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RESUMO

Mudangas nos padroes de chuva e temperatura impactam a recarga de aquiferos em bacias
hidrograficas, afetando a disponibilidade de agua, especialmente em periodos de seca, nos quais
0 escoamento base mantém as vazdes necessarias para suprir as demandas hidricas. O objetivo
desta tese ¢ avaliar se as mudancas climaticas estao afetando a produgao e o armazenamento de
agua nas principais bacias do estado de Minas Gerais, e se sim, desde quando e a que taxa de
alteracdo isso esta ocorrendo; e simular o armazenamento subterrdneo ao longo do século em
cenarios futuros de mudangas climaticas. Na primeira parte do estudo foram analisadas bacias
de regides de cabeceira do estado de Minas Gerais, sendo estas as bacias dos rios Jequitinhonha,
Piracicaba, Sao Francisco, Grande e Sapucai. Foi calculada a evapotranspiraciao potencial por
meio do método de Thornthwaite, e 0 armazenamento subterraneo utilizando a metodologia de
Brutsaert para as referidas bacias. O teste de Mann-Kendall e o Coeficiente de Sen foram
utilizados para avaliar tendéncias nas séries historicas. De acordo com o teste de Mann-Kendall,
a grande maioria das bacias analisadas apresentaram tendéncia de aumento na temperatura e na
evapotranspiragdo no periodo analisado (1981-2020). Para a precipitacdo ndo foi encontrada
tendéncia significativa em nenhuma delas. As séries anuais de vazdes média e minima em 7
dias consecutivos (Q7) e de armazenamento subterraneo mostraram tendéncias de reducao na
maioria das bacias. A bacia do rio Jequitinhonha ¢ a mais proxima das condi¢des originais de
uso do solo, indicando que as mudangas no clima tém impactado quase que exclusivamente sua
resposta hidrologica. As bacias dos rios Sdo Francisco e Grande sdo as mais antropizadas e
apresentaram as menores taxas de reducdo, mostrando-se resilientes as mudangas climaticas.
Na segunda parte do estudo foram estudadas as bacias dos rios Grande e Jequitinhonha com
secOes fluviométricas nas respectivas regioes de cabeceira. Foi utilizado o modelo hidrolégico
MHD-INPE para a simulagdo hidrologica, com um horizonte de simulagdo até o ano de 2099,
utilizando-se dados climdticos dos modelos climaticos globais HadGEM2-ES, MIROCS,
CanESM2 e BESM regionalizados com o modelo ETA/CPTEC, nos cenarios RCPs 4.5 e 8.5.
O armazenamento subterraneo minimo anual foi obtido utilizando-se o método de Brutsaert.
Por meio do Teste de Mann-Kendall e do Coeficiente de Sen, foi analisada a existéncia de
tendéncias nas séries simuladas. Os resultados obtidos nas fases de calibrag¢ao e de validagao
do MHD foram satisfatorios em ambas as bacias. Ao analisar as séries de vazoes simuladas,
foram verificadas tendéncias significativas de reducdo em todas as projecdes, em ambas as
bacias. Quanto ao armazenamento subterraneo minimo anual, em ambas as bacias também

foram verificadas tendéncias significativas de redu¢do em todas as projecdes. Os resultados



obtidos podem contribuir com a gestao dos recursos hidricos em Minas Gerais, visto que
indicam as bacias mais vulneraveis aos impactos das mudangas climaticas. Assim, os resultados
podem auxiliar na tomada de decisdo e na utilizagdo de ferramentas de gestdo dos recursos

hidricos, de forma a garantir a disponibilidade hidrica nessas bacias no futuro.

Palavras-chave: mudangas climaticas; modelagem hidrologica; producao de agua; impactos do

clima.



ABSTRACT

Changes in rainfall and temperature patterns impact aquifer recharge in river basins, affecting
water availability, especially during drought periods when baseflow maintains the necessary
flows to meet water demands. The objective of this thesis is to evaluate if climate change is
affecting water production and storage in the main basins of the state of Minas Gerais, and if
so0, since when and at what rate of change this is occurring; and to simulate groundwater storage
throughout the century in future climate change scenarios. In the first part of the study, river
basins located in the headwater regions of the state of Minas Gerais were analyzed, namely the
Jequitinhonha, Piracicaba, Sao Francisco, Grande, and Sapucai River basins. Potential
evapotranspiration was calculated using the Thornthwaite method, and groundwater storage
was calculated using the Brutsaert methodology for these basins. The Mann-Kendall test and
Sen's coefficient were used to assess trends in historical series. According to the Mann-Kendall
test, the most studied sub-basins showed an upward trend in temperature and
evapotranspiration, while a nonsignificant trend was found for annual precipitation in some
sub-basins. Mean annual streamflow, minimum streamflow over seven consecutive days
(Q7,min), and groundwater storage (S) showed downward trends in most sub-basins. The
Jequitinhonha sub-basin is the closest hydrological unit to the pristine conditions, indicating
that changes in climate have impacted its hydrological response. The Sdo Francisco and Grande
River sub-basins are the most anthropized and showed the lowest reduction rates, showing that
these sub-basins have a relevant resilience to climate change. In the second part of the study,
the Grande and Jequitinhonha River basins were analyzed based on streamflow sections in their
respective headwater regions. The MHD-INPE hydrological model was used for hydrological
simulation, with a simulation horizon up to the year 2099, using climate data from the global
climate models HadGEM2-ES, MIROCS5, CanESM2 and BESM regionalized with the
ETA/CPTEC model, in the RCPs 4.5 and 8.5 scenarios. The minimum annual groundwater
storage was obtained using the Brutsaert method. And the existence of trends in the simulated
flow and groundwater storage series was analyzed using the Mann-Kendall test and the Sen's
coefficient. The results obtained in the calibration and validation phases of the MHD model
were satisfactory in both basins. Analyzing the simulated flow series, significant reduction
trends were observed in all projections in both basins. Regarding the minimum annual
groundwater storage, significant reduction trends were also observed in all projections in both
basins. The results obtained can contribute to water resource management in Minas Gerais, as

they indicate the basins most vulnerable to the impacts of climate change. Thus, the results can



assist in decision-making and the use of water resource management tools to ensure water

availability in these basins in the future.

Keywords: climate change; hydrological modeling; water production; climate impacts.



INDICADORES DE IMPACTO

Os resultados encontrados no presente trabalho proporcionam diferentes impactos sociais,
econdmicos e tecnologicos, visto que as bacias de estudo sdo essenciais para o abastecimento
de agua e para a economia em diferentes regides do estado de Minas Gerais. Os principais
grupos da sociedade impactados sao os localizados nas regides de estudo, porém o estudo pode
impactar trabalhos futuros desenvolvidos em outras regides. No que diz respeito ao ambito
social, os impactos decorrem dos resultados da avalia¢do da disponibilidade hidrica nas bacias
hidrograficas, que garantem o abastecimento de 4gua a populacdo. Assim, os impactos sociais
incluem a melhoria da seguranca hidrica e da saude publica, redu¢do de desigualdades e
conflitos, e a continuidade de servigos essenciais. A bacia do Rio Jequitinhonha é fundamental
para a economia ¢ a sociedade do norte de Minas Gerais, que possui o menor PIB do estado, e,
como sera apresentado no presente estudo, ¢ altamente vulneravel aos impactos das mudangas
climaticas na hidrologia. A bacia do Rio Grande apresenta avancada antropizagdo, o que pode
impactar os recursos hidricos, no que diz respeito a qualidade e quantidade de agua, devido
principalmente, a diminuicdo da infiltragdo e consequentemente da recarga de aquiferos, e ao
aumento do escoamento superficial direto e carreamento de sedimentos. Assim, o estudo aponta
a necessidade urgente de acdes de prote¢do ambiental nessas bacias, a comegar por suas sub-
bacias de cabeceira, como conservagdo e recuperacdo da vegetacdo nativa, acdes de
racionamento e restri¢do do uso da dgua. Os resultados obtidos da avaliagao da disponibilidade
hidrica também geram impactos economicos, visto que as bacias hidrograficas estudadas sio
de grande interesse principalmente para a gerag¢ao de energia hidroelétrica. Além disso, o estudo
serve como apoio a gestdo dos recursos hidricos e ao uso de ferramentas como mecanismos de
alocacao de 4gua, que incluem a outorga e a cobranga pelo uso da agua, de forma a garantir a
disponibilidade hidrica para usudrios atuais e futuros. Os impactos tecnoldgicos estdo
relacionados a produgdo e disseminacdo de conhecimento técnico-cientifico, por meio da
elaboracdo da tese e da publicagdo de artigos cientificos cujos resultados podem subsidiar
pesquisas e acdes na area. Os impactos deste trabalho estdo classificados nas areas tematicas da
Politica Nacional de Extensdo de: Meio Ambiente, e Tecnologia € Producdao. Os impactos da
pesquisa estdo alinhados aos Objetivos de Desenvolvimento Sustentavel (ODS) da Organizagao
das Nagdes Unidas (ONU), especialmente a0 ODS 6 — Agua Potavel e Saneamento, que visa
assegurar a disponibilidade e a gestao sustentavel da d4gua e do saneamento para todos; ao ODS

13 — Agao Contra a Mudanga Global do Clima, voltado ao combate as mudancas climaticas e



seus impactos; ¢ ao ODS 17 — Parcerias ¢ Meios de Implementacdao, relacionado ao

fortalecimento da cooperagdo para o desenvolvimento sustentavel.



IMPACT INDICATORS

The results of this study have different social, economic, and technological impacts, as the study
basins are essential to water supply and the economy across different regions of the state of
Minas Gerais. The main groups affected are those in the study regions, but the study may also
inform future work in other regions. Concerning the social sphere, the impacts generated arise
from the results of the assessment of water availability in the river basins, which guarantees
water supply for the population. Thus, the social impacts include improved water security and
public health, reduction of inequalities and conflicts, and the continuity of essential services.
The Jequitinhonha basin is fundamental to the economy and society of northern Minas Gerais,
which has the lowest GDP in the state and, as will be shown in this study, is highly vulnerable
to the impacts of climate change on hydrology. The Grande basin shows advanced
anthropization, which may impact water resources in terms of both quality and quantity, mainly
due to decreased infiltration and consequently reduced aquifer recharge, and increased direct
surface runoff and sediment transport. Thus, the study points to the urgent need for
environmental protection actions, starting with their headwater sub-basins, such as conservation
and restoration of native vegetation, and actions to ration and restrict water use. The results
obtained from the assessment of water availability also provide economic impacts, since the
river basins studied are of great interest for hydroelectric power generation. In addition, the
study supports water resource management and the use of tools such as water allocation
mechanisms, including water use permits and charges to ensure water availability for current
and future users. The technological impacts are related to the production and dissemination of
technical and scientific knowledge, through the elaboration of the thesis and the publication of
scientific articles whose results can support research and actions in the area. The impacts of this
work are classified in the thematic areas of the National Extension Policy of: Environment, and
Technology and Production. The impacts of the research are aligned with the United Nations
(UN) Sustainable Development Goals (SDGs), especially SDG 6 — Clean Water and Sanitation,
which aims to ensure the availability and sustainable management of water and sanitation for
all; SDG 13 — Climate Action, focused on combating climate change and its impacts; and SDG
17 — Partnerships for the Goals, related to strengthening cooperation for sustainable

development.
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13

PRIMEIRA PARTE

1 INTRODUCAO

A gestao dos recursos hidricos ¢ um tema que vem sendo cada vez mais debatido na
sociedade atual, em razao de problemas como a escassez de dgua, decorrentes das alteracdes
nos padrdes climaticos. As mudangas climaticas j4 s3o um problema atual, e alteracdes nos
padrdes de chuvas e de temperatura podem afetar a disponibilidade de agua, o que torna a gestao
dos recursos hidricos um desafio. Os eventos de secas hidroldgicas observados nas ultimas
décadas tém causado impactos significativos nas vazdes dos rios, afetando a disponibilidade
hidrica e a geracdo de energia, sendo que, foram registrados episodios de seca hidrologica de
carater excepcional em diversas bacias hidrograficas (Fernandes et al., 2021).

Outro ponto menos discutido, mas de grande importancia, ¢ a gestdo dos recursos
hidricos subterraneos, visto que alteracdes na recarga de aquiferos podem afetar a
disponibilidade de agua, especialmente em periodos de seca, periodos em que o escoamento
base mantém as vazdes necessarias para suprir as demandas da populagdo (Hellwig e Stahl,
2018; Schilling et al., 2021; Lee e Ajami, 2023). Existem poucos estudos, sobretudo no Brasil,
a respeito dos impactos das mudancas climaticas no escoamento subterraneo, especialmente em
escala regional para Minas Gerais. Ainda sdo limitadas as pesquisas que integrem métodos
indiretos, modelagem hidrologica e cenarios climaticos futuros para avaliar a resiliéncia
hidrologica das bacias hidrograficas frente as mudancas no regime climatico (Nobre at al.,
2019). Dessa forma, torna-se essencial o desenvolvimento de estudos que preencham essa
lacuna cientifica e subsidiem a gestao sustentavel dos recursos hidricos.

Galvincio et al. (2025) simularam as mudancgas hidroldgicas em cenarios climaticos
futuros na bacia do reservatorio de Sobradinho, no sub-médio curso do rio Sdo Francisco, €
obtiveram tendéncias de redu¢do no armazenamento subterraneo, especialmente no cenario
RCP 8.5. Wang et al. (2021) analisaram os impactos das mudangas climaticas na recarga
subterranea em Taiwan, na China, e verificaram sob os cenarios climaticos futuros, taxas de
aumento de 32,6% e de reducao de 28,9% na recarga subterranea, em relagdo ao periodo de
referéncia. As taxas de aumento foram verificadas no cenario que prevé um aumento da
precipitagdo, enquanto as taxas de redugdo foram verificadas no cenario com previsdes de
aumento da evapotranspiracdo e redugdo da precipitacdo. Kadirkhodjaev et al. (2025) ao

avaliarem os impactos das mudancas climaticas no armazenamento de dgua subterranea no
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aquifero do rio Akhangaran, no Uzbequistao, simularam uma reducao de 7,3% a 58,3% em
comparagao com o periodo de 2010 a 2020.

O armazenamento subterrdneo em uma bacia hidrografica pode ser obtido por meio de
diferentes métodos, entre eles a coleta de dados por postos de observagao, a estimativa por meio
de satélites e a modelagem hidrolégica. Porém, todos estes métodos possuem incertezas, e tendo
em vista a escassez de dados coletados no pais, uma das formas mais eficazes ¢ a simulagao do
escoamento de base por métodos indiretos, como a metodologia de Brutsaert (Brutsaert, 2008).
Essa abordagem ¢ considerada confiavel e amplamente aplicavel, uma vez que a relagdo entre
vazao e armazenamento permite inferir a dindmica dos aquiferos mesmo em areas com poucos
dados observacionais (Hameed et al., 2023). A metodologia de Brutsaert (Brutsaert, 2008)
utiliza equagdes matematicas de base fisica, para simular o armazenamento de agua subterranea
com base em dados de vazdes minimas das médias de 7 dias consecutivos (Q7, min). Como sao
as vazdes minimas que mantém o escoamento em épocas de estiagem, a partir destas ¢ possivel
simular o armazenamento minimo subterraneo. A principal vantagem deste método ¢ que requer
apenas vazoes Q7,min, sendo um método de aplicagdo relativamente simples, desde que haja a
disponibilidade do hidrograma observado ou estimado. Além disso, este ¢ um método robusto,
que pode ser aplicado em larga escala, e ¢ sensivel a condi¢cdes de seca, sendo altamente
relevante para estudos hidrologicos e para a gestdo de recursos hidricos (Brutsaert, 2008).

Como exemplo de aplicagdes recentes deste método, Wojahn et al. (2024) utilizaram o
método de Brutsaert para obter o armazenamento de agua subterranea em bacias de cabeceira
de diferentes regides do Brasil, e observaram tendéncias de redu¢do no armazenamento
ocasionadas por reduc¢do na precipitagdo e aumento na temperatura e na evapotranspiragdo. Yi
et al. (2021) em um estudo na bacia do rio Yangtze, na China, obtiveram o armazenamento
subterraneo pelo método de Brutsaert, e encontraram para este, tendéncias de aumento devido
principalmente ao aumento da temperatura. Hameed et al. (2023) estimaram o armazenamento
subterrdneo por meio do método de Brutsaert e encontraram tendéncias contrastantes no
armazenamento em dois periodos distintos, com aumento nos periodos imidos e reducao nos
periodos secos, atribuidos as variagdes na precipitagdo anual e na evapotranspiragao.

Dentre as diferentes abordagens da modelagem hidrolégica, os modelos deterministicos
chuva—vazao tém sido amplamente empregados para a estimativa do armazenamento
subterraneo e da dindmica hidroldgica em bacias hidrograficas. Esses modelos integram
equagoes de balango hidrico e de fluxo em meio poroso para representar processos como
infiltracdo, percolacdo, armazenamento e escoamento, sendo a separacao dos componentes do

escoamento fundamental para a compreensdo da dinamica hidrica em bacias hidrograficas
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(Tucci, 2005; Beven, 2012; Clark et al., 2015). Utilizando-se séries historicas de dados
hidrologicos e meteorologicos, mapas de declividade, classes de solos, uso do solo, entre outros,
0 armazenamento ao longo do tempo em uma bacia pode ser simulado considerando cenérios
futuros de alteragdes no uso do solo e de projecdes climéaticas (Beven, 2012; Addor e Melsen,
2019).

O Modelo Hidrologico Distribuido - MHD ¢ um modelo de grande escala e tem sido
aplicado em varios estudos no Brasil (Melo et al., 2022; Zakhia et al., 2021; Negrao et al. 2017;
Rodriguez et al., 2017). O MHD ¢ um modelo distribuido por grades regulares, onde o balango
hidrico ¢ simulado em cada grade, e o escoamento propagado pela rede de drenagem, por meio
da integracdo de equacdes que representam os processos hidroldgicos, como interceptagdo,
percolagdo, escoamento e evapotranspiragdo (Negrao et al., 2017). O armazenamento ¢
estimado a partir do balango hidrico aplicado em cada célula da grade, considerando entradas e
saidas de 4gua e sua distribuicdo entre diferentes compartimentos, conforme abordagens
classicas de modelagem hidrologica distribuida (Negrao et al., 2017).

Considerando que o comportamento hidrolégico de uma bacia ¢é fortemente influenciado
pelas condigdes climdticas, especialmente pela variabilidade da precipitacdo e da
evapotranspiragao, a compreensao de cenarios futuros de disponibilidade hidrica depende da
integracdo entre modelos hidroldgicos e modelos climaticos (Bardossy et al., 2022). Os
Modelos de Circulagdo Geral (GCMs, do inglés General Circulation Models) permitem o
estudo dos cendrios atuais e de projecdes climaticas (Silva, 2025), exemplos desses modelos
sdo: o Model for Interdisciplinary Research on Climate - MIROC, que apresenta modelos
oceanicos e de superficie continental; o HaddGEM2-ES, um modelo do sistema terrestre que
representa o ciclo do carbono (Rodrigues, 2017); o CanESM2 que acopla um modelo de
circulacdo geral atmosfera-oceano, um modelo de terra-vegetacdo e um ciclo interativo do
carbono terrestre e oceanico (Chylek et al., 2011); e o Brazilian Earth System Model - BESM,
composto por um modelo acoplado oceano-atmosfera (Nobre et al., 2013).

Nesse contexto, a analise integrada de modelos hidrologicos e climaticos € fundamental
para compreender os impactos das mudangas climdticas sobre a disponibilidade hidrica. No
Brasil, esses impactos ja vém sendo observados em diferentes biomas. Marengo et al. (2021)
evidenciaram que a reducdo significativa das chuvas entre 2019 e 2020 resultou em uma seca
extrema no Pantanal. Santos et al. (2024) demonstraram uma tendéncia de aumento da aridez
em grande parte do territorio brasileiro. No Sudeste, eventos criticos também foram registrados,
como a seca de 2014-2015, considerada uma das mais severas da historia recente, que afetou

significativamente a disponibilidade hidrica em Minas Gerais, associada as alteragdes nos
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padrdes de chuva e temperatura (Coelho et al., 2016; Nobre et al., 2016). As bacias dos rios Sao
Francisco, Jequitinhonha, Grande, Sapucai e Piracicaba em suas regides de cabeceira
apresentam menor intervencao antropica em relagdo as demais bacias hidrograficas do estado
(Ribeiro et al., 2024), sendo ideais para a avaliagao dos impactos das mudangas climaticas e da
resiliéncia das bacias a esses impactos. Nestas condigdes, torna-se possivel a analise do
armazenamento de agua subterrdnea sob influéncia de condigdes climaticas observadas e
futuras, auxiliando na gestdo dos recursos hidricos, como no planejamento do abastecimento,
na defini¢do de outorgas e na prote¢do de areas de recarga, e na elaboracao de estratégias para
a mitigacao dos impactos das mudangas climaticas na disponibilidade de agua no futuro.

Existem estudos hidroldgicos e de modelagem que foram aplicados nessas bacias,
evidenciando sua importancia para a compreensdo da dinamica hidrica e apoio a gestdo dos
recursos hidricos. Na bacia do Rio Sao Francisco, Carvalho et al. (2024) aplicaram modelagem
chuva-vazao para previsdo de eventos extremos. Lopes (2020) utilizou o modelo SWAT para
simular o balango hidrico na bacia do Rio Piracicaba. Carvalho et al. (2023) analisaram a
dindmica fluvial como subsidio a compreensdo do comportamento hidrolégico na bacia do Rio
Jequitinhonha. Siqueira et al. (2018), aplicou o modelo hidrolégico MGB-IPH em grandes
bacias brasileiras, incluindo a regido do Rio Grande, demonstrando a capacidade do modelo em
representar a dindmica hidrologica e apoiar a gestao de recursos hidricos.

No entanto, apesar da relevancia dessas abordagens, existem poucos estudos nestas
bacias, sobretudo a respeito do armazenamento de agua subterrdnea e dos impactos das
mudangas climdticas no mesmo, evidenciando a necessidade de ampliacdo de pesquisas que
integrem modelagem hidrologica e cenarios climaticos para melhor compreensdo da
disponibilidade hidrica e suporte a gestao dos recursos hidricos. Assim, o presente estudo torna-
se essencial para a avaliagdo de cendrios futuros de disponibilidade de 4gua nas bacias. Podendo
auxiliar no uso de ferramentas de gestdo dos recursos hidricos, de forma a atender as demandas
atuais e futuras dos usuarios, assim como a demanda ambiental nas bacias de estudo.

O objetivo deste estudo € analisar as mudancas no armazenamento subterraneo ao longo
das ultimas décadas, incluindo suas taxas de variacao e a resiliéncia de sub-bacias de cabeceira,
bem como avaliar e simular as vazdes e a dinamica do armazenamento subterraneo em cenarios

futuros de mudangas climaticas nessas bacias.
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2 REFERENCIAL TEORICO

2.1 Gestao de recursos hidricos

A gestdo de recursos hidricos ¢ fundamental para garantir a disponibilidade de agua nas
bacias hidrograficas, especialmente nos periodos de seca, evitando a escassez de dgua, que pode
ocasionar impactos ambientais, econdmicos e sociais. O recorte territorial de bacia hidrografica
¢ considerado a unidade bésica de analise para a criacdo de medidas de integragdo entre a gestao
de recursos hidricos e a gestao ambiental (Carvalho, 2020), de acordo com a Lei Federal
9433/97 (Brasil, 1997) que instituiu a Politica Nacional de Recursos Hidricos.

Os planos de recursos hidricos de bacias hidrograficas constituem instrumentos
fundamentais da Politica Nacional de Recursos Hidricos, orientando a gestdo integrada e
sustentavel das dguas superficiais e subterraneas (Brasil, 1997). Esses planos tém como
finalidade diagnosticar a disponibilidade hidrica, identificar conflitos e demandas de uso, além
de propor diretrizes, metas e agdes para a conservagao e recuperacio dos recursos hidricos em
diferentes escalas temporais (ANA, 2021). No contexto das aguas subterraneas, os planos de
bacia assumem papel estratégico ao incorporar estudos hidrogeoldgicos, estimativas de recarga,
vulnerabilidade dos aquiferos e cenarios de uso e ocupag¢dao do solo, contribuindo para o
planejamento de medidas de adaptacdo frente as mudangas climéaticas e aos eventos extremos
de seca (Campos et al., 2023). Além disso, revisdes recentes de planos integrados de recursos
hidricos em bacias brasileiras reforgam a importancia do planejamento de longo prazo e da
integracdo entre aguas superficiais e subterraneas na gestdo hidrica (ANA, 2023). O
monitoramento ¢ a ampliagdo do conhecimento hidrogeologico também tém sido apontados
como fundamentais para subsidiar politicas publicas e fortalecer a seguranca hidrica no pais
(SGB, 2023; ANA, 2024).

As é4guas subterraneas sdo importantes recursos, visto que se tornam a principal fonte
de abastecimento de agua nos periodos de seca. Além disso, as dguas subterraneas sao menos
vulneraveis a contaminacdo, apresentando geralmente boa qualidade, além de grande
capacidade de armazenamento de um aquifero, contribuindo significativamente para a
segurancga hidrica e para a resiliéncia dos sistemas de abastecimento (Pereira, Abreu e Murillo-
Bermudez, 2024).

Na legislacdo brasileira, hd uma limitacdo a respeito da gestdo de dguas subterraneas,
sendo a Resolug¢ao n°® 15/2001 do Conselho Nacional de Recursos Hidricos — CNRH um dos

principais marcos, estabelecendo a inser¢do das dguas subterrdneas na gestdo integrada dos
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recursos hidricos. De forma complementar, a Resolugdao n® 22/2002 estabelece a inser¢ao das
aguas subterraneas nos planos de recursos hidricos. A Resolugdao n°® 91/2008 dispde sobre o
enquadramento dos corpos de agua superficiais e subterraneos; a Resolugdo n® 92/2008
estabelece critérios e procedimentos para a conservacao das aguas subterraneas; e a Resolugao
n°® 126/2011 estabelece as diretrizes para o cadastro de usudrios de recursos hidricos (ANA,
2024). Em Minas Gerais a Lei 13771, de 11 de dezembro de 2000, dispde sobre a administragao,
protecdo e conservagdo das dguas subterraneas no dominio do Estado (IGAM, 2023).

As é4guas subterraneas sao de dominio dos Estados, assim cada um possui suas proprias
leis e instrumentos de gestdo. Porém estas muitas vezes nao sao cumpridas, € o problema se
torna ainda maior devido aos limites territoriais dos aquiferos serem diferentes dos limites das
bacias hidrograficas e dos estados, havendo aquiferos que abrangem varios estados (ex:
Aquifero Guarani abrange 8 estados ¢ o Aquifero Urucuia 6 estados), o que, somado ao fato de
ser um tema novo e existirem poucos estudos a respeito dos aquiferos no Brasil, dificulta ainda
mais a correta gestdo destes recursos (Pereira; Abreu; Murillo-Bermudez, 2024).

No Brasil, as aguas subterraneas desempenham papel fundamental no abastecimento
hidrico, sendo a principal fonte de 4gua para aproximadamente 28,3 milhdes de brasileiros, o
que corresponde a cerca de 14% da populagdo, além de abastecerem total ou parcialmente
grande parte dos municipios do pais (Andrade; Rorig; Hirata, 2024). Entretanto, apesar de sua
relevancia, a gestdo desses recursos ainda apresenta limitagdes, caracterizadas por lacunas no
monitoramento, insuficiéncia de dados e menor atencdo institucional quando comparada a
gestdo das aguas superficiais. Um dos maiores problemas enfrentados na gestdo das aguas
subterraneas ¢ a exploracdo ilegal destes recursos, o que pode levar a auséncia de
sustentabilidade ou superexploracao; conflitos entre usuarios; e contaminagao de aquiferos pelo
bombeamento nao planejado (Conicelli e Hirata, 2016).

O conhecimento do comportamento hidrologico de bacias hidrograficas e de seus
regimes de variacdo de vazodes ¢ essencial para o planejamento e a gestdo sustentavel dos
recursos hidricos, especialmente diante dos impactos das mudangas climéticas e do aumento
das demandas antrépicas (ANA, 2024). Entre os principais instrumentos de gestao destacam-
se os mecanismos de alocacdo de dgua, cujo objetivo € compatibilizar a disponibilidade hidrica
com as demandas atuais e futuras dos diferentes usuarios, bem como garantir a manutenc¢ao das
necessidades ambientais dos ecossistemas aquaticos (ANA, 2024). Esses mecanismos podem
operar por meio de orientagdes do poder publico; de processos de negociacao entre usudrios de
agua; e de conceitos técnicos e econdomicos, como os limites de utilizagcdo de corpos hidricos, €

a cobranca pelo uso da agua, respectivamente (Marques et al., 2022).
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O Brasil tem enfrentado nas ultimas décadas, eventos recorrentes de seca, com impactos
significativos sobre os recursos hidricos. A seca de 2014—2015 no Sudeste ¢ considerada uma
das mais severas dos ultimos anos, e levou a uma redugdo expressiva dos niveis dos
reservatorios e ao comprometimento do abastecimento publico (Coelho et al., 2016; Nobre et
al., 2016). A seca extrema no Pantanal entre 2019 e 2020 evidenciou a intensificagao desses
eventos, com diminuicao das vazoes, degradacao de ecossistemas aquaticos e prejuizos ao uso
multiplo da dgua (Marengo et al., 2021). Esses eventos estdo associados a alteragcdes nos
padrdes de precipitacdo e de temperatura, refletindo a influéncia das mudancgas climéaticas sobre
o ciclo hidrologico. Essas alteragdes causam impactos como a reducdo da disponibilidade
hidrica, a diminui¢do da recarga de aquiferos e o aumento da pressdo sobre as aguas

subterraneas, o que indica a necessidade de estratégias de gestao integradas.

2.2 Processos hidrologicos

O ciclo hidrologico ¢ o fenomeno de circulagdo fechada da agua, impulsionado
principalmente pela energia solar, que aquece o ar, a agua superficial e o solo, ocasionando na
evaporacdo e na transpiragdo. O vapor ¢ transportado pelo ar, podendo condensar e formar
nuvens, € assim retorna a superficie na forma de precipitacao, onde pode infiltrar ou escoar até
um curso d’agua (Collischonn e Dornelles, 2021; Mello; Silva; Beskow, 2020).

A precipitacdo ¢ um componente fundamental do ciclo hidrologico, parte dela ¢
interceptada pela vegetacdo e o restante atinge a superficie do solo, onde pode infiltrar e passar
pelo processo de percolacdo, atuando na formagdo do lencol freatico e de nascentes (Bernardi
et al., 2012; Collischonn e Dornelles, 2021; Mello; Silva; Beskow, 2020). A agua que percola
no solo contribui para a recarga dos aquiferos, sustentando as vazdes ao longo do tempo
(Collischonn e Dornelles, 2021; Mello; Silva; Beskow, 2020). Varios fatores, como climaticos
e geomorfoldgicos, podem afetar as taxas de recarga. No entanto, um dos processos
fundamentais no ciclo hidrologico ¢ a interacdo entre os processos superficiais e subterraneos,
especialmente por meio do escoamento base, que representa a contribuigao do armazenamento
subterraneo para os cursos d’agua. O escoamento base sustenta as vazdes ao longo do tempo,
sendo responsavel por uma parcela significativa do escoamento total, principalmente em
periodos de estiagem, quando o escoamento superficial ¢ reduzido (Santarosa, 2020; Jasechko
etal., 2019).

Com o uso de modelos hidrologicos distribuidos e a integracao de dados observacionais

e climaticos, ¢ possivel representar os processos do ciclo hidrolégico na escala de bacia
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hidrografica (Wang et al., 2021; Talbot et al., 2025). A bacia hidrografica ¢ entao definida como
uma unidade espacial de analise, onde os fluxos de 4gua sdao controlados por interagcdes entre
os processos de precipitagdo, evapotranspiracdo, escoamento e armazenamento em diferentes
compartimentos (superficial, subsuperficial e subterraneo) (Seibert e Bergstrom, 2022; Liu et
al., 2017). Estudos recentes destacam que a variabilidade desses fluxos esta diretamente
associada as mudancas no uso do solo e as alteragdes climaticas, influenciando a
disponibilidade hidrica e a resposta hidrologica das bacias (Fang et al., 2020; Li et al., 2021).

O balango hidrico ¢ aplicado como ferramenta para quantificar essas interagdes,
incorporando além das entradas e saidas de 4gua, as variagdes no armazenamento ao longo do
tempo, sendo amplamente utilizado em estudos que avaliam a recarga de aquiferos e a
resiliéncia hidrologica frente a eventos extremos (Fan et al., 2019). Estudos recentes integram
dados hidrometeoroldgicos, sensoriamento remoto e modelagem hidroldgica para melhorar a
representacdo dos processos e reduzir incertezas nas estimativas de disponibilidade hidrica
(Bastiaanssen et al., 2019; Li et al., 2022).

De acordo com Zerga (2025), a bacia hidrografica integra processos hidrolédgicos,
ecologicos, econdmicos e sociais, permitindo o desenvolvimento de estratégias que integram
pesquisa cientifica e gestdo dos recursos hidricos. Os processos hidrologicos que ocorrem em
bacias hidrograficas podem ser representados por modelos matemdticos, permitindo uma

melhor interpretagcdo destes e contribuindo para um melhor planejamento e gestao dos recursos

hidricos (Santos et al., 2021).

2.3 Método de Brutsaert

O método de Brutsaert (2008) teve como base as ideias de Brutsaert e Nieber (1977)
para a analise do armazenamento subterraneo em aquiferos ndo confinados. Esse método ¢
fundamentado em solugdes teodricas da equacdo de Boussinesq e na teoria hidraulica das dguas
subterraneas (Lin e Yeh, 2017).

A ideia central do método de Brutsaert ¢ a de que o escoamento base ¢ resultado da
drenagem natural de aquiferos subterraneos ndo confinados, sem a influéncia da precipitagao
ou da evapotranspira¢do. Considera-se, entdo, que apenas as caracteristicas geologicas
controlam o escoamento base da bacia, podendo-se inferir sobre mudangas temporais no
armazenamento subterraneo ndo confinado via escoamento base. Assim, o escoamento base em
qualquer secao de um rio pode ser assumido como representativo do fluxo de dgua subterranea

a montante (Brutsaert e Nieber, 1977).
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Os fundamentos do método de Brutsaert estdo nos aspectos fisicos do armazenamento
subterraneo (S) e na sua conectividade com a geomorfologia da bacia, detalhados em Brutsaert
(2008). Uma equagdo matematica de potencial pode estimar S em fun¢do de uma descarga de

fluxo de base (Brutsaert, 2008; Rupp e Selker, 2006):

S=Kxy (D)

Onde S ¢ o0 armazenamento de agua subterranea (em mm); y € a vazao transformada em
lamina (mm/dia) (y = Q/A, onde A ¢ a area da sub-bacia); K é um parametro de tempo associado
a caracteristica de transmissividade hidrogeologica da bacia (dia).

Em periodos de estiagem, o escoamento superficial ¢ sustentado em grande parte pela
vazao acumulada nos aquiferos a montante. Dessa maneira, com base nas vazdes minimas pode-
se obter 0 armazenamento minimo subterraneo em um periodo.

A grande vantagem do método de Brutsaert é que este ¢ de facil aplicagdo, requer menor
numero de parametros ¢ depende essencialmente de séries de vazao, o que facilita sua aplicagao
em bacias com disponibilidade limitada de dados. A partir das séries de vazao maximas sao
obtidas as vazdes médias minimas de 7 dias consecutivos (Q7,min), por meio do céalculo de
médias moveis de sete dias consecutivos, onde ¢ selecionado o menor valor obtido,
representando assim a condi¢do critica de vazado minima associada ao escoamento base. Outra
vantagem ¢ que, por possuir fundamentagdo fisica, o método de Brutsaert permite uma
interpretagdo mais consistente da dindmica do armazenamento subterraneo e da contribuicao
do escoamento de base (Partington et al., 2012). Por outro lado, a aplicagdo do método exige
séries hidrologicas de boa qualidade e pode apresentar sensibilidade a identificagao dos trechos
de recessdo (Brutsaert, 2008).

Esse método tem sido utilizado em vérias partes do mundo sob diferentes condi¢des
climaticas e fisiograficas, demonstrando resultados satisfatorios em comparagdo com outros
métodos. Zhu et al. (2020) utilizaram o método de Brutsaert para avaliar as contribui¢des
climaticas nas mudancas de armazenamento subterrdneo em sub-bacias de cabeceira na
Australia, e identificaram que o armazenamento ¢ altamente sensivel as mudangas climaticas.
No trabalho de Berghuis et al. (2016) foi analisada a sensibilidade do fluxo superficial a
mudangas no armazenamento subterraneo em bacias na Europa, utilizando-se do método de
Brutsaert, e verificou-se que o armazenamento controla a sensibilidade hidrologica da bacia.
Lin e Yeh (2017) analisaram o armazenamento de dgua subterranea, utilizando o mesmo
método, no norte de Taiwan, e identificaram variagdes sazonais bem definidas no

armazenamento subterraneo, com redug¢do do escoamento no periodo seco, e recarga e



22

recuperagdo no periodo chuvoso. Gao et al. (2015) também obtiveram o armazenamento
subterraneo utilizando-se do método de Brutsaert, em bacias na China, e verificaram uma
tendéncia de redugcdo no armazenamento, associado as mudancgas climaticas e aumento da
demanda hidrica. Zhang et al. (2014) obtiveram o armazenamento subterraneo pelo mesmo
método na Australia, e observaram uma forte relacdo entre o escoamento base € o
armazenamento subterraneo.

Me¢étodos baseados em filtros digitais, como o de Eckhardt (Eckhardt, 2005), sdo de facil
implementagdo e amplamente utilizados, porém dependem de calibragdo de pardmetros, o que
pode introduzir incertezas e reduzir a representatividade fisica dos resultados, como a
variabilidade hidrologica em diferentes condi¢des climaticas (Xie et al., 2020; Yang et al.,
2021). Ja métodos empiricos, como o HYSEP (Sloto; Crouse, 1996), apresentam simplicidade
operacional, mas carecem de base fisica, limitando sua capacidade de representar
adequadamente os processos hidrolégicos (Partington et al., 2012). Assim, embora diferentes
métodos apresentem aplicabilidade em funcao dos dados disponiveis e dos objetivos do estudo,
abordagens baseadas em processos fisicos, como a de Brutsaert, tendem a fornecer estimativas
mais robustas e interpretaveis do escoamento de base e do armazenamento subterraneo (Li et

al., 2022).

2.4 Modelagem hidrolégica

Segundo Tucci (2020), um sistema ¢ definido como qualquer estrutura que num
determinado tempo de referéncia inter-relaciona-se com uma entrada ou estimulo de energia, e
uma saida ou resposta de energia. Um modelo ¢ a representagdo de um sistema em uma
linguagem que permita entendé-lo e buscar respostas para diferentes entradas, assim um modelo
hidrologico pode representar o comportamento de uma bacia hidrografica e prever condi¢des
diferentes das observadas (Tucci, 2020).

Modelos hidrologicos podem representar matematicamente processos fisicos como,
transformac¢do de chuva em escoamento, evapotranspiragdo, armazenamento de agua no solo e
aquiferos, e propagagdo de ondas de cheias ao longo da rede de drenagem de bacias
hidrograficas (Pontes et al., 2015). Os modelos hidrologicos distribuidos dividem as bacias
hidrograficas em diferentes unidades para a simulagdo dos processos hidrologicos (Xiao et al.,
2023), podendo assim atingir uma grande representatividade espacial ao considerar diferentes

caracteristicas do solo, uso do solo e geologia da bacia.
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De acordo com Caldeira et al. (2018), os modelos hidrolégicos podem ser utilizados
para diversos fins, como: geracdo de série sintética de vazdes em cursos d’agua nado
monitorados; preenchimento de falhas em séries historicas, conforme aplicado por Fillingham
e Kilsby (2015); previsdo de inundagdo em tempo real; estimativa de frequéncia de vazodes de
cheia, conforme Viglione et al. (2013); dimensionamentos hidrologicos de estruturas
hidraulicas; analise de vazdes de referéncia para outorga de uso da dgua; avaliacao do impacto
das mudangas climaticas ¢ de uso do solo sobre os recursos hidricos, como nos estudos de
Arnold et al. (2012) e de Wagner et al. (2013); estudos sobre servigos ecossistémicos de carater
hidrologico; vazao ecoldgica; entre outros.

A modelagem hidrologica ¢ uma importante ferramenta para a compreensdo dos
processos hidrolégicos e a avaliagdao de cenarios, fornecendo uma base técnica para um melhor
gerenciamento dos recursos hidricos (Lopes et al., 2020). Os modelos hidrologicos podem
prever comportamentos futuros de um sistema que ainda nao foram experimentados em
situagoes reais, assim o uso dessas ferramentas aliadas a um banco de dados e ao SIG consistem

em uma importante ferramenta para o planejamento e analise ambiental (Lammoglia, 2024).

2.4.1 Modelo MHD/INPE

O Modelo Hidrologico Distribuido — MHD foi desenvolvido pelo Instituto Nacional de
Pesquisas Espaciais — INPE (Rodriguez e Tomasella, 2016), com base no Modelo de Grandes
Bacias — MGB do Instituto de Pesquisas Hidralicas — IPH (Collischonn et al., 2007). No
processo de simulagdo o MHD combina principios dos modelos TopModel (Beven e Kirby,
1979) e Xinanjiang (Zhao e Liu, 1995), e no processo de calibragdo baseia-se no algoritmo do
método Shuffled Complex Evolution - SCE-UA (Duan et al., 1992). O modelo também pode
ser calibrado por meio do Strength Pareto Evolutionary Algorithm 2 - SPEA2, que ¢ um
algoritmo multiobjetivo, e portanto, contribui para a redu¢do de incertezas e para a obtengao de
solucdes mais robustas na representagao dos processos hidroldgicos (Zitzler et al., 2001).

O MHD ¢ um modelo de grande escala que integra balangos de dgua e energia para
simular vazdes em grandes bacias (Rodriguez ¢ Tomasella, 2016). E um modelo conceitual
distribuido por grades regulares, onde o balango hidrico ¢ simulado em cada grade, ou Unidade
de Resposta Hidrologica — URH, e o escoamento ¢ propagado pela rede de drenagem, por meio
da integragdo de equacgdes que representam os processos hidrologicos, como interceptacao,

percolacdo, escoamento e evapotranspiragdo (Negrao et al., 2017). O modelo ¢ composto por
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quatro moddulos, sendo eles: balango vertical de agua no solo; evapotranspiracao; fluxo
superficial, subsuperficial e subterraneo; e propagacao em canais (Melo, 2019).

O MHD utiliza trés camadas para simulagdo do balanco hidrico: superficial, que gera os
fluxos superficial e subsuperficial e flui para a camada seguinte; intermedidria, que funciona
como um reservatorio de dgua para a vegetagao com raizes profundas, podendo ser excluida em
solos rasos; e a camada inferior, que controla o fluxo de base e, indiretamente, o fluxo
superficial pelo excesso de saturacdo (Tomasella et al., 2022). Cada camada possui um
armazenamento maximo, definido pelo tipo do solo e pela espessura da camada, que sdo os
parametros de calibragdo. Os fluxos verticais entre as camadas do solo sdo descritos por
processos de percolacao, onde a camada superior drena para a intermediaria, que drena para a
inferior (Tomasella et al., 2022) (Figura 1). Enquanto o escoamento subsuperficial lateral ¢
representado com base nos principios do modelo TOPMODEL, que considera a influéncia da
topografia na distribuicdo espacial da umidade e na geracdo do escoamento base (Beven;

Kirkby, 1979; Tomasella et al., 2022).

Figura 1 - Esquema conceitual do modelo MHD/Inpe indicando as diferentes camadas,
fluxos e direcodes.
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A evapotranspiracao ¢ calculada pelo método de Penman-Monteith (Monteith, 1965),
onde sao utilizados dados de temperatura do ar, velocidade do vento, umidade relativa, pressao
atmosférica e radiacdo solar. Por meio do método de Gash et al. (1995) ¢ obtida a perda de agua
por interceptagdo, e fazendo o uso do modelo de distribui¢do de raizes de Jarvis (1989) ¢

simulada a captura de agua do solo até a vegetagao (Tomasella et al., 2022). Segundo Tomasella
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et al. (2022) em cada célula do modelo ha um canal associado ao escoamento superficial direto,
cujos excedentes do balango hidrico sao transferidos por meio de reservatérios lineares simples.
A propagacao pela rede de canais ¢ obtida por meio do método de Muskingum-Cunge (Cunge,
1969).

Os dados de entrada do modelo sdo: meteoroldgicos, como precipitagao, temperatura do
ar, velocidade do vento, temperatura do ponto de orvalho, radiagdo solar de onda curta, pressao
atmosférica; mapas de solo e mapas de uso e ocupagao do solo; e dados do relevo, como o
Modelo Digital de Elevacao. Para a calibragdo do modelo sdo necessarios parametros como os
de: vegetacao, incluindo albedo, indice de area foliar, cobertura de dossel, profundidade
radicular; solo, como condutividade hidraulica saturada, pressao de entrada do ar, umidade
volumétrica; além de outros pardmetros inerentes ao modelo. Os parametros fixos do modelo
incluem os de: vegetagdo, sendo eles dmega critico, fator de distribui¢ao de raizes, NVeg,
albedo, Indice de Area Foliar, altura da vegetagdo, cobertura da vegetacdo e profundidade
radicular; e solo, que incluem condutividade hidraulica saturada, pressao de entrada do ar,
parametro b da curva de reten¢do, e umidade volumétrica na saturacao e residual.

O modelo ja foi aplicado em varios estudos no Brasil, apresentando resultados
satisfatorios para a predicao do escoamento sob diferentes cenarios, como os de alteragao no
uso do solo e de mudangas climaticas. Melo et al. (2022) avaliaram o desempenho do modelo
MHD-INPE em uma bacia de cabeceira da bacia do rio Grande, comparando-o a um modelo
fisicamente baseado e obtendo resultados satisfatorios na simulagdo das vazdes. Zakhia et al.
(2021) utilizaram o MHD-INPE associado a modelos climaticos regionalizados pelo
Eta/CPTEC para analisar os impactos de mudangas climaticas na bacia do ribeirdo Jaguara,
localizada na regido do Alto Rio Grande, verificando bom desempenho na reproducdo do
regime hidroldgico e na projecao de cenarios futuros. Negrao et al. (2017) aplicaram o modelo
na previsao de eventos hidrologicos extremos em Sdo Luis do Paraitinga (SP), demonstrando
sua capacidade de representar adequadamente respostas hidroldgicas associadas a chuvas
intensas. De forma complementar, Rodriguez et al. (2017) aplicaram o MHD-INPE em estudos
de regionalizagao hidroldgica e avaliagao de mudancgas no uso e cobertura do solo, evidenciando

sua versatilidade para diferentes condi¢des hidroldgicas.

2.5 Modelos climaticos

Tendo em vista as recentes mudangas nos padrdes climaticos € altamente provavel que

as mudangas climaticas tenham estado presentes nos regimes de precipitagdo e temperatura, e
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na dinamica hidrolégica, principalmente nas ultimas décadas (Regoto et al., 2021). De acordo
com o sexto relatorio do IPCC (2023), se o ritmo atual de emissao de gases de efeito estufa
continuar, podem ocorrer aumentos na temperatura média global de 2,5 °C a 4,0 °C até 2100,
ocasionando mudancas climéticas globais, com intensificacao de eventos extremos como ondas
de calor, secas e chuvas intensas. No quinto relatdrio cientifico divulgado pelo IPCC (2013),
foram levantados quatro cendrios climaticos futuros com projegdes até 2100, que demonstram
as concentragdes atmosféricas e suas for¢antes radiativas antropogénicas por meio de Caminhos
de Concentra¢do Representativa, do inglés Representative Concentration Pathways (RCP),
sendo estes equivalentes ao forcamento radiativo total em W m™ até o ano de 2100. O RCP 4.5
¢ um cendrio intermediario, que representa um aquecimento global médio de 1,1 a 2,6 °C, ja o
RCP 8.5 € o cenario mais pessimista representando um aquecimento de 2,6 a 4,8 °C até o final
do século (Van Vuuren et al., 2011).

Os Modelos de Circulacdo Geral (GCMs, do inglés General Circulation Models)
permitem o estudo dos cenarios atuais e de mudancas climaticas (Silva, 2025), pois simulam o
comportamento dos processos quimicos ¢ fisicos na atmosfera, além de interagir com
componentes de outros sistemas (Chou et al., 2014). Os GCMs levam em conta variagdes na
concentracdo de gases do efeito estufa, sendo, portanto, uma das ferramentas cientificas mais
avangadas na simulagdo do clima (Mello et al., 2015; Ahmed, Ahmad, ¢ Kheir, 2023). Esses
modelos representam de forma integrada os principais componentes do sistema climatico,
incluindo a atmosfera, os oceanos, a biosfera e a criosfera (IPCC, 2021). Além disso, os cenarios
climaticos associados consideram diferentes trajetorias de concentracdo de gases de efeito
estufa ao longo do tempo, permitindo a anélise de possiveis mudangas futuras no clima (Van
Vuuren et al., 2011; IPCC, 2023).

O Model for Interdisciplinary Research on Climate - MIROC ¢ um modelo japonés,
desenvolvido em cooperacdo pela Universidade de Toquio, NIES e JAMSTEC, que apresenta
modelos ocednicos e de superficie continental (Watanabe et al., 2011). J4 o HadGEM2-ES, que
foi desenvolvido pelo Hadley Centre (Collins et al., 2011; Martin et al., 2011), ¢ um modelo do
sistema terrestre, e representa o ciclo do carbono. Este modelo inclui a quimica da atmosfera e
um modelo de aerossol com a representacdo do carbono organico e da pluma de poeira
(Rodrigues, 2017). Segundo Collins et al. (2011), a resolu¢do do modelo HadGEM2-ES ¢ de
1,875° de longitude e 1,275° de latitude, com uma altitude de até 40 km. J4 o MIROCS,
apresenta uma resolug¢do de 150 km na horizontal e 40 niveis na vertical (Chou et al., 2014).

O CanESM2 simula processos climaticos usando o Coupled Model Intercomparison

Project fase 5 — CMIP 5 para os RCPs, e ¢ um modelo de cobertura global, disponivel
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gratuitamente e que tem sido muito utilizado em estudos hidrologicos e de mudancas climaticas
(Chim et al., 2021). Este modelo acopla um modelo de circulagao geral atmosfera-oceano, um
modelo de terra-vegetagdo e um ciclo interativo do carbono terrestre e ocednico, e tem resolugao
horizontal de 2,8125° e resolucdo vertical de 35 camadas (Chylek et al., 2011).

O Brazilian Earth System Model - BESM foi desenvolvido pelo Centro de Previsao de
Tempo e Estudos Climaticos - CPTEC/INPE, e ¢ composto por um modelo acoplado oceano-
atmosfera (Nobre et al., 2013), com resolugdo horizontal de 40 km e resolu¢do vertical de 38
camadas (Chou et al., 2007). O BESM tem sido utilizado para produzir cenarios globais de
mudancas climaticas, e, para fornecer condigdes de fronteira atmosféricas e oceanicas para
modelos climdticos regionais, para reducdo dindmica dos cenarios de mudangas climaticas
(Chou et al., 2014).

As projecdes dos GCMs possuem resolugdo espacial grosseira para avaliagdes de
impacto e, para escalas regionais, sendo assim, estas sdo refinadas por Modelos Climaticos
Regionais — RCMs, do inglés Regional Climate Models (Maraun et al., 2017). O Instituto
Nacional de Pesquisas Espaciais (INPE) desenvolveu no Brasil, produtos de downscaling com
0o RCM Eta, sob os cenarios RCP 8.5 e 4.5, todos com resolugdo de 20 km, como forma de
apoio a estudos estratégicos de mudangas no clima e ao Plano Nacional de Adaptagdo as
Mudangas Climaticas (Chou et al., 2014; Almagro; Oliveira, 2019).

Além disso, as projecdes climaticas estdo sujeitas a incertezas. De acordo com Liu e
Gupta (2007) existem dois tipos de incertezas na projecao climéatica: a incerteza da modelagem,
que esta relacionada ao ajuste imperfeito do modelo; e a incerteza preditiva, associada a erros
de previsdo devido, por exemplo, a mudangas dos padrdes naturais. As principais fontes de
incerteza associadas as projecdes climaticas incluem: a variabilidade interna do sistema
climatico; as diferencas estruturais entre modelos climaticos globais (GCMs); e os cenarios
futuros de emissdo de gases de efeito estufa (Eyring et al., 2016). Em horizontes de curto prazo,
a variabilidade natural do sistema climatico tende a ser a principal fonte de incerteza, enquanto,
em escalas de longo prazo, os modelos e cenarios climaticos dominam as fontes de incertezas

(Lehner et al., 2020).
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Abstract

Changes in rainfall and temperature patterns can impact water security, mainly in tropical and subtropical
regions. This study aimed to assess if climate change in Minas Gerais state, Brazil has impacted groundwater
storage. Headwaters of four representative basins with minimum land use change were selected to quantify the
effects of atmospheric forcing. Daily streamflow time series were used to assess changes in groundwater storage
using the Brutsaert method. The Mann-Kendall and Sen tests were applied to evaluate the trends and determine
the rate of change. Most studied sub-basins showed an upward trend in temperature and evapotranspiration, while
a nonsignificant trend was found for annual precipitation in some sub-basins. Mean annual streamflow, minimum
streamflow over seven consecutive days (Q7, min), and groundwater storage (S) showed downward trends in most
sub-basins. The Jequitinhonha sub-basin is the closest hydrological unit to the pristine conditions, indicating that
changes in climate have impacted its hydrological response. In contrast, at the Piracicaba sub-basin and Sapucai
sub-basin, it was not clear that climate changes can exclusively explain the decreasing trend in groundwater storage
due to the changes in land use from native forest (Atlantic Forest and Cerrado) to pasture. The Sdo Francisco and
Grande River sub-basins are the most anthropized and showed the lowest reduction rates, showing that these sub-
basins have a relevant resilience to climate change as their geomorphological aspects, i.e., soils, topography, soil-
vegetation relationship, and hydrogeology, play a fundamental role in buffering the hydrological impacts. Our
results can contribute to water resource management in Minas Gerais state, supporting decision-makers actions to

minimize the effects.
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Introduction

Given recent changes in climate patterns, especially with impacts on the frequency of extremes, it is
highly probable that climate change has been present, mainly in the last decades, affecting the environment, the
economy, and society (Regoto et al., 2021). Many studies on the impact of climate change, mainly on the
hydrological cycle, have been carried out. However, most have focused on surface water, and much less is known
regarding groundwater, especially in the basin’s scale. The IPCC (Intergovernmental Panel on Climate Change)
stated that detecting impacts caused by climate change on groundwater is more complex due to the lack of
observational data (Jiménez Cisneros et al. 2014). According to Zhu et al. (2020), groundwater storage and
precipitation have a positive relationship, i.e., the higher the precipitation, the higher the aquifer recharge.
However, groundwater storage has a negative relationship with temperature, which can lead to more significant
evapotranspiration, reducing groundwater storage. This relationship can be changed depending on the climate and
basin's physiographical aspects, such as soil, vegetation, topography, and geology. Therefore, changes in
temperature and rainfall affect the water balance in watersheds, with significant consequences for groundwater
recharge, streamflow, and water demand, with a particular impact on the dry season (Lee and Ajami, 2023). In
regions that have been affected by severe droughts, efficient water resources management becomes essential to
guarantee supply and meet the demands in watersheds during critical periods, which have prolonged beyond the

droughts as watercourses can take more than three years to recover the baseflow (Lee and Ajami, 2023).

Groundwater storage can also be influenced by other factors, such as changes in land use, land cover, and
agricultural practices (Holman, 2006). Given that assessing the impacts of climate change on aquifer recharge is
strategic, an analysis of headwater watersheds with minimal anthropogenic interventions proves to be more
effective at decoupling the impacts of atmospheric forcing and anthropogenic activity (Jones et al. 2012). This
coupled effect has been analyzed in the literature; for instance, Gao et al. (2015) analyzed trends in groundwater
storage from streamflow data in the Loess Plateau basins in China. Downward trends in storage were observed in
most of the basins, indeed provoked by changes in the climate, such as rising temperatures and precipitation
reduction. Zhang et al. (2014) evaluated trends in the groundwater storage of basins in Australia and found
downward trends in almost all basins when analyzing long periods, indicating that groundwater storage has been
affected by large-scale climate factors. Warku et al. (2022), in a study of the upper Gibe basin in Ethiopia, found
trends of increasing temperature and decreasing precipitation over the last 30 years. In response to these changes,
a reduction in annual groundwater storage was also observed, which shows that climate variability significantly

impacts groundwater recharge in Ethiopia. Decoupling the dynamic of groundwater systems from land surface
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processes is challenging, requiring detailed hydrogeological data, a network of monitoring wells, and the

characterization of surface water and groundwater interactions.

Groundwater storage can be estimated through remote sense, observation wells data, and hydrological
models. However, these methods can present limitations such as low spatial resolution and short periods of
observation, among others (Liu et al., 2020). A simple approach is the analysis of baseflow as an indicator of
changes in the storage of groundwater systems, and the Brutsaert method has been applied worldwide under
different climatic, geological, physiographical, and hydrological conditions (Alley et al. 2002; Brutsaert, 2008;
Brutsaert, 2010; Mutzner et al. 2013; Zhang et al. 2014; Xiang et al. al. 2016; Kormos et al. 2016; Li et al. 2017).
Even in arid and mountainous basins, groundwater hydraulic parameters consistent with field measurements have
been predicted (Mendoza et al. 2003). However, in developing countries, where few studies regarding groundwater
storage have been conducted, the Brutsaert method arises as an optimal procedure as it is based on baseflow and
is applied using only daily streamflow. Baseflow is controlled by the geological and topographical features of the
basin, and temporal changes in unconfined groundwater storage can be inferred by the Brutsaert method (Brutsaert
and Nieber, 1977). This method can be an important water resource management tool in data-scarce regions. An
example of this approach is presented by Lin and Yeh (2017), who obtained groundwater storage in northern
Thailand using the Brutsaert method. They also observed downward trends in annual groundwater storage in five
and upward trends in three basins. Furthermore, Liu et al. (2020) studied groundwater storage behavior in the

Yangtze River basin in China; upward trends were found in 14 of the 19 sub-basins assessed.

Minas Gerais state, in southeast Brazil, has suffered significant droughts recently, especially in the 2010s
(Petrucci et al., 2022; Silva and Mello, 2022), mainly caused by reduced rainfall and rising temperatures. In this
respect, considering different hydro-climatic regions, predicting how these changes can affect groundwater
recharge and water availability in the main state's basins is relevant. This assessment will make it possible to go
deeper into the most sensitive hydrological issues (base flow and groundwater storage) in headwater basins,
verifying whether, in recent decades, the effects of climate changes are (and how they are) affecting water yield.
The results are strategic for water and energy resources management actions, subsidizing future hydrological

projections, and sustainable actions.

This study sought to answer the question: Does climate change affect water yield and groundwater storage

in the main headwater basins of Minas Gerais state? If so, at what rate of change? Moreover, are these changes
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taking place in all the regions? To this end, climatic and hydrological data from four headwater regions in Minas

Gerais state were analyzed to estimate groundwater storage and its temporal behavior.

Materials and Methods

Study area

The study area covers sub-basins located in the state of Minas Gerais, Brazil. Minas Gerais is home to
national rivers, such as the Sdo Francisco River basin, which drains much of the state's area toward the Brazilian
northeast region. In addition to the Sdo Francisco River, the Para, Paraopeba, das Velhas, Paracatu, and Verde
Grande Rivers form this basin in Minas Gerais (Melo et al. 2023). The Mantiqueira Range is home to the
headwaters of the Grande and Sapucai Rivers, which form the Parand River basin and have one of the most
remarkable hydropower potentials in the country (Bueno et al., 2020). Doce River basin drains towards the east of
Minas Gerais state and Espirito Santo and is the main basin located entirely in southeast Brazil. Espinhaco Range
in the middle-to-north of Minas Gerais state encompasses the headwater of the Jequitinhonha River basin, the
essential water source for a large part of the Minas Gerais and Espirito Santo states, and it is partially under the

influence of a semi-arid climate.

Studied basins

The studied basins were the Grande, Sado Francisco, Doce, and Jequitinhonha (Figure 1). The least
anthropized sub-basins typically are in the headwater regions, in line with the pristine aspect. However, even in
the headwater region, anthropized areas exist, mainly in the Grande, Sapucai, and Sdo Francisco basins. Then, two
sub-basins were selected in the headwater regions of these basins (Figure 1), aiming to minimize the effects of

changes in land use (pasture instead of native vegetation in most of the situations) in the analysis.
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Figure 1. Basins, sub-basins, geographical locations, the respective fluviometric sections, and meteorological

stations with the respective historical series.

Datasets

The daily streamflow historical series was obtained from the HidroWeb portal of the National Water
Agency (ANA). Table 1 presents the station code, respective names, river, basins, monitoring period, and sub-

basin drainage areas.
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Table 1. Fluviometric stations of the sub-basins studied (Station and Name), respective basins, start and end of the

series, and drainage area.

ID  Station Name Sub-Basin/Basin Starting Ending Area

(dd/mm/yyyy) (km?)

2 61012000 Madre de Deus Grande/Grande 01/01/1981 31/12/2020 2070

61009000 Bom Jardim de Grande/Grande 01/01/1981 31/12/2020 529
Minas

5 61305000 Santa Rita do Sapucai/Grande 01/01/1981 31/12/2020 2810
Sapucai

61271000 Itajuba Sapucai/Grande 01/01/1981 31/12/2020 869

12 40050000 Iguatama S.Francisco/S. Francisco 01/01/1981 31/12/2020 5560

40037000  Fazenda da Barra S.Francisco/S. Francisco 01/01/1981 31/12/2020 757

17 54010005 Vila Terra Branca  Jequitinhonha/Jequitinhonha 01/01/1981 31/12/2020 7720

20 56610000 Rio Piracicaba Piracicaba/Doce 01/01/1981 31/12/2020 1160

Table 2. Meteorological stations nearest to the sub-basins studied (Station and Name), respective basins, start and

end of the respective series.

Station Name Sub-Basin/Basin Starting (dd/mm/yyyy) Ending
83689 Barbacena Grande/Grande 01/01/1981 31/12/2020
83736 Sdo Lourengo Sapucai/Grande 01/01/1981 31/12/2020
83579 Araxa S.Francisco/S. Francisco 01/01/1981 31/12/2020
83485 Carbonita Jequitinhonha/Jequitinhonha 01/01/1981 31/12/2020
83587 Belo Horizonte Piracicaba/Doce 01/01/1981 31/12/2020

(Table 2) in the BDMEP portal of the National Meteorological Institute (INMET).

Rainfall and temperature datasets were obtained from the meteorological stations nearest to the sub-basins

The gaps in the annual rainfall series were filled using linear regression between the data from the station with

gaps and the data from the nearest station. For streamflow, we found gaps mainly for the Grande River basin.

However, most of the gaps were found in the rain period, which did not affect the Q7 min sSeries. For mean annual
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streamflow, we screened the results of the hydrological simulation conducted by Viola et al. (2015) for the studied
basins to fill the gaps. After that, we calculated the mean average streamflow for the respective year, comparing it
against the observed in the historical series; we also assessed the annual water balance coherence of the filled
years, comparing with the other years.

Given the many gaps in the meteorological datasets, i.e., data for calculating potential evapotranspiration
using the Penman-Monteith model are unavailable, as well as for evaporimeters, we adopted the Thornthwaite

method, which is based on temperature datasets that have fewer gaps.

Land use, soils, and hydrogeological maps

The land use maps were derived from the MAPBIOMAS platform for the Brazilian territory (Figure 1S -
supplementary). The soil maps were derived from the Minas Gerais State (Figure 2S - supplementary) (CETEC,
FEAM, UFV, UFLA, 2010), and the hydrogeological maps (Figure 3S - supplementary) were adapted from the

CPRM.

There are significant anthropized areas in the Grande River sub-basin at Madre de Deus de Minas
fluviometric section, predominantly pasture replacing Atlantic Forest, demonstrating that the pristine characteristic
can not be applied to a large part of this sub-basin. Thus, another upstream section, Bom Jardim de Minas, was
chosen to reduce the anthropized area, where a wider domain of the Atlantic Forest and rupestrian fields have been
observed. In the Grande River sub-basin, there is a predominance of Haplic Cambisol, Humic Cambisol, Yellow
and Red-Yellow Latosols, and Litholic Neosol. The basin's hydrogeology is almost entirely characterized as an

undifferentiated basement stratigraphic unit formed by quartzite, migmatite, marble, and metapelitic.

In the Sapucai River sub-basin (Grande River basin), an upstream section (Itajuba) was also considered,
where most of the original land cover is still present. The predominant soil classes are Red Argisol, Red-Yellow
Argisol, Haplic Cambisol, and Red Yellow Latosol. Since the Sapucai River sub-basin is located in the Grande

River basin, it is also characterized by an undifferentiated basement stratigraphic unit.

The Sao Francisco River sub-basin at the Iguatama fluviometric station has areas with native land cover,
notably the savannah (Brazilian Cerrado). However, it is the most anthropized hydrological unit due to the
deforestation of the savannah for pasture occupation. Therefore, another upstream section was used, delineated in

the Fazenda da Barra fluviometric section. The predominant soil classes are the Haplic Cambisol, Litholic Neosol,
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Red Latosol, Red-Yellow Latosol, and Red-Yellow Argisol. Most of the sub-basin is located in the Serra da
Saudade formation, Canastra group, and undifferentiated basement, whose lithology is composed of siltstone,

mudstone, quartzite, phyllite, marble, metapelitic, among others.

The Jequitinhonha River sub-basin delimited in this study shows very little anthropization. This sub-basin
is mainly covered by savannah and Atlantic Forest and is the closest hydrological unit to the pristine aspect.
Regarding the soil classes, the rocky outcrops domain of the Jequitinhonha River sub-basin landscape, with Red
Latosol and Haplic Cambisol occupying small areas. The sub-basin is laid on the Macaubas Group and Spinago
Supergroup stratigraphic units, where the lithology is composed mainly of quartzite, schist, and meta

conglomerate.

The Piracicaba River sub-basin (headwaters of the Doce River basin) is primarily forested but has a large
anthropized area characterized by pasture and silviculture. Red Yellow Latosol takes place as the main soil class,
although there are areas of Haplic Cambisol and rocky outcrop. Regarding its hydrogeology, this sub-basin is laid

mainly in the undifferentiated basement stratigraphic unit, formed by migmatite, marble, and metapelitic rocks.

Methods

Anthropic Transformation Index (ATI)

Because of the anthropization observed in the sub-basins, the Anthropic Transformation Index (ATI) was
applied to classify the degree of anthropization and how close they are to the pristine condition. This index was
developed by Lémechev (1982) and quantifies anthropogenic pressure on environmental protection areas,

watersheds, parks, and other possibilities (Gouveia et al. 2013). It is calculated as follows:

ATI = Y. (%usexweight)/100 (1)

Where "use" is the area (%) of the land use; "weight" is the weight attributed to the land uses according to the
anthropogenic alterations, ranging from 0 to 10. Cruz et al. (1998) proposed the following classification: 0 — 2.5:

little degraded; 2.5 — 5.0: regular; 5.0 — 7.5: degraded; 7.5 — 10.0: Very degraded.

The weight of each land cover/land use should be assigned based on knowledge of the anthropogenic
impacts in the sub-basin (Mateo, 1984). The weights of the different anthropogenic pressures are in Table 3 and

were assigned according to the land cover impacts on the environment. Thus, the lowest weight (0) was given to
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native forests, savannahs, and rupestrian fields with no anthropogenic intervention. A weight of 1 was given to
rivers and lakes, as they can be affected by the water withdrawal by users. The highest weight (10) was assigned

to urban and mining, as these are the most anthropized areas.

Table 3. Land uses and respective weights were adopted in this study for ATI characterizations.

Land use class Weight

Forest, savannah, and rupestrian fields 0
Silviculture 3
Wetlands, rivers and lakes 1
Pasture 7

Mosaic of uses 8
Urbanization 10

Other non-vegetated areas 6
Rock outcrop 0
Mining 10

Annual and perennial crops 9

Groundwater storage estimating method (Brutsaert, 2008)

The Brutsaert method (Brutsaert, 2008) can be highlighted among the indirect methods for estimating
groundwater storage (S) in sub-basins. Daily streamflow series are used to construct minimum streamflow series
averaged over seven consecutive days (Q7, min). Since S sustains baseflow in dry periods, it can be assessed using
Q7, min. (Lin and Yeh, 2017). These streamflows can demonstrate trends linked to S over time, making it possible

to assess climate change effects, especially for less anthropized basins (Brutsaert, 2008; 2012).

The fundamentals of this method are laid in the physical aspects of S and its connectivity with the basin
geomorphology, detailed in Brutsaert (2008). A mathematical potential equation can estimate S as a function of a

baseflow discharge (Brutsaert, 2008; Rupp and Selker, 2006):

S=Kxy ©)

Where S is the groundwater storage (in mm); y is the flow transformed to depth (mm/day) (y = Q/A, where A is

the sub-basin area); K is a time parameter associated with the hydrogeological transmissivity characteristic of the
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basin (day). Brutsaert and Nieber (1977) developed a methodology for analyzing the temporal behavior of S based

on baseflow rates by deriving equation 2, i.e.:

as _ . 4y 3)
dt dt

To assess the S temporal behavior, Brutsaert (2008) suggests applying Q7, min:

For the K parameter estimate, we work with equation 4, developing a log-log graph of -dy/dt and y:
dy Y=Y 5)

dt 2

However, to construct this graph, Brutsaert (2008) required a protocol so that streamflow observations
used in the analysis must be essentially groundwater flows, i.e., without the effect of precipitation or direct surface

runoff. The method's protocol is:

- Eliminate all positive values and zeros of dy/dt.

- Eliminate anomalous values of -dy/dt that may suddenly appear and the four values following their occurrence.

- Eliminate the three data points following the last positive or zero value of dy/dt.

- Eliminate the two data points preceding the first positive or zero value occurrence.

- The enveloping line should be drawn above the 5% smallest values.

This procedure results in a cloud of points from which K is the angular coefficient of the 5% smallest
values enveloping by a line. Using the parameter K and the annual minimum seven-day streamflow (Q7, min) series,

the annual minimum groundwater storage is calculated using equation 2.

Temporal behavior of hydrological and climatic variables

The Mann-Kendall test (Mann, 1945; Kendall, 1975) using the R software was applied to detect possible
trends in the historical series. Sen's test (Sen, 1968) was also applied to the series that showed a trend to

characterize the rate at which the trend occurs.
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The tests were applied to annual data on rainfall and evapotranspiration and average, maximum, and
minimum temperatures. Trends were assessed in the historical series of mean annual streamflow, obtained from
the historical series of daily streamflow, in the annual minimum streamflow of seven consecutive days (Q7, min),

and the annual S historical series.

RESULTS AND DISCUSSION

Land use and anthropization in the sub-basins

Table 2 shows the results of the Anthropic Transformation Index (ATI) in the sub-basins. The
Jequitinhonha sub-basin is the least anthropized, has the lowest ATI, and is classified as little degraded. The other

basins were classified as regular or degraded, with the Sao Francisco River being the most degraded.

Table 4. Anthropogenic Transformation Index (ATI) for the study sub-basins in Minas Gerais state.

Basin River/Sub-basin ATI Classification
Grande Grande/Madre de Deus 3.88 Regular
Grande/Bom Jardim 3.13 Regular
Jequitinhonha Jequitinhonha/Vila Terra Branca 1.01 Little degraded
Doce Piracicaba/Piracicaba 3.56 Regular
Sao Francisco Sao Francisco/Iguatama 5.62 Degraded
Séao Francisco/Fazenda da Barra 4.69 Regular
Grande Sapucai/Santa Rita do Sapucai 5.10 Degraded
Sapucai/Itajuba 342 Regular

Temporal behavior of climatic variables

Figure 2 shows the temporal behavior of the mean maximum, mean annual, and mean minimum annual
temperatures observed at the weather stations closest to the sub-basins (Figure 1). Also, the maps present the trends
from the Mann-Kendall test and the classes for the Sen coefficient for the respective historical series. An upward
trend in the three temperatures occurred approximately from the mid-1980s onwards, especially mean maximum

temperatures.
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Figure 2. Temporal behavior and the Mann-Kendall test for the mean maximum annual temperature (a), mean

annual temperature (b), and mean minimum annual temperature (c) in the Grande, Sapucai, Sdo Francisco,

Jequitinhonha, and Piracicaba sub-basins. Units in °C/year.

Table 5 shows the results of Sen’s test for the series that demonstrated a probability of rejecting the null

hypothesis at a significance level of 5% in the Mann-Kendall test.
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Table 5. Sen’s test for the maximum annual temperature, mean annual temperature, and minimum annual

temperature in the Grande, Sapucai, S8o Francisco, Jequitinhonha, and Piracicaba sub-basins (°C/year).

Station Name River/Basin Sen’s coefficient
Temperature
Maximum Mean Minimum

83689 Barbacena Grande/Grande - - -
83736 Sao Lourenco Sapucai/Grande - - -
83579 Araxa S.Francisco/S. Francisco 0.043 0.033 0.027
83485 Carbonita Jequitinhonha/Jequitinhonha 0.038 0.024 0.025
83587 Belo Horizonte Piracicaba/Doce 0.016 0.025 0.029

The stations near the Sdo Francisco sub-basin, the Jequitinhonha sub-basin, and the Piracicaba sub-basin
showed an upward trend in mean maximum temperature, mean annual temperature, and mean minimum
temperature. The highest rates of increase in maximum and annual mean temperature were observed in the Sao
Francisco sub-basin (Araxa station) (0.043°/year and 0.033°/year, respectively). The greatest anthropization
observed in this sub-basin (pasture instead of savannah) could also lead to increased temperatures, not only the
changing climate, i.e., there is a local effect on the temperature caused by changes in the albedo of the sub-basin,
absorbing more heat with a greater soil exposition. We observed the highest rate of increase in the mean annual
minimum temperature in the Piracicaba sub-basin (Belo Horizonte station), with a rate of 0.029°/year. In the case
of the sub-basin, there is likely an overestimation of this temperature because we used the Belo Horizonte weather

station, which is entirely in the urban area.

Avila et al. (2014) evaluated temperature trends in Minas Gerais state using historical series up to 2010
and observed an upward trend in October and January. They also observed an upward trend of up to 1.5°C per
decade in minimum temperatures in July. In this study, mean annual and mean minimum temperatures showed
upward trends between 0.03 - 0.04°C per year and maximum temperatures of 0.04 - 0.05°C per year at the stations
with the most significant increase. The present study used data from 1961 to 2022 and detected similar increase
rates as Avila et al. (2014), i.e., between 0.03 and 0.05°C/year. It can, therefore, be seen that temperatures have

been evolving in the Minas Gerais state in the last decades.
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We did not observe significant trends in the annual precipitation from 1980 to 2020. However, we can
observe a slight downward trend for the Sapucai and the Jequitinhonha sub-basins (Sdo Lourengo and Carbonita
stations), meaning these sub-basins have received less rainfall (Figure 3). These slight trends were observed due
to the climate behavior in Minas Gerais in the last ten years, characterized by increased temperatures and less
precipitation, especially in summer (Silva et al., 2022; Silva and Mello, 2019). Oliveira et al. (2021) analyzed
precipitation series in the Araguai River basin (MQG), a sub-basin of the Jequitinhonha basin, and found downward
trends in monthly precipitation from 1995 to 2011, even using a shorter historical series and not considering the
last decade datasets. Therefore, we can highlight a possible decrease in the annual precipitation in the

Jequitinhonha basin, which, combined with the increase in the temperature, can deeply affect the basin's hydrology.
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Figure 3. Temporal behavior of annual precipitation in the Grande, Sapucai, Sdo Francisco, Jequitinhonha, and

Piracicaba sub-basins and the Mann-Kendal results. Units in mm/year.

Campos and Chaves (2020) carried out a study of trends in precipitation in the Cerrado (Savannah) biome
from 1977 to 2010, where 71% of the stations showed a downward trend, of which 14% were statistically
significant, and 28% showed an upward trend, of which only 1% was significant. The central and western regions
showed the sharpest reductions in precipitation. In contrast, the regions comprising Minas Gerais, Sao Paulo, and
Maranhdo, which account for 17% of the Cerrado biome's area, showed increased precipitation. When analyzing
the entire Cerrado region, the dry season months showed a downward trend in most of the series, demonstrating a

possible intensification of the dry season in this region.
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Since the Thornthwaite method depends only on temperature, evapotranspiration followed the same trend.
The stations near the Sdo Francisco, Piracicaba, and Jequitinhonha sub-basins (Araxa, Belo Horizonte, and
Carbonita stations) showed an upward trend (Figure 4), more remarkable at the Sdo Francisco sub-basin (2.39
mm/year) (Table 6). In the sub-basins towards the south of Minas Gerais, under the Mantiqueira Range domain,
the potential evapotranspiration did not show a significant trend, which can indicate that the elevation has played
an important role in buffering the increased temperature due to impacts of the climate. Based on annual
precipitation and evapotranspiration behavior over time, Minas Gerais state has faced impacts from changing in
climate from at least the 1990s, with intensification in the last ten years. Increased ET and decreased P are new
patterns for the state and overall southeast Brazil, and they implicate reduced water availability (P — ET), which

was seen in the Jequitinhonha basin.

50°0'0"W 48°0'0"W 46°0'0"W 44°0'0"W 42°0'0"W 40°0'0"W 38°0'0"W 36°0'0"W 34°0'0"W

R

Annual Evapotranspiration (mm)

vapotransp

S 16°00"S 14°00"S

T

Annual Evapotranspiration (mm)

G no trend
@ positive trend (1 - 2)
@ positive trend (2 - 3)
River basin
Doce

1 Sao Francisco
Jequitinhonha
0 75150 300 450 Km I Paranaiba

| B M Paraiba do Sul

.\241{0"5 22°00°S 20°00"S 18"{0"

2020
Annual Evapotran;

Figure 4. Annual potential evapotranspiration in Grande, Sapucai, Sdo Francisco, Jequitinhonha, and Piracicaba

sub-basins and the Mann-Kendal test with the Sen's coefficient. Units in mm/year.
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Table 6. Sen’s test for the annual potential evapotranspiration in the Grande, Sapucai, Sdo Francisco,

Jequitinhonha, and Piracicaba sub-basins.

Station Name River/Basin Sen’s coefficient

Potential evapotranspiration

83689 Barbacena Grande/Grande -
83736 Sao Lourengo Sapucai/Grande -
83579 Araxa S.Francisco/S. Francisco 2.39
83485 Carbonita Jequitinhonha/Jequitinhonha 1.94
83587  Belo Horizonte Piracicaba/Doce 1.55

Temporal behavior of the hydrological variables

This section presents the trend behavior of the mean annual streamflow and the mean minimum
streamflow in seven consecutive days (Q7, min) for the headwater sub-basins studied in Minas Gerais. According to
the results of the Mann-Kendall test (Figure 5), in the Jequitinhonha, Grande, Sapucai, and Piracicaba sub-basins,
a significant downward trend was observed, which magnitude was more significant in the Jequitinhonha sub-basin
(1.05 m?/s/year) (Table 7). Jequitinhonha has the lowest ATI and is, therefore, the least anthropized, which
indicates that this reduction in mean annual streamflow is linked to alterations in climate. However, a slight
downward can be seen in the Sdo Francisco sub-basin (Iguatama station), likely due to the significant increase in

ET.
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Figure 5. Mean annual daily streamflow at Madre de Deus, Bom Jardim de Minas, Santa Rita do Sapucai,

Itajuba, Iguatama, Fazenda da Barra, Vila Terra Branca, and Piracicaba and the Mann-Kendall test with Sen's

coefficient for the sub-basins. Units in m?/s/year.

Table 7. Sen’s test for the mean annual daily streamflow in Madre de Deus, Bom Jardim de Minas, Santa Rita do

Sapucali, Itajub4, [guatama, Fazenda da Barra, Vila Terra Branca, and Piracicaba sub-basins.

Station Name River/Basin Sen’s coefficient
Streamflow

61012000 Madre de Deus Grande/Grande -0.5
61009000  Bom Jardim de Minas Grande/Grande -0.1
61305000 Santa Rita do Sapucai Sapucai/Grande -0.78
61271000 Itajuba Sapucai/Grande -
40050000 Iguatama S.Francisco/S. Francisco -
40037000 Fazenda da Barra S.Francisco/S. Francisco -
54010005 Vila Terra Branca Jequitinhonha/Jequitinhonha -1.05
56610000 Rio Piracicaba Piracicaba/Doce -0.32




55

Souza and Reis (2022) conducted a streamflow trend study in Brazil's main basins. They found positive
trends in the mean annual streamflow of the stations in south Brazil and negative trends in almost all Brazilian
regions except Amazonia, for which a characteristic pattern was not identified. In addition, trends of intensification
of the extremes were observed, which were more significant in the northeast and south. The Jequitinhonha sub-
basin is in a region of Minas Gerais that keeps similarities with the northeast Brazilian region, i.e., drier climate

and a higher vulnerability to climate change, with a trend to desertification (Tomazella et al. 2018).

Melo et al. (2023) found evidence of a streamflow reduction in all the Sdo Francisco River physiographic
regions. There was no pattern of changes in the mean annual precipitation, but an increase was observed in the
temperature and evapotranspiration in all regions. According to the author, this region's warmer and drier climate
is probably associated with climate change and was the determining factor for the observed reduction in streamflow
in upper Sdo Francisco. In the lower and middle Sao Francisco basin, anthropogenic activities have a more
significant influence. Milliman et al. (2008) found a reduction of approximately 20% in the mean annual
streamflow of the S&o Francisco basin between 1951 and 2000 due to climate change at a regional scale and
anthropogenic activities. However, differing from the cited studies, the Sdo Francisco sub-basins did not present
a downward trend in the mean annual streamflow because we studied the sub-basins in the headwater, where the
impacts of a warmer and drier climate have been less significant than in sub-basins in downstream side, towards

to north of the state.

According to the Mann-Kendall Test, all the sub-basins showed a downward trend to the Q7, min (Figure
6). The most significant reduction was observed in the Sapucai sub-basin (0.43 m?*/s/year) (Table 8), showing that
this sub-basin is under intense hydrological stress due to a significant decrease in P since ETp is not significant
for the region of this basin, which means changes in climate have been affected Mantiqueira Range notably by a

consistent reduction in precipitation.
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Figure 6. Minimum annual streamflow (Q7, min) in Madre de Deus de Minas, Bom Jardim de Minas, Santa Rita

do Sapucali, Itajubd, Iguatama, Fazenda da Barra, Vila terra Branca, and Piracicaba sub-basins, in addition to the

Sen's coefficient trend classes for the Q7, min in the studied sub-basins. Units in m*/s/year.

Table 8. Sen’s test for the minimum annual streamflow (Q7, min) in Madre de Deus, Bom Jardim de Minas, Santa

Rita do Sapucai, Itajubd, Iguatama, Fazenda da Barra, Vila Terra Branca, and Piracicaba sub-basins.

Station Name River/Basin Sen’s coefficient
Streamflow
61012000 Madre de Deus Grande/Grande -0.15
61009000 Bom Jardim de Minas Grande/Grande -0.06
61305000 Santa Rita do Sapucai Sapucai/Grande -0.43
61271000 Itajuba Sapucai/Grande -0.13
40050000 Iguatama S.Francisco/S. Francisco -0.28
40037000 Fazenda da Barra S.Francisco/S. Francisco -0.04
54010005 Vila Terra Branca Jequitinhonha/Jequitinhonha -0.25
56610000 Rio Piracicaba Piracicaba/Doce -0.15
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The Piracicaba River sub-basin also showed a decrease in the Q7, min (0.15 m?/s/year). Campos (2022)
analyzed the dynamics of environmental vulnerability in the Doce River basin, which covers part of the Minas
Gerais and Espirito Santo states. They observed that 39 of the 45 stations analyzed showed negative trends in Q7
min. Of the 12 stations in the headwater of Piranga River, eight showed decreasing trends in Q7, min. However, most
of the downward baseflow behavior in the Doce River basin and sub-basins is related to land use, i.e., this basin
has been overwhelmed by anthropogenic actions since its headwater sub-basins. Intense recovery work is needed

to face the additional impacts of climate change (Campos, 2022).

The Jequitinhonha sub-basin, where the reduction trend in Q7, min Was observed (0.25 m3/s/year), is the
least anthropized, allowing this negative trend to be related to climate change. As previously noted, temperatures
generally increased in this sub-basin, i.e., there is a direct relationship between the water availability reduction and
an increase in air temperature and a decrease in precipitation, which leads to a reduction in water availability in

this sub-basin.

Groundwater storage temporal behavior

The K parameter is a time scale characteristic of the groundwater flow process in basins (Brutsaert, 2008),
and is obtained using the daily Q7min datasets of the entire period from the fluviometric station series. In the sub-
basins of this study, the K parameter ranged from 30 to 50, with an average of 40 (40 £ 10), which is close to the
values found in other studies (Table 9). In the original research of Brutsaert (Brutsaert, 2008) for basins in the
United States, average values for the K parameter were found to be 45 + 15 days. Gao et al. (2015) found an
average value of 30 & 15 days for basins in China. In a study in northern Thailand, Lin and Yeh (2017) obtained

values between 34 and 84 days, averaging 54 + 16 days.
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Table 9. K parameter of the Brutsaert method, groundwater storage (S), mean annual precipitation (P), and S/P

relation for the sub-basins.

Basin Station code K S (mm) P (mm) S/P

(days) (“o)

Grande River 61012000 39.8 30.9 1433.5 22
61009000 29.6 27.3

Sapucai River 61305000 49.1 30.8 1497.5 2.1
61271000 36.6 28.1

Sao Francisco River 40050000 354 19.2 1548.4 1.2

40037000 41.9 23
Jequitinhonha River 54010005 38.6 54 998.2 0.5
Piracicaba River 56610000 45.6 23.7 1584.5 1.5

Sanchéz-Murillo et al. (2015), also in basins in the United States, obtained an average value for K of 33
+ 15 days. In sub-basins with a predominance of basalt and flatter landscapes, K varied from 12.5 to 20 days,
whereas it ranged from 33.3 to 66.7 days in sub-basins with metamorphic and sedimentary rocks. It can be observed
that most of the sub-basins in the present study have a predominance of metamorphic rocks (Figure 3S -
supplementary). There is also a large proportion of sedimentary rocks in the Sao Francisco sub-basin, which

demonstrates the physical relationship between S and the hydrogeology of the basin.

The Sapucai and Grande sub-basins present higher S, with the highest percentage of metamorphic and
sedimentary rocks for the former sub-basin, and the relationship between the baseflow/sub-surface flow and the
Atlantic Forest in the Mantiqueira Range in the later sub-basin the main causes for S behavior. Pinto et al. (2016)
and Mello et al. (2019) showed that the Atlantic Forest in the Mantiqueira Range promotes improved water
infiltration through preferential flows and a better soil structure because of organic matter accumulation over time.
This is relevant because it is a geomorphological aspect that can help in the resilience of the headwater basins to
climate change impacts on the hydrology, i.e., preserving the highland forests is a management strategy for

buffering climate change impacts, reducing the effects of hydrological droughts.

The Jequitinhonha sub-basin encompasses mainly metamorphic rocks; however, it has a higher

percentage of outcrop rocks that reduce the infiltration and groundwater storage. This sub-basin is highly
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vulnerable to climate change impacts on hydrology because its geomorphological aspects (shallow soils and poor
aquifer properties) do not contribute to keeping water storage in the basin. This basin is fundamental for the
economy and society of the northern Minas Gerais state, which has the lowest GPD of the state. Thus,

environmental protection actions are urgent in this basin, starting with its headwater sub-basins.

In the present study, S ranged from 5.4 mm to 30.9 mm, representing 0.5% to 2.2% of annual precipitation.
Grande and Sapucai sub-basins showed the highest relation with P, meaning a higher efficiency in the groundwater
recharge processes, as also pointed out by Mello et al. (2019) in an experimental water budget study in the
Mantiqueira Range. Wendland et al. (2015), when studying the deep recharge of the Guarani Aquifer based on
water balance in a representative watershed between February/2004 and January/2007, obtained values varying

from 0.4% and 2.4%, i.e., values similar which were obtained using a more straightforward method.

We estimated the lowest S to the Jequitinhonha sub-basin, where the lowest precipitation and increased
evapotranspiration were observed and a downward trend of -0.11 mm/year (Table 10), respectively. The
Jequitinhonha sub-basin has shown a behavior compatible with impacts from climate change as the rates are
smooth, which suggests impacts more related to climate change than anthropogenic actions that promote more
acute changes. Jequitinhonha sub-basin has more fragile geomorphological aspects, i.e., despite its pristine
character, it has low hydrological resilience caused by shallow soils, steep topography, and hydrogeology that is
poor in terms of storage and slow transmissivity. Using GRACE satellite products, Vishwakarma et al. (2021)
showed that the entire Jequitinhonha basin significantly reduced groundwater storage up to 2015, corresponding
to -1.6 mm/year. Our study assessed groundwater storage only in the headwater region, showing a more minor
decay. Therefore, this result strengthens our findings regarding groundwater storage and baseflow (Q7, min) that this

sub-basin is under hydrological stressors.

The groundwater storage trends are presented in Figure 7. A low S was estimated in the S8o Francisco
sub-basin, similar to Jequitinhonha sub-basin, with a reduction trend of, respectively, 0.18 and 0.19 mm/year. S&o
Francisco sub-basin showed a higher mean annual precipitation than Jequitinhonha, accompanied by a higher
evapotranspiration trend, which demonstrates a greater influence of the land use in this sub-basin in the
groundwater storage. The Sapucai sub-basin and the Piracicaba sub-basin showed the highest value of S and P,
respectively; however, these sub-basins showed the highest downward trends to S (0.66 and 0.46 mm/year and

0.54 mm/year, respectively), which also reflects a high anthropization in these sub-basins.
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Figure 7. Groundwater storage in Madre de Deus de Minas, Santa Rita do Sapucai, Iguatama, Vila Terra Branca,

Piracicaba, Bom Jardim de Minas, Itajuba, and Fazenda da Barra, and trend of the Sen's coefficient for the

groundwater storage in the sub-basins studied. Units in mm/year.

Table 10. Sen’s test for the minimum annual groundwater storage in Madre de Deus, Bom Jardim de Minas, Santa

Rita do Sapucali, Itajubd, Iguatama, Fazenda da Barra, Vila Terra Branca, and Piracicaba sub-basins.

Station Name River/Basin Sen’s coefficient
Groundwater storage

61012000 Madre de Deus Grande/Grande -

61009000 Bom Jardim de Minas Grande/Grande -0.28
61305000 Santa Rita do Sapucai Sapucai/Grande -0.66
61271000 Itajuba Sapucai/Grande -0.46
40050000 Iguatama S.Francisco/S. Francisco -0.18
40037000 Fazenda da Barra S.Francisco/S. Francisco -0.19
54010005 Vila Terra Branca Jequitinhonha/Jequitinhonha -0.11
56610000 Rio Piracicaba Piracicaba/Doce -0.54
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Lin and Yeh (2017), where groundwater storage was also obtained using the Brutsaert method in northern
Thailand, estimated decreasing trends in annual S in five sub-basins, ranging from -0.053 to -0. 0950 mm/year,
and increased trends in three sub-basins varied from 0.111 to 0.141 mm/year. Gao et al. (2015) developed a study
in 38 basins on the Loess Plateau in China, and S was estimated from 1955 to 2010. Reduction trends were detected
in 20 basins, with an average of -0.0299 mm/year, and in 10 basins, increasing trends were estimated with an
average of 0.00467 mm/year. Liu et al. (2020), when analyzing S in the Yangtze River basin in China, found

positive trends in 14 of the 19 sub-basins, with a maximum value of 2.53 mm/year.

Zhang et al. (2014) evaluated long-term trends in 17 basins in Australia and found negative rates in almost
all basins over 45 years, with the highest rate being -0.241 mm/year. These trends persist over long periods (~ 100
years), but over shorter periods (one or two decades), they can change; thus, short periods can be inadequate to
obtain significant signals on groundwater storage analyses, as large-scale climate phenomena, such as ENSO and

the Pacific Decanal Oscillation, can impact the result, being fundamental long-term series.

Hydrological resilience of the sub-basins

The hydrological resilience of a basin concerns its ability to absorb change and maintain or quickly
recover its hydrological function. Resilient basins present stability in water yield when faced with changes in
environmental conditions, such as climate change and land use. In contrast, non-resilient basins can suffer changes

in water yield in the face of these changes and spend much time recovering the baseflow (Lee and Ajami, 2023).

Analyzing the sub-basins that showed trends in climate, we observed upward trends in potential
evapotranspiration and temperature, mainly in the Sdo Francisco sub-basin. Regarding land use, the greatest
anthropization has also been found in this sub-basin. Yet, the Sdo Francisco sub-basins showed a nonsignificant
trend in the mean annual streamflow. The lowest reduction rate in the mean annual streamflow (0.1 m3/s/year) was
observed in the Grande sub-basin (Bom Jardim station). In the S&o Francisco sub-basin (Fazenda da Barra station)
and Grande sub-basin (Bom Jardim station) were found the lowest reduction rates in Q7, min (0.06 and 0.04
m?/s/year, respectively). There are a few rocky outcrops in these sub-basins, and the predominant soil is the
Cambisol (Figure 2S). Oxisols are also significant in these sub-basins, which can contribute to their resilience in
the face of climate change impacts on the water resources, mainly baseflow. However, the critical factor for
maintaining baseflow consists of the role of the Atlantic Forest (Grande River sub-basins) and Savannah (Brazilian

Cerrado) (Sao Francisco sub-basins), which act to favor the water infiltration in the soils. Therefore, preserving
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these remnants is vital to minimize the impacts of climate change on the water security of these sub-basins,

especially in developing a protocol of sustainable actions related to land use.

There was a nonsignificant trend in groundwater storage in the Grande River sub-basin (Madre de Deus
station). This aspect indicates that this sub-basin can be resilient to climate change, which is associated with its
geomorphological elements, particularly the existence of Oxisols, which are more resilient to water erosion and
show a much higher infiltration capacity than the Cambisols (Pinto et al. 2016). It is relevant to highlight the
differences between the two sub-basins of the Grande River. Bom Jardim de Minas station is characterized by the
Atlantic Forest as the primary land use, whereas Madre de Deus (a downstream section) has been more affected
by deforestation to implant agriculture, especially in the Oxisols and pasture in the Cambisols. Thus, the capacity
for water yield in this sub-basin highly depends on the Atlantic Forest and Cambisol relationship (Pinto et al.,

2016), showing less resilience than the later sub-basin.

In the Sapucai sub-basin (Santa Rita station), the highest rates of reduction in the mean annual streamflow,
Q7, min, and groundwater storage (S) were observed (0.78 and 0.43 m?/s/year, and 0.66 mm/year, respectively), and
this sub-basin did not show significant trends in the climate variables. Thus, land use (predominantly pasture over
the Atlantic Forest) is mainly responsible for these hydrological aspects, indicating a high vulnerability to droughts
and low resilience to land-use changes. This sub-basin is also in the Mantiqueira Range and keeps the same aspects

as the Grande River sub-basin in Bom Jardim de Minas station.

In the Jequitinhonha sub-basin, a trend of increase of 0.038°C/year in maximum temperature was
observed. This sub-basin is closest to the pristine condition and showed downward trends in groundwater storage.
This aspect demonstrates that its geomorphological conditions are insufficient to buffer climate change,
characterizing a greater vulnerability. It was observed in this sub-basin that the terrain is predominantly occupied
by rocky outcrops, which represent 43% of the sub-basin area, partially explaining the lower resilience of this sub-
basin. Besides, its hydrogeology does not have the features of a productivity aquifer, i.e., storage and
transmissivity, such as Schist, Quartzite, and Phyllite. As a result, the sub-basin hydrological conditions become

more susceptible to climate fluctuations and, therefore, more vulnerable to climate change.

The Piracicaba sub-basin presented increasing trends in the average and minimum temperatures of,
respectively, 0.02 and 0.03°/year, and an upward trend in potential evapotranspiration (1.55 mm/year,
respectively). The Mann-Kendal test detected a downward trend in groundwater storage. Nevertheless, differing

from Jequitinhonha, part of the reduction in baseflow occurs due to land use changes, i.e., making it difficult to



63

attribute this hydrological behavior only to changes in the climate. Besides, this aspect demonstrates that its
geomorphological conditions are not enough to buffer changes in climate and/or land use, like in the Sdo Francisco
and Grande sub-basins, characterizing a high hydrological vulnerability, such as strong undulated topography,
hydrogeology formed by a lithology (Migmatite, Marble, and Metapelitic rocks) with small storage capacity, and

low transmissivity.

Conclusions

Given the results, the headwater regions of the Minas Gerais state have shown increased temperature and
evapotranspiration in the last decades, intensified in the previous decade. Changes in the annual precipitation were

observed in three headwater regions of the state, proportioned by the climate in the last decade.

A reduction in the mean annual streamflow, minimum streamflow over seven consecutive days (Q7, min),
and groundwater storage were detected in the sub-basins. The downward trends in the Jequitinhonha River sub-
basin can be associated with climate change as this sub-basin presents a clear pristine aspect. Sapucai and
Piracicaba sub-basins present a downward behavior in their hydrological variables that can also be attributed to

the changes in land use. Both sub-basins present low hydrological resilience, mainly due to the land use.

Finally, it was concluded that climate change has contributed to decreased streamflow and groundwater
storage, especially in less resilient sub-basins, due to geomorphological, soil, and hydrogeological aspects. This
represents additional stressors to the sub-basins, and measures must be taken to preserve the natural resources in

the headwater regions of the state.
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Figure 1S. Land use maps of the Grande (a), Sapucai (b), Sdo Francisco (c), Jequitinhonha (d), and Piracicaba (e)

sub-basins.
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Figure 28S. Soil maps of the Grande (a), Sapucai (b), Sdo Francisco (c), Jequitinhonha (d), and Piracicaba (e) sub-

basins.
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Abstract

Groundwater resources in watersheds are rapidly depleting due to increased water use. In southeastern
Brazil, droughts have intensified over the past 20 years, driven by changes in temperature and rainfall regimes.
This study assessed groundwater in two headwater basins with contrasting climates in Minas Gerais State, namely
the Grande and Jequitinhonha River basins, under climate warming scenarios to quantify potential impacts on
water storage. The selection of these watersheds was intended to serve as a reference for potential future climate
impacts in this region, given that human intervention in these watersheds was relatively low over the last 20 years.
The MHD-INPE hydrological model was used for simulations, with climate projections extending through 2099.
Minimum annual groundwater storage was estimated using the Brutsaert method and baseflow simulations, and
the Mann—Kendall test and Sen’s slope estimator were used to assess trends in groundwater storage. Our analysis
revealed significant decreasing trends in groundwater storage in both watersheds. Compared with the baseline,
reductions were observed in all projections, with the largest decline in the 2071-2099 projection under RCP 8.5
in the Grande River basin (74.4%), indicating that this basin may become less resilient to climate change over the
century. These findings may support decision-making through water resources management tools, such as water

allocation mechanisms, thereby helping mitigate impacts on the future.
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Introduction

Climate warming has recently become part of everyday life and is expected to intensify over the coming
decades, potentially causing significant changes in climate patterns. One of its main consequences is the alteration
of hydrological regimes, which in turn affects water resources, intensifies natural disasters, causes loss of

biodiversity, and increases economic and human vulnerability.

Groundwater storage is essential for water supply in a watershed, especially during dry periods, when
groundwater flow sustains streamflow. Climate change is directly affecting groundwater storage, leading to water
scarcity (Ribeiro et al., 2024). Therefore, it is essential to assess the impact of these changes on water resources to
support mitigation actions (Mello et al., 2025). However, it is relatively complex to evaluate these impacts
separately from those caused by land-use change. Studies applying methods such as Budyko (Budyko, 1974) have
been conducted; however, analyses of groundwater flow, the most relevant indicator of water yield, are not
possible with such methods (Bruno et al., 2026; Ghaneei et al., 2026). Thus, studies in headwater basins using
process-based hydrological models tend to be more appropriate because land-use changes are reduced in these

basins (pristine catchments), keeping them closer to original conditions (Jones et al., 2012).

To evaluate future changes in streamflow patterns driven by climate or land-use changes, deterministic
rainfall-runoff hydrological modeling is preferred for its physical structure. Model predictions from physically
based rainfall-runoff models are linked to physical climatic, hydrological, geomorphological, soil, and land-use
data, among others, as input variables to better predict hydrological responses across contrasting scenarios over
time when actual data are not available (Caldeira et al., 2018). On the other hand, Global Circulation Models
(GCMs) provide insights into how climatic conditions may evolve in the future under scenarios that account for
greenhouse gas emissions, population growth, energy sources, and technological development. However, these
projections have a spatial resolution incompatible with hydrological models, which are structured at a finer scale
to represent watershed responses, necessitating refinement of their outputs. This refinement should be carried out
by Regional Climate Models (RCMs) (Maraun et al., 2017), which aim to preserve physical and chemical

atmospheric processes at smaller scales.
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Using multiple climate models may help capture the uncertainties associated with climate change,
enabling a broader assessment of the variability of hydrological impacts (Déqué et al., 2007; Wang et al., 2021).
Mustafa et al. (2019) used an ensemble of climate and hydrological models to quantify uncertainties in
groundwater-level forecasting in Bangladesh. They observed that groundwater levels varied markedly across
climate and hydrological models, demonstrating that ensemble use should be preferred. Gil-Garcia et al. (2024)
developed a model that considers uncertainties in water resource allocation under climate change impacts, using
climate, hydrological, and microeconomic models. Their results showed that climate change can lead to nonlinear
changes in water allocation in decision-support systems, and the use of multiple climate models and scenarios is
therefore recommended in most hydrological studies' predictions (Kim and Chung, 2026). Thus, uncertainty in

climate projections may lead to management practices or policies that overexploit groundwater resources.

Research shows that combining climate and hydrological models is a common approach to evaluate how
climate change affects water systems (Wang and Hejazi, 2011; Greve et al., 2014). Many studies report declines
in groundwater recharge, groundwater flow, and streamflow across different regions (Mizyed, 2018; Kalugin,
2019; Olarinoye et al., 2023). For example, reductions in groundwater recharge (14—24%) and flow (12—17%)
have been observed, along with significant decreases in streamflow and even groundwater depletion in some areas

(Mizyed, 2018; Kalugin, 2019; Olarinoye et al., 2023).

Several basin-specific studies also project declining streamflow due to reduced precipitation, leading to
longer dry seasons and lower baseflow (Mohor et al., 2015; Michels-Brito et al., 2021; Mello et al., 2021).
However, results are not uniform everywhere — some regions may experience increased streamflow alongside
reduced groundwater contributions (Viola et al., 2015; Cunha et al., 2023). Overall, the findings indicate that
climate change is likely to significantly alter hydrological patterns and water fluxes, with potential consequences
for water availability, ecosystem functioning, and water resources management, although the magnitude and

direction of these impacts vary regionally.

Minas Gerais state, in southeastern Brazil, is home to nationally important rivers, especially for
hydroelectric power generation. Several regions of the state have been impacted by significant droughts,
particularly during the 2010s (Petrucci et al., 2022; Silva and Mello, 2022), caused by significant reduction and
irregular rainfall, accompanied by a significant increase in temperature. Therefore, studies that analyze how these
changes may affect groundwater flow and water availability over the century are essential for water resources

management, given the contrasting climatic conditions in Minas Gerais. The central hypothesis of this study is that
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significant baseflow reduction will occur throughout the 21st century, regardless of current climatic conditions,

with rates of decline that may increase the state's vulnerability to prolonged hydrological droughts.

Thus, the objectives of this study are: (i) to analyze the future behavior of streamflow in two headwater
basins in Minas Gerais under contrasting climatic conditions caused by climate change; (ii) to simulate the future
behavior of streamflow using an ensemble of climate models and greenhouse gas emission scenarios throughout
the 21st century; (iii) to estimate groundwater storage from the simulated streamflow data; and (iv) to evaluate the
vulnerability of water resources in these headwater basins by quantifying projected changes in streamflow and

groundwater storage and their implications for long-term water availability.

Materials and Methods

Basins under study

The study basins comprise the Grande (GRB) and Jequitinhonha River (JRB) basins, delineated by
streamflow gauging stations with drainage areas of 2,070 km? and 7,720 km?, respectively. Both are located
predominantly in the headwater regions of their respective basins in the state of Minas Gerais, Brazil (Figure 1).
The Mantiqueira Range shelters the GRB headwaters, the main tributary of the Parana River, and one of the
country’s most significant hydropower potentials (Bueno et al., 2020). According to the Koppen climate
classification, most of this basin is characterized by a Cwa climate, defined as humid subtropical with a hot, rainy
summer and a dry winter, with rainfall concentrated between October and March. In areas closer to the Mantiqueira
Range, the predominant climate is Cwb, similar to Cwa but with milder temperatures due to the influence of higher

elevations (Mello et al., 2012).

The Espinhago Range, located in north-central Minas Gerais, shelters the JRB headwaters, an important
water source for extensive areas of Minas Gerais and Espirito Santo states. Climatic conditions in this basin range
from humid, predominantly Aw (tropical with a dry winter), to semiarid, classified as BSh (hot semiarid), with

lower rainfall totals and greater precipitation irregularity than in the Grande River basin (Martins et al., 2018).

GRB and JRB were selected for this study not only because they are essential for regional water supply,
but also because they are situated in climatically contrasting areas of Minas Gerais, with different susceptibilities
to climate change. Differences in land use were also considered: JRB has largely retained a pristine character,

whereas GRB has been more intensively anthropized. Ribeiro et al. (2024) further reported declining trends in
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streamflow and groundwater storage in both basins over recent decades, attributing them mostly to changes in

climate in southeastern Brazil over the last 20 years.
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Figure 1. Geographic location of the Grande and Jequitinhonha River basins in their headwater regions, including

streamflow reaches, meteorological stations, and the respective gauging stations.

Figure 2 presents the land use (a), soil (b), and hydrogeological (¢) maps of the basins. The land use and
land cover maps were obtained from the 2023 annual products made available by the MapBiomas platform,
generated from Landsat satellite imagery with a spatial resolution of 30 m. The soil maps were developed from
the Minas Gerais state’s soil map at a scale of 1:650,000 (UFV/DPS-LABGEO, 2024). The hydrogeological maps

were obtained from the Geological Survey of Brazil (CPRM) at a scale of 1:5,000,000 (CPRM, 2021).
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Figure 2. Land use (a), soil (b), and hydrogeological (c) maps of the Grande and Jequitinhonha River basins.

GRB headwaters considered in this study (Figure 1) include anthropized areas, predominantly grasslands

that have replaced Atlantic Forest, especially towards the northern sector, where agriculture and livestock

production are more intensive (Figure 2a). However, these land uses date back to the 1960s and have remained

approximately constant over time, predating the onset of recent climatic changes. The predominant soils are Haplic

Cambisols, Humic Cambisols, Yellow and Red-Yellow Oxisols, and Litholic Neosols (Figure 2b).

Hydrogeologically, the basin is almost entirely characterized by an undifferentiated basement stratigraphic unit

composed of quartzite, migmatite, marble, and metapelitic rocks (Figure 2c).
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JRB, as delineated in this study, exhibits limited anthropogenic disturbance. It is covered predominantly
by Cerrado and Atlantic Forest vegetation and is less anthropized than GRB (Figure 2a). Regarding soil classes,
rocky outcrops dominate the landscape, whereas Red Oxisols and Haplic Cambisols occupy smaller areas (Figure
2b). The basin lies within the stratigraphic units of the Macatibas Group and the Espinhago Supergroup, whose

lithology is composed mainly of quartzite, schist, and metaconglomerate (Figure 2c).

Acquisition of Climatic and Hydrological Data

Observed streamflow and daily precipitation data were obtained from the HidroWeb platform of the
National Water and Basic Sanitation Agency (ANA), whereas meteorological data on air temperature, wind speed,
relative humidity, atmospheric pressure, and solar radiation were obtained from stations available through the
BDMEP portal of the National Institute of Meteorology (INMET). Table 1 summarizes codes, names of the

streamflow gauges and meteorological stations, time series used and the basins’ areas.

Table 1. Streamflow and meteorological stations in the Grande River and Jequitinhonha basins, time series used

in this study, and respective drainage areas.

Basin Station Type  Station Station Name Start Date End Date  Drainage
Code Area (km?)
Grande River Fluviometric 61012000 Madre de Deus 01/01/1994 31/12/2017 2070
basin Meteorological 83689 Barbacena 01/01/1994 31/12/2017
Meteorological 83736 Sdo Lourengo 01/01/1994 31/12/2017
Meteorological 83738 Resende 01/01/1994 31/12/2017
Meteorological 83687 Lavras 01/01/1994 31/12/2017
Rain Gauge 2144001 Bom Jardim de Minas 01/01/1994 31/12/2017
Rain Gauge 2144005  Itumirim 01/01/1994 31/12/2017
Rain Gauge 2144006  Luminarias 01/01/1994 31/12/2017

Rain Gauge 2144007  Madre de Deus de Minas 01/01/1994 31/12/2017
Rain Gauge 2144010  S&o Vicente de Minas 01/01/1994 31/12/2017

Rain Gauge 2144018  Aiuruoca 01/01/1994 31/12/2017
Rain Gauge 2144019  Andrelandia 01/01/1994 31/12/2017
Rain Gauge 2144021  Fazenda Laranjeiras 01/01/1994 31/12/2017
Rain Gauge 2144022  Fazenda Paraiba 01/01/1994 31/12/2017
Rain Gauge 2144025  Carvalhos 01/01/1994 31/12/2017
Rain Gauge 2144038  Carrancas 01/01/1994 31/12/2017

Rain Gauge 2244057  Ponte do Costa 01/01/1994 31/12/2017
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Jequitinhonha Fluviometric 54010005 Vila Terra Branca 01/01/1981 31/12/2020 7720

River basin ~ Meteorological 83452 Juramento 01/01/1981 31/12/2020
Meteorological 83485 Carbonita 01/01/1981 31/12/2020
Meteorological 83538 Diamantina 01/01/1981 31/12/2020

Missing values in the time series were filled using the SPELLmap (Guzman et al., 2013), which uses the
Inverse Distance Weighting (IDW) interpolator (Watson, 1985). In this approach, interpolated values are estimated
as a weighted mean based on the inverse distance between the station with missing data and neighboring stations,
so that closer observations exert greater influence. The nearest neighboring stations to those considered in this

study (Table 1) were used for gap filling.

Improving the rainfall data spatial representation

Precipitation is a particularly sensitive input in hydrological modeling, especially in JRB, which has only
three meteorological and rainfall stations. To improve the spatial representation of precipitation, a stepwise back-
correction function procedure proposed by Hernandez et al. (2026) was applied. First, a baseline period was
established using long-term precipitation records from the stations closest to the study basins. Streamflow was
then simulated using the observed precipitation data, and an initial model calibration was performed by comparing

simulated and observed streamflow using performance metrics such as NSE, KGE, and PBIAS.

A reanalysis algorithm was then applied to propagate a gradual correction to the lowest level of the model
representation, in which a nonlinear correction function is introduced subject to mass-conservation constraints
(Hernandez et al., 2026). The performance metrics were used as the basis for the reanalysis, and the discrepancy
between simulated and observed streamflow was quantified. An error function was then used to estimate a
precipitation correction factor, which was applied linearly to the precipitation data while accounting for a limiting
error between observed and corrected precipitation at each station. The model was subsequently recalibrated using
the corrected precipitation data, thereby generating updated parameter values. This procedure was repeated as long
as the performance metrics continued to improve. Exponential and rational functions were considered as error
functions to calculate the correction factor at each iteration (Hernandez et al., 2026). The error function proposed
by Hernandez et al. (2026) relates streamflow error to the precipitation correction factor, indicating how
discrepancies between observed and simulated streamflow can be translated into systematic adjustments to the

model representation of precipitation. The correction assumes that the general spatial pattern of precipitation
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remains unchanged, although its magnitude may differ, thereby enabling reconstruction of the effects of

unmeasured local precipitation, referred to as mean local uncertainty due to random errors.

Finally, the reanalysis was validated using a frequency analysis of maximum precipitation values to assess
the statistical consistency between the observed and corrected datasets. The maximum daily precipitation series
was grouped into intervals to construct an empirical frequency distribution. Absolute, relative, and cumulative
frequencies were then calculated for both observed and corrected datasets and plotted as comparative distribution
curves. This procedure enabled the determination of whether the corrected maximum values exceeded the
statistical envelope of the observed values, thereby ensuring that the corrections remained within ranges consistent

with local hydrometeorological variability and did not generate artificial extreme values (Hernandez et al., 2026).

Global Circulation Models — climate datasets for future climate

Future climate data were projected using a multi-model ensemble. Multi-model analyses are
recommended in climate change studies because they help quantify projection uncertainty by accounting for
differences in model structure and parameterization (Melo et al., 2024). The use of an ensemble of multiple climate
models can also help reduce uncertainty associated with a single model, thereby supporting a more comprehensive

assessment of hydrological impacts (Déqué et al., 2007; Wang et al., 2021).

This study used climate projections from the BESM, CanESM2, HadGEM2-ES, and MIROC5 GCMs,
all of which are part of the CMIP5 ensemble and were dynamically downscaled for South America by
CPTEC/INPE. These GCMs have shown satisfactory skill in representing regional climatological patterns and
climate extremes, and provide the temporal resolution required for the analyses conducted in this study. In addition,
they span a range of climate sensitivities, which is essential for addressing the uncertainty inherent in future
projections (Knutti and Sedlacek, 2013; Flato et al., 2013). According to Chou et al. (2014) and Lyra et al. (2018),
CanESM2, HadGEM2-ES, and MIROCS are among the CMIP5 models that perform best at simulating climate

over South America, owing to the availability of regionally gridded historical datasets validated for Brazil.

The spatial resolution of these GCMs projections (40 km) is too coarse for assessing hydrological impacts
at the basin sizes considered in this study. Therefore, they were refined using a Regional Climate Model (RCM),
the Eta/CPTEC model, which is a physically downscaling model adapted to Brazilian conditions, particularly

southeastern Brazil, and was used to downscale the climate projections to a 20-km spatial resolution.
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The Representative Concentration Pathway (RCP) scenarios were developed by the IPCC. They are based
on atmospheric greenhouse gas concentrations and technological progress in renewable energy production, with
anthropogenic radiative forcing, expressed in W m, through 2100. Accordingly, RCP 4.5 and RCP 8.5 correspond
to radiative forcing levels of 4.5 W m and 8.5 W m™, respectively (Santos et al., 2019). RCP 4.5 represents an
intermediate-emissions scenario that considers emissions stabilization by mid-century and a projected warming of
1.1 to 2.6 °C by the end of the century. RCP 8.5 represents the most pessimistic scenario, assuming continuously

increasing emissions through 2100 and warming of 2.6 to 4.8 °C (Santos et al., 2019).

Climate change scenarios are not exact or definitive representations of the future. Rather, they are
constructed from assumptions about current atmospheric greenhouse gas concentrations and possible
developments in several economic sectors, especially energy. Even with these limitations, such scenarios are
valuable because they support the design of resilience and adaptation strategies and provide useful pathways for

scientific and policy analysis.

The Representative Concentration Pathways (RCPs) were introduced in the IPCC Fifth Assessment
Report (ARS) and are based primarily on radiative forcing trajectories (IPCC, 2014). In this study, the GCMs
associated with these scenarios provide high-resolution datasets for South America at a 20-km resolution (Chou et
al., 2014), which are not available from other GCMs in Brazil. More recently, the IPCC introduced the Shared
Socioeconomic Pathways (SSPs), which updated the framework for climate change assessment (IPCC, 2021).
Considered separately, however, neither framework is fully sufficient: the RCPs do not explicitly incorporate
societal development pathways, whereas the SSPs require assumptions about the implementation of climate
policies. Therefore, RCPs and SSPs should be viewed as complementary approaches, and their combined use can
produce more robust and policy-relevant scenarios by integrating both risk assessment and mitigation strategies

(O°Neill et al., 2020).

Air temperature and precipitation data downscaled by Eta/CPTEC at 20 km resolution were provided by
INPE in bias corrected NetCDF format. Statistical techniques such as Linear Scaling (LS), Distribution Mapping
(DM), and Quantile Mapping (QM) are commonly applied to correct biases in Eta/CPTEC projections. Relative
humidity, atmospheric pressure, wind speed, and sunshine duration were also provided in NetCDF format.
However, these variables had not undergone bias correction. Thus, a bias-adjustment procedure to address

numerical inconsistencies was provided. This correction was performed using the Linear Scaling (LS) method,



84

which is based on the ratio between the observed and projected monthly means for the reference period of each

meteorological variable (Shrestha et al. 2017) (Equations 1 and 2).

. m(Vops(d)

ot (@) = Vo (@) [ 22020 v
. m(Vobs(d)

Vscen(d) = Vscen(d) [ul:n((Vco—:tr(d))) (2)

In these equations, V(d) denotes the daily value of the meteorological variable; pm denotes its monthly mean; and
contr, scen, and obs refer to the baseline, scenario, and observed datasets, respectively. Values of V(d) below 1

indicate that the projections overestimate the observed data, whereas values above 1 indicate underestimation.

The MHD/INPE hydrological model

Figure 3 presents a schematic representation of the MHD/INPE model, including the flow between layers

and the method used to calculate each component of the water balance.
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Figure 3. Schematic representation of the operation of the MHD/INPE model (adapted from Tomasella et al. 2022).

The fixed vegetation parameters of the MHD model include critical omega, root distribution factor, NVeg,
albedo, leaf area index, vegetation height, vegetation cover, and rooting depth. The fixed soil parameters comprise

the air-entry pressure, the b parameter of the soil-water retention curve, and the volumetric water content at
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saturation and residual conditions. Additional input data include meteorological data, soil and land-use maps, and

slope data.

Data Preparation for Hydrological Modeling

Spatial data were prepared using TerraViewHidro 0.4.4. Scenes from the ALOS PALSAR sensor, with a
12.5-m spatial resolution, were obtained from the Alaska Satellite Facility Distributed Active Archive Center of
the National Aeronautics and Space Administration (NASA). The MHD model was implemented in GNU Fortran.
A spatial resolution of 2 km was adopted, and modeling was performed separately for each basin based on the
corresponding streamflow gauging sections. Annual land-use and land-cover maps from MapBiomas were also

used, together with hydrometeorological data, including meteorological inputs and observed streamflow.

The hydrological processing of the Digital Elevation Model (DEM) was carried out in TerraViewHidro
to derive flow direction, accumulated contributing area, and the drainage network. This information was
subsequently used to delineate the basins and the drainage areas computed from the fluvial gauging sections. Slope
and channel length were also extracted for each grid cell. The Topographic Index was derived from the DEM,

basin shapefiles, flow-direction data, and basin flow-routing parameters.

Based on the flow-direction and accumulated-area data, the Height Above the Nearest Drainage (HAND)
hydrological environment classifier was also generated. This classifier can replace the conventional soil map and
regularize topography with respect to elevations along the drainage network (Tomasella et al., 2022). Hydrological
Response Units (HRUs) were then generated by overlaying the HAND environment types and land-use classes.
For GRB and JRB, respectively, 18 and 20 HRUs were obtained by combining three HAND environment types

and eight land-use classes.

Calibration, Validation, and Simulation

Model calibration, validation, and simulation were conducted at the daily time scale using daily
precipitation, meteorological variables, and observed streamflow. Calibration was performed in a lumped manner
for each basin, using the respective gauging section as the reference point. Although the model provides a spatially
distributed representation of hydrological processes, parameter fitting was based on the integrated hydrological

response of each basin at the streamflow gauging station.
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Model calibration was performed using the SPEA2 algorithm, a multi-objective optimization approach
that optimizes the objective functions Nash-Sutcliffe Efficiency (NSE) and the Nash-Sutcliffe Efficiency of the
logarithm of streamflow (INSE). In addition to NSE and INSE, model performance was evaluated using the
coefficient of determination (R?) and the PBIAS index. For model’s performance criteria, we considered the

statistical indices from Moriasi et al. (2015).

The model also provides the following outputs: relative volume error (ErrV), which indicates whether
streamflow is underestimated or overestimated, with ideal values ranging from -10% to +10%; mean evaporation
based on observed data (ETobs); simulated evapotranspiration (ETcal); and the statistical index ErrE, which

expresses the difference between ETobs and ETcal, allowing evaluation of the model’s ET estimates.

For the JRB, we used a long-term streamflow series from 1981 to 2020. For the model’s warm-up, 1981
was used; the period 1982-2000 was used for calibration; and 2001-2020 was used for validation. A long-term
series from 1994 to 2017 was used for GRB, with 1994 used for warm-up, 1995-2005 for calibration, and 2006-

2017 for validation.

During the simulation of the impacts, the model was forced with the ensemble obtained by averaging the
climate projections from the four GCMs for the baseline (1961-2005) and for the RCP4.5 and RCP8.5 scenarios
over the periods 2006-2040, 2041-2070, and 2071-2099. These meteorological inputs include precipitation (mm),
air temperature at 2 m height (°C), dew point temperature at 2 m height (°C), wind speed at 10 m height (m/s),

surface atmospheric pressure (mB), and incoming global shortwave radiation.

Groundwater Storage Estimation

Groundwater storage (S) was estimated using the method proposed by Brutsaert (2008). First, daily
simulated streamflow series were used to derive the annual minimum 7-day moving average value (Q7,min). There
is a strong connection between S and Q7,min, which sustains baseflow during dry periods; thus, Q7min can be used
as a proxy of S (Lin and Yeh, 2017). This approach enables identification of temporal trends in groundwater
storage and, consequently, assessment of the effects of climate change, particularly in less anthropized basins

(Brutsaert, 2008, 2012).
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The theoretical basis of this method lies in the physical characteristics of S and its connection to basin
geomorphology, as detailed by Brutsaert (2008). Annual minimum groundwater storage was calculated using

Equation 3, which estimates S as a linear function of baseflow discharge (Brutsaert, 2008; Rupp and Selker, 2006).

S=Kxy 3)

In this equation, S is groundwater storage (mm); y is streamflow converted to depth (mm day™!) (i.e., y = Q/A,
where A is the basin area); and K is a parameter associated with the basin’s hydrogeological transmissivity

characteristics (day).

Brutsaert and Nieber (1977) developed a methodology for analyzing the temporal behavior of S based on

baseflow rates by deriving equation 3, i.e.:

das d
@ _ .Y 4)
dt dt
To assess the S temporal behavior, Brutsaert (2008) suggests applying Q7, min:
E — . dY7,min (5)

dt dt

For the K parameter estimate, we work with equation 5, developing a log-log graph of -dy/dt and y:

Q:_(yi—l_yiﬂ) (6)
dt 2

However, to construct this graph, Brutsaert (2008) required a protocol stipulating that streamflow
observations used in the analysis must represent essentially groundwater flows, i.e., without the effects of

precipitation or direct surface runoff. The method's protocol is:

- Eliminate all positive values and zeros of dy/dt.

- Eliminate anomalous values of -dy/dt that may suddenly appear and the four values following their occurrence.
- Eliminate the three data points following the last positive or zero value of dy/dt.

- Eliminate the two data points preceding the first positive or zero value occurrence.

- The enveloping line should be drawn above the 5% smallest values.
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This procedure results in a cloud of points from which K is the angular coefficient of the 5% smallest
values enveloped by a line. Using the parameter K and the annual minimum seven-day streamflow (Q7, min)

series, the annual minimum groundwater storage is calculated using equation 3.

Temporal behavior of hydrological variables

For the analysis of simulated streamflow during the baseline, estimated daily streamflow were compared
to observed streamflow series in each basin. Extreme-value statistical analysis was then performed to derive the
statistical descriptors of the Flow Duration Curves (FDCs) (Ley et al., 2011): QSM, MWL, MWH, and SEASON.
The Quantile Slope of the Mid-Segment (QSM) (Equation 7) is a descriptor of streamflow magnitude that
represents the average variability of streamflow coefficients and corresponds to the slope of the FDC for
intermediate flows (Ley et al., 2011). The Mean Wetness of Low Flows (MWL) (Equation 8) and the Mean Wetness
of High Flows (MWH) (Equation 9) describe the low-flow and high-flow segments, respectively, indicating
hydrological responses to extreme values (Ley et al., 2011). The SEASON descriptor (Equation 10) represents
seasonality, i.e., the difference between streamflow in the wet season (October to March) and the dry season (April

to September) (Ley et al., 2011).

quantil0,8—quantil 0,2

QSM = (7

média

Where the 0.8 and 0.2 quantiles correspond to streamflow values with 80% and 20% exceedance frequency,

respectively.
MWL = @ ®)
Here, /=1, 2, ... L represents streamflow values with exceedance frequence > 0.95.
MWH = @ ©9)
Where h =1, 2, ... H represents streamflow values with exceedance frequency < 0.05.
médiaCheia— médiaSeca

SEASON = (10)

média

The Mann-Kendall test (Mann, 1945; Kendall, 1975), implemented in R, was used to detect trends in the

simulated streamflow and groundwater storage series. Sen’s slope estimator (Sen, 1968) was subsequently applied
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to series exhibiting significant trends to quantify the rate of change. All tests were applied to the simulated

streamflow and groundwater storage data at the 5% significance level.

Results and Discussion

Calibration and Validation of the MHD/INPE Model

The model was initially calibrated using observed precipitation data. The reanalysis method was then
applied to the precipitation series, after which the model was recalibrated to optimize the performance metrics.
Table 2 compares the calibration and validation results obtained using observed precipitation data against the best
results achieved after applying the precipitation-correction error function in both basins. We can see that the
model’s performance improved substantially after reanalysis, particularly for NSE in JRB and across all

performance metrics in GRB.

Table 2. Performance metrics obtained before and after reanalysis in the JRB and GRB using the MHD/INPE

model.
Jequitinhonha River basin Grande River basin
Calibration Reanalysis Validation Reanalysis Calibration Reanalysis Validation Reanalysis
KGE 0.81 0.80 0.77 0.75 0.81 0.85 0.75 0.90
NSE 0.74 0.77 0.70 0.76 0.76 0.83 0.70 0.90
PBIAS -2% -3% -6% -0.2% -1% 3% 24% 7%

The precipitation series obtained through reanalysis was compared with the observed series using three
main indicators: (i) maximum daily precipitation, (ii) the relative frequency distribution of precipitation events,
and (iii) maximum mean monthly precipitation. The results of these analyses are reported by Hernandez et al.
(2026). Overall, the corrected maximum precipitation values remained within the observed maximum range,
thereby avoiding excessive overestimation of extreme events. The relative density functions also showed good
agreement between observed and corrected precipitation, indicating that the correction method adequately
preserved the statistical distribution of maximum precipitation events. In addition, the seasonal pattern of mean
monthly precipitation was maintained after correction. Therefore, the precipitation correction method captured
part of the uncertainty associated with spatial and temporal variability, improving the representation of basin-

average precipitation and, consequently, the performance of the hydrological simulations in both basins. The
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reanalyzed precipitation data were subsequently used as input to calibrate and validate the MHD model. Table 3
presents the best-calibrated values for each MHD model parameter in the JRB and GRB, obtained using the SPEA2

algorithm.

Table 3. Calibrated parameter values obtained during the MHD model calibration phase using the SPEA2

algorithm.

Parameter Basin

JRB GRB

Surface soil layer depth — D1 (m) 3.38 0.27
Subsurface soil layer depth — D2 (m) 5.83 10.00

Groundwater layer depth — D3 (m) 26.81 0.10

Saturated hydraulic conductivity multiplier factor 0.55 0.41

fKss

Horizontal transmissivity - Tsub (m2 dia-1) 0.38 1.39

Transmissivity decay coefficient with depth - p 1.15 3.23
Soil anisotropy factor — a 169.16 0.002

Minimum groundwater storage — Csi (%) 0.008 0.024
Surface runoff routing delay time (s) 0.001 447.15
Groundwater flow routing delay time (s) 1313.22 90.94

The performance metrics for JRB showed an NSE classified as “good” and another as “very good” in
both the calibration and validation phases (Table 4). Both R? and R?l were classified as “good.” ErrV indicated an
underestimation of the simulated streamflow relative to the observed series, and its value remained within the
+10% range, which can therefore be considered acceptable. During calibration, ETCal was slightly lower than
ETObs, whereas in validation, the opposite was observed, with ETCal slightly higher than ETObs; the ErrE values
reflect this difference. PBIAS values indicated a tendency toward overestimation of simulated streamflow during
calibration and underestimation during validation; nevertheless, PBIAS behavior still supports classification of the

model performance as “very good.”

In GRB, NSE was classified as “very good” in both the calibration and validation phases. The INSE
results were also classified as “very good”, as were the R? and R?1. ErrV indicated underestimation of the simulated
streamflow, but within the acceptable range. In both calibration and validation, ETCal exceeded ETObs, whereas
PBIAS indicated a tendency toward overestimation of simulated streamflow; however, the model’s performance

could be classified as “very good” in calibration and “good” in validation.



91

Table 4. Performance metrics obtained for JRB and GRB during the model calibration and validation.

Basin NSE INSE R? RI ErrV ErrE  ETCal ETObs Pbias

JRB Calibration 0.77 0.85 0.77 0.85 -0.027 -0.024 1.79 1.83 0.03
Validation  0.76 0.83 0.78 0.85 -0.04 0.027 1.78 1.73 -0.002

GRB Calibration 0.83 0.90 0.86 091 -0.015 0.051 221 2.11 0.03
Validation  0.90 0.92 0.90 092 -0.066 0.102 2.27 2.06 0.07

The calibration and validation results obtained for both basins were comparable to those reported in other
studies that also applied the MHD model (Oliveira et al., 2023; Melo et al., 2022; Michels-Brito et al., 2021;
Negréo et al., 2017; Paiva et al., 2024; Rodriguez et al., 2017; Lopes et al., 2017), indicating overall satisfactory

performance.

Tomasella et al. (2019) reported lower MHD model performance in the headwater sub-basins of the Doce
River basin, mainly because precipitation is more spatially variable there. This limitation is largely associated with
orographic effects and with the insufficient density of rain-gauge networks to adequately represent rainfall. Melo
et al. (2022) further showed that when rainfall fields are interpolated in headwater basins, hydrological models
become more sensitive to interpolation errors due to smaller drainage areas and limited compensation for such
uncertainties. In comparison, the results obtained in the present study indicate better model performance in
headwater basins, which can be attributed to the precipitation reanalysis procedure adopted here. This approach

appears to be a promising tool for hydrological simulation in basins with sparse rain-gauge stations.

Figures 4 and 5 show the streamflow historical series simulated by the MHD relative to the observed
streamflow during calibration (a) and validation (b) in JRB and GRB, respectively. In both basins, peak flows are
visually underestimated; however, overall, there was good agreement between the observed and simulated data.
The underestimation of peak flows may be attributed to the combined effects of limitations in rainfall estimation,
uncertainties in observed streamflow data, particularly extreme values, the temporal resolution of the hydrological
model, and simplifications inherent in routing flow through the drainage network. For example, uncertainties are
associated with the rating curves used to derive observed streamflow, especially during extreme events, when
direct measurements are scarcer and extrapolations of stage-discharge relationships are less reliable (Di
Baldassarre and Montanari, 2009). The use of daily precipitation implicitly assumes a uniform distribution of
rainfall throughout the day, which may fail to adequately represent intense, short-duration convective events.

Routing with the Muskingum-Cunge method is influenced by the temporal resolution used. In daily simulations,
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the method tends to attenuate the flood wave along the drainage network, reducing simulated peak values and

increasing hydrograph dispersion.

Oliveira et al. (2022) used the MHD for a hydrological study in a tropical basin in S&o Paulo state, Brazil,
and found more pronounced biases of baseflow overestimation and peak-flow underestimation in sub-basins.
Mohor et al. (2015), when calibrating MHD in the Tapajos River basin in the Amazon, observed underestimation
of peak flows at most stations and limitations in simulating the lower part of the recession curve at some stations.
Rodriguez et al. (2017), in a hydrological modeling study in the Madeira River basin (Bolivia, Brazil, and Peru),
also observed underestimation and temporal advancing of the peak flows with the MHD. Underestimation of peak
flows has been observed due to limitations in the structures of hydrological models, as most do not account for the
nonlinearity of the rainfall-runoff process. In addition, factors such as the time step and the adequate representation

of spatial rainfall variability, especially at the daily scale, must also be considered (Viola et al., 2009).
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Figure 4. Observed and simulated hydrographs produced by the MHD, the corresponding hyetographs, for the

calibration (a) and validation (b) in the JRB.
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Figure 5. Observed and simulated hydrographs produced by the MHD model, the corresponding hyetographs, for

the calibration (a) and validation (b) in the GRB.

Simulation of climate impacts on basins' hydrology

The climate impacts simulation was conducted at a daily time step for the baseline (1961-2000) and for
the RCP 4.5 and RCP 8.5 scenarios over three periods over the century (2006-2040, 2041-2070, and 2071-2099).
In Figures 6 and 7, we compare the FDC descriptors derived from observed and simulated climate data at the
baseline. In JRB, the MWH and MWL indicators, respectively, associated with the high-flow and low-flow
segments, reveal contrasting biases. The simulated MWH underestimated the observed value, suggesting difficulty
in representing higher-magnitude streamflow. Conversely, simulated MWL overestimated the observed MWL,
indicating that MHD tended to represent drought conditions as less severe than those observed. The SEASON
indicator values, which represent the difference between streamflow in the dry and wet seasons, were similar,

indicating that, overall, seasonality of the hydrological regime was adequately represented. However, QSM
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simulated using reference-period data was overestimated. Because QSM reflects the mid-range variability of
runoff coefficients, steeper FDC slopes indicate greater streamflow responsiveness to precipitation due to
increased intra-seasonal variability, which influences rainfall-runoff responses (Ley et al., 2011). Overall, these

FDC descriptors in the simulation were close to those derived from the observed data.

Simulation based on the baseline data in GRB showed slight underestimation of MWH and overestimation
of MWL. These results indicate a pattern similar to that observed in JRB, although less pronounced, showing that
MHD reproducibility of the hydrological regime in GRB is more consistent. The values obtained for both
SEASON and QSM indicators at baseline were very close to those derived from observed data, indicating adequate
representation of seasonality and hydrological variability. Overall, the results indicate satisfactory model
performance in reproducing the hydrological characteristics of both basins during the baseline. The differences
between the FDC indicators obtained in the simulations in the baseline and those using observed data are expected,
since in addition to uncertainties from the hydrological model parameterization, there are uncertainties generated
by the climate models, downscaling process, radiative forcing of the RCP scenarios, and the bias correction of

these data (Oliveira et al., 2017).
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Figure 6. Comparison of the FDC indicators MWH, MWL, SEASON, and QSM calculated using streamflow

simulated by MHD using observed and simulated climate data in the baseline in JRB.
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Figure 7. Comparison of the FDC indicators MWH, MWL, SEASON, and QSM calculated using streamflow

simulated by MHD using observed and simulated climate data in the baseline in GRB.

The hydrographs simulated for the different climate scenarios with the MHD, and the Mann-Kendall and
Sen tests applied to the simulated streamflow series for JRB and GRB are presented in Figures 8 and 9,
respectively. JRB showed a significant downward trend in all projections except for the baseline. This reduction
was greater in the 2041-2070 and 2071-2099 periods for both RCP scenarios. Ribeiro et al. (2024) conducted a
hydrological study in JRB, observing significant reductions in annual mean daily streamflow and the minimum 7-
day moving average flow (Q7, min) from 1981 to 2020. The same study also reported an Anthropogenic
Transformation Index (ITA) that classified this basin as “slightly degraded.” Despite its largely pristine condition,
rocky outcrops predominate in JRB (43% of its area), reducing its infiltration capacity. JRB’s hydrogeology
(schists, quartzites, and phyllites) shows characteristics that lead to low-productivity aquifers, namely low storage
and low transmissivity. Consequently, the hydrological conditions of this basin tend to be more sensitive to

climatic fluctuations and, therefore, more vulnerable to climate change.

In GRB, significant downward trends were also observed in all projections, with the greatest reduction in
the 2041-2070 projection under RCP 8.5. In a study of the Furnas hydropower reservoir in GRB, Mello et al.
(2021) observed a reduction in precipitation during 2007-2040 under RCP 4.5 and during 2071-2099 under RCP
8.5, with a consequent reduction in streamflow, particularly in baseflow. Ribeiro et al. (2024) also identified
downward trends in mean annual daily streamflow and minimum 7-day moving average flow (Q7min) in GRB but
much less significant, indicating that this basin is more resilient to climate change than the JRB. This resilience is
linked to the basin’s geomorphological characteristics, particularly the predominance of Oxisols, which are more

resistant to water erosion and have high values of soil hydraulic conductivity (Pinto et al., 2016). Oxisols are
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characterized by deep soils with a large volume of well-distributed pores throughout the profile, properties that
favor water storage and help maintain high soil moisture contents even during drought periods (Sena et al., 2021).
A high soil hydraulic conductivity enhances infiltration and percolation, reducing surface runoff and promoting
groundwater recharge (Cunha et al., 2015; Pessoa and Libardi, 2022). Thus, the physical and hydraulic properties
of Oxisols play a fundamental role in basin-scale hydrological regulation, contributing to greater resilience under

climate change.

Marques and Rodriguez (2019), when analyzing the water supply system of the Metropolitan Region of
Rio de Janeiro and the lower Paraiba do Sul River basin using the MHD forced with GCMs, observed that the
system may experience water deficit, especially in baseflow, since all Q90 streamflow projections were lower than
the current demand in part of the basin. Paiva et al. (2024), also using the MHD in the Paraiba do Sul River basin,
observed under RCP4.5 a reduction in maximum and minimum discharges during the 2016-2035 period, followed
by an increase in 2036-2055. Under RCP8.5, they observed a downward trend in minimum flows during the first

period and a larger reduction during the second period.

A comparison of the two study basins suggests that JRB is more susceptible to climate change impacts
than GRB. In addition to geomorphological characteristics associated with low water yield, JRB is mostly located
in northern Minas Gerais, a semi-arid region, marked by greater rainfall variability and recurrent prolonged
droughts and meteorological dry spells (Ferreira and Silva, 2012). In contrast, GRB not only has more resilient
geomorphological features but also receives higher rainfall totals, particularly due to orographic effects, in areas
near the Mantiqueira Range, where annual precipitation can be greater than 2,300 mm (Mello et al., 2008), thereby

contributing to greater water availability in this basin (Candido and Nunes, 2011).
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Figure 9. Simulated hydrographs in GRB for the reference period (a), RCP 4.5 scenarios for the periods 2006-
2040 (b), 2041-2070 (c), and 2071-2099 (d), and RCP 8.5 scenarios for the periods 2006-2040 (e), 2041-2070 (f),

and 2071-2099 (g). P-values shown in red indicate statistically significant trends.

Estimation of Groundwater Storage (S) in the studied basins

Figure 10 compares groundwater storage estimated from the observed-data period with that obtained from
the baseline simulation for the same interval in JRB and GRB. In JRB, minimum groundwater storage was 6.2 mm
during the observed period and 6.6 mm in baseline, while in GRB, they corresponded to 15.4 mm and 17.7 mm.

In both basins, the simulation in the baseline slightly overestimated groundwater storage for most of the period.



100

2001-2002
2002-2003
2003-2004

2004-2005

-Obs -Sim

—_
i
=

s N wn
o (=] (=
1 L )

S (mm)

)
.

35

0
=+ w = [l K = = — o™ [aa) <+ wh
(=) = = (= =3 (= = (=1 = (=1 f=1 [=1
(=2 =2 o (=2 (= (=% (= =] (=] [=] = =3
7 07 7 707 9799 9 9 § 9 A
[sg] <t wy o |l ] (= (=1 — (] [aa] =t
(=) (= =3 (=3 =2 (=3 (=2 (=1 (=1 [=1 (=1 (=
(=2 [=2} =) (=2 f= (=2 f=2 = = (=2 (=1 (=2
2 2 2 3 2 £ 58 8 8 8 8
-Obs -Sim

(b)

Figure 10. Comparison of the groundwater storage data obtained using the observed-data period and the baseline

data in JRB (a) and GRB (b).

Figures 11 and 12 present the minimum annual groundwater storage estimates obtained with the Brutsaert
method, and the Mann-Kendall and Sen tests results, for JRB and GRB, respectively. JRB has shown a decline in
groundwater storage when compared to the baseline (Figure 13), highlighting the 2071-2099 projection under RCP
4.5, with a reduction of 49.6%. Considering RCP 8.5, reductions ranged from 31% to 44%, with the largest
reduction occurring in the 2071-2099 projection (44%). In GRB, groundwater storage also has declined, with the

largest reduction occurring in the 2071-2099 projection under RCP 8.5 (74.4%).

Analysis of the trend-test results shows that in the Jequitinhonha River basin downward trends were
observed in all projections except for the reference period, with the greatest reduction occurring in the 2041-2070
projection under RCP 4.5. Under RCP 8.5, the greatest reduction was also observed in the 2041-2070 projection.
In the Grande River basin, significant downward trends were observed across all projections, with the greatest
reduction occurring in the 2041-2070 projection under RCP 8.5, which was also the period with the largest

reduction in streamflow.
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The larger streamflow reductions projected for the GRB are likely associated with the more pronounced
precipitation reductions projected for this basin. The trend analysis indicated that precipitation reduction rates were
consistently greater in the GRB than in the JRB across all future scenarios and projection periods. Furthermore,
the highest precipitation reduction rates in the GRB were observed under the RCP 8.5 scenario during the 2041—
2070 and 2071-2099 projection periods. Given the strong dependence of streamflow on precipitation inputs, larger
decreases in rainfall are expected to reduce both direct runoff and groundwater recharge, resulting in lower water
availability and more substantial reductions in river discharge. Therefore, the greater magnitude of streamflow
decline observed in the GRB appears to be primarily driven by the more severe precipitation reductions projected

for the basin under future climate conditions.
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Figure 11. Estimated minimum annual groundwater storage (mm) for the baseline (a), RCP 4.5 scenario for the
periods 2006-2040 (b), 2041-2070 (c), and 2071-2099 (d), and RCP 8.5 scenario for the periods 2006-2040 (e),

2041-2070 (f), and 2071-2099 (g), in JRB. P-values shown in red indicate statistically significant trends.
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Figure 12. Estimated minimum annual groundwater storage (mm) for the baseline (a), RCP 4.5 scenario for the

periods 2006-2040 (b), 2041-2070 (c), and 2071-2099 (d), and RCP 8.5 scenario for the periods 2006-2040 (e),

2041-2070 (f), and 2071-2099 (g), in GRB. P-values shown in red indicate statistically significant trends.
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Figure 13. Variability of estimated minimum annual groundwater storage in different future scenarios relative to

the baseline for JRB (a) and GRB (b).

Ribeiro et al. (2024) reported a minimum annual groundwater storage (S) of 5.4 mm in JRB and 30.9 mm
in GRB over the 1981-2020 period. These values are comparable to those obtained in the present study for the
baseline based on the MHD outputs. The higher S value in GRB is justified by the greater baseflow contribution
and subsurface flow, which are influenced by the interaction between Atlantic Forest, soils and geology in the
Mantiqueira Range. Pinto et al. (2016) and Mello et al. (2019) showed that this interaction enhances water
infiltration via preferential flow paths and improves soil structure through the long-term accumulation of organic
matter. By contrast, JRB is largely covered by rocky outcrops, which limit infiltration and groundwater storage.
Consequently, this basin is highly vulnerable to the impacts of climate change because its geomorphological
characteristics do not favor the natural basin hydrological regulation, i.e., the water storage in the basin. Compared
with the baseline, both basins showed strong reductions under future scenarios, mainly under RCP 8.5, with the
largest reduction in the 2006-2040 time slice projection for the GRB (53%). This result can be explained by the
greater precipitation reductions projected for the GRB, with reduction rates consistently higher than those for the

JRB across all future scenarios and projection periods. Therefore, although the JRB exhibits lower hydrological



104

resilience due to its physical characteristics, the more severe climatic forcing projected for the GRB resulted in

greater reductions in groundwater storage.

Ribeiro et al. (2024) detected a downward trend in groundwater storage in JRB of -0.11 mm/year for the
1981-2020 period. This trend may be associated with climate change because, despite the basin’s pristine character,
this basin has shown limited hydrological resilience caused by shallow soils, steep topography, and unfavorable

hydrogeology (low storage and low transmissivity).

These authors also studied GRB and found a nonsignificant trend in groundwater storage during the same
period (1981-2020). This basin has a “regular” Anthropogenic Transformation Index (ITA) (Ribeiro et al., 2024)
as part of the basin exhibits substantial anthropogenic disturbance. GRB was more affected by deforestation for
agricultural expansion, especially over Oxisols, and grassland implementation on Cambisols in the Mantiqueira
Range region. Thus, the water-yield capacity in GRB may be more closely related to deforestation in the Atlantic
Forest, as discussed by Mello et al. (2025). In this study, a significant downward trend in groundwater storage was
simulated, especially in 2041-2070 period and RCP 8.5. This result is likely associated with the more pronounced
reductions in precipitation projected for the GRB, which may contribute to substantial decreases in groundwater
storage. Furthermore, although land-use changes were not explicitly evaluated in this study, alterations in land
cover and anthropogenic disturbances within the basin may also contribute to changes in hydrological processes
and groundwater dynamics. Therefore, the projected declines in groundwater storage are likely driven primarily

by future climatic changes, potentially exacerbated by ongoing land-use transformations.

The projected reductions in groundwater storage are likely driven primarily by climate-related factors,
especially greater decreases in precipitation and increased atmospheric water demand expected under future
warming scenarios. Although anthropogenic land-use changes may influence basin hydrology, they were not
explicitly evaluated in this study. Therefore, the simulated reductions in groundwater storage are more directly

associated with projected climatic changes that affect groundwater recharge and basin water availability.

Our results suggest that GRB may become less resilient over the next century due to the combined effects
of climate change and ongoing land-use change. Forest restoration and soil-conservation measures are urgent,
particularly in pasture and agricultural areas located in hydrologically sensitive zones, like Cambisols and
groundwater-recharge areas, to reduce surface runoff and increase soil water infiltration in the basin (Mello et al.,

2025; Rodrigues et al., 2021; Oliveira et al., 2023). In addition, plans for native vegetation restoration in strategic
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areas have been identified as a key strategy for climate-change adaptation to increase hydrological resilience

(Ellison et al., 2017; Brancalion et al., 2019; IPCC, 2022).

Conclusions

The MHD/INPE model showed satisfactory performance in JRB and GRB. Our simulation results
indicate reductions in streamflow in all projections for both basins regarding the baseline. Significant downward
trends were also identified in all future projections. Our results reveal that JRB has low resilience to climate change

due to its geomorphology, soils and hydrogeology.

GRB has shown a downward trend in streamflow, which may be associated with climate change, despite
the basin exhibiting greater anthropogenic disturbance and having been affected by deforestation in the

Mantiqueira Range region, which is a fragile environment in the context of soil hydrology and erosion.

Regarding minimum groundwater storage, downward trends were observed in all projections in both
basins. Relative to the baseline, both basins showed significant reductions under all future scenarios, especially
RCP 8.5. Therefore, although GRB is more resilient to climate change, it may also be affected by the combined
impacts of climate change and the land-use changes already observed. Conversely, restoration of forest cover in
strategic areas may enhance groundwater recharge and increase basin resilience to climate change. These findings
reinforce the relevance of ecological restoration and conservative soil management practices as tools for water

management and water security in this basin.

Our findings help clarify how groundwater storage may respond to climate change, which is essential for
water-resources planning. They can support management instruments such as defining reference flows, water-use
planning, and adaptation strategies for climate variability. In addition, understanding groundwater storage
dynamics is crucial to ensuring water security in headwater basins, which often sustain streamflow during dry

periods.
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TERCEIRA PARTE

3 CONSIDERACOES FINAIS

Este estudo apresentou os resultados obtidos para o armazenamento subterraneo em sub-
bacias de cabeceira do estado de Minas Gerais, com base em dados histoéricos, assim como a
simulacdo das vazdes e do armazenamento subterraneo futuro nas bacias dos rios Jequitinhonha
e Grande. Verificou-se que fatores como a geomorfologia das bacias, associados as mudangas
climaticas e alteracdes no uso do solo, podem contribuir para a redugdo no escoamento nas
bacias ao longo do século.

O estudo indicou as bacias menos resilientes as mudangas climaticas, possibilitando que
sejam tomadas medidas para garantir a disponibilidade hidrica nessas bacias no futuro. A bacia
do rio Jequitinhonha encontra-se preservada, porém, apresenta baixa resiliéncia devido a suas
caracteristicas geomorfologicas, apresentando as maiores redugdes no escoamento. A bacia do
rio Grande apresenta acentuada antropizag¢do, e apresentou redugdo no armazenamento
subterraneo no futuro, o que pode impactar os recursos hidricos nesta bacia.

Concluiu-se que modelos hidrologicos, como o MHD/INPE, associados a modelos
climaticos, juntamente com cenarios futuros de emissao de gases, podem projetar o escoamento
em diferentes cendrios de mudancas climaticas, apresentando bom desempenho. Assim, os
resultados obtidos nesse estudo podem auxiliar na gestdo de recursos hidricos, especialmente
no uso de mecanismos que possibilitem que a oferta atenda & demanda dos usudrios, como a
alocacao de recursos hidricos.

A integragao dos resultados obtidos nos dois artigos da tese, indica que, embora a bacia
do rio Rio Grande apresente atualmente maior capacidade de regulagdo hidrologica e maior
resiliéncia frente as mudangas climaticas, essa condi¢gdo pode ser progressivamente
comprometida pela intensificacdo das alteragdes no uso e cobertura do solo. Os resultados do
Artigo 1 demonstraram a importancia da interacdo entre cobertura florestal, caracteristicas
pedologicas e manutengdo da disponibilidade hidrica, especialmente em areas associadas a
Cambissolos e zonas de recarga hidrica. Nesse contexto, a expansdo de areas agricolas e de
pastagens em regides hidrologicamente sensiveis pode reduzir a infiltragdo, aumentar o
escoamento superficial e comprometer a manutencao das vazdes de estiagem, reduzindo a

capacidade adaptativa da bacia frente as mudancas climéticas futuras.
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Por outro lado, os resultados também sugerem que agdes de restauragdo florestal e
manejo conservacionista do solo podem contribuir para manutengao ou ampliac¢ao da resiliéncia
hidrolégica da bacia, especialmente em areas estratégicas para recarga hidrica e conservacao
do fluxo de base. Dessa forma, os resultados obtidos reforcam a importancia da integracdo entre
planejamento do uso do solo, conservagdao ambiental e gestdo de recursos hidricos como
estratégia de adaptacdo as mudancas climaticas e promog¢ao da seguranca hidrica regional.

Para estudos futuros sugere-se a integragdo de modelagem hidrologica, dados
hidrogeolodgicos e cendrios de uso do solo, permitindo avaliar de forma mais completa os fatores
que controlam o armazenamento subterraneo. Além disso, sugere-se a ampliagao do estudo para
um maior nimero de bacias hidrograficas e diferentes contextos hidro climaticos, de forma a

identificar padrdes regionais e aumentar a robustez das conclusdes.
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