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RESUMO

BARBOSA, Carolina Cerqueira. Estudo de cenarios baseados em projecdes
de mudancas climéaticas e de uso do solo para o reservatério de
ltupararanga (SP): open access tools no gerenciamento da qualidade das
aguas 2022. 127f. Tese (Doutorado em Ciéncias: Hidraulica e Saneamento).
Escola de Engenharia de Sao Carlos, Universidade de Sao Paulo, Sdo Carlos,
2021.

Os reservatérios sdo ambientes de transicdo entre rios e lagos que possuem
fragilidades inerentes a construcdo das barragens e que somadas aos
problemas associados necessitam de monitoramento ambiental frequente. A
modelagem deterministica de reservatérios tem se firmado como tecnologia
promissora no estudo do ecossistema aquatico e qualidade das &guas.
Compreender as diversas interacfes bibticas e abidticas e suas alteracées
devido a forcantes externas e internas nesses ambientes € um desafio para o
gerenciamento ambiental e controle da poluicdo das aguas. Nesse sentido, a
presente pesquisa introduziu novas abordagens de modelagem para estudar
respostas hidrodindmicas e de qualidade da &agua do reservatorio de
Itupararanga (SP) em face a cenéarios de mudancas climaticas e de
modificacdes futuras de uso e ocupacdo do solo. Diferentes acoplamentos de
modelos open-source foram utilizados para avaliar a performance das
abordagens metodologicas, além de (1) projecfes de aumento das emissdes
de CO, para entender como o nivel de agua do reservatoério e o regime térmico
responderiam ao final da década de 2020; (2) tendéncias de uso e ocupacao
do solo da bacia do Alto Sorocaba para proposi¢cdo de cenarios e analise de
respostas da qualidade da agua; e (3) implicacdes na quantidade e qualidade
da &gua do reservatério com base em cenarios de uso e ocupac¢do do solo e
projecdes climaticas para a década de 2050. As abordagens de modelagem
testadas foram eficientes na simulacdo de variaveis hidrolégicas,
hidrodindmicas, biogeoquimicas e ecolégicas e demonstraram as
potencialidades desses modelos em estudos de gerenciamento de qualidade
da agua. As principais respostas obtidas foram que a alteracdo dos padrées
hidrolégicos tem interferéncia importante na disponibilidade hidrica do
reservatorio de ltupararanga e de acordo com projecfes climaticas espera-se
que haja reducdo dos volumes de precipitacdo nas proximas décadas. Além
disso, comprovou-se que as projecfes de aquecimento global tém influéncia
nos padrdes de estratificacdo térmica e estabilidade da coluna de agua. A
intensificacdo da estabilidade e aprofundamento da termoclina podem ser de
grande risco aos usos multiplos por alterarem a dinamica do fitoplancton e
favorecerem a dominancia de cianobactérias. Considerando cenérios de uso do
solo baseados em tendéncia esperada de ocupacdo para 2050, diminuicdo e
intensificacdo de areas agricolas e expansdo urbana, foram encontrados
melhores respostas de qualidade da agua para o cenario conservacionista,
destacando a importancia da conservagdo e recomposicdo da Mata Atlantica
na protecdo do ecossistema aquatico. Os resultados dos conjuntos de cenarios
de projecdes climaticas e alteragbes de uso do solo evidenciaram que ambos
drivers sédo importantes para a dindmica tréfica do reservatorio de Iltupararanga.
Apesar das projecdes climaticas, os cenarios de reducdo do desmatamento e
aumento das areas preservadas indicaram tendéncia de oligotrofizacdo do



reservatorio. Contudo, devido as projecdes indicarem aquecimento global e
outras mudancas de forcantes meteoroldgicas seriam esperados picos mais
elevados na disponibilidade de fésforo total e biomassa fitoplancténica em
comparacao aos Ultimos anos. Os resultados apontam a urgéncia de esfor¢os
de manejo para controlar a expansao agricola e urbana sem controle ambiental
na bacia do Alto Sorocaba. Espera-se que os resultados da presente pesquisa
possam embasar acdes de prevencao a crise hidrica incentivando estratégias
de operacgdo da barragem para gestao do volume util do reservatorio, controle
da qualidade da agua e protecdo do ecossistema aquatico.

Palavras-chave: modelagem de qualidade da &gua, mudancas climaticas,
reservatorio de Itupararanga, gerenciamento de recursos hidricos.



ABSTRACT

BARBOSA, C.C. Scenarios based on climate change and land use
projections for the Itupararanga reservoir (Sao Paulo, Brazil): open-source
tools applied to water quality management. 2022. 127 f. Dissertation (PhD) —
Séo Carlos School of Engineering, University of Sdo Paulo, S&do Carlos, 2021.

Reservoirs are transitional environments between rivers and lakes that present
weaknesses inherent to the construction of dams and that, added to the
associated problems, require frequent environmental monitoring. Deterministic
modeling has established itself as a promising technology in the study of
freshwater ecosystems and water quality. Understanding the various biotic and
abiotic interactions and their changes due to external and internal forcing in
those water bodies is a challenge for environmental management and water
pollution control. Thus, this research has introduced new modeling approaches
to study the hydrodynamic and water quality responses of the ltupararanga
reservoir (Sao Paulo, Brazil) under climate change scenarios and alterations in
land use and land cover in the watershed. Different couplings of open access
tools were used to assess the performance of the methodological approaches,
in addition to (1) projections of increased CO2 emissions to understand how the
reservoir water level and thermal regime would respond for the 2020s; (2)
trends in land use and land cover in the Alto Sorocaba basin to propose
scenarios and analyze water quality responses; and (3) implications on
reservoir water quantity and quality based on land use and land cover scenarios
and climate projections for the 2050s. The proposed modeling approaches were
efficient in simulating hydrological, hydrodynamic, biogeochemical and
ecological variables and demonstrated the potential of these models in water
quality management studies. The main insights of this research were that
changes in hydrological patterns have an important interference in the water
availability of the ltupararanga reservoir and, according to climate projections, it
is expected that there will be a reduction in precipitation volumes in the coming
decades. Furthermore, global warming projections have been shown to
influence thermal stratification patterns and water column stability. The
intensification of stability and deepening of the thermocline may threaten the
reservoir's multiple uses, as they alter the dynamics of phytoplankton and favor
the dominance of cyanobacteria. Considering land use scenarios based on the
expected occupation trend for the 2050s, reduction and intensification of
agricultural areas and urban expansion, there was an improvement in the
reservoir water quality for the conservation scenario. Those results highlight the
importance of conservation and restoration of the Atlantic Forest in protecting
aquatic ecosystems. The results of the sets of climate projections and land use
change scenarios showed that both drivers are important for the trophic
dynamics of the Itupararanga reservoir. Despite climate projections, the
scenarios of reduced deforestation and increase in preserved areas indicated a
trend towards oligotrophication. However, as projections indicate global
warming and other changes in meteorological forcing, higher peaks in the total
phosphorus availability and phytoplankton biomass compared to recent years
would be expected. The outcomes point to the urgency of management efforts
to control agricultural and urban expansion without environmental management
in the Alto Sorocaba basin. It is expected that the results of this research



support management actions to prevent the water crisis, encouraging dam
operation strategies to manage the reservoir volume, control water quality and
protect the aquatic ecosystem.

Keywords: water quality modeling; climate change, Itupararanga reservoir,
water resources management.
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1. Contextualizacao

Os reservatorios sdo formados pelo represamento de rios, para atender
a usos multiplos, principalmente geracao de energia, regularizacdo de vazéo e
abastecimento publico de agua. S&o considerados sistemas de natureza
hibrida, com gradientes horizontais, semelhantes aos rios, e verticais,
caracteristicos de lagos, com relacdo aos fatores abidticos que governam a
producado primaria (Thornton et al., 1990). De acordo com Lewis (1987), para a
andlise das propriedades dos ecossistemas continentais tropicais é essencial o
conhecimento das causas primérias e os efeitos de primeira ordem que as
governam, com base na latitude.

Como causas primarias é possivel relacionar as baixas latitudes a alta
irradiancia anual e, consequente, pouca variagdo sazonal (maximas e minimas)
e baixo efeito da for¢ca Coriolis, sendo igual a 0 no Equador, devido a latitude
0°. Como efeitos fisicos, a diferenca de temperatura entre o topo e o fundo de
lagos que tendem a se estratificar aumenta com a latitude até o pico de 35°-
500, fator relacionado as temperaturas da &agua (Lewis, 1987). As
consequéncias biologicas sdo a alta producao priméria durante todo o ano.

A qualidade da agua, bem como as cargas de nutrientes s&o
influenciadas pela operacdo da barragem que cria pulsos e altera
constantemente a dinamica dos organismos. Além disso, fatores
socioeconémicos, como 0 uso e ocupacdo do solo, captacdo de agua, o
manejo da terra e drenagem das aguas pluviais, além de mudancas climéticas
também se relacionam a disponibilidade e qualidade da &agua nesses
ambientes.

A literatura tem indicado os efeitos das mudancas climaticas sobre as
taxas de evaporacao (Althoff et al., 2020; O’'Reilly et al., 2015; Zhan et al.,
2019) e padrdes de estratificacdo térmica de lagos e reservatorios (Kraemer et
al., 2017; Moras et al., 2019; Niedrist et al., 2018). Geralmente, as respostas
estdo associadas ao balanco hidrico e a temperatura e morfometria média dos
ecossistemas. Periodos de escassez hidrica tém se tornado mais frequentes
ao redor do mundo e também se relacionam ao aquecimento global (Huo et al.,
2020; Zwart et al., 2017).

Alteracbes nos padrbes de precipitacdo tém gerado impacto direto no
fornecimento de agua potavel e geracdo de energia por hidrelétricas. Além
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disso, estudos observaram que as estratificacfes nos reservatorios estdo se
tornando mais estaveis, tendo como consequéncia termoclinas mais profundas
e favorecimento das floracdes de cianobactérias (Huisman et al., 2018; Wells et
al., 2015).

Outros drivers do aumento do nivel trofico de lagos e reservatérios sao a
expansao urbana e agricola e manejo inadequado do solo (Amorim et al., 2020;
Huo et al., 2019). A eutrofizacdo pode limitar os usos multiplos a que 0s corpos
de agua se destinam, especialmente o abastecimento de 4gua. Como efeitos
indiretos estdo os danos a saude, incluindo toxinas e patdgenos, além dos
efeitos negativos no uso para recreacdo, como maus odores e interdicdo ao
uso esportivo/recreativo. As floragcbes de cianobactérias téxicas também
provocam mortandade de peixes, anoxia da coluna de 4gua e deterioracédo do
habitat aquatico. Como consequéncia da eutrofizacdo acelerada, as floracdes
podem aumentar os gastos no tratamento de agua. Os organismos podem
entupir filtros, aumentar a necessidade de produtos quimicos na coagulacao,
bem como modificar o sabor e o odor da agua tratada. Alteracbes na
composicdo da comunidade fitoplanctonica podem favorecer o entendimento
do processo de eutrofizacdo (Beghelli et al., 2016) e auxiliar no controle da
poluicdo aquéatica.

Nas Ultimas décadas, o surgimento e a utlizagdo de modelos
deterministicos voltados a simulacdo da qualidade da agua, especialmente as
variaveis bioticas, em corpos hidricos continentais tém demonstrado o potencial
dessas tecnologias no gerenciamento ambiental (Fragoso et al., 2010). Tais
modelos podem realizar progndsticos e apontar a necessidade de aplicacao de
tecnologias ambientais na solucao de problemas.

Complementarmente a utilizacdo dos modelos de qualidade da agua, o
estudo da hidrodindmica permite compreender a mistura horizontal e vertical
das aguas em lagos, estuarios e reservatorios (Fragoso et al., 2009). A ligacéo
entre 0s processos biogeoquimicos e hidrodindmicos do ecossistema aquatico
favorece uma representacao flexivel e integrada da dinamica dos organismos
vivos e suas relagdes com as mudancas de nivel tréfico, variagfes de nivel de
agua e ciclagem de nutrientes no meio.

Embora a literatura venha demonstrando a eficiéncia na utilizacdo de

modelos de qualidade da agua, principalmente em regides temperadas
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(Bhagowati and Ahamad, 2019; Calamita et al., 2021), no Brasil e em outros
paises em desenvolvimento, ha lacuna de dados de monitoramento de longo
periodo. Isto limita a utilizacdo dos modelos de ecossistema aquatico que
demandam diversos conjuntos de dados e calibracdo de grande quantidade de
parametros. Apesar do aumento de instalacdo de estacbes de alta frequéncia
para monitoramento de qualidade da agua nos ultimos anos, ainda existem
poucos estudos com aplicacdo desse tipo de ferramenta em regides tropicais e
subtropicais (Soares and Calijuri, 2021).

A literatura também tem destacado o acoplamento de modelos
climaticos e hidrolégicos e modelos de bacia como uma tendéncia nos ultimos
anos (Soares and Calijuri, 2021) visto a interdependéncia de todas as variaveis
e seus efeitos sobre os ecossistemas aquaticos e a qualidade da agua.

Diante da demanda de estudos acerca das respostas de reservatorios
de usos multiplos em face a cenarios de mudancas climéticas e tendéncias
futuras de uso e ocupacdo do solo em bacias hidrograficas, o presente estudo
testou o acoplamento de modelos para simulacéo dessas for¢cantes e variaveis
hidrodindmicas e de qualidade da 4gua. A estrutura desta tese foi organizada,
além dessa introducdo geral e justificativa, contendo ainda objetivo geral e
hipéteses, descricdo da area de estudo e da importancia da modelagem de
ecossistemas aquéaticos, em outros quatro capitulos, conforme Tabela 1.1.

Com esses quatro capitulos espera-se contribuir para a ampliacdo do
conhecimento acerca das potencialidades dos modelos open-source nas
investigacbes de cenarios de mudancas climaticas e de alteracdes de uso do
solo em bacias hidrograficas e as consequéncias esperadas na disponibilidade
hidrica e na qualidade da agua de reservatérios a fim de dar insights para o

gerenciamento e controle ambiental e operacao de barragens.

Tabela 1-1: Estrutura da Tese
CAPITULO DESCRICAO

2. Future projections of water Apresenta os resultados das alteragbes de nivel de
level and thermal regime &agua e regime térmico do reservatério de ltupararanga
changes of a multipurpose devido as projec¢des climaticas para o fim da década
subtropical reservoir (Sao de 2020, por meio de simulagBes hidrologica e
Paulo, Brazil) hidrodindmica.

3. Modeling the Responses of Apresenta as respostas das concentracbes de
Dissolved Oxygen and Nitrate oxigénio dissolvido e nitrato a cenarios de mudancas
Concentrations due to Land Use de uso e cobertura do solo da bacia do Alto Sorocaba
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and Land Cover
Scenarios in a
Subtropical Reservoir
4. Forecast of trophic state
changes of a subtropical
reservoir due to climate change
and land-use change scenarios
for the 2050s: an integrated
climate-hydrological-

Change
Large

biogeochemical modeling
approach

5. Consideracdes finais e
recomendacdes

para a década de 2050 por meio de modelagem de
carga distribuida de bacia e hidrodinamica e
biogeoquimica de reservatério.

Apresenta resultados do acoplamento de modelos
hidrolégico, termodindmico, de carga distribuida,
hidrodinamico e ecoldgico para previsdo do nivel
trofico do reservatério de ltupararanga para a década
de 2050, com base em cenarios de projecdes
climaticas e de mudancas de uso e cobertura do solo.

Apresenta uma sintese dos resultados dos quatro
capitulos e conclusdo da Tese, com consideracdes

acerca das principais descobertas e contribuicdes do
presente trabalho, além de fornecer recomendacdes
acerca das metodologias propostas para estudos de
qualidade da agua em reservatérios

2. Objetivos e hipoteses

O objetivo principal da pesquisa foi testar o acoplamento de modelos
open-source no estudo de respostas hidrodinadmicas e de qualidade da agua do
reservatorio de ltupararanga (SP) em face a cenarios de mudancas climéaticas e

de modificac¢des futuras de uso e ocupacgdo do solo na bacia hidrogréafica.

Com base no objetivo formulado, investigou-se se o acoplamento de

modelos deterministicos e técnicas implementadas em sistemas de
informacBes geograficas (SIG) seriam eficientes para o estudo da qualidade
das aguas do reservatorio de ltupararanga. Além disso, como tais simulacdes
seriam Uteis para analisar variagcdes verticais e sazonais de nivel de &agua,
regime térmico, dindmica de nutrientes e nivel tréfico do reservatorio de
ltupararanga, do periodo de 2009 a 2019, e proposi¢cao de cenarios hipotéticos
com 0s parametros estimados para avaliar o comportamento do ambiente
aquatico as projecdes climaticas e modificacdes de uso e ocupacéo do solo em

seu entorno.

3. Areade estudo
O estado de Sao Paulo possui 22 Unidades de Gerenciamento de
Recursos Hidricos (UGRHI), definidas pela Lei n°® 9.034/1994 (Sao Paulo,
1994). Entre estas, a UGRHI 10 corresponde a bacia hidrografica do rio

Sorocaba e Médio Tieté (SMT), localizada na porgéo centro-sudeste do estado.
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A UGRHI 10 ¢é dividida em seis sub-bacias hidrogréficas,
correspondendo: Médio Tieté Inferior, Médio Tieté Médio, Baixo Sorocaba,
Médio Sorocaba, Médio Tieté Superior e Alto Sorocaba. Esta Gltima possui uma
Area de Protecdo Ambiental (APA), denominada APA de ltupararanga, a qual
foi criada pela Lei Estadual n°® 10.100/1998 e alterada pela Lei 11.579/2003.

A APA de ltupararanga contribuiu para manter quase 41% de formacéao
florestal devido a extratos de vegetacdo arborea em 2019 na bacia do Alto
Sorocaba segundo o projeto Mapbiomas (2021). Por outro lado, a agricultura
ocupa a segunda posicao com 40% de presenca na bacia. Pastagens (12%) e
areas urbanas (3%) seguem com as maiores porcentagens de ocupacao. As
areas de remanescente vegetal primitivo estdo sendo afetadas pelo
desmatamento nos ultimos anos, devido a atividade agropecuaria e construgcédo
de loteamentos (Manfredini, 2018; Taniwaki et al., 2013).

A pluviosidade média anual da bacia foi de 1572 mm/ano entre 2009 e
2018 (INMET, 2020). O clima é o Cwa, caracterizado com verdo chuvoso e
estiagem no inverno, de acordo com a classificacdo climéatica de Koppen
(Kottek et al., 2006). Também na bacia do Alto Sorocaba € onde se localiza o
reservatorio de Itupararanga, apresentado na Figura 1.1.

O reservatério de Itupararanga é formado pelos rios Sorocabucu e
Sorocamirim, principais formadores do rio Sorocaba. O reservatorio € utilizado,
principalmente, para abastecimento publico, sendo responsavel por 63% da
agua destinada ao suprimento de cerca de 800.000 pessoas de diversos
municipios no entorno, entre eles Mairinque, Aluminio, Piedade, Votorantim e
Sorocaba (Rosa et al., 2015) e geracdo de energia elétrica destinada a
Votorantim Energia (antiga Companhia Brasileira de Aluminio — CBA). A UHE
ltupararanga iniciou sua operacdo em 1914.

As dimensdes, capacidade e potencial de geragdo de energia elétrica do
reservatorio sdo apresentados na Tabela 1.2. A planta de tomada d"agua da
UHE de Itupararanga é dada na Figura 1.2 e a batimetria do reservatorio em

metros em relag&o ao nivel do mar € dada na Figura 1.3.
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Figura 1-1: Localizag&o da bacia do Alto Sorocaba: a.no Brasil, b.no estado de S&o Paulo, e c.
localizacdo do reservatério de ltupararanga.
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Tabela 1-2: Dimens®es, capacidade e potencial de geracao elétrica do reservatorio de

Itupararanga.
Extensdo 40 km
Area da bacia de drenagem 936,51 km2
Area superficial do reservatorio 29,9 kmz?
Profundidade maxima 23 m
Canal principal 26 km
Tempo de residéncia médio anual 250 dias

Volume dtil 286 milhdes de m3
Fetch do vento 3,1 km
Vazao média afluente 12,70 m3.s~1
Vazéo média defluente 12,68 m3.s~t
Poténcia instalada 56 MW
Producdo média anual 150 GWH

Fonte dos dados: Frascareli et al. (2015); INMET (2020); ANEEL (2020).
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Figura 1-2: Planta de tomada d’agua da UHE de Itupararanga com cotas de niveis
operacionais.
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Figure 1-3: Levantamento batimétrico do Reservatdério ltupararanga. Intervalo de elevagcao com
relagdo ao nivel do mar (m).
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Como principais atividades antropicas que tem comprometido a
qualidade das aguas da represa de Itupararanga é possivel citar a construcéo
de loteamentos, como chacaras e casas de veraneio, uso intensivo de
irrigacdo, intensa utilizacdo de agrotoxicos e a falta de zoneamento territorial
que discipline o uso e ocupacao do solo (Manfredini, 2018). Outra fonte de
poluicdo significativa sdo os lancamentos de efluentes domésticos com baixo
ou nenhum tratamento do municipio de Ibilna a montante da cabeceira do
reservatério (FABH-SMT, 2018).

O estado trofico do reservatorio de ltupararanga tem se modificado ao
longo dos anos, apresentando atualmente caracteristicas meso-eutroficas, com
elevadas concentracdes de nutrientes (Cunha et al., 2017; Vargas et al., 2020).
A comunidade fitoplancténica tem sido dominada por cianobactérias, em
particular a espécie Raphidiopsis raciborskii, que tem provado ser téxica no
reservatorio (Beghelli et al., 2016; Casali et al., 2017; dos Santos Machado et
al., 2021; Moraes et al., 2021) e pode causar impacto nas comunidades
aquaticas e cadeias alimentares ou até mesmo no abastecimento de &agua
potavel a populacéo no futuro.

Além das cianobactérias potencialmente toxicas observadas no
reservatorio de Itupararanga, espécies exoéticas tém sido relatadas no
ambiente, como exemplo a macroéfita aquatica Urochloa sp. (Pavéo et al.,
2017). A presenca de espécies invasoras pode causar sérias implicacdes para

a bacia como um todo.

4. Modelagem deterministica de qualidade da 4gua

O avanco da tecnologia e o desenvolvimento de modelos numéricos
usados para simulacdo de ecossistemas aquaticos tem viabilizado o
entendimento da dinamica desses ambientes e a previsdo de respostas futuras
a forcantes ambientais e antropogénicas. Nas Uultimas décadas, diversos
modelos de ecossistema aquatico foram desenvolvidos e aplicados na
simulacdo de variaveis bidticas e abidticas de qualidade da agua,
disseminando as diversas potencialidades dessas ferramentas na conservacao
ambiental (Fenocchi et al., 2019; Bueche et al., 2019; Ulanczyk et al., 2018;
Van der Linden et al., 2015).
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De acordo com Hipsey et al. (2015), a literatura tem empregado modelos
de ecossistemas aquaticos, principalmente, para simulacdo da qualidade da
agua em escala de bacia e da biogeoquimica aquatica dos sistemas
individualizados, como lagos, estuarios e reservatérios. Outra tendéncia
baseia-se na integracdo de modelos deterministicos, simulacdo de cenérios de
diferentes aportes de nutrientes e indices de qualidade da agua como
ferramenta para determinar os limites das ac¢des de gerenciamento (Gilboa et
al., 2014, Soares and Calijuri, 2021).

Diversos estudos em reservatorios brasileiros aplicaram o acoplamento
com modelos hidrolégicos para estimativa das contribuicbes da bacia
hidrografica (Silva et al., 2016; Tambara et al., 2017; Munar et al., 2018; Lopes
et al., 2018). Outras utilizacdes da modelagem deterministica no pais tém sido
retratar 0S processos que ocorrem no ecossistema aquatico com relagédo ao
metabolismo (Cavalcanti et al., 2016), padrbes espaciais e temporais da
comunidade fitoplanctdénica (Deus et al.,, 2013), bem como proposicdo de
cenarios e andlise do comportamento do ambiente frente a possiveis impactos
(Fragoso Jr et al., 2011).

Os modelos matematicos unidimensionais (1D) sdo ferramentas mais
simplificadas para céalculos, apresentam menor niumero de parametros, devido
a menor discretizacao espacial. A escolha de um modelo hidrodinamico 1D na
vertical (1D-V) se deve ao fato de que esses tipos de modelos conseguem
simular os gradientes verticais de temperatura da agua, que sao maiores que
os horizontais, além dos niveis de agua. Modelos 1D-V conseguem simular
gradientes verticais de temperatura da agua e oscila¢cdes de volume, com baixo
tempo de processamento computacional e alta resolucdo de saida espacial e
temporal em relacdo as variaveis de estado e fluxos modelados, o que os torna
adequados para realizar analises de modelagem de longo prazo.

Os modelos hidrodindmicos levam em conta 0s principais componentes
e fungdes que estabelecem as condigbes de contorno no funcionamento de
reservatorios e cujas medidas sdo essenciais. Destacam-se as variaveis
climatoldgicas e hidrologicas, tempo de residéncia e posicdo do reservatério
(fluxos de entrada e saida), bem como caracteristicas morfolégicas do lago
(batimetria) e da barragem (altura da barragem, tomada de agua, profundidade

maxima na barragem). Tais condi¢cdes de contorno sao base para simulagdes
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da qualidade de agua, uma vez que a ciclagem de nutrientes e a dinamica dos
organismos estdo totalmente relacionados as caracteristicas citadas
anteriormente.

As incertezas inerentes as variaveis de predicdo geradas nos modelos
existem (Arhonditsis et al., 2006). Todavia, os esforgcos para melhorar a
acuracia e previsibilidade das respostas tem crescido nos ultimos anos
(Robson, 2014). A tendéncia para a modelagem de ecossistemas aquaticos &
baseada na implementacao de aspectos eco-evolucionarios e dindmicas socio-
ecolégicas, levando em conta o balan¢co das necessidades humanas com a
capacidade de suporte do planeta (Mooij et al., 2018).

A comunidade cientifica tem buscado dar maior visibilidade aos
resultados por meio do compartilhamento de algoritmos e banco de dados,
dando prioridade aos modelos open-source, ou seja, aqueles de codigo aberto
e disponiveis gratuitamente (Janssen et al., 2015). A Global Lake Ecological
Observatory Network (GLEON-gleon.org) surgiu com o objetivo de
disponibilizar dados globais advindos de sensores de alta frequéncia para o
avanco da compreensdo dos processos ecologicos em lagos (Bruce et al.,
2018). O modelo General Lake Model (GLM) foi desenvolvido por membros da
GLEON para ser disponibilizado aos usuarios e flexivel na manipulacdo das
diversas variaveis hidrodinamicas, biogeoquimicas e de qualidade da agua
(Hipsey et al., 2017).

O General Lake Model (GLM) € um modelo deterministico 1D-V que
simula balanco hidrico, balanco de energia superficial, incluindo penetracéo de
luz, transferéncia de calor sensivel e latente, estratificacdo e mistura vertical,
além de fluxos montante e jusante e retiradas de agua (Hipsey et al., 2019). Os
algoritmos de mistura e a estrutura de camadas do GLM séo baseados em
modelos de ecossistemas aquaticos conhecidos, tais como o Dynamic
Reservoir Simulation Model (DYRESM) e o Dynamic Lake Model (DLM). O
modelo usa uma estrutura dindmica de camada lagrangiana (Imberger and
Patterson, 1981), na qual apenas a variacao vertical é retida para resolver os
gradientes verticais. A contragdo ou expansdo das camadas representa
alteracdes na densidade do lago relacionadas a mistura, estratificacdo e

balanco hidrico.
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O modelo GLM pode ser acoplado a Aquatic EcoDynamics Model Library
(AED2; Hipsey et al., 2013) e The Framework for Aquatic Biogeochemical
Models (FABM; Bruggeman and Bolding, 2014). Tais libraries permitem as
simulagBes das variaveis biogeoquimicas e de qualidade da 4gua. A Aquatic
EcoDynamics Modelling Library (AED2) é uma biblioteca de mddulos
biogeoquimicos e de qualidade da agua. Os mdédulos permitem a simulacao
individual ou conjunta dos ciclos do carbono, nitrogénio, fésforo, oxigénio
dissolvido e silica, além de matéria orgéanica, fitoplancton e zooplancton por
meio de equacodes de balanco de massa.

Os modelos GLM e AED tém sido amplamente aplicados para entender
a dinamica térmica de lagos (Hipsey et al., 2017; Bruce et al., 2018; Hipsey et
al., 2019) e para investigar mudangas na hidrodinamica de lagos e
reservatérios sob mudancas climaticas (Bucak et al., 2018; Soares et al., 2019;
Gal et al.,, 2020). O modelo também tem sido utilizado para aumentar a
compreensao sobre as interacdes dos processos ecossistémicos e acles
humanas, bem como facilitar o aprendizado académico sobre conceitos de
mudancas climaticas (Cobourn et al., 2018; Carey and Gougis, 2016). Estudo
recente comparou o desempenho do modelo GLM com modelos 2D e 3D e
destacou as potencialidades e eficiéncia do modelo especialmente em estudos
de dindmica térmica e balanco hidrico em lagos e reservatérios (Ishikawa et al.,
2021).

O GLM estd implementado no software estatistico R para simular e
analisar os resultados. O modelo GLM-AED2 é open source e freeware,
permite  manipulagbes em seu codigo-fonte e aprimoramentos em seus
algoritmos, além de ser gratuito para os usuarios. Dessa forma, mostrou-se
viavel aos objetivos propostos para esta pesquisa. Exemplo esquematico de
aplicacao recente do modelo acoplado por Soares e Calijuri (2021) considerou

variaveis e processos semelhantes ao presente estudo e € dado na Figura 1.4.
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Figure 1-4: Diagrama conceitual do modelo GLM-AED para aplicagdo em reservatérios
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Fonte: Soares and Calijuri (2021).

Na presente pesquisa foram utilizados os modelos GLM v.3.0 e AED
v.1.2 e a manipulacdo dos modelos foi realizada por meio do software
estatistico R para simular, analisar e calcular os indicadores hidrodinamicos por
meio dos pacotes gimtools (Read et al., 2016), GLM3r (Hipsey et al., 2019) e
rLakeAnalyzer (Read et al., 2011). Uma interface de usuario para o GLM
(gimGUI, Bueche et al.,, 2019) também foi usada para a analise de
sensibilidade e auto-calibracdo hidrodindmica. Detalhes das equacbes de
balanco de massa e outras manipulacbes dos modelos utilizados e

desenvolvidas nessa pesquisa estdo apresentadas nos capitulos seguintes.
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CAPITULO 2 - FUTURE PROJECTIONS OF WATER LEVEL AND THERMAL
REGIME CHANGES OF A MULTIPURPOSE SUBTROPICAL RESERVOIR
(SAO PAULO, BRAZIL)
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1. Introduction

Sustainable development goals have assumed a new paradigm with
Earth’s life-support system, society, and economy including targets for 2030
(Griggs et al., 2013). Concerns about clean water, as well as the health and
production of ecosystems are intrinsically linked to climate change.

Some of the consequences of climate change are a rise in air
temperatures and alterations in rainfall patterns (IPCC, 2014). The water levels
of lakes and reservoirs have shifted due to the increase in the frequency of
occurrence of weather extremes. More frequent drought and flood periods have
been reported worldwide (Brasil et al., 2016; Soares et al., 2019; Jeppesen et
al., 2015). Scientific research has focused on a relationship between volume
fluctuations and water quality degradation, in particular the nutrients dynamics,
trophic state, and phytoplankton community (Jeppesen et al., 2015).

There is also evidence that climate change influences the thermal
dynamics of inland waters (Sahoo et al., 2016). The air temperature increase
has been reported as a driver of heating surface water temperature (Zhang et

al., 2020) and another consequence are alterations in the heat budgets of lakes
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(Woolway and Merchant, 2019). All of those alterations can lead to
cyanobacteria dominance (Kosten et al., 2012) and blooms (Wells et al., 2015;
Huisman et al., 2018).

In this way, global and regionalized climate models have been applied
under different concentration pathway scenarios to predict climate change
impacts (Eccles et al., 2019; Fenocchi et al., 2018; Prats et al., 2018). Using
this forecast data has enabled a better understanding of the global warming
effects on aquatic ecosystems. Especially coupling climate models to aquatic
ecosystem models has been used to predict the consequences of climate
change on aquatic environments (Moe et al., 2016). Furthermore, these coupled
models are used to test adaptive water management measures for the potential
mitigation of negative impacts on the ecosystem (Ladwig et al., 2018).

Climate change effects have already been highlighted in global lake
ecosystems (Jeppesen et al., 2017; Woolway and Merchant, 2019). However,
further studies are needed to incorporate the likely impacts of climate change in
vulnerability assessments and lake management efforts (O’Reilly et al., 2015).
Although a water temperature increase is prospective to be felt most strongly at
low latitudes (Kraemer et al., 2017), there are incipient local studies of likely
impacts on lakes and reservoirs located in subtropical regions.

The present study attempts to highlight whether potential climate
projections could affect the water levels and the thermal regime in a
multipurpose subtropical reservoir at the end of 2020s. Data generated by a
regionalized climate model was used for hydrological and hydrodynamic
simulations. The overall trends of C0O, emissions rise have led to a change in
the pattern of climate forcing data and were evaluated to understand how the
reservoir water level and the thermal regime would respond in the near future.
This study facilitates our current knowledge of the possible implications of
climate change on subtropical lakes hydrodynamics to target possible

management efforts.

2. Material and Methods
2.1 Input data availability
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The daily hydrological data were collected at one station located in the
dam (62510080) since 2005. In combination with outflow data, this monitoring
data were used to calculate reservoir inflows, water levels and volume.

The meteorological data were collected from Sorocaba meteorological
station by National Institute of Meteorology (INMET) located 29 km from the
reservoir. This station is the only source for meteorological data close to
ltupararanga reservoir and it has had an automatic hourly meteorological
monitoring since 2006. In order to reduce bias related to those data, we
performed a sensitivity analysis and calibration for model meteorological
parameters.

The Environmental Company of the State of Sdo Paulo (CETESB) has
performed surface sampling every 2 months since 1998 at SOIT02900 station,
near to the dam, and since 2005 at Sorocabucu (SOBU02800), Sorocamirim
(SOMI02850) and Una (BUNA02900) streams. The monitoring variables include
water temperature and electrical conductivity measurements. The location of
Alto Sorocaba basin, its tributaries, and the monitoring stations are presented in
Figure 2.1.

Previous data were collected nearby the SOIT02900 station (FAPESP
Projects: 2008/55636-9, 2016/09405-1) and represent measurements in the
water column every 50 cm in 2009-2011, 2013-2015, and 2017-2019.

The reservoir bathymetry, which corresponds to the storage, elevation,
and area relationships, were processed by a project held at the University of
Sao Carlos’s (UFSCAR-Sorocaba). This was performed by an Ecobathymetr
Bathy 500-MF and the Hypack Max Software to plan, navigate, collect, and

process data.
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Figure 2-1: Alto Sorocaba basin: a. Sdo Paulo State location; b. Alto Sorocaba basin location; c. Itupararanga reservoir location, its tributaries and monitoring
station.

Fonte: Author
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2.2 Data processing and modeling setup

Meteorological variables used in this study included short-wave radiation,
air temperature, wind velocity, rainfall, and air relative humidity on an hourly
time step (Figura 2.2). Long-wave radiation was estimated from relative air
humidity and air temperature (Abramowitz et al., 2012).

There is one outlet used for water withdrawal located near the bottom of
the reservoir (withdrawal depth of 5.7m). The outflow is partly used for
hydroelectric power generation and partly for the local water supply. Periods of
overflow occur through the reservoir spillway crest (>20.7m elevation). The
water withdrawal and the overflow were set up as separate outflows to not

increase uncertainty at hydrodynamic simulation.

Figure 2-2: Meteorological and hydrologic inputs in the simulation period. The red lines highlight
a simple moving average for each hydro-meteorological forcing data.
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The incoming daily streamflow was calculated using hydraulic balance
calculations by the private company that operates the dam. The streamflow
conductivity was converted to salinity (Hornung, 2002). To complete missing
data in the salinity time series, a mass balance calculation was performed using
data from the three tributaries. Meanwhile, few electrical conductivity

measurements were available. Thus, the average conductivity between the



41

three tributaries (70.8uScm™!) was used to estimate a mean salinity
concentration that was used in the entire period (0.06 PSS). Electrical
conductivity variations have not been correlated to changes in the reservoir
density flow regime; instead, the freshwater reservoir's density stratification is
dominantly driven by changes in water temperature (see similar inflow data and
conclusions in Ryu et al., 2020).

The inflow water temperature was estimated by a weighted average of
the water temperature and flows of the Sorocabugu, Sorocamirim and Una
streams. Missing data were approximated using linear interpolation on a daily
time step.

We applied an automatic sensitivity analysis and calibration technique
using the gimGUI v.1.0 (Bueche et al., 2019). Here, the sensitivity analysis was
first conducted on water level fluctuations and secondly on changes in water
temperature. Results from the sensitivity analysis guided the automatic
calibration for the period from January 2009 to December 2013 (1826 days).
The validation period was from January 2014 to March 2019 (1916 days).

The parameters related to minimum (h,,;;) and maximum layers
thickness (h,,4) Were manually calibrated according to the reference values.
The glmGUI calculates the sensitivity index (SI) for the parameters of surface
dynamics, mixing parameters, and hydrological and meteorological factors The
SI's considered low (0<SI<0.05) were disregarded and those considered as
medium or high (0.05<SI<0.2; 0.2<SI<1) were submitted to the calibration
process (Lenhart et al., 2002).

Based on field observations between 2018 and 2019, indicated by four
Secchi-disk measurements, the average radiation extinction coefficient (K,,)
value was used as model input (0.94 m™1). Hydrodynamics indicators were
calculated to evaluate thermal regime at Itupararanga reservoir, e.g. annual
average water level (AAWL), maximum vertical density gradient (DG), the
average surface and bottom water temperature difference (SBD), retention time
(RT), number of stratified days (NSD) and the Schmidt Stability Index (SSI)
(Idso, 1973).

The RT, in days, was calculated from the daily flushing rate for each
year. The SSI measures the energy required to mix the entire lake to a uniform

temperature without the addition or subtraction of heat. As the highest SSI
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values were observed in the wet season, maximum SSI in the wet season
(MSSw) was also calculated.

Water density was calculated by the rLakeAnalyzer package and the
DGs were manually calculated between adjacent layer cells. According to Lewis
(2000), for tropical lakes, a difference of 2°C between the top and the bottom of
the water column is sufficient to classify the water column as being stratified.
Based on field surveys in Itupararanga reservoir, a high correlation was found
between SBD and DG (r=0.91). In this way, the thermal stratification was
defined when the SBD > 2°C and consequently the DG > 0.13 kg.m3.m™ 1.

The model performance to simulate water level and water temperature
was evaluated through Pearson’s correlation coefficient (r) and the root mean

squared error (RMSE) according Equation 1:

N . .
Zi=1 (51_0")2
N

RMSE = (1)

Where: N= number of observations, S= simulated data and 0= observed data

%y

for each “I” time step.

2.3 Hydrodynamic scenarios under climate projection

2.3.1 Data availability and processing

Data from Climate Change Projections for South America regionalized by
the ETA Model (PROJETA) were used to simulate the climate change scenarios
in the Itupararanga reservoir.

The global climate model (GCM) chosen was The Hadley Centre Global
Environmental Model (HadGEM2-ES). The regionalization of the HadGEM2-ES
projections from 2006 to 2099, carried out by the ETA model (Eta-HadGEM2-
ES), had a resolution of 20 km and covers South America, Central America, and
the Caribbean. The Eta-HadGEM2-ES has proved to be more sensitive to
greenhouse gas (GHG) emissions and it generates improved estimations than
the ETA nested in MIROC5 (Chou et al., 2014).

The scenarios were based on two GHG representative concentration
pathways (RCP), which correspond to different radiative forcing scenarios of 4.5
Wm™2 (RCP 4.5) and 8.5 Wm™2 (RCP 8.5), respectively (Chou et al., 2014).
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The first one is an optimistic scenario corresponding to a CO2 increase of about
650 ppm and the other a pessimistic scenario where C0O, exceeds 1000 ppm in
2100.

Climatic time series by Eta-HadGEM2-ES RPC 4.5 and 8.5 included
daily short-wave and long-wave radiation (W.m?), air temperature (°C), air
humidity relative (%), rainfall (mm) and wind speed (m/s) from 2026 to 2030. A
bias correction was performed to adjust historical data and correct the future
projections using 1-decade data as control period (2009-2018). The long-wave
radiation series was not corrected, due to the lack of observation data.

For air temperature and rainfall correction, we applied the linear and the
variance scaling methods (LS/VS, Lenderink et al., 2007; Chen et al., 2011;
Teutschbein and Seibert, 2012) inside of the Climate Change for Watershed
Modeling tool (CMhyd, Rathjens et al., 2016). The LS method is a simple
approach based on the average difference between monthly observed data and
historical time series of climate models over the same period of the observed
series. The VS corrects both the mean and the variance of time series. The
same methods were applied to manually correct the other projected
meteorological data.

2.3.2 Inflow simulation

To predict the future reservoir inflow from the climate scenarios the Soil
Moisture Accounting Procedure (SMAP) was applied based on precipitation and
evaporation data from the climate model.

The SMAP model uses a simple structure of reservoirs that represents
the storage and water flow in the basin with continuous time series and uses the
Soil Conservation Service - SCS (1964) method for the separation of runoff.
The input data are the total precipitation and evaporation heights on a daily time
step, the drainage area, and the initial conditions of the basin. For calibration,
the following parameters needed to be adjusted (Lopes et al., 1982): soil
saturation capacity (Str), constant runoff recession (K2t), underground recharge
parameter (Crec), initial abstraction (Ai), field capacity (Capc) and constant of
recession of basic outflow (Kkt).

The version used in the present study was the Smap.Net version 1.0.0.0,

which is freely available from the Laboratory of Decision Support Systems
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(LabSid-USP). The model runs and generates runoff for a limit of 1000
consecutive days.

The rainfall-runoff model was manually calibrated for 300 days, from
2010-06-23 to 2011-04-18. It was given as the initial conditions the drainage
area (669 km?2), the initial soil moisture level (65 mm mm™1), and the initial base
streamflow (7 m3.s71).

The goal of the calibration was to reduce the percent bias (PBIAS) for
streamflow to be considered satisfactory (£ 25%, Moriasi et al.,, 1983). The
calibrated model was used to estimate the reservoir future inflows based on
estimated rainfall and air evaporation by Eta-HadGEM2-ES RCP 4.5 and 8.5.
The air evaporation data were bias corrected using the previously cited bias
correction.

The 1000 days period chosen for the simulation of the climate projections
scenarios was from 2028-02-14 to 2030-11-09, which represents an exemplary
time period in the near future to evaluate potential impacts of climate change on
water management decisions. For the hydrological simulation, we assumed the
initial base streamflow as the mean observed flow between 2009 and 2018
(13.5 m3.s71).

As reservoir initial conditions for the hydrodynamic simulation, we used
the monthly mean water temperatures of the last decade as daily input and the
vertical salinity profiles assumed constant. Further, we used the mean lake level
value and mean water temperature value for the month of January based on
historical data series (2005 to 2018).

The present study did not take into account the various possibilities of
water withdrawal for power generation and water supply, for simplification only a
minimum daily withdrawal was considered (6.024 m3.s~!) based on the
historical series (2005-2018). Overflows were not observed in those periods.
Thermal condition indicators were calculated to quantify the climate change

impact on the reservoir thermal regime.

3. Results
3.1 Model performance
The Sensitivity analysis for water level and water temperature presented

variations between the parameters and the evaluated multiplicative factors
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(Figura 2.3). The water level had high sensitivity to the inflows and outflows
factors (SI1=0.54 and 0.69, respectively) and medium sensitivity to the rain factor
(S1=0.15).

Regarding water temperature, the sensitivity analysis highlighted the
model’s medium sensitivity to the wind factor (S1=0.18) and high sensitivity
(SI1=0.21) to the latent heat transfer coefficient (c.). Sensitive parameters were
automatically calibrated, and the minimum and maximum layer thickness were
manually adjusted (Table A2).

The calibrated and validated water level and water temperature of the
ltupararanga reservoir showed good model fit criteria (Figure 2.4, Table 2.1).
For calibration, Pearson correlation results showed higher values at 5m, 10m,
and 15m than in the top surface layer. On the other hand, for the validation
period, the highest Pearson correlation was found at 5m, followed by top
surface layer, and the simulated bottom waters were warmer than the

observations.

Figure 2-3: Sensitivity index for water level and water temperature. Kw=light extinction
coefficient; Non-neutral bulk-transfer coefficients: ch= sensible heat transfer, ce= latent heat
transfer, cd= momentum; Mixing parameters: C_K= efficiency of convective overt
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Figure 2-4: Observed and simulated water level
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Table 2-1: Model performance metrics in four specific depths and water columns over the
simulation period.

Calibration Validation
Depths (m) 0 5 10 15 Water 0 5 10 15 Water
column column
RMSE (°C) 1.74 0.67 241 1.36 1.30 1.73 069 1.85 2.0 1.34
r 0.84 098 091 0.97 0.83 0.90 0.97 0.81 0.78 0.81

The simulated thermocline depths were compared with field observations
to evaluate the model performance to observed mixing dynamics in the
ltupararanga reservoir (Figure Al). The thermocline depths were usually
measured between 6.5-14m and the simulations achieved a range between 6-

16.5m, highlighting a thermocline deepening bias (PBIAS = -17).

3.2 Hydrodynamics indicators

The hydrodynamics indicators of Itupararanga reservoir in the simulation
period are given in Tabela A3.

A lower NSD was identified in 2014 (72 days) compared to the entire
simulated period. On the other hand, after the rising lake level in the year 2015,
the SBD achieved 1.79 °C and the NSD increased (136 days). Besides, the
highest MSSw was accounted at 2018-12-21 (135.9 J.m™?2), followed by 116
J.m~? at 2015-01-12 (shortly after the drought period).

In the summer of 2014, the monthly mean precipitation was 140.7 mm
(INMET, 2020). In January 2014, the measured rainfall was 85 mm, the lowest

accumulated between 2008 and 2018. There was an increase in rainfall in the
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wet season of 2015 and this led to changes in the reservoir's thermal regime.
Between 2014 and 2015 the daily reservoir volume was below the mean volume
observed from 2008 to 2018 that corresponded to 204.10° m3 (INMET, 2020).

The daily average minimum volume was 115.10° m3 in December 2014.

3.3 Bias-corrected climate series and simulation of inflows

We corrected the simulated historical climate data from the global climate
model HadGEM2-ES regionalized by the ETA model under two downscaling
scenarios (RCP 4.5 and 8.5) using the linear and variance scaling approach.
After the observed and simulated historical climate data had been compared
and the identified biases, parameterized bias correction based on the mean and
the variance of times series was used to correct historical and future climate
data. (Table A4).

The forecasted climate data showed significant differences regarding the
baseline period (see Figure A2). A slight future increase in shortwave radiation
and wind speed are expected for the two GHG increase scenarios.

The projections indicate an average air temperature increase of 2.5 °C
(RCP 4.5) and 3.3°C (RCP 8.5) relative to the baseline for the end of this
decade and beginning of the next one. On the other hand, the average rainfall
and relative humidity showed a downward trend.

The calibrated parameters of the hydrological model are shown in Table
A5. Although the observed inflow peak (January 2011) was overestimated by
37% compared to the simulation in the calibration (see Figure A3), the SMAP
presented satisfactory performance (PBIAS=18%; +15 < PBIAS < +25, Moriasi
et al., 1983) to predict minimum and mean inflows.

After the calibration, the SMAP model was able to simulate
representative future inflows from 2028-02-14 to 2030-11-09 (Figure S4). In the
pessimistic scenario, the average daily inflows were well below (2.6 m3.s~1) the
historical baseline (13.5 m3.s71), despite a simulated peak in November 2028
(52.2 m3.s~1) that exceed the baseline flow. On the other hand, for the
optimistic scenario, the simulated inflows showed a similar behavior of
decreasing discharges during the drought period observed in 2014 and during
the wet period in 2018 (Figure S4).
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3.4 Climate scenarios for the Itupararanga reservoir

The annual average water level showed a declining trend in the
optimistic scenario (Figura 2.5; 20.5 m, 18.4m and 15.4m for the years of 2028,
2029 and 2030, respectively). In 2014, the Itupararanga water level has
reached a historical minimum of 16.7m. On the other hand, in the pessimistic
scenario, the water level declined with a higher rate than the optimistic scenario
(20.7m in 2028, 16.3m in 2029, reaching and remaining at dead storage in the
whole year of 2030).

Figure 2-5: Water levels under RCP 4.5 and 8.5 scenarios in 2028, 2029 and 2030. Baseline:
monthly average depth from 2009 to 2018.

RCP 4.5 RCP 8.5

The warming of the top layer was evident in both scenarios; the annual
average water temperature reached 22.6 °C in the pessimistic scenario (Table
2.2). The SBD was higher in the RCP 4.5 scenario than in the RCP 8.5 one.
This higher difference between surface and bottom temperatures results in an
increased water column stability.

Table 2-2: Comparison between thermal conditions indicators for calibration and validation
period and future optimistic (RCP 4.5) and pessimistic (RCP 8.5) scenarios.

2028-2030
Thermal conditions indicators 2009- 2014- RCP 45 RCP 8.5
2013 2018
Average surface temperature (°C) 21.0 21.6 22.2 22.6
Average bottom temperature (°C) 20.1 20.8 19.6 20.4
SBD (°C) 0.9 0.8 2.6 2.2

Percentage of stratified days (%) 24 30 53 36
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The minimum annual depth of the thermocline was at 6m from the
surface for the optimistic scenario and at 4m for the pessimistic one. The
maximum depth was at 18m for both scenarios. On the other hand, in the period
of reservoir dead storage, the thermocline remained shallower
(10m<RCP4.5<11m; 6m<RCP8.5<10m).

The SSI values increased in both scenarios (MSSW > 150 J.m™~2) when
compared to the baseline (Table A3 and Figure A5). The thermal stability of the
ltupararanga reservoir will increase (Figura 2.6) and stratification periods would

start earlier (before spring).

Figure 2-6: Simulated water temperature: a. RCP 4.5 scenario b. RCP 8.5 scenario.
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4. Discussion

4.1 Evaluation of model performance and hydrodynamics features of
ltupararanga reservoir

The water level simulation results suggest a good fit with the
observations (RMSE<0.63m, r>0.8). Previous studies using 1D models have
shown similar agreements (0.2m<RMSE<0.74m; Fadel et al., 2017; Melo et al.,
2019, Bueche et al. 2019). Furthermore, the model showed a good capability to
predict short-term water fluctuations, especially between 2014 and 2015, when
the reservoir volume decreased to ~29% of its normal capacity (Figure 3.4).

The achieved model fit for temperature profile simulation can be
evaluated as very satisfactory (RMSE<1.4 °C, Table 2.1). The literature reports
to the whole water column an acceptable range of RMSE between 0.9 °C and
1.5 °C (Bueche and Vetter, 2014; Fenocchi et al., 2017; Prats et al., 2018).
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Recently, Farrell et al. (2020) showed that the uncertainties associated with
water temperature simulations from manual and buoy data were similar and
have a low influence on projections. Additionally, the study highlighted that the
thermal simulations were better in the epilimnion than the hypolimnion. In the
present study, when water temperatures at certain specific depths (surface, 5,
10, and 15m) were evaluated, the error adjustments increased (RMSE~1.7°C)
suggesting a trend to overestimate water temperature in the bottom and
underestimate water temperatures in the surface layers. This highlights the
influence of the meteorological boundary conditions on the model performance.

In the same way, a warm bias for the hypolimnetic temperature
simulations had previously been reported (Bruce et al., 2018), as well as a bias
in the prediction of the thermocline depth (Bruce et al., 2018, Bueche et al.,
2017). In the present study, the simulation of thermocline depth achieved a
satisfactory agreement compared to observations (Figure Al).

Another important finding was that in the drought period (2014-2015), the
outflow was reduced, which eventually increased the hypothetical RT (453
days) to maintain a secure power generation and drinking water supply (see
Table A3). In the same period, the water level dropped, and it influenced the
thermal conditions of the Itupararanga reservoir (NSD=72 days and
MSSw=75.9 J.m™2). Similar behavior was identified in the Serra Azul reservoir,
MG-Brazil, between 2014 and 2015, with a decrease of the number of stratified
days due to a decrease in water level (Soares et al., 2019).

Prior studies have identified that lakes and reservoirs respond rapidly to
climate change (Adrian et al., 2009) and the shifts on rainfall regime favors
intensification of lake levels fluctuations (Reichstein et al., 2013). A recent
decrease in the annual average rainfall was recorded in 2018 (INMET, 2020)
leading to a decline of water level and a raise of MSSw (135.9 J.m™2). This may
be a consequence of increased air temperature and consequentially the heating

of the surface layer (Darko et al., 2019).

4.2 Climatic data bias correction and hydrological calibration
Technical improvements of the output data from RCMs and their

application to study the hydrological impacts of climate change has developed
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in the last decade (Chen et al. 2011; Chen et al., 2013). However, data bias
corrections are still used to reduce the uncertainties of the simulations.

Climate projections were corrected using current data and bias correction
techniques. The linear and variance scaling techniques, based on simple
statistical methods (mean and variance), showed good agreement (Table A4)
within the range of results available in the literature (Li et al., 2019, Eccles et al.,
2019; Teutschbein and Seibert, 2012).

The calibration of a simple hydrological model was performed to simulate
future inflows to the Itupararanga reservoir. Despite that the observed maximum
discharge (54.4 m3 s~1) has been overestimated by 27% in the model (Figure
5), generally the SMAP model showed a good accuracy (r=0.67) to replicate the
inflow dynamics. Additional monitoring stations for discharges would need
required to improve the simulation results.

Similar results were achieved by Cavalcante et al. (2020) calibrating
measured flash flood from eight rain gauges in the mountainous region of Rio
de Janeiro, Brazil. Despite the calibration limitations, a previous study reported
that the SMAP model was capable to predict future inflows for a hydroelectric
plant based on data from an RCM, especially after the rainfall bias correction
(da Silva et al., 2019).

4.3 Water supply implications for the ltupararanga reservoir at the
end of this decade

Two scenarios (based on optimistic (RCP 4.5) and pessimistic (RCP 8.5)
climate projections concerning GHG) were simulated using the hydrodynamic
model. To run these scenarios the bias-corrected climate projections and the
simulated inflows were set as boundary conditions to GLM.

The decrease in the air evaporation rates and the average daily rainfall in
the analyzed period led to a decrease in the future inflows, assuming historical
minimum outflow conditions in the reservoir (Figure A2 and A4). Bucak et al.
(2018) also reported a trend of decreasing future total inflows under RCP 4.5
and 8.5 conditions in 2030 and 2060 based on land-use changes for a large
lake in Turkey.

Our simulations suggest that the local water supply from the reservoir

works will be scarcely limited by October 2030 in the optimistic scenario due to
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future lower daily rainfall in the watershed and the, although low, withdrawal
within the reservoir itself. On the other hand, in the pessimistic scenario, the
reservoir may not be able to provide enough water already beginning in
December 2029 as it had reached dead storage (Figure 2.5).

The generalizability of the achieved results is subject to certain
limitations. For instance, we are limited in predicting future outflow changes as
well as shifts in the land-use of the catchment, which could cause feedback
reactions on the reservoir's volume and thermal dynamics. In another study,
under current land-use conditions and the HadGEM model under RCP 4.5 data,
predictions until 2030 of the Lake Beysehir had indicated a drop in the water
level and for the RCP 8.5 scenario a slight increase (Bucak et al., 2018).

The simulated scenarios highlight that the water management needs to
avoid future water losses in the Itupararanga reservoir water supply. During the
drought period (2014 to 2015), management used the reservoir dead storage,
however it was not possible to supply drinking water to the almost 1 million
inhabitants and there was a need for water rationing in some cities. Due to a
decrease in the volume of the ltupararanga reservoir in 2018, the population
was advised to save water to avoid new rationing.

Despite the fact that a lake’s water storage can be influenced by climate
change, there exist a large regional variability that interacts with it (Woolway et
al., 2020, Shatwell et al.,, 2019). For example, strong seasonal variations
regarding rainfall regime (dry and wet periods in the region), as well as lake-
specific factors, such as morphometry. Further, reservoirs operation can play an

important role to maintain appropriate water levels.

4.4 Consequences in the reservoir thermal regime based on climate
projections

In both simulated scenarios the average surface water temperature
increased compared to model calibration and validation periods (RCP 4.5:
+1.1°C (2009-2013), RCP 8.5: +1.6°C (2009-2013), RCP 4.5: +0.6°C (2014-
2018), RCP8.5: +1.1°C (2014-2018)). The literature has reported that lake
surface temperatures have raised worldwide similarly to air temperature trends
(O’Reilly et al., 2015; Woolway et al., 2019; Farrell et al., 2020).
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The heating trend along the water column has also been reported (Pilla
et al., 2018; Shatwell et al., 2019, Mi et al., 2020). In ltupararanga reservoir, the
SBD measured was -1°C between 2008 and 2018 and for the optimistic and
pessimistic scenarios, it will increase by +2°C for the period between 2028 and
2030 (Table 2.2), which would increase thermal stratification. Due to climate
change, many lakes across the world may mix less frequently and alter their
thermal regimes (Woolway and Merchant, 2019).

The optimistic scenario projects future stratification from October to mid-
July/August (53% of stratified days in the entire simulated period, see Figure
6a). This occurs in conjunction with rainfall regime changes (an increase of 38%
between July and September compared to the historical time series).

On the other hand, the percentage of stratified days was lower for the
pessimistic scenario (36%) compared to the RCP 4.5, prolonging the number of
mixing days (Figure 3.6b). This downward trend in stratified days may be
related to the decrease in water level (shown in Section 4.1) that favors the
heating of the total water column and vertical mixing of water masses (Magee
and Wu, 2017).

The simulated thermocline depth has also shifted in both scenarios.
Higher GHC emission scenarios predicted thermocline deepening. Similar
behaviors have been forecasted for Lake Maggiore and Lake Tegel, with an
intensification of the summer stratification period and an increase of thermocline
depth (Fenocchi et al., 2018; Ladwig et al., 2018).

The stratified days and the thermocline depth are projected to increase in
ltupararanga reservoir, as well as the water column stability (Figure AS5). Our
model also predicted that the lakes thermal stability (SSI) is projected to
increase in the future, resulting in strengthened stratification and reduced
vertical exchange between surface and bottom layers (Darko et al., 2019;
Niedrist et al., 2018).

The literature has highlighted cyanobacteria predominance in the last 20
years in the ltupararanga reservoir (Beghelli et al., 2016; Cunha and Calijuri,
2011). Such dominance was driven by high water temperatures, especially in
the summer, and high concentrations of ammonium and nitrate available in the
reservoir (Cunha et al., 2017). Casali et al. (2017) also showed evidence of

correlation between high concentrations of dissolved nutrients and higher
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densities of Raphidiopsis raciborskii (Cyanobacteria), as well as concentrations
of saxitoxins in the water.

A recent study highlighted that the RCP 8.5 projections are closer to
historical projections and have been predicted as the best combination for 2030
and 2050 based on current GHG emission policies (Schwalm et al., 2020).
Further investigation needed to be done to better assess the impacts on
reservoir water quality by water level fluctuations. Periods of drought have been
related to the increase in trophic state and consequent blooming of
cyanobacteria (Tundisi et al., 2015; Brasil et al., 2016; Mantzouki et al., 2018).

Under surface water heating, thermal stability intensification and a
lengthening of the stratification duration, water quality could potentially
deteriorate (Gray et al., 2019; Huisman et al., 2018). A potential trophic level
increase may prevent some reservoir uses, such as navigation and fishing, and
generate high costs to improve drinking water treatment. Therefore, water

management needs to assess likely future impacts and decision-making needs.

5. Conclusion

The current study investigates the impacts of future scenarios on the
hydrodynamics of a Brazilian multipurpose reservoir. Meteorological projections
based on a one low C0O, emissions (RCP 4.5) scenario and a high-emission
pathway with no climate policy (RCP 8.5) scenario were incorporated in a
simple hydrologic model and a process-based hydrodynamic model.

In two scenarios of GHG emissions and minimum water withdrawal by
the reservoir management, the water level was projected to decrease and fall to
the reservoir dead storage. Consequently, there could be a future lack of water
supply and decrease of power generation for a region with a population of
almost 1 million of people. The intensity of CO, emissions has been shown to
have a strong correlation with the meteorological variables. The daily rainfall
projections were lower for 2028-2030 in comparison to the long-term historical
data, showing a negative correlation with the GHG emissions raise. In the RCP
8.5 scenario, the dead volume would be reached in 2029, while in the optimistic
scenario, the reservoir would become unusable 10 months later.

On the other hand, air temperature projections had a positive correlation

with the C0O, emissions scenarios. Consequently, surface water temperatures
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tend to increase in both simulated scenarios. Furthermore, longer periods of
thermal stratification and a projected rise of water column stability are expected
and may generate harmful consequences for aquatic biota and water quality.
Further research should focus on determining climate effects on the
aguatic ecosystem, especially regarding harmful cyanobacteria that can cause
many issues. The insights gained from this study may be of assistance to
support management measures to ensure the maintenance of reservoir uses

and water quality considering future climate projections.

References

Abramowitz, G., Pouyanné, L., Ajami, H., 2012. On the information content of
surface meteorology for downward atmospheric long-wave radiation
synthesis. Geophys. Res. Lett. 39, L04808.
https://doi.org/10.1029/2011GL050726

Adrian, R., O'Reilly, C.M., Zagarese, H., Baines, S.B., Hessen, D.O., Keller, W.,
Livingstone, D.M., Sommaruga, R., Straile, D., Van Donk, E,,
Weyhenmeyer, G.A., Winder, M., 2009. Lakes as sentinels of climate
change. Limnol. Oceanogr. 54, 2283-2297.
https://doi.org/10.4319/10.2009.54.6 _part_2.2283

Beghelli, F.G., Frascareli, D., Pompéo, M.L.M., Moschini-Carlos, V., 2016.
Trophic State Evolution over 15 Years in a Tropical Reservoir with Low
Nitrogen Concentrations and Cyanobacteria Predominance. Water. Air. Soill
Pollut. 227. https://doi.org/10.1007/s11270-016-2795-1

Brasil, J., Attayde, J.L., Vasconcelos, F.R., Dantas, D.D.F., Huszar, V.L.M.,
2016. Drought-induced water-level reduction favors cyanobacteria blooms
in tropical shallow lakes. Hydrobiologia 770, 145-164.
https://doi.org/10.1007/s10750-015-2578-5

Bruce, L.C., Frassl, M.A., Arhonditsis, G.B., Gal, G., Hamilton, D.P., Hanson,
P.C., Hetherington, A.L., Melack, J.M., Read, J.S., Rinke, K., Rigosi, A.,
Trolle, D., Winslow, L., Adrian, R., Ayala, A.l., Bocaniov, S.A., Boehrer, B.,
Boon, C., Brookes, J.D., Bueche, T., Busch, B.D., Copetti, D., Cortés, A.,
de Eyto, E., Elliott, J.A., Gallina, N., Gilboa, Y., Guyennon, N., Huang, L.,
Kerimoglu, O., Lenters, J.D., Maclintyre, S., Makler-Pick, V., McBride, C.G.,
Moreira, S., Ozkundakci, D., Pilotti, M., Rueda, F.J., Rusak, J.A., Samal,
N.R., Schmid, M., Shatwell, T., Snorthheim, C., Soulignac, F., Valerio, G.,
van der Linden, L., Vetter, M., Vincon-Leite, B., Wang, J., Weber, M.,
Wickramaratne, C., Woolway, R.l., Yao, H., Hipsey, M.R., 2018. A multi-
lake comparative analysis of the General Lake Model (GLM): Stress-testing
across a global observatory network. Environ. Model. Softw. 102, 274-291.
https://doi.org/10.1016/j.envsoft.2017.11.016

Bucak, T., Trolle, D., Tavsanoglu, U.N., Cakiroglu, A.i., Ozen, A., Jeppesen, E.,
Beklioglu, M., 2018. Modeling the effects of climatic and land use changes
on phytoplankton and water quality of the largest Turkish freshwater lake:
Lake Beysehir. Sci. Total Environ. 621, 802-816.
https://doi.org/10.1016/j.scitotenv.2017.11.258



56

Bueche, T., Hamilton, D.P., Vetter, M., 2017. Using the General Lake Model
(GLM) to simulate water temperatures and ice cover of a medium-sized
lake: a case study of Lake Ammersee, Germany. Environ. Earth Sci. 76, 1—
14. https://doi.org/10.1007/s12665-017-6790-7

Bueche, T., Vetter, M., 2014. Simulating water temperatures and stratification of
a pre-alpine lake with a hydrodynamic model: calibration and sensitivity
analysis of climatic input parameters. Hydrol. Process. 28, 1450-1464.
https://doi.org/10.1002/hyp.9687

Bueche, T., Wenk, M., Poschlod, B., Giadrossich, F., Pirastru, M., Vetter, M.,
2019. gimGUI v1.0: an R-based Geographical User Interface and toolbox
for GLM (General Lake Model) simulations. Geosci. Model Dev. Discuss.
https://doi.org/10.5194/gmd-2018-314

Carey, C.C., Gougis, R.D., 2016. Simulation Modeling of Lakes in
Undergraduate and Graduate Classrooms Increases Comprehension of
Climate Change Concepts and Experience with Computational Tools. J.
Sci. Educ. Technol. 26, 1-11. https://doi.org/10.1007/s10956-016-9644-2

Casali, S.P., Santos, A.C.A., Bortoletto De Falco, P., Calijuri, M. do C., 2017.
Influence of environmental variables on saxitoxin yields by
Cylindrospermopsis raciborskii in a mesotrophic subtropical reservoir. J.
Water Health 509-518. https://doi.org/10.2166/wh.2017.266

Cavalcante, M.R.G., Barcellos, P. da C.L., Cataldi, M., 2020. Flash flood in the
mountainous region of Rio de Janeiro state (Brazil) in 2011: part |—
calibration watershed through hydrological SMAP model. Nat. Hazards
102, 1117-1134. https://doi.org/10.1007/s11069-020-03948-3

Chen, J., Brissette, F.P., Chaumont, D., Braun, M., 2013. Performance and
uncertainty evaluation of empirical downscaling methods in quantifying the
climate change impacts on hydrology over two North American river basins.
J. Hydrol. 479, 200-214. https://doi.org/10.1016/j.jhydrol.2012.11.062

Chen, J., Brissette, F.P., Leconte, R., 2011. Uncertainty of downscaling method
in quantifying the impact of climate change on hydrology. J. Hydrol. 401,
190-202. https://doi.org/10.1016/j.jhydrol.2011.02.020

Chou, S.C., Lyra, A., Mourdo, C., Dereczynski, C., Pilotto, I., Gomes, J.,
Bustamante, J., Tavares, P., Silva, A., Rodrigues, D., Campos, D., Chagas,
D., Sueiro, G., Siqueira, G., Marengo, J., 2014. Assessment of Climate
Change over South Downscaling Scenarios 512-527.

Cobourn, K.M., Carey, C.C., Boyle, K.J., Duffy, C., Dugan, H.A., Farrell, K.J.,
Fitchett, L., Hanson, P.C., Hart, J.A., Henson, V.R., Hetherington, A.L.,
Kemanian, A.R., Rudstam, L.G., Shu, L., Soranno, P.A., Sorice, M.G.,
Stachelek, J., Ward, N.K., Weathers, K.C., Weng, W., Zhang, Y., 2018.
From concept to practice to policy: modeling coupled natural and human
systems in lake catchments. Ecosphere 9, 1-15.
https://doi.org/10.1002/ecs2.2209

Cunha, D.G.F., Calijuri, M. do C., 2011. Lake and Reservoir Management
Limiting factors for phytoplankton growth in subtropical reservoirs: the
effect of light and nutrient availability in different longitudinal compartments.

Lake Reserv. Manag. 27:2, 162-172.
https://doi.org/10.1080/07438141.2011.5749740rg/10.1080/07438141.2011
574974

Cunha, D.G.F., Lima, V.F.M., Néri, A.M., Marafdao, G.A., Miwa, A.C.P., Calijuri,
M. do C., Bendassoli, J.A., Tromboni, F., Maranger, R., 2017. Uptake rates



57

of ammonium and nitrate by phytoplankton communities in two eutrophic
tropical reservoirs. Int. Rev. Hydrobiol. 102, 125-134.
https://doi.org/10.1002/iroh.201701900

da Silva, F. das N.R., Alves, J.L.D., Cataldi, M., 2019. Climate downscaling over
South America for 1971-2000: application in SMAP rainfall-runoff model for
Grande River Basin. Clim. Dyn. 52, 681-696.
https://doi.org/10.1007/s00382-018-4166-7

Darko, D., Trolle, D., Asmah, R., Bolding, K., Adjei, K.A., Odai, S.N., 2019.
Modeling the impacts of climate change on the thermal and oxygen
dynamics of Lake Volta. J. Great Lakes Res. 45, 73-86.
https://doi.org/10.1016/}.jglr.2018.11.010

Eccles, R., Zhang, H., Hamilton, D., 2019. A review of the effects of climate
change on riverine flooding in subtropical and tropical regions. J. Water
Clim. Chang. https://doi.org/10.2166/wcc.2019.175

Fadel, A., Lemaire, B.J., Vincon-Leite, B., Atoui, A., Slim, K., Tassin, B., 2017.
On the successful use of a simplified model to simulate the succession of
toxic cyanobacteria in a hypereutrophic reservoir with a highly fluctuating
water level. Environ. Sci. Pollut. Res. 24, 20934-20948.
https://doi.org/10.1007/s11356-017-9723-9

Farrell, K.J., Ward, N.K., Krinos, A.l., Hanson, P.C., Daneshmand, V.,
Figueiredo, R.J., Carey, C.C., 2020. Ecosystem-scale nutrient cycling
responses to increasing air temperatures vary with lake trophic state. Ecol.
Modell. 430, 109134. https://doi.org/10.1016/j.ecolmodel.2020.109134

Fenocchi, A., Rogora, M., Sibilla, S., Ciampittiello, M., Dresti, C., 2018.
Forecasting the evolution in the mixing regime of a deep subalpine lake
under climate change scenarios through numerical modelling (Lake
Maggiore, Northern Italy/Southern Switzerland). Clim. Dyn. 1-16.
https://doi.org/10.1007/s00382-018-4094-6

Fenocchi, A., Rogora, M., Sibilla, S., Dresti, C., 2017. Relevance of inflows on
the thermodynamic structure and on the modeling of a deep subalpine lake
(Lake Maggiore, Northern Italy/Southern Switzerland). Limnologica 63, 42—
56. https://doi.org/10.1016/J.LIMNO.2017.01.006

Gal, G., Yael, G.,, Noam, S., Moshe, E., Schlabing, D. 2020. Ensemble
Modeling of the Impact of Climate Warming and Increased Frequency of
Extreme Climatic Events on the Thermal Characteristics of a Sub-Tropical
Lake. Water, 12 (1982), 1-20. https://doi.org/10.3390/w12071982

Gray, E., Elliott, J.A., Mackay, E.B., Folkard, A.M., Keenan, P.O., Jones, I.D.,
2019. Modelling lake cyanobacterial blooms: Disentangling the climate -
driven impacts of changing mixed depth and water temperature.
Freshwater Biology, 23, 1-15. https://doi.org/10.1111/fwb.13402

Griggs, D., Stafford-Smith, M., Gaffney, O., Rockstrom, J., Ohman, M.C.,
Shyamsundar, P., Steffen, W., Glaser, G., Kanie, N., Noble, I., 2013.
Sustainable development goals for people and planet. Nature 495, 305—
307.

Hipsey, Matthew R., Bruce, L.C., Boon, C., Busch, B., Carey, C.C., Hamilton,
D.P., Hanson, P.C., Moo, J., Read, J.S., de Sousa, E., Weber, M.,
Winslow, L.A., 2017. A General Lake Model (GLM) for simulation within the
Global Lake Ecological Observatory Network (GLEON). Geosci. Model
Dev. https://doi.org/10.5194/gmd-2017-257

Hipsey, M.R., Bruce, L.C., Boon, C., Busch, B., Carey, C.C., Hamilton, D.P.,



58

Hanson, P.C., Read, J.S., de Sousa, E., Weber, M., Winslow, L.A., 2019. A
General Lake Model (GLM 3.0) for linking with high-frequency sensor data
from the Global Lake Ecological Observatory Network (GLEON). Geosci.
Model Dev. 12, 473-523. https://doi.org/10.5194/gmd-12-473-2019

Hipsey, M.R., Bruce, L.C., Hamilton, D.P., 2014. GLM - General Lake Model:
Model Overview and User Information. The University of Western Australia,
Perth, Australia.

Hornung, R., 2002. Numerical Modelling of Stratification in Lake Constance with
the 1-D hydrodynamic model DYRESM. Thesis.

Huisman, J., Codd, G.A., Paerl, HW., lbelings, B.W., H Verspagen, J.M.,
Visser, P.M., 2018. Cyanobacterial blooms. Nat. Rev. Microbiol. 16, 471—
483. https://doi.org/10.1038/s41579-018-0040-1

Idso, S. B. 1973. On the concept of lake stability, Limnol. Oceanogr., 18(4),
681-683. d0i:10.4319/10.1973.18.4.0681.

Imberger, J., Patterson, J.C., 1981. A DYNAMIC RESERVOIR SIMULATION
MODEL - DYRESM: 5, in: Transport Models/Inland & Coastal Waters.
Elsevier, pp. 310-361. https://doi.org/10.1016/B978-0-12-258152-6.50014-
2

INMET. 2020. Automatic monitoring stations. https://mapas.inmet.gov.br/
(Accessed 18 January 2020).

IPCC, 2014. Climate Change 2014: Synthesis Report. Contribution of Working
Groups I, Il and 1l to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change [Core Writing Team, R.K. Pachauri and L.A.
Meyer (eds.)]. IPCC, Geneva, Switzerland, 151 pp.

Jeppesen, E., Brucet, S., Naselli-Flores, L., Papastergiadou, E., Stefanidis, K.,
Noges, T., Noges, P., Attayde, J.L., Zohary, T., Coppens, J., Bucak, T.,
Menezes, R.F., Freitas, F.R.S., Kernan, M., Sendergaard, M., Beklioglu,
M., 2015. Ecological impacts of global warming and water abstraction on
lakes and reservoirs due to changes in water level and related changes in
salinity. Hydrobiologia. https://doi.org/10.1007/s10750-014-2169-x

Jeppesen, E., Sgndergaard, M., Liu, Z., Jeppesen, E., Sgndergaard, M., Liu, Z.,
2017. Lake Restoration and Management in a Climate Change
Perspective: An Introduction. Water 9, 122.
https://doi.org/10.3390/w9020122

Kosten, S., Huszar, V.L.M., Bécares, E., Costa, L.S., Donk, E., Hansson, L.-A.,
Jeppesen, E., Kruk, C., Lacerot, G., Mazzeo, N., Meester, L., Moss, B.,
Lurling, M., Noges, T., Romo, S., Scheffer, M., 2012. Warmer climates
boost cyanobacterial dominance in shallow lakes. Glob. Chang. Biol. 18,
118-126. https://doi.org/10.1111/j.1365-2486.2011.02488.x

Kottek, M., Grieser, J., Beck, C., Rudolf, B., Rubel, F., 2006. World map of the
Koppen-Geiger climate classification updated. Meteorol. Zeitschrift 15,
259-263. https://doi.org/10.1127/0941-2948/2006/0130

Kraemer, B.M., Chandra, S., Dell, A.l., Dix, M., Kuusisto, E., Livingstone, D.M.,
Schladow, S.G., Silow, E., Sitoki, L.M., Tamatamah, R., Mcintyre, P.B.,
2017. Global patterns in lake ecosystem responses to warming based on
the temperature dependence of metabolism. Glob. Chang. Biol. 23.
https://doi.org/10.1111/gcb.13459

Ladwig, R., Furusato, E., Kirillin, G., Hinkelmann, R., Hupfer, M., 2018. Climate
Change Demands Adaptive Management of Urban Lakes: Model-Based
Assessment of Management Scenarios for Lake Tegel (Berlin, Germany).



59

Water 10, 186. https://doi.org/10.3390/w10020186

Lenderink, G., Buishand, A., Van Deursen, W., 2007. Estimates of future
discharges of the river Rhine using two scenario methodologies: Direct
versus delta approach. Hydrol. Earth Syst. Sci. 11, 1145-1159.
https://doi.org/10.5194/hess-11-1145-2007

Lenhart, T., Eckhardt, K., Fohrer, N., Frede, H.G., 2002. Comparison of two
different approaches of sensitivity analysis. Phys. Chem. Earth 27, 645-
654. https://doi.org/10.1016/S1474-7065(02)00049-9

Lewis, W.M., 2000. Basis for the protection and management of tropical lakes.
Lakes Reserv. Res. Manag. 5, 35-48. https://doi.org/10.1046/j.1440-
1770.2000.00091.x

Li, D., Feng, J., Xu, Z., Yin, B., Shi, H., Qi, J., 2019. Statistical Bias Correction
for Simulated Wind Speeds Over CORDEX-East Asia. Earth Sp. Sci. 6,
200-211. https://doi.org/10.1029/2018EA000493

Magee, M.R., Wu, C.H., 2017. Response of water temperatures and
stratification to changing climate in three lakes with different morphometry.
Hydrol. Earth Syst. Sci 21, 6253-6274. https://doi.org/10.5194/hess-21-
6253-2017

Mantzouki, E., Lurling, M., Fastner, J., de Senerpont Domis, L., Wilk-Wozniak,
E., Koreiviené, J., Seelen, L., Teurlincx, S., Verstijnen, Y., Krzton, W.,
Walusiak, E., Karosiené, J., Kasperovi€iené, J., Savadova, K., Vitonyté, I.,
Cillero-Castro, C., Budzynska, A., Goldyn, R., Kozak, A., Rosinska, J.,
Szelgg-Wasielewska, E., Domek, P., Jakubowska-Krepska, N., Kwasizur,
K., Messyasz, B., Petechata, A., Petechaty, M., Kokocinski, M., Garcia-
Murcia, A., Real, M., Romans, E., Noguero-Ribes, J., Duque, D.,
Fernandez-Moran, E., Karakaya, N., Haggqvist, K., Demir, N., Beklioglu,
M., Filiz, N., Levi, E., Iskin, U., Bezirci, G., Tavsanoglu, U., Ozhan, K.,
Gkelis, S., Panou, M., Fakioglu, O., Avagianos, C., Kaloudis, T., Celik, K.,
Yilmaz, M., Marcé, R., Catalan, N., Bravo, A., Buck, M., Colom-Montero,
W., Mustonen, K., Pierson, D., Yang, Y., Raposeiro, P., Gongcalves, V.,
Antoniou, M., Tsiarta, N., McCarthy, V., Perello, V., Feldmann, T., Laas, A.,
Panksep, K., Tuvikene, L., Gagala, |., Mankiewicz-Boczek, J., Yagci, M.,
Cinar, S., Capkin, K., Yagci, A., Cesur, M., Bilgin, F., Bulut, C., Uysal, R.,
Obertegger, U., Boscaini, A., Flaim, G., Salmaso, N., Cerasino, L.,
Richardson, J., Visser, P., Verspagen, J., Karan, T., Soylu, E., Maraslioglu,
F., Napiorkowska-Krzebietke, A., Ochocka, A., Pasztaleniec, A., Antdo-
Geraldes, A., Vasconcelos, V., Morais, J., Vale, M., Koker, L., Ak¢aalan,
R., Albay, M., Maroni¢, D.S., Stevié, F., Pfeiffer, T.Z., Fonvielle, J., Straile,
D., Rothhaupt, K.-O., Hansson, L.-A., Urrutia-Cordero, P., Blaha, L., Geris,
R., Frankova, M., Kocer, M., Alp, M., Remec-Rekar, S., Elersek, T.,
Triantis, T., Zervou, S.-K., Hiskia, A., Haande, S., Skjelbred, B., Madrecka,
B., Nemova, H., Drastichova, |., Chomova, L., Edwards, C., Sevindik, T.,
Tunca, H., Onem, B., Aleksovski, B., Krsti¢, S., Vucelié, I., Nawrocka, L.,
Salmi, P., Machado-Vieira, D., Oliveira, A. de, Delgado-Martin, J., Garcia,
D., Cereijo, J., Goma, J., Trapote, M., Vegas-Vilarrabia, T., Obrador, B.,
Grabowska, M., Karpowicz, M., Chmura, D., Ubeda, B., Géalvez, J., Ozen,
A., Christoffersen, K., Warming, T., Kobos, J., Mazur-Marzec, H., Pérez-
Martinez, C., Ramos-Rodriguez, E., Arvola, L., Alcaraz-Parraga, P.,
Toporowska, M., Pawlik-Skowronska, B., Niedzwiecki, M., Peczuta, W.,
Leira, M., Hernandez, A., Moreno-Ostos, E., Blanco, J., Rodriguez, V.,



60

Montes-Pérez, J., Palomino, R., Rodriguez-Pérez, E., Carballeira, R.,
Camacho, A., Picazo, A., Rochera, C., Santamans, A., Ferriol, C., Romo,
S., Soria, J., Dunalska, J., Sienska, J., Szymanski, D., Kruk, M.,
Kostrzewska-Szlakowska, 1., Jasser, |, Zutini¢, P., Udovi¢, M.G.,
Plenkovi¢c-Moraj, A., Frak, M., Bankowska-Sobczak, A., Wasilewicz, M.,
Ozkan, K., Maliaka, V., Kangro, K., Grossart, H.-P., Paerl, H., Carey, C.,
Ibelings, B., 2018. Temperature Effects Explain Continental Scale
Distribution of Cyanobacterial Toxins. Toxins (Basel). 10, 156.
https://doi.org/10.3390/toxins10040156

Mi, C., Shatwell, T., Ma, J., Xu, Y., Su, F., Rinke, K. 2020. Ensemble warming
projections in Germany's largest drinking water reservoir and potential
adaptation strategies. Science of the Total Environment 748, 141366.
doi.org/10.1016/j.scitotenv.2020.141366

Moe, S.J., Haande, S., Couture, R.-M., 2016. Climate change, cyanobacteria
blooms and ecological status of lakes: A Bayesian network approach. Ecol.
Modell. 337, 330—347. https://doi.org/10.1016/j.ecolmodel.2016.07.004

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith,
T.L, 1983. Model evaluation guidelines for systematic quantification of

accuracy in watershed simulations. Transactions of the ASABE. 50(3),

885-900. ISSN 0001 —2351.

Niedrist, G.H., Psenner, R., Sommaruga, R., 2018. Climate warming increases
vertical and seasonal water temperature differences and inter-annual
variability in a mountain lake. Clim. Change 151, 473-490.
https://doi.org/10.1007/s10584-018-2328-6

O’Reilly, C.M., Sharma, S., Gray, D.K., Hampton, S.E., Read, J.S., Rowley,
R.J., Schneider, P., Lenters, J.D., Mcintyre, P.B., Kraemer, B.M.,
Weyhenmeyer, G.A., Straile, D., Dong, B., Adrian, R., Allan, M.G.,
Anneville, O., Arvola, L., Austin, J., Bailey, J.L., Baron, J.S., Brookes, J.D.,
de Eyto, E., Dokulil, M.T., Hamilton, D.P., Havens, K., Hetherington, A.L.,
Higgins, S.N., Hook, S., Izmesteva, L.R., Joehnk, K.D., Kangur, K.,
Kasprzak, P., Kumagai, M., Kuusisto, E., Leshkevich, G., Livingstone,
D.M., Macintyre, S., May, L., Melack, J.M., Mueller-Navarra, D.C.,
Naumenko, M., Noges, P., Noges, T., North, R.P., Plisnier, P.-D., Rigosi,
A., Rimmer, A., Rogora, M., Rudstam, L.G., Rusak, J.A., Salmaso, N.,
Samal, N.R., Schindler, D.E., Schladow, S.G., Schmid, M., Schmidt, S.R.,
Silow, E., Soylu, M.E., Teubner, K., Verburg, P., Voutilainen, A,
Watkinson, A., Williamson, C.E., Zhang, G., 2015. Rapid and highly
variable warming of lake surface waters around the globe. Geophys. Res.
Lett. 42, 10,773-10,781. https://doi.org/10.1002/2015GL066235

Pilla, R.M., Williamson, C.E., Zhang, J., Smyth, R.L., Lenters, J.D., Brentrup,
J.A., Knoll, L.B., Fisher, T.J., 2018. Browning-Related Decreases in Water
Transparency Lead to Long-Term Increases in Surface Water Temperature
and Thermal Stratification in Two Small Lakes. J. Geophys. Res.
Biogeosciences 123, 1651-1665. https://doi.org/10.1029/2017JG004321

Prats, J., Salencon, M.-J., Gant, M., Danis, P.-A., 2018. Simulation of the
hydrodynamic behaviour of a Mediterranean reservoir under different
climate change and management scenarios. J. Limnol. 77, 62—-81.

Rathjens, H., Bieger, K., Srinivasan, R., Arnold, J.G., 2016. CMhyd User



61

Manual - Documentation for preparing simulated climate change data for
hydrologic impact studies.

Read, J.S., Gries, C., Read, E.K,, Klug, J., Hanson, P., Hipsey, M.R., Jennings,
E., O'Reilly, C.M., Winslow, L.A., Pierson, D., McBride, C., Hamilton, D.,
2016. Generating community-built tools for data sharing and analysis in
environmental networks. Inl. Waters 6, 637-644.
https://doi.org/10.5268/IW-6.4.889

Read, J.S., Hamilton, D.P., Jones, I.D., Muraoka, K., Winslow, L.A., Kroiss, R.,
Wu, C.H., Gaiser, E., 2011. Derivation of lake mixing and stratification
indices from high-resolution lake buoy data. Environ. Model. Softw. 26,
1325-1336. https://doi.org/10.1016/j.envsoft.2011.05.006

Reichstein, M., Bahn, M., Ciais, P., Frank, D., Mahecha, M.D., Seneviratne, S.1.,
Zscheischler, J., Beer, C., Buchmann, N., Frank, D.C., Papale, D.,
Rammig, A., Smith, P., Thonicke, K., Van Der Velde, M., Vicca, S., Walz,
A., Wattenbach, M., 2013. Climate extremes and the carbon cycle. Nature.
https://doi.org/10.1038/nature12350

Ryu, I., Yu, S., Chung, S. 2020. Characterizing Density Flow Regimes of Three
Rivers with Different Physicochemical Properties in a Run-Of-The-River
Reservoir. Water 12, 717. https://doi:10.3390/w12030717

Sahoo, G.B., Forrest, A.L., Schladow, S.G., Reuter, J.E., Coats, R., Dettinger,
M., 2016. Climate change impacts on lake thermal dynamics and
ecosystem  vulnerabilities. Limnol. Oceanogr. 61, 496-507.
https://doi.org/10.1002/In0.10228

Schwalm, C. R., Glendon, S., Duff, P. B. 2020. RCP8.5 tracks cumulative
CO2emissions. Proceedings of the National Academy of Sciences of the
United States of America, 117 (33), 19656-19657.
https://doi.org/10.1073/pnas.2007117117

Shatwell, T., Thiery, W., Kirillin, G., 2019. Future projections of temperature and
mixing regime of European temperate lakes. Hydrol. Earth Syst. Sci. 23.
https://doi.org/10.5194/hess-23-1533-2019

Soares, L.M.V,, Silva, T.F.G., Vincon-Leite, B., Eleutério, J.C., De Lima, L.C.,
Nascimento, N.O., 2019. Inland Waters Modelling drought impacts on the
hydrodynamics of a tropical water supply reservoir Modelling drought
impacts on the hydrodynamics of a tropical water supply reservoir. Inl.
Waters. https://doi.org/10.1080/20442041.2019.1596015

Soil Conservation Service — (SCS). 1964. Estimation of direct runoff from storm
rainfall. In: National Engineering Handbook. Section 4 — Hydrology.
CAPITULO 10. Hydraulic Engineer. 30p.

Taniwaki, R.H., Rosa, A.H., Lima, R. De, Maruyama, C.R., Secchin, L.F.,
Calijuri, M. do C., Moschini-Carlos, V., 2013. A influéncia do uso e
ocupacao do solo na qualidade e genotoxicidade da agua no Reservatorio
de ltupararanga , Sdo Paulo , Brasil. Interciencia 38, 164-170.

Teutschbein, C., Seibert, J., 2012. Bias correction of regional climate model
simulations for hydrological climate-change impact studies: Review and
evaluation of different methods. J. Hydrol. 456-457, 12-29.
https://doi.org/10.1016/j.jhydrol.2012.05.052

TOPODATA. 2020. Brazil geomorphometric database.
http://www.dsr.inpe.br/topodata/dados.php. (Accessed 18 January 2020).

Tundisi, J.G., Matsumura Tundisi, T., Tundisi, J., Blanco, F., Abe, D.S., Contri
Campanelli, L., Sidagis Galli, G., Silva, V., Lima, C., 2015. A bloom of



62

cyanobacteria (Cylindrospermopsis raciborskii) in UHE Carlos Botelho
(Lobo/Broa) reservoir: a consequence of global change? Braz. J. Biol 75,
507-508. https://doi.org/10.1590/1519-6984.24914

Vargas, S.R., dos Santos, P.V., Bottino, F., Calijuri, M. do C., 2020. Effect of
nutrient concentration on growth and saxitoxin production of Raphidiopsis
raciborskii (Cyanophyta) interacting with Monoraphidium contortum
(Chlorophyceae). J. Appl. Phycol. 32, 421-430.
https://doi.org/10.1007/s10811-019-01972-w

Wells, M.L., Trainer, V.L., Smayda, T.J., Karlson, B.S.O., Trick, C.G., Kudela,
R.M., Ishikawa, A., Bernard, S., Wulff, A., Anderson, D.M., Cochlan, W.P.,
2015. Harmful algal blooms and climate change: Learning from the past
and present to forecast the future. Harmful Algae 49, 68-93.
https://doi.org/10.1016/j.hal.2015.07.009

Woolway, R.l., Kraemer, B.M., Lenters, J.D., Merchant, C.J., O'Reilly, C.M.,
Sharma, S., 2020. Global lake responses to climate change. Nat. Rev.
Earth Environ. 1-16. https://doi.org/10.1038/s43017-020-0067-5

Woolway, R.l.,, Merchant, C.J., 2019. Worldwide alteration of lake mixing
regimes in response to climate change. Nat. Geosci. 12, 271-276.
https://doi.org/10.1038/s415610190322x

Woolway, R.l., Weyhenmeyer, G.A., Schmid, M., Dokulil, M.T., De Eyto, E.,
Maberly, S.C., May, L., Merchant, C.J., 2019. Substantial increase in
minimum lake surface temperatures under climate change. Clim. Change
155, 81-94. https://doi.org/10.1007/s10584-019-02465-y

Zhang, X., Wang, K., Frassl, M.A., Boehrer, B., 2020. Reconstructing Six
Decades of Surface Temperatures at a Shallow Lake. Water 12, 405.
https://doi.org/10.3390/w12020405



Anexo |

Figure Al: Simulated and observed thermocline depths in the simulated period
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Table A2: Calibrated physical parameters and factors, their range values and references.

Physical Calibrated
parameter/ Unit Description value/ Range Reference
Factor
Hipsey et al., 2014,
hin m Minimum layer 0.27 Bueche et al., 2017;
thickness (0.25-0.5) Fadel et al., 2017
Bayer et al., 2013;
(T m Maximum layer 3.0 Hipsey et al., 2014;
thickness (1.5-3.5) Bueche et al., 2017
C, - Bulk aerodynamic 0.001625 Fischer et al, 1979;
coefficient for latent (0.0013) Bruce et al., 2018;
heat transfer Hipsey et al., 2019
Wind - Wind multiplication 2.025 Calibrated
factor
Inflow - Inflow flow rate 0.475 Calibrated
multiplier
Outflow - Outflow flow rate 0.475 Calibrated
multiplier
Rain - Rain multiplication 0.8 Calibrated
factor

Table A3: Simulated hydrodynamic indicators of ltupararanga reservoir.

YEAR AaWwL RT NSD MSSw SBD
(™M) (DAYS) (DAYS PER (J.m™?) (°C)
YEAR)
2009 19.3 197 77 85.4 0.7
2010 19.6 190 77 94.0 0.5
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2011 18.9 340 82 102.2 0.5
2012 19.1 263 105 89.7 0.9
2013 19.9 243 103 87.1 1.0
2014 16.7 453 72 75.9 1.0
2015 17.6 246 136 116.0 1.8
2016 19.9 177 128 72.7 1.1
2017 18.9 208 88 60.7 0.8
2018 16.7 356 100 135.9 0.3

Figure A2: Baseline (2009-2018) and future climate data (2026-2030).
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Table A5: Calibrated values and their ranges.
Parameter Unit Optimum value Range

Str mm 160 100-2000
Crec % 20 0-20
Kkt days 64 30-180
K2t days 4 0.2-10
Ai mm 2 2-5
Capc % 40 30-50

Figure A3: Measured and simulated flows by the SMAP.
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Figure A4: Comparison between observed inflows and projections. The red circles highlight
drought periods at ltupararanga reservoir.
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Table A4: Statistics metrics for Eta-HadGEM2-ES RCP 4.5 and RCP 8.5 projections and after bias-corrections. Rain — rainfall, WS — wind speed, AirT — air
temperature, SW — short-wave radiation, RH — air relative humidity, Evap — air evaporation.

RCP 4.5 RCP 8.5
Rain WS AirT SW RH Evap Rain WS AIrT SW RH Evap
Statistics Eta-HadGEM2-ES projections
MBE -0.74 2.02 -0.7 46.1 -14 -0.8 1.25 2.03 -2.2 45.9 -9.8 -0.4
PBIAS 22.47 -91.18 -0.4 -21.6 19.3 21.9 -38.3 -91.6 2.9 -21.6 13.1 11.2
Bias-corrected values
MBE -6.107%  -2.107° -04 1.110°> -0.3 7.107% 6.2..107% 75.107> -0.7 - -7..107% 8..107°
2..107°

PBIAS 0.17 0.014 -0.6 -5.107° 046 -2..1073 -1.92 12..1073 -05 9..107® 9..107%2 -2..1073
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Figure A5: Schmidt Stability Index for each simulated scenario.
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Capitulo 3 - MODELING THE RESPONSES OF DISSOLVED OXYGEN
AND NITRATE CONCENTRATIONS DUE TO LAND USE AND LAND COVER
CHANGE SCENARIOS IN A LARGE SUBTROPICAL RESERVOIR
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1. Introduction

The deterioration of freshwater quality worldwide has resulted in various
factors, mainly due to water level changes and inflow nutrient loadings (Gilboa
et al., 2014). It is important to identify and quantify the drivers and pressures
related to water pollution, especially in urban water bodies (Tuerlinckx et al.,
2019). The main ongoing challenges facing inland waters (Downing, 2014) are
eutrophication (Liu et al., 2021), agriculture impacts (Lopes et al., 2020), super
exploration of the water resource (Simonovic and Arunkumar, 2016), water
withdrawal (Feldbauer et al., 2020) and climate change (O'Reilly et al., 2015;
Woolway et al., 2020).

According to Gregorio and Jansen (1998), land cover is the observed
(bio) physical cover on the earth's surface and land use is explained by human
activities, arrangements and inputs to produce, change or maintain some types
of land cover. The literature has been investigated internal and external factors
associated with consequences on water quality (Laura et al., 2021; Lopes et al.,
2020). The main driver associated with the alterations in water quality that
causes direct consequences on ecosystem services (e.g., water provisioning for
drinking and water purification) is catchments’ land use change (Grizzetti et al.,

2016). A recent study has proved that total phosphorus release and climate
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change have equal importance as drivers of water quality deterioration in lakes
(Shuvo et al., 2021).

Coupled hydrological-biogeochemical models has been used to perform
predictions of land wuse alterations in surrounding watersheds and
consequences on water quality (Fenocchi et al., 2020; Messina et al., 2020). In
general, basin-scale water quality models require a large amount of data and
extensive sets of parameters (Tang et al., 2019). Integrating geography
information system (GIS) technologies also have been giving insightful
qualitative answers for water resource management studies (Liu et al., 2018;
Soares and Calijuri, 2021).

The Itupararanga reservoir is a large multipurpose reservoir built in the
Southeast of Brazil in 1914. The reservoir is classified by its uses as “Class 2
freshwaters” (Brasil, 2005; Melo et al., 2019), which means the drinking water
supply, after passing through a treatment plant; the protection of aquatic
communities, recreational, irrigational, and fishing activities. The reservoir
trophic state has changed over the years, currently showing meso-eutrophic
characteristics, with high concentrations of nutrients (Cunha et al., 2017; Vargas
et al., 2020). The literature has suggested that the main driver for the high
trophic state, especially in the riverine zone is the nutrients released from the
tributaries (Cunha et al., 2012; Frascareli et al., 2015) and there is a high
relationship between nitrogen concentrations and phytoplankton growth, mainly

cyanobacteria abundance (Beghelli et al., 2016).

Our hypothesis was that the release of allochthonous inorganic nutrients
from the reservoir's tributaries due to land use changes is one of the main
drivers of reservoir water quality deterioration. In this study, we aimed to assess
the responses of dissolved oxygen and nitrate concentrations of the
ltupararanga reservoir applying a biogeochemical model and a simple
distributed basin load model. To do this, we evaluated three land use scenarios
based on the basin transition potential to the 2050s.

2. Methods
2.1 Study site
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ltupararanga reservoir is a large lake built in 1914 in the Southeast of
Brazil in the Alto Sorocaba basin to support multiple uses, mainly hydropower
generation and drinking water supply for almost 1 million people. The reservoir
surface area is 29.9 km? and a water depth range of 14.5-23 m (Barbosa et al.,
2021).

The climate is of the Cwa type, according to the Koéppen-Geiger
classification, with distinct wet and dry seasons. The original vegetation is the
semi-deciduous forest which is predominant in Brazil's Atlantic Forest. In the
Alto Sorocaba basin, there is a preservation area called “APA of ltupararanga”,
which was created by Sdo Paulo State Law n°10.100/1998 and altered by Law
n°11.579/2003. The APA of Itupararanga has contributed to maintaining almost
41% of the forest formation in the basin land uses in 2019 according to land use
land cover (LULC) data made available by MapBiomas v5.0 (Mapbiomas,
2020). On the other hand, agriculture is in second place with 40% occupation in

the basin. Pasture (12%) and urban areas (3%) followed them.

The main human activities that have compromised the reservoir's water
quality are the construction of subdivisions, such as farms and summer houses,
intensive use of irrigation and pesticides, and the lack of land use zoning that
disciplines the form of disorderly occupation (MANFREDINI, 2018). Another
source of pollution in the ltupararanga reservoir is sewage discharge due to
poor treatment mainly in Ibilna, a small city located near the reservoir
headwater that releases half of the sewage effluents without any treatment
(FABH-SMT, 2018) in the tributary streams.

2.2 Database processing

All the processing of the physical variables required by the hydrodynamic
model was assumed exactly the same as the previous application of GLM
published by Barbosa et al. (2021). Details about the water quality
concentration time-series, as well as all the assumptions made, and their

processing are given in this section.

Using data from previous studies (Cunha, 2012; Rodas, 2013; Garcia

2013), it was possible to calculate that the dissolved oxygen (DO) loads in the
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Sorocaba River upstream of the reservoir were statistically coincident (linear
adjustment, r2 =0.85 (n=20)) with the sum of the flows and DO loads of the
Sorocabucu and Sorocamirim rivers measured ~ 3 km from the head of the
Sorocaba River. Although upstream Sorocaba River receives effluents from the
ETE Ibilna, this has not sufficiently caused water quality deterioration due to

the low flow.

We used flow data along the Sorocabucu and Sorocamirim streams
adopting studies carried out by Rddas (2013) and Garcia (2013) from July 2011
to April 2012 to support the flow calculation per km in the streams through the
eqguations of two exponential functions (adjustment = r2> 0.91, dry season and
r2> 0.88, wet season). After calculating the correlation, we calculate an
approximation factor to determine the flow values at the same point of the water
quality gauge stations in each stream. We also filled in the gaps in the flow data
through linear correlation between the available data and the affluent flow of the

reservoir calculated by the water balance (r2 = 0.82).

Daily flows measured in the streams were also made available between
December 2013 and December 2017 by two fluviometric monitoring stations
operated by the Brazilian National Water Agency (ANA) located in the
Sorocabucu and Sorocamirim streams (62472800, 62473200).

The available water quality time-series was measured by the
Environmental Company of the State of S&o Paulo (CETESB) in the
Sorocabucu, Sorocamirim and Una streams every two months since 2005
(SOBU02800, SOMI02850, BUNA02900). The three monitoring stations are
located at the correspond sub-basins outlets where the main loads are released
to the reservoir. We used 13 years of water quality data to estimate the long-
term monthly geometric mean of concentrations based on a recent approach

suggested by Isles (2020).

The location of the sampling sites and the monitoring stations are given
in Figure 3.1: the green squares correspond to the 17 sampling sites measured
at bimonthly time-step by Rddas (2013) and Garcia (2013) and the red triangles
refer to the 5 monitoring stations - monthly water quality time series
(SOBU02800, SOMI02850, BUNAO02900) and daily flows time series
(62472800, 62473200).
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Figure 3-1: Sampling sites performed by Rédas (2013) and Garcia (2013), and monitoring
stations operated by CETESB and ANA
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We calculated a mass balance to determine the reservoir inflow

concentrations (Cp,fi0w) USINg Eq 1:

(ngu X Cugu) + (Qmirim X Cmirim) = (anflow X CInflow) (1)

Where: Q= Sorocabucu stream flow, C,,= Sorocabucu stream
concentrations, Q,irim= Sorocamirim stream flow, C,,;yim= Sorocamirim stream

concentrations, Q,r1,w= Reservoir inflow concentrations

The median values of reservoir inflow concentrations are shown in Table
3.1. As the water quality time-series by the CETESB did not have available data
for particulate organic carbon (POC), organic nitrogen and all phosphorus and
nitrogen pools, we had to estimate the required input data from the available
biogeochemical time-series. As input for the GLM-AED2, 14 inflow time-series
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were used as follows: water temperature, pH, and concentrations of DO, DOC,
POC, NH4, nitrate (NO3), DON, PON, FRP, ASRP, DOP, POP, and chlorophyll-
a (Chla).

Table 3-1: Median values of inflow nutrient concentrations.

DO (mg.l'') NO3 (mg.I'!') PO4 (ug.l'') TN (mg.l"') TP (ug.l’') Chla(ug.l™)
5.66 0.57 21.7 1.16 55.8 4.6

We applied specific ratios to individual phosphorus forms based on
Garcia (2013) and Rbédas (2013) measurements of the Sorocamirim and
Sorocabugu streams. The filterable reactive phosphorus (FRP), adsorbed
soluble reactive phosphate (ASRP), dissolved organic phosphorus (DOP) and
particulate organic phosphorus (POP) were estimated as median proportion of
total phosphorus (TP). We also considered: DOP as the difference between the
dissolved total phosphorus (DTP) and FRP concentrations and TP= FRP +
ASRP + DOP + POP. The input Chla concentrations followed the same mass

balance equation using a conversion factor of 50mgC.mgChla™1.

2.3 Biogeochemical modeling

The General Lake Model (GLM) is a one-dimensional hydrodynamic
model that calculates vertical profiles of water temperature, salinity, and density
by representing upstream and downstream water flows, mixing, heating and
surface cooling (Hipsey et al.,, 2017). The model can be coupled with the
Aquatic Ecodynamics Modeling Library (AED2).

The AED2 comprises modules and algorithms that simulate water quality,
aguatic biogeochemistry, and phytoplankton and zooplankton dynamics in
lakes, reservoirs, and estuaries (Hipsey et al., 2013). The modules allow the
simulation of carbon, nitrogen, phosphorus, dissolved oxygen, and silica cycles,
as well as organic matter, phytoplankton and zooplankton through mass
balance equations and functions related to internal nutrient cycling.

In the scope of the present section, the mass balance equations of
dissolved oxygen (DO) and nitrate (NO3) concentration calculations are detailed

below:
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dc —fatm sed xminer nitrif a xPHY a xPHY

C:02 N:02 C:02 C:02

e (Bh) @

Z00
Xc.02

Where: f£9%2=atmospheric O2 exchange, f2%=sediment O2 demand,
DocC -
%zoz consumption by mineralization of DOC (bacterial respiration), %: 02
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- and dz, is the thickness of the z"layer /cell

dNO3 _ NO3 NH4 NO3 N PHY_N
dt3 = _fsed + fnitrif — Jdenit — aPHY [plc\}03 xfuptakea] (4)

NO3

Where: f°=sediment flux, fifi=nitrification, f i3 =denitrification,

YPHY [pa o x ke ]=Uptake from the phytoplankton community

2.3.1 Calibration and validation

The model parameters were calibrated following the bottom-up principle:
firstly, the water level and water temperature were previously calibrated as
described in Barbosa et al. (2021), and then the parameters regarding the
concentrations of DO and NO3. Due to the low water quality data availability
compared to the water level and water temperature historical time-series, the
chosen calibration and validation period were shorter for the present study
compared to the previous one. Firstly, we used 3 months (Jan 2009 to March
2009) to spin up the model. Then, we performed 936 days (April 2009 to Dec
2011) for the calibration and 784 days (Jan 2017 to Feb 2019) for the validation.
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A global sensitivity analysis based on the Morris Method (Morris, 1991)
was performed to identify the most sensitive parameters for the predictions of
DO and NO3. After that, an automatic calibration was performed using the
derivative-free, optimization algorithm (CMA-ES; Hansen, 2016) with 100
iterations aiming to reduce the root mean square error (RMSE) followed by a
manual calibration to ensure that the model was not reproducing unreal
biogeochemical parameter combinations. A similar sensitivity analysis and

calibration approach was conducted by Ladwig et al. (2020).

The model parameters were manually changed aiming to sequentially
optimize goodness-of-fit (GOF) metrics focusing on reproducing DO and NO3
concentrations of the dry and wet periods. As the observed NO3 concentrations
in the reservoir did not show a significant temporal fluctuation pattern during the
calibration and validation periods, we focused on representing mainly the long-
term median concentration. As the purpose of this study was to simulate future
scenarios and represent the likely alterations and quantify them based on a
historical baseline scenario, we did not focus on capturing nitrate peaks during
the calibration process. Furthermore, we chose to simulate nitrate dynamics in
the ltupararanga reservoir, despite the few available data for nitrate calibration
(n=15) and validation (n=7). We do not consider that a major concern for our

purposes, given the same context as above.

We calculated five GOF metrics (RMSE, the Pearson correlation
coefficient (r), mean absolute error (MAE), the Nash—Sutcliffe model efficiency
coefficient (NSE) and the Kling-Gupta efficiency (KGE)) to compare model
outputs regarding the surface and epilimnion concentrations and measured data
using the hydroGOF package for R. (Zambrano-Bigiarini, 2017). We chose to
simulate the surface and epilimnion layers, since the DO and NO3
concentrations were found in higher proportion in the epilimnion (<6.5m, 72% of
the time-series) compared to the hypolimnion (28%). The target of calibration
was to maximize the r and reduce the RMSE values for each variable. A similar

approach was performed by Fenocchi et al. (2019).
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2.4 Basin distributed load modeling

The focus of the basin distributed load simulation was to estimate the
annual released load of TN and TP in the Itupararanga reservoir considering the
nutrients load generated by different types of land use and land cover. We
adopted the methodology developed by Anjinho et al. (2021) based on the
export coefficient modelling approach (Johnes, 1996) implemented in GIS to
quantify TN and TP loads and concentrations in the tributaries of the
ltupararanga reservoir. This method combines nutrient export coefficients and a
simple flow model to quantify TN and TP annual mean concentrations.

The digital elevation model (DEM) of the Alto Sorocaba basin was used
in QGIS 3.4 software to generate flow direction and surface runoff accumulated
per pixel. We adopted 13.5 m3. s-1 as the long-term mean daily inflow in the
reservoir (Barbosa et al., 2021) to simulate the accumulated long-term mean
annual flow per pixel for each upstream. We used the regionalization method
based on a basin yield that assumes the existence of a proportional linear
relationship between drainage area and streamflow to simulate distributed flow
in the basin. Thus, we divided the long-term mean daily inflow by the total
number of pixels in the basin (m3 s-1 pixel-1) and the flow accumulation
algorithm was used to determine the model of mean annual accumulated inflow.

The mean annual TN and TP loads were simulated based on the export
coefficients established in the Mathematical Model of Correlation between Land
Use and Water Quality (MQUAL), v. 1.5 (SMA, 2010) that were developed for
the Guarapiranga Basin located also in S&o Paulo State and presenting a
similar LULC to the Alto Sorocaba Basin (Table 3.2). We used the LULC
GEOTIff data published by the MapBiomas project (MapBiomas, 2020) to
determine the specific areas of the basin (km2?) covered by each LULC to
calculate the nutrient export coefficient regarding each of them. Load values
were converted from kg.km=2.y! to kg.pixell.y! and then the flow accumulation

algorithm was used to generate the accumulated nutrient load model.

Table 3-2: MQUAL 1.5 export coefficients (SMA, 2010; Anjinho et al., 2021).
LULC TP LOAD TN LOAD

(KG KM2Y™) (KG KM?2Y™)

AGRICULTURE 126.29 1076.75
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FOREST FORMATION 14.24 219
PASTURE 10.22 182.5
RURAL AREA 18.25 328.5
SILVICULTURE (FOREST PLANTATION) 14.24 219
URBAN AREA 12.41 465.01

The average annual nutrient concentration upstream of the Itupararanga
reservoir was calculated by combining the results of the calculations above,
according to the following equation:

Co= (). 10° (5)

Where: Ca: average annual TN and TP concentration (mglL—1); La:
accumulated TN and TP load (kg year—1); Qa: mean annual flow (m3

year—1)

In order to assess the model performance, we performed a double
validation approach which consisted of using the long-term historical time-series
of flows (Q), TP and TN in the first step (Validation 1) for the three streams’
monitoring stations: 12 years for the Sorocamirim stream, 8 years for the
Sorocabucgu stream and 13 years for the Una stream; and the second step (
Validation 2) was to validate it considering eight monitoring stations in the
Sorocamirim and Sorocabucu streams from 2011 to 2012 (Garcia, 2012;
Rédas, 2012) aiming to evaluate the model performance at the spatial scale.
Thus, we used the Pearson (r) and Spearman (r2) correlation and the percent
bias (PBIAS) metrics to evaluate the validation analysis.

2.5 Transition potential modeling of the Alto Sorocaba catchment
We used LULC maps for 1999 and 2009 (MapBiomas, 2020) to calculate
the transition matrix between 1999 and 2019. We performed a cellular automata

simulation using artificial neural networks (ANN) to predict the Alto Sorocaba
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basin LULC for 2019 using the “Module for land use scenarios” plugin
(MOLUSCE) in QGIS 2.18 (Sherman et al., 2016).

The module can use ANN, Multi Criteria Evaluation (MCE), Weights of
Evidence (WoE) and Logistic Regression (LR) methods to model LULC
transition potential. The ANN method is a learning algorithm which analyzes the
accuracy on training and validation sets of samples based on neighbor pixels
and three learning parameters. The MOLUSCE module analyzes the
transitional potential to predict LULC patterns in the future using the cellular
automaton model (Burnham et al., 1973). The model integrates the spatial rules
of cellular automaton with the transition of the Markov chain (CA-Markov) to
simulate maps based on two images from different dates. The Ca-Markov is a
stochastic model that reproduces changes in LULC by transition and
information matrix based on the current state. The MOLUSCE methodology

framework is shown in detail in Figure 3.2.

Figure 3-2: Flow chart for the MOLUSCE methodology. Pink boxes refer to the MOLUSCE

outputs.
Re-run Markov 2 iterations R Projected
LULC 2059
LULC 1999 LULC 2009| |LULC 2019
wc‘)v chain‘ry
Transition validation

matrix

l ANN

Cellular automata simulation| 1iteration | Simulated
for future LULC prediction | | LULC 2019

The model performance was calculated to validate the simulated LULC
compared to the observed LULC for 2019 (Mapbiomas, 2020). Thus, the r and
r2 coefficients and the Kappa overall coefficient (K) were used to measure the
agreement between the observed and predicted LULC. The K statistics

represent the total accuracy of the number pixel that was correctly classified
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between the reference map and the simulated map and the accuracy of the
classification (Landis and Koch, 1997, Mienmany, 2018).

When the model was able to generate the acceptable validation result,
we re-ran the CA-Markov model considering the step size as 20 years with 2

iterations to perform a LULC projection for 2059.

2.5.1. Land use scenarios for the 2050s

Three land use scenarios were considered to evaluate likely future
impacts on the DO and NOS3 concentrations in the Itupararanga reservoir.

The potential transition scenario (MOLUSCE) was used as a first
scenario for future modification actions in the basin. The other two scenarios
were formulated based on the simulated LULC for 2059 considering the
increase in preservation areas, focusing on the restoration of permanent
preservation areas, and reducing agricultural uses (Green Scenario) and
increased economic development of the basin focusing on agriculture, pasture,

soy and urbanization (ED scenario) (Table 3.3).

Table 3-3: Percentage of changes regarding the MOLUSCE scenario.

Scenario Percentage of changes LULC
+30% Forest formation
Green -25% Agriculture
-5% Pasture
-30% Forest formation
+15% Agriculture
ED
+5% Pasture
+5% Soy
+5% Urban area

The inflow mean TP and TN concentrations were accounted for in each
scenario and those concentrations were compared to the baseline period (2009-
2011 and 2017-2019). Thus, we altered the NO3 inflow and FRP concentrations
by the increased or decreased proportions based on the baseline values in the

biogeochemical model. This modelling approach aimed to take into account the
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influence of the LULC changes in the water quality of the Itupararanga

reservoir.

3. Results
3.1 Biogeochemical simulations

The input time-series concentrations show that overall, the pH values
and DO concentrations represented peaks at the beginning of the dry season
(June). On the other hand, peaks of TN concentrations were at the end of the
dry season (September). The TOC and TP concentrations followed the
expectations with higher values in the wet season due to the watershed runoff
increase (Figure S1, Supplementary material).

The biogeochemical sensitive parameters and their respective values
calibrated in the present study are compared with the reference values and
shown in Table S1. Overall, the biogeochemical modeling showed good fit
criteria compared with the observations for simulation of the DO concentrations
(Table 3.4). The DO simulation was able to catch the small changes between
wet and dry season, especially in the calibration which has a longer period of
simulation compared to validation (Figure 3.3).

On the other hand, the simulated NO3 concentrations presented
reasonable fit criteria. Although the NO3 validation showed RMSE and r values
much lower than the calibration (Table 4), the performance metrics are similar
with range values from previous studies (0.05 mg. I"1<RMSEy,3< 1.2 mg. 171,
Ladwig et al., 2018; Weng et al., 2020) and the model also represented the
median values of the observations in both simulation periods (Figure 3.3).

Table 3-4: Performance metrics of the DO and NO3 calibration and validation

Calibration Validation
Depth n RMSE r MA NSE KGE n RMSE r MAE NSE KGE
E
Surface 43 1.06 0.73 0.74 -0.1 053 15 1.81 0.36 1.24 71 -0.86
DO Epilimnion 43 1.09 0.75 0.82 -0.1 055 15 2.04 0.43 1.53 -2.2 0.02
Surface 42 0.04 0.45 0.03 0.4 0.36 7 0.08 -0.03 0.07 -0.0 -0.04
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NO3 Epilimnion 42 0.04 0.38 0.03 0.4 0.32 7 0.13 -0.03 0.09 -0.1 -0.14

Figure 3-3: Comparison between observed and simulated DO and NO3 concentrations.
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3.2 Distributed load and transition potential modeling of ltupararanga
reservoir

The distributed load modeling was able to represent the flows (Q) and
concentrations of TP and TN along the ltupararanga headwaters compared with
the reference values from Moriasi et al. (2007) highlighted in Table 3.5.

Table 3-5: Results for the distributed load modeling.
r PBIAS R2

Q TP TN Q TP TN Q TP TN
Validation 01 099 095 -040 -7.83 14.66 17.49 1.00 0.89 0.16
Validation 02 099 0.11 0.66 -10.37 -70.24 19.87 0.98 0.01 0.44
Very good Good Unsatisfactory

Validation 1 represented the model performance at temporal scale
considering the long-term historical time-series of Q, TP, and TN and validation
2 considered mainly the spatial scale using the time-series from Rédas (2012)
and Garcia (2012). Although the TP simulations in validation 02 showed an
unsatisfactory fit compared to the observed data, these measurements only
performed between 2011 and 2012 may not be representative of the long-term
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average pattern of TP concentrations observed and validated in the first stage

of the experiment (Validation 01).

The validation results of the transition potential for the Alto Sorocaba
basin in 2019 using 1999 and 2009 LULC data according to each land use/land
cover are presented in Table 6 in relation to the total area (km?2) of the Alto

Sorocaba basin.

Table 3-6: Validation of the transition potential in 2019 (km?2).

Class Observed Simulated

Forest Formation 380.42 382.39
Forest Plantation 19.17 4.07

Pasture 107.04 121.48
Sugar Cane 0.11 0.10

Mosaic of Agriculture and Pasture 344.67 365.87
Urban Infrastructure 30.81 20.43
Other Non-Vegetated Areas 1.50 1.35
Rocky Outcrop 0.04 0.02

River, Lake and Ocean 24.22 24.43
Perennial Crop 0.01 0.00
Soybean 4.26 0.39

Other Temporary Crops 21.60 12.87

Overall, the model had a satisfactory performance (r=0.99, r2=0.99,
K=0.73) to represent the LULC evolution in the basin despite underestimating
forest plantation, urban, soybean and other temporary crops areas. The
simulation of the transition potential of the Alto Sorocaba basin in 2059 shown
in Figure 3.4 and the built scenarios related to the 2019 baseline are shown in

Figure 3.5.
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Figure 3-4: Comparison (%) of gains and losses for the Alto Sorocaba basin between the
historical baseline LULC and simulated LULC for 2059.
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3.3 Changes in DO and NO3 concentrations under three land use
scenarios

The DO concentrations from the three scenarios slightly changed
compared to the historical baseline (2009-2011 and 2017-2019), as shown in
Table 3.7 and Figure 3.6a. As expected, the mean DO concentration decreased
in the MOLUSCE and ED scenarios due to an increase in O2 consumption by
nitrification. On the other hand, changes in inflow NO3 and PO4 concentrations
led to a greater influence on the NO3 simulations in the reservoir, which may be
associated with the greater impact of allochthonous loads in the reservoir due to
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changes in land use (Figure 3.6b). The simulated Chla concentrations for each
scenario were shown to be influenced by such changes of the inflow dissolved

nitrogen and phosphorus concentrations (Figure 3.6c).

Table 3-7: Mean and standard deviations of the DO and NO3 simulations.

Scenario DO concentration NO3 concentration
(mg. I-1) (mg. I-1)
Baseline 8.87 (0.38) 0.38 (0.05)
MOLUSCE 8.45 (0.90) 0.44 (0.06)
Green 8.98 (0.38) 0.09 (0.03)
ED 8.45 (0.90) 0.74 (0.09)

Figure 3-6: Quintiles based on the kernel density estimation (KDE) for a. DO, b. NO3 and c.
Chla concentrations in each simulated scenario.
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4. DISCUSSION
4.1. Performance of models

The biogeochemical modeling was able to represent the average DO and
NO3 concentrations on the Itupararanga reservoir. Model performance metrics
for 936 days of calibration and 784 days of validation showed similar results
along the surface and epilimnion depths with values in the range of previous
studies (0.96mg.l"1<RMSE,,<3.6 mg.l"1, Burger et al., 2008; Farrell et al.,
2020; 0.05 mg.l"1<RMSEy,3< 1.2 mg.l™1, Ladwig et al., 2018; Weng et al.,
2020).

The GLM-AED2 was also able to represent and capture seasonal
variations in the dissolved oxygen simulations. The temporal fluctuation of
nutrient concentrations and phytoplankton biomass in tropical and subtropical
lakes is mainly driven by hydrological patterns, especially at the beginning of
the wet season when more nutrients loads are released to the water bodies.
Biotic and abiotic alterations in those ecosystems are stronger than in
temperate regions (Lewis, 1978). On the other hand, since the observed NO3
concentrations did not show any clear seasonal pattern, the focus in the
calibration was to represent the median values for the calibration and validation
periods. A similar approach was taken by Ward et al. (2020).

The distributed modeling validations of TN and TP concentrations along
the Alto Sorocaba Basin based on the nutrient loads exported from the
catchment (Johnes, 1996) can highlight the potentialities of this GIS approach
to assess the LULC impacts on the streams and the Itupararanga reservoir. The
simulated TP and TN concentrations in the watercourses showed good fit
criteria compared with the reference values from Moriasi et al. (2007). Another
recent study applied a catchment-scale nutrient model with a similar modeling fit

compared to the results shown in Table 3.5 (Messina et al., 2020).

Despite the good results generated by this modeling approach in the
present and previous studies (Anjinho et al., 2021; Lima et al., 2016), it
represents the dynamics of nutrients in rural basins more effectively than in
urban ones due to a poor performance in the simulation of nutrient
concentrations from point source pollution. Since the Alto Sorocaba Basin has

less than 10% of the urban area in the total catchment area, we did not consider
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point sources as sewage treatment plants in the basin for our simulations.
Another limitation of this approach is considering only the conservative nutrient
transport that does not take into account the temporal and spatial
transformations of TN and TP concentrations in watercourses (Lima et al.,
2016).

4.2. LULC changes in the last two decades and projections for 2050s
We have analyzed LULC changes in the Alto Sorocaba basin comparing
the last two decades (1999 and 2019) based on data from the MapBiomas
project (2020). It can be observed that the pasture areas reduced 50% of their
area in that period, but the agricultural areas increased significantly focusing on
sugarcane, which grew three times, and soybeans, which grew five times its
area, in addition to forest plantation areas (which grew four times their previous
percentage of area). The observed LULC changes were similar to the spatial
pattern already highlighted for Brazil in the past decades (Miccolis et al., 2014).

The APA Itupararanga has favored environmental conservation in the
Alto Sorocaba basin to remain at ~ 41% of the basin's total area in native forest
areas and its percentage of area has not changed in recent years, as shown by
the comparison of spatial analysis. The potential LULC conditions in 2059 were
projected based on catchment changes over 20 years, highlighting the increase
in agricultural areas and the decrease in pasture areas in line with the changing
trends of LULC observed in previous decades. This open source GIS technique
has been widely used to assess and predict LULC changes from small (Satya et
al., 2020) to large areas (Fernandes et al., 2020).

Taniwaki et al. (2013) suggested that exposed bare soil, agriculture
without the protection of riparian zones and urbanization were the most
significant drivers of water quality degradation and reflected major damage to
the Itupararanga reservoir in 2010. The low availability of NO3 concentrations
and the phosphorus limitation in the Itupararanga reservoir has proven to have
significant effects on cyanobacteria biomass, especially R. raciborskii, and toxin
levels measured in the reservoir surface waters (Machado et al., 2021, under

review). Recently, Melo et al. (2019) observed that urban areas are mostly
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responsible for the deterioration of the water quality that supplies the
ltupararanga reservoir, however, the authors identified that agricultural areas

are the main contributors to the input of TN and TP near the dam.

4.3 Novel open science framework based on coupled models

This novel modeling framework presented was aimed at coupling
watershed hydrological and biogeochemical process-based modeling to assess
impacts of the catchment LULC changes on the downstream reservoir. This
approach is suitable for poorly monitored basins which have a few available
water quality data and can be used to analyze overall responses of water
quality to changes in external nutrient loads, given a historical baseline. Most
basin-scale water quality models require many datasets and parameters to

perform reliable simulations (Tang et al., 2019).

The results of coupling hydrological models and aquatic ecosystems,
such as hydrodynamic models (Munar et al., 2018, 2019) have highlighted their
potential as management tools to understand and predict actions that cause
future impacts on aquatic ecosystems. Remote sensing techniques applied to
limnology studies have also been expanded to simulate watershed features and
likely LULC changes over the years (Curtarelli et al., 2015; Lins et al., 2018; Ma
et al., 2016).

We assess water quality changes focusing on reservoir DO and NOS3
concentrations in response to the proposed scenarios based on land use
forecasts for 2059. The first scenario was simulated based on the potential
LULC conditions for the Alto Sorocaba basin in 2059 and the second and third
ones took into account an increase in green areas and an increase in economic
development of the Alto Sorocaba basin. The results of the basin transition
potential simulation show that even though the K coefficient value (K=0.73)
corresponds to a moderate agreement between the reference map and the
simulated map (Mienmay, 2018), the r and r2 values (>0.9) have shown

satisfactory performance.

The simulated scenarios were able to indicate future biogeochemical

changes in the ltupararanga reservoir and also the water quality deterioration in



90

an environmental degradation scenario (ED). A 31% increase in NO3 and FRP
concentrations in the inflow in the ED scenario compared to the MOLUSCE
scenario has led to an increase in O2 consumption by nitrification and a
decrease in the DO concentrations. On the other hand, in the green scenario, a
64% decrease in input NO3 and FRP concentrations compared to the
MOLUSCE scenario can have led to a decrease in O2 consumption by
nitrification and an increase in DO concentrations. Likewise, a 4% increase in

the same concentrations in the MOLUSCE scenario performed similarly.

Despite the fact that the simulated DO and NO3 concentrations in the
ltupararanga reservoir were in agreement with the Brazilian environmental law
(BRASIL, 2005), based on the kernel density estimation (KDE) (Figure 6c), the
average chlorophyll-a concentrations would be above the limit (<30ug.l) in the
ED scenario which may indicate alterations in the trophic dynamics of the
reservoir. Higher Chla concentrations were expected in such a scenario
compared to the others, mainly because phosphorus is the final limiting nutrient
for primary production in (sub)tropical freshwaters (Quinlan et al., 2020).
However, the high potential for NH4 and NO3 uptake by cyanobacteria
throughout different periods of the year has been reported in the Iltupararanga
reservoir (Cunha et al., 2017), mainly driven by the N availability and high water
temperatures. It is also important to consider warming air temperatures and
other climate change projections to assess the likely consequences for reservoir

water quality, as suggested by Barbosa et al., (2021).

5. CONCLUSION

The present study aimed to simulate future LULC scenarios in the
ltupararanga reservoir based on likely conditions of LULC in 2059 and two
hypothetical conditions considering an increase in preserved areas (green) and
another accounting for the increase in economic development activities focusing

on agricultural and urbanized areas.

Thus, we calibrated and validated a biogeochemical model focusing on
dissolved oxygen and nitrate concentrations to simulate their responses from
the LULC scenarios. Even if DO and NO3 concentrations did not increase
above the limits allowed by Brazilian legislation for all scenarios, Chla

concentrations would increase significantly, which could pose a serious threat to
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the use of the ltupararanga reservoir as a source of water supply. The coupling
modeling was also able to represent the importance of forest formation lands in
the reservoir water quality improvement (green scenario). We did not assess
the management characteristics in relation to exposed soil and agriculture
without riparian protection in detail in the present study, however, we suggest
that these characteristics should be considered in future studies on LULC

scenarios in the Itupararanga reservoir.

The modeling framework proposed based on the coupling watershed
load and biogeochemical lake model was able to represent the responses of
water quality changes in the reservoir due to the LULC changes. This novel
modeling framework can be a valuable tool to guide water resources
management considering future pressure on freshwater due to population

growth and intensive agricultural practices for human consumption.
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Figure Al: Input time-series of pH and DO, TOC, TP and TN concentrations used in the

biogeochemical simulations.
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Table Al: Sensitive parameters and their respective calibrated values.
Reference Present
Symbol Description (Hipsey et study
al., 2013)
Oxygen
Fsed_oxy Sedimentation flux for dissolved oxygen -100 -137.94
(mmolm~—2d™")
Ksed_oxy Half saturation constant of oxygen sediment 10-100 42.98
flux (mmol m~3)
theta_sed_oxy Temperature multiplier for oxygen sediment 1.04-1.12 1.09
flux
Kpom_hydrol half saturation constant for oxygen 47-78 68.09
dependence on particulate decomposition
rate (mmol 02 m-3)
Kdom_minerl half saturation constant for oxygen 47-78 67.837
dependence on aerobic mineralisation rate
(mmolO2.m-3)
Nitrogen
Fsed_nit Sedimentation flux for nitrate (mmol m~2 -21.4-7.14 -5.34
d™h)
Rnitrif Maximum reaction rate of nitrification at 20 0.03-0.05 0.038

°C (d—l)
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Rdenit Maximum reaction rate of denitrification at 0.01-0.04 0.01
20°C (d )

Knitrif Half saturation constant for oxygen 62.5-93.7 85.97

dependence of nitrification (mmol m~%)
Kdenit Half saturation constant for oxygen 12.5-15.6 125
dependence of denitrification (mmol m~?)

Ksed_amm Half saturation constant of ammonium flux 1.56-15.6 12.37
(mmol m~%)

Ksed_nit Half saturation constant of nitrate flux (mmol 2.14-15.6 14.99

m~3)
theta_denit Temperature multiplier for temperature 1.05 1.10

dependence of denitrification
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Capitulo4 - FORECAST OF TROPHIC STATE CHANGES OF A
SUBTROPICAL RESERVOIR DUE TO CLIMATE CHANGE AND LAND-USE
CHANGE SCENARIOS FOR THE 2050S: AN INTEGRATED CLIMATE-
HYDROLOGICAL-BIOGEOCHEMICAL MODELING APPROACH
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l.Introduction

Climate change impacts on lakes and reservoirs have been extensively
studied in recent years (Jeppesen et al., 2017; Ladwig et al., 2018; Magee and
Wu, 2017; Sahoo et al.,, 2016). Changes in rainfall and climate patterns on
different continents have generated immediate responses in the biogeochemical
and ecological dynamics of lakes and their respective basins and,
consequently, in the aquatic ecosystem (Adrian et al., 2009). The release of
nutrients is being influenced by such changes (Sinha et al., 2017) and, thus, it
has also driven the development, proliferation and maintenance of
cyanobacteria blooms (Wells et al., 2015).

Eutrophication is a growing problem that can compromise the water
quality and its related uses due to the intensification of external nutrient
availability in many agricultural and urban watersheds. Several studies have
investigated this process using data science and modeling approaches (Rigosi
et al., 2014; Fernandez et al., 2015; Hu et al., 2016; Fadel et al., 2017; Dalu and
Wasserman, 2018).

The increase in the trophic state of lakes and reservoirs can lead to the
growth of potentially toxic cyanobacteria, causing several damages to multiple
uses, especially in the drinking water supply. Global warming has also been
pointed out as another driver of this process. The increase in water
temperatures, modification of stratification patterns and thermal regime and
changes in climatic forcing are some of the consequences already observed
(Paerl and Huisman, 2008, Moe and Couture, 2016). On the other hand, even



101

with the expected intensification of urbanization rate for the next decades,
restoration efforts have shown to have effectiveness in the water quality control

of some catchments (Fu et al., 2021).

Land use and land cover (LULC) shifts have also driven eutrophication
and have been investigated in order to improve water quality of inland waters.
Deterministic modeling approaches have been used to understand impacts of
climate and LULC changes in lake ecosystems (Messina et al., 2020; Moe et
al., 2016; Pace et al., 2021) and give insights for water management (Liu et al.,
2018). Long-term analysis has shown that climatic pressure and nitrogen
limitation contributed to the high variability of cyanobacterial blooms in a shallow

temperate reservoir (Moal et al., 2021).

In the present study, different couplings of open access tools for aquatic
research were used to assess the methodological approaches performance to
study the water availability and water quality responses. Following this, we draw
conclusions on the implications of trends in water level and water quality for

reservoir operation to prevent eutrophication and not impair the drinking water

supply.

2. Methods
2.1 Driver data
The data availability and the processing of meteorological and
hydrological time-series and the inflow water quality concentrations used in the
simulation steps are detailed in the second and third chapters of this

Dissertation.

2.2 Climate projections
We have chosen two global climate models (GCMs) regionalized for
South America by the ETA Model (Chou et al., 2014) to compare the future
climate projections and their impacts on the water quality of the Itupararanga

reservoir.

The first GCM used in the present study was the Model for
Interdisciplinary Research on Climate, version 5 (MIROCS5). The MIROCS is a
Japanese coupled ocean-atmosphere model of resolution of about 150 km in

horizontal and 40 levels in vertical. Another GCM used in the present study was
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the HadGEM2-ES which was already described in the Chapter 2 of this
Dissertation, as well as the radiative forcing scenarios of 8.5 W.m-2 (RCP 8.5).
We performed our scenario simulations using only the RCP 8.5 emission curve
for the HadGEM2-ES and the MIROCS climate projections. Our choice was
based on RCP8.5 to be the best match out to mid-century greenhouse gases
emissions and stated environmental policies as reported by Schwalm et al.
(2020).

The time-series of climate projections were biased-corrected to adjust
historical data and correct the future projections using 1-decade data as control
period (2009-2018). Details of bias correction methods are given in the Chapter

3 of this Dissertation.

2.3 Hydrological simulation
The SMAP model was used to simulate the future inflow in the
ltupararanga reservoir. Details about the SMAP are presented in Chapter 2. In
the scope of this present study, we performed a new calibration and validation
for the model considering a longer temporal time-series. We used 1000 days
(June 23, 2010- June 23, 2013) for the calibration and 700 days (June 29,
2016- Sept 07, 2018) for the validation.

The statistics metrics used to assess the model performance were the
percent bias (PBIAS) (Gupta et al., 1999) which measures the average
tendency of the simulated data to be larger or smaller than their observation,
and the Pearson correlation coefficient (r). We ended the calibration efforts
when the model was able to achieve a range of PBIAS considered satisfactory
(x15 < PBIAS < £25) according to Moriasi et al., 2007, and we were able to
identify good agreement between simulated and observed discharge by visual
inspection.  After the calibration and validation of the SMAP model, we have
estimated future daily discharges from January 2050 to December 2059 using
the HadGEM2-ES and MIRO-C5 projections for air temperature and
evaporation. Those data were used as input to the distributed load basin model

and the lake ecosystem model.
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2.4 Catchment TN and TP simulations and land use scenarios
The chapter 3 of this Dissertation describes the watershed-process
based lake modeling approach and the land use and land cover (LULC)
scenarios built for the Itupararanga reservoir in 2059. Thus, this modeling
approach was used to simulate future nutrients loads in the reservoir based on
the three LULC future scenarios proposed and mean estimated flows for the

two climate models.

We have calculated the long-term average discharge of the HadGEM2-
ES and MIROCS projections for the 2050s to use in the estimation of TP and
TN loads in the same future period. For that, we have considered the same
three LULC scenarios proposed in Chapter 4, adopting the mean estimated
flows for the 2050s. We have performed the estimate using each LULC area
and its respective export coefficient divided for the two long-term average
discharges to find the average annual nutrient concentrations upstream of the

ltupararanga reservoir.

2.4 Water temperature prediction using Air2stream
The Air2stream is a model to predict stream water temperature as a
function of daily air temperature and flow discharge time-series (Toffolon and
Piccolroaz, 2015a). The model is based on a lumped heat budget that considers
an unknown volume of the river reach, its tributaries considering both surface
and subsurface water fluxes, and the heat exchange with the atmosphere

(Toffolon and Piccolroaz, 2015a).

The model calibration consists of identifying the set of parameters that
solve an optimization problem targeting reducing the error between simulated
and observed water temperatures. The calculation is a Monte Carlo-based
optimization procedure. The Particle Swarm Optimization (PSO) was our
chosen optimization algorithm, which is implemented in the code with 500
iterations using the Crank Nicolson method to solve the model equation.

After manually testing each set of parameters and quantifying the
minimum value for the objective function based on RMSE metric, we have
chosen a set of five parameters as the best option for our calibration. We
calibrated the air2stream model using the daily air temperature, the reservoir
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daily inflow and the water temperature estimated in the chapter 2 from 2009 to
2013 and we validated from 2014 to 2019. The mean absolute error (MAE) and
r were calculated to assess the model performance to fit observation and

simulation.

We have implemented the open-source code in the R environment to run
the model and visualize outputs. Thus, using the calibrated and validated
model, we made predictions of future water temperatures upstream of the
ltupararanga reservoir using air temperature projections from HadGEMZ2-ES
and MIROCS5 climate models and also future flow discharges using the
calibrated and validated SMAP model.

2.5 Lake Ecosystem modeling
The vertical one-dimensional model GLM-AED2 which couples
hydrodynamic, biogeochemical, and ecological processes in lakes was used to
simulate total nitrogen (TN), total phosphorus (TP) and total chlorophyll-a

(TCHLA) in the Itupararanga reservoir.

The TN and TP concentrations are based on the sum of nitrogen and
phosphorus pools considering dissolved, particulate, organic and inorganic
forms, as well as internal nitrogen and phosphorus stores in the phytoplankton

community (Equation 1 and 2).

The TCHLA concentrations are calculated as an indicator of
phytoplankton abundance (Equation 3) using a carbon mass balance equation
based on processes of uptake, excretion, mortality, respiration and vertical
movement in the water column (Equation 4). Grazing was not taken into

account in the model equations as we did not have available zooplankton data.

TN = NO; + NH, + DON + PON + Y2PHY  PHYy, (1)
TP = PO, + Pofds + DOP + POP + ZIC\lIPHY PHYp, @
TCHLA = YNP"'  PHYay,.cnia PHYcq 3)

I = SIS — fhCe — phives — playee — plves @
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Where: foitie= function of uptake (C, N, P), fhHY¢@= function of
excretion, fhor<@= function of mortality, £,255“?= function of respiration, f5"?=

function of vertical movement (settling or migration).

The global sensitivity analysis and the calibration and validation of TP,
TN and TCHLA have followed the same methodological approach presented in
the Chapter 4. We have performed an automatic and manual calibration
technique. As we did not identify any temporal patterns and due to the coarse
resolution in the measured data, the focus of our calibration was representing
expected annual patterns based on the observed median of TP, TN and TCHLA
concentrations. Thus, we have chosen five goodness-of-fit (GOF) metrics using
the hydroGOF package (Zambrana-Bigiarini, 2017) in R to assess the model's
performance in minimize differences between observations and simulations: the
root mean squared error (RMSE), r, MAE, PBIAS and Kling-Gupta efficiency
(KGE).

The target of the calibration was to represent the median values in order
to simulate their future trends and be able to calculate the trophic state changes
over the years. When the ecosystem model was able to capture the median,
maximum and minimum concentrations of TP, TN and TCHLA, we performed
simulation of future scenarios using the two climate projections and the three

LULC scenatrios.

2.6 Coupled hydrological-hydrodynamic-biogeochemical models
We used a coupled modeling framework to assess six scenarios based
on the HadGEM2-ES and MIROCS climate projections and LULC scenarios
proposed in Chapter 2. We simulated all combinations of LULC and climate
scenarios, for a total of 6 simulations. The methodological framework is shown
in Figure 4.1 and detailed in Table 4.1.
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Figure 4-1: Methodological framework. Drivers in black color; Model input estimated by climate
projections and LULC scenarios in red color; Model input estimated by climate projections in
purple color.

Climate projections

Meteorological inputs

LULC change scenarios

Table 4-1: Models and input and output data for each of them used for the scenario’s simulation
from 2050 to 2059.

Input data Output data
Model Model name (Number of time- (Number of time-
series) series)
Projected rainfall (2)
Hydrological SMAP Projected Simulated discharge
evaporation (2) (2)
Projected air Inflow water
Thermodynamic Air2stream temperature (2) temperature (2)
Simulated discharge
(2)
Simulated average
Catchment Distributed load discharge (2) TN and TP
model (proposed in TP and TN loads concentrations (6)

the Chapter 3)

Hydrodynamic- GLM-AED2

biogeochemical

based on the three
projected LULC (3)
Projected

meteorological data
(2)
Simulated water

temperature (2)
Simulated TN and
TP loads (6)

Water
features (6)
Water level changes

)

quality

The previously presented calibrated and validated models were used to
perform analysis of water quality and water level in the Itupararanga reservoir
based on future projections of climate data and LULC for the 2050s. We have
used observed time-series of water level and TP and TCHLA concentrations as
baselines to compare likely changes based on the proposed scenarios. In order
to assess the future consequences on the water quality of Itupararanga
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reservoir, we have also calculated the trophic state index for tropical/subtropical
reservoirs (TSI;,) proposed by Cunha et al (2013) and described below in

Equation 5:

TSI, = TSI(TP)tsr+2TSI(Chla)tsr 5)

3. Results and Discussion

3.1 Calibration and validation of the SMAP, Air2stream and AED2
model

The SMAP model was used to simulate daily flows upstream from the
ltupararanga reservoir. The hydrological model reasonably represented
seasonality differences and captured flow peaks from the daily observed rainfall
and evaporation data (Figure 4.2). The PBIAS metric was 19% and r=0.52 in
the calibration period and PBIAS=4% and r=0.69 in the validation one. Those
values were considered satisfactory for calibration and in very good agreement
for validation according with Moriasi et al., 2007. The values of the calibrated

parameters are shown in Table Al.

Figure 4-2: Comparison between: a. calibration and b. validation results of the SMAP model.
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The air2stream model was used to simulate the daily temperatures of the
headwater of the Itupararanga reservoir as shown in Figure 4.3. Simulated

water temperatures were similar to observed water temperatures in the
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calibration (MAE=-0.039, r=0.88, RMSE=1.11°C) and validation (MAE= -0.011,
r=0.95, RMSE=0.89°C) periods. Those results are in the range found in
previous studies using the Air2stream model (0.86°C<RMSE<1.52°C, Fenocchi
et al., 2017; Toffolon & Piccolroaz, 2015b).

Figure 4-3: Comparison between observed and simulated water temperatures for the calibration
and validation periods.
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A coupled hydrodynamic-ecological model was used to represent the
median concentrations of TP, TN and TCHLA observed in the ltupararanga
reservoir from 2009 to 2011 (calibration) and from 2017 to 2019 (validation). An
automatic and manual calibration was performed to identify suitable values of
the parameters. A comparison between the calibrated values and the literature
range values is shown in Table A2 in the Supplementary material.

The AED2 was able to simulate median and mean values of the
nutrient’'s concentrations. On the other hand, the simulated median of the
TCHLA concentrations was slightly overestimated, as well as the simulated
maximum and minimum concentrations as shown in Figure 4.4. The GOF
metrics of the surface and epilimnion and hypolimnion depths are presented in
Table 5.2. Our calibration approach aimed to reproduce essential patterns
instead of seemingly exact numerical values, as suggested by Jachner et al.

(2007) for ecological simulations.
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Figure 4-4: Diamond plots of the simulated and observed TN, TP and TCHLA concentrations.
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The simulated TP and TN concentrations were better represented in the
epilimnion (TP: 5ug.l"'<RMSE<9ug./"t, TN: 110 mg.l"'<RMSE<170mg.["1)
compared to the hypolimnion (TP: RMSE=9 ug.l"1, TN: RMSE=250ug.l"1). A
recent study found a similar range and the same trend for the TP and TN
simulations using the GLM-AED2 (Farrell et al., 2020). The PBIAS values for
the TP, TN and TCHLA simulations were considered good and very good
(PBIAS<+40) according to the classification given by Darko et al. (2019) and
Moriasi et al. (2007).



Tabela 5-2: GOF metrics for TP, TN and TCHLA simulations at surface (Om), epilimnion (Ep) and hypolimnion (Hip) depths.
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Variable Depth

Surface
Epilimnion
Hypolimnion
Surface
Epilimnion
Hypolimnion
Surface
Epilimnion

TP (ug.l™1)

TN (mg.l™1)

TCHLA (pg.lY)

Calibration Validation
n RMSE r MAE PBIAS KGE n RMSE r MAE PBIAS KGE
42 6.0 0.51 0.004 -6.3 0.250 15 9.0 -0.300 0.007 27.1 -0.470
42 5.0 0.62 0.004 94 0.460 15 9.0 -0.300 0.007 25 -0.500
25 9.0 0.55 0.008 -22.5 -0.020 5 9.0 0.87 0.21 13.9 -0.93
42 0.08 0.2 0.06 1.3 0.35 15 0.18 -0.65 0.13 -4.8 -0.66
42 0.11 0.03 0.09 2.9 0.11 15 0.17 -0.62 0.11 -8.3 -0.6
25 0.25 0.05 0.21 -18.6 -0.15 7 0.25 -0.4 0.15 -19.2 -0.7
42 4.95 -0.08 3.68 9.9 0.11 14 8.02 -0.03 7.14 34.3 -0.04
42 4.55 -0.12 3.36 6.8 0.15 14 8.18 -0.03 7.05 35.7 -0.1
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3.2 Water quality of the Itupararanga reservoir for the 2050s under
climate and LULC scenarios

We have used the SMAP model with the calibrated parameters to predict
future daily flows upstream from the Itupararanga reservoir. For that, we used
climate projections from MIROC5 and HadGEM2-ES models from 2050 to
2059. Mainly due to the downward trend in both rainfall projections, in
comparison to the long-term annual flow (13.53 m3.s~1), the flows would
decrease ~18% (11.06 m3.s™1) in the MIROC5 projections and ~57% (5.86
m3.s~1) in the HadGEM2-ES climate projections. Likewise, Sarmento et al.
(2013) have predicted rainfall decrease for tropical South America based on the
IPCC projections for this century. Such a reduction in inflows and the air
temperature increase would directly influence the water level in ltupararanga
reservoir, leading to a water level decrease for the 2050s, as shown in Figure
4.5.

Figure 4-5: Quartiles of water level data in baseline and climate projections for the 2050s.
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The median water level of the HadGEM2-ES and MIROCS projections
are going to be 18m and 13.8m, which means a reduction of 10% and 31%
compared to the median water level observed between 2009 and 2018 (20m).
The downward trend of the water level in the Itupararanga reservoir was also
reported for 2028-2030 in Chapter 2. Some studies have been highlighted the

consequences of previous drought periods in the water quality of tropical and



112

subtropical lakes and reservoirs (Brasil et al., 2016; da Costa et al.,, 2016;
Tundisi et al., 2015).

The trends in the TP and TCHLA concentrations for each simulated
scenario are shown in Figure 4.6. Overall, there is a pattern of increase in such
concentrations in comparison with the baseline. As noted -earlier, the
HadGEM2-ES climate projections tend to be more significant and have direct
consequences on reservoir productivity. Even in the green scenario, which
considers a reduction in deforestation and an increase in preserved areas, the
median concentrations would decrease but it would have higher peaks of
phosphorus availability and phytoplankton biomass compared to recent years in
the coupled climate-land use projections.

Figure 4-6: Comparison between the baseline TP and TCHLA concentrations and for each
climate projection (MIROCS5 and HadGEM2-ES) plus LULC change scenarios.
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Total phosphorus has been well established as a predictor of
phytoplankton in lakes, especially in the Itupararanga reservoir (Beghelli et al.,
2016; Melo et al., 2019). Recently, it has been reported that TP have nearly
equal importance to that of climate in predicting water quality in lakes on a
global scale (Shuvo et al.,, 2021). Itupararanga reservoir has already been

reported as a nutrient sink (Cunha, 2012) and also it has a self-purification
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function which contributes to release in the outflow a higher quality of the water
(Melo et al, 2019). According to Brazilian legislation (CONAMA 2012), the
chlorophyll-a limit for continental class Il water bodies is 30 pg.L. If the TCHLA
concentration limit is exceeded, Itupararanga water should not be used for
swimming or irrigation (Beghelli et al., 2016).

Recent studies have compared the effects of climate change and LULC
in watersheds and lake ecosystems (Bucak et al., 2018; Comte et al., 2021,
Messina et al.,, 2020; Motew et al., 2019; Zipper et al., 2018). Climate have
shown a stronger influence in surface water quality of Yahara Watershed, USA,
than land use on three water quality indicators (Motew et al., 2019). The authors
have also highlighted that the land use effects were significant and local
management plays a key role in future outcomes, independent from the role of

climate.

The trophic state index (TSI) was calculated for each year in the 2050s
considering all the six simulated scenarios (Figure 4.7, Table A3). In the climate
projections plus green scenario it was possible to identify an oligotrophication
trend. Such outcomes are in agreement with the reduction of the simulated
median concentrations of TP and TCHLA which were used to calculate the
annual values of the TSI. On the other hand, the main consequences of the
other climate-land use scenarios were the trophic state increase in the
ltupararanga reservoir due to climate warming and higher agricultural and urban

impacts.

As expected, there was an increase in the trophic state in the ED
scenario in both climate projection. Such high productivity is related to the
increase in the impervious areas in the watershed and greater release of
external loads in the reservoir compared to the current LULC. Previous studies
have identified an increase in the TSI values in dry periods in the ltupararanga
reservoir mainly due to the land use in the Alto Sorocaba basin (Cunha et al.,
2017; Pedrazzi et al., 2013). Likewise, Itupararanga reservoir has been
identified as having external loads more significant than internal turnover
(Barbosa et al., 2021, under revision). Such increase in trophic state is not only
due to climate change and exploratory management actions, but also an

importance of the allochthonous inputs in the water quality of ltupararanga
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reservoir (Barbosa et al., 2021, under revision). Sarmento et al. (2013)
considering climate change consequences in large tropical lakes mainly driven
by internal loads indicates oligotrophication rather than eutrophication as a
result of the increased water column stability.

Figure 4-7: Trophic state index (TSI) calculated for each year in the 2050s, considering climate
projections + LULC change scenarios.

TSI

MIROCS

ED+

Eutrophic
Green -

Molusce 4
HadGEM2-ES

ED

Mesotrophic

Green -

Molusce - Oligatrophic

-

20504
2052
2053
2054
2055
2056
2057
2058
2059

The more productive moment for Itupararanga reservoir was 40-50 years
after the dam construction, also paleolimnology analysis indicated an
improvement in ltupararanga water quality after 1970s (Wengrat et al., 2019)
The authors reported that Itupararanga reservoir have remained mesotrophic
over time and the phytoplankton species found in the sediment suggested

fluctuation of water quality in the last decades.

Management strategies and catchment-scale ecological restoration are
needed to mitigate the climate change impacts in the water quality of
ltupararanga reservoir. In a eutrophication scenario, advanced water treatment
may be necessary, as suggested by Beghelli et al. (2016). However, water
resources management efforts must be done to control agricultural lands
without environmental protection actions in the Alto Sorocaba basin and also
change the reservoir operation to save water for drinking water supply and
protection of the aquatic ecosystem. Investments in source control (e.g., biogas
digester, fermentation bed, rural population benefited by sewage treatment
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facilities) have shown stronger impact on water quality in rivers of China than
investments in restoring sinks (e.g., ecological forest, surface flow wetlands,

dredging of contaminated sediment) (Fu et al., 2021).

4. Conclusion

The present study aimed to use a coupled modeling framework to
perform forecasting of water quality in the ltupararanga reservoir for the 2050s.
We have chosen open-source tools implemented in R and GIS to foster the
reproducibility of the modeling approach.

Projections of two climate models forced by the greenhouse gases
representative concentration pathway of 8.5 W.m-2 showed rainfall decrease
and air temperature increase in the Alto Sorocaba basin. The water level of the
Itupararanga reservoir would fall between 20% and 60% of its average volume
for both climate models.

The outcomes also suggest water quality deterioration due to warming
climate and three LULC change scenarios. The optimistic land use scenario
plus climate projections, which predicted a reduction in deforestation and an
increase in preserved areas, highlighted a decrease in the median
concentrations of TP and TCHLA and a trend towards oligotrophication.
However, there would be higher peaks in phosphorus availability and
phytoplankton biomass in the ltupararanga reservoir compared to recent years.
On the other hand, the main consequences of the other climate-land use
scenarios were the trophic state increase due to climate warming and higher
agricultural and urban impacts.

Therefore, not only advanced water treatment plants must be installed in
the Alto Sorocaba basin in the near future, but also management efforts must
be made to control agricultural lands without environmental protection actions.
Another alternative could be to develop strategies for the reservoir operation to
save water for drinking supply, control water quality and protect the aquatic

ecosystem.
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Anexo Il

Table Al: Calibrated values and their ranges in the calibration of the SMAP model.

Parameter Unit  Optimum value Range
Str mm 100 100-2000
Crec % 20 0-20
Kkt days 60 30-180
K2t days 4 0.2-10
Ai mm 2 2-5
Capc % 30 30-50

Table S2: AED2 parameters values.
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Range
Symbol Description Initial (Hipsey et  Present
value al., 2013) study
Oxygen
Fsed_oxy Sedimentation flux for dissolved oxygen 6 -100 -137.94
(mmolm~?d™Y)
Ksed_oxy Half saturation constant of oxygen sediment 15.6 10-100 42.98
flux (mmol m~?)
theta_sed_oxy Temperature multiplier for oxygen sediment 1.08 1.04-1.12 1.09
flux
Kpom_hydrol half saturation constant for oxygen 47-78 68.09
dependence on particulate decomposition rate
(mmol O2 m-3)
Kdom_minerl half saturation constant for oxygen 47-78 67.837
dependence on aerobic mineralisation rate
(mmolO2.m-3)
Rdom_minerl 0.5
Carbon
Fsed dic sediment CO2 flux 4.0 4.0
Ksed_dic half-saturation oxygen concentration 30.0 7.0
controlling CO2 flux
Theta_dic Arrhenius temperature multiplier for sediment 1.0 1.08
CO2 flux
Rpoc_hydrol Maximum rate of decomposition of POC at 0.07 0.01-0.08 0.0156
20C (d™Y)
Fsed_doc sediment DOC flux 10 1-50 5.99
Nitrogen
Fsed_amm Sedimentation flux for ammonium (mmolm-2  3.00 1.35-6.42 3.00
d™h
Fsed_nit Sedimentation flux for nitrate (mmolm~?d"') —14.00 -21.4—7.14 5.34
Rnitrif Maximum reaction rate of nitrification at 20 °C 0.03 0.03-0.05 0.038
d
Rdenit Maximum reaction rate of denitrification at 20 0.01 0.01-0.04 0.01
oC (dfl)
Knitrif Half saturation constant for oxygen 62.5 62.5-93.7 85.97
dependence of nitrification (mmol m %)
Kdenit Half saturation constant for oxygen 15.6 12.5-15.6 125
dependence of denitrification (mmol m )
Ksed amm Half saturation constant of ammonium flux 15.6 1.56-15.6 12.37
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(mmol m~%)
Ksed_nit Half saturation constant of nitrate flux (mmol 15.6 2.14-15.6 14.99
m )
theta_nitrif Temperature multiplier for temperature 1.08 1.03-1.08 1.05
dependence of nitrification
theta_denit Temperature multiplier for temperature 1.05 1.05 1.10
dependence of denitrification
theta sed_amm Temperature multiplier for sediment 1.08 1.04-1.10 1.08
ammonium flux
theta_sed_nit Temperature multiplier for sediment nitrate 1.08 1.04-1.10 1.08
flux
Phosphorus
Fsed_frp Sediment PO4 flux (mmo| m*2 dfl) 0.12 0.08-0.125 0.11
Ksed_frp Half saturation constant of phosphate flux 15.6 15.6 197
(mmol m~3)
theta_sed_frp Temperature multiplier for sediment 1.08 1.04-1.10 1.04
phosphate flux
Rpop_hydrol Maximum rate of hydrolysis/breakdown of 0.03 0.01-0.03 0.08
particulate organic phosphorus (d %)
Fsed_dop sediment DOP flux (mmol m—2 day—1) 0.12 - 0.08
Phytoplankton
Xcc carbon to chlorophyll ratio (mg C/mg chla) 50 - 50
R_growth Phyto max growth rate 20°C (/day) 1.0 - 2.0
I_K Half saturation constant for light limitation of 130 - 130
growth (microE/m”"2/s)
IS saturating light intensity (microE/m”2/s) used 150 - 150
if lightModel=1
R _resp Phytoplankton respiration/metabolic loss rate 0.085 - 0.05
(degC)
Theta_resp Arrhenius temperature scaling factor for 1.05 - 1.12
respiration (-)
K_N Half-saturation concentration of nitrogen 1.0 - 1.0
(mmol N/m”3)
X_ncon Constant internal nitrogen concentration - - 0.048
(mmol N/ mmol C)
K_P Half-saturation concentration of phosphorus 0.05 - 0.15
(mmol P/m”3)
X_pcon Constant internal phosphorus concentration - - 0.0015
(mmol P/ mmol C)
Table S3: TSI values. Pink colour: eutrophic state.
HadGEM2-ES MIROC5
Molusce Green ED Molusce Green ED
2050 54.7 53.7 | 56.0 54.3 53.8 | 55.3
2051 56.2 545 | 57.4 56.7 56.3 | 57.7
2052 55.4 54.1 | 56.6 55.5 55.1 | 56.5
2053 55.1 53.6 | 56.3 55.4 55.0 | 56.4
2054 56.3 55.0 | 57.6 53.0 52.5 | 53.9
2055 56.4 55.1 | 57.7 53.3 52.8 | 54.2
2056 55.8 54.4 | 57.0 52.9 52.4 | 53.8
2057 55.3 54.0 | 56.5 53.7 53.3 | 54.7
2058 54.4 53.1 | 55.7 56.2 55.8 | 57.2
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55.1 | 534 | 530 544 |
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Capitulo 5 - CONSIDERACOES FINAIS E RECOMENDACOES GERAIS
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Consideracdes finais

A presente pesquisa testou as potencialidades do acoplamento de
modelos open-source nas investigacées de cenarios de mudancas climaticas e
de alteragcbes de uso do solo em um reservatorio subtropical multiuso. Estudos
recentes que identificaram tendéncia de aumento da temperatura das aguas
devido ao aquecimento global também correlacionaram aumento da biomassa
de fitoplancton, especialmente as cianobactérias. Com essa motivacéo e a fim
de investigar outras forcantes que impactam o0 ecossistema aquatico, o
segundo capitulo apresentou consequéncias das projecfes climaticas nos
niveis da agua e regime térmico do reservatério de Itupararanga no final da
década de 2020.

De acordo com projecdes climaticas baseadas em emissdes de gases
de efeito estufa otimistas (RCP 4.5) e pessimistas (RCP 8.5) foi estimada uma
reducao significativa no nivel de agua do reservatério para ambos 0s cenarios
de 35% em relacdo as condi¢des atuais. Previu-se que a temperatura da agua
superficial aumentaria 0,6 °C e que, por outro lado, haveria um resfriamento do
hipolimnio (RCP 4,5 =-0,3 °C; RCP 8,5 = -1,2 °C). Outra consequéncia seria 0
aumento da duracdo dos periodos de estratificacdo que iniciariam mais cedo
no periodo de estiagem (entre julho e agosto), bem como a intensificacdo da
estabilidade da coluna d'agua (+ 43% em relacdo as condi¢cdes atuais) e um

aprofundamento da termoclina.

Além das mudancas climaticas, outro driver muito importante de
degradacdo da qualidade das aguas é o manejo do solo nas bacias
hidrograficas, identificado pelo uso e ocupacdo do solo nas sub-bacias e
principalmente a montante de lagos e reservatorios. A fim de investigar como
diferentes cenarios de uso do solo impactariam a qualidade da agua do
reservatorio de ltupararanga, o terceiro capitulo objetivou testar a modelagem
de carga distribuida de bacias para gerar cenarios de uso do solo usados na
modelagem biogeoquimica. Considerando trés cenarios baseados em:
tendéncia esperada de ocupacdo para 2050, diminuicdo e intensificacdo de
areas agricolas e expansao urbana na bacia do Alto Sorocaba, foi constatado
gque mesmo que as concentracbes de oxigénio dissolvido e nitrato ndo

aumentassem acima dos limites permitidos pela legislacéo brasileira para todos
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0S cenarios, as concentracdes de clorofila-a aumentariam significativamente, o
que poderia representar uma Séria ameaca ao uso do reservatorio de
ltupararanga como fonte de abastecimento de agua. A modelagem proposta
também foi capaz de representar a importancia das areas de formacéo florestal
na conservacgao da qualidade da agua do reservatorio.

Por fim, para fazer previsdes realistas da qualidade da &agua do
reservatorio de ltupararanga na década de 2050 com base em projecdes
climaticas e mudancas de uso do solo, no quarto capitulo foi proposto um
acoplamento de modelos hidrologico, termodinamico, de carga distribuida de
bacia e hidrodinAmico-biogeoquimico para analisar a influéncia dos resultados

no balanco hidrico e nos niveis troficos do reservatorio de Itupararanga.

Dessa forma, no capitulo quatro foram considerados trés cenarios de
uso do solo e dois cenarios climaticos com base em projecdes regionalizadas
de dois modelos climaticos globais e cenéario pessimista de gases de efeito
estufa (RCP 8.5). Os principais resultados foram que o nivel da agua do
reservatério cairia entre 20% e 60% do seu volume médio para cada modelo
climético e que na maioria dos cendrios haveria aumento do estado tréfico da
represa devido ao aguecimento do clima e maiores areas agricolas e urbanas
na bacia. Por outro lado, nos cenarios de reducdo do desmatamento e aumento
das areas preservadas e projecdes climaticas houve diminuicdo nas
concentragbes de fésforo total e clorofila-a e tendéncia a oligotroficacdo. No
entanto, haveria picos mais elevados na disponibilidade de fosforo e biomassa
fitoplanctonica no reservatério em comparacao aos Ultimos anos provavelmente

relacionados ao aquecimento global.

Os resultados do capitulo quatro sugerem que ndo apenas estacdes
avancadas de tratamento de &gua devem ser instaladas na bacia do Alto
Sorocaba em um futuro préximo, mas também esforcos de manejo para
controlar a expansao agricola sem préaticas de controle ambiental. Outra
alternativa poderia ser o desenvolvimento de estratégias de operacdo do
reservatorio para economizar agua para o abastecimento, controlar a qualidade

da agua e proteger o ecossistema aquatico.

Os acoplamentos de modelos open-source propostos na presente

pesquisa foram eficientes para gerar respostas hidrodinamicas e de qualidade
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da agua necessarias ao gerenciamento futuro de qualidade da agua do
reservatorio de ltupararanga e podem servir como base metodoldgica para
estudos semelhantes em outros reservatérios e lagos subtropicais, pois todos
0os modelos utilizados s&o disponibilizados por seus desenvolvedores e

permitem alteracdes e melhorias em seus codigos-fonte.

As incertezas inerentes ao acoplamento de modelos deterministicos
existem e devem ser minimizadas com base nos parametros a serem
calibrados. Contudo os dados de entrada de cada modelo também sé&o fonte de
incertezas para as simulagdes e devem ser avaliados cuidadosamente em
etapa anterior. Devido a inconsisténcias nas séries temporais observadas de
qualidade da agua, nos dois ultimos capitulos, os periodos de calibracdo e
validacdo do modelo biogeoquimico foram reduzidos em comparacdo aos
periodos utilizados na calibragdo hidrodindmica do segundo capitulo. Apesar
da limitacdo de séries de dados de longo periodo, o0 modelo acoplado GLM-
AED2 respondeu satisfatoriamente a alteracdo em diferentes forcantes
externas e evidenciou as consequéncias esperadas na qualidade da agua do

reservatério de ltupararanga em comparacao aos ultimos anos.

Recomendacdes

As seguintes recomendacdes sdo propostas para estudos futuros:

e Instalacdo de boias de monitoramento frequente de alta resolucdo no
reservatério de Itupararanga ao longo do eixo longitudinal para estudos
mais detalhados de heterogeneidade espacial e temporal;

e Testar modelos bidimensionais ou tridimensionais no estudo da
qualidade das aguas do reservatério de ltupararanga por considerar
também variagbes do gradiente horizontal importantes na dindmica do
ecossistema aquatico;

e Utilizacdo das metodologias propostas para formulacdo de estratégias
de controle e restauracdo ambiental considerando reducéo de cargas
internas e externas de fosforo dissolvido, reducdo de biomassa de

fitoplancton e retirada de agua e/ou aeracéo do hipolimnio;
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e Simulacdo de grupos ou espécies de fitoplancton com foco em
cianobactérias para avaliar respostas dos individuos aos cenarios e

provaveis mudancas na dinamica das espécies.
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