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ABSTRACT

For effective management practices and decision-making, the uncertainties associated with regional climate models (RCMs) and their 
scenarios need to be assessed in the context of  climate change. This study analyzes long-term trends in precipitation and temperature 
data sets (maximum and minimum values) from the NASA, Earth Exchange Global Daily Downscaled Prediction (NEX-GDDP), 
under the São Francisco River Basin Representative Concentration Path (RCP) 4.5 and 8.5, using the REA (Reliable Ensemble 
Average) method. In each grid, the built multi-model was bias-corrected using the CMhyd software for annual, dry, wet, and pre-
season periods – for historical (1961-2005) and future (2006-2100) periods. The multi-model and four different methods, namely: The 
Mann-Kendall, Mann-Kendall pre-brightening test, bias-corrected pre-brightening, and Spearman correlation, were used to detect 
trends in precipitation, and minimum and maximum temperature. In the analysis of  precipitation and temperature metrics, the results 
for the NRMSD showed that, in general, the CSIRO model presented more satisfactory results in all physiographic regions. Person’s 
correlation coefficient showed a better adjustment of  precipitation for the MIROC5, EC.EARTH and NORESMI1 models, in areas 
of  sub-medium and upper São Francisco. For the minimum temperature, the CSIRO and NORESMI1 models showed the best fit, in 
general. At maximum temperature, the EC.EARTH and CSIRO models showed more satisfactory results. With regard to trend analysis, 
the results indicated an increasing trend in mean annual temperature and precipitation across the basin. When analyzed by subregion, 
the results show an increasing trend in monthly average minimum and maximum temperatures in the middle and lower SFRB, while 
average monthly rainfall increases during the rainy season and preseason in Upper São Francisco. The results of  this research can be 
used by government entities, such as Civil Defense, to subsidize decision-making that requires actions/measures to relocate people/
communities to less risky locations to minimize risk or vulnerability situations for the population living nearby to the river.

Keywords: Brazil; Bias correction; Climate uncertainties; Nonparametric trend; Projections.

RESUMO

Para práticas de gestão e tomada de decisões eficazes, as incertezas associadas aos modelos climáticos regionais (MCR) e aos seus 
cenários precisam ser avaliadas no contexto das alterações climáticas. Este estudo analisa tendências de longo prazo em conjuntos de 
dados de precipitação e temperatura (valores máximos e mínimos) oriundos da NASA, da Earth Exchange Global Daily Downscaled 
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INTRODUCTION

The occurrence of  climate change, which can change 
both the frequency and intensity of  climate events, has exposed 
a wide range of  impacts on food production, water supply, 
and the environment, and are one of  the major challenges for 
environmental and water resource management in the 21st-century 
(Gebrechorkos et al., 2019; Liu et al., 2017).

Recent climate change has altered precipitation variability – 
spatial and temporal distribution, annual and seasonal patterns, and 
increased temperature (in the order of  1.1 °C and 6.4 °C throughout 
the 2st-century) in different parts of  the world, which have received 
much attention by researchers and water and environmental 
policymakers (Banerjee et al., 2020; Panda & Sahu, 2019).

More severe extreme events will occur due to more severe 
climate change, causing significant consequences. In the São 
Francisco River Basin, heat waves last several days to weeks with 
temperatures often exceeding 35 °C and growing in frequency. 
Intense precipitation events, producing over 50 mm of  rain per 
hour, are increasingly common, leading to flooding. Prolonged 
droughts can last for months to years, with significant water 
shortages and reduced river flows becoming more frequent and 
severe due to climate change.

Therefore, given the water scarcity, the prediction of  
climatic extremes is essential to analyze the impacts of  climate 
change on the environment and in the numerous agricultural 
irrigation projects (Assis et al., 2015).

The analysis of  hydrometeorological time series trends 
gained importance in recent years, due to the impacts that are 
becoming very evident in the environment, in the hydrological 
cycle on a global, regional, and local scale, and in the social 
and economic well-being (Kotir, 2011; Mallakpour et al., 2022; 
Nascimento do Vasco et al., 2019). In addition, these analyses are 
relevant to assessing climate-induced changes and planning viable 
adaptation strategies related to these changes.

Precipitation and temperature are two of  the most important 
variables in the field of  climate sciences and hydrology often used 
to trace the extent and magnitude of  climate changes and variability, 

as these physical parameters determine the environmental condition 
of  the particular region that affects agricultural productivity for 
food provision (Carvalho et al., 2020).

The spatial and temporal variability of  precipitation and 
temperature is notorious in several studies already pulsing around 
the world, studying patterns of  trends concerning climate change, 
based on the observed data available for longer periods (Buri et al., 
2022; Hundecha & Bárdossy, 2005; Isotta et al., 2019; Kanda et al., 
2020; Li et al., 2022; Mallakpour et al., 2022).

Recent research indicates that the São Francisco River 
basin has experienced a notable increase in temperature extremes, 
with more frequent and intense heatwaves observed over recent 
decades (Marengo, 2014). Concurrently, changes in precipitation 
patterns have led to more pronounced extremes, including 
increased frequency of  heavy rainfall events and prolonged dry 
spells. For instance, analyses have shown that intense rainfall events 
are becoming more common, contributing to higher variability 
in water availability and impacting river flow dynamics. These 
observed trends underscore the importance of  incorporating 
current climate extremes into future projections, as they offer 
valuable insights into how ongoing climatic shifts may influence 
hydroelectric power generation and water resource management 
in the basin.

In Brazil, scientific efforts to understand hydrometeorological 
aspects of  the SFRB have been carried out, given its relevance to 
the Brazilian semiarid (Bezerra et al., 2019; Montenegro & Ragab, 
2012; Ribeiro Neto et  al., 2016), as there are still few detailed 
studies on the patterns of  the long-term trend for precipitation and 
temperature (minimum and maximum) in the São Francisco River 
basin, which has suffered from systematic drought problems in 
recent years, leading to serious threats to water and environmental 
security (Assis et al., 2015; Bezerra et al., 2019; Fonseca et al., 
2019; Silveira et al., 2016; Souto et al., 2019; Teixeira et al., 2021).

In this context, the SFRB is being considered as one of  
the areas of  study for the development of  an integrated water 
resource management model in climate change scenarios, as 
part of  the ongoing BRICS-STI multilateral project. Therefore, 

Prediction (NEX-GDDP), por meio do Caminho de Concentração Representativa (RCP 4.5 e 8.5), na Bacia do Rio São Francisco 
utilizando o método REA (Reliable Ensemble Average). Em cada grade, o multimodelo construído foi corrigido para períodos anuais, 
secos, chuvosos e pré-estação – para períodos históricos (1961-2005) e futuros (2006-2100), usando o software CMhyd. Para detectar 
tendências de precipitação e temperatura mínima e máxima na bacia, foram utilizados quatro diferentes métodos juntamente com o 
conjunto de dados que originou o multimodelo. Os quatro métodos utilizados foram: Mann-Kendall, teste de pré-clareamento de Mann-
Kendall, pré-clareamento com correção de viés e correlação de Spearman. Na análise das métricas de precipitação e temperatura, os 
resultados do NRMSD mostraram que, de forma geral, o modelo CSIRO apresentou resultados mais satisfatórios em todas as regiões 
fisiográficas. O coeficiente de correlação de Person mostrou melhor ajuste da precipitação para os modelos MIROC5, EC.EARTH e 
NORESMI1, nas áreas do submédio e alto São Francisco. Para a temperatura mínima, os modelos CSIRO e NORESMI1 apresentaram 
o melhor ajuste, em geral. Na temperatura máxima, os modelos EC.EARTH e CSIRO apresentaram resultados mais satisfatórios. No 
que diz respeito à análise de tendência, os resultados indicaram uma tendência crescente na temperatura média anual e na precipitação 
em toda a bacia. Quando analisados por sub-região, os resultados mostram uma tendência crescente nas temperaturas médias mínimas 
e máximas mensais no médio e baixo SFRB, enquanto a precipitação média mensal aumenta durante a estação chuvosa e pré-estação 
no Alto São Francisco. Os resultados desta pesquisa poderão ser utilizados por entidades governamentais, como a Defesa Civil, para 
subsidiar tomadas de decisões que exijam ações/medidas de realocação de pessoas/comunidades para locais de menor risco para 
minimizar situações de risco ou vulnerabilidade para a população que vive nas proximidades do rio.

Palavras-chave: Brasil; Correção de viés; Incertezas climáticas; Tendência não-paramétrica; Projeções.
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given the importance of  redefining water resource management 
policies and making the system more resilient to the challenges 
of  climate change, the main objective of  this study is to analyze 
the seasonality, variability, and long-term trend of  precipitation 
and temperature data available in the SFRB, using four different 
trending methods.

MATERIALS AND METHODS

Study area

The present study was carried out in the São Francisco River 
basin, located entirely in Brazil, covering an area of  636.920 km2 (7.5% 
of  the Brazilian national territory). It drains areas of  seven federative 
units, with an extension of  approximately 2.700 km, discharging 
94 000 000 m3 annually. The basin shows fragments of  different 
biomes, Atlantic forest, Caatinga, coastal, and Cerrado that cover 
practically half  of  the basin area, in addition to the predominance 
of  soils with an aptitude for irrigated agriculture.

The average annual evapotranspiration is 896 mm, 
presenting high values between 1400 and 840 mm, due to the 
high temperatures (22-32 °C), the intertropical geographical 
location and the reduced cloudiness, high incidence of  solar 
radiation, and the relatively high annual evaporation rates of  
around 2300 to 3000 mm. The area has an irregular distribution 
of  rainfall throughout the year, from November to January, the 
wettest quarter, contributing 55 to 60% of  annual rainfall, while 
the driest quarter is from June (Marques et al., 2019).

The basin is an area of  strategic economic and development 
importance, with socioeconomic disparities between the sub-basins, 
with emphasis on predominantly urban uses and occupations 
in the highest part, and agricultural and mining activity spread 
throughout the basin, in addition to a robust industrial park, 
covering the metallurgical, textile, food, and chemical companies 
areas (Bezerra et al., 2019). In addition, the Lower Middle San 
Francisco is vulnerable to the occurrence of  severe droughts, 
usually associated with strong El Niño, besides being challenged by 
water conflicts for multiple uses (Bezerra et al., 2019; Lucas et al., 
2021). The study area encompasses a significant hydrographic basin 
known for its critical hydroelectric plants, notably Sobradinho 
and Xingó. These plants play a crucial role in the region’s energy 
production and water management. Sobradinho Dam, located 
on the São Francisco River, creates one of  the largest reservoirs 
in Brazil and is vital for regulating water flow and generating 
electricity. Xingó Dam, situated downstream, is also a key facility, 
contributing to energy production and flood control. Together, 
these hydroelectric plants are central to the basin’s infrastructure, 
influencing local ecosystems, water availability, and regional 
development (Figure 1).

Data description

A 44-year dataset (1961-2005) was obtained through two 
databases, (i) daily rainfall data (mm) through the APAC website 
(Pernambuco State Agency for Water and Climate; Agência 
Pernambucana de Águas e Clima, 2024), and ANA (National 

Water and Basic Sanitation Agency; Agência Nacional de Águas 
e Saneamento Básico, 2024); (ii) complete meteorological data 
such as precipitation (mm), solar radiation (MJ/m2), relative 
humidity or dew point temperature (%), average air temperature, 
maximum and minimum air temperatures (°C), and wind speed 
(m/s) through the INMET (National Institute of  Meteorology) 
database (Instituto Nacional de Meteorologia, 2024).

For the preparation of  grid data, daily rainfall records 
of  rainfall stations in Brazil and APAC stations (for the State of  
Pernambuco) were used. The grid data set was developed after 
the quality control of  the rainfall stations, performed as follows: 
(i) replace all missing values (currently coded as − 99.9) into an 
internal format that the software recognizes (i.e., NA, not available) 
and (ii) replace all unreasonable values into NA.

	 “Further, a 149-year historical climate dataset was used on 
a 0.25° × 0.25° grid for precipitation and a 1° × 1° grid 
for temperature. This data was shared by the Indian team 
as part of  the BRICS multilateral research project”.

The multi-model ensemble approach

Multi-model ensembles (MMEs) are widely employed in 
short-range climate forecasting to reduce uncertainties inherent in 
GEOS-5 Atmosphere-Ocean General Circulation Model (AOGCM) 
simulations and projections (Ahmed et al., 2020). These uncertainties 
stem from factors such as: measurement errors, stochastic variability, 
and systematic biases across multiple climate models (Clark et al., 
2016). To address these uncertainties, various Regional Climate 
Models (RCMs) and emission scenarios are integrated and termed as 
Multi-Model Ensemble (MME). For this, it was used the Reliability 
Ensemble Averaging (REA) methodology, which measures multimodel 
uncertainty in the form of  performance to then increase confidence 
when projecting climate data into the future.

Aiming to identify the optimum number of  AOGCMs 
required for an MME from a pool of  AOGCMs ranked based 
on their performance in simulating past observed climates, 
this work was used a total of  nine driving CMIP5 AOGCMs 
(CAnESM2, CM5A-MR, CSIRO, EC-EARTH, GFDL-ESM2M, 
HadGEM2-ES, MIROC5, NORESM1, and SHMI-ESM), and 
two emission scenarios (RCP 4.5 and RCP 8.5) (Thomson et al., 
2011; Schwalm et al., 2020), to represent the present-day climate 
factually and obtain comparing GCM simulations with observed 
climate by considering performance measures.

The process of  integrating an ensemble of  models was 
done by taking a simple arithmetical average or by following a 
weighting procedure developed on the performance indicators of  
the RCMs simulating historic climate data, and BIAS Correction.

1.	 Performance indicators
To evaluate RCMs’ ability to match the actual climate, the 

performance indicators used in this work were Normalized Root Mean 
Square Deviation (NRMSD) and Pearson Correlation Coefficient 
(CC), whose mathematical equations for each indicator as well as 
their ideal values are summarized in Table 1. For the calculation of  
performance indices, average monthly precipitation, and temperature 
data sets of  observed (IMD) and simulated (RCM) values are used 
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Figure 1. Geographic location map of  the São Francisco River basin, Brazil. 

Table 1. The mathematical equations and ideal values of  performance metrics.
S. No. Performance Metric Equation Ideal Value

1 Normalized Root Mean Square Deviation (NRMSD)
( )2

1

1 T
i ii

X Y
T

X
=

−∑
0

2 Pearson Correlation Coefficient (CC)
( )( )

1

1

( 1)

T
i ii

obs

z z y y
T

T sim
=

σ

− −

− σ

∑
1

for the period 1961-2005. The observed and simulated values of  
the respective datasets are ix  and iy . The mean of  observed and 
simulated values is denoted by  x−and y−. The number of  datasets is 

denoted by T . The standard deviations of  observed and simulated 
values are denoted by  obsσ and simσ , respectively.

2.	 Normalization Technique
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The mathematical representation for normalization is shown 
in Equation 3 (Patakamuri et al., 2020), which helps the conversion 
of  different proportionate indicators into the same space.

( )

( )
1

 
 

 

j
aj N

ja

K a
k

k a
=

=

∑
	 (1)

where ( ) jk a  is the value of  indicator j for RCM a; N  represents 
the total number of  RCMs.

3.	 Entropy technique
The mathematical representation of  the entropy technique 

is shown in Table 2.
4.	 Methodology of  weighted average technique

In this step normalize the payoff  matrix if  required, where 
the utility of  RCM ( aV ) is calculated by Equation 4.

1

 
j

a j j
j

V r k
=

 
 =  
  
∑ 	 (4)

here, jk  represents the value of  indicator j for RCM, and jr  
denotes the weight assigned to indicator j. A higher aV  indicates 
a suitable RCM.

For each RCM, the strengths, weaknesses, and net strengths 
were calculated based on individual ranking techniques and were 
integrated to form a single ranking pattern based on an individual 
ranking analysis (Morais & Almeida, 2012). Weights were assigned 
to all RCMs using a weighted average method considering the 
net strengths. All nine ranked RCMs for the precipitation and 
temperature datasets at each grid point were ensembled by assigning 
weights to reduce uncertainty.

Non-parametric trend tests

Detection of  pattern changes and the existence of  trends in 
hydrometeorological phenomena have been extensively investigated 
in the study of  hydrology, climatology, and meteorology, with 
particular emphasis on non-parametric tests, notably the classic 
Mann-Kendall (MK) test and Sen’s slope estimator (Achite et al., 
2021; Hussain et  al., 2022; Sarioz et  al., 2024). These authors, 
along with Achite et al. (2023) and Ahmed et al. (2022) address 

the limitations of  the MK method, especially regarding the serial 
independence of  the time series and present more innovative 
methods. Among these methods, the following were described: 
Innovative Trend Analysis (ITA), Innovative Polygon Trend Analysis 
(IPTA), and Innovative Triangular Trend Analysis (ITTA). In the 
present work, the usual tests were chosen, as they were agreed 
upon within the scope of  the multilateral project. According to 
the findings of  Sarioz et al. (2024), the more innovative methods 
demonstrate greater sensitivity in detecting trends compared to 
the classic Mann-Kendall and Spearman Rho methods.

Thus, the Mann-Kendall Test (MK), Spearman’s correlation 
(Spearman), Pre-Whitening Mann-Kendall Test (PWMK), and 
Bias-Corrected Pre-Whitening Test (BCPW) were adopted in the 
present study. In our analysis, we employed the Mann-Kendall 
test to evaluate the presence of  trends in the data. To determine 
whether the observed trends were statistically significant, we set the 
significance level (α) at 0.05. This threshold indicates that we accept a 
5% chance of  incorrectly rejecting the null hypothesis (which posits 
that there is no trend) when it is actually true. By using this level 
of  significance, we aimed to balance the risk of  Type I and Type 
II errors in our trend analysis. More details on the methodologies 
employed can be found in Buri et al., (2022). These tests are widely 
used to detect trends in non-normally distributed environmental 
and hydrometeorological data (van Giersbergen, 2005; Santos et al., 
2020; Patakamuri et al., 2020; Wang et al., 2020). The determination 
of  the values for the adopted tests was conducted using R software 
(modifiedmk package; R Core Team, 2024).

Future climate change scenarios

To project the possible future impacts on hydrological 
processes due to climate change in the São Francisco River basin, 
simulated climate data of  NASA Earth Exchange Global Daily 
Downscaled Projections (NEX-GDDP), under two Representative 
Concentrative Pathways (RCP)1: RCP 4.5 and RCP 8.5. This data 
was made available by the Indian team, as part of  the ongoing 
multilateral BRICS research project, titled “Integrated Water Management 
Model for Brazil, India, and South Africa under climate change scenarios”.

1	These RCPs are based on assumed natural and anthropogenic radiative forcing 
through the end of  the 21st -century.

Table 2. Methodology of  entropy technique.
Step Description Mathematical expression

1 Normalize the payoff  matrix if  required ajk

2 Entropy for each indicator

( ) ( ),
 1 

1    1 , ....,  
T

j aj aj
a

En k ln k for j J a
ln T

=

=− =∑  is index for GCMs; 

( ) 1 , 2, ...., j j=  where J  is number of  indicators; T  represents total 
number of  GCMs.

3 Degree of  diversification  1  j jDd En= −

4 Normalize the weight of  indicators
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Statistical bias correction method

In this work, the Linear Scaling (LS) method was applied 
to bias-correct downscaled precipitation and temperature data 
of  an ensemble model from nine climate models. This technique 
was chosen after a literature review (Teutschbein & Seibert, 2012), 
which evaluated five bias correction methods for precipitation and 
four bias correction techniques for temperature, and according to 
other studies (Andrade et al., 2021), linear scaling is suitable both 
for precipitation and temperature.

The trendline correction procedures are used to minimize 
the discrepancy between observed and simulated climatic variables 
in a daily time step so that the hydrological simulations conducted 
by corrected simulated climatic data correspond to the simulations 
using observed climatic data reasonably well (Rathjens et al., 2016). 
To this end, the Climate Model Data for Hydrologic Modeling (CMhyd) 
(Rathjens et al., 2016), can be applied to extract and correct (correct) 
data obtained from global and regional climate models with the 
observed data, given the difficulty in using simulated climatic data 
as direct input data for hydrological models.

For bias removal for the projected climatic data, the CMhyd 
model needs observed data, historical data, and Climate Change 
Projections for South America, adopting the Linear Scaling (LS) 
technique, which uses monthly correction values established in 
the differences between observed and historical simulated data 
(Andrade et al., 2021; Teutschbein & Seibert, 2012, 2013), according 
to below-given Equations 5 to 8.

( ) ( ) ( )
( )

m obs*
contr contr

m contr

ì (P d )
P d =P d . 

ì (P d )

 
 
  

	 (5)

( ) ( ) ( )
( )

m obs*
scen scen

m contr

ì (P d )
P d =P d . 

ì (P d )

 
 
  

	 (6)

( ) ( ) ( )( ) ( )*
contr contr m obs m contrT d =T d  + T d  – (T d )µ µ 	 (7)

( ) ( ) ( )( ) ( )scen scen m obs m contrT d =T d  + T d  – (T d )µ µ 	 (8)

where: P(d) and T(d) are daily precipitation and temperatures, 
respectively; mµ  is the monthly mean value of  the variable m; 
and " "contr , " "scen  and " "obs , refer to the control (baseline period), 
scenarios and observed data, respectively.

In the LS approach, bias-corrected simulation data should 
agree, in their monthly average values, with the observed data and 
a factor based on the ratio of  long-term monthly average observed 
and control run data is used for adjustment of  precipitation and 
temperature variable, being expected that these factors will continue 
unvaried under future conditions of  the study area basin.

The observed precipitation and temperature data comprised 
ten representative stations (Figure 2), distributed throughout the 
SFRB, both chosen based on the Principal Component Analysis 
(PCA) (Edwards & Cavalli Sforza, 1965).

This PCA approach is determined as a linear combination 
of  the original variables, to help reduce the dimensionality of  
the data set and determine the variables that better explain the 
variability of  the data with a lesser number of  variables.The 
simulated historical data corresponding to the same period came 
from the historical series of  the ensemble climate data.

Bilinear interpolation and IDW

To bring the same resolution for both precipitation and 
temperature datasets, a bilinear-interpolation technique was 
applied. For generating spatial plots, inverse distance weighting 
(IDW) geostatistical interpolation explicitly technique (Bartier 
& Keller, 1996), which assumes that things that are close to one 
another are more alike than those that are farther apart, was used 
by considering the Z-value of  respective trend tests.

To predict a value for any unmeasured location, IDW uses the 
measured values surrounding the prediction location. The measured 
values closest to the prediction location have more influence on 
the predicted value than those farther away (Biswas et al., 2020). 
The IDW technique assumes that each measured point has a local 
influence that diminishes with distance. It gives greater weights to 
points closest to the prediction location, and the weights diminish 
as a function of  distance, hence the name inverse distance weighted.

The annual analysis was carried out for the entire study 
area. However, given the great heterogeneous along the basin with 
four climatic types, trend analysis in the dry, rainy, and pre-season 
periods was performed, in a sub-region subdivided by Lower (S1 and 
2), Middle and Sub-Middle (S2-S6), and Upper São Francisco 
(S7-S10), as shown in Table 3, and spatially scattered in Figure 2.

The methodology followed in this study, as shown in Figure 2, 
was demonstrated at a climate model grid point, and the same procedure 
was followed for the remaining grid points of  the study area.

RESULTS

At each grid point, the net resistance of  each RCM was 
evaluated using the Root Mean Square Deviation Normalized 

Figure 2. Spatial distribution of  selected stations along the São 
Francisco River basin.
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Mean Square Deviation (NRMSD) and Pearson Correlation 
Coefficient (CC) performance indicator, suitable for comparing 
data sets or models with different scales. In this case, precipitation 
and temperature data were used, as shown in Figure 3  and 4. 
These weighting schemes were applied to find the best historical 
fit of  three climate variables (precipitation and minimum and 
maximum temperature). Regarding the NRMSD metric relating 
to precipitation, a greater range of  variation in model results is 
observed in the physiographic regions of  the lower and, especially, 
the middle São Francisco, with better results coming from the 
CSIRO model in all physiographic regions (Figure 3). In general, 
all models presented excellent results in relation to this index, 
both for minimum and maximum temperatures, with values below 
0.8 and 0.25, respectively.

In Figure 4a it is possible to observe that there is a better 
fit of  the MIROC5, EC.EARTH and NORESMI1 models, with 
values above 0.6, in stations that are located in the sub-medium 
and upper São Francisco. In other stations, the models presented 
an adjustment below 0.5. As for temperatures (Figure 4b-c), a 

greater variation can be seen in the adjustment of  the data to the 
minimum, where the models present different behaviors in all the 
stations analyzed. However, it is possible to observe that CSIRO 
and NORESMI1 showed a higher correlation in most stations, 
in the low, medium and sub-medium areas, with a variation above 
0.6. The correlation in maximum temperature (Figure 4c) indicated 
a good fit of  the data for all climate models analyzed at stations 
located in the lower and middle São Francisco, with values above 
0.58. In other stations (sub-medium and high), the adjustment for 
all climate models was below 0.6. For maximum temperature, the 
EC.EARTH and CSIRO climate models, in general, presented 
better results.

Figure 5 represents the model weights (Va) for precipitation, 
minimum and maximum temperature based on their individual 
performance to create the multi-model, from of  the nine climate 
models analyzed for the ten points arranged over the basin 
(Figure 2). Each point on the graph represents the nine climate 
models and the weights of  each of  them. The y-axis represents 
the weight of  each model in creating the multi-model, and the 

Table 3. Sub-regions and stations for trend analysis in the dry, rainy, and pre-season periods.
Region (stations) Season Period Chosen month
Lower (S1 and S2) Dry May – October July

Rainy November – April January
Pre-season October

Middle and Sub-Middle (S3-S6) Dry June – November September
Rainy December – May February

Pre-season November
Upper (S7-S10) Dry September – February November

Rainy March-August May
Pre-season February

Source: Adapted from Galvíncio (2000) and Siqueira et al. (2022).

Figure 3. Performance analysis of  NRMSD metric of  precipitation (a), and minimum (b) and maximum temperature (c) for 9 RCMs 
in 10 points.
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x-axis is each of  the selected points placed on the basin (Figure 2). 
The results show that the EC.EARTH model had a greater weight 
for precipitation (Figure 5a-c) and maximum temperature, differing 
from the minimum temperature (Figure 5b), where in general, the 
CSIRO and CM5A.MR presented greater weight for creating the 
multi-model.

Annual precipitation trend analysis

Table 4 shows the annual variation in average precipitation 
for different periods in two climate scenarios (RCP4.5 and RCP8.5), 
in the analyzed sub-regions of  the São Francisco basin (Figure 2). 
According to the results obtained, for the RCP 4.5 scenario there 

Figure 4. Performance analysis of  Pearson Correlation Coefficient (CC) metric of  precipitation (a), minimum (b) and maximum 
temperature (c) for 9 RCMs in 10 points.

Figure 5. Models weights (Va) for precipitation (a), minimum (b) and maximum temperature (c) based on their individual performance 
to create the multi-model.
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will be a tendency for precipitation to increase in practically all 
stations in the basin analyzed, except for S1 and S10, which showed 
a slight tendency for rainfall to decrease in different periods. In the 
RCP 8.5 scenario, the same trend of  increased rainfall remains, 
but with higher rates, with the exception of  station S10 located 
in lower São Francisco, which also projects a slight decrease in 
rainfall in the location, maintaining the projection of  scenario 4.5.

Figure 6 illustrates the annual average precipitation over 
the entire São Francisco River from the perspective of  the two 
future scenarios analyzed (RCP 4.5 and 8.5) and the current period 
observed. Projections in both scenarios indicate an increase in 
precipitation throughout the basin, with regions with higher rainfall 
rates than others. Due to the action of  different large, meso, and 
local scale meteorological systems (Oliveira et al., 2017), the rainfall 
regime in the basin presented high spatiotemporal variability 
(geographically and seasonally), indicating a well-defined annual 
cycle with wet and dry periods (Freitas et al., 2022). The SFRB will 

certainly experience more rainfall and greater temperatures in the 
future for both emission scenarios, based on the results obtained 
in this study, which report a trend of  increasing average annual 
precipitation in the two future periods under the RCP 4.5 and RCP 
8.5 scenarios compared to the historical period (Figure 6). This 
increasing trend is influenced by tropical climatic phenomena and 
the El Niño phenomenon, which interferes in the rainy season 
between the years (Andreoli & Kayano, 2005; Ferreira et al., 2021).

This increasing trend of  precipitation when evaluated 
through four (4) non-parametric trend tests adopted in this study 
(Figure 7), showed, as the Mann-Kendall Test (MK) (a) for example, 
an increasing trend in the Upper, Medium, and Sub-medium São 
Francisco. A high correlation was evidenced by the Spearman 
correlation test (b), even after eliminating possible adverse effects 
of  autocorrelation in the MK test and Spearman’s rho trend tests, 
through the Mann-Kendall Test of  Pre-Whitened (PWMK) test (c).

Table 4. Variation of  annual average precipitation for different periods under the RCP 4.5 and RCP 8.5 scenarios.

Scenario Station Region 1961 - 2020 2021 - 2059 2060 - 2100 V1 V2 V3
(T1) mm (T2) mm (T3) mm (T2-T1) mm (T3-T2) mm (T3-T1) mm

RCP 4.5

S1
Upper

3609.53 3770.70 3763.13 161.17 -7.57 153.59
S2 1388.90 1475.72 1500.92 86.81 25.21 112.02
S3

MSM

1071.25 1134.01 1203.85 62.76 69.84 132.60
S4 1194.32 1267.09 1338.51 72.77 71.42 144.19
S5 983.62 1003.51 1072.00 19.89 68.50 88.39
S6 1034.00 1104.90 1204.34 70.90 99.44 170.34
S7

Lower

728.87 748.31 784.22 19.45 35.91 55.35
S8 1283.80 1368.45 1427.85 84.65 59.40 144.06
S9 2041.58 2088.41 2139.46 46.83 51.06 97.88
S10 813.25 794.30 808.53 -18.94 14.22 -4.72

RCP8.5

S1
Upper

3599.59 3791.37 3840.49 191.78 49.12 240.90
S2 1389.79 1506.43 1596.01 116.64 89.58 206.22
S3

MSM

1072.85 1193.43 1319.57 120.58 126.14 246.72
S4 1189.64 1324.11 1461.23 134.47 137.12 271.59
S5 986.07 1047.81 1124.21 61.74 76.41 138.14
S6 1040.53 1158.44 1244.76 117.91 86.32 204.23
S7

Lower

726.44 757.75 810.21 31.31 52.46 83.77
S8 1286.62 1412.40 1560.88 125.78 148.48 274.26
S9 2041.58 2088.41 2139.46 46.83 51.06 97.88
S10 813.25 794.30 808.53 -18.94 14.22 -4.72

Figure 6. Mean annual precipitation (mm) for the entire São Francisco River basin.
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Figure 7. Spatial variation of  Z-value and trend showing grid points in four trend tests –Mann-Kendall Test (MK) (a), Spearman 
correlation test (b), Pre-Whitened (PWMK) test (c) and Bias-Corrected Pre-Whitening Test (BCPW) (d)– of  precipitation data annual 
period over the São Francisco River Basin.

Figure 8. Station-wise means monthly precipitation (mm) in the dry (a), rainy (b), and pre-season (c) periods over Lower São Francisco.
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Monthly precipitation trend analysis

Figures 8a-c shows the monthly average precipitation in 
the São Francisco basin by climatic periods, namely: dry (a), rainy 
(b) and pre-season (c), in the physiographic region of  the lower 
São Francisco. In the lower São Francisco region, affected by 
easterly wave disturbances and sea and land breezes (Reboita et al., 
2010), the lowest precipitation values were observed in the pre-
season period, which jointly with the dry period, recorded lower 
precipitation values when compared to the observed period, 
differently from the rainy period, which observed an increase in 
means monthly precipitation for both RCPs.

Figures  9a-c shows the monthly average precipitation 
in the São Francisco basin by climatic periods, namely: dry (a), 
rainy (b) and pre-season (c), in the physiographic region of  the 
Middle and Sub-Middle São Francisco. These results showed a 
decreasing trend in rainfall in the dry and pre-season periods, the 
precipitation values in two future periods will decrease if  compared 
to those historically observed in both RCPs. Similar negative 
trend or decreasing trends in annual precipitation were detected 
by (Moncunill, 2006) while analyzing the two river basins in the 
Sertão region of  the State of  Pernambuco in the years between 
1964-2004, and in the State of  Ceará, using 23 rainfall stations 
between 1974 and 2003, respectively.

The greatest variations occurred in the rainy season, with 
emphasis on the predominance of  positive anomalies were also 

reported (Sales et al., 2015), in their study on precipitation and 
temperature projections for the Brazilian Northeast, considering the 
CMIP5 models and the RCP8.5 scenario. These results’ alignment, 
also can be seen with the report of  the Brazilian Panel on Climate 
Change (Brasil, 2013), stating that the Northeastern semiarid 
region of  Brazil is likely to have its precipitation reduced by 20% 
in 2040, and highlighting that the more intense in the Northern 
part of  the region, mainly located in the State of  Pernambuco 
(Assis  et  al., 2022). Differently in the rainy period, observed 
precipitation values for future periods were high in both RCPs.

Based on the exposed above, it is noted that the reported 
reduction in rainfall in the Middle and Sub-Middle São Francisco 
regions corroborates with the past aforementioned studies, a persisting 
problem in the semiarid region of  the Brazilian Northeast, which 
is currently facing its worst drought in decades (Assis et al., 2022).

In the Upstream São Francisco, in Minas Gerais State, 
where the weather systems are associated with the South Atlantic 
Convergence Zone (SAZC) and isolated convection (Siqueira et al., 
2022), the precipitation monthly averages presented in Figure 10, 
showed lowest precipitation values for two future periods will be 
observed in the pre-season period, which also showed an increasing 
trend in the precipitation values in both future periods and RCPs. 
While for the dry and rainy periods, there will be decreasing trends, 
in two considered scenarios.

To face these upcoming water demand increases in the Upper 
and Middle (and water scarcity in the sub-Middle and Lower) due to 

Figure 9. Station-wise mean monthly precipitation (mm) in the dry (a), rainy (b), and pre-season (c) periods over Middle and Sub-
Middle São Francisco.
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the irrigated areas to be expanded in the next decades, there is needed 
a public policy of  incentives on improving the mobility of  cropland 
to increase water conservation for irrigation (Fachinelli et al., 2020); 

and policies for preventing water losses as well as expanding new 
irrigation techniques; developing alternate sources, such as rainfall 
harvest by small reservoirs and reuse of  return flow in farming.

Table 5. Variation of  annual average minimum temperature for different periods under the RCP 4.5 and RCP 8.5 scenarios.

Scenario Station Region 1961 - 2020 2021 - 2059 2060 - 2100 V1 V2 V3
(T1) °C (T2) °C (T3) °C (T2-T1) °C (T3-T2) °C (T3-T1) °C

RCP 4.5

S1
Upper

21.74 22.97 23.53 1.23 0.57 1.79
S2 22.24 23.59 24.29 1.34 0.70 2.05
S3

MSM

21.36 22.62 23.29 1.26 0.66 1.93
S4 21.69 22.95 23.66 1.26 0.71 1.97
S5 20.04 21.31 22.05 1.27 0.74 2.01
S6 19.83 21.17 21.93 1.34 0.76 2.10
S7

Lower

18.56 19.93 20.68 1.37 0.75 2.13
S8 17.20 18.61 19.42 1.41 0.81 2.22
S9 17.09 18.45 19.21 1.37 0.75 2.12
S10 16.01 17.42 18.18 1.41 0.76 2.17

RCP 8.5

S1
Upper

21.74 23.24 24.44 1.50 1.20 2.69
S2 22.24 23.90 25.64 1.66 1.74 3.40
S3

MSM

21.36 22.93 24.57 1.57 1.64 3.21
S4 21.69 23.28 25.03 1.58 1.75 3.33
S5 20.05 21.65 23.52 1.60 1.87 3.47
S6 19.84 21.52 23.48 1.68 1.96 3.64
S7

Lower

18.57 20.26 22.28 1.70 2.02 3.72
S8 17.21 18.98 21.10 1.77 2.12 3.89
S9 17.10 18.80 20.81 1.71 2.01 3.72
S10 16.02 17.77 19.81 1.75 2.04 3.79

Figure 10. Station-wise mean monthly precipitation (mm) in the dry (a), rainy (b), and pre-season (c) periods over Upper São Francisco.
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Annual temperature trend analysis

Table 5 shows the annual variation in average minimum 
temperature for different periods in two climate scenarios 
(RCP4.5 and RCP8.5), in the analyzed sub-regions of  the São 
Francisco basin (Figure  2). According to the results obtained, 
for the RCP 4.5 scenario, there will be a tendency for minimum 
temperature to increase in all stations in the basin analyzed for all 
physiographic regions considered. However, it is clear that there will 
be a higher temperature level between 2060-2100 in this forcing.

In the RCP 8.5 scenario, the same trend of  increased 
temperature remains, but with higher rates, in all regions of  São 
Francisco, with a predicted increase of  up to 3.89 °C. As with 
forcing 4.5, in this scenario the largest projections regarding 
temperature rise are predicted for the period between 2060-2100.

The observed trend of  reduced precipitation in several 
seasons of  the São Francisco River Basin contrasts with projections 
of  increased rainfall in future decades. This discrepancy highlights 
the complexity of  climate dynamics and regional variability.

Current reductions in precipitation may result from short-
term variability or specific climatic patterns affecting the region. 
These trends could be influenced by factors such as localized 
weather anomalies, changes in atmospheric circulation, or ongoing 
drought conditions.

However, long-term projections indicate a potential increase 
in rainfall due to broader climatic shifts, including changes in global 
temperature and increased moisture availability in the atmosphere. 
These projections account for more significant shifts in weather 

patterns and potential changes in the frequency and intensity of  
precipitation events over extended periods.

This divergence underscores the need for adaptive management 
strategies that consider both immediate observed conditions and 
longer-term projections. It also emphasizes the importance of  
continued monitoring and research to refine climate models and 
better understand the regional impacts of  global climate trends.

Figure 11a, b illustrates the annual average minimum and 
maximum temperature over the entire São Francisco River from 
the perspective of  the two future scenarios analyzed (RCP 4.5 and 
8.5) and the current period observed. Compared to the historical 
period, the results showed increasing minimum and maximum 
temperature values in the two future scenarios, and both RCPs. 
Higher annual averages, both for the minimum temperature and 
the maximum temperature, were observed in the Lower, Medium, 
and Sub-Medium São Francisco.

These results corroborate those obtained comparing 
27 CMIP5 models for the São Francisco River Basin (Silveira et al., 
2016), all of  which showed a positive trend (increase) in temperature 
in the period from 2011 to 2100, but more significant between 
2041 and 2100. In all of  them, the 8.5 scenarios showed a higher 
positive trend than the 4.5 RCP scenario.

Table 6 shows the annual variation in average maximum 
temperature for different periods in two climate scenarios 
(RCP4.5 and RCP8.5), in the analyzed sub-regions of  the São 
Francisco basin (Figure  2). According to the results obtained, 
for the RCP 4.5 scenario, there will also be an increase in the 
maximum temperature in this scenario, especially for the period 
between 2060-2100, whose variation is 1.57 to 2.07 °C. In the RCP 

Figure 11. Mean annual minimum (a) and maximum (b) temperature (°C) for the entire São Francisco River basin.
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8.5 scenario, the same trend of  increased maximum temperature 
remains, but with higher rates, in all regions of  São Francisco, 
with a predicted increase of  up to 3.25 °C. As with forcing 4.5, 
in this scenario the largest projections regarding temperature rise 
are predicted for the period between 2060-2100, especially in the 
lower São Francisco region.

When compared through four (4) no-parametric trend 
tests used in this work, the increasing trend minimum temperature 
was evidenced by the Mann-Kendall Test (MK), BCPW and 
the Spearman correlation test shows a strong trend correlation, 
except for station S7 and S10, which showed a decreasing trend 
to minimum temperature (Figure 12). In these three tests, the 
results point to a higher increase in the minimum temperature in 
the regions of  medium and upper São Francisco. The PWMK 
showed that the areas of  Baixo São Francisco will experience a 
greater trend in minimum temperatures in the region.

In relation to maximum temperature, the tests proved 
to be more uniform in their results, except for the PWMK 
which presented lower values, but with a similar variation in the 
temperature increase trend throughout the basin (Figure  13). 
The Mann-Kendall (MK), BCPW and Spearman tests indicated a 
strong correlation and an increasing trend in the lower and upper 
São Francisco regions, especially in the extremities.

Monthly minimum temperature trend analysis

Figures  14-16 show the stations-wise mean monthly 
minimum temperature in the dry (a), rainy (b), and pre-season (c) 
periods, over the São Francisco River basin (Lower, Middle and 
Sub-Middle, and Upstream sub-regions).

For the Lower São Francisco (Figure 14a-c), the station-
wise mean monthly minimum temperature will increase over the 

two future periods, when compared to the historical observed 
period, in both future RCPs.

For the Middle and Sub-Middle São Francisco (Figure 15a-c), 
the obtained results compared to the observed period, the monthly 
average of  the minimum temperature will increase over the two 
future periods, gradually, in all stations in the sub-regions analyzed, 
regardless of  the RCP to be considered.

The same behavior is projected for the Upper São Francisco 
(Figure 16a-c), whose minimum temperature will also increase 
gradually, for the two scenarios analyzed, and in all seasons analyzed.

Monthly maximum temperature trend analysis

Figure  17a-c, presents a station-wise mean maximum 
temperature (°C) analysis over Lower São Francisco, showing an 
increasing average monthly maximum temperature in the two future 
periods under the RCP 4.5 and RCP 8.5 scenarios if  compared 
to the historical observed period. Behavior similar to that of  the 
minimum temperature for this region, however with higher values.

Figure  18a-c shows an analysis of  average maximum 
temperature (°C) per station in the Middle and Sub middle São 
Francisco. Just like in the lower São Francisco, in this region there 
will also be an increase in the maximum temperature in the future 
periods analyzed under the RCP 4.5 and RCP 8.5 scenarios, whose 
temperature could reach 38 °C in the pre-season period, reaching 
a variation of  4° in relation to the data observed today and 2nd in 
relation to the least pessimistic scenario (RCP 4.5) (Figure 18c).

Figure  19a-c shows an analysis of  average maximum 
temperature (°C) per station in the Upper São Francisco. Just like in 
the lower and Middle and Sub-Middle São Francisco, in this region 
there will also be an increase in the maximum temperature in the 
future periods analyzed under the RCP 4.5 and RCP 8.5 scenarios, 
whose temperature could vary from 30 to 35 °C, especially in the 

Table 6. Variation of  annual average maximum temperature for different periods under the RCP 4.5 and RCP 8.5 scenarios.

Scenario Station Region 1961 - 2020 2021 - 2059 2060 - 2100 V1 V2 V3
(T1) °C (T2) °C (T3) °C (T2-T1) °C (T3-T2) °C (T3-T1) °C

RCP 4.5

S1
Upper

31.20 32.20 32.77 1.00 0.57 1.57
S2 33.21 34.33 34.93 1.20 0.61 1.72
S3

MSM

32.10 33.23 33.78 1.12 0.56 1.68
S4 32.19 33.40 33.99 1.21 0.59 1.80
S5 33.27 34.56 35.12 1.29 0.57 1.85
S6 32.61 33.89 34.42 1.27 0.53 1.80
S7

Lower

31.56 32.89 33.46 1.33 0.57 1.90
S8 28.18 29.60 30.26 1.42 0.65 2.07
S9 29.46 30.86 31.51 1.40 0.65 2.04
S10 29.67 31.03 31.65 1.36 0.62 1.97

RCP 8.5

S1
Upper

31.20 32.43 33.74 1.23 1.31 2.54
S2 33.22 34.60 36.01 1.38 1.40 2.79
S3

MSM

32.12 33.50 34.74 1.38 1.24 2.62
S4 32.20 33.69 34.94 1.49 1.24 2.73
S5 33.29 34.83 36.09 1.54 1.26 2.80
S6 32.64 34.13 35.32 1.49 1.19 2.68
S7

Lower

31.59 33.15 34.50 1.56 1.36 2.92
S8 28.21 29.90 31.42 1.70 1.52 3.22
S9 29.48 31.14 32.73 1.66 1.59 3.25
S10 29.69 31.29 32.90 1.59 1.61 3.20
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Figure 12. Spatial variation of  Z-value and trend showing grid points in four trend tests of  minimum temperature data annual period 
over the São Francisco River Basin.

Figure 13. Spatial variation of  Z-value and trend showing grid points in four trend tests of  maximum temperature data annual period 
over the São Francisco River Basin.
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Figure 14. Station-wise mean monthly minimum temperature (°C) in the dry (a), rainy (b), and pre-season (c) periods over Lower 
São Francisco.

Figure 15. Station-wise mean monthly minimum temperature (°C) in the dry (a), rainy (b), and pre-season (c) periods over Middle 
and Sub-Middle São Francisco.
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Figure 16. Station-wise mean monthly minimum temperature (°C) in the dry (a), rainy (b), and pre-season (c) periods over Upper 
São Francisco.

Figure 17. Station-wise mean monthly maximum temperature (°C) in the dry (a), rainy (b), and pre-season (c) periods over Lower 
São Francisco.
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Figure 18. Station-wise mean monthly maximum temperature (°C) in the dry (a), rainy (b), and pre-season (c) periods over Middle 
and Sub-Middle São Francisco.

Figure 19. Station-wise mean monthly maximum temperature (°C) in the dry (a), rainy (b), and pre-season (c) periods over Upper 
São Francisco.
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dry period (Figure 19a). The RCP8.5 scenario, as in other analyses, 
presents higher estimates for the increase in maximum temperature 
in the basin, with a forecast increase of  1 to 2 degrees in relation 
to the observed period and the RCP 4.5 scenario.

These results corroborate with the ones found by Silva & 
Azevedo (2012), that evaluating climate change detention indices 
for the Bahia State between 1970 and 2006 and diagnosed that 
the number of  days with daily maximum temperature increased, 
while the daily rainfall and total annual precipitation reduced. Also, 
a faster increase of  daily temperature due to the climate change 
scenarios for 2010-2050, over the Northeastern of  the Munneru 
basin, India, compared to that simulated for the recent past was 
reported (Buri et al., 2022), indicating possible aridization process.

DISCUSSION

The results of  the uncertainty analyses, in their different 
methods, in the precipitation and temperature data sets addressed in 
this research for the São Francisco River basin indicated variability 
throughout the studied period, both in time and space, when taking 
into account the heterogeneity of  the basin. The analyses regarding 
the trend of  annual precipitation in the ten areas analyzed in the 
basin, for the two scenarios emissions (RCP 4.5 and 8.5), in general, 
indicate that there will be a slight increase in precipitation in the 
basin for the periods analyzed, however, scenario 8.5 predicts lower 
rainfall rates when compared to 4.5. Non-parametric tests indicated 
higher trends in the Middle, Upper and Sub-Middle São Francisco 
regions. Similar agreement of  a possible scenario increasing in 
magnitude and frequency of  extreme precipitation, was found 
with rainfall changes in various parts of  South America by 2070-
2100 (Manatsa et al., 2008; Marengo et al., 2010; Bezerra et al., 
2019), using different regional models, as well as the projected 
changes of  rainfall from the IPCC AR4 multi-model ensemble 
for the same scenarios, and the rainfall projections derived from 
Eta-CPTEC by the end of  the 21st-century, showing increases 
in rainfall in southeastern South America (Marengo et al., 2012).

When the results are analyzed by seasons and by physiographic 
area of  ​​the basin (dry, rainy and pre-season), the trends follow 
the peculiarities and climatic characteristics of  each region. In the 
lower São Francisco, the projections indicate a decrease in rainfall 
in the pre-season and dry season, and a slight increase in the rainy 
season. Similar trends were also estimated in the Middle and 
Sub-Middle São Francisco, where the projections decrease in the 
pre-season and dry season and show a slight increase in the rainy 
season. This is different from the Upper region, which projects a 
decrease in rainfall in both the dry and rainy seasons, and higher 
rates in the pre-season, in both forcing factors addressed.

These results are consistent with the historical phenomenon 
of  rainfall deficit registered during the dry summer of  2001, 
which reached up to 40% in most of  central, northeastern, and 
southeastern Brazil, resulting in a significant reduction in river 
streamflow throughout this regions, thereby reducing the capacity 
to produce hydroelectric power in these areas, and compromising 
the amount of  water available along the basin (Freitas  et  al., 
2022). The alignment of  these results can also be verified in 
the consequence of  the multiyear drought, for the period 2014-
2019 observed rainfall in the São Francisco basin reported in 

the past (de Jong et al., 2021), was 37% below if  compared to its 
1961-1990 baseline average and, consequently, observed streamflow 
declined by approximately 60%.

Further, the São Francisco River basins’ streamflow and 
hydroelectric production could potentially cease in the second 
half  of  the 21st century (de Jong  et  al., 2021). Therefore, to 
face the upcoming scenarios of  climate change, impositions of  
energy conservation measures from the government side will be 
required to avoid total loss of  power (blackouts), as well as the 
reconfiguration in the NE electrical matrix shortly, considering 
economic, technical and social environmental constraints (Souza 
Júnior et al., 2021). Alternatively, the design of  PV-hydro hybrid 
systems (based on complementary resources) for providing energy 
(Vasco et al., 2019), can be explored as an effective strategy to 
cope with future climate change scenarios, and supply water for 
irrigation (among other uses) as the major component of  water 
demand accounted for 67% of  the total demand (Teixeira et al., 
2021). All of  this variation in precipitation in the region is due 
to large-scale circulation, whereas the rainfall intensity may be 
influenced by climate variability (Assis et al., 2022).

Regarding the maximum and minimum temperature 
projections for the basin, the results indicate an increase in them 
in all the physiographic regions analyzed and, in the stations, 
covered, as well as in their different periods, both annual and 
monthly. According to the projections, RCP 8.5 indicates higher 
temperatures when compared to 4.5. In both forcing 4.5 and 8.5, 
the period of  greatest temperature increase in the basin will occur 
between 2060 and 2100. The non-parametric tests analyzed also 
indicate an increase in the minimum and maximum temperature 
in the different regions of  the basin, with better adjustments in 
the Mann-Kendall (MK), BCPW and Spearman tests.

According to Marengo (2014) and Reboita et al. (2018), 
the temperature will tend to increase throughout the SF basin, and 
in some areas of  the basin it may reach up to 5 °C. According to 
the authors, extreme heat and precipitation are also expected in 
these projections, as well as longer periods of  drought. According 
to Silveira et al. (2016), the temperature will increase in the São 
Francisco basin by 2 °C in the RCP 4.5 scenario and by over 4 °C in 
8.5, between 2011 and 2100. According to the climate projections 
analyzed by the authors, addressing the CMIP5 models, there will 
be an increase in the water deficit, a reduction in the flow in the 
basin and, consequently, a reduction in the annual average energy 
produced by hydroelectric plants in the SFRB. de Jong et al. (2018) 
indicates that these projections for the SF region could make it 
an area more susceptible to more severe droughts.

CONCLUSIONS

This study analyzes long-term trends in precipitation and 
temperature data sets (maximum and minimum values) projected 
by NEX-GDDP in the São Francisco River Basin under RCP 
4.5 and RCP 8.5 scenarios.

In the analysis of  precipitation metrics, the results for the 
NRMSD showed that, in general, the CSIRO model presented more 
satisfactory results in all physiographic regions. For temperature, 
the analysis of  this metric also showed good results among the 
models for the stations analyzed. Person’s correlation coefficient 
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showed a better adjustment of  precipitation for the MIROC5, 
EC.EARTH and NORESMI1 models, in areas of  sub-medium 
and upper São Francisco. For the minimum temperature, the 
CSIRO and NORESMI1 models showed the best fit, in general. 
At maximum temperature, the EC.EARTH and CSIRO models 
showed more satisfactory results.

Regarding the annual precipitation trend in the basin, the 
results indicated, in general, considering the stations analyzed, that 
there will be an increase in rainfall until 2100 for both scenarios 
analyzed (RCP 4.5 and 8.5). However, scenario 8.5 indicates 
higher rainfall rates than scenario 4.5, in all regions analyzed, with 
variations between stations. The increasing trend of  precipitation 
when evaluated through four non-parametric trend tests showed 
an increasing trend in the Upper, Medium, and Sub-medium São 
Francisco. About the monthly average precipitation by physiographic 
regions, the results indicated some variations between the stations 
located in these areas. In Lower São Francisco, projections indicate 
different behavior for the periods analyzed in both scenarios, with 
an increase in rainfall in the rainy season and a decrease in rainfall in 
the dry and pre-season. This also occurs in the region of  medium 
and sub-medium São Francisco, with a decrease in rainfall in the 
dry and pre-season and an increase in the rainy season. In Alto 
SF, projections indicate a decrease in rainfall in the dry and rainy 
season and an increase in the pre-season.

For annual temperature, the results show an increase in 
both the minimum and maximum temperatures throughout the 
basin, in the two RCP scenarios analyzed. With regard to monthly 
averages, the results for minimum and maximum temperatures 
indicate, in general, also an increase for the three periods analyzed, 
in the two scenarios adopted, especially between 2060 and 2100.

In the context of  climate change, the uncertainties 
associated with RCMs and scenarios need to be assessed in order 
to implement effective management practices and make informed 
decisions. The results are used as input to hydrological and water 
resource management models under climate change scenarios.
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