas, Itaipu, Sobradinho
and Tucuruí basins.

Model Basin

Furnas Itaipu Sobradinho Tucurui

ACCESS1-0 0.802 0.883 0.926 0.880
ACCESS1-3 0.967 0.747 0.921 0.824
bcc-csm1-1 0.850 0.591 0.993 0.947
bcc-csm1-1-m 0.803 0.544 0.995 0.719
BNU-ESM 0.951 0.576 0.923 0.923
CanESM2 0.877 0.780 0.607 0.655
CESM1-CAM5 0.986 0.653 0.790 0.950
CMCC-CM 0.517 0.660 0.655 0.809
CMCC-CMS 0.688 0.703 0.753 0.838
CNRM-CM5 0.857 0.863 0.800 0.991
CSIRO-Mk3-6–0 0.743 0.516 0.962 0.823
GFDL-CM3 0.605 0.395 0.276 0.461
GFDL-ESM2G 0.108 0.115 0.157 0.263
GFDL-ESM2M 0.307 0.117 0.291 0.359
GISS-E2-H 0.243 0.519 0.648 0.698
GISS-E2-H-CC 0.089 0.573 0.682 0.764
GISS-E2-R 0.818 0.633 0.689 0.636
GISS-E2-R-CC 0.799 0.652 0.680 0.657
HadGEM2-AO 0.979 0.973 0.971 1.000
HadGEM2-CC 0.851 0.734 0.940 0.943
HadGEM2-ES 0.864 0.929 0.869 0.922
inmcm4 0.796 0.406 0.499 0.715
IPSL-CM5A-LR 0.703 0.063 0.158 0.060
IPSL-CM5A-MR 0.608 0.000 0.000 0.000
IPSL-CM5B-LR 0.988 0.511 0.352 0.563
MIROC-ESM 0.777 0.644 0.862 0.722
MIROC-ESM-CHEM 0.772 0.632 0.843 0.717
MIROC5 0.947 0.781 0.997 0.876
MPI-ESM-LR 0.864 0.876 0.856 0.839
MPI-ESM-MR 0.821 0.909 0.908 0.811
MRI-CGCM3 0.917 0.564 0.736 0.857
NorESM1-M 0.126 0.466 0.816 0.783
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not give proper weight to the main variation pattern. For the
Furnas basin, the global spectrum of wavelets shows three well-
defined patterns of variation, in which the highest power is
between 13 and 25 years. The INMCM4 member obtained the
highest rating, while the HadGEM2_CC member obtained the
worst, which is evident when analysing the entire spectrum
and observing that the HadGEM2-CC gives a much larger
variance than the observed for the second pattern of variation
(between 6 and 12 years).

In Itaipú basin, precipitations of the GPCC show a high
participation of the high frequency in the variability of the
time series. The ACCESS1-0 model represents the inter-
annual variability and shows a very high spectral correlation
within the region of the spectrum considered significant.

For the Sobradinho basin, although it did not present a good
seasonal review, the GFDL-ESM2G member had the highest
inter-annual review, showing a very high correlation between
the significant part of the spectrum. Simultaneously the CSIRO-
MK-3–6-0 member had the worst rating, due to its low correla-
tion with the entire global spectrum of wavelets and for present-
ing a much greater variance to high-frequency variation.

Table 4 shows the highest and lowest values of statistics
(correlation and distance) for the CMIP5 models evaluation
on an inter-annual scale, considering the Brazil’s electricity
sector basins. The models indicate large dispersion compared
to the overall spectrum of wavelets observed with correlations
and distances between extremely different variances.

The AVALi and a classification of the CMIP5 models for
the main basins (Furnas, Itaipú, Sobradinho and Tucuruí)

with βc equals to 0.5 are shown in Table 5. The different
group members of the same global model show different
results for most of the basins when compared to one another.

Figure 6. Global wavelet spectrum of the best and worst CMIP5 models for Furnas, Itaipu, Sobradinho and Tucuruí basins in comparison with GPCC data. “o”
indicates the best model, while “γ” indicates the worst; γ is the observation data.

Table 4. Best and worst values obtained from the proposed statistical indexes
for the seasonal CMIP5 models evaluation on a inter-annual scale, considering
the Brazilian electricity sector basins. Bold values of Pearson’s Correlation
coefficient are not significant at 95%.

CORREL DISTBasin

Max Med Min Max Med Min

Emborcação 0.929 0.798 0.594 1.160 1.084 0.971
Nova Ponte 0.956 0.795 0.418 1.170 1.091 0.949
Itumbiana 0.939 0.747 0.499 1.200 1.111 1.012
São Simão 0.949 0.844 0.628 1.171 1.095 0.917
Furnas 0.937 0.808 0.423 1.187 0.096 0.925
Água Vermelha 0.957 0.855 0.661 1.167 1.085 0.959
Nova Avanhandava 0.919 0.835 0.654 1.121 1.045 0.968
Porto Primavera 0.910 0.745 0.413 1.140 1.059 0.905
Rosana 0.960 0.784 0.452 1.170 1.091 0.950
Itaipú 0.897 0.787 0.591 1.218 1.137 1.023
Santa Cecília 0.966 0.845 0.498 1.157 1.074 0.981
Salto Caxias 0.921 0.750 0.454 1.168 1.109 1.007
Itá 0.943 0.809 0.547 1.145 1.088 0.992
Dona Francisca 0.951 0.857 0.481 1.134 1.060 0.948
Três Marias 0.935 0.778 0.381 1.154 1.069 0.870
Sobradinho 0.940 0.635 0.293 1.199 1.118 1.008
Xingó 0.957 0.696 0.101 1.122 1.024 0.836
Serra da Mesa 0.942 0.783 0.470 1.193 1.103 0.975
Lageado 0.908 0.746 0.366 1.124 1.064 0.932
Tucuruí 0.939 0.747 0.348 1.155 1.036 0.872
Belo Monte 0.948 0.828 0.684 1.096 0.963 0.843
Teles Pires 0.967 0.801 0.571 1.108 0.989 0.877
São Luiz do Tapajós 0.971 0.811 0.586 1.068 0.919 0.758
Santo Antônio 0.976 0.592 0.390 0.974 0.906 0.828
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In Tucurui and Sobradinho, the INMCM4 run shows AVALi
greater than 0.8, which indicates that the members of this global
model represent well the annual growth cycle of high frequency
on the observed data. Moreover, in Furnas the members of the
HadGEM2-CC model have AVALi slightly lower than the most
members of the set. Likewise, in Itaipú the GISS-E2-R-CC
model also does not adequately represent the patterns of annual
precipitation variation, with AVALi near to 0.1.

3.3.2. Taylor diagram
Most models have rainfall variability similar to the GPCC
observational database, with the observed standard deviation
for the Sobradinho hydrographic basin ranging between 0.5
and 1.5 (Fig.7(a)). This basin has an area of 448 217 km2,
providing a greater capacity of the models to capture the
monthly variation of precipitation observed during the twen-
tieth century; at least 80% of the models had time correlation
above 0.6 for the period 1950–1999. This result suggests that
global climate models with a spatial resolution of around 150
× 150 km are able to simulate precipitation variability over
this basin. However, there are issues in the simulated series
variance from some models. For example, the variability
intensity presented by the NorESM1-M model is lower and
the RMSE is 1 SD, as opposed to the IPSL-CM5B-LR and
MIROC5 models, which are outside the envelope of 1.5 SD
with a standard error of around 1.5.

The extent of hydroeletric plants in the Tucuruí basin,
located in the centre of Brazil, resembles that of the

Sobradinho basin (Fig.1). In this basin, the precipitation was
simulated with temporal coherence compared to the historical
regime, and the models had good correlation to the GPCC
dataset (Fig.7(b)). While the correlation of most of the models
is above 0.8, the results match the variability of the observa-
tional data series, and the precipitation simulations have
a standard deviation that is distributed around the observed
value, without disaggregating with high values of RMSE.

The issue of obtaining more reasonable results from
large hydrographic basins is related to the horizontal reso-
lution of the global models. This was seen in the cases of
the Itaipú and Furnas basins, with areas of 150 685 and 51
734 km2, respectively. These basins are dramatically smaller
than the Tucuruí and Sobradinho basins (see also Fig.1). It
may be seen in Figure 7(c) that the models have greater
difficulty to be precise for the Itaipú precipitation, with
correlation values in the sector of between 0.2 and 0.4.
These values are show less reliability, although valid results
for the hydrographic region for the longest duration cli-
mate feature continue to be noticed, once discrepancy in
terms of variance and RMSE does not compromise the
ensemble models results.

For the watershed that discharges into the Furnas
hydroelectric plant (Fig.7(d)), the models are not repre-
sentative of the GPCC data in terms of the variance, for
which the results show errors of SD between 0.5 and 0.75
(RSME > 1) for many of the models. The monthly varia-
bility was better captured; the correlation for rainfall esti-
mation over the basin had values of between 0.6 and 0.8
for most of the simulations.

3.4 General assessment

The AVALg of the CMIP5 models for major basins in the
Southeast/Midwest of the Brazilian electricity sector is shown
in Figure 8. The members of the CNRM_CM5 global model
present the best AVALg values, followed by the runs of the
HadCM3 and HadGEM2-ES models. Meanwhile, the GFDL-
ESM2M and IPSL_CM5A_LR global models are clearly infer-
ior to the others, with AVALg values below 0.5.

In the same way, general assessment of the models shows
good performance over most of the basins in the South region
of Brazil (Fig.9(a)). The models show difficulty when represent-
ing the variability patterns of the basins in this sector, with most
models indicating AVALg below 0.5. Members of the
MRI_CGCM3, CNRM_CM5, HadCM3 and HadGEM2-ES glo-
bal models have the best AVALg values, while global models
CSIRO-MK-3–6-0, GFDL-ESM2M and IPSL_CM5A_LR
clearly have poor performance, with AVALg lower than 0.5.

The AVALg of the CMIP5 models for major basins in the
Northeast of the Brazilian electricity sector is shown in Figure
9(b). The runs of the CanESM2, GFDL_ESM2M and
IPSL_CM5A_LR global models show lower AVALg than the
others, with values that do not exceed 0.5. The runs of the
GISS-E2-R and CNRM-CM5 models in the Xingó basin, gave
the highest AVALg values, while for the Sobradinho basin the
CSIRO-MK-3–6-0, HadCM3 and HadGEM2-ES models had
better performance.

Table 5. AVALi of the CMIP5 models for the Furnas, Itaipú, Sobradinho and
Tucuruí basins.

Model Basin

Furnas Itaipu Sobradinho Tucurui

ACCESS1-0 0.615 0.811 0.371 0.386
ACCESS1-3 0.632 0.616 0.617 0.578
bcc-csm1-1 0.709 0.191 0.647 0.472
bcc-csm1-1-m 0.213 0.198 0.509 0.527
BNU-ESM 0.279 0.447 0.597 0.474
CanESM2 0.390 0.570 0.665 0.499
CESM1-CAM5 0.469 0.489 0.379 0.591
CMCC-CM 0.314 0.398 0.514 0.718
CMCC-CMS 0.496 0.776 0.453 0.630
CNRM-CM5 0.464 0.566 0.424 0.516
CSIRO-Mk3-6–0 0.693 0.366 0.234 0.436
GFDL-CM3 0.407 0.601 0.345 0.588
GFDL-ESM2G 0.351 0.443 0.862 0.743
GFDL-ESM2M 0.685 0.737 0.498 0.342
GISS-E2-H 0.454 0.272 0.327 0.553
GISS-E2-H-CC 0.410 0.348 0.485 0.783
GISS-E2-R 0.434 0.657 0.711 0.845
GISS-E2-R-CC 0.412 0.064 0.475 0.768
HadGEM2-AO 0.566 0.593 0.407 0.507
HadGEM2-CC 0.201 0.211 0.277 0.355
HadGEM2-ES 0.222 0.364 0.718 0.731
inmcm4 0.749 0.319 0.838 0.885
IPSL-CM5A-LR 0.547 0.503 0.858 0.714
IPSL-CM5A-MR 0.618 0.778 0.332 0.541
IPSL-CM5B-LR 0.686 0.311 0.342 0.507
MIROC-ESM 0.617 0.532 0.744 0.432
MIROC-ESM-CHEM 0.676 0.459 0.472 0.442
MIROC5 0.514 0.222 0.465 0.532
MPI-ESM-LR 0.538 0.792 0.310 0.539
MPI-ESM-MR 0.580 0.669 0.398 0.498
MRI-CGCM3 0.854 0.944 0.355 0.456
NorESM1-M 0.492 0.688 0.413 0.501
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The AVALg of the CMIP5 models for major basins in the
North of the Brazilian electricity sector is shown in Figure 9(c).
The HadGEM2-ES_r1i1p1 member shows AVAL higher than
0.8 in all basins of the region.

3.5 Projections of the models

Figure 10 shows the comparison between the reference period
(1984–2003) and projected 2015–2044, 2045–2074 and 2075–-
2098 periods in the Brazilian hydroelectricity sector basins using
the RCP8.5 scenario. The medians of annual mean precipitation
anomalies from global model projections indicate that the impact
is not uniform throughout Brazil. The occurrence of more moist
conditions is projected over southernmost Brazil at the end of
twenty-first century, while other regions of the country will
probably present reduced precipitation (Fig.10(a) and (b)).

There is a light dispersion in the projections for the North
sector, although most models pointed to a decrease in annual
precipitation at the end of the twentieth century (Fig.10(c)). For
Santo Antonio basin, the slight reduction indicates that there is
a major influence on climate change in the tropical sector (São
Luiz dos Tapajós, Teles Pires and Belo Monte basins).

For the Northeast sector, the models indicate significant
uncertainty, with no convergence in the results (Silveira et al.
2013). In the Xingó basin, for example, the models show
increased precipitation of up to 20% for the three periods.
Yet, the models indicate reductions in precipitation of over
30% for all three periods.

On the Southeast/Midwest region of Brazil, the models
show anomalies with different patterns in regions that
respond differently to climate change, for instance, the most
of centre-west region and the coastal region of the Southeast

Figure 7. Taylor diagrams for the Sobradinho, Tucuruí, Itaipu and Furnas hydrographic basins. The concentric arcs labelled REF represent the RMSE normalized by
the standard deviation.
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of the country. This is seen in Figure 10(b), which shows
more intense negative anomalies in the Midwest of Brazil, in
Emborcação, Nova Ponte and Itumbiara basins. Southeast
Brazil is a region that presents a widespread projection of
future changes in climate, with divergence among the models
increasing from the beginning to the end of the century, most
notably in Itá and Salto Caxias basins (Fig.10(a), (b) and (c)).

The seasonal changes demonstrated by the climate models
are analysed based on anomalies departing from recent cli-
mate data. These anomalies are projected on the climatology
of the annual cycle observed for each basin. The standard
deviation between the projections is indicated in the grey
shaded parts of Figure 11.

For Furnas basin, the models indicate a greater possibility of
reduced rainfall at the beginning of the season (August and
September), associated with a higher probability of an increase
in other periods of the year. This characteristic can delay the
recharge of reservoirs and requires a greater amount of water to
be stored for a greater part of the year. This situation can have an
impact on the generation of energy in this sector, since it depends
on the streamflow regulated by the reservoirs (Fig.11(a)).

For Itaipú basin, an increase in annual precipitation is
likely; however, in August and September, most of the models
indicate a reduction in rainfall. This behaviour indicates that
the precipitation climatology can be altered with greater con-
tributions in the rainfall amount in April–July (Fig.11(b)).

Sobradinho (Northeast sector) and Tucuruí (North sector)
basins have similar projection behaviour, showing decreasing
precipitation through the demise and onset of the wet season
(Fig.11(c) and (d)). In general, during peak of the rainy
period present high uncertainty in the projections with wide-
spread of the anomalies, this characteristic is emphasized in
Sobradinho basin (Northeast sector) (Figure 11c).

4 Conclusions

The evaluation proposed in this study identified the best and
worst models in the representation of the variation of the
rainfall patterns in the twentieth century in the basins of the
Brazilian hydroelectric sector. This information can be used
by managers seeking the most likely projections for the
twenty-first century and by scientists looking for a possible

statistical treatment of all the projections. The latter group
may use the results of this study to assess the impact on
streamflow and evapotranspiration with the largest number
of possible models for treating and sizing the existing uncer-
tainty in climate projections.

The regional aspects of runoff can vary substantially based
on surface land use and topography, which lead to problematic
issues of modelling land processes in the inherent spatial and
temporal scales in which they occur (Thomas and Sellers 1991).
However, current improvements in the physical representation
of surface–atmosphere interaction enable most global climate
models to capture general features such as precipitation and
evapotranspiration pattern (Pitman 2003; Flato et al. 2013). In
fact, at the scale of large basins, the regional hydrology might
not be relevant at the monthly timescale where the mean
characteristics captured by the climate models take place.

As for the seasonal evaluation of CMIP5 models, some
features are highlighted:

● Most IPCC-AR4 global models showed high correlation
with respect to climatological precipitation in the period
1950–1999 for the evaluated areas, showing that the mod-
els are able to represent the patterns of seasonal variations.

● The IPSL_CM5A-LR and GFDL-ESM2M models did
not adequately represent the average climatology of
most basins in the electricity sector of Brazil.

● In general, the models did not accurately represent the
seasonal cycle of precipitation over the south of the
country, with lower correlation than basins in other
domains.

● For the inter-annual evaluation of CMIP5 models, some
features are highlighted: (i) the wavelet transform shows
that there are variations at various time scales in the
observed data for rainfall behaviour in the twentieth
century, due to the random characteristic of large-scale
circulation of the atmosphere (Lorentz 1975). This
restricts the use of some CMIP5 models for some
regions, as these models are approximate representa-
tions of a very complex system, and as shown in the
results, some are not able to represent the random
nature of precipitation in the twentieth century. (ii)
Spectral analysis of the runs of CMIP5 models showed

Figure 8. Total AVALg of the major basins in the Southeast/Midwest of the Brazilian electricity sector (NIS).
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large differences in the representation of the inter-
annual variability of rainfall in the basins. (iii) The
runs of the CanESM2 model did not adequately repre-
sent the annual variation of rainfall patterns in most of
the electricity sector basins.

For most basins, the runs of the CNRM_CM5 and HadGEM_ES
models showed AVALg greater than 0.7, which indicates that for
a possible dynamic downscaling in using a regional model they
would be a good choice for the evaluation of the Brazilian electric
sector. Due to the high computational cost demanded by this
technique, the use of a large number of global models is limited.

The runs of CanESM2, GFDL-ESM2M and IPSL_CM5A-
LR models are clearly inferior to the others, with AVALg
below 0.5 in nearly all basins. This indicates that, for
a possible analysis of the projections using the ensemble
technique, these members can make the set noisy and diver-
gent from future weather conditions, increasing the level of
calculated uncertainty associated with projections of the set.

For the projections of the CMIP5 models analysed under
the RCP8.5 scenario for the twentieth century, there are
differences in the future precipitation in the different regions
of the electricity sector. This scattering may be associated
with uncertainty itself from meteorological phenomena

Figure 9. AVALg of the major basins in (a) the South, (b) the Northeast and (c) the North of the Brazilian electricity sector.
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involving precipitation – “the atmosphere is a chaotic system”,
as stated by Lorenz (1965) – and/or misrepresentation of
micro- and meso-scale phenomena that need to be resolved
at a higher resolution.

In the South and Southeast/Midwest sectors, the models
indicate margins suggesting a greater possibility of reductions
in rainfall or a slight increase, but in the Northeast sector,

there is greater uncertainty among models and there is no
convergence regarding the results.

The CMIP5 models converge in their assessment of the
impact on the electricity sector in the Southeast/Midwest
and South sectors in the period 2015–2044, showing that
precipitation is expected to reduce by up to 15% in Furnas
basin and approximately 12% in Itaipu basin. This

Figure 10. Impact on the average annual rainfall in the twentieth century for CMIP5 models with a RCP8.5 scenario in relation to the reference period (1984–2003)
for (a) 2015–2044; (b) 2045–2074 and (c) 2075–2098. The models with AVALg below 0.2 were removed from this analysis.
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reduction suggests quite an impact on power generation
in these sectors, which requires planning measures to
minimize the possible losses if these projections are con-
firmed. For the North and Northeast sectors, the diver-
gence between models indicates significant uncertainty,

but suggests a margin in which the infrastructure plan-
ning should occur.

The divergences of the CMIP5 models analysed demon-
strate a high level of uncertainty in their projections.
However, this information defines a margin of possible future

Figure 11. Seasonal projection (2070–2098 relative to 1984–2003) under the RCP8.5 scenario. The grey shaded area is computed by standard deviation anomaly of
the models projected onto observational monthly precipitation for (a) Furnas, (b) Itaipú, (c) Sobradinho and (d) Tucuruí basins.
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scenarios of rainfall in the Brazilian electricity sector and
should be used for the adoption of policies and management.

Obviously, projections with less uncertainty would be
more interesting for decision makers; however, this does not
occur in regional projections of CMIP5 models, especially for
smaller areas. Forcing the reduction of these uncertainties
may induce strategies that lead to great regret, to borrow
terminology from the risk management literature. Hence,
robust strategies need to consider the uncertainties in the
current level of knowledge.
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