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“The scary news is: you're on your own now.
But the cool news is: you're on your own now!”

(Taylor Swift)”’



RESUMO

As mudancas climaticas t€ém provocado alteragdes significativas nas respostas hidrologicas,
devido ao aumento da frequéncia e da intensidade de eventos extremos. A Bacia Hidrografica
do Rio Paraopeba, importante afluente do rio Sdo Francisco, enfrentou entre 2013 e 2015 uma
das secas mais severas dos ultimos 70 anos. Diante da importancia socioeconomica e ambiental
da bacia, este estudo teve como objetivo avaliar as respostas hidrologicas da bacia frente as
mudancas climaticas, utilizando-se dos Modelos Climaticos Globais ACCESS-ESM1-5,
TaiESM1, CMCC-ESM2, MPI-ESM1-2-LR-1, NorESM2-MM, MRI-ESM2-0 e CanESMS5, a
partir de duas andlises: verificagao dos padrdes de seca, caracterizados pelos indices SPI e SPEI;
i1) andlise da curva permanéncia, vazdes de referéncia utilizando o Modelo Hidrologico
Distribuido do Instituto Nacional de Pesquisas Espaciais (MHD-INPE). O periodo baseline
compreendeu os anos de 1992-2014. Foram utilizados dois cenarios de forcamento radiativos
(SSP245 e SSP585), distribuidos para o periodo futuro de 2040-2100: 2040. Os resultados dos
indices de seca indicaram tendéncia de intensificacdo e prolongamento dos periodos secos,
especialmente sob o cendrio SSP585. J& as simula¢des de vazdo apresentaram redugdes

consistentes nas vazoes minimas e aumento das vazoes maximas.

Palavras-chave: Mudangas climaticas, vazdo de referéncia, Bacia Hidrografica do Rio

Paraopeba, eventos extremos, indice de secas.



ABSTRACT

Climate change has caused significant changes in hydrological responses due to the increased
frequency and intensity of extreme events. Between 2013 and 2015, the Paraopeba River Basin,
an important tributary of the Sao Francisco River, faced one of the most severe droughts in the
last 70 years. Given the Given the socioeconomic and environmental importance of the basin,
this study aimed to evaluate the hydrological responses of the basin to climate change, using
the Global Climate Models ACCESS-ESM1-5, TaiESM1, CMCC-ESM2, MPI-ESM1-2-LR-1,
NorESM2-MM, MRI-ESM2-0 and CanESM35, based on two analyses: verification of drought
patterns, characterised by the SPI and SPEI indices; ii) analysis of the permanence curve,
reference flows using the Distributed Hydrological Model of the National Institute for Space
Research (MHD-INPE). The baseline period covered the years 1992-2014. Two
socioeconomic forcing scenarios (SSP245 and SSP585) were used, distributed for the future
period 2040-2100: 2040. The results of the drought indices indicated a trend towards
intensification and prolongation of dry periods, especially under the SSP585 scenario. The flow

simulations showed consistent reductions in minimum flows and increases in maximum flows.

Keywords: Climate change, reference flow, Paraopeba River Basin, extreme events, drought

index.



INDICADORES DE IMPACTO

Visto que as agdes antropicas tém influéncia inequivoca na intensificagdo das mudangas
climaticas, visto que ha aumento da concentragdo de gases do efeito estufa que geram, por
consequéncia, aumento da temperatura da superficie global, esse trabalho tem como objetivo
entender as respostas hidrologicas frentes as alteracdes no clima. A éarea de estudo ¢ a bacia
hidrografica do rio Paraopeba, no estado de Minas Gerais, responsavel pelo atendimento de
diferentes usos de agua, tais como irrigagdo, abastecimento urbano, industrial, dessedentagao
de animais, exploragdo mineral, dentre outros. E importante ressaltar que a bacia também ¢
responsavel pelo abastecimento de 53% da populagdo na regido metropolitana de Belo
Horizonte. Visto que a bacia detém um grande papel socioecondmico e ambiental no estado,
essa pesquisa visou compreender comportamento hidroldgico, considerando o clima futuro em
relacdo ao clima presente, com a utilizacdo de Modelos Climaticos Globais. Para isso, a
pesquisa se divide em dois grandes eixos: 1) verificacao dos indices de secas (SPI e SPEI); ii)
analise do deflavio pelo MHD-INPE e interpretagdo das vazdes de manutencao, passiveis de
conflito. Diante disso, os resultados permitirdo auxiliar as politicas publicas locais nas
estratégias de mitigagdo e adaptacdo, frente as mudangas climaticas, de forma a preservar o

acesso a dgua e seus respectivos usos na bacia.



IMPACT INDICATORS

Given that anthropogenic actions have an unequivocal influence on the intensification of
climate change, due to the increase in global surface temperature, this study aims to understand
the hydrological responses to climate change. The area studied is the Paraopeba River basin in
the state of Minas Gerais, which is responsible for supplying water for a variety of uses, such
as irrigation, urban and industrial supply, animal watering, and mineral exploration, among
others. It is important to highlight that the basin is also responsible for supplying 53% of the
population in the metropolitan region of Belo Horizonte. Since the basin holds a significant
socioeconomic and environmental role in the state, this research aimed to understand
hydrological behavior, considering the future climate in relation to the present climate, using
Global Climate Models. To achieve the objective, the research is divided into two main areas:
1) verification of drought indices (SPI and SPEI); ii) analysis of runoff by MHD-INPE and
interpretation of maintenance flows, which are subject to conflict. The results will help local
public policies in mitigation and adaptation strategies in the face of climate change, to preserve

access to water and its respective uses in the basin.
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PRIMEIRA PARTE

1 INTRODUCAO GERAL

O Sexto Relatério de Avaliagdo (AR6) do Painel Intergovernamental de Mudancas
Climaticas (IPCC) afirma que as ac¢des antropicas, sobretudo associadas a intensificagao do uso
de combustiveis fosseis ¢ as alteracdes no uso e cobertura da terra, exercem influéncia
inequivoca no aumento da temperatura da superficie global (IPCC, 2023, Medeiros et al., 2022).
Conforme pontuado pelo IPCC, entre os anos de 2011 e 2020, a temperatura na superficie da
terra foi 1,1°C maior do que no periodo pré-industrial, de 1850 a 1900.

As mudangas climaticas t€ém sido associadas ao aumento da frequéncia e da intensidade de
eventos extremos, como secas prolongadas, ondas de calor e chuvas intensas, episodios os quais
impactam diretamente o ciclo hidrologico e a disponibilidade hidrica (Zakhia et al., 2021,
Alvarenga et al., 2025; Moura et al., 2025). Como consequéncia das alteracdes no clima
verifica-se a intensificagdo da competicdo entre os multiplos usos da dgua, ampliando as
vulnerabilidades socioecondmicas (Siqueira et al., 2021).

As consequéncias das mudancas climaticas na bacia ja sdo notorias. Entre 2013 e 2015, o
estado de Minas Gerais enfrentou a pior seca dos ultimos 70 anos, que teve um impacto
significativo na bacia do rio Paraopeba (Santos e Silva, 2015). Durante o periodo de escassez,
registrou-se um declinio nos niveis de armazenamento do sistema Paraopeba, atingindo 28,7%,
20,4% e 5,2% da capacidade total dos reservatorios de Rio Manso, Serra Azul e Vargem das
Flores, respectivamente (Pinto, 2024).

Nesse contexto, a bacia do rio Paraopeba (BHRP) se destaca por diversas atividades
econdmicas, tais como centros industriais, minerarios, hidrelétricas e grandes centros urbanos
de relevancia econdmica e cultural (Barros da Silva et al., 2015; CBHSF, 2017; Duraes e Mello,
2013; Soares et al., 2022, Alvarenga et al., 2025). Além disso, a bacia abrange uma totalidade
de 48 municipios e ¢ responsavel pelo abastecimento de 53% da populagao residente na regido
(Aguilar e Coutinho de Paula; 2020, Honorato et al., 2025, Franca et al., 2025).

Como ferramenta para gestao dos recursos hidricos e a possibilidade de se obter projegdes
futuras, os modelos hidrologicos vém sendo cada vez mais utilizados para o melhor
entendimento das respostas hidroldgicas associadas as mudangas climaticas e a altera¢ao do uso
e cobertura do solo (Alvarenga et al., 2020, Alvarenga et al. 2025). Dentre os diversos modelos
hidrologicos existentes, 0 Modelo Hidrologico Distribuido (MHD-INPE), desenvolvido pelo
Instituto Nacional de Pesquisas Espaciais (INPE) (Rodriguez e Tomasella, 2016) se destaca por
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permitir a integragao dos modelos atmosféricos em estudos de mudancas ambientais. Além
disso, o modelo vem sendo empregado de forma satisfatoria em bacias variando entre 5 e 1,4
milhdes de km? (Oliveira et al., 2023; Tomasella et al., 2022).

Dentre as aplicagcdes do MHD-INPE, destaca-se o estudo de Pinto (2024), onde foi avaliada
a seguranga hidrica, com base em seis diferentes cendrios, as mudangas no uso e cobertura do
solo e o consumo de agua na bacia. A partir dos resultados obtidos, a autora observou possiveis
impactos na geragdo de energia elétrica na Usina Hidrelétrica (UHE) Retiro Baixo, integrante
da bacia do Paraopeba.

Zékhia et al. (2021) avaliaram os efeitos das alteragdes climaticas na bacia do Ribeirdao
Jaguara. A modelagem utilizou de trés modelos climaticos globais (HadGEM2-ES, MIROCS e
CanESM2) e os cenarios RCP4.5 e RCP8.5, obtidos do CMIP5. Os resultados indicaram para
todos os cenarios a redugdo da precipitagdo e da vazao sazonal, além do aumento da temperatura
ao longo do século.

Dias e Rodriguez (2025) avaliaram os efeitos das mudangas climaticas na alta bacia do rio
Sao Francisco (cabeceira da bacia até a UHE de Trés Marias) utilizando o MHD-INPE. Os
autores utilizaram os dados climaticos diarios do modelo EC-EARTH sob o cenario RCP 8.5,
considerando o periodo de 1981-2010 para caracterizagao do periodo baseline e 2011-2100 para
as projecdes futuras. Os resultados indicaram forte tendéncia de redugdo das vazdes nas sub-
bacias analisadas, com reducdes médias chegando a 36,4% no exultorio da bacia do rio
Paraopeba.

Com base nas proje¢des do Coupled Model Intercomparison Project Phase 6 (CMIP6,
traduzido como Comparagao entre Modelos Acoplados), o estudo elaborado Siqueira et al.
(2021) avaliou os efeitos das mudangas climaticas em bacias do Cerrado brasileiro, dentre elas
a bacia do rio Paraopeba. A partir do modelo SWAT (Soil & Water Assessment Tool), os autores
utilizaram sete modelos climaticos globais e dois cendrios do CMIP6 (SSP245 e SSP585). Os
resultados indicaram redugdo na vazao média mensal e as condi¢des de escassez sao acentuadas
no futuro meédio.

Em funcdo da relevancia econdmica, social e ambiental da bacia, torna-se importante a
compreensdo dos efeitos das mudancas climaticas no futuro proximo, intermediario e final do
século, de forma a se avaliar o impacto das mudangas do clina na hidrologia na regido. Assim,
serd possivel contribuir para a formacao de politicas publicas adequadas para manutencao das
atividades existentes, verificacao de possiveis areas de conflito que podem auxiliar a gestao dos

recursos hidricos na bacia (Caldeira et al., 2018; Melo et al., 2024).
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2  REFERENCIAL TEORICO

2.1 Modelagem Hidrologica

A modelagem hidrolégica ¢ uma importante ferramenta na gestdo dos recursos hidricos,
pois permite representar, em escalas espaciais e temporais, os processos fisicos do ciclo
hidrolégico em uma bacia hidrografica (Warren, 2013; Spruil et al., 2000). Os registros
histéricos indicam que a modelagem hidroldgica teve inicio ha mais de um século, com o
desenvolvimento de equagdes para descrever processos hidrologicos, visando prever vazdes
maximas com base em eventos pluviométricos (Almeida e Serra, 2017). Um exemplo classico
¢ o Método Racional que, apesar de ter sua origem incerta, os primeiros registros ocorreram por
volta de 1889 (Carvalho, 2020).

Com os avangos tecnologicos e a crescente necessidade de obtengdo de séries hidroldgicas
longas e representativas, a partir da década de 1950, com o aumento da disponibilidade de dados
hidrometeorologicos e maior difusdo do uso de computadores, houve aceleracdo dos processos
de obtengdo e analise de dados, até entdo limitados aos métodos estocasticos (Tucci, 2005;
Marinho Filho et al., 2012).

Desse modo, dado a vasta disponibilidade de modelos, torna-se necessario compreender as
diferentes classificacdes dos modelos para identificar suas limitagdes. Portanto, a escolha de
um modelo deve ser feita considerando a aplicacdo desejada, a disponibilidade de dados
preliminares da area, o nimero de pardmetros necessarios € o nivel de detalhamento dos
processos hidrologicos (Alvarenga, 2020).

Os modelos estocasticos sdo descritos por Marinho Filho et al. (2012) como aqueles em
que uma das variaveis envolvidas possui comportamento aleatdrio, ou seja, segue uma
abordagem de probabilidade de ocorréncia (Caldeira et al., 2018). Em contrapartida, nos
modelos deterministicos as variaveis estatisticas sdo desconsideradas, de modo que cada valor
de entrada resulta em um unico valor de saida (Moreira, 2005).

Os modelos empiricos, chamados também de “caixas-pretas”, ndo se baseiam em
principios fisicos, mas sim em tendéncias extraidas de analises estatisticas, sendo simples e
pouco robustos (Caldeira et al., 2018; Moreira, 2005). Os parametros de entrada e a
caracterizagdo da estrutura sdo feitos por séries temporais, sem que haja necessidade de
conhecimento das bacias hidrograficas (Pinheiro e Naghettini, 2010). Por outro lado, os

modelos conceituais baseiam-se na representacao fisica para analise do comportamento do
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sistema (Tucci, 2005) e os processos hidrologicos sao representados por equagdes matematicas
simplificadas (Melo et al., 2022).

Quando verificados em relacdo a escala de tempo, os modelos hidrolégicos podem ser
classificados como discretos ou continuos (Caldeira et al., 2018). Quando o modelo ¢ discreto,
a modelagem ¢ feita apenas para alguns instantes do periodo a serem representado pelo modelo
(Marinho Filho et al., 2012), ou seja, as entradas, processamento ¢ saidas sao definidos para um
periodo isolado da série. Os modelos continuos sdo aqueles que se caracterizam pelos
fendmenos sucessivos no tempo (Santana, 2018) e apresentam maior detalhamento, uma vez
que a simulag@o engloba com maior exatiddo as fases do ciclo hidrolégico (Marinho Filho et
al., 2012).

A variabilidade espacial, no entanto, ndo é considerada nos modelos concentrados, de
modo que as varidveis de entrada e saida sdo representativas para toda area de estudo (Santos,
2018). Dessa maneira, os componentes do ciclo hidrologico, tais como: precipitagdo,
evaporacao, infiltracdo e escoamento, sdo analisados em termos médios na bacia (Marinho
Filho et al., 2012).

Por outro lado, nos modelos distribuidos a variabilidade das caracteristicas da bacia sdo
consideradas relevantes para a simulagdo chuva-vazao, de forma que o espago e o tempo sdo as
principais variaveis (Carvalho, 2020). Para esses modelos, a bacia hidrografica ¢ dividida por
sub-bacias ou c€lulas, e podem ser semidistribuidos e distribuidos, respectivamente (Viola,
2008). No entanto, um dos principais desafios desses modelos € simular as interagcdes no meio
entre geomorfologia, grupo hidrolégico e vegetacdo em relagdo a infiltragdo e escoamento
superficial (Alvarenga et al., 2017).

Nos modelos estacionarios ndo ocorrem variagdo temporal e os parametros sao constantes
ao longo da simulacdo (Moreira, 2005), diferente dos modelos dindmicos onde a variagdo
temporal ¢ considerada e, com isso, os parametros do modelo e as relagdes entre as variaveis
podem ser modificadas ao longo do tempo, refletindo as mudangas nas condi¢des hidrologicas.

Simular a resposta hidrologica de uma bacia ¢ fundamental para melhoria da gestdo dos
recursos hidricos (Viola et al., 2009). Dentre as principais aplicagdes, destacam-se a previsao
de cheias e inundagdes, gestdo dos recursos hidricos, caracterizagdo dos impactos das mudancas
climaticas e de uso e cobertura do solo, dimensionamento de estruturas hidraulicas, analise de

vazoes de referéncia, entre outros (Caldeira, 2018).
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2.2 Painel Intergovernamental sobre Mudancas Climaticas (IPCC)

O Painel Intergovernamental sobre Mudangas Climaticas (IPCC) foi fundado em 1988 pela
Organizacao Meteoroldgica Mundial (OMM) e pelo Programa das Nagdes Unidas para o Meio
Ambiente (PNUMA). O IPCC nao tem carater deliberativo ¢ nem conduz estudos proprios.
Portanto, sua principal funcao ¢ sintetizar em seus reports as principais pesquisas cientificas a
nivel global, que fornecem evidéncias robustas sobre as mudancas climaticas. Assim, permitem
acesso a informacdo em escala mundial, permitindo que os diversos niveis de governos possam
entender os avancos das mudancas no clima, de forma que se crie estratégias para mitigar,
gerenciar e desenvolver politicas publicas relacionadas a essas alteragdes (Machado, 2024;
Pollitt et al., 2024).

O primeiro Relatério de Andlise (AR1) foi publicado pelo IPCC no ano de 1990 (Pollitt et
al., 2024). Com base nas conclusdes do ARI, era de conhecimento que as a¢des humanas
influenciavam a emissdo dos gases de efeito estufa, no entanto, ndo apresentava carater de
urgéncias em relacdo as mudancas climaticas, uma vez que se acreditava que o efeito estufa era
uma ocorréncia natural (Abud et al., 2023). O primeiro relatdrio serviu como base para a criacao
da Conven¢dao-Quadro das Nagdes Unidas sobre a Mudanca do Clima (UNFCCC), United
Nations Framework Convention on Climate Change (IPCC, s.d.). Além disso, foi criado com
base nos cenarios SA90s, que descreviam caminhos de alta emissdo (SA90-A), crescimento
lento, dado a eficiéncia energética (AS90-B) e dois cenarios de mitigagao (SA90-C e SA90-D)
(Pedersen et al., 2022).

Em 1995, o Segundo Relatorio Cientifico (AR2) ampliou os temas abordados pelo ARI,
incluindo atualiza¢ao dos SA90, denominados de IS92. Nesse relatorio, foram estabelecidas as
bases para o Protocolo de Kioto que ocorreu em 1997 (Marengo e Soares, 2007; Pedersen et
al., 2022).

O terceiro Relatorio de Avaliacdo (AR3), publicado em 2001, evidencia que a maior parte
do aquecimento global observado nos ultimos 50 anos ¢ atribuido as atividades humanas e
destaca a vulnerabilidade dos paises em desenvolvimento e das comunidades de baixa renda
frente as mudangas climaticas (Marengo e Soares, 2003).

Em 2007, o Quarto Relatorio de Avaliacdo (AR4), destacou que as mudangas climéaticas
estavam sendo observadas em todos os continentes, com um aumento na temperatura global
variando entre 2 °C e 4,5 °C acima dos niveis pré-industriais. O relatorio delineou diferentes
cenarios de emissoes, chamado de Special Report on Emissions Scenarios (traduzidos como

Relatério Especial sobre Cenarios de Emissdes) e alertou os governos sobre o impacto global
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no atraso na implementagdo de medidas para reduzir as emissdes de gases poluentes e
estabilizar os riscos climaticos (Marengo e Valverde, 2007; Zahkia, 2020).

O Quinto Relatério de Avaliagdo (ARS), publicado em 2014, aborda os efeitos das
emissoes de gases de efeito estufa em quatro novos cendrios temporais de emissoes,
denominados de Representative Concentration Pathways (RCP) (traduzido como Caminhos
Representativos de Concentracao). Os RCPs (RCP26, RCP45, RCP60 e RCP85) sao projecdes
climaticas que consideram o clima futuro, a forcante radiatiava na atmosfera, emissdo e
concentragdo dos gases de efeito estufa (IPCC, 2014; Anjos et al., 2018; Zéahkia, 2020).

O Sexto Relatorio de Avaliagao (AR6), publicacdo mais recente até o momento, contou
com a aprova¢ao de 234 autores e 195 governos e destaca que temperatura da superficie global
¢ 1,1°C maior de 2011 a 2020 do que comparado com o periodo pré-industrial, de 1850 a 1900.
Em linhas gerais, o documento elucida que a influéncia antropogénica nas mudangas climaticas
¢ inequivoca, tornando-se um problema nao somente para o futuro, como também para o clima
presente. Inclusive, ¢ previsto que até¢ 2030 a temperatura aumentara cerca de 1,5°C (IPCC,
2022; Pereira de Sousa, 2024). Essa marca, no entanto, foi alcangada em 2024 (Copernicus,
2025).

O ARG se baseia na sexta fase do Coupled Model Intercomparison Project (CMIP6),
traduzido como Projeto de Comparagdo entre Modelos Acoplados. Esse projeto visa
compreender os efeitos das mudancas climaticas no clima passado, presente e futuro, analisando

a variabilidade natural do clima frente as forgantes radioativas (Reis Junior et al., 2023).

2.3 Modelos Climaticos

Os modelos climaticos sao ferramentas que fornecem uma representacdo matematica das
condi¢gdes atmosféricas, permitindo a previsao das condigdes meteoroldgicas para dias
consecutivos, estacdes do ano e proje¢des do clima futuro para décadas e até séculos (Zahkia,
2020). Conforme destacado por Monteiro e Cabral (2025), os modelos climaticos possibilitam
verificar a tendéncia do clima em determinado periodo, mas ndo de um dia especifico. Portanto,
a partir deles, torna-se também possivel considerar os efeitos das alteragdes antropogénicas, tais
como o aumento das emissoes de gases de efeito estufa e alteragdes no uso e cobertura do solo
(Sampaio et al., 2014).

Os modelos climaticos sao subdivididos em Modelos Climaticos Globais (MCGs) e
Modelos Climaticos Regionais (MCRs). Os MCGs sdo de suma importancia para avaliar a

variabilidade climatica natural e as mudangas climéaticas induzidas principalmente pela emissao
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dos gases de efeito estufa (GEEs) (Reboita et al., 2024; Siqueira et al., 2021). Em relagao a
resolugdo espacial, os MCGs apresentam resolucdo horizontal de centenas de quilometros
(Zahkia, 2020).

Em contrapartida, os MCRs possuem uma resolugao espacial menor, da ordem de dezenas
de quilometros, o que possibilita a melhor representagao de precipitagdes intensas e estiagem,
além de caracteristicas do sistema, como topografia, vegetacdo, entre outros (Sales et al., 2015;
Zahkia, 2020; Oliveira et al. 2023).

Dias e Reboita (2021) avaliaram o desempenho de 46 MCGs sobre a América do Sul
tropical durante o periodo historico (1996-2014). A partir dos modelos analisados, sete se
mostraram satisfatorios para aplicagdo em pesquisas (E3SM-1-0, EC-Earth3, EC-Earth3-
AerChem, EC-Earth3-Veg, IPSL-CM6A-LR, MPI-ESM1-2-LR e TaiESM1).

Reboita et al. (2024) avaliaram cinquenta MCGs do CMIP6 para cinco regides da
Ameérica do Sul durante o periodo de 1995-2014. Dentre as regides analisadas, trés sdo do
Brasil: regido Amazonica, Nordeste e Sudeste. A analise levou em consideracgao os resultados
para temperatura e precipitagdo. De acordo com os autores, para a regido do Sudeste, os
modelos que se mostraram mais adequados para simular a precipitacdo foram ACCESS-CM2,
ACCESS-ESM1-5 e EC-Earth3-Veg-LR e para a temperatura, os modelos CAMS-CSM1-0,
CMCC-CM2-HR4 e GFDL-ESM4 foram os mais satisfatorios.

2.4 Coupled Model Intercomparison Project — Sixth Fase (CMIP6)

O Coupled Model Intercomparison Project (CMIP), projeto criado em 1995 pela World
Climate Research Programme (WCRP), tem como propdsito fornecer modelos climaticos de
forma que permita ter uma melhor compreensao do clima passado, presente e futuro (Bazzanela
et al., 2024, Moura et al., 2025).

Em comparagdo com outras geragdes dos CMIPs, o CMIP6 destaca-se pelas melhorias
na magnitude dos extremos de temperatura, em escala global, além de representar melhor os
declinios na precipitagdo. E, ao contrario do CMIP5 que fornece somente os cendrios de
forgantes radioativas, a sexta fase considera a evolugdo socioecondmica atrelada ao Produto
Interno Bruto (PIB) e a urbanizagao (O’neill et al., 2017; Reis Junior et al., 2023, Farias et al.,
2024). E importante destacar, ainda, que os cenérios climaticos do CMIP6 embasaram o ARG,
publicacdo mais recente até o momento do [PCC

Medeiros (2022) avaliou as mudangas projetadas para o Brasil utilizando os modelos

disponibilizados do CMIP3 ao CMIP6. Conforme constado pelo autor, nem sempre a evolucao
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do CMIP traz, de fato, melhorias nas representacdes do clima atual e projegdes futuras e
menores incertezas nos resultados para eventos extremos no Brasil. Contudo, o estudo constatou
que para a regido sudeste, onde se encontra a BHRP, o CMIP6 mostrou-se mais adequado para
avaliar as respostas hidrologicas do que quando comparado as outras geragcdes do CMIP.

O CMIP6 apresenta os cendrios Shared Socioeconomic Pathways (SSPs), traduzido como
Caminhos Socioeconomicos Compartilhados. Os SSPs sdo compostos de cinco narrativas que
correlacionam as tendéncias socioecondmicas, demograficas, tecnoldgicas, politicas e
institucionais (O’neill et al., 2017, Moura et al., 2025). Os SSPs sdo combinados aos RCPs,
possibilitando a analise dos cenarios futuros a partir de metas de forcantes radioativas
projetadas até 2100 e variam de 2.6 a 8.5 Wm™ (watts por metro quadrado) em relacdo ao
cenario prévio a revolugdo industrial (Tebaldi et al., 2021). Dessa forma, os SSPs distinguem
entre si a partir do quanto sistema climatico absorve de gases do efeito estufa a partir das
mudangas sociopoliticas para alcance do forcamento (Soares e Correa, 2023, Neres et al., 2025).

As narrativas incluem desenvolvimento sustentavel, desenvolvimento intermediario,
rivalidade regional, desigualdade e desenvolvimento com combustiveis fosseis. Os cenarios
SSP119 e SSP126 referem-se as baixas emissoes, relativo a perspectiva em que 0s governos
seguem gradualmente e rigorosamente as metas climaticas. Verifica-se, portanto, redu¢do das
desigualdades sociais, cooperacdo entre paises, investimento em politicas publicas e transi¢do
demografica, aplicacdo de energias renovaveis e limpas. Esse processo, gera,
consequentemente, baixos desafios para adaptacdo e mitigagdo (O’neill et al., 2017; Petrielli,
2024; Farias et al., 2024).

O cenario SSP245, correspondente as médias emissdes, representa o “meio do caminho”,
em que as tendéncias de melhoria ndo mudam acentualmente em relag@o aos padroes historicos.
Nesse cenario, verifica-se que o consumo de combustiveis fosseis, embora verifique-se
reducdes, seu uso continua sendo presente. Em relagcdo as desigualdades, os investimentos nas
politicas ndo sdo suficientemente elevados e a desigualdade social entre paises ainda ¢
acentuada. Em fun¢do das tendéncias médias, o desafio mitigagdo e adaptagdo ¢ moderado
(O’neill et al., 2017; Petrielli, 2024; Farias et al., 2024; Hanna et al., 2024).

O cendrio SSP370 ¢ caracterizado por uma rivalidade regional. Nesse cendrio, verifica-
se uma alta desigualdade, especialmente nos paises nao desenvolvidos, além da baixa prioridade
entre os paises nas questdes relacionados a sustentabilidade. Desse modo, os desafios para
mitigagdo e adaptacao sao altos (O’neill et al., 2017).

Na narrativa SSP4, correspondente a desigualdade, observa-se que os investimentos em

capital humano sao desiguais, gerando disparidades econdmicas e desigualdades globais. Nesse
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sentido, verifica-se um abismo entre sociedades ricas € economias emergentes, que reflete na
dificuldade dos paises mais pobres em prover acesso a agua, saneamento basico e saude para a
populagdo mais carente. O poder se concentra em elites, marginalizando grupos vulneraveis,
enquanto aumenta a instabilidade social. Investimentos em energia se diversificam,
equilibrando combustiveis de alta emissao e alternativas de baixo carbono diante da incerteza
dos mercados (O’neill et al., 2017).

Por fim, o cenéario SSP585 elucida uma sociedade impulsionada por uso de combustiveis
fosseis, que gera, consequentemente, maiores desafios para mitigagao (Petrielli, 2024; Farias et
al., 2024). Nesse cendrio, ¢ muito provavel que a temperatura da superficie global esteja de 3,3

a 5,7°C acima da temperatura atingida entre 1850 e 1900 (IPCC, 2022).

2.5 Modelagem Hidrologica utilizando o Modelo Hidrologico Distribuido (MHD-INPE)

O Modelo Hidrolégico Distribuido (MHD-INPE), desenvolvido pelo Instituto Nacional de
Pesquisas Espaciais (INPE), ¢ classificado como um modelo hidrolégico deterministico e
distribuido (Rodriguez e Tomasella 2016). O modelo representa os processos chuva-vazio a
partir dos componentes do balango hidrico e da propaga¢do do escoamento na bacia e permite
a integragao de modelos atmosféricos em estudos de mudancas ambientais globais.

Alguns autores verificaram que a performance do MHD-INPE ndo era satisfatoria em
pequenas bacias (Amaral et al., 2017), contudo o trabalho de Melo et al. (2022) na bacia do
Ribeirao Lavrinha (6,76 km?) e de Zahkia et al. (2021) na bacia do Ribeirdo Jaguara (33 km?),
corroboraram a possibilidade de aplica-lo também para bacias de pequeno porte. Atualmente,
o modelo vem sendo empregado em bacias variando entre 5 e 1,4 milhdes de km? (Oliveira et
al., 2023; Tomasella et al., 2022).

Originalmente, o MHD-INPE foi criado para analisar as respostas hidroldgicas na
Amazonia frente aos impactos das mudancgas do uso e cobertura do solo. Contudo, atualmente
vem sendo empregado em outras aplicacdes, tais como previsdo de vazdo de eventos extremos
(Negrao et al., 2016; Costa et al., 2023; Falck et al., 2025), estimativa de umidade no solo (Dal’
Agnol etal., 2015), projecdes de impactos causados pelas alteragdes no clima em bacias (Zahkia
etal., 2021; Melo et al., 2022; Oliveira et al., 2023), seguranga energética diante das mudangas
climaticas (Paiva et al., 2024; Von Randow et al., 2019), mudanca de uso e ocupagdo do solo
(Pilotto et al., 2023; Oliveira et al., 2022; Rodriguez e Tomasella, 2016), previsdes de desastres
hidrologicos (Gongalves et al.,, 2014); avaliagdo da seguranca hidrica em relagdo ao uso e

cobertura do solo e consumo de agua (Pinto, 2024).
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O MHD-INPE discretiza a bacia em grades regulares de modo que em cada célula sao
simulados os processos do ciclo hidrolégico e o escoamento resultante ¢ propagado por uma
rede de drenagem. Seus modulos de resolugdo incluem: o balango de dgua no solo, evaporagao
de superficie de agua livre (zonas saturadas, interceptacao e evapotranspiragdo), diferentes
escoamentos (superficiais, subsuperficiais e subterraneos) e o escoamento na rede de drenagem.
O modelo permite a interagao de modelos atmosféricos em estudos de mudangas ambientais
globais (Rodriguez e Tomasella, 2016).

Conforme Tomasella et al. (2022), para a resolu¢do da evapotranspiragdo e dos fluxos de
agua na célula, sdo utilizadas trés camadas: superior/superficial, intermedidria/transmissao e
inferior/saturada. A camada superior, que responde rapidamente as demandas atmosféricas,
corresponde a geracdo de escoamento superficial e subsuperficial, ¢ drena para a camada
intermediaria, que por sua vez ¢ responsavel pela manutencao da evapotranspiragdo em épocas
de estiagem, atuando como um reservatorio para vegetacao com raizes profundas, caracteristico
do bioma cerrado e florestas. Além disso, essa camada tem funcdo de retardar a recarga
subterranea em ocorréncias de chuva. Por fim, a camada inferior caracteriza-se pelo fluxo de
base.

Os processos de obten¢do do escoamento e a separacdo de fluxos no MHD-INPE sdo
modelados por meio da integragdo de conceitos de distribui¢do probabilistica da capacidade de
armazenamento, como utilizados no modelo Xinanjiang (Ren-Jun, 1992; Zhao et al., 1995 apud
Negrao et al., 2016), juntamente com os principios adotados no TopModel (Beven; Kirkby,
1979 apud Negrao et al., 2016). As metodologias estabelecem uma correlagao entre a resposta
hidrologica da bacia e os padrdes de auto-organizacdo observados em grande escala (Sivapalan,
2005 apud Negrao et al., 2016).

De acordo com Tomasella et al. (2022), o MHD-INPE admite que o lengol freatico ¢
paralelo a superficie, de modo que ndo existe uma variagdo linear da transmissividade com
relag¢do a profundidade. Além disso, quando o armazenamento do solo ¢ méaximo, considera-se
que o fluxo subterraneo também ¢ maximo.

Pinto (2024) utilizou o MHD-INPE para avaliar a seguranga hidrica na Bacia do rio
Paraopeba. Para tal, utilizou-se dois cendrios referentes as mudangas no uso e cobertura, sendo:
cenario atual (CA), a partir da consideragdo da evolugdo das alteragdes no uso e cobertura de
1985 a 2018 e, cenario Cl, em que se adotou o mapa de 1985 e consumo de agua para
abastecimento publico, com consumo per capita até 2018. Nesses cenarios, observou-se que,
em seis das sete sub-bacias, ha aumento das vazdes minimas, da evapotranspiragdo e

evaporacdo do dossel. Quanto aos cendrios do consumo de agua (C2, C3, C4 e C5), constatou-
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se a diminui¢ao das vazdes minimas, que traz impactos na geragao de energia elétrica na Usina
Hidrelétrica (UHE) Retiro Baixo.

Zakhia et al. (2021) avaliaram os efeitos das alteragdes climaticas na Bacia Hidrografica
do Ribeirdao Jaguara a partir do MHD-INPE. No estudo, foram avaliados trés modelos
climaticos globais (HadGEM2-ES, Eta-MIROCS e Eta-CanESM?2) e dois cenarios do CMIPS5,
sendo estes RCP4.5 ¢ RCP8.5. Os autores observaram que, em comparagao com o clima
presente, ha uma redugdo na precipitacao no modelo Eta-HadGEM2-ES (RCPS.5, 2071-2099)
de 87,3%. Em contrapartida, para as proje¢oes com uso do modelo Eta-MIROCS, verifica-se
um aumento da precipitagdo mensal de 167,2% (RCP4.5, 2041-2070). Em todos os cenarios,
constatou-se um aumento na temperatura média até o final do século. No que diz respeito as
precipitagdes sazonais, para o clima futuro, todas as estagdes apresentam reducao, com excegao
do inverno. Os autores concluem que caso as proje¢des se concretizem até o fim do século, ha
possibilidade de impactos na produtividade agricola de pequenos agricultores residentes na
bacia.

Melo et al. (2024) analisaram as incertezas nas estimadas de escoamento de longo termo,
considerando cenarios futuros, a partir da utilizacdo dos modelos hidrologicos Budyko e MHD-
INPE. As projegdes climaticas foram obtidas a partir do MRC Eta-Model, com resolugao de 20
km. Foram simulados os cenarios RCPs 4.5 e 8.5, com utilizagdo dos modelos MIROCS,
HadGEM2-ES, CANESM?2 e BESM. Em relacdo aos resultados observados, para as estimativas
de longo prazo, as projecdes futuras de escoamento superficial de longo termo foram superiores
com utilizacdo do método de Budyko quando comparado ao MHD-INPE em condi¢do com
maior precipitacdio e menor aridez. Quando comparado a maior aridez, observa-se um

comportamento contrario.

2.6 Mudancas climaticas e o ciclo hidrolégico

De acordo com Medeiros (2024), independente do CMIP utilizado, os cenarios futuros
indicam que o Brasil sera altamente impactado pelas mudangas climaticas. A ocorréncia desses
eventos, tais como secas e chuvas extremas, contribui para o aumento do estresse hidrico e sdao
acelerados pelas agdes antropicas (Brunett et al., 2021, Barbino et al.,, 2024). O bem-estar
humano ¢ intrinsicamente ligado a variabilidade climatica (Zakhia, 2021). Assim, a ocorréncia
de eventos extremos pode gerar impactos sociais, ambientais e afetar a multiplicidade de usos
da 4gua em diversas regioes, interferindo na relacdo d4gua-comida-energia (Ribeiro et al., 2023;

Siqueira et al., 2021; Zahkia, 2021).
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Desse modo, a analise das variaveis climaticas e das consequéncias das alteragdes no clima
torna-se essencial ndo apenas para o entendimento do regime de temperatura e precipitacao,
mas também para avaliar impactos em outras esferas socioecondmicas ¢ ambientais. Dentre
elas, destacam-se (i) crises na agricultura, com perdas de safras e consequentes aumento dos
precos dos alimentos; (i1) ameaga e alteracdo de ecossistemas, (iii) impactos na producao de
energia elétrica; (iv) risco de inundagdes; (v) disseminagao de doencas transmitidas por vetores
e aumento da incidéncia de doengas de veiculacdo hidrica (Alvarenga et al., 2018; Abud et al.,
2023; Barcellos et al., 2009, Bolson e Haonat, 2016).

Uma vez que a influéncia das agdes antrdpicas na intensificacdo dos eventos extremos €
inequivoca, faz-se necessario estudar os riscos ¢ impactos das alteragdes no clima de forma a
promover estratégias de mitigacdo frente a esse problema. Em funcdo disso, diversos cientistas
estudam a relagdo do ciclo hidrolégico em relagcdo as mudancas climaticas (Guimaraes et al.,
2016; Medeiros et al., 2022). A seguir sdo apresentadas algumas alteragdes observadas na
hidrologia utilizando diferentes metodologias.

Oliveira et al. (2017) avaliaram os efeitos das mudangas climaticas na geragao de energia
na Bacia do Alto Rio Grande, local onde se concentra os reservatorios da usina de Camargos,
Itutinga e Funil. O modelo hidrologico foi simulado pelo SWAT a partir de dois modelos
climaticos globais e dois cendrios do AR5 (RCP4.5 e RCP8.5). Os resultados indicaram redu¢ao
na vazao média mensal e no escoamento superficial. Segundo os autores, estima-se uma queda
no potencial de geracdo de energia elétrica, frente aos cenarios analisados, que varia de 6,1 %
a 58,6 % ao longo do século.

Alvarenga et al. (2018) estudam os impactos das mudancgas climaticas na vazdo média
sazonal e no balanco hidrico da Bacia Hidrogréafica Lavrinha, afluente da bacia do Rio Grande.
A avaliagdo foi feita através do Distributed Hydrology Soil Vegetation Model (DHSVM), com
base nos cendrios RCP4.5 e RCP8.5 do Eta-HadGEM2-ES presentes do AR5 IPCC. O periodo
de base (clima presente) compreendeu os anos de 1961 a 1990 e os cendrios futuros foram
divididos em trés periodos, sendo: 2011-2040, 2041-2070 e 2071-2099. Os resultados
indicaram reducdo na vazao sazonal para todos os periodos analisados, bem como para os
cenarios RCPs. Em relacdo ao escoamento, para o verdo, observou-se reducao de -80,35 % e -
74,24 %, sob os cenarios RCP4.5 e RCP8.5, respectivamente.

Siqueira et al. (2021) avaliaram os efeitos da conservacdo de agua e solo e o
reflorestamento de areas riparias na bacia hidrografica de Trés Marias (que compreende os
afluentes Alto Sao Francisco, Para e Paraopeba), localizada no Cerrado brasileiro, no contexto

das mudancgas climaticas. O modelo hidrologico utilizado foi o SWAT, com calibragdo e
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validacdo compreendendo os periodos de 1992-2005 e 2006-2012, respectivamente. A
simulagdo contou com a utilizagdo de sete modelos climaticos globais e dois cenarios do
CMIP6, sendo estes SSP245 e SSP585. Os resultados indicaram redu¢do na vazao média
mensal e condicOes de escassez acentuadas no futuro médio e distante. Os resultados indicaram
que o atendimento as necessidades de subsisténcia humana podem ser comprometidas até o
final do século, afetando a relagdo 4gua-comida-energia.

Silva et al. (2021) estudaram os impactos das mudangas climaticas nos reservatorios do rio
Sao Francisco, incluindo o reservatorio de Retiro Baixo, que faz parte da BHRP. O estudo
também quantificou o aumento das demandas por agua, que impactam diretamente o
desempenho desses reservatorios. Foram avaliados cinco modelos climaticos de circulagao do
CMIP6, dois cenarios de projecdes (SSP245 e o SSP585) e os timeslices 1971 a 2000, como
baseline, e as projecdes futuras de 2015 a 2050. Os resultados indicaram aumento da
evapotranspiracao ¢ aumento da demanda do consumo humano, sendo obtido um indice de
Confiabilidade menor que 60% e menor que 50% para o indice de Resiliéncia, que pode
impactar o desempenho do reservatdrio de Retiro Baixo.

Os eventos de secas sdo fendmenos naturais, contudo, com o avan¢o das mudancgas
climaticas, a ocorréncia desses episddios torna-se cada vez mais frequente (Alvarenga et al.,
2025; Rotbeei et al., 2025). Dentre as metodologias de quantificacdo das secas difundidas na
literatura, destaca-se o SPI, que vem do inglé€s Stantardized Precipitation Index, proposto por
McKee (Lima et al, 2022; Bosco e Valverde, 2022). Esse indice, endossado pela World
Meteorological Organization (WMO), utiliza somente a distribui¢cdo de precipitagdo nos seus
calculos, o que torna o processamento computacional menos complexo (Rezaiy e Shabri, 2024).
O SPI vem sendo aplicado em diferentes areas, tais como agricultura, abastecimento urbano,
energético e econdmico, de modo que se compreenda os efeitos da seca nesses usos (Sun et al.,
2024).

No contexto das mudangas climdticas, os indices de seca, juntamente com os modelos
climaticos globais, permitem caracterizar esses eventos para o futuro curto, médio e final do
século. Contudo, avaliar esses eventos ¢ um desafio, dado que sua ocorréncia se dd em uma
resolugdo menor do que apresentada por esses modelos (Oliveira et al., 2024).

Na bacia do Rio Verde, Conceicdo et al. (2024) avaliaram as secas meteorologica e
hidroldgicas a partir de projecdes climaticas dos cenarios RCP4.5 e RCP8. Foram empregados
os indices SPI (Standardized Precipitation Index) e SPEIl (Standardized Precipitation
Evapotranspiration Index) para o clima presente (1961-2005) e futuro (2005-2099). Para o

clima futuro, verificou-se que em ambos os cendrios, os resultados para o SPI foram
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semelhantes. Quando considerado o SPEI, constatou-se que para o cenario RCP4.5, ha
tendéncia de extremos de seca nos anos 2083/2084 e 2098/2099 para os municipios de Lavras,
Machado e Sao Lourengo.

Com a utilizacdo do CMIP6, fase mais atualizada das gera¢des do CMIP, Ferreira et al.
(2023) avaliaram as secas hidrologicas na América do Sul para o periodo futuro (2020-2099)
considerando dois cenarios de emissdes, SSP245e¢ SSP585. Para representacao do clima futuro,
foram selecionados oito modelos climaticos globais da sexta fase do CMIP, dentre eles CMCC-
CM2-SR5, CMCC-ESM2, EC-Terra3, GFDL-ESM4, IPSL-CM6A-LR, MIROC6, MPI-
ESM1-2-LR ¢ MRI-ESM2-0. Os resultados indicaram o aumento ¢ duracdo dos eventos de
seca, com maior severidade nas regides Nordeste, Centro-Oeste e¢ Sudeste do Brasil,
principalmente no cendrio SSP585.

Na Regido Metropolitana do Vale do Paraiba, no estado de Sao Paulo, Bosco e Valverde
(2022) também avaliaram os efeitos das mudangas climaticas no comportamento da
precipitacdo para quatro sub-regides. Para tal, adotou-se os cendrios SSP245 ¢ SSP585 e os
modelos climaticos de circulagio CNRM-CM6-1-HR, EC-EARTH3 e¢ MPI-ESMI1-HR,
presente no CMIP6. Os resultados indicaram que para todas as sub-regides, o nimero de anos
classificados como secos sobrepde-se aos classificados como umidos.

A disponibilidade hidrica de uma bacia pode ser afetada pela intensificagdo da urbanizagado
e aumento de demandas, gestao ineficiente pelos 6rgaos governamentais, atividades antrdpicas
e as mudancas climaticas (Tundisi, 2008). Entre 1990 e 2020, verificou-se perdas de 4gua em
quase todas as regides hidrograficas no pais (Figueiredo et al., 2024). E importante também
destacar que a seguranga hidrica envolve ndo apenas a quantidade de 4gua, mas também a
qualidade. Desse modo, os recursos hidricos devem atender os multiplos usos (ao curto e longo
prazo) e ser acessivel (fisicamente e financeiramente) (Rosa et al., 2021; Figueiredo et al.,
2024).

De acordo com o Instituto Mineiro de Gestdo das Aguas (IGAM), existem, atualmente, 57
areas de conflito declaradas no estado de Minas Gerais (2019), estando a maioria concentrada
na regido noroeste do estado. Apesar de, atualmente, nenhuma dessas areas estarem localizadas
dentro da BHRP, estudos realizados na bacia mostram um desequilibrio entre oferta e demanda
de 4gua. Além disso, até o final do século XXI, prevé-se aumento na propor¢do de pessoas

vivendo sob condigdo de escassez hidrica (Espindola e Ribeiro, 2023).
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Abstract

Meteorological droughts have been occurring with greater frequency and intensity, impacting
water security in various regions. Between 2013 and 2015, the Paraopeba River Basin in
southeast Brazil experienced its most severe drought in the last 70 years, resulting in low
levels in the Paraopeba system reservoirs, which supplies 53% of the Metropolitan Region of
Belo Horizonte, the third largest metropolitan area in Brazil. This study evaluated the climate
models” performance from the NEX-GDDP-CMIP6 through drought indices projections,
specifically the Standardized Precipitation Index (SPI) and Standardized Precipitation Evapo-
transpiration Index (SPEI). The results showed that seven climate models can represent the
current climate in the basin. For the drought’s projection, the indices were used in two time
scales (six and twelve months) for both the current climate and two future scenarios (SSP245
and SSP585). Our results highlight the intensification of droughts throughout the twenty-
first century, with greater intensification in the SSP585 scenario. The SPEI indicated trends
towards drier conditions, particularly under the SSP585 scenario and on the twelve-month
timescale. These findings demonstrate the relevance of climate change and drought indices
on the projections, supporting public policies for mitigation and adaptation, especially in
strategic regions for water supply and hydro-electric generation.

Keywords: future projections; drought events; water security; basin

1. Introduction

Droughts are defined by a reduction in precipitation in relation to normal climatologi-
cal patterns for a given region and period. While droughts are natural phenomena, they
have been intensified by the effects of climate change [1,2]. This occurs because the increase
in temperature at the earth’s surface has caused significant changes in the hydrological
cycle, resulting in an increased frequency and intensity of extreme weather events [3,4].

Between 2013 and 2015, the Minas Gerais state faced its worst drought in 70 years [5].
The Paraopeba River Basin, for example, showed reduced reservoir levels, reaching 28.7%,
20.4%, and 5.2% of the total capacity of the Rio Manso, Serra Azul, and Vargem das
Flores reservoirs, respectively [6,7]. These reservoirs supply approximately 53% of the
Metropolitan Region of Belo Horizonte, which is approximately three million people [8,9].
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Identifying droughts is challenging due to the complexity involved in measuring
their intensity, duration, and magnitude [10,11]. Droughts are commonly classified as
meteorological, agronomic, hydrological, or socioeconomic, depending on their predom-
inant impacts and temporal characteristics [12,13]. The accurate timing, identification,
monitoring, and prediction of these events is essential for effective mitigation strategies
and adaptation to resource scarcity [14,15].

Drought indices are widely used tools that aim to quantify the severity, duration, and
extent of drought in different climate regimes [3,12,16,17]. The Standardized Precipitation
Evapotranspiration Index (SPEI) [18] and the Standardized Precipitation Index (SPI) [19]
are examples of these tools that are widely applied in drought studies. The SPI is calculated
by fitting a Probability Distribution Function (PDF) to a precipitation time-series. This
enables the identification of dry and wet periods across various timescales [20]. Similarly,
the SPEI incorporates both precipitation and evapotranspiration, as it calculates a water
balance, which variation is also described by a PDF. This allows for the assessment of
temperature impacts, providing a more robust index [11,21].

In the context of climate change, Global Climate Models (GCMs) serve as essential
tools for representing the physical and chemical characteristics of the atmosphere, boosted
by anthropogenic activities [22-24]. Because climate events are interconnected on a global
scale, modeling the atmosphere remains challenging due to uncertainties related to climate
variability and local topography [13,25]. Thus, the NASA-Earth Exchange Global Daily
Downscaled Projections (NEX-GGDP-CMIP6) climate model, developed from the sixth phase
of the Coupled Model Intercomparison Project, incorporates bias correction and spatial
disaggregation to account for the impacts of local topography on the climate. This database is
a valuable resource for projecting drought conditions, especially in strategic regions for water
supply and hydroelectric energy generation, such as in the Paraopeba River Basin.

The objective of this study is to assess meteorological drought projection in the
Paraopeba River Basin. To achieve this goal, the performance of CMIP6 models was
assessed for the current scenario by comparing observations against model precipitation es-
timations. Then, drought projections were evaluated using the SPI and SPEI for the current
climate, SSP245, and SSP585 emission scenarios at six- and twelve-month timescales and
for the future period (2040 to 2100).

2. Materials and Methods
2.1. Study Area Description

The Paraopeba River Basin, a sub-basin within the Sao Francisco River Basin, encom-
passes an area of 12,500 km?, situated between latitudes —44.92 and —43.68 and longitudes
—20.93 and —18.71 (see Figure 1). The region features diverse topography, with elevations
ranging from 571 m to 1614 m. The geological composition includes rocks from the Crys-
talline Complex, ferruginous formations of the Minas Group, and various sedimentary
deposits, as well as fault systems that impact groundwater hydrology [7,8]. Average annual
precipitation across the basin ranges from 1120.1 mm to 1550.7 mm.

The Paraopeba hydrological system is a key source of water supply for the Metropoli-
tan Region of Belo Horizonte, which is the third largest in Brazil. The economic activities
within the basin include mining, industrial operations such as steel, textile, food, automo-
tive, and petrochemical manufacturing, urban centers, and hydroelectric plants, including
Salto do Paraopeba (2.45 MW) and Retiro Baixo (82.0 MW). Consequently, intensified
droughts in this region can result in considerable economic losses that affect irrigation,
agricultural production, power generation, water supply, and navigation.
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Figure 1. Geographical location of the Minas Gerais state in South America (a), Paraopeba River
Basin location in the Minas Gerais state (b), and Paraopeba River Basin digital elevation model and
hydropower plants (c).

2.2. Climate Change Projections Database

The climate change projections were obtained from the NASA Earth Exchange Global
Daily Downscaled Projections (NEX-GDDP-CMIP6), which provides high-resolution sce-
narios based on CMIP6 models [26]. This dataset uses bias correction, i.e., a spatial dis-
aggregation method, and applies spatial disaggregation using the global meteorological
forcing dataset, integrating local topography effects on precipitation [26-28].

Seventeen climate models from the NEX-GDDP-CMIP6 [29] were used in this study.
These models supplied meteorological data for the control period, defined as the current
climate from 1950 to 2014, during which greenhouse gas concentrations remain unchanged.
Additionally, the models offer data for four of the five Shared Socioeconomic Pathway (SSP)
scenarios—SSP126, SSP245, SSP370, and SSP585—for the years 2015 to 2100. Each scenario
aligns projected radiative forcing by the end of the century with trends in socioeconomic,
demographic, technological, political, and institutional factors [30,31].

This study examines two scenarios derived from CMIP6: SSP245, categorized as an
intermediate pathway, and SSP585, representing the most pessimistic scenario. SSP245
reflects moderate efforts to reduce fossil fuel consumption; however, these reductions
are insufficient, leading to its classification as a trend scenario. In contrast, SSP585 as-
sumes persistent high dependence on fossil fuels, meaning that the global average surface
temperature may increase between 3.3 °C and 5.7 °C above the pre-industrial period.

In addition, this study analyzed the future period from 2040 to 2100, subdivided into
three time slices: 2040-2060 (near future), 2061-2080 (mid-future), and 2081-2100 (end of
the century). This analysis extended to the SSP245 and SSP585 emissions scenarios using
drought indices (SPI and SPEI).

2.3. Current Scenario

Seventeen climate models (NEX-GGDP-CMIP6) were assessed for the period from 1992
to 2014. The performance of the models with respect to observed precipitation was evaluated
using statistical metrics. The Brazilian Daily Weather Gridded Data (BR-DWGD) [32]
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serves as the observational dataset, incorporating data from 11473 rain gauges and 1252
weather stations, which were interpolated by inverse and angular distance weighting.
These observed datasets were compared to precipitation outputs from climate models. For
validation, drought indices calculated from climate models (NEX-GGDP-CMIP6) were
compared with those obtained from BR-DWGD datasets using correlation coefficients (r).

2.4. Climate Model Performance

The performance of the climate models (NEX-GDDP-CMIP6) was carried out consid-
ering the simulated precipitation data, as the Global Circulation Models account for an
additional uncertainty regarding precipitation projections [22,24,33]. The performance of
the climate models in relation to the observed precipitation data (BR-DWGD) was verified
by statistical metrics (0sim, Oobs, RMSE, and RMSEbias) that also allowed the analysis of
the index Dpjepie [2]- In this index, three criteria are evaluated:

1. Osim = Oobs;
2. RMSE < 0gjm;
3. RMSEias < Osim

Therefore, if the three criteria are fulfilled, the index of Dpjeji can be calculated by
Equation (1).
RMSE = RMSEy;.s
+ +

Oobs Oobs

1)

Driike = ABS (1 - i:‘)
obs

where 0O, is the standard deviation of the simulated data, o, is the standard deviation
of the observed data, RMSE is the Root Mean Squared Error, and RMSE,;,4 is the Mean
Square Error after the removal of a constant bias.

If Dpjejkeindex < 2, the model is adequate [34]. Therefore, the lowest value of the index
indicates better simulations. Based on this index, the best GCM that performs satisfactorily
in the Paraopeba River Basin can be identified. The index was satisfactorily applied in the
study conducted by [31], which evaluated temperature and precipitation simulations for
Brazil using CMIP6 data.

Finally, it used the correlation (CORR) that evaluates the performance of the simulated
data (ensemble) against the observed data in the following database: Brazilian Daily
Weather Gridded Data (BR-DWGD) [32]. For this assessment, the thresholds established
by [35] were adopted, as is shown in Table 1.

Table 1. Correlation thresholds established by [35].

Classification CORR
Very Strong CORR > 0.9
Strong 0.7 < CORR <09
Moderate 0.5 < CORR < 0.7
Weak 0.3 <CORR<0.5
Very weak 0 <CORR<0.3

2.5. Drought Indices: Standardized Precipitation Index (SPI) and Standardized Precipitation and
Evapotranspiration Index (SPEI)

Precipitation data are required to calculate the Standardized Precipitation Index (SPI)
index. The Standardized Precipitation and Evapotranspiration Index (SPEI), on the other
hand, requires temperature data in addition to precipitation. For the study area, these
datasets were obtained from the best NEX-GDDP-CMIP6 models.

The Standardized Precipitation Index (SPI) is a metric used to evaluate wet and dry
periods across multiple timescales, based exclusively on precipitation data. Its calcula-
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tion involves fitting historical precipitation records to a PDF, typically a gamma distri-
bution. Subsequently, transforming the resulting probabilities via the inverse standard
Gaussian distribution to obtain “z” values that represent the SPI. The Standardized Pre-
cipitation Evapotranspiration Index (SPEI), as developed by [10], incorporates not only
precipitation but also potential evapotranspiration within an atmospheric water balance
framework (P — ET). For estimating potential evapotranspiration, it is recommended to
employ a method that utilizes mean monthly temperature data [36].

In the study, both SPI and SPEI analyses were performed using the SPEI package in the
RStudio software (version 1.1.456). Is it important to highlight that the package uses default
log-logistic distribution for the SPEI [37] and Gamma distribution for the SPI [38]. However,
the parameter distribution can be modified by the user. The SPI and SPEI can be calculated
across various timescales; in this study two temporal scales, six and twelve months, were
used (SPI-6, SPI-12, SPEI-6, and SPEI-12). For drought characterization, negative values
correspond to drought conditions, while positive values indicate wet conditions (Table 2).

Table 2. Classification of drought occurrence.

SPI and SPEI Classification
>2.0 Extremely wet
1.5 to0 1.99 Severely wet
1.00 to 1.49 Moderately wet
0.1t00.99 Incipient wet
0to —0.99 Abnormally
—1.00 to —1.49 Moderately dry
—1.50 to —1.99 Severely dry
>—2.0 Extremely dry

3. Results
3.1. Climate Model Performances and Drought for the Current Scenario

The initial step involved assessing the GCM simulations using the selected perfor-
mance statistics. In this context, seven models with the lowest Dp;qe Values were selected:
ACCESS-ESM1-5, TaiESM1, CMCC-ESM2, MPI-ESM1-2-LR-1, NorESM2-MM, MRI-ESM2,
and CanESMS5, as shown in Table 3.

Table 3. Monthly precipitation simulated by the climate models analyzed in the period from 1992 to
2014 (current scenario).

Model Osim Oobs RMSE RMSEyp,;as Dpielke
ACCESS-ESM1-5 103.96 104.69 10.50 9.80 0.20
TaiESM1 102.61 104.69 10.93 10.80 0.22
CMCC-ESM2 104.56 104.69 12.44 11.54 0.23
MPI-ESM1-2-LR-1 104.87 104.69 12.72 12.15 0.24
NorESM2-MM 108.84 104.69 14.94 14.59 0.24
MRI-ESM2 102.59 104.69 13.04 13.04 0.27
CanESM5 103.78 104.69 14.25 13.96 0.28
INM-CM5-0 102.11 104.69 13.80 12.80 0.28
EC-Earth3-Veg-LR 100.59 104.69 13.28 13.23 0.29
INM-CM4-8 107.74 104.69 18.14 16.48 0.30
MIROC6 103.00 104.69 16.60 16.31 0.33
EC-Earth 3 103.16 104.69 17.63 16.91 0.34
GFDL-ESM4 100.42 104.69 15.78 15.76 0.34
ACCESS-CM2-1 102.85 104.69 17.51 17.10 0.35
MPI-ESM1-2-HR 102.62 104.69 20.88 19.85 0.41

Based on these precision statistics, these seven models are adequate to promote SPI
and SPEI projections in the Paraopeba River Basin. The ACCESS-ESM1-5 model showed the
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lowest Dpjgjie index and the best precipitation simulation results (Table 3). These climate
models are also aligned with the results of [39], as four of them are ranked in the Top 10
CMIP6 for representing South America’s climate. Additionally, Ref. [31] found that climate
models (CMIP6) accurately fit the climate of the Minas Gerais state, the region where the
Paraopeba River Basin is located.

Regarding the mean ensemble of the seven climate models’ selected performance, there
is a strong correlation between them (CORR = 0.99) (Figure 2). Thus, the mean ensemble of
the selected models of the NEX-GGDP-CMIP6 collection showed good performance when
compared to the observed data (BR-DWGD). The results are shown in Table 3 and Figure 2.

Figures 3 and 4 present SPI and SPEI calculations derived from an ensemble of seven
climate models (NEX-GDDP-CMIP6) and observed data sourced from the BR-DWGD
database under the current scenario. Figure 3a—d) demonstrates that simulated data cor-
responds with observed data for both drought indices across the two time scales. Similar
patterns appear in Figure 4a—d, with correlation coefficients between 0.43 and 0.56. Differ-
ences are more apparent and sporadic in SPI-6, SPI-12, and SPEI-6. The index’s magnitude
increases notably for SPEI-12 (Figures 3d and 4d).
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Figure 2. Mean monthly precipitation of the seven GCMs (ensemble) and the observed data from the
BR-DWGD in the current scenario.
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Figure 3. Standardized Precipitation Index (SPI) and Standardized Precipitation and Evapotranspira-
tion Index (SPEI) estimated by the ensemble climate model and with observed climate data for the
Paraopeba River Basin. (a) SPI-6—six months; (b) SPI-12—twelve months; (c) SPEI-6—six months;
and (d) SPEI-12—twelve months.
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Figure 4. Scatter plots comparing SPI and SPEI values derived from the ensemble climate mod-
els (NEX-GDDP-CMIP6) versus BR-DWGD, for the period 1992 to 2014 and for different timescales.
(a) SPI-6—six months; (b) SPI-12—twelve months; (¢) SPEI-6—six months; (d) SPEI-12—twelve months.

The datasets show agreement (Figure 3a—d), indicating that the ensemble of climate
models can be applied to monitor meteorological drought projections. These findings
align with those of [40], who highlighted that variations among datasets may result from
various sources of uncertainty, such as meteorological data interpolation, spatial resolution
effects, and station data gaps—factors that can influence the fitted statistical distribution,
particularly at its extremes.

3.2. SPI and SPEI Projections

The SPI, in the SSP245 scenario presents alternating periods of rain and drought, with
most dry periods classified as abnormally dry and severe drought (Figure 5a,b). For the
period from 2080 to 2090, droughts have become more frequent and severe, with extreme
droughts being observed.

Under the SSP585 scenario, there is notable interannual variability across all cases,
along with a trend indicating increased frequency and intensity of drought events, par-
ticularly toward the end of the century (SPI < —2). The SPI-12 scenario indicates more
extended and clearly defined droughts compared to the SPI-6, suggesting longer-lasting
impacts on drought conditions (Figure 5c,d).

It is important to note that, while the SPI can predict droughts, a more realistic
assessment of drought conditions is achieved through indices such as the SPEI. Considering
the SPEI under the SSP245 scenario at the six-month timescale indicates an increase in
drought events, mainly at the end of the century. In the period from 2061 to 2080, moderate
and severe droughts account for approximately 15.79% and 7.89% of observed cases. By
the end of the century, our projections suggest a reduction in abnormal droughts and a rise
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in severe and moderate drought occurrences, expected to account for 26.09% and 22.28% of

occurrences, respectively (Figure 6a,b).
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Figure 5. Standardized Precipitation Index (SPI) projected over the 21st century for the Paraopeba
River Basin: (a) scenario SSP245—six months; (b) scenario SSP245—twelve months; (c) scenario
SSP585—six months; and (d) scenario SSP585—twelve months.
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Considering the SSP585 scenario (Figure 6¢,d), abnormal droughts mostly occur in the
periods 2040-2061 and 2061-2080. Moderate droughts represent 8.33% of the events for the
near future, declining by half for the mid-future period. In contrast, by the end of the century,
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extreme and moderate droughts are projected to increase by 5.53% and 34.10%, respectively.
Abnormally dry and severe droughts are less frequent than in the SSP245 scenario.

The observed increases in the SPEI-6 and SPEI-12 reflect dry and prolonged events
that correspond with the substantial temperature rises anticipated by the end of the century
under the SSP585 scenario (Figure 6¢,d). As a result, precipitation is insufficient to meet
atmospheric water demand, leading to a notable water deficit in the Paraopeba River Basin.
Consistent with the findings of [40], this study demonstrated that the trends were more
pronounced for SPEI than for the SPI, highlighting the influence of rising temperatures.

Figure 7 presents an analysis of the SPEI and SPI using box plots for three periods:
2040-2060 (near future), 2061-2080 (mid-future), and 20812100 (end of the century). In
the near future, positive means were observed with slightly lower values in the SSP585
scenario compared to SSP245 scenario. For 2081-2100, SPEI-12 indicates drier conditions
compared to the SPEI-6 timescale, suggesting a higher prevalence of water deficits under
the higher emission scenario. Additionally, this scenario displays a lower interquartile
variation, which may reflect reduced interannual variability and persistent dry conditions

throughout the period.
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Figure 7. Boxplot of 20402060, 2061-2080, and 2081-2100 periods for the SPI and SPEI for the
Paraopeba River Basin, in the SSP245 and SSP585 scenarios and timescale of six and twelve months.

4. Discussion

Promoting greater awareness of drought is essential [17,18]. Increasingly arid condi-
tions can jeopardize water availability for various needs, including human consumption,
agriculture, industry, and hydropower generation, and have significant impacts on the con-
servation of aquatic ecosystems and biodiversity. Droughts are further linked to heightened
risks of severe fires and soil degradation. Anticipated water conflicts in the study region will
be significant, such as drinking water resources, agricultural irrigation, and hydropower
production, which are substantial demands in the Paraopeba River Basin. The quantification
of recent and projected droughts under SSP scenarios reveals a trend of more frequent and
intense droughts as a consequence of climate change. The ecological and socioeconomic
effects may potentially contribute to broader societal disruptions in the future. Enhanced
scientific understanding of drought dynamics, their impacts, and temporal changes is critical
for informing policymakers, water resource managers, and the public.

Climate signals have provoked a disruptive effect on the Brazil’s energy security [3,4,38].
Considering that 64% percent of country’s total electricity supply is provided by hydropower,
climate oscillation has affected hydroelectric outputs, and demand—supply needs to shift to
higher-cost thermal power, a mix of renewables, and fossil fuel-based generation during
drought periods. Additionally, other similar results are reported by [41] in Brazil, using the
SPEI and several climate models (CMIP6 CM6, CM6HR, HadGEM3, IPSL, ESM2, Earth3,
and UKESM1) suggested that by 2075, droughts may account for approximately 35% of the
country’s agricultural production loss.

The SPEI and SPI produced different results because the former index accounts for
increased evapotranspiration due to rising temperatures [3], mainly for the end of the
century, under a high emission scenario (5SP585). Since the SPI only considers precipitation,
the SPEI incorporates atmospheric evaporative demand, increasing its sensitivity to climate
changes. The analysis indicates a continuous water deficit, primarily associated with higher
rates of evapotranspiration. The SPEI could be more appropriate than the SPI to monitor
drought conditions potentialized by warming conditions, especially in longer timescales,
as verified in the end of century scenario.

This study uses a twelve-month timescale to assess meteorological drought, which
can support future investigations into the links between meteorological and hydrological
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droughts. These findings are relevant for hydrological modeling and projecting drought
impacts on livelihoods and economic development.

The limitations of this research include reliance on the Thornthwaite method for
potential evapotranspiration, which only uses temperature and may not be accurate under
future climate conditions. Future research should adopt more physically based methods,
such as the reference evaporation used in [40].

Discrepancies may occur because the downscaled projections were bias-corrected
using an observational dataset that does not include all stations present in the BR-DWGD
dataset (as shown in Figures 3 and 4). Bias correction of CMIP6 current scenarios using
BR-DWGD directly could prevent these differences and is expected to offer a more accurate
representation of the spatial variability of the SPI and SPEI, given the broader coverage
of surface observations in the BR-DWGD dataset. Uncertainties remain in future climate
scenarios due to limitations in the climate models’ ability to reproduce the magnitude and
duration of drought, as noted by [33], which also impacts estimations of the SPI and SPEL

5. Conclusions

The results of this study showed that the climate models (CMIP6), obtained by the
NEX-GDDP-CMIP6 collection, can represent the precipitation and drought patterns in the
Paraopeba River Basin. With the use of performance metrics, the models ACCESS-ESM1-5,
TaiESM1, CMCC-ESM2, MPI-ESM1-2-LR-1, NorESM2-MM, MRI-ESM2-0, and CanESM5
showed the best performance for the basin.

To characterize the drought, the SPI and SPEI were adopted in two time scales (six
and twelve months). Future projections from 2040 to 2100 and two scenarios, SSP245
(intermediate) and SSP585 (pessimistic), were considered. On both time scales analyzed,
there was an increase in extreme, moderate, and severe droughts at the end of the century.
Severe droughts can increase by 12.24% and 8.59% (SPI) and 22.8% and 17.97% (SPEI) on
the six-month timescale, in the SSP245 and SSP585 scenarios, respectively. On the twelve-
month timescale, these droughts can increase by 17.14% (SPI), 19.25% (SPEI), 17.12% (SPI),
and 19.21% (SPEI), respectively, for the SSP245 and SSP585 scenarios.

Under analysis by the SPEI, it is verified that by the end of the century (2081-2100)
there will be an increase in the magnitude of droughts, especially due to the increase in
evapotranspiration, which contributes to greater climate dryness. In this period, there is a
tendency for the occurrence of prolonged droughts. Thus, the SPI does not accurately reflect
the spatial and temporal variability of drought conditions in the context of climate change,
but the SPEI does. In general, the SPEI can be a good indicator for assessing drought, as it
revealed that water deficit projections might occur, especially in the SSP585 scenario in the
twelve-month timescale.

Droughts increase socioeconomic and environmental vulnerability, compromising
the water availability of a basin, putting its food, energy, and economic security at risk.
Considering that the Paraopeba River Basin plays a strategic role in the generation of
electricity and in urban water supply, our results can be used for the projection of drought
under the effects of climate change. The results of this study can contribute to guiding
public policies for the mitigation and adaptation to these extreme events, to strengthen the
resilience of water systems, and ensure the sustainability of natural resources in the region.
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Abbreviations

The following abbreviations are used in this manuscript:

CMIP6I Coupled Model Intercomparison Project Phase 6
CORR Correlation

BR-DWGD  Brazilian Daily Weather Gridded Data

GCM Global Climate Models

SPEI Standardized Precipitation Evapotranspiration Index
SPI Standardized Precipitation Index

SSPs Shared Socioeconomic Pathways

RMSE Root Mean Squared Error

RMSEbias ~ Mean Square Error After the Removal of a Constant Bias
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Abstract

Climate change significantly affects hydrological responses, yet studies addressing future
water availability in the Paraopeba River Basin (PRB), an important tributary of the Sao
Francisco River Basin in Brazil, remain limited, particularly under CMIP6 scenarios and us-
ing distributed hydrological modeling approaches. In this context, this study evaluated the
hydrological responses of the PRB, under climate change using the MHD-INPE. Future pro-
jections were based on an ensemble of seven climate models from the NEX-GDDP-CMIP6
collection, considering a baseline period (1992-2014), three future periods 17(2040-2060,
2061-2080 and 2081-2100) and two socioeconomic scenarios (SSP245 and SSP585). The
model satisfactorily reproduced observed streamflow during the baseline period. Under
the SSP585 scenario, the projections indicate stronger alterations in water availability, with a
potential intensification of flood and drought events, as reflected by reductions in minimum
streamflows (Qgp) and increases in maximum streamflows (Qj), particularly in sub-basins
4 and 5, where Qq( reductions approach 30% and Qg increases reach 11.7%. Additionally,
a decrease in Qy 19 values was observed, which enabled the analysis of the Conflict Index
(Icg), indicating that water withdrawals currently granted may exceed the limits established
by existing legislation in future scenarios (Igc > 1).

Keywords: hydrological modeling; MHD-INPE; water availability; climate change;
Paraopeba River Basin; CMIP6

1. Introduction

The Sixth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) indicates that global surface temperature is approaching and in some recent records
exceeding the 1.5 °C threshold, highlighting the acceleration of climate change and its
intensification in recent decades [1-3]. These climatic changes disrupt the hydrological
cycle, increasing the frequency and intensity of extreme events such as droughts, heat
waves, and extreme precipitation [4-6]. Such changes directly affect water availability,
posing risks to ecosystems, infrastructure, and water-dependent economic sectors.
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Hydrological imbalances intensify competition among multiple water uses, amplify-
ing social, environmental, and economic vulnerabilities [7-9]. In this context, the Paraopeba
River Basin (PRB), an important tributary of the Sao Francisco River, plays a strategic role
in regional water security. The basin supplies approximately 53% of the population of
the Metropolitan Region of Belo Horizonte and supports industrial, mining, hydroelec-
tric, and urban demands [10-14]. The severe water scarcity observed between 2013 and
2015 exposed the basin’s vulnerability to hydroclimatic extremes and reinforced the need
for robust long-term projections of water availability. Beyond climate stress, the PRB is
also a highly disturbed basin, where intensive land use, mining activity, and multiple
abstractions can modify runoff generation and baseflow maintenance, increasing sensitivity
to both drought and flood hazards [10-14].

To evaluate hydrological responses under future climate conditions, Global Climate
Models (GCMs), combined with hydrological models, have become essential tools for the
mathematical representation of atmospheric processes across different time scales under fu-
ture climate conditions [6,15,16]. Among the various existing GCMs, the models of the sixth
phase of the Coupled Model Intercomparison Project (CMIP6) are particularly noteworthy.
Compared to previous generations of CMIPs, CMIP6 demonstrates improvements in the
simulation of temperature extremes at the global scale, in addition to a better representation
of precipitation declines. In contrast to CMIP5, which only provides scenarios based on
radiative forcings, the sixth phase incorporates the Shared Socioeconomic Pathways (SSPs),
consisting of five narratives that link socioeconomic, demographic, technological, political,
and institutional trends [17,18]. These narratives include the SSP245 and SSP585 scenarios,
which represent intermediate and pessimistic pathways, respectively.

Among the various modeling tools in hydrology for assessing climate change, the
Distributed Hydrological Model of the National Institute for Space Research (MHD-INPE)
demonstrated ability to represent rainfall-runoff processes and enables the integration of
atmospheric model outputs in studies of global environmental change [17]. The MHD-
INPE has been used satisfactorily in studies on the impacts of climate change [13,16,17].
Ref. [16] evaluated the effects of climate change with MHD-INPE in the Ribeirao Jaguara
Watershed using three global climate models (HadGEM2-ES, Eta-MIROCS5, and Eta-
CanESM2) and two scenarios, RCP4.5 and RCP8.5. Similarly, ref. [17] analyzed the un-
certainties in long-term runoff estimates, considering future RCP 4.5 and 8.5 scenarios,
using MIROC5, HadGEM2-ES, CANESM?2, and BESM climate models in Budyko and the
MHD-INPE model.

Previous studies provide important foundations but also reveal methodological gaps
that motivate the present work. Ref. [18] showed that changes in vegetation cover and
land-use configuration can substantially alter components of the water balance, supporting
the use of distributed modeling for identifying spatially heterogeneous vulnerabilities
within the PRB. However, that approach was primarily designed for land-use scenarios
and historical-period behavior and did not quantify climate change-driven shifts in legally
relevant low-flow metrics or future multi-model uncertainty. Similarly, at the Sao Francisco
Basin scale, ref. [19] integrated CMIP6 projections with consumptive demand trajectories
and reservoir system modeling. Although these results highlight basin-wide vulnerability
and the value of integrating climate with management variables, such analyses are typically
conducted at macro-basin resolution, limiting their ability to identify sub-basin hotspots
and to evaluate allocation metrics used in local permitting practice.

Studies in Brazilian basins have commonly linked GCM projections and hydrological
models to evaluate future water availability and demand. These studies provide impor-
tant demonstrations of hydrological models applicability, but they also reflect common
limitations, including the predominance of RCPs forcing. Thus, the novelty of this study
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lies in the systematic integration of high-resolution NEX-GDDP-CMIP6 projections with a
distributed hydrological model (MHD-INPE) to evaluate climate change impacts on water
availability in a highly disturbed tropical basin at sub-basin scale. In addition, this study
adopts a sub-basin approach, enabling a more detailed identification of critical areas while
explicitly accounting for the uneven spatial distribution of the population across the basin.
In this context, assessing changes in mean streamflow alone is insufficient, as water man-
agement systems are primarily stressed during extreme conditions. The advancement of
this research lies in assessing hydrological indicators directly related to water management
and legislation (Qy 10, Qgg, and Qy), thereby translating climate projections into operational
implications for water security.

Therefore, this research advances the state of knowledge by employing a larger ensem-
ble of CMIP6 models from the NEX-GDDP collection and by incorporating the SSP245 and
SSP585 scenarios. It is guided by the following research question: How will projected cli-
mate changes under SSP245 and SSP585 scenarios affect water availability in the Paraopeba
River Basin across different future time slices?

In this context, the purpose of this study was to evaluate the impact of climate change
on water availability in the Paraopeba River Basin using the MHD-INPE model. For this
purpose, seven climate models from the NEX-GGDP-CMIP6 collection and two SSP sce-
narios (SSP245 and SSP585) were selected. The climate models were evaluated for three
time-slices: near future, mid-future, and end of the century. The results contribute not
only to advancing hydrological modeling applications under CMIP6 but also to support-
ing adaptive planning strategies aimed at preventing future water supply crises in one
of Brazil’s most socioeconomically relevant basins. Beyond its regional relevance, the
integrated CMIP6-MHD-INPE framework proposed here is transferable to other basins,
contributing to global efforts aligned with Sustainable Development Goals 6 (Clean Water
and Sanitation) and 13 (Climate Action) by supporting sustainable water allocation and
climate adaptation planning.

2. Materials and Methods
2.1. Study Area Description

The Paraopeba River basin (Figure 1), one of the main tributaries of the Sao Francisco
River, rises in the municipality of Cristiano Otoni and runs approximately 510 km to its
mouth at the Trés Marias reservoir in Felixlandia. The basin covers 48 municipalities across
an area of 12,500 km?.

One of the most important sources of water supply is the Paraopeba system, composed
of three reservoirs: Rio Manso, Serra Azul, and Vargem das Flores, which is responsible for
supplying the Belo Horizonte metropolitan region, which corresponds to approximately
3.5 million people [6,13,14,20,21]. The basin has a variety of economic activities, such as in-
dustrial centers (steel, textile, food, automotive, petrochemical, etc.), mining, hydroelectric
plants, and large urban centers of economic and cultural relevance [10-12] and is divided
into three sub-basins: Upper Paraopeba, Middle Paraopeba, and Lower Paraopeba. Mining
activities, which are extensive in the basin, can change natural drainage patterns, affecting
both water quality and flow regimes. Agricultural expansion intensifies water withdrawals
for irrigation and, due to land use changes, contributes to reduced baseflow during dry
periods. Hydropower generation depends directly on streamflow regulation, influencing
reservoir operations and downstream discharge patterns. The combined pressures of
these users amplify the basin’s vulnerability to climate changes, reinforcing the need for
integrated hydrological assessments that explicitly account for the cumulative impacts of
economic activities on water availability and security on a sub basin level.
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Agricultural activities predominate in the Upper and Middle Paraopeba, with pro-
duction mainly supplying the metropolitan region of Belo Horizonte [21,22]. Mining
activities are more concentrated in the Middle Paraopeba, followed by the Lower and
Upper Paraopeba, with emphasis on the production of fine aggregates for civil construction,
ornamental stones, and iron ore [10,22].
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Figure 1. Location of the Paraopeba River Basin. (a) Location in South America; (b) Location in
the state of Minas Gerais; (c) Detail of the Paraopeba River Basin, with the location of hydrometric
stations and respective sub-basins.

Electricity production in the PRB occurs through the Retiro Baixo hydroelectric plants,
with a production capacity of 82.00 MW. There is also a thermoelectric plant in Igarapé [23].
The average annual rainfall in the PRB is 1700 mm in the headwaters and 1150 mm in
the region near the mouth. According to the Koppen climate classification, the basin has three
climate types: Cwb, Cwa, and Aw [11,24]. The Cwb type is predominant, covering about
62.50% of the municipalities, followed by Cwa and Aw with 35.42% and 2.08%, respectively.

2.2. Distributed Hydrological Model of the National Institute for Space Research (MHD-INPE)

The hydrological simulations for future scenarios were performed using the Dis-
tributed Hydrological Model of the National Institute for Space Research (MHD-INPE).
This model is a regular grid distributed model [25], which seamlessly integrates land use
and land cover changes and climate scenarios, making it suitable for the application of
this study.

The runoff generation and flow separation processes in the MHD-INPE are modeled
by integrating concepts of probabilistic distribution of storage capacity, as used in the
Xinanjiang model [26], along with the principles adopted in TopModel [26]. The method-
ologies establish a correlation between the hydrological response of the basin and the
self-organization patterns observed on a large scale.

The input data required for the calibration and validation stages of the hydrological
model include spatial topographic information, rainfall and river flow data, soil class, land
use and cover, and meteorological data [13,25].

For the Paraopeba River Basin, the cells were discretized at approximately 5 km. The
warm-up period covered 1986 to 1987, and calibration and validation were conducted for
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the periods 1996 to 2018 and from 1988 to 1995, respectively, using daily discharges. For
the Retiro Baixo Montante, the warm-up, calibration, and validation periods correspond to
2011 to 2012, 2015 to 2018, and 2013 to 2014, respectively. Considering the statistics indices
average values for the five sub-basins, calibration results showed NSE (Nash—Sutcliffe
Efficiency), LNSE (Logarithmic Nash-Sutcliffe Efficiency), KGE (Kling—Gupta Efficiency),
R? (Coefficient of Determination), and PBIAS (Percent Bias) of 0.81, 0.85, 0.84, 0.82, and
—6.50%, respectively. During validation, the corresponding values were 0.76, 0.75, 0.72, 0.82,
and 9.35%. These results indicate satisfactory overall model performance. The calibration
was performed based on the parameters suggested by [13] with daily data. Additional
details are provided in the referenced study.

To simulate future scenarios, it is necessary to have precipitation and meteorological
data, which consists of five variables: air temperature, dew point temperature, wind speed,
solar radiation, and atmospheric pressure [26].

Climate change projections and future scenarios were obtained from the NEX-GDDP-
CMIP6 (NASA Earth Exchange Global Daily Downscaled Projections) dataset, released
in 2022, which provides outputs from 35 global models from CMIP6 [27]. This database
already presents bias correction, based on the Bias-Correction Spatial Disaggregation
(BCSD) method, and allows for higher-resolution analyses that account for the effects of
local topography on climate processes [28]. The NEX-GDDP-CMIP6 database provides
historical daily data for the period 1950-2014, as well as future projections based on the
Shared Socioeconomic Pathways (SSPs) for the period 20152100, with a spatial resolution
of 0.25° x 0.25° and referenced to the WGS 84 datum [28,29]. It is important to highlight
that this grid was subsequently interpolated to the basin grid.

In this study, seven of the 35 available climate models from the NEX-GDDP-CMIP6
collection were selected based on the evaluation performed by [6], which assessed the
performance of CMIP6 climate models in the Paraopeba River Basin. The assessment
conducted by [6] consisted of an analysis of the performance of 17 models derived from
the NEX-GDDP-CMIP6 collection, focusing on simulated precipitation due to the addi-
tional uncertainty associated with precipitation projections in Global Circulation Mod-
els. The seven best-performing climate models were then selected. Model performance
was evaluated against observed precipitation data from the BR-DWGD grid using sta-
tistical metrics, which enabled the calculation of the Pielke index. The baseline cli-
mate was characterized using data from 1992 to 2014. Future projections were evalu-
ated for the periods 2040-2060 (near future), 2061-2080 (mid-future), and 2081-2100 (end
of the century). For analysis, the scenarios selected were SSP245 (trend scenario) and
SSP585 (pessimistic scenario).

The SSP245 and SSP585 scenarios were selected due to their contrasting trajectories,
which allow changes to be assessed considering different levels of radiative forces and
socioeconomic development patterns. The SSP245 scenario corresponds to average emis-
sions (intermediate scenario), representing the “middle of the road, in which no significant
improvements are observed in relation to historical patterns [6,28,30]. In comparison, the
SP585 scenario represents a society that is highly driven and impacted using fossil fuels,
which have a greater impact on climate change [31,32]. The schematic representation of the
data and projections used in this study is shown in Figure 2.
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Figure 2. Schematic representation of the data input and meteorological variables used in the
MHD-INPE.

2.3. Assessment of the Impacts of Climate Changes

Under baseline scenario, the Qo and Qg streamflow percentiles, which is the stream-
flow exceeded by 10% and 90% of the time, respectively, were evaluated during the valida-
tion of simulated streamflow. Qg reflects high streamflow conditions and may be related to
flood potential, while Qg represents streamflow conditions and is associated with drought
risk and directly related to ecological flows, consumptive water uses, and hydropower.
Changes in these indicators provide information on the intensification of hydrological
extremes and the vulnerability of the basin in future climate scenarios.

In addition, for the future projections, Q7 19 was also evaluated for the PRB, which,
according to IGAM Ordinance No. 48, dated 4 October 2019, Minas Gerais, constitutes the
reference low-flow metric adopted in the state of Minas Gerais and represents a highly
restrictive hydrological condition.

According to data provided by IGAM for the Paraopeba River Basin, in 2023 there were
currently 555 surface water abstraction permits, of which 82% correspond to consumptive
uses and 18% to non-consumptive uses. The main authorized water uses include irrigation,
human consumption, public water supply, livestock watering, industrial use, mining, and
other minor uses.

To calculate Q7 19 values for observed and simulated streamflow data, a probabilistic fit
to the Gumbel distribution was carried out, considering annual mean minimum streamflow
over seven consecutive days and accounting for three time-slices (2040-2060, 2061-2080,
and 2081-2100), which represent the near future, mid-future and end-of-century periods,
respectively. The goodness-of-fit of the series was assessed using the Kolmogorov-Smirnov
test, adopting a significance level of 0.05.

The conflict index Icg (Equation (1), proposed by [33] was also evaluated). This index
evaluated whether the streamflows water permits upstream of the control section exceed
the limits set by the legislation If the (Icg > 1) or are within legal limits (0 < Icg < 1). The
Icg is calculated based on two variables: authorized water uses and Q7 1o streamflows. For
this calculation, the currently authorized water uses in the five sub-basins, as presented
by [13], and Q7 19 in future scenarios were considered.
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where:

Qout granted water withdrawals, (m3/s),
Q7 .10, streamflow rate (m3/s) established by IGAM Ordinance No. 48, of 4 October 2019 [32].

It is important to highlight that the use of 30% of the reference streamflow (Qy 1) is
justified since, in the state of Minas Gerais, where the study basin is located, the authorized
water concession for use corresponds to 30% of Q7 19.

For the streamflows simulated by the MHD-INPE under future projections, statistical
descriptors were also applied, including MWH (hydrological response to high-flow con-
ditions, considering streamflows with a probability of exceedance lower than 5%), MWL
(hydrological response to low-flow conditions, considering flows with a probability of
exceedance greater than 95%), QSM (which represents the average variability of flow coeffi-
cients), and SEASON (which describes flow seasonality). These descriptors are presented
in Equations (2)—(4).

_ 21?:1 Qn
MWH = = ()
L
MWL = % (3)
Qos — Qo2
SM = =08 <02 4
Q 0 (4)
SEASON = W (5)

where:

Qy, flow rate (m3/s) with a probability of exceedance <5%;

Qy, flow rate (m?/s) with a probability of exceedance >95%;
H and L, data in the respective interval;

Qos, flow rate (m3/s) for the 0.8 quantile;

Qo.2, flow rate (m3/s) for the 0.2 quantile;

Q, average flow rate for the entire period;

Qrainy, average between the flow rate for the rainy periods;

Qury, average between the flow rate for the dry periods.

3. Results
Simulated Streamflow in the Baseline Scenario

The observed and simulated streamflows from the ensemble of models (ACCESS-
ESM1-5, TaiESM1, CMCC-ESM2, MPI-ESM1-2-LR-1, NorESM2-MM, MRI-ESM2-0, and
CanESMb5) are presented in the streamflow duration curve (Figure 3), for the baseline
scenario (1992-2014).

In general, the results show a good fit between the observed and simulated daily
streamflows, indicating that the ensemble of climate models satisfactorily represents the
hydrological behavior of each sub-basin. However, as expected, the greatest difficulties
in the simulations are for minimum and maximum streamflows. It is observed that the
greatest tendency to overestimate Q;9 and Qg is evident in sub-basins 1 and 2 (Table 1). This
overestimation can be attributed to the cascade of uncertainties associated with hydrological
processes. It is important to highlight that sub-basins 1 and 2 have small drainage areas
and are in headwater regions, which increases their sensitivity to spatial and temporal
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variability in precipitation. Therefore, in addition to the uncertainties inherent to the

atmospheric processes represented by climate models on a coarser spatial scale, there are
also limitations related to the physical representation of these sub-basins, which may not
adequately capture climate variability at the local scale.

Table 1. Qq, Qs9 and Qg and relative differences in simulated and observed streamflows in sub-

basins 1 to 5. Overestimates and underestimates of simulated streamflow in %.

. Q1o (m/s) Qso Qoo
Sub-Basin
Sim. Obs. Dif. % Sim. Obs. Dif. % Sim. Obs. Dif. %

1 15.74 13.42 17% 6.02 4.85 24% 3.08 2.25 37%
2 111.20 91.34 22% 37.97 29.19 30% 15.38 13.42 15%
3 118.05 117.11 1% 44.28 39.24 13% 20.20 19.26 5%
4 165.50 165.46 0% 54.22 51.94 4% 23.23 24.65 —6%
5 212.26 217.40 —2% 79.20 69.36 14% 34.14 29.47 16%

@) Sub-basin 1 (b) Sub-basin 2
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Figure 3. Streamflow duration curve of simulated flows considering the streamflow observed and
simulated in each sub-basin. (a) Sub-basin 1. (b) Sub-basin 2. (c) Sub-basin 3. (d) Sub-basin 4.

(e) Sub-basin 5.
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It is important to highlight that, according to [17], discharge extremes must be evalu-
ated with caution when assessing future scenarios. Climate models still exhibit uncertainties
inherent to climate processes, due to the dynamic nature of the atmosphere [17,34]. Ad-
ditionally, ref. [35] emphasizes that uncertainties in the coupling of climate projections
and hydrological models may be associated with the complexity of natural systems, the
simplification of hydrological processes, and model parameterization, among other factors.
Ref. [13] also reports difficulties in accurately adjusting extreme streamflows, which may be
related to the extrapolations required in MHD-INPE simulations. These difficulties occur
due to precipitation network data, which is generally sparse at headwaters where altitude
ranges are higher, affecting the spatial distribution of rainfall mainly from extreme events;
and extrapolation of the rating curve especially for high flows.

Given that the ensemble of models demonstrated a good fit between the permanence
curve of observed daily streamflows and simulated streamflows (Table 1 and Figure 3), the
behavior of streamflows in future scenarios in each sub-basin was subsequently evaluated.
Overall, the flow permanence curves reveal significant changes, mainly at the extremes, in
the SSP245 and SSP585 scenarios in the sub-basins considered in this study (Figure 4).

When analyzing the three time slices, the results indicate that the most pronounced
changes in water availability are associated with the SSP585 scenario, particularly toward
the end of the century (2081-2100). The most significant hydrological variability was
observed in sub-basins 4 and 5 (Figure 4g—j). In sub-basin 4 an increase in maximum
streamflows (Qjp) is projected, particularly under the SSP585 scenario, with increases of
10.3% and 11.7%, relative to the near-future period and the end of the century, respectively.
Reductions in Qg were also identified, becoming more pronounced toward the end of the
century, with declines exceeding 20% in both scenarios. In sub-basin 5, Qgg reductions
reach nearly 30% by the end of the century under the SSP585 scenario.
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Figure 4. Cont.
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Figure 4. Streamflow duration curve of simulated flows considering the SSP245 and SSP585 scenarios.
(a) Sub-basin 1 under SSP245 scenario. (b) Sub-basin 1 under SSP585 scenario. (c) Sub-basin 2 under
SSP245 scenario. (d) Sub-basin 2 under SSP585 scenario. (e) Sub-basin 3 under SSP245 scenario.
(f) Sub-basin 3 under SSP585 scenario. (g) Sub-basin 4 under SSP245 scenario. (h) Sub-basin 4 under
SSP585 scenario. (i) Sub-basin 5 under SSP245 scenario. (j) Sub-basin 5 under SSP585 scenario.

In addition to the analysis, Table 2 shows the results of Qy 19 for the future scenarios in
each sub-basin. Except for sub-basin 1 (during the mid-future and end of the century) and
sub-basin 5 (during the mid-future), reductions in Qy ;y were observed in the remaining
sub-basins under the SSP585 scenario when compared to SSP245.

The Conflict Index (Icg) is presented in Figure 5. As shown in this figure, except for sub-
basin 1, the results for future scenarios indicate that the granted water withdrawals tend to
exceed the maximum limits of Q7 1¢. It is worth noting that the risk of water-use conflicts
becomes more pronounced in sub-basins 4 and 5, with the most critical impacts projected
for the end of the century. Under current basin conditions, difficulties in maintaining the
granted streamflows have already been identified, as reported by [13]. Therefore, under
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future climate scenarios, an intensification of water-use conflicts is expected, potentially
compromising basin water security and the sustainability of existing water uses.

Table 2. Qy 1 for the future scenarios in each sub-basin.

Q7,10 (m?/s)

Sub-Basin
SSP245 SSP585
2040-2060
1 2.28 2.09
2 8.90 8.46
3 14.23 12.73
4 17.86 13.74
5 20.85 19.00
2061-2080
1 2.35 2.35
2 11.42 11.46
3 15.21 15.13
4 16.99 16.45
5 21.16 24.48
2081-2100
1 2.18 2.21
2 10.72 9.70
3 14.24 12.66
4 13.37 11.56
5 18.07 17.02
SSP245 ® SSP585
8.00
2040—2060 2040—2060
2061—2080 7:00 1 2061—2080
u2081—2100 6.00 |=2081—2100
5.00
4.00
3.00
1.00
. I I 0.00 | MEImm I I
Sub-basin 1 Sub-basin2 Sub-basin 3 Sub-basin4 Sub-basin 5 Sub-basin 1 Sub-basin2 Sub-basin3 Sub-basin4 Sub-basin 5

Figure 5. The conflict Index (Icg) for future scenarios in each sub-basin. (a) Icg under SSP245 scenario.
(b) Icg under SSP585 scenario.

Figure 6 presents the statistical descriptors (QSM, SEASON, MWH and MWL) of the
streamflow duration curve in each sub-basin. Regarding seasonality (SEASON), which
shows the effects of differences in streamflow in the dry and rainy seasons, there is a
reduction in all scenarios evaluated, especially in the mid-future. This decrease indi-
cates an intensification of streamflow seasonality, characterized by a stronger temporal
concentration of flows within specific periods of the year.

The QSM represents the average segment of the streamflow duration curve [36] and
reflects intraseasonal variability. The projected variation of the QSM initially shows a
slight increase in the first time windows, possibly associated with the intensification of
significant rainfall events or the increase in seasonal recharge; however, at the end of
the century, especially under the SSP585 scenario, a significant reduction is observed in
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sub-basins 1 and 2, suggesting that the increase in temperature and the consequent increase
in evapotranspiration outweigh any gains in precipitation.
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Figure 6. Statistical descriptors (SEASON, SQM, MWH and MWL) of the streamflow duration curve
in each sub-basin. (A) SEASON, SOM, MWH and MWL—Sub-basin 1. (B) SEASON, SQM, MWH
and MWL—Sub-basin 2. (C) SEASON, SOM, MWH and MWL—Sub-basin 3. (D) SEASON, SQM,
MWH and MWL—Sub-basin 4. (E) SEASON, SQOM, MWH and MWL—Sub-basin 5.

The MWH (Figure 6C) and MWL (Figure 6D) indicators represent, respectively, the
average flood and drought streamflows. In most sub-basins, there is an increase in the
average maximum streamflows, which may indicate an increase in the occurrence of large
flood events. On the other hand, the MWL indicates a decrease in the average minimum
streamflows, which may compromise the maintenance of base runoff, affecting the recharge
of aquifers, especially towards the end of the century.

Given that the ensemble of models demonstrated an adequate agreement between
the flow duration curve of observed daily streamflows and simulated streamflows (Table 1
and Figure 3), the behavior of streamflows in future scenarios in each sub-basin was subse-
quently evaluated. Overall, streamflow duration curves reveal significant changes, mainly
at the extremes, in the SSP245 and SSP585 scenarios in the sub-basins considered in this
study (Figure 4).

4. Discussion

The projected increase in Q9 combined with the reduction in Qg and Q7 19 indicates
a trend toward amplification of hydrological extremes. This pattern suggests an increase in
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maximum streamflow and a reduction in minimum streamflow. This behavior suggests
changes in the seasonal distribution of precipitation, leading to more intense flooding
events and more severe droughts. This interpretation is consistent with the findings of [17],
who assessed the impacts of climate change on mining regions in the state of Minas Gerais.
According to their study, climate extremes are expected to intensify, particularly under the
high-emission scenario [1,6].

The reduction in SEASON and MWL, together with the increase in MWH, reflects a
redistribution of streamflow associated with changes in precipitation patterns and atmo-
spheric demand. Under projected climate conditions, rainfall tends to occur in fewer but
more intense events, increasing surface runoff as precipitation intensity more frequently
exceeds soil infiltration capacity, thereby amplifying peak flows (MWH and Q). Simultane-
ously, longer dry periods combined with higher temperatures enhance evapotranspiration
and reduce groundwater recharge, leading to diminished baseflow contributions and lower
MWL and Qg values. Similar mechanisms have been discussed by [4,12], who emphasize
that increased atmospheric demand and rainfall variability play a central role in altering
runoff regimes under climate change.

The stronger responses observed in sub-basins 4 and 5 may be associated with their hy-
drological and geomorphological characteristics, as well as higher water demand pressures.
Land uses in these sub-basins tend to reduce infiltration capacity and increase surface
runoff, amplifying peak flows during intense rainfall events while simultaneously reducing
groundwater recharge and baseflow contributions during dry periods [10,12].

Estimation of Q719 was based on a stationary Gumbel distribution fitted to annual
minimum streamflow. The results are interpreted within the framework of conditional
stationarity for each time-slice. In other words, although long-term climate change may
induce nonstationary behavior over the entire projection horizon [17,35], the changes within
each selected period are considered sufficiently gradual that the statistical properties of
annual minimum flows can be approximated as stationary. This approach is commonly
applied in multi-decadal periods and assumes a condition of pseudo-stationarity within
each slice in climate conditions

It should also be recognized that the assessment of future water use conflicts was
conducted, assuming unchanged overtime water permits, based on current conditions.
This assumption represents a limitation of the study. Additionally, the climate projections
were derived from the NEX-GDDP-CMIP6 dataset using the Bias-Correction Spatial Disag-
gregation (BCSD) method. Although BCSD improves the statistical agreement between
modeled and observed historical climate, it assumes that bias structures remain constant
over time and may not fully capture changes in the frequency and intensity of extreme
events [27,29]. Moreover, the interpolation of the 0.25° x 0.25° climate grids to the basin
discretization can introduce spatial smoothing effects, particularly in regions with complex
topography, potentially affecting the simulated hydrological response.

5. Conclusions

The results demonstrate that projected climate changes under the SSP scenarios are
likely to substantially modify the hydrological regime of the Paraopeba River Basin. The
ensemble of CMIP6 models coupled with the MHD-INPE model consistently indicates
reductions in minimum streamflow and increases in maximum streamflow, particularly un-
der the high-emission SSP585 scenario toward the end of the century. The most pronounced
impacts were identified in sub-basins 4 and 5, where Qg reductions approach 30% and
Q1 increases reach up to 11.7%, evidencing a clear intensification of hydrological extremes.

This shift in the flow regime suggests a growing frequency of intense flood events com-
bined with increased susceptibility to prolonged drought periods. The projected reductions
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in Qy 19 (the reference low streamflow metric adopted for water allocation in Minas Gerais),
reinforce concerns regarding the sustainability of currently granted water withdrawals. The
elevated values of the Conflict Index (Icg), especially in sub-basins 4 and 5, indicate that
water use conflicts may intensify under future climate conditions potentially compromising
regional water security.

Beyond extreme flows, the study reveals structural changes in the basin’s hydrological
dynamics. Reductions in seasonality (SEASON), decreases in low-flow indicators (MWL),
and increases in high-flow indicators (MWH) collectively point to a more irregular and
temporally concentrated flow regime. These alterations are likely associated with more
concentrated precipitation events and increased evapotranspiration rates under warmer
conditions. Such modifications affect not only the magnitude of water availability but
also the reliability and predictability of the hydrological system, which are critical for the
planning and operation of water supply systems, irrigation schemes, industrial uses, and
hydropower generation, posing additional challenges to water managers.

From a water management perspective, the findings underscore the urgent need
to incorporate climate change projections into water resources planning and regulatory
frameworks in the Paraopeba River Basin. The projected changes call for adaptive and
risk-informed management strategies, including periodic reassessment of water allocation
criteria, revision of water use permits based on hydrological risk indicators, strengthening
of hydrometeorological monitoring networks, integration between water resources manage-
ment and land-use planning, and the promotion of ecosystem restoration and conservation
measures to enhance basin resilience.

Considering the limitations of this study, it can be concluded that the projections
are subject to uncertainties related to climate model structure, scenario spread among
SSPs, and assumptions within the hydrological modeling framework. Although these
factors influence the magnitude of projected impacts, the overall trend toward intensified
hydrological extremes and increased allocation stress remains consistent across models
and scenarios.
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TERCEIRA PARTE

3 CONSIDERACOES FINAIS

O uso de modelos climaticos da base de dados do NEX-GGDP-CMIP6 mostrou-se
satisfatorio para representar o comportamento da precipitacdo e secas na Bacia Hidrografica do
Rio Paraopeba. Com base nos resultados obtidos para os indices de seca, conclui-se que as
mudangas climaticas tendem a alterar, significativamente, o comportamento das secas, sendo
verificadas maiores magnitudes para o final do século (2081-2100).

Em relacdo a simulagdo hidrologica frente as mudancas climéaticas, o modelo hidrolégico
MHD-INPE simulou satisfatoriamente as vazoes da bacia para o cendrio baseline € os cenarios
futuros, considerando os periodos de 2040-2060, 2061-2080 e 2081-2100. As simulagdes
hidrologicas realizadas indicaram reducdes nas vazdes minimas e aumento das vazdes
maximas, refletindo modifica¢des no comportamento hidrologico da bacia. Portanto, o padrao
observado nos cendrios futuros sugere maior irregularidade na disponibilidade hidrica, com
coexisténcia de condigdes favoraveis a intensificagdo de eventos de estiagem e aumento do
potencial para eventos extremos, colocando em risco a manuteng¢do hidrica da bacia.

Considerando a relevancia socioecondmica e ambiental da Bacia Hidrografica do Rio
Paraopeba, responsavel pela manutencdo de diferentes atividades econdmicas, tais como
abastecimento publico, atividades industriais, mineragdo, irriga¢do e geragdao de energia, os
resultados desta pesquisa reforcam a necessidade de incorporar as projecdes climaticas ao
planejamento e a gestdo dos recursos hidricos. Embora existam incertezas inerentes as
projecdes climaticas e a modelagem hidrologica, os resultados obtidos, considerando eventos
de seca e as respostas hidrologicas, convergem para um cendrio de maior estresse hidrico e
intensificacdo dos extremos hidrologicos ao longo do século XXI, evidenciando a necessidade

de acdes preventivas, medidas adaptativas e planejamento de longo prazo.
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