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“UNLESS someone like you cares a whole awful lot,

nothing is going to get better. It’s not.” (Dr. SEUSS, 1971)

“Faga o teu melhor, na condi¢do que vocé€ tem, enquanto
vocé nao tem condigdes melhores, para fazer melhor
ainda!” (CORTELLA, s.d.)



RESUMO

O planejamento e adaptacdo das cidades frente as mudangas climaticas ¢ uma tarefa
desafiadora. O crescimento desordenado da urbanizagao e as alteragdes no regime hidroldgico
vém intensificando a ocorréncia e magnitude de inunda¢des em ambientes urbanos. A
abordagem tradicional de gestao das aguas pluviais implica em intervengdes corretivas locais,
pos-eventos, exigindo grandes investimentos que na maioria das vezes nio esta disponivel ao
gestor publico. Essa situagdo indica a necessidade de uma mudanga na estratégia de manejo
das aguas pluviais, incluindo abordagens mais amplas que abranjam impactos de longo prazo.
Com base no exposto, a presente tese tem como objetivo principal o desenvolvimento de
ferramentas metodologicas de baixo custo, que possam auxiliar a implementagdo da gestao e
manejo das dguas pluviais em cendrios de multiplas inadequagdes, € que considere as
perspectivas das mudangas climaticas. Para isso cinco etapas principais foram realizadas: (i)
avaliar a distribui¢ao espacial das ocorréncias de inundagdo e sua relagdo com as
caracteristicas ambientais e artificiais da area; (ii) verificar a adequabilidade dos modelos
climaticos na representagdo do clima local, avaliando as tendéncias nas projecdes de
precipitagdo; (iii) avaliar as condigdes fisicas da infraestrutura de manejo de aguas pluviais,
identificando elementos que favorecam possiveis estratégias de adaptagdo climatica; (iv)
avaliar o impacto hidraulico potencial de eventos extremos futuros no sistema de manejo de
aguas pluviais; (v) quantificar a resiliéncia a inundacdo pluvial, comparando os resultados
com os da modelagem hidraulica do sistema. As trés primeiras etapas foram aplicadas em
toda a extensdo do municipio de Florianopolis - SC, descrevendo a interacdo dos fendmenos e
forma de gestdo em escala regional. As ultimas duas etapas foram aplicadas na sub-bacia
Corrego Grande, detalhando localmente os impactos no sistema de manejo de 4guas pluviais e
nas respectivas areas de contribui¢do. Os resultados demonstraram que as relagdes entre as
variaveis ambientais e artificiais da area e os eventos de inundacdo ndo sdo homogéneos no
espago. A intensidade maxima de precipitacdo aumentard ao longo tempo, chegando a 21%
até o final do século. Apenas dois modelos climaticos, HadCM3 e MPEHS, apresentaram
adequabilidade para a representacdo do clima local futuro. A pratica de gestdo das aguas
pluviais em Florianopolis demonstrou ser inadequada, com baixa cobertura de um sistema
fragmentado e construido assistematicamente com um Plano Diretor de Drenagem Urbana
que necessita de muitos aprofundamentos. Chuvas de projeto com periodos de retorno de 10
anos no cendrio atual, serdo antecipadas para 2 anos até o final do século, levando as
infraestruturas atualmente vulneraveis a inundagdes ainda mais intensas. A resiliéncia das
areas urbanas reduzird ao longo do tempo concordando com os impactos hidraulicos futuros
modelados no sistema de manejo. A descentralizagdo da infraestrutura de manejo demonstrou
auxiliar no incremento da resiliéncia do sistema. De forma geral, todas as ferramentas e
estudos desenvolvidos demonstraram utilidade e elevado potencial de exploracdo pelos
gestores publicos como subsidio para um planejamento urbano que priorize investimentos em
medidas de adaptagdo, com foco na redugao de riscos, minimizacao dos impactos ocasionados
por eventos extremos e aumento da resiliéncia das cidades.

Palavras-chave: Alteracdes climdticas. Drenagem urbana. Gestdo de 4aguas pluviais.
Planejamento urbano. Resiliéncia a inundacao.



ABSTRACT

Planning and adapting cities to climate change is a challenging task. The occurrence and
magnitude of flooding in urban environments have been intensified by disordered urban
growth and changes in the hydrological regime. The traditional approach to stormwater
management implies local, post-event corrective interventions, requiring extensive
investments from public managers. This situation indicates the need for a change in
stormwater management strategy, including broad approaches that encompass longer-term
impacts. Based on the above, the main objective of this thesis is to develop low-cost
methodological tools, which can support the implementation of stormwater management in
scenarios of multiple limitations, and that consider the perspectives of climate change. For
this, five main steps were performed: (i) assess the spatial distribution of flooding events and
their relationship with the environmental and artificial characteristics of the area; (ii) assess
the suitability of climate models in representing the local climate, evaluating trends in
precipitation projections; (iii) assess the physical conditions of the stormwater drainage
infrastructure, identifying elements that favour possible climate adaptation strategies; (iv)
assess the potential hydraulic impact of future extreme events on the stormwater drainage
system; (v) quantify the pluvial flooding resilience and compares the results with the
hydraulic modelling of the system. The first three steps were applied throughout the city of
Florianopolis - SC, describing the interaction of phenomena and the management process on a
regional scale. The last two steps were applied in the Corrego Grande sub-basin, detailing
locally the impacts on the stormwater management system and respective areas of
contribution. The results showed that the relationships between the environmental and
artificial variables of the area and the flooding events are not homogeneous in space. The
maximum intensity of precipitation will increase over time, reaching 21% by the end of the
century. Only two climate models, HadCM3 and MPEHS, showed suitability for representing
the future local climate. The stormwater management practice in Florianopolis proved to be
inadequate, with low coverage of a fragmented system and unsystematically built with a
Master Plan for Urban Drainage that needs much deepening. Design storm with a return
period of 10 years in the current scenario will be brought forward to 2 years by the end of the
century, inducing the infrastructure currently vulnerable to even more intense flooding. The
resilience of urban areas will reduce over time, agreeing with future hydraulic impacts
modelled on the management system. The decentralization of drainage infrastructure has been
shown to increase system resilience. In general, all tools and studies developed showed
usefulness and a high potential for exploitation by public managers as a subsidy for urban
planning that prioritizes investments in adaptation measures that focuses on reducing risks,
minimizing the impacts caused by extreme events and increasing the resilience of cities.

Keywords: Climate change. Flooding resilience. Stormwater management. Urban drainage.
Urban planning.
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1 INTRODUCAO GERAL

Os sistemas de manejo de aguas pluviais sdo estruturas fundamentais para gerenciar
o escoamento superficial e controlar inundagdes em areas urbanas, influenciando diretamente
a economia, a saude e o bem-estar publico (BAKHSHIPOUR et al., 2019; BINESH et al.,
2019; KUMAR et al., 2021; GARSHASBI et al., 2022). A eficacia desses sistemas esta
ligada diretamente as caracteristicas de precipitacao da regido, particularmente a intensidade e
a quantidade de chuva (KUMAR et al., 2021). Os projetos sdo dimensionados com base em
registros passados de precipitacio, assumindo a hipdtese de estacionariedade das
precipitacdes e do clima (MATTOS ef al., 2021). No entanto, as altera¢des no uso da terra, o
crescimento da urbanizacdo e os recentes efeitos das mudancgas climaticas t€ém potencializado
o risco de falhas estruturais (XU et al., 2020), causando inundacdes pluviais e possiveis danos
as propriedades, além de interrupgdes no sistema de transporte (KNIGHT et al, 2021;
UDNOON et al., 2021). A inundagdo pluvial refere-se a inundacdo em 4reas urbanizadas
causada por eventos chuvosos que ultrapassam a capacidade do sistema, podendo ocorrer
quando a capacidade do solo absorver a agua de forma eficaz é superada (DANO, 2021) ou
quando os sistemas de manejo de aguas pluviais sdo sobrecarregados pelo fluxo excessivo
transbordando para as vias (MOORE et al., 2016; VAN DUIN et al., 2021).

As inundagdes pluviais sdo um problema crescente para as cidades em todo o mundo.
Manejar as aguas pluviais sob as incertezas climaticas ¢ uma preocupacdo tanto em
comunidades construidas quanto naquelas que continuam a sofrer mudangas no uso da terra
(LIU et al., 2018). Em resposta, muitos paises adotam sistemas de drenagem pluvial em larga
escala para gerenciar as dguas superficiais de forma eficaz (KIM ef al., 2017). No entanto,
essa abordagem ¢ considerada insustentavel e de alto custo, apenas transferindo o volume de
escoamento para a jusante, geralmente ambientes ja densamente ocupados (QIU et al., 2019;
REZENDE et al., 2020; MATTOS et al., 2021). Planejar um sistema de manejo de aguas
pluvial eficiente em paises em desenvolvimento ¢ um desafio. Os municipios geralmente
trabalham sob limitagdes orcamentarias, devendo alocar os recursos com sabedoria e tomar
decisOes para encontrar o equilibrio ideal entre os objetivos do servigo e os custos de
implantacdo da infraestrutura (BAKHSHIPOUR et al, 2021). A auséncia de diagnosticos
consistentes acerca do sistema e do ambiente ¢ corrente, dificultando a gestdo da estrutura.

Complementa o cenario, a auséncia de monitoramento de longo prazo das variaveis ligadas a
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precipitacdo e ao escoamento, além da auséncia de controle e planejamento da urbanizagdo.
Estes fatores elevam a atividade de gestdo do sistema a um grau elevado de ndo
conformidades com as boas praticas internacionais. Essa situacdo indica a necessidade de
buscar estratégias de gestdo que considere abordagens mais amplas e que incluam os impactos
de longo prazo (BERTILSSON et al., 2019; BINESH et al., 2019). Uma das estratégias mais
difundidas na literatura nos ultimos anos ¢ a abordagem de resiliéncia.

No contexto das inundagdes urbanas, a resiliéncia representa a capacidade da cidade,
area ou sistema de resistir as inundagdes ao longo do tempo, sendo capaz de se adaptar e
continuar funcionando, mesmo em condi¢des de estresse (REZENDE et al, 2019a). A
capacidade de aumentar a resiliéncia das areas, ou a capacidade dos sistemas de drenagem de
aguas pluviais continuarem funcionando por meio de estratégias adaptativas ¢ uma area de
pesquisa ativa (MOORE et al., 2016). Avaliar o estado atual e futuro esperado da resiliéncia ¢
uma base para que as cidades saibam onde estdo, ajudando a identificar pontos fortes e fracos,
apoiando assim a decisdo sobre estratégias, agdes e medidas a serem tomadas a curto, médio e
longo prazo (CARDOSO et al., 2020; LIANG et al., 2020). Portanto, para tornar a resiliéncia
util no processo de tomada de decisdo ¢ essencial ser capaz de medi-la e avalia-la
(BERTILSSON et al., 2019; REZENDE et al., 2019b). Os indices compostos oferecem um
caminho potencial para lidar com a natureza multivariada e complexa dos sistemas urbanos,
sendo cada vez mais utilizados para facilitar a comunicagdo entre cientistas, formuladores de
politicas e o publico (KOTZEE; REYERS, 2016).

Um indice composto agrega matematicamente um conjunto de indicadores
individuais para fornecer de forma simples e representativa a medida sintética de um atributo
de um sistema, sem a necessidade de modelar rigorosamente o sistema como um todo
(BERTILSSON et al., 2019; REZENDE et al., 2019a). A finalidade desses indices geralmente
se refere a avaliacdo e caracterizagdo precoce para fins de planejamento ou gestdo. Contudo,
os indices ndo avaliam o efeito real, mas ddo uma indicacdo da situagdo, com uma ideia
aproximada do resultado (VEROL et al., 2019). Deve-se considerar que a utilizagio de
indices esta sempre relacionada com simplificacdes do sistema, ndo sendo indicada a sua
utilizagdo como ferramenta de decisdo isolada. No entanto, a simplicidade de célculo e a
facilidade de encontrar informacdes tornam essa abordagem muito Util na fase de
planejamento (BERTILSSON et al, 2019). Embora varias ferramentas para quantificar a
resiliéncia tenham sido desenvolvidas, principalmente na Ultima década, as inundagdes

urbanas decorrentes dos sistemas de drenagem de dguas pluviais pouco tém sido abordadas
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(CARDOSO et al., 2020). Esta ¢ uma lacuna importante, particularmente necessaria em
paises em desenvolvimento, visando o enfrentamento aos eventos extremos associados aos
impactos das mudangas climaticas, a0 mesmo tempo em que lidam com o processo de
urbanizagdao (JARAMILLO et al., 2018).

Nesta tese buscou-se entender as relagcdes de causa e efeito entre as caracteristicas
ambientais e antropogénicas e a ocorréncia de inundagdes passadas em dreas urbanas,
utilizando a combinacdo de técnicas estatisticas e andlise geoespacial. A combinagdo das
técnicas resultou em uma estratégia para construir Modelos Espaciais de Inundagao Costeira,
denominada MEIC. A analise inclui fontes alternativas como base de informagao
incorporando o principio nascente da hidrologia social. Uma estrutura metodologica de
obtencdo e incorporacdo de projecdes climaticas na fase de design do planejamento e gestdo
integrada das areas urbanas foi desenvolvida considerando as limitagdes das cidades em
paises em desenvolvimento. A estrutura ¢ composta por moédulos independentes permitindo a
definicao de opgdes e estratégias de adaptacdo as mudangas climaticas e assim, reduzir custos
futuros. O cadastro técnico de drenagem ¢ a peca chave para o processo de gestdo de
inundagdes urbanas. E um desafio para os planejadores urbanos projetar sistemas de manejo
de aguas pluviais e estratégias de adaptacdo sem ter informagdes basicas e precisas das
condicles atuais da infraestrutura. Desta forma, um cadastro técnico piloto de drenagem
urbana foi construido para o municipio de grande porte, Florianopolis, uma das cidades mais
desenvolvidas do Brasil, descrevendo toda sua complexidade no contexto das limitacdes das
rubricas or¢amentarias caracteristicas dos paises em desenvolvimento.

Ainda nesta tese, a capacidade adaptativa natural de pequenas areas de contribuigdo e
a capacidade adaptativa da infraestrutura de drenagem de aguas pluviais foram combinadas
com um estressor climatico, que representa a variacdo da precipitacdo ao longo do tempo.
Essa combinac¢do permite quantificar e mapear a resiliéncia a inundagao pluvial por meio de
um indice composto. O indice resultante foi denominado Plu-FRI (Pluvial Flooding
Resilience Index) e possui as seguintes potencialidades: (i) fornece uma avaliagdo quantitativa
da resiliéncia as inundagdes pluviais; (ii) a espacializagdo permite uma visdo geral da érea,
identificando regides que necessitam prioriza¢do de investimentos; (iii) ¢ de facil replicagao
permitindo o uso em diferentes ambitos espaciais; (iv) avalia o estado atual e futuro esperado
da resiliéncia frente as alteracao climaticas; e (v) ¢ uma ferramenta simples, de baixo custo e

rapida aplica¢do, demandando poucos parametros de entrada. Essas potencialidades permitem
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explorar diversas questdes sobre resiliéncia urbana que tém motivado pesquisas ao redor do
mundo, como por exemplo:

e Como mensurar quantitativamente a resiliéncia a inundagdo em areas urbanas
frente as alteragdes climaticas? (CARDOSO et al., 2020; BERTILSSON et
al.,2019; REZENDE et al., 2019a);

e Como incluir o conceito de resiliéncia na gestdo das aguas pluviais e no
processo de tomada de decisdes? (VAN DUIN et al., 2021, REZENDE et al.,
2019Db)

O Plu-FRI foi testado na area urbanizada da sub-bacia Corrego Grande, uma das
mais importantes bacias contribuintes do manguezal Itacorubi, sofrendo grande pressdao
urbana com modifica¢des tanto no uso do solo quanto nos sistemas de drenagem natural e
artificial. Este recorte foi escolhido devido a existéncia de uma grande quantidade de
informagdes do sistema de manejo de aguas pluviais, além de dados monitorados de vazio e
precipitacdo, que permitiram a modelagem hidroldgica e hidraulica do sistema para
compara¢do com os resultados do indice. Ressalta-se ainda, que a sub-bacia Cérrego Grande
ja foi uma érea de estudo adotada pelo Laboratorio de Aguas Pluviais Urbanas e Técnicas
Compensatorias, no qual a pesquisadora esta inserida, mas infelizmente foi descontinuada ao

longo dos anos.

1.1 HIPOTESE

As mudangas climaticas t€ém demonstrado influéncia direta sobre o ciclo hidrologico,
aumentando a probabilidade de eventos extremos. As alteragcdes na frequéncia e intensidade
das precipitagdes, combinadas como o aumento da complexidade das cidades e rapida
urbanizagdo, aumentam a pressao nas sociedades, trazendo grandes desafios ao planejamento
e gestdo urbana. Enquanto paises desenvolvidos lidam com planos diretores de melhoria
ambiciosos, incluindo investimentos importantes e caros em redes de drenagem e tecnologias
complexas (DORVAL et al, 2010), paises em desenvolvimento ainda possuem um
gerenciamento reativo, focando na minimizagdo dos impactos apos a ocorréncia de eventos
extremos e priorizando investimentos em servicos basicos essenciais (FADEL et al., 2018).
Esta situacdo se deve a deficiéncia de monitoramento hidroldgico e espacial, escassez de

registros historicos continuos e confidveis das varidveis climaticas, expansdo urbana
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descontrolada, falta de instrumentos legais, falta de recursos financeiros e tecnologicos,
nimero reduzido de profissionais, baixa capacidade técnica dos gestores locais e,
principalmente, falta de informagdes sobre os dispositivos e infraestruturas ja instaladas.
Conhecer o ordenamento das comunidades, a localizacao das infraestruturas, as
caracteristicas ambientais, ¢ as interagdes entre si, sdo essenciais para apoiar tomada de
decisdes e a priorizagdo estratégica. Neste contexto, faz-se de suma importancia desenvolver
ferramentas e estruturas que simplifiquem e facilitem o processo de obtengao de informacdes,
fornecendo uma representacdo confidvel e holistica do sistema atual. Essas ferramentas
devem ainda incluir as perspectivas das mudancas climaticas e as multiplas limitagdes dos
paises em desenvolvimento, permitindo assim, aprimorar o planejamento, adaptacio e gestao
urbana municipal em busca de cidades resilientes. Desta forma, se faz a hipotese de que €
possivel desenvolver ferramentas metodologicas facilitadas e de baixo custo para apoio a
gestdo e manejo das aguas pluviais, e que considerem as perspectivas das mudancas
climaticas e as limitagdes técnicas, or¢camentarias e operacionais dos paises em

desenvolvimento.
1.2 OBJETIVOS
1.2.1 Objetivo Geral

Desenvolver ferramentas metodologicas confidveis cientificamente, simples e de
baixo custo, que possam auxiliar a implementagdo adequada da gestdo e manejo das aguas
pluviais em cendrios de multiplas inadequagdes, € que considere as perspectivas das
mudangas climaticas.
1.2.2 Objetivos Especificos

Objetivo especifico 1. Avaliar a distribuicao espacial das ocorréncias de inundagao

no municipio de Floriandpolis e sua relacdo com as caracteristicas ambientais e

artificiais, utilizando para tal informagdes baseadas em fontes alternativas.
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Objetivo especifico 2: Verificar a adequabilidade dos modelos climaticos na
representacdo do clima em Florianépolis, avaliando as tendéncias nas projegdes de

precipitacao.

Objetivo especifico 3: Avaliar as condigdes fisicas e de cobertura do atual sistema de
manejo de dguas pluviais do municipio de Floriandpolis, identificando elementos que

favorecam possiveis estratégias de adaptagao climatica.

Objetivo especifico 4: Avaliar o impacto hidraulico potencial de eventos extremos

futuros no atual sistema de manejo de aguas pluviais da sub-bacia Corrego Grande.
Objetivo especifico 5: Quantificar a resiliéncia a inundagdo pluvial e comparar a
concordancia do método com os resultados obtidos por modelagem hidrolégica e
hidraulica do sistema de manejo de dguas pluviais da sub-bacia Corrego Grande.

1.3 SINTESE DA TESE

O fluxograma da pesquisa apresentado na Figura 1 resume as etapas que serdo

realizadas para o desenvolvimento e avalicdo das ferramentas metodologicas.
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1.4 ORGANIZACAO DO TEXTO

O presente trabalho estd organizado em 7 capitulos. O capitulo 1 apresenta a
introducdo, as principais justificativas, a hipdtese testada e os objetivos. O capitulo 2
apresenta o desenvolvimento de uma estratégia para construir Modelos Espaciais de
Inundagdo Costeira (MEIC) com base na relagdo entre a distribuicdo espacial de pontos de
inundacao e as caracteristicas ambientais e artificiais da area. Este capitulo estd estruturado na
forma de artigo, intitulado “Geostatistical strategy to build Spatial Coastal-Flooding Models”
que foi publicado no ano de 2021 na revista Urban Water Journal. O capitulo 3 apresenta o
desenvolvimento de uma estrutura de modelagem para orientar a incorpora¢do de projecdes
climaticas no planejamento e gestdo integrada de d4reas costeiras. Este capitulo esta
estruturado na forma de artigo, intitulado “Framework for incorporating climate projections
in the integrated planning and management of urban infrastructure” que foi publicado no
inicio de 2022 na revista Urban Climate. O capitulo 4 apresenta a constru¢do do Cadastro
Técnico de Drenagem para o municipio de Florianopolis, descrevendo toda a complexidade
da infraestrutura no contexto de um pais em desenvolvimento. Este capitulo estd estruturado
na forma de artigo, intitulado “Challenge in the stormwater in developing countries: a case
study of Floriandpolis, Brazil” que estd em revisdo no Anudrio do Instituto de Geociéncias. O
capitulo 5 apresenta uma andlise do comportamento das precipitagdes futuras locais, e a
avaliacdo dos potenciais impactos hidraulicos destes eventos extremos no atual sistema de
manejo de aguas pluviais da sub-bacia Corrego Grande. Este capitulo esta estruturado na
forma de artigo em portugués, intitulado “Impacto das mudangas climaticas nas chuvas de
projeto e desempenho hidrdulico do sistema de manejo de dguas pluviais” que sera submetido
para a revista Journal of Water Management Modeling. O capitulo 6 apresenta o
desenvolvimento da ferramenta Plu-FRI (Pluvial Flooding Resilience Index) para medir
quantitativamente e mapear a resiliéncia a inundacdo pluvial em areas urbanas. Este capitulo
esta estruturado na forma de artigo em portugués, intitulado “/ndice de Resiliéncia a
Inundagdo Pluvial — uma ferramenta para apoiar o planejamento e adaptagdo das cidades”
que sera submetido para a revista Landscape and Urban Planning. Por fim, o capitulo 7

apresenta as principais contribuicdes e conclusdes da tese.
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2 GEOSTATISTICAL STRATEGY TO BUILD SPATIAL COASTAL-FLOODING
MODELS

Referéncia: CAPRARIO, Jakcemara; AZEVEDO, Larissa Thaind Schmitt; SANTANA,
Paula Lidia; WU, Fernando Kit; UDA, Patricia Kazue; FINOTTI, Alexandra Rodrigues.
Geostatistical strategy to build spatial coastal-flooding models. Urban Water Journal, v.19,

n.4, p. 395-409, 31 dez. 2021. http://dx.doi.org/10.1080/1573062x.2021.2022720.

Para a aplicacdo de alternativas de planejamento e gestdo do espago urbano, as
relacdes causais entre a distribuicdo de fatores ambientais e artificiais/antropogénicos e o0s
locais de inundacdo precisam ser bem esclarecidas. Desta forma, o objetivo deste estudo foi
desenvolver uma estratégia para construir Modelos Espaciais de Inundacdo Costeira com base
na relag@o entre a distribui¢do espacial de pontos de inundagdo e as caracteristicas ambientais
e artificiais de determinada area. O objetivo foi alcancado por meio da combinagdo de
técnicas estatisticas, como PCA, andlise de cluster, ANOVA e regressdao OLS, relacionando
geoespacialmente fatores de influéncia obtidos de bancos de dados online abertos. Foram
avaliados 10 possiveis fatores de influéncia: precipitacdo, hidrografia, eleva¢dao do terreno,
declividade, tipo de solo, uso do solo, drenagem pluvial, nivel do mar, nivel do aquifero e
hidrogeologia. A estratégia geoestatistica foi testada na cidade litoranea de Florianopolis -
Brasil, que apresenta alta vulnerabilidade ambiental e frequentes inundacdes. No total, foram
inventariados 108 registros fotograficos de inundagdes locais, totalizando 60 pontos distintos
distribuidos entre as principais regides de ocupacdo urbana do municipio. Os resultados deste
estudo revelaram o seguinte:

e As relagdes entre variaveis ambientais e artificiais e eventos de inundacao
ndo sdo homogéneas no espago.

e (ada fator de influéncia carregou fortemente em apenas um dos quatro
componentes principais, mostrando uma relagdo claramente identificavel com
a ocorréncia de inundacoes.

e Com base no nimero de eventos e na varidvel de agrupamento foram
identificadas trés sub-regides distintas na alocagdo das ocorréncias de
inundagao.

e A andlise de regressdo OLS construiu trés Modelos Espaciais de Inundagao
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Costeira considerando 8 fatores (nivel do mar, precipitacdo, hidrografia,
hidrogeologia, uso do solo, tipo de solo, elevagdo do terreno e drenagem de
aguas pluviais).

e O modelo da sub-regido C1 explicou 76% das ocorréncias de inundagdo,
sendo estas decorrentes da elevacdo do nivel do mar, altos niveis de
precipitacao, hidrografia local e leito rochoso poroso, este ultimo relacionado
a baixa profundidade e pontos de afloramento.

e O modelo da sub-regido C2 explicou 68% das ocorréncias de inundagdo. A
auséncia de hidrografia local, predominancia de rochas cristalinas fraturadas
e superficies cada vez mais impermeabilizadas impactam a ocorréncia de
inundagdes na sub-regido.

e O modelo da sub-regidao C3 apresentou baixo desempenho na modelagem
espacial dos eventos de inundagdo, explicando apenas 40% das ocorréncias.
As inundagdes nesta sub-regido sdo impactadas positivamente pela baixa
precipitacdo local e negativamente pela baixa elevagdo do terreno e ma
cobertura do sistema de manejo de aguas pluviais.

e A estratégia teve como base principios socio-hidrolégicos, considerando a
populacdo como parte decisiva do sistema, contribuindo para a observagao,
compreensdo e divulgacdo dos fendmenos. Ficou evidente que a hidrologia
pode ser aprimorada reconstruindo e estudando o passado, complementando

analises temporais e espaciais por meio de bancos de dados humanos.

2.1 INTRODUCTION'

Floods are the most significant and most expensive natural disaster to which modern
society is exposed. Between 1980 and 2018, the global economic losses exceeded $1 trillion
(2018 values), and hundreds of thousands of lives were lost due to floods (ROSENZWEIG et
al., 2021). The combined action between high population density, artificial changes in the
environment and climate change further aggravate flooding worldwide (WAHAB; TIONG,
2016). Recent climate change related events, such as higher intensity precipitation events,

extreme temperatures, and rising sea levels, have been exposing the vulnerability of the urban

' This Chapter was adapted from Caprario ef al. (2021a).
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environment, including the increased flooding risks on a regional scale, especially in coastal
arcas (AKBARPOUR; NIKSOKHAN, 2018; DURAND et al., 2018; PASQUIER et al.
2018).

The impact of natural hazards on the coastal environment goes far beyond the
political-administrative territorial units. Coastal areas are densely populated and frequently
have urban centres located at low terrain elevation, being susceptible to different disasters,
such as coastal, river or urban flooding, rising tides, and saltwater intrusion into groundwater (
ALMEIDA; MOSTAFAVI, 2016; DURAND et al., 2018; MALIK; ABDALLA, 2016;
PASQUIER et al., 2018). Local governments are responsible for managing these aspects
within their jurisdiction. However, the task of analysing and proposing prevention and control
measures of flooding in coastal areas is complex. Thus, the development of coastal areas
management policies requires an understanding of the involved multiple factors and their
interactions in the socioeconomic-environmental context (PERRONE et al., 2020).

In coastal cities in developing countries these problems become even more critical.
The vulnerability to extreme climate events is high and the capacity to manage flooding is low
(OGIE; ADAM; PEREZ, 2019). The scarcity of fiscal and technological resources and
inadequate urban planning are prevalent in these countries. This reverberate on management
and control of disaster risks, which are essentially reactive (FADEL et al., 2018; KOVACS;
DOUSSIN; GAUSSENS, 2017; WANG et al., 2016). With financial restrictions, funds for
public projects are generally used for basic needs, affecting flooding management and leading
to significant economic and social consequences. In addition, there is mismanagement of
public funds, which negatively affects spending on measures to mitigate flooding and
minimize the scarcity of monitored data to support decision making (OGIE; ADAM; PEREZ,
2019). The scenario is no different in Brazil, the fifth largest country in the world in terms of
territory and population, which is considered an emerging power with the sixteenth biggest
coastal extension.

With about 9000 km of coastline and 17 states bordering the Atlantic Ocean, Brazil
has diverse climatic and environmental conditions attributing great potential for coastal
studies (SILVA et al, 2016). The country constantly suffers from extreme events of
precipitation, storms and rising sea levels, and as a result, flooding is a recurring annual
problem that affects millions of people (PEZZOLI; CARTACHO, 2013). The lack of
historical records and monitored data make it difficult to verify flooding levels in most

Brazilian coastal cities. Therefore, flooding management suffers from uncertain planning and
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inadequate preparation (SILVA et al., 2016; OGIE; ADAM; PEREZ, 2019). According to
Myronidis, Stathis, and Sapountzis (2016), it is crucial to determine and quantify how
flooding hazards increase over time due to coastal zone urbanization, to avoid possible flaws
in future urban design. In light of the constraints in allocating government resources,
restricted availability of monitoring data, and the need for low complexity computational
methodologies in most districts, new strategies that simplify the process and provide a reliable
and holistic representation of the system are required.

The development of geospatial technology like Remote Sensing (RS), Geographic
Information System (GIS), and Global Positioning System (GPS) open up new vistas to
explore both physical and social dynamic geographic phenomena by allowing modelling and
examining their relationship, e.g., cause and effect relationship, in a place-based context
(ROY, 2014). Knowing where people and things are, their location, and their relationship to
each other is essential to support strategic priorities and decision-making. However, the
integration of spatial technologies with analytical approaches is often desirable to produce
improved information. As jointly play a significant role in mapping, monitoring, and
managing dynamic geographic processes, such as emergencies and natural disasters (LU et
al., 2018).

Geospatial models are critical tools to statistically investigate the geographic
relationship between several explanatory variables and a phenomenon. Modelling involves a
mathematical and statistical procedure that types through complex data, and the relationships
between data, patterns, and its trends establishing an integration to the existing info into a
logical context of equations, functions, and relations to reflect the system actions (JUMAAH
et al.,2019; MOLLALO; VAHEDI; RIVERA, 2020). The use of spatial modelling provides a
promising approach to estimating flooding occurrence parameters for large-scale regions. The
models can offer detailed info and accurate maps of susceptibility to flooding, only overlaying
the spatial information of the parameters describing the model (NANDI ez al., 2016). Besides,
spatial models can predict future flooding areas and provide information on the suitability of
the site for resilient cities development.

There is a vast library of the combination of statistical modelling techniques and
geospatial analysis in providing an effective tool for reducing the complexity of large-scale
data set and enabling the identification of relationships between their components (ZHU;
WANG; RIOUAL, 2017). Due to their relative simplicity in data requirements, low cost of

operation, and quick execution, these methods have worldwide applicability in a wide range
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of subject areas (NANDI et al., 2016; OGIE; ADAM; PEREZ, 2019). Examples go from
recharge flows or aquifer vulnerability (e.g., ARORA; REDDY, 2013; MUHAMMAD et al.,
2016; ZHU; WANG; RIOUAL, 2017) passing by hydro-energetic performance (e.g.,
ASBAHI et al., 2019; JARAMILLO; STONE; MORRISON, 2018), space-time characterized
stream temperatures and droughts (e.g., GOCIC; TRAJKOVIC, 2014), air quality and
ecosystem services models from spatial correlation (e.g., JUMAAH et al., 2019; LYU et al.,
2019). Otherwise, few studies have provided the application of these techniques in pluvial and
river flooding management themes (e.g., NANDI ef al., 2016; WANG et al., 2016), and none
provided the application in coastal flooding planning and control.

Physical processes in coastal environments present many interactions that are not
essentially simple to quantify and model (PERRONE ef al., 2020). Coastal projects should
consider the lessons learned from past events (PEZZOLI; CARTACHO, 2013). The
relationship between environmental and artificial factors with historical events can simplify
understanding of flooding occurrences and provide relevant information to urban planning
(WANG et al., 2016). The spatial distribution of flooding events dependents upon local
geological, geographical, topographical, climatological, hydrological, and artificial factors
(NANDI et al., 2016). Hence, variables selection that best expresses the behaviour of these
environments is a key factor for coastal flooding management.

Based on the vast number of variables involved in flooding studies and the ease of
addressing them by geospatial analysis and statistical techniques, a new strategy denominated
MEIC (Modelo Espacial de Inundagdo Costeira - Spatial Coastal-Flooding Model) was
developed and is in this paper. MEIC is based on the association between the spatial
distribution of flooding points and their relationship with the environmental and artificial
characteristics of the area. The innovation is that instead of using rainfall projection by
statistical analysis, the strategy combines statistical analysis from documented occurrences of
flooding events from alternative databases (e.g., electronic newspaper) transformed into
geospatial information. This paper can provide useful knowledge as a primary source. The
benefit is seeing how people perceived an event, enabling multiple perspectives about an
issue, and permitting researchers to trace the historical development of subjects (FLIERL,
2021). Levy (2014) discusses data from social science to address the emerging of an amount
of information coming from media, social media, and the internet that starts to study as a
scientific phenomenon. The knowledge from the flooding consequences from this alternative

source assembles with the robustness of the geospatial analysis. In addition, the models seek
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to fill the information gap on the hydrological, topographical, and geological interactions that
occur in the area. Thus, it relates the impact of artificial activities on flooding occurrence. The
strategy was applied in a coastal city located in the southern region of Brazil, where there are
high environmental vulnerabilities and constant urban and coastal flooding, representing the
reality of most coastal cities. The results provide information that can support decision-
making by government agencies, seeking socially and economically viable alternatives,
considering limited resources, concerning the choice of protection measures and adaptation of
existing infrastructure.
MEIC establishes the following basic principles and requirements:

e Robustness, ensuring statistically significant relationships based on past
events.

e Suitable for urbanized coastal areas, requiring flood influencing factors
such as sea level data, micro-drainage network, hydrogeology and
groundwater level maps.

e Basic knowledge of Geographic Information System (GIS) and statistical
methods requirements.

e Data from free and easily accessible online databases.

e Low-cost and simplified application.

2.2 MATERIALS AND METHODS

The bases for application of the MEIC strategy consist of five steps: (1) data
collection of the influencing factors, to create the database for statistical analysis; (2)
Principal Component Analysis (PCA), aiming to reduce the number of influencing factors; (3)
Cluster Analysis (CA), to group the flooding sites in sub-regions with similar characteristics;
(4) Spatial Coastal-Flooding Model, to model, examine, and explore spatial relationships
between dependent variables and possible explanatory variables; and (5) Model performance
evaluation, aiming to evaluate the statistical quality of the model accuracy and complexity.

The conceptual framework of the MEIC strategy is shown in Figure 2.
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Figure 2 — Conceptual framework of methodology.
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2.2.1 Data collection of the influencing factors

The focus of the strategy is to explain the flooding occurrence associated mainly with
coastal areas. In this way, information regarding flooding events in a previously established
area was gathered through documentary analysis in electronic newspapers, televised news,
and news websites. Social media were not a source of information collection. The collected
information is related to the event date and geographical location. The origin of the flooding
events was not distinguished, being considered pluvial, rivers and coastal flooding.

The unconventional information collection method adopted, aims to overcome the
lack of monitored data taking advantage of the information mediated by the social system,
commonly overlooked in this type of study. In the conventional strategies defined by

hydrology (Figure 3a), we start from the monitored environmental and hydrological database,
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going through multi-criteria analysis and modelling, reaching possible flooding areas. In the
MEIC strategy, we perform inverse modelling (Figure 3b) starting from the real problem, with
information filtered by the social system through the publication of catastrophic events,
athwart statistical and geospatial modelling techniques, and arriving at the actual source of the

problem.

Figure 3 — Flowcharts diagram of the spatial modelling. a) Hydrology modelling frame. b)
Socio-hydrology modelling frame. In inverse modelling, there is the population knowledge
inclusion, and the principal information originates from the social sphere looping (occurrence
observation).
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Source: Caprario et al. (2021a).

Thus, the data collected is regarding the influencing factors of the environmental and
artificial variables that operate in each flooding location inventoried. For this purpose, we
adopted 10 influencing factors: rainfall, hydrography, elevation, slope, soil type, land use, and
stormwater drainage, revised from literature and systematized in an urban flooding study by
Caprario and Finotti (2019), aggregated by sea level, groundwater level, hydrogeology maps
added to the present study. A total of 60 distinct flooding points were inventoried, distributed
among the principal urban occupation regions of the municipality.

All the information was compiled in a spreadsheet, as presented in Appendix A. The
influencing factors described by site characteristics (e.g., land wuse, soil type, and

hydrogeology) are converted into numerical values to spatialize and to convert in common
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scale. The values ranged from 0 to 3 according to the degree of influence on the flooding
occurrence and the contribution for the runoff, with 0 representing minimum or no degree and
3 representing a maximum degree or areas naturally flooded (please refer to an example of
converting local characteristics to numerical values in Table 1). The hydrography and
stormwater drainage factors, represented by a binary system with O attributed to the absence
and 1 the presence of the factor at the event local. The values for sea level and rainfall
correspond to the maximum level and accumulated precipitation on the day when flooding
occurred, respectively. The values of elevation, slope, and aquifer level come from local

spatial data.

Table 1 — Example of converting local characteristics to numerical value.

Factor Characteristics Numerical values
Forest 0
Undergrowth 1
Land use Urbanization 2
Water bodies 3
Aquiclude 0
Hydrogeology Sedimentary 1
Crystalline 2
Absence 0
Hydrography Presence 1

Source: Caprario et al. (2021a).

Land use — The converted numerical values of this factor respect the condition that
the lower human interference, the less the chance of flooding. So, areas covered by forest or
even undergrowth may considerably have great infiltration capacity, reducing the chances of
flooding. The density of vegetation cover is also a differentiating factor between the values.
Runoff is more likely in bare fields than in those with good vegetation cover. Urbanized areas,
differently, received high value, thence the enormous possibility of flooding befalls due to the
high rates of impervious surface. If sustainable urbanization accomplished of sustainable
urban drainage systems is present, the values should be different, not the case in our
application. The maximum value goes to areas covered by water bodies since they are
naturally flooding.

Soil type — Soil texture has an impact on flooding occurrence. Sandy soils tend to
have greater infiltration rates and better internal drainage, opposite characteristics from clay
soils. The classification of the soil type factor contemplates four categories based on the water

absorption conditions, depth, and texture. The Acrisols class was considered more susceptible
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to flooding than the Arenosols, since its composition has a more considerable amount of clay,
making it difficult to infiltrate. The Cambisols class received the lowest value due to its sandy
character and location mainly associated with massif areas. It is important to note that
mangrove discriminated soil received the maximum value since they are also naturally
flooded.

Hydrogeology — The converted numerical values respect the condition of hydraulics
and soil permeability. So, areas with unconsolidated aquifers of sedimentary bedrock were
considered less susceptible to flooding than consolidated aquifers of crystalline bedrock,
receiving less value, given its coarse texture and high permeability that favours the aquifer
recharge. Areas classified as Aquiclude received the lowest value due to being directly

associated with the highest elevation areas of the land (massif).

2.2.2 Principal Components Analysis

The PCA technique was applied to quantify the main relationships between the
environmental and artificial variables and obtain principal components (PCs) that are the most
representative of the events. PCA analysis aimed to reduce the number of possible correlated
factors into a smaller number of vectors (LUO et al., 2019). The use of PCA as a precursor to
cluster analysis, as it separates the factors that were likely to display collinearity and lead to a
more stable clustering result (NANDI ef al., 2016)

Initially, z-score normalization standardizes the numerical values of each factor to
reduce the impacts of magnitude and variability. According to Myronidis and Ivanova (2020),
the standardization of the independent variables ensures that the latter variables had equal

weights during the PCA analysis. Subsequently, the PCs were derived using Equation (1).

PCc= [MT].X (1)

where M is the matrix of Eigenvectors [e;, e,, €3, ...e,,] and X = [X1, X5, X3, ... X;] is a
variable vector. PC are selected successively to account for the maximum variability in the
data (WAHAB; TIONG, 2016). The Kaiser criterion is the base for the number of
components to keep, for which only the components with eigenvalues greater than 1 are

retained (ZHU; WANG; RIOUAL, 2017).
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2.2.3 Cluster analysis

Several types of hydrological, topographical, geological, and artificial variables can
have different influences on coastal environments and local urban infrastructures, and thus the
frequency and severity of flooding can vary significantly. The interactions among multiple
categories of variables should not be neglected or underestimated (WANG et al., 2015).
Intending to determine the grouping variable, Pearson () parametric correlation method and
Kendall’s tau (1) and Spearman’s Rho (p) rank non-parametric correlations were applied. The
application of statistical methods is commonly used in hydrology to measure the dependence
between variables (TOSUNOGLU; ONOF, 2017). The Pearson correlation method always
requires normal data distribution, but there is no restriction for Kendall’s tau use (more
accurate with smaller sample sizes) and Spearman’s Rho (sensitive to error and discrepancies
in data) non-parametric correlations. Thus, the three statistical correlation methods were used
together in order to ensure that if the assumptions of the parametric test are violated, we still
can choose at least one non-parametric alternative as a backup analysis.

The Spatially Constrained Multivariate Clustering tool was used to sequentially
cluster flooding sites. By adopting multi-objective optimization, this tool finds spatially
contiguous clusters of features based on attributes similarity and location similarity. Spatial
clustering considering geographic coordinate information is an analytical method that divides
the whole dataset into groups looking for a solution maximizing clusters (KIM; CHO, 2019).
The different sub-regions were clustered based on the similarity of the grouping variable and
the number of flooding occurrences in each location. The flooding sites were partitioned by
the clustering algorithms based on the K-means method widely used in geoscience studies, for
example, grouping the level of damage from natural disasters and risk management (XIE et
al., 2018). These algorithms, whose advantage is the simple implementation in search of
clusters, minimize the sum of squared errors within each group and therefore is implicitly
based on pairwise Euclidean distance (HAAF; BARTHEL, 2018). Convergence of algorithm
indicates the solution is locally ideal when partitioning reduce to the maximum extent or
when the relocation of the cluster occurs (SEHGAL et al., 2018). Cluster centroids are
calculated based on the average of all observations, where a factor inclusion happens only if
at least one other cluster member is a nearest-neighbour (XIE et al., 2018).

Analysis of Variance (ANOVA) technique and Tukey's test was applied, with a 0.05

significance level, in order to check if there is a significant difference between the clusters.
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The null hypothesis assumes that the mean (average) value of those variables for each cluster
is equal, while the alternative hypothesis states that, at least, one is different. All statistics
analysis were performed using the STATISTIC® 8.0 software, and the spatial constraints and
models were developed in the ArcGIS® 10.1 software. More detailed information about
correlation methods, cluster analysis (CA) and ANOVA can be obtained from (HAAF;
BARTHEL, 2018; SEHGAL et al., 2018; TOSUNOGLU; ONOF, 2017; WANG et al., 2015;
XIE et al., 2018).

2.2.4 Spatial coastal-flooding model

Ordinary Least Squares (OLS) is the best known of all regression techniques, and it
has been the starting point for all spatial regression analysis (JUMAAH et al., 2019). This
analysis allows modelling, examining, and exploring spatial relationships between dependent
variables and possible explanatory variables.

The OLS regression model assumes that the spatial relationships between dependent
and independent variables are static, i.e. it does not vary over space (WANG et al., 2016).
Thus, the method provides a global model of the factors that need comprehension by creating
the Spatial Coastal-Flooding Model (MEIC), which represents each cluster by a single

regression equation. OLS regression for & independent factors is specified as

Y = Bo+ B1X1 + BoXo + -+ B Xk (2)

where Y is the dependent variable that explains spatial variables X;, X,, X3, ... Xj, that is, the
input factors causing the flooding; £y is the regression intercept that represents the expected
value for the dependent variable if all the independent variables are zero; and fj is the
respective regression coefficient for an explanatory variable (X;,X,,Xs3,...X)). Detailed

descriptions of the OLS regression model are in Jumaah et al., (2019).
2.2.5 Model performances evaluation
One of the most crucial steps of the MEIC strategy is the performance evaluation of

the obtained Spatial Coastal-Flooding Model. The goal of this step was to evaluate the

statistical quality of the model accuracy and complexity, in addition to its ability to deal with
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spatial autocorrelations. The values of R’ (Multiple R-Squared) and AICc (Akaike's
Information Criterion) evaluates the MEIC performance. R’ indicates the ability of the model
to explain the variance in the dependent variable, so a higher R’ implies a better model
performance. The AICc indicates the model accuracy and complexity, so a lower AICc value
indicates a closer approximation to reality (MOLLALO; VAHEDI; RIVERA, 2020).

The variance inflation factor (VIF) and Probability or Robust Probability calculus
determine any multi-collinearity among the explanatory factors of the model. For instance,
probability values for the used factors in the equation must be less than 0.05, indicating that
none of the explanatory variables affects the dependent variable (MOLLALO; VAHEDI;
RIVERA, 2020). In addition, a T-test assesses whether the explanatory variable is statistically
significant.

Koenker (BP) statistic (Koenker's studentized Bruesch-Pagan statistic) evaluated the
stationarity of the model and the Jarque-Bera statistic determined the normality of the
computed residues at a 95% confidence level. Finally, Spatial Autocorrelation (Moran's
Index) checked the spatially random regression residual. The value of Moran's Index range
from —1 to 1, where a value of 0 indicates perfect spatial randomness. If there is significant
spatial autocorrelation in a regression model, it violates the assumption of randomly
distributed and independent residues (MOLLALO; VAHEDI; RIVERA, 2020). Thus, the

model efficiency would be considered suspect, and the results would not be reliable.

2.2.6 A case study demonstrating the MEIC strategy application and performance

evaluation

The study area is Florianopolis city, capital of Santa Catarina State, in the southern
region of Brazil. Floriandpolis is one of the most developed cities in the country, with the
third-highest human development index score (0.847) among all municipalities (GUERRA et
al.,2017; YIGITCANLAR et al., 2018), ranks as 2nd most populous municipally in the State
(approximately 500,000 inhabitants). The city extends over an area of 432 km? surrounded by
the Atlantic Ocean, is composed of the main island (97% of the territory), a small continental
part (approximately 3%), and uninhabited islands surrounding it. Florianopolis has a diversity
of ecosystems, rich in beaches, lagoons, lakes, dunes, sandbanks, marshes, and mangroves,

with 42% of the territory established as a permanent preservation area. In this way, almost the
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entire urbanized portion, that is, without physical limitations for its implementation, has
already been occupied (IDOM-COBRAPE, 2015b).

The municipally benefits from precipitation driven by orographic factors, where the
indexes are highly variables (from 1100 to 2700 mm/year) and more intense during the
summer. The density of water resources associated with the vast sedimentary plains and
favourable rainfall conditions make the city prone to constant flooding, causing social and
economic disruption (CAPRARIO; FINOTTI, 2019). The authors did not find any scientific
publications or technical reports that could provide valuable information on the spatial
dimension of past flooding in the region. On the other hand, several field photographs that
were captured during the flooding events provide a spatial notion of flooded areas. Figure 4

shows some flooded areas in events of past flooding in Florianépolis city.

Figure 4 — Field photographs show the spatial dimension of some previous flooding events.

Source: Naim Campos/RBS Source: Hotel Canasvieira Source: Flavio Tin/ND,
Internacional, 2014 _ 2015

Source: Andrey Lanhi/ND, Source: Osvaldo Sagaz/RBS
2016 _ TV, 2017

Source: Tiago Ghizoni/ . Source: James
Diario Catarinense, 2018 TV, 2018 Tavares/Secom, 2019

Source: Caprario et al. (2021a).
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The municipality has three well-defined hydrogeological systems based on bedrock
lithology and its potential to store and transport water. These are (1) consolidated aquifer of
crystalline basement made by intensely fractured granulite—gneiss (water capture flow ranging
between 2.0 and 9.0 m?/h); (2) unconsolidated sedimentary aquifer of marine and coastal
deposits (water capture flow ranging between 20.0 and 90.0 m3/h); and (3) granulite—gneiss
Aquiclude (unfavourable zone for wells) (CPRM, 2013; IDOM-COBRAPE, 2015a; RAMA;
MIOTLINSKI, 2020). Thus, the region stands out due to its excellent underground water
potential, contributing part of the municipality's public water supply. However, the shallow
free aquifers close to mangrove swamps and a complex estuarine system subject to tides give
high environmental vulnerability to the coastal system. In addition to its high environmental
vulnerability, the municipally has poor coverage of the stormwater drainage system
(characterized as absolute separator) that regularly exceeds the volumetric capacity of
drainage networks, overflowing to backyards, streets, sidewalks or other urban infrastructure
(CAPRARIO et al., 2019).

For the MEIC strategy application, we inventoried the allocations of flooding events
in Floriandpolis from 2013 to 2019, using documentary records published in local media. The
raw data consisted of 108 pieces of photographic evidence, where each evidence described an
inundated site during a specific flooding event, totalling 60 distinct points distributed among
the central regions of urban occupation (Figure 5). Data of duration and depth of flooding for
each event were not available in most records. Therefore, only the inundation frequency

described the flooding occurrence in Floriandpolis City.
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Figure 5 — Location of Floriandpolis City with allocations of a flooding occurrence.
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A spatial database for the Florianopolis City contemplates information about 6 of the
10 flooding influencing factors for all points inventoried. In addition, missing spatial data
such as maximum daily sea level, daily accumulated rainfall, land use, and the presence of a
stormwater system were investigated in loco or on a nearby gauge station. The information
that composes the database referring to the ten flooding influencing factors was collected
from online and free databases, as shown in Table 2. Figure 6 shows the spatial data used in 6

of the 10 flooding influencing factors considered in the strategy.
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Table 2 — Data used to create a spatial database of flooding influencing factors.

Variables Inif]uencmg Units Observations Source
actors
Groundwater anerated from .178 static level CPRM (2013)*
level points to a 2-m grid.
. Maximum sea level measured on b
Daily sea level cm the day the flooding occurred. EPAGRI (2019)
Hydrological Daily rainfall mm Accumulated' precipitation on the EPAGRI (2019)°
day the flooding occurred.
Presence or absence of water
Hydrography - bodies at the flooding occurrence ANA (2015)°
site.
Elevation Generated from contour lines with
m 5 meter contour intervals to a 1-m IPUF (2000)
. (DEM) :
Topographical grid.
Slope o, z((;}r?zilerated from DEM to a 100-m IPUF (ZOOO)d
Geological Hydrogeology - Scale of 1:500,000 CPRM (2013)*
& Soil type - Scale of 1:250,000 EMBRAPA (2004)°
Class with the highest
Land use - predominance at the flooding In loco
o occurrence site.
Artificial Presence or absence of stormwater
Stormwater . .
. - drainage infrastructure at the In loco
drainage

flooding occurrence site.

*CPRM - Companhia de Pesquisa de Recursos Minerais [Mineral Resources Research Company]

" EPAGRI — Empresa de Pesquisa Agropecuéria e Extensdo Rural de Santa Catarina [Agricultural Research and
Rural Extension of Santa Catarina]
¢ ANA — Agéncia Nacional de Aguas e Saneamento Basico [National Water Agency]
4IPUF - Instituto de Planejamento Urbano de Florianopolis [Urban Planning Institute of Florianopolis]
“EMBRAPA — Empresa Brasileira de Pesquisas Agropecudrias [Brazilian Agricultural Research Corporation]
Source: Caprario et al. (2021a).
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Figure 6 — Spatial representation of factors groundwater level (a), hydrography (b), elevation
(c) slope (d), hydrogeology (e), and soil type (f).
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2.3 RESULTS AND DISCUSSIONS

2.3.1 Factors affecting the flooding occurrence

From the standardized environmental and artificial variables in this study, the
principal components came from the correlation matrix, which computed the 10 flooding
influencing factors. As a result, only the first four components extracted conformed with the
Kaiser criterion, presenting eigenvalues greater than 1. The components explain 70% of the
total variance in the spatial and temporal distribution of the flooding. The Varimax

normalized rotation maximized these four principal axes variance (per ZHU; WANG;
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RIOUAL, 2017). Table 3 presents the interactions between factors for these components and

their respective variance.

Table 3 — Principal component loading and explained variance for the four components with
Varimax normalized rotation.
Principal components

Factors PC1___PC2__PC3 _ PC4

Sea level 0.287 0.860 0.019 0.144
Rainfall 0.183 -0.826 0.277 0.111
Elevation -0.618 0.133 -0.507 0.144
Hydrography 0.887 0.141 0.048 0.008
Stormwater drainage 0.215 -0.057 0.219 0.741
Land use 0.667 -0.411 -0.095 0.057
Soil type 0.842 0.150 -0.044 -0.004
Hydrogeology 0.140 -0.219 0.844 0.035
Slope -0.246  0.077 -0.211  0.665
Groundwater level -0.432  0.078 0.631 0.015
Eigenvalue 2752 1.714 1551 1.051
Cumulative eigenvalue 2,752 4466 6.017 7.068
Explained variance (%) 27.518 17.140 15.507 10.510

Cumulative % of the variance 27.518 44.658 60.165 70.675

Bold and underlined values: loading >0.6 (significant interactions)
Source: Caprario et al. (2021a).

Each variable loaded strongly onto only one of four principal components, showing a
clear identifiable relationship with flooding occurrence.

The first component (PC1) explains the amount of the variance (27.5%),
characterized by the highest loading to hydrography, soil type, and land use (loading >0.6).
They also have the highest negative correlation with the elevation factor. So, sites with
hydrography, clay soils (Acrisols), densely urbanized, and low terrain elevation tend to have a
higher occurrence of flooding events. Nandi et al. (2016) and Wang et al. (2016) supported
these findings and identified land elevation, slope angle, and distance from the hydrography
as determining variables for flooding occurrence. According to Nandi ef al. (2016), 83 % of
flooding events occur within 500 m from the hydrography in the floodplains, being low-lands
with an elevation between 100 and 200 m above the sea level were found to be the most
susceptible areas to flooding. PC1 reflects all types of environmental and artificial variables
established in the study. Because of the association between the land use factors, elevation
and hydrography, component 1 was defined as the component “urbanization” referring to the

process of development and urban occupation.
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PC2 contains only hydrological variables, explaining 17.1% of the variance. This
component was defined as the component “storm surge” because of its highly positive loading
with the sea level factor. This positive loading is possibly consistent with the increase in
storm surge events, rising tide, and sea level rise reported for the entire south coast of Brazil
(SILVA et al., 2016). However, this component still presented a highly negative loading with
the rainfall factor. The negative loading for the rainfall, opposed to the positive of the sea
level, may come from low levels of accumulated daily rainfall (less than 2 mm), which
characterize approximately 53% of the inventoried events. These low rainfall levels are
directly associated with information on the rise in the maximum daily sea level, which in
these events range between 50 and 100 cm above the reference.

Component PC3 was defined as the “underground” component because of its
positive loadings with the hydrogeology factor and groundwater level, the only two
underground components adopted in the study. This component contains 15.5% of the
variance, suggesting that the studied flooding events have the presence of fractured crystalline
aquifers and the superficiality of groundwater level in the study area influence. It also
indicates that all of the studied flooding sites are to some extent reliant or related to the
underground water flow of the coastal area. These findings are supported by Nandi et al
(2016), who also identified the occurrence of flooding more frequently over aquifer rocks
such as basal, coastal, and alluvial aquifers, where excess runoff could not drain simply into
the subsurface due to impermeable bedrock. The porosity and permeability (hydraulic
properties) of bedrock may influence flooding potential. Less porous, compact, and
impermeable aquifer rocks make an infiltration of rainwater difficult, thus increasing flooding
potential.

Finally, component PC4 contains 10.5% of the variance, and its definition as the
“stormwater” component comes from its positive loading in stormwater drainage factor and
slope, the two factors often related to the urban stormwater drainage system. Therefore, sites
with a predominance of large areas of coastal plains (slope of 0-3%) and that do not have a
stormwater drainage system tend to have more cases of flooding. These findings are
supported by Wang et al. (2016) and Gaitan, ten Veldhuis, and van de Giesen (2015), who
found that local blockage of stormwater inlets, or the nonexistence of these, is the major
reported cause of urban flooding incidents, occurring even during small rainfall events. Wang
et al. (2016) add that improper urban planning leads to the development of flood-prone areas

and poor drainage system design in which insufficient drainage capacity occurs in flat areas.
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2.3.2 Spatial clusters of flooding sites

After applying PCA and identifying the minimum number of factors for constructing
the spatial coastal-flooding model, we determine the grouping variable, for example, the
factor that has the highest significant statistical correlation. This grouping variable will be
used together with the number of flooding occurrences, thus defining the conditions of spatial
constriction and avoiding multi-collinearity between the influencing factors. Parametric and
non-parametric correlation coefficients observed in the study area for all factors influencing
the flooding occurrence are in Table 4.

The influencing factors had both positive and negative correlations. The highest
significant correlation of 0.760 was obtained between hydrography and soil type, while the
lowest significant correlation of -0.168 was between hydrography and groundwater level.
Trends of the influencing factors were considered statistically significant at the 5%
significance level using the Pearson test, Kendall's tau test, and Spearman’s Rho test. The
results of parametric and non-parametric tests confirm the strong correlation between the
hydrography and soil type factors. Since both factors do not vary in time, only in space, the
hydrography factor was the grouping variable. The general results of the PCA substantiate the
choice of this factor between two correlates, where hydrography presented the highest loading
among all the factors analysed.

The frequency of flooding at different spatial scales changes depending on
geographical locations, environmental -characteristics, artificial alterations, and local
hydrological factors. Three clusters came from the K-means, based on the number of events
and the grouping variable. Figure 7 shows the geographical allocation of the three clusters
(C1, C2, and C3). The cluster C1 corresponds to the area between the Massifs under the
influence of the largest mangrove in the region (Rio Tavares). The cluster C2 corresponds to
the North and West of Floriandpolis under the influence of the Ratones, Saco Grande and
Itacorubi mangroves. The cluster C3 corresponds to the East and South areas of Florianopolis,

influenced by lakes, lagoons, and outcrops of the aquifer.



Table 4 — Results of the statistical tests of parametric and non-parametric correlation between environmental and anthropic variables.

Factors
Factors Test Sealevel Rainfall Elevation Hydrography Stdor;rﬁlv;/gzer Land use tSy(I))li Hydrogeology Slope GroT:\jigater
r 1.000 -0.545%* 0.004 0.323%* 0.101 -0.105 0.286* -0.053 0.046 -0.142
Sea level p 1.000 -0.402* -0.280%* 0.307* 0.100 -0.111 0.293* 0.018 -0.221*  -0.131
T 1.000 -0.307* -0.201* 0.258%* 0.084 -0.090 0.247* 0.015 -0.156*  -0.091
r -0.545*  1.000 -0.280* 0.102 0.161 0.308* 0.069 0.444%* -0.072 0.012
Rainfall p -0.402*  1.000 -0.232%* 0.049 0.119 0.258%* 0.046 0.408* -0.081 -0.181
T -0.307*  1.000 -0.173* 0.043 0.105 0.221%* 0.045 0.357* -0.059 -0.128
r 0.004 -0.280* 1.000 -0.503* -0.111 -0.342* -0.408* -0.460* 0.223%* 0.033
Elevation p -0.280*  -0.232%* 1.000 -0.634* -0.170 -0.323* -0.492%* -0.519* 0.306*  -0.039
T -0.201*  -0.173* 1.000 -0.529%* -0.142%* -0.271* -0.386* -0.433* 0.187*  -0.031
r 0.323*  0.102 -0.503* 1.000 0.132 0.494* 0.760* 0.066 -0.142*  -0.201*
Hydrography p 0.307*  0.049 -0.634* 1.000 0.132 0.491* 0.749* 0.066 -0.244*  -0.202%*
T 0.258*  0.043 -0.529* 1.000 0.132%* 0.475* 0.722* 0.066 -0.206*  -0.168*
r 0.101 0.161 -0.111 0.132 1.000 0.139 0.080 0.180 0.016 -0.047
Stormwater
drainage p 0.100 0.119 -0.170 0.132 1.000 0.137 0.061 0.180 -0.013 -0.060
T 0.084 0.105 -0.142%* 0.132%* 1.000 0.133* 0.059 0.180* -0.011 -0.050
r -0.105 0.308* -0.342%* 0.494* 0.139 1.000 0.400* 0.126 -0.124 -0.221%*
Land use p -0.111 0.258* -0.323%* 0.491%* 0.137 1.000 0.369* 0.119 0.132 -0.262%*
T -0.090 0.221%* -0.271%* 0.475%* 0.133* 1.000 0.337* 0.116 0.101 -0.214%*
r 0.286*  0.069 -0.408* 0.760* 0.080 0.400* 1.000 0.035 -0.097 -0.265%*
Soil type p 0.293*  0.046 -0.492* 0.749* 0.061 0.369* 1.000 0.019 -0.152 -0.243%*
7 0.247*  0.045 -0.386* 0.722* 0.059 0.337* 1.000 0.018 -0.115 -0.188%*
r -0.053 0.444%* -0.460* 0.066 0.180 0.126 0.035 1.000 -0.166 0.271%*
Hydrogeology p 0.018 0.408* -0.519%* 0.066 0.180 0.119 0.019 1.000 -0.157 0.254*
T 0.015 0.357* -0.433%* 0.066 0.180%* 0.116 0.018 1.000 -0.133* 0.211%*

Continues on the next page



Table 4 — Continuation.

Factors

Factors Test Sea level Rainfall Elevation Hydrography igirr?;g:ter Land use tSy(;)lé Hydrogeology Slope l(iioellmdwater

r 0.046  -0.072 0.223* -0.142 0.016  -0.124  -0.097 -0.166 1.000 0.094
Slope p -0.221%  -0.081 0.306* -0.244% -0.013 0.132 -0.152 -0.157 1.000 0.014

r -0.156*  -0.059 0.187 -0.206* -0.011 0.101 -0.115 -0.133*  1.000 0.016

r 0.142  0.012 0.033 -0.201* 0.047  -0221*  -0.265* 0271*  0.094 1.000
f;’i‘;‘fndwater p 0.131  -0.181 -0.039 -0.202% 0.060  -0.262%  -0.243% 0.254*  0.014 1.000

: 0.091  -0.128  -0.031 -0.168* 0.050  -0214*  -0.188* 0211*  0.016 1.000

r: Pearson test, p: Spearman’s Rho test, 7: Kendall’s tau test. Bold and underlined characters represent the biggest trends identified by 3 statistical methods together.

* Statically significant trends at the 5% significance level.
Source: Caprario et al. (2021a).



Figure 7 — Flooding sites locations and classification according to the spatial constraint
multivariate clustering (K-means)
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The results of ANOVA and the Tukey test (Table 5 and Table 6, respectively) show

that these three clusters are possibly heterogeneous regions (Fyp> Fs.205=3.09), being the

clusters statistically different from each other at the 0.05 significance level.

Table 5 — ANOVA results for flooding clusters.

Source of  Sum of Degree of Mean

variation squares freedom square 0
Clusters 25.921 2 12.960 16.784
Error 81.079 105 0.772

Total 107.000 107

Source: Caprario et al. (2021a).

Table 6 — Tukey test result for flooding clusters.

Tukey test Cluster  Mean
a C1 0.829
b C2 0.079

c C3 -0.574

Source: Caprario et al. (2021a).

2.3.3 Spatial coastal-flooding model and performance evaluation

Ordinary Least Squares regression explores all possible combinations of the 10

influencing factors to obtain an observed flooding occurrence for each sub-region

explanation. Summary of the best regression results in C1, C2, and C3 sub-regions are in

Table 7.

Table 7 — Summary of the best regression results in C1, C2, and C3 sub-regions.

Standard

Robust

Factor Coefficient T-test Probability o VIF
Error probability
Intercept 0.119 0.194 0.614 0.548 0.188 -
. Scalevel 0.885 0.174 5.097 0.000* 0.000* 4.148
Q Rainfall 0.447 0.184 2.433 0.028%* 0.007* 3.967
£ Hydrography 1.302 0.261 4.994 0.000* 0.000* 5.342
'gﬂ Hydrogeology 1.577 0.290 5.432 0.000* 0.000* 6.119
; F statistic: F(4,15) = 12.088* Wald Statistic = 938.441%*
> R?>=0.763 Koenker (BP) Statistic = 5.806
Adj R?=10.700 Jarque-Bera Statistic = 4.460
AlCc=41.858 Moran’s Index = 0.086

Continues on the next page
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Standard

Robust

Factor Coefficient T-test Probability o VIF
Error probability
Intercept -0.087 0.101 -0.858 0.395 0.358 -—--
~ Hydrography -0.308 0.128 -2.408 0.020%* 0.128 2.805
O Landuse 0.346 0.086 4.044 0.000* 0.000* 1.969
£  Soil type -0.361 0.134 -2.697 0.009* 0.098 2.501
80 Hydrogeology 0.605 0.088 6.839 0.000* 0.000* 1.277
; F statistic: F(4,47) =25.020* Wald Statistic = 98.478*
= R?=10.680 Koenker (BP) Statistic = 4.242
Adj R?=0.653 Jarque-Bera Statistic =4.970
AlCc =98.105 Moran’s Index = - 0.041
Factor Coefficient Standard T-test Probability Robu.s t VIF
Error probability
Intercept -0.747 0.136 -5.490 0.000%* 0.000%* -
- Rainfall -0.256 0.150 -1.713 0.096 0.009* 1.039
O  Elevation 0.396 0.153 2.579 0.015%* 0.012%* 1.044
S Stormwater 0.255 0.078 3273 0.003*  0.000%  1.025
%  drainage
E F statistic: F(3,32) =7.178%* Wald Statistic = 17.531*
> R?=0.402 Koenker (BP) Statistic = 28.269*
Adj R?=0.346 Jarque-Bera Statistic = 0.891
AlCc = 68.637 Moran’s Index = - 0.047

VIF = Variance Inflation Factor (value >7.5 indicate redundancy among factors); N¢;= 20; Nc,= 52; Nes= 36;
R?=Multiple R-Squared; Adj R?= Adjusted R-Squared; AICc = Akaike Information Criterion; *p<0.05
Source: Caprario et al. (2021a).

We develop three analytical models of the spatial distributions of coastal flooding

after the regression analysis. The developed modelling equations for the C1, C2, and C3 sub-

regions are in Equations (3), (4), and (5), respectively.

MEIC; = 0.119+0.885S5 + 0.447R +1.302H + 1.577 G

MEICq, = —0.087 — 0.308 H + 0.346 L — 0.361 0 + 0.605 G

MEICc; = —0.747 — 0.256 R + 0.396 E + 0.255 D

3)

“4)

)

where MEIC represents the Spatial Coastal-Flooding Model, S (cm) represents the sea level, R

(mm) represents the rainfall, H represents the hydrography, G represents Hydrogeology, L

represents the land use, O represents the soil type, £ (m) represents the elevation, and D

represents the stormwater drainage.
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These equations do not produce the absolute values of the occurrence of coastal
flooding but denote the closed or near approximated to the real value. The significance of
coefficients represents the best optimization of value that can be estimated (JUMAAH et al.,
2019). Among the 10 factors considered, 8 were able to explain the flooding that occurred in
the sub-regions. Being excluded by the regression models are the Groundwater level and
Slope factors. The factors maintained by the regression models were provided by different
combinations, with only one constant of the hydrological type variables in all sub-regions.

The MEIC¢; performed well in the spatial modelling of coastal flooding events for
the sub-region CI1, explaining 76% of the occurrences (R? = 0.763) with the best
approximation to reality (AICc = 41.858) among all models built. The VIF of these factors
was relatively low, ranging from 3.967 to 6.119, which indicates no significant multi-
collinearity. Additionally, the explanatory variable were all statistically significant (p <0.05).
The model also ensured stationarity (Koenker = 5.806), normality (Jarque-Bera = 4.460), and
spatial randomness of residues (Moran's I = 0.086), demonstrating that it is adequate to
explain the relationships between the number of floods and the influencing factors.

The results suggest that the sub-region C1 is mainly affected by variables of the
hydrological and geological type. The flooding events come from sea level rise, high rainfall
levels, local hydrography, and porous bedrock (unconsolidated sedimentary aquifer). Despite
the high permeability of the rocky basement, it has low soil depth (0 — 4 m) and is considered
an aquifer recharge area with several outcrop points. It should be cognizant that this sub-
region localizes between the massifs under the influence of the largest mangrove in the region
(Rio Tavares) and faces increasing pressure from urbanization, with disorderly expansion and
irregular occupation of environmental preservation areas. It is noteworthy that this area is
home to a lower-income population, being inland, with no scenic attractions, close to the
Floriandpolis International Airport, and access highway to the southern sector of the island
(IDOM-COBRAPE, 2015Db).

A coastal flooding study conducted in the municipality indicates that between 1.4
and 1.6 km? of urbanized coastal areas lie within the flooding level of 1 m by the end of the
century, most of which by residential development occupation(IDOM-COBRAPE, 2015a).
The study also estimates that, among the flooded zones in this scenario, are some areas
recognized for their high ecological and scenic value, such as mangroves, lagoons, and
sandbanks. A similar coastal flooding study conducted in the Santos Bay - SP, showed a loss

of 26.3% of the riparian zone of existing mangroves was identified until 2100, corresponding
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to 27.4 km? (ALFREDINI; ARASAKI, 2018). According to the authors, without this retention
area, a larger amount of sediment will be carried to the inner nautical areas of Santos Port,
silting and increasing the dredging volumes of maintenance. Thus, the relevance of
mangroves 1s highlighted as an ecosystem based solution for climate resilience of coastal
cities, constituting the first barrier to rising sea levels. They help to ameliorate the coastal
erosion and the impact of extreme events.

The model constructed for the sub-region C1 still indicates the prioritization of
investments for retention and temporary storage of runoff. Implementation of detention
basins, linear parks and multifunctional civic spaces is indicated, providing amenity benefits
while delivering runoff flow attenuation and biodiversity benefits. Coastal engineering
constructions that protect the region from advancing sea levels, such as storm surge barriers or
tide gates, are also indicated. Those coastal defence measures are often chosen as an
alternative to close off estuaries, and it establishes at various locations around the world, for
example, The Netherlands, New Orleans, Singapore, St. Petersburg, Venice (JONKMAN et
al., 2013; MOOYAART; JONKMAN, 2017).

The MEICc; performed well in the spatial modelling of coastal flooding events for
the sub-region C2, explaining 68% of the occurrences (R? = 0.680) with good approximation
to reality (AICc = 98.105). The VIF of these factors was low, ranging from 1.277 to 2.805,
which indicates no significant multi-collinearity. Additionally, the explanatory variable were
all statistically significant (p <0.05). The model also ensured stationarity (Koenker = 4.242),
normality (Jarque-Bera = 4.970), and spatial randomness of residues (Moran's I = -0.041),
demonstrating that it is adequate to explain the relationships between the number of floods
and the influencing factors.

Hydrological, geological, and artificial variables affect the sub-region C2. The
absence of local hydrography impacts the flooding in this sub-region. The geological
constitution of the soil presents a predominance of sandy texture (Arenosol). Flooding in this
region relates to some areas with a predominance of fractured crystalline bedrock and
increasing impervious surfaces by urbanization. The porosity and permeability of bedrock
may influence potential flooding. Highly porous rocks aid the rain infiltration, reducing
flooding potential, whereas the opposite is with lesser porosity, compact, and impermeable
bedrock (NANDI et al., 2016). A highlight is that this sub-region presents lowlands with an
elevation between 0 and 4 m above sea level, flat slope (0-3%), and predominantly urbanized

with some builds on mangrove areas. Approximately 76% of the municipal population
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estimated for the year 2020 resides in sub-region C2. In the central sector, 275,288 inhabitants
are concentrated on a densely urbanized agglomeration, while in the northern sector, 102,721
inhabitants are distributed in small agglomerates (IDOM-COBRAPE, 2015b). Although most
of the population resides in this sub-region, the flooding severity is still associated with the
occupation of risk areas close to mangroves. According to IDOM-COBRAPE (2015a), the
main highways in the region are susceptible to flooding resulting from return periods of 10 to
25 years due to its proximity to water resources and mangroves. Thus, the model constructed
for the sub-region C2 indicates the need to prioritize investments aimed at the storage and
infiltration of runoff (e.g., compensatory techniques) and control of local increase of
impervious rates. Infiltration swale and wells, rain gardens, green roofs, and permeable
paving implementations are indicated to overflow management. However, urban
compensatory techniques always take a form that responds to the location, character, drivers,
and opportunities associated with the site.

Finally, MEICc; showed poor performance in the spatial modelling of coastal
flooding events for the sub-region C3, explaining only 40% of the occurrences (R? = 0.402)
with good approximation to reality (AICc = 68.637). The VIF of these factors was deep low,
ranging from 1.025 to 1.044, which indicates no significant multi-collinearity. Additionally,
the explanatory variable were all statistically significant (p <0.05). The model ensured
normality (Jarque-Bera = 4.970) and spatial randomness of residues (Moran's I = -0.041);
however, it failed in stationarity (Koenker = 28.269), not ensure the consistency of
relationships in space.

In sub-region C3, topographical variables replace geological variables. Flooding
events in this sub-region are negatively impacted by the low elevation of the terrain and poor
coverage of the stormwater drainage system. In addition, the low local precipitation decreases
the flooding that occurs in the region, positively impacting the model. Approximately 16% of
the municipal population (77,969 inhabitants) estimated for the year 2020 resides in sub-
region C3. Despite the low population density and lower level of consolidation, the region has
a permanent resident population with predominance of single-family houses, consuming large
urban areas (IDOM-COBRAPE, 2015b). According to Caprario and Finotti (2019), the sub-
region C3 faces increasing pressure from urbanization, with disorderly expansion and low
coverage (only 13%) of an undersized drainage network system characterized as an absolute
separator. The model of this region indicates the need to prioritize investment for a

stormwater drainage system implementation. It is noteworthy that due to the low terrain
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elevation and the superficiality of the groundwater level, this region has many areas of
recharge and the outcrop of the aquifer. Storm surge and erosion are constantly observed in
the region and require careful coastal planning.

The low performance of the MEICc; model suggests the need for more
environmental and artificial variables considered detailed analysis. One of the hypotheses is a
subsidence process in this sub-region, considering the constant groundwater extraction by the

local water supply company and the local community itself.

2.4 CONCLUSIONS

We highlight in this paper a strategy based on socio-hydrological principles, which
considers the population as a decisive part of the system, contributing to the observation,
understanding, and dissemination of phenomena in the places where the people live. We
emphasize that hydrology can be improved by reconstructing and studying the past,
complementing temporal and spatial analyses through human databases (social sphere),
bringing essential contributions where the conventional system has failed.

The results highlight the potential of the proposed strategy to spatially modelling
flooding in coastal areas using information available in free and easily accessible online
databases. The first results are promising and show that the MEIC strategy can be a
statistically robust and effective tool for city planning. In addition, the combination of
statistical techniques and geospatial analysis has demonstrated the good capacity to explain
the spatial distribution of the flooding points and their relationship with the characteristics of
each location.

With 10 available explanatory factors, the best MEIC model can explain 76% of the
distribution of flooding events, with an AICc of 41.858. The worst performance of the MEIC
model can still explain 40% of the flooding events, showing significant spatial autocorrelation
in the residues, which reveals both the complexity of coastal flooding and the limitations of
the strategy. The novelty and discovery of our study are that relationships between
environmental and artificial variables and flooding are not homogeneous.

In addition to the primary function of the MEIC strategy, analyses of the distribution
of classes for each influencing factor within their sub-regions provide valuable information.
However, it is important to stress that the spatial data sets may be subject to an error that may

affect the final quality of the results. In the case of higher quality input data unavailability (for
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example, increased accuracy and spatial resolution), influencing factors data improvement is
possible when including validation in loco of the information.

For future studies, research efforts could focus on including other influencing factors
(e.g., the process of local subsidence and coastal erosion), taking further advantage of the
versatility of strategy. The replacement of the influencing factors of land use and soil type by
the Curve Number (CN) parameter can be an option to include the processes of surface runoff
and water storage capacity in the soil. In addition, other values of absolute loadings can
restrict the flooding influence factors, for example, the consideration of only factors with
correlation loadings above 0.75 in each PC. Another characteristic to be considered for a
better performance of the strategy would be to include the accumulated precipitation of two to

five days in advance, thus integrating the soil moisture conditions.
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3 FRAMEWORK FOR INCORPORATING CLIMATE PROJECTIONS IN THE
INTEGRATED PLANNING AND MANAGEMENT OF URBAN
INFRASTRUCTURE

Referéncia: CAPRARIO, Jakcemara; TASCA, Fabiane Andressa; SANTANA, Paula
Lidia; AZEVEDO, Larissa Thaind Schmitt; FINOTTI, Alexandra Rodrigues.
Framework for incorporating climate projections in the integrated planning and
management of urban infrastructure. Urban Climate, v.41, p. 101060, jan. 2022.

http://dx.doi.org/10.1016/j.uclim.2021.101060.

A projecao das mudangas climaticas na fase de design do planejamento urbano
permite capacitagdo para a adaptagdo urbana e evita custos economicos futuros. Muitas
comunidades costeiras ainda mantém respostas reativas de adaptagao devido a falta de
conhecimento sobre: Como integrar as projecdes climaticas nos processos de
planejamento de resiliéncia das cidades? Como escolher um modelo climéatico global
para reduzir as projecdes climaticas para escalas locais? Existe diferenca significativa
entre os cenarios de emissdo a curto (2010-2039), médio (2040-2069) e longo prazo
(2070-2100) para as diferentes variaveis climaticas locais? E possivel definir opgdes e
estratégias de adaptacdo ao clima considerando as limitagdes das cidades litoraneas dos
paises em desenvolvimento? Nesse sentido, o objetivo deste estudo foi desenvolver uma
estrutura de modelagem para orientar a incorporacdo de projecdes climdticas no
planejamento e gestdo integrada de areas costeiras. O objetivo foi alcancado por meio
do desenvolvimento de 04 modulos independentes, combinando técnicas de
downscaling estatistico com base em um gerador meteoroldgico estocédstico e
modelagem geoespacial de zonas costeiras de baixa elevacdo. A estrutura foi testada na
cidade litoranea de Florianopolis. Os resultados deste estudo revelaram o seguinte:

e Apenas 2 dos 6 GCMs (HadCM3 e MPEHS) previram tendéncias
consistentes na precipitacao anual para ambos os cendrios de emissao,
portanto, considerados apropriados para a representagdo do clima local
futuro.

e Nao foi identificada diferenca significativa entre os cendrios de
emissdes de curto e médio prazo, para proje¢des de precipitacdo e
vazdo de pico de escoamento. No entanto, as proje¢des de chuvas

extremas apresentam diferencas de até 21% entre a série historica e a
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projecao de longo prazo.

e Exceto para o horizonte de proje¢ao de curto prazo com periodo de
retorno de 50 anos, todos os periodos de retorno e duragdes de chuva
preveem um aumento na intensidade maxima da precipitacao.

e Para a projecdo do nivel do mar, ndo foram observadas diferencas
estatisticamente significativas nas extensdes das areas inundadas, no
médio e longo prazo, por ambos os cendrios de emissdes. A extensao
das areas alagadas induzidas pelo pior cenario até o final do século
chegard a 10% da area total municipal, sendo estas localizadas
principalmente ao redor de deltas de rios e planicies costeiras de baixa
altitude.

e O sistema de dunas permanecera ativo e preservado. No entanto, com
uma elevagao do nivel do mar de 1.53+0.15 m até o final do século, a
extensdo das inundagdes cobrird 5.88 km? de éareas ecologicamente
sensiveis, sendo a maioria manguezais, praias e restingas. Destaca-se a
importancia de preservacdo dos manguezais, constituindo este a
primeira barreira a elevagao do nivel do mar nas areas costeiras.

e Para a infraestrutura construida, apenas 4% das &reas costeiras
urbanizadas estdo dentro do nivel de inundacdo de 90 anos, sendo a
maioria ocupada por empreendimentos residenciais. Para projetos de
grande porte, € perceptivel a inundagdo da area superficial da principal
estacdo de tratamento de efluentes do municipio ainda no primeiro
horizonte de projegdo (2010-2039). Estradas e rodovias terdo
aproximadamente 5% da drea atual inundada, dificultando e até
impedindo a mobilidade e o acesso a algumas regides importantes da

cidade.

3.1 INTRODUCTION?

Global climate changes are caused by the increase in the Earth's average
temperature due to human activities. According to the Intergovernmental Panel on

Climate Change (IPCC, 2014), an increase of 2°C in the average temperature of the

* This Chapter was adapted from Caprario et al. (2022).
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Earth appears to be inevitable over the coming years, even if all of the actions to reduce
emissions and capture the carbon come to fruition. It can result in sea level rise (18-59
cm), increasing the frequency of extreme events such as heavy rainfall, heat waves, high
winds and hurricanes, storm tides and severe droughts, whose impacts have catastrophic
consequences for the ecosystems and mankind. It has become the main threat to which
modern society is exposed, especially in coastal areas.

In coastal areas, population densities are higher, centres are low elevation, and
landscape and oceanic alteration act in combination, affecting the environments by
different natural hazards. Besides, these areas also contain much of the world’s
biodiversity, which could be lost with unprecedented consequences. The effects
combined of sea-level rise, subsidence, population growth and urbanisation could
aggravate the situation (AKBARPOUR; NIKSOKHAN, 2018; PASQUIER ef al., 2019)
increasing more than threefold total population and ecosystems that will be exposed
until the 2070s (HANSON et al., 2011). Hanson et al. (2011) esteem that 40 million
people are affected annually for some extreme event caused by climate change in
coastal zones, leaving at least US$3,000 billion in financial assets.

Despite this, the mitigation of, and adaptation to the effects of global climate
change are now the greatest challenges for humanity. Financial impediments and
prioritization of investments in essential services are the main barriers to undertaking
adaptive measures in these cities (ADDANEY; COBBINAH, 2019). In addition, the
ability to implement urban adaptation measures is greatly affected by administrative
routines and practices, and climate change issues are still centred in environmental
departments (GIULIO et al., 2019), limiting decision-making. Because of all these,
planned adaptation measures still concentrate on current hazard impacts rather than
taking into account projected climate change. This is mainly due to the lack of
monitoring and the scarcity of continuous and reliable historical records of climate
variables (OGIE et al., 2020), affecting the capacity of local governments to design and
implement effective adaptation measures. It is more difficult to manage plans for
adaptation to and mitigation of their effects, due to the inability to forecast them
precisely. It must be stated that the real effects of global change will be felt by people at
the local level and local governments must prepare for the new scenarios.

To circumvent these limitations, simplified frameworks that guide managers in
the process of incorporating observed and projected future climate trends into urban

planning has been developed. It also avoids future costs with retrofitting and mitigates
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the effects of disaster, allowing the reallocation of financial resources to other essential
services. There are different frameworks proposed in the literature. Chan et al. (1999)
proposed a framework for an integrated assessment of the impacts of climate change on
infectious diseases. Jones (2001) developed a framework to assess biophysical and
socio-economic climate impacts on individual exposure units identified as potentially
vulnerable to climate change. Grasso (2007) proposed an ethical framework for climate
mitigation and adaptation strategies through the use of four domains of international
distributive justice and the consequent criteria of equity. Fiissel (2007) developed a
conceptual framework of vulnerability to climate change that combines a nomenclature
for describing any vulnerable situation in terms of the vulnerable system, the hazard(s)
of concern, the attribute(s) of concern, and a terminology for vulnerability concepts
based on the vulnerability factors included. This conceptual framework allows to
concisely describing any vulnerability concept in the literature as well as the differences
between alternative concepts. Kriegler et al. (2014) presented a framework based on the
concept of shared climate policy assumptions. It allows the variety of alternative
socioeconomic evolutionary paths to be coupled with the library of climate model
simulations. O’Neill et al. (2014) proposed a framework that envisions combining
pathways of future radiative forcing and their associated climate changes with
alternative pathways of socio-economic development. Van Vuuren et al. (2014)
developed a framework that considers the level of radiative forcing of the climate
system (as characterised by the representative concentration pathways) and a set of
alternative plausible trajectories of future global development (described as shared
socio-economic pathways). Forino et al. (2015) developed a Conceptual Governance
Framework for Climate change adaptation and disaster risk reduction, which includes
various configurations of state, market, and social actors, and includes bridging
arrangements between them. Few studies have considered the development of
frameworks that guide the process of incorporating precipitation projections into the
design of resilient cities (e.g., HAYHOE et al., 2015; SHASTRI et al., 2019). However,
frameworks to guide the incorporation of both precipitation and sea level projections in
the integrated planning and management of coastal areas have not been evidenced.

To design a framework based on climate projections, Global climate models
(GCMs) are needed. GCMs are appropriate tools to simulate changes in atmospheric
circulation and understand what climate might look like in the future (BIRARA ef al.,

2020). GCMs use emission scenarios, population projections, technology, and energy
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supply as inputs (HAYHOE et al., 2015). However, the GCMs are coarse resolution and
can hardly be applied directly to studies on local and regional scales, requiring the use
of dynamic and/or statistical downscaling approaches (TOFIQ; GUVEN, 2014). In
dynamic downscaling, regional climate models (RCM) are nested within the GCMs to
downscale climatic projections, making complex design and computationally expensive
(BIRARA et al., 2020). In contrast, in statistical downscaling, a statistical relationship is
established between local historical observations (predictand) and large-scale climate
model simulations (predictor), making it faster and simpler in use, and less
computationally expensive (BIRARA et al., 2020). So, the statistical downscaling
method has become a wide applicability worldwide tool used for obtaining future local
scenarios (BIRARA et al., 2020), covering the most diverse research areas. Some
studies have analysed superficial and underground recharge flows (e.g., OLSSON et al.,
2017; TARIKU; GAN, 2018). Others have evaluated the hydraulic resilience of
stormwater systems (e.g., BINESH et al, 2019; DURAND et al., 2018), or the
management of watersheds (e.g., BIRARA et al., 2020). Others still have considered the
application of statistical downscaling in the field of flooding management and control
(e.g., LIU et al., 2018).

Considering climate change impacts by including projections in spatial
planning increases the adaptive capacity of a country, as it allows managers to
effectively plan all urban infrastructures. However, many coastal communities still keep
reactive adaptation responses due to a lack of knowledge about how to incorporate this
information in planning. Studies from 2002 to 2017, relating the anticipation of future
scenarios associated with climate change were analysed by Ferro-Azcona et al. (2019).
From 192 papers only 19.27% incorporated the set of projections formulated by the
IPCC. Combining planning horizons and climate change scenarios is a complex issue
for urban managers, particularly the challenge of translating climate projections into
parameters needed for planning infrastructure (GIULIO et al., 2019). Hence, brings into
question: How to integrate the climate projections into resilience planning processes of
cities? How to choose a GCM for downscaling climate projections on local scales? Is
there a significant difference in the short, medium and long-term between the emission
scenarios for the different local climatic variables? Is it possible to define climate
adaptation options and strategies considering the limitations of coastal cities in

developing countries?
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To answer the questions bypassing the identified limitations, this paper
developed a modelling framework to guide the incorporation of climate projections in
the integrated planning and management of coastal areas. The framework was designed
in independent modules, combining statistical downscaling techniques based on a
stochastic weather generator and geospatial modelling of Low Elevation Coastal Zones
(LECZ). The independence of the modules allows the application of the framework in
any region of the world. It also allows incorporating more easily the evolution of model
representation of this new field study that is expected to come. In addition, the
framework contributes to increasing studies that incorporate climate projections, using
data obtained from free and easily accessible local databases, and simple geoprocessing
and downscaling tools. The framework was applied in an important city on the Brazilian
coast, where high environmental vulnerabilities are observed, mainly concerning
mangroves, lagoon and inland lakes, and constant flooding caused by extreme rainfall
and tidal conditions, representing the reality of most coastal developing countries. The
derived preliminary information from this study can be used as a baseline for future
research and planning efforts, providing insights helpful about the nature of

vulnerabilities in local contexts.

3.2 METHODOLOGY

The proposed framework consists of four modules: (1) statistical downscaling
for rainfall projections, (2) Intensity-Duration-Frequency (IDF) relationships for
assessing impacts on the stormwater design, (3) definition of annual reference rates for
sea level projections and (4) geospatial modelling and overlapping data for analysis of
environmental and infrastructure susceptibility. Figure 8 presents a general schematic

diagram of the methodology for incorporating climate projections.
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Figure 8 — Schematic diagram for an overview of the developed methodology. The grey
boxes correspond to the input data and the numbered white boxes correspond to the
different steps within each module. See text for details.
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3.2.1 Rainfall projections: Module 1 — statistical downscaling

This module consists of the production of future synthetic precipitation series
derived from observed local daily climatic information and statistical downscaling of
GCMs. A stochastic Weather Generator (WG), denominate Long Ashton Research
Station - Weather Generator (LARS-WG) version 5.0 was used to construct 90-year
daily climate scenarios. LARS-WG produces synthetic daily time series of maximum
and minimum temperatures, precipitation and solar radiation using daily data monitored
to compute a set of parameters for probability distributions and correlations between the
weather variables (SEMENOV; STRATONOVITCH, 2010). LARS-WG can simulate
based on a single year of daily data. However, a longer observed data record may help
capture infrequency climate events such as droughts. The process of generating

synthetic daily time series is divided into four distinct steps.
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The first step corresponds to the quality control and preparation of local
climate files. Local daily historical series of maximum and minimum temperature and
precipitation were checked for quality and homogeneity. This process is necessary to
detect artificial change-points due to the typos, missing or duplicate data and outliers,
besides minimizing bias in climate trends (CHISANGA et al., 2017). All quality control
and homogeneity tests were performed using the ClimPACT2 and RHTest software.
More detailed information on how to use this software can be obtained from Chisanga
et al. (2017). After quality control, two files were prepared for input data in the
stochastic generator. The first file (.st) contains station location information (station
name, latitude, longitude and elevation for the site) and presentation of data (name of
the file containing the observed weather data and the format of the data in the file). The
second file (.dat) containing the observed local historical series, without headers,
separated by spaces or tabs, in the following order: year (four digits), Julian day (i.e.,
from 1 to 365 or 366), minimum temperature (°C), maximum temperature (°C),
precipitation (mm) and solar radiation (MJ/m?.day). Missing data were coded with a
value of -99.0.

The second step is model calibration, where the observed dataset is analysed
statistically. Statistical parameters such as monthly totals, standard deviation and
wet/dry spell lengths were computed, to generate synthetic data with the same
characteristics. The annual cycle of temperature is described using sine and cosine
curves (Fourier series).

In the third step, the ability of the weather generator to reproduce the statistical
parameters of observed data in synthetic series was checked. This process is
denominated model validation. The stochastic component of LARS-WG is controlled
by a random-number seed that reproduces the statistical parameters in the synthetic
series. There is six pre-set random seeds value (541, 1223, 1987, 2741, 3571 and 4409).
Each random seed generates a weather time series with the same statistical characteristic
of the observed series, but different on a day-to-day basis. To choose the seed with the
best performance in reproducing the observed statistical parameters, six synthetic series
of 100 years were generated one for each random seed. The performance of each
random seed was evaluated by comparing the probability distributions for the synthetic
and observed data using the mean bias error (MBE) and Chi-square goodness-of-fit test
(x?), and the means and standard deviations using the t-test and F-test, respectively. All

of the tests calculate a p-value, which is used to accept or reject the hypotheses that the
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two sets of data (observed and generated for each seed) could belong to the same
distribution. A p-value of 0.05 was used as the acceptable significance limit of the
model. An MBE value close to zero and a very high p-value (corresponding low y?and t
value) means the simulated climate is likely to be the same as the observed climate;
hence must be accepted. More detailed information on how to assessment of the weather
generator performance in reproducing the statistical parameters by random seeds can be
obtained from Osman et al. (2014).

Finally, in the fourth step, future climatic series were downscaled from the
large predictor variables of HadCM3, GFCM21, INCM4, IPCM4, MPEHS5 and
NCCCSM GCMs for the period 2010-2099. Two extreme and opposite climate
scenarios of greenhouse gas (GHG) emissions proposed in the Fourth Assessment
Report (AR4) by IPCC (2007) were adopted: a sustainable world with stringent
mitigation scenario (B1: Optimistic) and a heterogeneous world with very high emission
scenario (A2: Pessimistic). For each emission scenario, three future horizons were
created: 2010-2039 (FC1: Near Future Climate), 2040-2069 (FC2: Intermediate Future
Climate) and 2070-2099 (FC3: Distant Future Climate). The GCMs used in this study
were chosen because they are contained in the LARS stochastic generator and present
both the B1 and A2 emission scenarios. Detailed descriptions of the LARS-WG

statistical base can be found in Semenov and Stratonovitch (2010).

3.2.2 Rainfall projections: Module 2 — IDF relationships

The purpose of this module is to assess the impacts of the future climatic series
of precipitation on the planning and designing of stormwater projects. Quantification of
rainfall is generally done using IDF curves, estimating reliable rainfall intensities for
different durations and recurrence intervals. Therefore, to assess the impacts of climate
change on the design storms for a typical urban area, IDF curves were generated for
each future horizon and emission scenario of the six GCMs chosen. The IDF curves
construction process can be summarized into four steps (SUN et al., 2019):

(1) Extract the extreme rainfall intensities through annual maximum
analysis;

(2) Fit the extreme rainfall intensity time series to a theoretical distribution
function (e.g., Extreme Value Type I - Gumbel, General Extreme value

- GEV, Weibull, Normal, Log-normal, Pearson Type III or Log-
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Pearson Type III);

(3) Calculate the rainfall intensity, for each duration (from 60 minutes to
1440 minutes) and return period (2, 5, 10, 25, 50, 100 and 500 years),
based on the selected distribution function; and

(4) Construct the IDF curves following the empirical formula (e.g.,
Bernard, Kimijima, Sherman or Talbot) through regression or
optimization techniques of the coefficients.

The Gumbel theoretical distribution function was adopted in calculating the
frequency factor and determining the design rainfall. The Brasilian method that relates
rainfall of different durations (RRDD method) was used to convert and disaggregate
daily rainfall into shorter durations. The disaggregation coefficients used were
established by the Environmental Company of the State of Sdo Paulo - CETESB (1980).
Rain disaggregation into sub-hourly durations was not performed, to preserve the
statistical characteristics of the precipitation series and avoid adding uncertainties in the
determination of IDF relationships. The rainfall intensity-duration relationship was

described by the general form of Bernard equation:

) ATk
LT arey ©)

where i is the rainfall intensity (mm/h), d is the duration (min), T is the return period
(years), and A, k, 6, and n are the coefficients that characterize the equation for a given
location .

The Solver utility function in Excel was used for solving and optimizing the
coefficients of the empirical formula. The coefficients were determined based on the
minimum of Root Mean Square Error (RMSE), between the IDF relationships produced
by the frequency analysis and that simulated by the Bernard equation. As restrictions,
all coefficients must be positive values and 0 <17 < 1. A Generalized Reduced Gradient
(GRG) nonlinear solver was employed to obtain the optimum values. The estimated
coefficients were assessed using the coefficient of determination (R?). The RMSE is

given by:

RMSE — ’Z(iobsl;iest)z (7)



68

where i, 1s observed intensity produced by the frequency analysis, i,s; 1s estimated
intensity by Bernard equation, and N is the number of data to process. More detailed
information on how to construct the IDF curves and establish the coefficients of the
empirical formula can be obtained from Sun ef al. (2019).

For illustration, the impact of the projected climate change scenarios on the
peak rate of runoff for a small urban area of 18 hectares with an imperviousness value
of 75% was determined. A drainage length of 2 km and a fixed slope of 1% have been
restricted to the basin since it represents a typical condition for urban watersheds
(NGUYEN et al., 2010). The Rational method was used to predict the peak runoff for
the return period (2-year, 5-year, 10-year and 50-year) of the observed series and

climate series projected by GCMs. The Rational method is given by:

0= ®)

where Q is the maximum rate of runoff (m?3/s), C is a runoff coefficient (dimensionless),
i 1s the rainfall intensity (mm/h), A is the drainage area (ha) and Z is conversion factor
(360 for m?/s).

Possible feedbacks from the changing pattern of urbanization were not
included, assuming that present conditions will remain identical for the next 90 years.
The projections, therefore, remain incomplete without considering the impacts of future

urban growth. Failing to consider this feedback is a significant limitation of this module.
3.2.3 Sea level projections: Module 3 — Definition of reference rates

Sea level projections were created assuming that sea level rise (SLR) occurs
gradually at a constant rate each year. This was adopted due to most developing
countries have short sea level measurement periods. Two benchmark rates for annual
sea level rise were calculated based on the highest values of the range proposed in the
Fifth Assessment Report (ARS) of the IPCC (2014) for the stringent mitigation scenario
(RCP2.6: Optimistic) and very high emission scenario (RCP8.5: Pessimistic). These
likely ranges are 0.26 to 0.55 m (RCP2.6) and 0.52 to 0.98 m (RCP8.5). Unlike module

1, the projections for ARS were adopted in this module, as it has higher elevation rates,
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corrected by the significant improvement in the modelling and interaction processes
between glaciers and continents (IPCC, 2014). To calculate the benchmark rates, as in
module 1, a total projection horizon of 90 years (2010-2099) was considered. Annual

benchmark rates were derived by:
ABR = mex 9)

where ABR (m/year) is the annual benchmark rate for each emission scenario, V4, (m)
is the highest value of the elevation range proposed by IPCC and h (years) is the
number of years of the total projection horizon.

Sea level rise was calculated for each projection future horizon (FC1, FC2 and
FC3), multiplying the benchmark rate of each emission scenarios by the total number of
years elapsed since the base year (2010). The total elevation values calculated refer to
the official Vertical Datum of the country, being necessary the correction for the local
sea level Datum adding in all future horizons the local average value of the monitored
sea level. If there is no local monitoring, the values can be considered without
correction. In this case, greater uncertainties in the projections should be considered. In
this framework, medium confidence limits of 10 to 90% were considered in the
projections of sea level increase, as established by the IPCC (2014).

Possible changes in the frequency or intensity of storms, as well as changes in
coastal geomorphology due to erosion, sediment accumulation or land subsidence, were
not included, assuming that present conditions will persist. The inclusion of these
dynamic processes would add complexity to the study due it is not well-known

worldwide. Failing to consider these processes is a significant limitation of this module.
3.2.4 Sea level projections: Module 4 — Geospatial modelling

The purpose of this module is to provide managers with a preliminary view of
sea level rise impacts on coastal ecosystems and infrastructure. First, SLR projections
were applied the above to a Digital Terrain Model (DTM) to illustrate spatially the
extent to which low elevation coastal zones (LECZ) are vulnerable in each emission
scenario and future horizon. The digital terrain model was created from vector

hypsographic, hydrographic and shoreline data.



70

Second, the continuous areas potentially subject to SLR for each projection
future horizon were obtained using a geospatial modelling algorithm that performs
iterative Cell-by-Cell analysis of the MDT. This algorithm selects and extracts all cells
with terrain elevation values less than or equal to the reference value defined. Data
means for each future horizon in each emission scenario were compared by Student’s t-
test for two independent samples, both at 0.05 significance level.

Third, the potentially impacted areas, ecologically sensitive areas spatial data
(such as mangroves, dunes, sandbanks and groundwater zoning) and built infrastructure
data (such as edification, roads and highways) were overlapped. Finally, the potential
impact that SLR can have on the susceptible ecosystem and urban infrastructure was
analysed by looking at the intersection of the overlapping layers.

Data and maps provided can be used to support decision-making, helping to
assess trends and prioritize actions for different scenarios. Being able to visualize
potential impact from SLR is a powerful management and planning tool for coastal
communities. All geospatial data analyses and overlapping were performed with ESRI

ArcGIS Desktop™ software.

3.3 FRAMEWORK APPLICATION: A CASE STUDY

The framework was applied to the Floriandpolis City, on the East Coast of
Santa Catarina State, in the southern region of Brazil. This State presents the greatest
threats from global warming. The first hurricane observed in the South Atlantic
happened within its boundaries, in 2004. Also, the State of Santa Catarina has
experienced heavy rains for the last years. Florianopolis, the capital of this State, is
characterized through its diversity of ecosystems, rich in beaches, lagoons, lakes, dunes,
sandbanks, marshes, and mangroves (CAPRARIO et al., 2019). The region is famous
for its natural beauty and paradisiac beaches.

The city extends over an area of 432 km? surrounded by the Atlantic Ocean,
with the island portion corresponding to 97% of the territory. Florianopolis ranks as 2nd
most populous municipally in the State (500,000 inhabitants), and the 21st largest
metropolitan region in Brazil. Floriandpolis faces many problems similar to other
developing countries: deficient sea level observation data, absence of continuous and
reliable historical records along the coast, and limited financial resources. There is a

perception between managers that the risk of local damage is real. However, adaptation
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measures still concentrate on current hazard impacts rather than taking into account
projected climate change.

Floriandpolis largely benefits from precipitation driven by orographic factors,
where the indexes are highly variables (from 1100 to 2700 mm/year) and more intense
during the summer. The large sedimentary plains and favourable rainfall conditions
make the city prone to constant pluvial, rivers and coastal flooding. The municipality
still stands out due to its excellent underground water potential, contributing part of the
municipality's public water supply. However, the presence of shallow free aquifers (e.g.,
Campeche and Ingleses Aquifers) close to mangrove swamps and a complex estuarine
system subject to tides, give high environmental vulnerability to the coastal system.

Florianopolis adopts some strategies for sustainable drainage, including
compensatory techniques for storage and infiltration, for example, infiltration wells and
ditches, trenches and rain gardens. However, these structures are implemented without
technical criteria of design and suitability, being only occasional solutions to current
problems. It should be noted that the municipality does not have a master plan and
technical records of the drainage system and stormwater management, and it is unaware
of the coverage and status of the infrastructure implemented in the field. In 2015, the
municipality prepared an Action Plan, nominated Sustainable Floriandpolis, which
presents solutions to routine problems in the approaches of Land Use, Territorial
Planning, Integrated Management of Basic Sanitation, Vulnerability to disasters and
Climate Change, among others (IBAM-PMF, 2015). Although it includes population
projections, urban occupation and sea level rise, this plan does not define practices,
tools or even future horizons to be considered. In the same year, the municipality
established by Decree No. 14,942 of July 21, 2015 (FLORIANOPOLIS, 2015) a Special
Commission to propose measures linked to drainage and stormwater management and
subsidize the preparation of the drainage master plan. This commission is composed of
members of the Municipal Executive Branch and members of the academic community
of the Federal University of Santa Catarina - UFSC. As an initial milestone of this
partnership, a Participatory diagnosis of urban drainage in Floriandpolis was published
in 2019, which presents the drainage problems and possible cause-effect relationships
identified in each of the regions of the municipality (DREMAP, 2019).

In the State context, despite the improvement of public policies regarding
climate change and disaster management, there is also no definition of specific planning

tools. In Santa Catarina, with Law No. 14,829 of August 11 of 2009, the State Policy on
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Climate Change and Sustainable Development was approved, providing only for the
fostering of public and private initiatives that contribute to the achievement of the
stabilization of greenhouse gas concentrations (SANTA CATARINA, 2009). In 2012,
the State government completed the Inventory of Greenhouse Gas Emissions of the
Direct and Indirect Public Administration, taking the first step towards low carbon
emission management. On the national level, with Ordinance No. 150 of May 10 of
2016, the National Plan for Adaptation to Climate Change was instituted, which defines
adaptation strategies for eleven sectors listed as potentially vulnerable to climate change
and priorities for the development of the country. However, the plan only discusses the
main vulnerabilities and knowledge gaps presenting general guidelines that guide the
implementation of adaptive measures aimed at increasing national climate resilience
(BRASIL, 2016). Therefore, despite numerous attempts at legislation and action plans,
public policies regarding climate change and disasters are still not articulated with other
instruments and tools of urban planning, for example, master plans for stormwater
drainage and land parcelling.

For the application of the framework, daily time series of maximum and
minimum temperatures, solar radiation and accumulated precipitation from 2001 to
2018 were collected from Cetre/EPAGRI weather station. To correct the local sea level
Datum, the historical series of low water records during the syzygy from 2012 to 2018
was collected from Caieira/EPAGRI tide gauge. An average value of 0.55m was
obtained from the local monitored sea level series.

A spatial database was constructed for the Floriandpolis City identifying
information about the shoreline, hydrography, hypsographical curves, groundwater
zoning, built infrastructure (edification, roads and highways) and ecologically sensitive
areas (mangrove, dune and sandbank). The overlapping of these layers and the
supervised classification of a local aerophotogrammetric image of the year 2012
provided the land use map, used to analyse the potential impact of sea level projections.
The information that composes the spatial database was collected from online and free
databases (Table 8). Figure 9 shows the spatial data used to analyse the potential impact

of projections on the susceptible ecosystem and urban infrastructure.
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Table 8 — Data used to build and assess the impacts of rainfall and sea level projections.

Data type

Units Source

Produced data

Historical precipitation series
(2001-2018)

Historical series of minimum
and maximum temperature
(2002-2018)

Historical series of solar
radiation (2007-2018)

mm EPAGRT, 2019
°C EPAGRT, 2019

MJ/m?.day EPAGRI", 2019

Rainfall Projections

Historical series of sea level
rise (2012-2018)

cm EPAGRI, 2019

Correction for the
local sea level Datum

Shoreline

Hydrography
Hypsographical curves

(5 meter contour interval)

- ANA®, 2015
- ANA®, 2015

m IPUF?, 2000

MDT

Groundwater zoning

- CASANY, 2002

Ecologically sensitive
areas

Land use

- Authors

Built  infrastructure
and ecologically
sensitive areas

* EPAGRI — Empresa de Pesquisa Agropecudria e Extensdo Rural de Santa Catarina [Agricultural
Research and Rural Extension of Santa Catarina]
® ANA — Agéncia Nacional de Aguas e Saneamento Basico [National Water and Sanitation Agency]
“IPUF - Instituto de Planejamento Urbano de Floriandpolis [Urban Planning Institute of Floriandpolis]

¢ CASAN — Companhia Catarinense de Aguas e Saneamento [Water and Sanitation Company of Santa

Catarina]

Source: Caprario et al. (2022).
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Figure 9 — Spatial representation of tide gauge location, weather station and groundwater
zoning (a), hydrography and shoreline (b), hypsography (c), and land use classification
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3.4 RESULTS AND DISCUSSIONS

3.4.1 Rainfall projections: Module 1 — statistical downscaling

In this module, the GCMs is adjusted proportionately to local station climate

parameters based on monthly changes of rainfall amount, daily wet and dry series
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duration and standard deviation. The model was calibrated based on daily historical
series of precipitation, maximum and minimum temperature and solar radiation
observed in Florianopolis for the period 2001-2018 (18 years).

The LARS-WG model went through the validation process, where its ability in
reproducing the statistical parameters of observed data in synthetic series was checked.
The performance of LARS-WG in reproducing the statistical parameters of observed
data are shown in Figure 10. Six synthetic series were generated and compared to
determine which random seed gives the best fit in simulating mean monthly rain (Figure
10a). The random seed 541 revealed the best performance in the fitting statistics, with
the lowest values for bias and t-statistic, and a high p-value accepting the hypotheses
that the observed data and generated belong to the same distribution. Therefore, it was
chosen to reduce the scale of the GCMs and the other seeds were discarded.

The Chi-Square statistics for seasonal wet/dry and daily rain distribution were,
in general, fitted well by the seed 541 (Figure 10b and Figure 10c). Nonetheless, the fit
was poor for wet season (MAM) and moderate for wet season (DJF) and daily rain
distribution (June) due to the variation between the occurrence of extreme events and
the lack of rain in those months. This is consistent with other studies conducted for
nearby regions. For example, the Brazilian Panel on Climate Change (PBMC, 2016)
Special Report reported weak signs of change in precipitation for summer (DJF) and
autumn (MAM) in the Vale do Itajai using projections from the Eta-HadGEM2 and Eta-
MIROCS models. These negative rainfall anomalies are frequent, which is reflected in
the extreme weather index of consecutive dry days, which are more frequent in future
projections than in the present climate. The monthly mean rain and standard deviation
yielded by random seed value 541 and the corresponding ones calculated from the
observed data reveal a very good fit for both statistics (Figure 10d). Overall, the means
monthly were very well modelled. In terms of standard deviation, seed showed a
moderate fit, underestimating the standard deviation for January, May, August and

November.
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Figure 10 — Performance of each random seed in reproducing the observed statistical
parameters (a); Chi-square statistics for seasonal wet/dry series distribution (b) and daily
rain distribution (c) for random seed value 541; Observed and simulated mean and
standard deviation of precipitation for Florianopolis City with the chosen random seed
(d); Total annual future precipitation trends from the projected time series by different
GCMs and emission scenarios (€).
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The LARS-WG calibrated and validated with the random seed 541 was applied
to GCMs, namely HadCM3, GFCM21, INCM4, IPCM4, MPEH5 and NCCCSM. We
obtain the precipitation projections for three future horizons (2010-2039, 2040-2069 and
2070-2099) and two emission scenarios SRES A2 and B1. The precipitation projections
using four GCMs, as well as their respective linear trends, for different emission
scenarios and total future horizon (2010-2099) are illustrated in Figure 10e.
Discrepancies among projections from the different climate models can be due to
systematic differences in the models such as the resolution, initial conditions, and

emphasized physical processes (MARSOOLI; LIN, 2020).
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3.4.2 Rainfall projections: Module 2 — IDF relationships

This module quantifies the future climatic series of precipitation, providing
rainfall and peak flow rates for the designs of the drainage systems. The coefficients of
the empirical IDF formula solved by the Solver utility function for each future horizon
and emission scenario of the six GCMs and baseline (2001-2018) can be found in

(Table 9).

Table 9 — Coefficients of the empirical IDF formula for each future horizon and emission
scenario of the six GCMs and the historical series (2001-2018).

Coefficients Root

Global Emission Mean Coefficient
Climate  scenario F“t.“re Square O.f )
horizon 4 k 0 n determination
model SRES Error (R?)
(RMSE)

Historical 2001-2018 853 0.15 0.10 0.69 2.1079 0.9922
2010-2039 915 0.13 0.09 0.69 1.8061 0.9941

A2 2040-2069 910 0.13 0.09 0.69 1.8300 0.9940

GFCM21 2070-2099 865 0.14 0.09 0.69 1.8946 0.9933
2010-2039 906 0.13 0.09 0.69 1.7434 0.9943

Bl 2040-2069 957 0.13 0.09 0.69 1.9035 0.9941

2070-2099 961 0.14 0.09 0.69 2.1804 0.9930

2010-2039 892 0.13 0.09 0.69 1.7421 0.9942

A2 2040-2069 923 0.13 0.16 0.69 1.8861 0.9938

2070-2099 1042 0.13 0.09 0.69 1.9912 0.9943

HADCM3 2010-2039 911 0.13 0.09 0.69 1.7859 0.9942
Bl 2040-2069 937 0.13 0.09 0.69 1.7807 0.9944

2070-2099 962 0.14 0.09 0.69 2.0034 0.9937

2010-2039 839 0.13 0.01 0.69 1.6304 0.9942

A2 2040-2069 894 0.12 0.10 0.69 1.5881 0.9948

INCM3 2070-2099 797 0.13 0.10 0.69 1.5064 0.9944
2010-2039 898 0.13 0.10 0.69 1.7233 0.9943

Bl 2040-2069 858 0.13 0.10 0.69 1.6263 0.9944

2070-2099 802 0.12 0.10 0.69 1.4454 0.9947

2010-2039 907 0.13 0.30 0.69 1.7856 0.9942

A2 2040-2069 950 0.14 0.10 0.69 1.9885 0.9937

PCM4 2070-2099 844 0.14 0.10 0.69 1.7403 0.9938

2010-2039 905 0.13 0.10 0.69 1.7746  0.9942
B1 2040-2069 904 0.14 0.09 0.69 1.9078 0.9936
2070-2099 963 0.14 0.09 0.69 1.9789  0.9938

Continues on the next page
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Coefficients Root .
. Coefficient
Global  Emission Mean
. ) Future of
Climate  scenario . Square o
horizon 4 k 0 n determination
model SRES Error )
(RMSE)

2010-2039 907 0.13 0.09 0.69 1.7856  0.9941

A2 2040-2069 956 0.13 0.09 0.69 1.8478 0.9943

MPEHS 2070-2099 1054 0.13 0.10 0.69 1.9809  0.9945
2010-2039 912  0.13 0.09 0.69 1.7764  0.9942

Bl 2040-2069 945 0.14 0.10 0.69 1.9504  0.9938

2070-2099 965 0.13 0.09 0.69 19246  0.9940

2010-2039 905 0.13 0.10 0.69 1.7563 0.9942

A2 2040-2069 963 0.13 0.09 0.69 1.8898 0.9941

2070-2099 979 0.13 0.10 0.69 1.8873 0.9943

NCCESM 2010-2039 905 0.13 0.01 0.69 1.7536  0.9943
B1 2040-2069 910 0.12 0.09 0.69 1.6512  0.9947

2070-2099 937 0.13 0.10 0.69 1.8471 0.9941

Source: Caprario et al. (2022).

The statistical indices for evaluation of estimated coefficients from simulated

and observed values of intensity showed high accuracy. The Solver utility function

performance was excellent for all computed IDF curves, with very low RMSE values (<

2.1804) and extremely high R? values (= 0.9920). Maximum rainfall intensities mainly

depend on the emission scenario and the projection horizon adopted, varying widely

from one GCM to another. Figure 11a shows the changes in precipitation predicted

between the six GCMs and baseline, for a 5-min storm duration and 10-year return

period. Change in precipitation estimated for other storm durations (10-min, 15-min,

30-min and 60-min) can be found in Appendix B. Other return periods followed the

same trends; therefore they were omitted in this study.
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Figure 11 — Changes in precipitation (%) relative to baseline with six GCMs in three
different time horizons and two SRES, for 5-min storm duration and 10-year return
period (a). Error bars indicate the standard deviations of the multimodel projections.
Averaged IDF curves estimated from the historical rainfall and from the rainfall time
series projected by the HADCM3 and MPEHS models for the SRES A2 emission
scenario, for different return periods: 2-years (b), 10-years (c), 25-years (d) and 50-years
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The results indicated no significant changes in precipitation among the 6 GCM

at both emission scenarios in the near future climate (2010-2039). INCM3 projected a

decline in precipitation in the intermediate future climate (2040-2069) varying from 1 to

4.2% while the others GCMs predicted increased precipitation compared to the baseline

climate. Similar results to the INCM3 projection were obtained by Weschenfelder et al.

(2019) in their study in Porto Alegre/RS, where the projections for the period 2046-

2065 showed no changes with average deviations of less than 3%.
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In the distant future climate (2070-2099), 3 out of 6 GCMs (HADCM3,
MPEHS5 and NCCCSM) have predicted increased annual rainfall in both emission
scenarios which varied from 5 to 17.5%. In general, 3 out of 6 GCMs (GFCM21,
HADCM3 and MPEHS5) showed constant trends over time for both emission scenarios.
However, GFCM21 showed dubious trends, reducing changes in precipitation for the
extreme emission scenario and increasing for the reduced emission scenario. Therefore,
only the models HADCM3 (United Kingdom) and MPEHS5 (Germany) were considered
suitable for the representation of the future local climate. According to Her et al. (2019),
the impact of multi-GCM ensemble uncertainty on hydrological projections for small
watersheds could be an order of magnitude larger than that of multi-parameter ensemble
uncertainty. Thus, the selection of appropriate GCMs is not only a watershed modeller’s
first decision, but it is also one of the most critical ones.

The average IDF curves computed for the historical series and projected by the
HADCM3 and MPEHS models for the SRES A2 emission scenario in three different
time horizons are shown in Figure 11b, Figure 11c, Figure 11d and Figure 11e. The IDF
curves esteemed from the SRES B1 projections can be found in Appendix C. Except for
the FCI1 projection horizon for the 50-year return period, all the return periods and
rainfall durations predict an increase in maximum rainfall intensity. Moreover, the ratio
between projected and historical IDFs varies widely from one climate horizon to
another, decreasing the ratio as the rainfall duration increases and the return period.

The most extreme rainfall projections from SRES A2 emission scenarios give
maximum differences up to 21% between the historical and FC3 median IDF (Figure
11b). The softer projections predict a decline lower than 2% in maximum rainfall
intensities between the historical and FC1 median IDF (Figure 11e). Similar relations
were found for the projections from SRES B1 emission scenarios. However, the ratios
between the projected and historical IDFs are very small, predicting maximum
differences lower than 12%.

Our findings agree with those from other studies conducted for the Southeast
and Southern regions of Brazil. For example, Schardong and Simonovic (2013)
projected an increase of between 4 and 26% in precipitation for Sao Paulo city from the
historical period of 1961-1997 to the future period of 2081-2100 using the CCCma
Canadian model for two emission scenarios (SRES A2 and B1). More recently, based

on projections from six climate models, Weschenfelder et al. (2019) projected an
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increase of between 3 and 24% in precipitation for Porto Alegre city from the historical
period of 1974-2014 to the future period of 2080-2099.

In general, the FC1 projection horizon showed a low or even lower change in
the maximum precipitation intensity for both emission scenarios, being considered
insignificant changes. The same was observed in the FC2 projection horizon for the 10-
year (Figure 11d) and 50-year (Figure 11e) return periods in both emission scenarios.
The FC3 projection horizon, on the other hand, showed significant changes in
precipitation intensity for both emission scenarios, despite the higher ratio observed in
SRES BI1 being lower than all those observed in SRES A2.

Similarly, based on the IDF curves computed for the historical series and
projected by the HADCM3 and MPEHS5 models for two emission scenarios (SRES Al
and SRES B1) and three future (FC1, FC2, and FC3) periods the corresponding design
storm models could be estimated. For purposes of illustration, Figure 12 shows the
impact of the projected climate change scenarios by the HADCM3 and MPEHS models

on peak flows for a small urban area of 18-hectare area with a 75% impervious surface.

Figure 12 — Runoff peak flow from a small urban area of 18-hectare with 75%
imperviousness for two emission scenarios and three future climate periods.
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In general, increasing trends in flow characteristics were found for both
models. However, the ratio between the peak flow projected for each future horizon and
the historical series varies relatively from one emission scenario to another, decreasing
the ratio as the return period increase. Compared to the historical series, the peak flow
computed for the SRES B1 varying from 1 to 12%, depending on the future climate
horizon and return period (Table 10). An exception is made for the 50-year return
period, which showed a decrease in peak flows for the future horizon FC1 compared to
the historical series. In general, higher relative increments of runoff are obtained for the
lower return periods and distant future climate (2070-2099). The same trend is observed
for the SRES A2, although in this case, the relative increment on the peak flow has been
varying from 0.15 to 22%.

Table 10 — Characteristic values and changes in the runoff peak flow (%) relative to
baseline for HADCM3 and MPEHS models.

HADCM3 MPEHS5
Return o Chflnge Change Chjange Change
period Em1ss1.on Future Runcl){ff n o between Runcl){ff n i between
(years) SS(EII;ZHO horizon lfolea runok emission If)lea runok emission
(;W bea scenarios oW bea scenarios
(m3/s) f(l(f/)v)v %) (m?/s) f(lo(/)v)v (%)
0 [
Historical 2.73 - - 2.73 - -
FC1 2.88 5.52 - 2.88 5.59 -
B1 FC2 2.95 8.28 - 2.99 9.76 -
T=2 FC3 3.05 11.72 - 3.05 11.79 -
FC1 2.82 3.29 -2.16%* 286 5.03 -0.54**
A2 FC2 2.92 6.95 -1.24 3.02  10.61 0.77
FC3 328 2041 7.21 332 21.84 8.25
Historical 3.13 - - 3.13 - -
FC1 3.24 3.71 - 324 3.73 -
B1 FC2 3.32 6.18 - 339 8.28 -
T=5 FC3 345 10.31 - 344 10.02 -
FC1 3.17 1.49 -2.19%* 323 3.27 -0.45%*
A2 FC2 3.30 5.41 -0.73 340 8.60 0.29
FC3 3.69 18.12 6.62 3.73 19.37 7.83
Historical 3.47 - - 3.47 - -
FC1 3.55 2.37 - 3.55 235 -
B1 FC2 3.63 4.62 - 3.72  7.18 -
T=10 FC3 3.79 9.25 - 3.77 8.70 -
FC1 3.48 0.15 S2.21%%* 3.54 195 -0.39%*
A2 FC2 3.62 4.26 -0.35 3.72 7.11 -0.07**
FC3 4.04 16.42 6.16 4.08 17.53 7.51

Continues on the next page
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Table 10 — Continuation.

HADCM3 MPEHS
Return . Chgnge Change Chgnge Change
. Emission Runoff in Runoff in
period . Future between between
(years) SCEnatio 4 orizon peak  runoff emission peak  runoff emission
SRES flow peak scenarios flow peak scenarios
(m?/s) flow (%) (m?/s) flow (%)
(%) ’ (%) ’
Historical 4.42 - - 4.42 - -
FC1 439  -0.69* - 438  -0.79* -
Bl FC2 4.47 1.09 - 4.62 4.67 -
T=50 FC3 4.72 6.83 - 4.67 5.70 -
FC1 429  -2.89*% 227%* 437  -1.04*  -0.25%*
A2 FC2 4.49 1.63 0.53 4.58 3.72 -0.92%*
FC3 497 12.57 5.10 5.01 13.38 6.77

* Negative values of change in runoff peak flow indicate model underestimation (observed values are
greater than simulated)
** Negative values of change between emission scenarios indicate that the runoff peak flow generated in
the SRES Blscenario is greater than SRES A2

Source: Caprario et al. (2022).

Moreover, Table 10 shows that there were no significant changes in the peak
flow esteemed for both emission scenarios and GCMs. Compared to the SRES BI,
increments on peak flow above 1% in SRES A2 were observed only in the FC3 future
horizon, values that do not exceed 9% increment. Thus, it is clearly shown that there is
no significant difference between the emission scenarios, in the short and medium-term,
for precipitation projections and runoff peak flow.

While impact assessments are commonly based on the output of state-of-the-art
GCM simulations, the process of urban planning operates with finer scales detailing
neighbourhoods and sometimes even street level. In future urban climate assessment,
there is a need to not only estimate the climate behaviour, but also the socioeconomic
evolution of the urban system (SMID; COSTA, 2017, SHASTRI et al., 2019). We
acknowledge that the most cutting edge approach to providing future climate
information with finer scales is to combine downscaling techniques with further
statistical advancement and bias corrections, including changes in local land use
management feedback. Models uncertainty must be kept in mind during the planning
efforts. The use of the preliminary results directly in decision making is not
recommended without much more detailed local scale studies. Hence, the action taken
based on localized future projections should favour measures of relatively low cost and
large benefits (SMID; COSTA, 2017). For example, instead of increasing the capacity

of a stormwater drainage system, which does not guarantee sufficient functionality
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under long-term climate change, the city may deploy compensatory techniques of

storage and infiltration at a lower cost.

3.4.3 Sea level projections: Module 3 — Definition of reference rates

This module calculates and corrects annual reference rates for sea level
projection at a local scale based on low and high emission scenarios, RCP2.6 and
RCP8.5, respectively. The annual reference rates for each emission scenario calculated
from the values proposed by the IPCC, as well as the projections of sea level rise for
each future climate horizon are shown in Table 11. It is emphasized that the nonlinear
interactions between SLR and storm tides, as well as changes in coastal geomorphology

were neglected, being some limitations to our estimates.

Table 11 — Sea level projections and future climate horizons, based on the IPCC rates for
the emissions scenarios RCP2.6 and RCPS.5.

.. a b Sea level without Sea level corrected for
Emission Vi, ABR .
scenario (m/year) Datum correction (m) local Datum (m)
o (m) Y FCl FC2 FC3 FC1 FC2 FC3

RCP2.6 0.55 0.0062 0.18 0.37 0.55 0.73£0.07 0.92+0.09 1.10+0.10
RCP85 0.98 0.0108 032 065 097 0.87+0.09 1.20+0.12 1.53+0.15
® Vinax 1s the highest value of the elevation range proposed by IPCC (2014)
® ABR is the annual benchmark rate for each emission scenario
Source: Caprario et al. (2022).

In both RCP scenarios, the annual benchmark rates for sea level exceed that
observed globally (2.0 mm/year) during 1971-2010 (IPCC, 2014), with the rate of
rising for RCP2.6 and RCP8.5 during 2010-2100 of 6.2 to 10.8 mm/years, respectively.
The corrected projections indicate that the sea level rise by 2100 is 0.55 m (medium
confidence) above the baseline reference level for the stringent mitigation scenario
(RCP2.6 - optimistic). For the very high emission scenario (RCP8.5 - pessimistic), the
projected rise reaches approximately 1 m more than the reference level (medium
confidence). Sea level projections until the year 2100 esteemed from the RCP2.6 and

RCP8.5 can be found in the supplementary materials (Figure 13).
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Figure 13 — Sea level projections for low and high emission scenarios, RCP2.6 (blue) and
RCP8.5 (red), respectively, and three future climate horizons. Error bars indicate the
uncertainty (£10%) in the projections.
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Our findings are consistent with Rodriguez and Lasa (2016) that projected for
the coast of the Santa Catarina State an increase of between 0.5 m and 0.72 m above the
reference level for the emission scenarios RCP4.5 and RCP8.5 until the year 2100. It is
noteworthy that this study used a 32-year (1978-2010) downscaling of retroanalysis and
projected based on the boundary conditions of 21 GCMs.

3.4.4 Sea level projections: Module 4 — Geospatial modelling

This module provides a preliminary view of the spatial extent of flooded areas
induced by RCP2.6 and RCPS8.5 scenarios until the year 2100, and sea level rise impacts
on coastal ecosystem and urban infrastructure. The extent of flooding is defined as the
area above the mean-higher-high-water level that is normally dry but becomes wet
during a storm event. Potential flooding resulting from geospatial modelling of LECZ

for both emission scenarios are shown in Figure 14 and Table 12.
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Figure 14 — Spatial extent of flooding in low elevation coastal zones induced by emission
scenarios RCP2.6 (a) and RCP8.5 (b) for three future climate periods.
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Source: Caprario et al. (2022).

Table 12 — Potential flooding areas by emission scenario and future horizon.
Flooded area

Future

horizon RCP2.6 RCP8.5  p-value’
km* %  km* %
2010-2039 2290 530 2573 596 0.04
2040-2069 2834 6.56 3445 798  0.06
2070-2099 33.92 7.85 43.40 10.05 0.08

*Student’s t-test at 0.05 significance level
Source: Caprario et al. (2022).

The flooded areas are mainly located surrounding river deltas, and low-lying
coastal plains, dramatically increasing the extent of flooding as sea level rises.
Considering the shoreline as 0.0 m, the extent of flooded areas induced by RCP2.6
(Figure 14a) and RCP8.5 (Figure 14b) scenarios until the end of the century will reach
33.92 km? (8%) and 43.40 km? (10%), respectively. Although the emission scenarios
used are extreme and opposite, no statistically significant differences were observed in
the extensions of the flooded areas, in the medium and long-term, by both scenarios.
Therefore, only the flooded areas by emission scenario RCP8.5 were considered for

analysis of environmental and infrastructure susceptibility.
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For purposes of illustration, Figure 15 shows the potential impact that SLR can
have on ecologically sensitive areas such as mangroves, dunes and sandbanks, and built
infrastructure such as edification, roads and highways. With a 1.53+0.15 m (medium
confidence) SLR the extent of flooding covers 5.88 km? of the ecologically sensitive
areas until the end of the century (Table 13). Flooded areas are mainly located in the
mangrove regions (Figure 15a), covering approximately 35% of the existing class. A
similar study was conducted in the Santos Bay - SP, where a loss of 26.3% of the
riparian zone of existing mangroves was identified until 2100, corresponding to 27.4
km? (ALFREDINI; ARASAKI, 2018). According to the authors without this retention
area, a larger amount of sediment will be carried to the inner nautical areas of Santos
Port, silting and increasing the dredging volumes of maintenance. Thus, the relevance of
the results of this study is highlighted by demonstrating how mangroves play an
important role in combating climate change, constituting the first barrier to rising sea
levels in coastal areas. They help to ameliorate the coastal erosion and the impact of
extreme events.

Dunes and sandbanks class has approximately 12% of the current area flooded,
with the largest portion of flooding located in the regions of beaches (Figure 15b). Due
to the low surrounding topography, strong protection legislation and limited urban

development, it is unlikely that SLR has been a significant impact on dune areas.
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Figure 15 — Potential impacts of the SLR on the ecologically sensitive areas such as
mangroves (a), dunes and sandbanks (b), and built infrastructure such as edification (c),

roads and highways (d).
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Table 13 — Potential impact of sea level rise on ecosystem and urban infrastructure
induced by scenario RCP8.5 for three future horizons.

Existing Flooded surface area
Impacted class land FC1 FC2 FC3

use (km?) km> % km*> % km*> %
Mangroves 12.81 3.18 24.84 3.81 29.73 4.54 3544
Dunes and sandbanks 11.57 091 7.83 1.12 9.66 134 11.58
Roads and highways 17.04 043 254 061 3.57 083 489
Edification 20.83 030 143 046 222 0.66 3.18
Total ecologically sensitive areas  24.39 4.09 16.76 493 20.20 5.88 24.11
Total built infrastructure 37.87 0.73 193 1.07 282 150 3.95

Source: Caprario et al. (2022).

For the built infrastructure, Table 13 indicates that only 1.50 km?

(approximately 4%) of urbanized coastal areas lie within the 90-year flooding level of
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1.53+0.15 m, most of which is occupied by residential development. These findings
agree with these from other study conducted for the municipally that showed the
exposure to flooding of built infrastructure ranging between 1.4 and 1.6 km? by the end
of the century (IDOM-COBRAPE, 2015a). The study also estimates an associated
capital loss of approximately US$ 464 million considering average construction prices
currently on the market. It is highlighted that the study carried out by the IDOM-
COBRAPE Consortium used a combination of DELFT3D and RFSM-EDA (Rapid
Flood Spreading Method - Explicit Diffusion wave with Acceleration term) models for
the dynamic wave propagation to the coast and 2D flood simulation. The use of
hydrodynamic wave propagation models requires an extensive amount of data, such as
wind direction, waves, tides and currents, as well as specialized technical knowledge of
the software. The finding of results similar to those found in studies using complex
models such as those mentioned above, demonstrate the effectiveness and advantage of
using the simple method of geospatial modelling and overlapping layers proposed here.

Florianopolis City floodplains are predominantly characterized as low-lying
dense residential areas and are highly vulnerable to coastal flooding. For large projects,
the flooding of the surface area of the main wastewater treatment plant of the
municipally still in the first projection horizon (2010-2039) is noticeable (Figure 15¢).
The extent of flooding in the region increases considerably as the sea level rises.
However, it must be remembered that the height of the physical structures was not
considered in the projection of the sea level, only the surface elevation of the terrain.
Therefore, it is clear the need to implant barriers in the short-term, to contain the rise in
sea level in the region, preserving the built infrastructure and the correct functioning of
the treatment system.

Roads and highways class will have approximately 5% of the current area
flooded, with the largest portion of flooding located surrounding river deltas and low-
lying coastal plains associated with mangrove regions. Among the main roads and
highways flooded, access to Floriandpolis International Airport (Figure 15d) and
highways SC-405 (access to the Southern region of the island) and SC-401 (access to
the Northern region of the island) are highlighted, all of which are facing the bay. These
findings are consistent with another recent study for this region, which show the
occurrence of flooding in the access to the international airport, SC-401 and SC-405 are
directly related to the storms and sea level rise (DREMAP, 2019). For these regions, the

prioritization of investments aimed at coastal engineering works that defend the regions
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from advancing sea levels, such as, storm surge barriers or tide gates, is indicated. These
coastal defence measures are used worldwide as an alternative to close off and protect
estuaries, for example, The Netherlands, New Orleans, Singapore, St. Petersburg,
Venice (JONKMAN et al., 2013; MOOYAART; JONKMAN, 2017).

In addition to the extent of flooding, sea level rise amplifies saltwater intrusion
hazards in the upper aquifers. The impact of sea level rise over 90 years in the main
underground sources, Campeche and Ingleses Aquifers (Figure 16), was assessed
according to the areas of recharge and outcrop. Due to environmental conditions, sandy
depositional terrain is underlain by unconfined aquifers, shallow and with high
permeability, both areas may be particularly sensitive to saltwater intrusion. The dune
system of both aquifers remains active and preserved. However, the extensive strips of
sand on the beaches, found along the East Coast of the Florian6polis City and in delta

regions, are retreating.

Figure 16 — Sensitivity and potential saltwater intrusion sites in the Campeche Aquifer (a)
and the Ingleses Aquifer (b) due to projections of sea level rise by 2100, for the emission
scenario RCP8.5.
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Source: Caprario et al. (2022).
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In the Campeche Aquifer area (Figure 16a), the topographical reliefs consist of
dunes and sandbanks, the topographical lows are ponds and natural lakes originated by
the outcrop of the aquifer. The residential areas are about on the same level of the sea
and groundwater extraction is not controlled (PMF, 2021). All of these characteristics
associated with the presence of a large mangrove in the region give extreme sensitivity
to the intrusion of saltwater into the aquifer. The Ingleses Aquifer (Figure 16b) is
characterized by a higher potentiometric surface (PMF, 2021); however, the presence of
a large saltwater lagoon directly affected by sea level rise may add greater sensitivity to
the aquifer, requiring further investigation.

Understanding and predicting what the cities could face in the future is crucial
for making the case for policy action today. Although costly, interventions for the
implementation of prevention and adaptation measures considering the worst emission
scenario should be carried out. The implementation or not of these measures has a direct
impact on long-term costs, and should be considered in the calculation of economic
scenarios. The selection of adaptation measures will depend on specific context;
however, considering climate change impacts is crucial to protect the coastal

environment and improve the resilience of cities.

3.5 CONCLUSIONS

The preliminary results of the applications highlight the potential of the
proposed framework to guide the incorporation of climate projections and to provide
useful information about the nature of vulnerabilities in local contexts. The information
about local impacts of climate and sea level change derived from data available in free
and easily accessible online databases can be used to improve urban spatial planning
efforts in search of resilient cities. Our preliminary findings suggest that the framework
can be applied anywhere in the world, particularly in developing countries, where, as in
Brazil, the adaptation responses are still reactive. As expected, the results showed
limitations in Module 4 for analysing the impacts of sea level rise on the coastal
ecosystem and infrastructure since dynamic processes such as frequency or intensity of
storms, changes in coastal geomorphology and land subsidence were not included, as
well as the height of built infrastructures. However, the module can reasonably
represent the potential impact that sea level rise will have on ecologically sensitive areas

and mobility infrastructures.
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The results find that only 2 out of 6 GCMs (HADCM3 and MPEHS5) have
predicted consistent trends in annual rainfall for both emission scenarios, thus
considered appropriate for the representation of the future local climate. However, it is
noteworthy that module 2 has limitations due to not considering the growing
urbanization and its feedbacks in rainfall projections over time. Due to the large
uncertainties to reduce the scale of the GCMs, especially for precipitation, we do not
recommend using these preliminary results directly for decision making without more
detailed studies at the local scale. We agree that return levels of extreme precipitation
across all durations and all models will be even more intense and significant at finer
scales within individual cities as shown by Shastri ef al. (2019). The use of the present
framework with a combination of the future urban growth projections, where the
feedbacks from changes in the land surface are computed, can be a potential baseline for
future research.

Overall, no significant difference was identified between the emissions
scenarios in the short and medium-term, for precipitation projections and runoff peak
flow. However, most extreme rainfall projections show differences up to 21% between
the historical series and the projection in the long-term. For the sea level projection, the
extent of flooded areas induced by RCP2.6 and RCP8.5 scenarios until the end of the
century will reach 33.92 km? and 43.40 km?, respectively. No statistically significant
differences were observed in the flooded areas, in the medium and long-term, by both
scenarios. The flooded areas are mainly located surrounding river deltas and low-lying
coastal plains. The dune system will remain active and preserved. However, with a
1.5340.15 m sea level rise, the extent of the flooding will cover 5.88 km2 of
ecologically sensitive areas by the end of the century, most of which are mangroves,
beaches and sandbanks. For the built infrastructure, only 4% of urbanized coastal areas
are within the 90-year flooding level, most of which are occupied by residential
development. Roads and highways will have approximately 5% of the current area
flooded, hindering and even preventing mobility and access to some important regions
of the city.

Based on the projections and spatial modelling resulting from the application
of our framework, and the absence of human adaptation, substantial consequences are
expected for Florianopolis City due to persistent and episodic waterlogging and
flooding. Although costly, interventions for the implementation of prevention and

adaptation measures considering the worst emission scenario should be carried out. The
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selection of adaptation measures will depend on the specific context and limitations of
the municipality; however, the consideration of climate projections still in the design
phase is essential to ensure the construction, and maintenance of resilient infrastructure
in a changing climate. Finally, we hope that our local modelling framework will be used
not only as a theoretical device but also as a means of encouraging municipalities to
plan for the future, enhancing the adaptive capacity of cities in the face of climate

change.
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4 CHALLENGE IN THE STORMWATER MANAGEMENT IN DEVELOPING
COUNTRIES: A CASE STUDY OF FLORIANOPOLIS, BRAZIL

Referéncia: CAPRARIO, Jakcemara; SANTANA, Paula Lidia; WU, Fernando Kit;
MONTEIRO, Pamela Cristina dos Santos; FINOTTI, Alexandra Rodrigues. Challenge
in the stormwater management in developing countries: a case study of Floriandpolis,
Brazil. Unpublished. This chapter has been submitted to Anuario do Instituto de

Geociéncias.

E um desafio para o meio académico e principalmente para os planejadores
urbanos elaborar projetos ou pesquisas sem informagdes precisas sobre o estado atual da
infraestrutura de drenagem. O cadastro técnico de drenagem € a chave para auxiliar
neste processo de planejamento. Desta forma, o objetivo deste estudo foi construir um
cadastro técnico de drenagem para um municipio de grande porte, descrevendo sua
complexidade no contexto de um pais em desenvolvimento. O estudo de caso foi
aplicado no municipio de Florianopolis, uma das cidades mais desenvolvidas do Brasil.
O objetivo foi alcancado por meio de um pré-inventario, coleta e compilacdo de dados
do sistema de manejo de dguas pluviais projetados entre 2001 e 2016. Dados primarios
dos projetos de pavimentacao por via urbana, os quais incluem os sistemas de drenagem
de aguas pluviais projetados, foram fornecidos pela Secretaria de Infraestrutura do
municipio. Os resultados deste estudo de caso revelaram o seguinte:

e Em termos de cobertura da rede de drenagem, o sistema ¢ considerado
inadequado para gerir as aguas pluviais dentro dos limites da cidade,
abrangendo apenas 26% das vias do municipio.

e O distrito de maior cobertura foi Sao Jodao do Rio Vermelho,
apresentando aproximadamente 47% das vias com sistema de drenagem
instalado. Os distritos com menor cobertura foram Continental, Insular,
Canasvieiras ¢ Santo Antonio de Lisboa, com indices inferiores a 20%.

e 85% das vias apresentaram predominancia de tubos de 400mm.
Tubulacdes com diametros de 800, 1000 e 1200mm foram identificadas
apenas a jusante de extensas redes de drenagem.

e Sobre o material das tubulagdes foram identificados 03 tipos:

Policloreto de Vinila (PVC) para diametros de 150, 200 e 300mm,
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concreto e concreto poroso para outros didmetros.

e Foram identificados raros pocos de visita, apenas 14 em todo o
municipio, dificultando a realizagdo de trabalhos de manutencido que
ocorrem apenas de forma corretiva.

e Técnicas compensatorias de armazenamento e infiltragdo foram
incorporadas para promover a gestdo sustentavel das dguas pluviais. No
entanto, estas nao apresentam critérios técnicos de projeto e
manutengao, tornando-se obsoletas ao longo do tempo.

e Os drenos existentes nao sdo considerados como ativos. Isso pressupoe
que raramente se considera projetar novos drenos ou revisar drenos
existentes com base em dados hidrolégicos e hidraulicos locais. O
planejamento integrado baseado na area de contribuicdo da bacia foi
raramente evidenciado.

e A pratica de gestdo de aguas pluviais em Florianopolis é complexa,
assistematica e fragmentada, sem um Plano Diretor adequado de

Drenagem Urbana.

4.1 INTRODUCTION?

Flooding is responsible for the highest number of natural disaster-related
fatalities worldwide (SEE et al., 2020). Among them are urban flooding with wide
socioeconomic impact, causing disruptions to the city services and damages to urban
infrastructure (WU et al., 2017). There is a growing concern that the risk of urban
flooding will increase due to the cumulative effects of gradual changes in hydrology
exacerbated by climate change (SEE et al., 2020). Changes in rainfall intensity overload
the drainage infrastructure, resulting in overflowing of stormwater drains and frequent
urban flooding (PARKINSON; TAYLER; MARK, 2007). Potential changes in the peak
flow, ageing infrastructure, and the increasing imperviousness of cities raise challenges
for stormwater management, requiring new ways of planning (BOHMAN; GLAAS;
KARLSON, 2020). Urban flooding management is an emerging subject that needs to be
considered with a holistic approach to ensure the resilience of cities (ZHOU et al.,

2019).

* This Chapter has been submitted to Anuario do Instituto de Geociéncias and is under review.
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Modern stormwater management has progressed to employ innovative
solutions, for example, localized control measures or green and blue solutions, to
improve the quality of stormwater runoff (BOHMAN; GLAAS; KARLSON, 2020). In
developed countries, drainage plans are generally inserted in ambitious improvement
master plans, including important and expensive investment in drainage network and
complex technologies (DORVAL et al., 2010). These are mainly concerned with fines,
quality aspects and specific problems in stormwater management (PARKINSON;
MARK, 2005). However, the same cannot be generalized for developing countries,
where the focus is still on managing the quantity of stormwater runoff, reducing loss of
life and property damage (SEE et al., 2020). The complexity of implementing and
managing stormwater drainage systems in these countries is due to lack of hydrological
and spatial data, uncontrolled urban expansion, lack of legal instruments, lack of
financial resources, low technical capacities of local managers, and mainly lack
information on devices installed (GOLDENFUM et al, 2007; PARKINSON;
TAYLER; MARK, 2007; SEE et al., 2020).

In Brazil, the fifth largest country in territorial extension and considered an
emerging power, the situation is no different. Urban drainage is a secondary priority,
usually associated with paving the road system. The management of services is carried
out by local city halls, either directly or through contracts with the private sector
(SANTOS; KUWAJIMA; de SANTANA, 2020). The Brazilian National System for
Water and Sanitation Data - SNIS (Sistema Nacional de Informagdes sobre
Saneamento), in a 2019 report, indicated that 2807 municipalities (equivalent to 50.4%
of the Municipalities) have a stormwater drainage system in place. The absolute
separator systems incur the highest coverage rate (70.7%), while the combined (or
unitary) systems incur the rest. In addition, only 1,266 municipalities (equivalent to
22.7% of the national total) have some Drainage Technical Cadastre (DTC) of the
stormwater system. However, the most declared that they do not have information
systems, databases or systematic data collection (BRASIL, 2020). The information
computed by the SNIS is self-declared, i.e. submitted by the service providers
themselves.

It 1s challenging for local engineers and urban planners to design stormwater
systems and adaptation strategies without having accurate information about the
infrastructure conditions (MEEGODA et al., 2017). Mapping the urban drainage

network aids in the decision-making process by serving as a basis for identifying
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problems, formulating solutions, and prioritizing locations that will receive maintenance
or repair (SEE et al.,, 2020). However, careful management in the collection,
compilation, presentation, and storage of this information is required, ensuring an up-to-
date database (PARKINSON; TAYLER; MARK, 2007). Hence, it brings into question:
How do municipalities in developing countries plan and manage their stormwater
drainage network? Are the physical and hydrological features of the urban catchments
included in the design process? What is the coverage of urban drainage infrastructure?
How are climate adaptation strategies being included considering technical and
budgetary constraints? To answer the questions, this paper aims to build the drainage
technical cadastre for a large municipality, describing their complexity in the context of
a developing country. The case study refers to Florianopolis city, the state capital of

Santa Catarina, in southern Brazil.

4.2 METHODOLOGY AND DATA

4.2.1 Case study and input data

This research had a close collaboration with the Municipality of Florianopolis,
located in the Santa Catarina State in the southern region of Brazil. Floriandpolis is the
state capital of Santa Catarina and one of the most developed cities in Brazil, with the
third-highest human development index score (0.847) among all municipalities
(GUERRA et al., 2017; YIGITCANLAR et al., 2018). The municipality consists of the
main island (97% of the territory), a small continental part (approximately 3%), and
surrounding uninhabited islands. It is located in the Atlantic Ocean and presents a
population of 500,000 inhabitants in 2019; the city has an area of 432 km?, with 42% of
the territory established as a permanent preservation area (CAPRARIO et al., 2021).

The climate is humid subtropical with annual precipitation totals varying from
1100 to 2700 mm, and more intense during the summer (RAMA et al., 2019). Inland
flooding is commonly observed during rainy episodes, causing social and economic
disruption. While there are several factors influencing flooding occurrence in
Floriandpolis, such as density of water resources, lowlands with flat slope, shallow free
aquifers close to mangrove swamps and a complex estuary system subject to tides,
infrastructure vulnerability also plays an important role (CAPRARIO; FINOTTI, 2019).

The stormwater drainage network was deployed over the years, beginning in the 1970s,
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without complying with technical criteria. It is often constructed below ground in closed
pipes, being preferable from a health and aesthetic perspective. However, stormwater
flows regularly exceed the volumetric capacity of drainage networks, overflowing to
backyards, streets, sidewalks or other urban infrastructure (CAPRARIO et al., 2019).
The infrastructure Department of the Municipality of Florianopolis (the local
authority for urban infrastructure planning and management) provided the primary data
on stormwater drainage systems. An unsystematic and fragmented database composed
mainly of projects in DWG format was provided, including the street paving projects
for each urban road designed during 2001 and 2016. DWG files describe the layout of
the drainage network associated with the street paving through a set of geographical
elements that feature the properties of the collectors and conduits (e.g., position and
types of stormwater inlets, diameters, directions and length of the pipes, compensatory
techniques, and drainage outlets). In summary, there is only a fragmented database of
the drainage system consisting of several street designs with conduits built to protect the
pavement. And mainly, the system is conceived as an accessory for street paving. It was
not conceived, a priori, as a structure to comply with the service of stormwater

management in a broader sense.

4.2.2 Methodology for stormwater map preparation

As part of one large climate change adaptation study in Floriandpolis city, this
case study is ground zero in the state of the art of the existing stormwater system. Thus,
the methods of this study were organized into four steps: (1) pre-inventory and data
collection; (2) cluster into administrative districts; (3) characterization of the physical
structure; and (4) georeferencing and analysis of the technical cadastre.

After the questions "What are the main effects of climate change on the
stormwater system of Florianopolis?" and "How to establish an adaptation plan?" we
were confronted with the reality that the infrastructure of the stormwater system
database does not exist as a system, but only as project fragments. In this way, the first
step was to build a framework to answer what, where and how information is available
and how we can organize it into a database suitable for urban stormwater management.
We started with technical reunions with city hall sectors charged with stormwater
management: urbanization, sanitation, parks and yards and housing. After, consultations

with technical agents were planned. And finally, the access to the project files. An
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organizational chart was then prepared, and the tools to achieve the final database were
chosen by the project team and the city hall. After that, the technical steps could be
developed.

In the second step, the files were distributed and clustered in 13 districts for
administrative purposes: Sede Continental, Sede Insular, Barra da Lagoa, Cachoeira do
Bom Jesus, Campeche, Canasvieiras, Ingleses, Lagoa da Concei¢do, Pantano do Sul,
Ratones, Sdo Jodo do Rio Vermelho, Ribeirdo da Ilha, e Santo Anténio da Lisboa. The
filenames were standardised by removing special characters, avoiding errors during
automated classification. An extraction code was used that compares the name of the
files with a list of the street addresses present in each administrative district. When a
match is found, the file is moved to the administrative district folder of its location. The
unclassified files were checked and moved manually. The standardization and file
extraction procedures were performed using the free software PowerShell and Droplt
v8.5.1, respectively.

In the third step, we carried out the unification and characterization of the
physical structure of the stormwater drainage system using AutoCAD 2019 software.
The scale of each project was adequate for the correct positioning of the stormwater
drainage system on the road network. After scale adjustment, the characteristics of the
physical structure (e.g. diameter, material and length of pipes) and the identification of
stormwater inlets, junction and inspection boxes, outlets and associated compensatory
techniques were standardised on individual layers. In parallel, the pavement type of
each road was surveyed on Google Street View and summarised in Excel spreadsheets
along with the physical characteristics of the designed stormwater network.

Finally, in the fourth step, the files of the unified drainage network of each of
the 13 administrative districts were imported into the ArcGIS® 10.1 software,
concluding the technical cadastre. The Geocentric Reference System for the Americas
(SIRGAS 2000), made official in 2005 by the Brazilian Institute of Geography and
Statistics Foundation (IBGE), was the reference datum for all the files. To describe the
stormwater drainage network of the Florianopolis city and generate summary statistics
useful for comparison, we calculated the network coverage, the distribution of diameter
and type of pipe material, and the compensatory techniques installed in each

administrative district.
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4.3 RESULTS

After collecting actors and municipal organization information, the
organizational chart (Figure 17) was prepared. The final destination of the data and the
organizational chart defined what characteristics that Drainage Technical Cadastre
(DTC) should present. As the street paving with drainage projects are in .dwg files, this
was defined as the final information format, allowing the technical agents to manipulate
it. The DTC also was provided in shapefile (.shp) because the municipality is creating
the Digital Cadastral Data Bases (DCDB) in geographic information systems. Doubts
about the projects and other data were solved by consults with technicians from the city
hall departments. Another aspect we face is that the old infrastructure is often just in the
"memory" of ancient technical agents, most already retired, making the data unfeasible
and creating a gap in the technical cadastre.

The DTC process resulted in a map of the spatial distribution of the stormwater
drainage network, shown in Figure 18a. We used distinct colours corresponding to the
names to visualise the grey and green infrastructure. We also added the delimitation of
the administrative districts to highlight the areas with the most coverage of the drainage
system. This map informs the current location of the drainage projects, providing

information on sites with a lack of the system and priority for future projects.



101

Figure 17 — Organizational chart that links the entities involved, the information availability and the final destination of the DTC.
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Figure 18 — Distribution of green and grey stormwater drainage infrastructure by
administrative district (a); Compensatory techniques such as vegetated swale (b),
infiltration well and trench (c), and rain garden (d) that constitute green infrastructure.
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The DTC incorporated features of the pipe diameter and material, as well as of
the different inlets, junctions, manholes and compensatory structures for runoff
accumulation and infiltration such as vegetated swale (Figure 18b), infiltration well and
trench (Figure 18c), and rain garden (Figure 18d). These features were not presented on
this map to avoid visual pollution but were included as attributes of the GIS layer, can
be modified to create new detailed maps. Table 14 summarises the general results of the
survey of road surface types with drainage system coverage and the distribution of the

different compensatory techniques used per administrative district.
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Table 14 — Summary of surveyed roads, pipe diameters and stormwater drainage system in Floriandpolis.

Road pavement with stormwater

. Pipe diameters (mm) Green infrastructure
drainage
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Barra da Lagoa 115 35 3043 27 2 5 1 - - - 14 25 2 2 3 1 - - 4 4 - - -
Cachoeira do Bom Jesus 295 102 3458 54 11 12 21 4 1 2 6 9% 16 16 10 3 1 - 9 8 1 - -
Campeche 497 209 42.05 101 8 - 100 - - 210191 32 2221 6 2 ~-112 110 2 - -
Canasvieiras 310 53 17.10 20 11 12 10 - - - 13 9 7 1 2 - - 11 3 8 - -
Continental 547 75 1371 17 51 7 - - - -2 7 3 2 1 - - - 3 3 - - -
Ingleses do Rio Vermelho 383 164 42.82 101 15 15 33 -3 2 1121 10 12 5 5 1 25 91 91 - - -
Insular 1192 188 1577 98 53 17 10 10 1 2 14 137 26 23 12 7 2 S5 7 7 - - -
Lagoa da Conceigao 189 43 2275 14 13 6 8 2 - 1 1 43 10 7 5 -1 - 9 9 - - -
Pantano do Sul 179 29 1620 17 1 5 5 1 - - 1 24 4 3 1 - -10 4 3 1 - -
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Florianopolis 4349 1136 26.12 564 178 120 255 19 6 11 70 970 160 115 74 32 11 42 330 316 13 1 1

Source: Prepared by the author.
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The cadastre mapped 1136 roads with a stormwater drainage system, representing
approximately 26% coverage for the municipality of Floriandpolis. The highest coverage
district was Sdo Jodo do Rio Vermelho, representing nearly 47% of the roads with a drainage
system installed. The districts Ingleses do Rio Vermelho and Campeche was the second-
largest coverage presenting rates above 40%. The districts with the least coverage of the
drainage system were Continental, Insular, Canasvieiras and Santo Antdnio de Lisboa, with
rates below 20%. It is noteworthy that the coverage is directly related to the period in which
each district was densely urbanized, it is still influenced by the absence of street paving
projects before 2001 and after 2016. Of the various types of road pavements, 50% of hexagon
stones, 16% of asphalt, 22% of concrete and 11% of earthen roads were covered by
stormwater drainage networks.

With a predominance of 400 mm (around 85% of the roads), the pipe diameters
range from 150 to 1200 mm (Table 14). However, 42 roads did not have the pipe diameter
specified in the project. About the material of the pipes were identified 03 types: Polyvinyl
Chloride (PVC) for diameters of 150, 200 and 300 mm, concrete and porous concrete for
other diameters. Pipes with diameters of 800, 1000 and 1200 mm were identified only in the
downstream extensive drainage networks.

We identified PVC pipes on a few roads as point solutions, usually associated with
infiltration wells and earthen roads (Figure 19a). We also identified two PVC pipes with a
diameter of 300 mm in areas of intense urbanization (Figure 19b). The porous concrete pipes
are located in earthen roads and associated directly with infiltration wells (Figure 19c).
Manholes were rarely identified (only 14 in the entire city), generally in earthen roads, where
there is a combination between infiltration wells and non-porous concrete pipes (Figure 19d).

The DTC results show many discontinuities along with the drainage system (Figure
19¢), revealing the root cause of the flooding problems commonly observed during heavy
rains. It is evidence of the unsystematic and fragmented approach (drainage infrastructure
considered an accessory to paving projects) and the lack of analysis of hydraulic and
hydrological data during the design of the drainage network. The cadastre also highlighted
that drainage networks on opposite sides of the same road carry stormwater in opposite
directions (Figure 19f). Although there is no inherent problem if these flows are sufficient,

this increases the system complexity and makes maintenance by field teams difficult.
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Figure 19 — PVC pipes for drainage of small unpaved areas associated with infiltration wells (a)
and densely urbanised central areas (b); Porous concrete pipes associated with infiltration wells
in unpaved areas (c); Rare manholes associated with non-porous concrete pipes and infiltration
wells in unpaved areas (d); Fragmentation of stormwater drainage network due to unit planning
by urban road (e) and local solutions (f); Rare examples of sizing considering small urban
basins (g) and (h).
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Although there is fragmentation in the drainage system, rare exceptions of integrated
planning considering small urban basins were found (Figure 19g and Figure 19h). However, it
i1s an unconventional practice in stormwater management in the municipality. Florianopolis
does not consider the existing drains as assets. That presupposes that rarely are considered to
design new drains or revise existing drains based on local hydrologic and hydraulic data.
Furthermore, the municipality has incorporated compensatory storage and infiltration
techniques to promote sustainable stormwater management. However, these were
implemented without considering technical design and maintenance criteria, becoming

obsolete over time.

4.4DISCUSSION

The pilot Drainage Technical Cadastre carried out in the municipality of
Florianopolis is an essential step towards understanding the local stormwater system
providing valuable insights into the planning and management of urban infrastructure. The
traditional practice of stormwater management in Florianopolis is complex, uncoordinated
and fragmented, creating a barrier to understanding the spatial distribution, existing coverage,
gaps and needs for future planning. The coverage rates of the drainage system in the
municipality (26.1%) is lower than the rate estimated by the SNIS (BRASIL, 2020) for the
Brazilian state capitals (81.1%), for the southern region of Brazil (40.3%) and also at national
level (33.3%). It makes it very clear that the need to develop Urban Drainage Master Plans to
provide long-term direction for stormwater management practices. Traditionally, the approach
to tackling stormwater management problems in developing countries is based on the
hygienist principle, transferring water as quickly as possible away from flooded areas.
Frequent problems in design and implementation are observed bringing complexity to the
maintenance and management of the system. For example, GOLDENFUM et al. (2007)
reported many inconsistencies between records and the actual field situation in Porto Alegre
(Brazil), mainly due to lack of cadastre updating, constructive problems that led to design
modification during construction, and poor conservation state of old drainage networks.

The same problems were observed in Floriandpolis, where there is a gap of old data
due to the nonexistence of digital records or paper projects. The registry also presented a gap
concerning recent projects (2016 - current) due to these being in design, bidding or execution.

In conformity with this, studies conducted in Ethiopia (ADUGNA et al., 2019), Haiti
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(DORVAL et al.,, 2010), Pakistan (PARKINSON; TAYLER; MARK, 2007) and the
Philippines (SEE et al., 2020) also report problems in the design and execution of structures,
and the gap in cadastral information as the major drivers for the occurrences of urban
flooding. In addition, the authors add the fragmentation of the system is responsible for the
reduction in hydraulic capacity. Furthermore, the drainage system implemented in
Florianopolis is absolute separators with underground pipes, and it is not possible to say with
certainty, according to the managers, the consistency of the projected system with the pipes
installed in the field. Information management is fundamental for decision-making and
requires accurate information about the current state of the infrastructure, making the
managers capable of managing the active drains and predicting future performance
(MEEGODA et al., 2017). To enable this information to be used effectively in supporting
decision-making, gaps must be filled and data must be collected and processed systematically
(SEE et al., 2020).

The planning process of the stormwater drainage network in Florianopolis is not
driven by a master plan. Drainage improvements are implemented in a fragmented way, often
without identifying the boundaries of the different watersheds and the connections between
the local area and the city-wide drainage system. In addition, the rainfall characteristics used
for system design are estimated based on data from other neighbouring regions. According to
Parkinson, Tayler and Mark (2007), errors in defining catchment boundaries can lead to large-
scale errors in the runoff estimation and subsequently in the design of drainage systems.
Goldenfum et al. (2007) complement this by highlighting the large spatial variability in the
rainfall distribution within the own city limits, adding non-confidence to the projects of
structures when using data from neighbouring regions. Another driving factor is the existence
of few manholes in the drainage system, making maintenance work that occurs only in a
remedial manner difficult, with punctual solutions prevailing. In conformity with this, studies
carried out in Indore and Mumbai, India (GUPTA, 2007; PARKINSON; TAYLER; MARK,
2007) have reported problems in the maintenance of the structures, which are due to
sedimentation and vandalism overload the small system implemented, causing local flooding.

From the point of view of climate adaptation, the use of compensatory structures for
storage and infiltration offers better prospects for controlling runoff and mitigating flooding.
However, problems typical of developing countries bring complexity in the design and
maintenance of structures. According to Goldenfum et al. (2007), a large number of

sediments, litter and debris by the drainage network demands frequent maintenance of the
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compensatory structures, which contrasts with the reduced budget of the public sectors. See et
al. (2020) affirm that in developing countries, the installation of control devices remains
increasingly complicated due to the low financial and economic situation, besides the low
technical capacity of local managers to reach a sustainable solution. Moreover, in
Florianopolis, there are several conflicts about jurisdiction and distribution of responsibilities
among different levels of government and state organizations. Adaptation measures still focus
on the impact of current hazards instead of considering climate projections.

Technological advances in the development of tools to model and simulate the
performance and characteristics of urban drainage systems, such as EPA SWMM, InfoWorks
and MIKE URBAN, represent an excellent opportunity for infrastructure managers and
planners to analyse and evaluate the resilience of current infrastructure in the future scenarios
(MARTIN et al., 2020). In this context, the existing urban drainage infrastructure mapping is
crucial, filling knowledge gaps and facilitating the adoption of appropriate actions based on
cost-effective recommendations and prioritization of sites that require maintenance and repair
(SEE et al., 2020).

One essential management step toward an optimal Stormwater Management System
in developing countries should be setting the bases of the drainage technical cadastre,
favouring its implementation and updating with new projects. In this way, it prevents the
registration of new systems from being restricted by the passivity of old unresolved projects.
Furthermore, it stands out that the cadastre of projects presents fewer costs than the search of

infrastructure already buried in the field.

4.5CONCLUSION*

This paper has presented some problems in urban stormwater management in
developing countries with an assessment of the situation in Florianopolis, Brazil. We
identified several difficulties during the construction of the DTC of the urban drainage system
due to information gaps, system fragmentation and lack of project standardisation. In terms of
drainage network coverage, the system is considered inadequate to manage stormwater within

the city limits, covering only 1136 (about 26%) of the roads in the municipality. Unmanaged

* The data that support the findings of this study are available online at https:/lautec.ufsc.br/dados/ and with the
first author on reasonable request.
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stormwater favours the occurrence of urban flash floods, overloading existing drains that are
sometimes undersized, and degrading nearby infrastructure. The results evidenced the
planning and designing unsystematically of drainage projects, with a segmented approach by
urban road, which is considered an accessory to paving projects. Integrated planning based on
the watershed contribution area and the hydrologic and hydraulic analyses were rarely
evidenced. The municipality incorporated compensatory storage and infiltration techniques to
promote sustainable stormwater management, but these were implemented without technical
design and maintenance criteria, becoming obsolete over time. The same is valid for the
sparse manholes identified, making it hard to carry out maintenance work that occurs only in
a remedial manner.

This study contributes by providing a practical description of the complexity and
challenges of stormwater management in developing countries. Identifying these challenges is
the key to formulating appropriate management tools that can accommodate rapid
urbanisation, data deficiency, lack of knowledge and technical information on storage and
infiltration devices, just as budget constraints and climate adaptation strategies. The
highlighted gaps can help decision-makers identify the actions required to advance urban
stormwater design and management, driving climate adaptation and disaster risk reduction
strategies. This perspective ranges from simple flooding control to broader and more
integrated management that includes the coverage and performance current and future of the
city-wide drainage system considering sustainable environmental management and
minimizing the adverse effects of urbanization. In general, the study results highlight the need
to review the structures currently implemented throughout the municipality, considering the
deployment of a sustainable, integrated, well-planned and adequately executed drainage
system to maximise the effectiveness and efficiency of drainage investments and mitigate
downstream flooding problems.

Limitations in the following aspects may have affected the results of the Drainage
Technical Cadastre:

(1) Lack of information dues to the unavailability of old non-scanned projects
and recent projects in the bidding process or under execution. Information
gaps may have generated more fragmentation in the registered network than
exists.

(2) Lack of technical information, typing errors and lack of standardization of

projects may have generated incorrect classifications of material, diameter or
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indeed the existence of storage structure and infiltration.

(3) Uncertainty of spatial and structural conformity between designed and
installed. The design of drainage projects without scale may have generated
inconsistencies regarding the actual location of the network inlets and outlets,
having been made a spatial adjustment to overlap the projects over the urban
roads. The lack of information about the underground infrastructure installed
may have generated inconsistencies regarding the cadastre of the pipe
diameters and inlet infrastructure.

Future efforts should focus on the continuous updating of the DTC to overcome these
limitations. It is crucial to verify the spatial location of the inlets in the field, just as the
inclusion of information contained in non-scanned or newly designed projects. The
development of guidelines by urban planners is recommended guiding the standardised and
scaled up the design of digital projects, facilitating the incorporation of new projects into the
now existing Drainage Technical Cadastre. In addition, all repair works, drainage connections
and minor improvements carried out during the maintenance operations should be recorded

and updated.
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5 IMPACTO DAS MUDANCAS CLIMATICAS NAS CHUVAS DE PROJETO E
DESEMPENHO HIDRAULICO DO SISTEMA DE MANEJO DE AGUAS PLUVIAIS

Referéncia: CAPRARIO, Jakcemara; FINOTTI, Alexandra Rodrigues. Impacto das
mudangas climaticas nas chuvas de projeto e desempenho hidraulico do sistema de manejo de
aguas pluviais. Nao publicado. O conteudo deste capitulo serd submetido para a revista

Journal of Water Management Modeling.

Diversas projecdes climaticas futuras indicam um aumento significativo na
magnitude e frequéncia de eventos extremos de precipitacdo. Essas mudangas terdo
implicagdes diretas nas infraestruturas urbanas de gestdo de dguas pluviais, que sdo projetadas
para mitigar os efeitos de eventos hidrologicos extremos. No entanto, uma pergunta que deve
ser respondida é: As areas urbanas estdo preparadas para enfrentar esses novos extremos?
Nesse sentido, este estudo buscou entender como serd o comportamento das precipitacdes
futuras, avaliando o impacto hidraulico potencial dos eventos extremos no atual sistema de
manejo de aguas pluviais. O objetivo foi alcancado modelando as interagdes entre o
escoamento superficial, gerado por chuvas de projeto futuras, e o atual sistema de manejo de
aguas pluviais em um modelo hidrodindmico calibrado. As chuvas de projeto foram
construidas a partir de equagdes de Intensidade-Duragdo-Frequéncia projetadas até o final do
século, utilizando o método de blocos alternados. O modelo foi calibrado utilizando eventos
de vazdo fluvial monitorados em campo, sendo incluida uma série de vazdo de base para
complementar o balanco hidrico. O estudo de caso foi aplicado em um sistema duplo,
composto pela macro e microdrenagem, construido para a sub-bacia urbana Corrego Grande
localizada no municipio de Floriandpolis, Brasil. Os resultados deste estudo revelaram o
seguinte:

e O modelo apresentou um bom desempenho na reproducdo da vazdo no
exutorio da area de estudo para os eventos de calibragdo e validagdo, com
valores médios de R? superiores a 0.80 ¢ NSE superiores a 0.65.

e A representacdo do processo chuva-vazdo demonstrou boa adequabilidade
(ISE < 6) para aplicacdo do modelo no planejamento e projeto final de
sistemas de drenagem urbana. Os valores baixos do RMSE confirmaram a
confiabilidade do modelo em prever vazdes proximas das observadas.

e A intensidade média da precipitagdo aumentou de 26.49 + 3.52 mm/h para
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aproximadamente 30.91 + 4.17 mm/h no futuro proximo e distante,
respectivamente, indicando um potencial aumento nos eventos de inundacdo
na area de estudo.

¢ Embora o numero de jungdes inundadas (no maximo 07 das 103 modeladas)
ndo tenha mudado significativamente entre os cenarios de precipitagdao, o
volume de inundacao aumentara significativamente, triplicado o montante até
o final do século para chuvas com periodos de retorno de 2 anos.

e A medida que o periodo de retorno das precipitagdes aumenta, ha um
incremento no volume de inundagdo. Com isso, espera-se que eventos
extremos se tornem cada vez mais fortes e frequentes, levando as
infraestruturas atualmente vulneraveis a inunda¢des ainda mais intensas.

e Os danos induzidos por chuvas de projeto com periodo de retorno de 10 anos
no cenario atual, provavelmente serdo causados no futuro distante por chuvas
de projeto com periodo de retorno de apenas 2 anos.

¢ Fica evidente a necessidade de uma especial atencdo ao sistema de manejo de
aguas pluviais da area de estudo, melhorando o desempenho do sistema para
enfrentar tanto as condi¢des atuais como as futuras.

e A renovagdo de todas as tubulagdes que compdem o sistema de drenagem nao
¢ uma solucdo viavel e, portanto, a utilizacdo de novas solugdes como as
técnicas compensatdrias ¢ uma tendéncia crescente, levando a um novo
paradigma operacional onde a d4gua ¢ armazenada no sistema e liberada a uma

taxa controlada podendo ainda ser completamente ou parcialmente infiltrada.

5.1 INTRODUCAO

O impacto das mudangas climdticas tornou-se uma importante for¢ga motriz na gestao
e planejamento dos sistemas de drenagem urbana nas ultimas décadas. O aumento da
temperatura média global tem influéncia direta sobre o ciclo hidrolégico, aumentando
significativamente a magnitude e frequéncia de eventos extremos de precipitacio (AHMED;
TSANIS, 2016; IPCC, 2018). Essas altera¢des elevam o risco de inundag¢ao urbana em quase
30 vezes, deteriorando o desempenho dos sistemas de drenagem existentes e potencializando

as perdas econdmicas e problemas de saude publica (LI et al., 2022, KUMAR et al., 2021;
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SALDARRIAGA et al, 2020). Entre 1980 e 2018, as perdas econdmicas globais
ultrapassaram USS$ 1 trilhdo (valores de 2018) e centenas de milhares de vidas foram perdidas
devido a inundagdes (ROSENZWEIG et al.,, 2021). Estimativas sugerem que cerca de 40%
das perdas sdo atribuidas as inundagdes urbanas, ocorridas devido ao desequilibrio entre a
capacidade dos sistemas de drenagem e a intensidade da vazao de pico (DEFRA, 2015).
Gerenciar as dguas pluviais a partir da perspectiva incerta das mudancas climaticas ¢
um grande desafio em paises desenvolvidos e em desenvolvimento (MOORE et al., 2016).
Tradicionalmente, os sistemas de drenagem procuram evacuar a vazao de pico o mais rapido
possivel da area afetada, sendo a infraestrutura projetada com base na série historica de
precipitagdo da regido (KUMAR et al., 2021; BERGGREN et al., 2012). Esta pratica de
gestdo considera o clima estacionario, sendo considerada inadequada para gerenciar a
frequéncia e magnitude dos eventos extremos do clima futuro (AHMED; TSANIS, 2016;
KNIGHT et al., 2021). Aliadas a essa pratica, as altas taxas de urbanizagdo das cidades
modernas e as infraestruturas atualmente obsoletas criam enormes desafios, exigindo novas
formas de planejamento urbano (SALDARRIAGA ef al., 2020; BOHMAN et al., 2020). Os
critérios de projeto da infraestrutura de gestdo da drenagem urbana devem ser revistos
considerando o possivel impacto das mudangas climaticas em longo prazo, garantindo a
resiliéncia do sistema (BINESH et al., 2019). O uso do conceito de manejo de aguas urbanas
sustentaveis pressupde outro tipo de infraestrutura que privilegia o controle na fonte, a
infiltracdo e a evaporagdo, além de ser mais facilmente adaptavel as mudangas climaticas do
que o sistema de drenagem convencional com tubulagdes e afastamento rapido das adguas.
Existem varias abordagens para avaliar o impacto de eventos extremos nos sistemas
de drenagem de &aguas pluviais, sendo a modelagem hidrologica e hidrdulica a mais
reconhecida (AHMED; TSANIS, 2016). Os parametros comumente adotados para descrever
os impactos se concentram no (i) niimero de jung¢des e areas inundadas (por exemplo, SIDEK
et al., 2021 e LIWANAG et al., 2018), (i1) nimero de condutos sobrecarregados (por
exemplo, BINESH et al., 2019; AHMED; TSANIS, 2016 ¢ BERGGREN et al., 2012), (iii)
mudangas no volume de escoamento (por exemplo, KNIGHT et al., 2021; MATTOS et al.,
2021) e (iv) mudancas no volume de transbordamento (por exemplo, KUMAR et al., 2021,
SALDARRIAGA et al., 2020; KIM et al., 2017 e MOORE et al., 2016). Apesar de todos os
avangos para o desenvolvimento e gestdo dos sistemas de drenagem em areas urbanas, o
planejamento e projeto das infraestruturas considerando eventos climdticos futuros ainda ¢

incipiente.
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Ahmed e Tsanis (2016) investigaram o impacto potencial de eventos extremos no
sistema de manejo de aguas pluviais de West Central Mountain no Canadé, devido a
condi¢gdes climaticas projetadas até 2070. Os autores relataram que a infraestrutura de
drenagem urbana projetada com base nas condi¢des climaticas atuais nao sera capaz de lidar
com o aumento das chuvas do projeto em condi¢gdes climaticas futuras. Binesh et al. (2019)
quantificaram o potencial de sustentabilidade do sistema de manejo de dguas pluviais em
Teera, capital do Ira. Os autores verificaram um aumento no numero de pontos de inundagao
devido ao transbordamento da rede pluvial, reduzindo o indice de sustentabilidade do sistema
devido as mudangas climaticas. Kumar et al. (2021) avaliaram o impacto das mudancas
climaticas na ocorréncia de inundagdes pluviais em duas bacias urbanas em Delhi, na India,
usando dados de chuva projetados até o final do século. Os autores relataram um maior risco
de ocorréncia de inundagdes, com aumento na vazdo de pico e no numero de juncdes
inundadas, para as duas areas de estudo. Mattos ef al. (2021) quantificaram a resiliéncia do
sistema de macrodrenagem na Bacia do Prosa, Campo Grande — Brasil, considerando véarios
cenarios de urbanizagdo de baixo impacto (LID) e precipitagdes projetadas até 2095. Os
resultados indicaram que o atual sistema de drenagem tem baixa resiliéncia aos eventos
futuros de precipitacdo. Eles preveem ainda um aumento de 24% no pico do escoamento até o
final do século, podendo ser satisfatoriamente mitigado utilizando préticas combinadas de
LID.

Esses estudos destacam a necessidade de considerar o impacto das mudangas
climaticas para estimar e gerenciar adequadamente o escoamento urbano, melhorando o
desempenho dos sistemas de aguas pluviais € mitigando os danos atuais e futuros. Nesse
sentido, o presente estudo buscou entender por meio de uma abordagem de estudo de caso
como sera o comportamento das precipitacdes futuras locais, avaliando o impacto hidraulico
potencial dos eventos extremos no atual sistema de manejo de aguas pluviais. O estudo foi
aplicado em um sistema duplo, composto pelos sistemas de macro e microdrenagem,
construido para a sub-bacia urbana do Corrego Grande no municipio de Floriandpolis, Brasil.
Chuvas de projeto foram construidas a partir de equacdes de Intensidade-Duragdo-Frequéncia
atual (2001-2018) e projetadas para o futuro préximo (2010-2039), futuro intermedidrio
(2040-2069) e futuro distante (2071-2100). Periodos de retorno de 2, 5, 10 e 25 anos foram
adotados para avaliar o impacto hidraulico de eventos extremos futuros com duracao de 4h. O
software PCSWW foi utilizado para a modelagem do sistema de drenagem, sendo calibrado

com eventos de vazao fluvial.
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5.2 MATERIAIS E METODOS

5.2.1 Area de estudo e dados de entrada

A érea de estudo ¢ a sub-bacia Corrego Grande localizada na regido central do
municipio de Florianopolis, SC — Brasil. Devido ao grande niimero de nascentes e cursos
d’agua, esta sub-bacia ¢ considerada uma das mais importantes contribuintes da Bacia
Hidrografica do Rio Itacorubi (RIGOTTI et al., 2016). Destaca-se que todos os rios da Bacia
desaguam em area de prote¢do ambiental, constituindo o Mangue do Itacorubi, segundo maior
manguezal urbano do Brasil (SANTANA et al., 2022). Este mangue possui caracteristicas que
o classifica como altamente sensivel devido aos processos de degradacdo e pressdo urbana
sofridos nas tltimas décadas.

Estima-se que existam aproximadamente 45 mil pessoas circulando diariamente por
toda essa regido, principalmente devido a concentracdo de importantes atividades
administrativas, educacionais e comerciais (TASCA et al.,, 2019). Apesar do grande
desenvolvimento regional, a sub-bacia Corrego Grande ainda permanece com alto indice de
preservagdo. Aproximadamente 70% de sua area ainda ¢ florestada (Figura 20a), devido
principalmente ao relevo fortemente ondulado, sendo a declividade média da bacia de 30.2%
(Figura 20b). No entanto, a qualidade ambiental do Rio Corrego Grande reduz a medida que
ele alcanga os setores da bacia com menor declividade e que sofrem grande pressdo urbana.
Nestas areas de planicie, o curso d’dgua apresenta perda dos processos naturais que o
configuram como rio, sendo classificado como “deficiente”, pior indice de qualidade
hidrogeomorfologico de todo o corrego (SOUZA; POMPEO, 2016). As areas de ocupagio
urbana apresentam boa cobertura do sistema de manejo de dguas pluviais, aproximadamente
63% das vias com sistema de coleta (Figura 20c). No entanto, a rede ndo ¢ extensamente
interligada, sendo em sua maioria, destinada para o coérrego natural ou canalizado mais
proximo.

Com uma area de 4.25 km? a sub-bacia Corrego Grande se beneficia pela
precipitagdo impulsionada por fatores orograficos, onde os indices variam entre 1100 a
2700mm por ano, sendo mais intensos durante o verdo (RAMA et al.,, 2019). Com
embasamento cristalino composto por granulito-gnaisse intensamente fraturado, o aquifero
consolidado apresenta baixa vazao de captagdo de 4gua, variando entre 2.0 a 9.0m3/h (CPRM,

2013). A textura fina e a baixa permeabilidade do leito cristalino elevam a suscetibilidade a
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ocorréncia de inundagdes nas areas planas proximas a jusante. A altitude local varia de 443m,
no ponto mais alto, a 3 m acima do nivel do mar na foz da sub-bacia (Figura 20d). A
pedologia da area tem predominancia de solos do tipo Argissolos Vermelho-Amarelo,
associado com Cambissolos Alico, Neossolos litolico ¢ Gleiossolos Haplico na regido de
baixada, aferindo ainda mais suscetibilidade a ocorréncia de inundagdes (Figura 20e). Os
percentuais de impermeabiliza¢do nas areas baixas, associados as condi¢des de pedologia com
baixa capacidade de infiltracdo atribuem valores elevados de coeficiente de defliivio (curve
number — CN) na regido da foz (Figura 20f). Os dados de entrada necessarios para realizar a
modelagem chuva-vazdo, bem como, as fontes de onde foram coletados ¢ algumas

informagdes relevantes sdo apresentados na Tabela 15.

Tabela 15 — Detalhes dos dados considerados neste estudo e suas fontes.

Dado de entrada  Unidade Observacoes Fonte

Produzido a partir de classificacdo
supervionada de aerofoto com resolugao

D & COrio (a : espacial de 0,39 m e escala 1:10.000. SDE* (2012)

terra Ajustado manualmente para condi¢des atuais
de urbanizagao.
Declividade o, }1’gcr)rcliuz1do a partir de MDE com grade de IPUF® (2000)
Produzido a partir da validagdo do Cadastro Caprario ef al
Drenagem pluvial - Técnico de Drenagem de aguas pluviais e P ’

levantamento em campo. (2021b)

Hidrografia i Hidrografia canalizada produzida a partir de ANAC, 2015
levantamento em campo.

Produzido a partir de curvas de nivel com

~ b

Elevagdo do terreno m intervalos de 1m. IPUEF” (2000)

Tipo de solo - Escala de 1:30.000 Varge(lz(%:zglrlsto

Nimero de deflivio i Produzido a partir do uso da terra, tipos de Sartori et al. (2005),
solo e respectivos grupos hidrologicos. TUCCI (1993)
Série de medicdes automdticas com

Precipitacdo mm intervalos de 5 min (26 de setembro de 2017 Schimitz (2018)

até 23 de janeiro de 2018)

Te’m.peratura' ' oC Ser-le d}arla (26 de setembro de 2017 até 23 EPAGRI, 2019
maxima e minima de janeiro de 2018).

Série de medigbes automaticas com
Vazio fluvial m?/s intervalos de 5 min (26 de setembro de 2017 Schimitz (2018)

até 23 de janeiro de 2018).

*SDE — Secretaria de Estado do Desenvolvimento Econdmico Sustentivel

®IPUF — Instituto de Planejamento Urbano de Florianépolis

© ANA — Agéncia Nacional de Aguas e Saneamento Basico

¢EPAGRI — Empresa de Pesquisa Agropecuaria e Extensdo Rural de Santa Catarina
Fonte: Preparado pelo autor.
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Figura 20 — Representagdo espacial dos dados de entrada da sub-bacia Corrego Grande: (a) uso
e ocupacgdo da terra, (b) declividade, (c) Sistema de drenagem, (d) Eleva¢ao do terreno, (e) tipo
de solo, e (f) coeficiente de deflivio médio — CN.
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Fonte: Preparado pelo autor.

5.2.2 Modelagem chuva-vazao

Um sistema duplo, composto pelos sistemas de macro e microdrenagem foi
construido para a sub-bacia Coérrego Grande, a fim de modelar as interacdes entre o
escoamento superficial e a rede de drenagem de aguas pluviais. Este sistema foi necessario
visando a calibragdo do modelo com dados de vazao monitorados em corregos € nao na rede
pluvial, como tradicionalmente encontrado na literatura. Foram realizados levantamentos de

campo para verificacdo e ajuste da infraestrutura de drenagem pluvial e da hidrografia
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canalizada existente. Além das dimensodes levantadas em campo, seis secdes transversais do
rio principal detalhadas por Souza (2014) foram adotadas. As jung¢des foram colocadas nos
encontros entre os canais, mudanca de didmetro ou sec¢do, € no inicio ¢ fim das tubulagdes. A
rede modelada incluiu um total de 103 jungdes mais um exutdrio e 103 trechos de ligagao
como condutos de drenagem. Os parametros de elevag¢ao do fundo e profundidade das jungdes
foram atribuidos com base nos dados do Modelo Digital de Elevacao (MDE) e nos projetos de
drenagem fornecidos pela Prefeitura Municipal de Floriandpolis. Os Coeficientes de
rugosidade de Manning (n) para rios, canais revestidos de concreto e tubulagdes foram
definidos de acordo com Rossman (2015).

Com as juncdes definidas, a area de estudo foi dividida em 98 sub-bacias de
contribuicdo visando a obtencdo de um modelo mais detalhado possivel. As areas de
contribuicdo da microdrenagem (69 sub-bacias) foram delimitadas manualmente
considerando a rede implantada, a topografia do terreno, a delimitagdo dos lotes e a area de
influéncia de 45° a partir da esquina da quadra ou do pogo de visita adotado como néd de
juncdo. Ja as areas de contribui¢do da macrodrenagem (29 sub-bacias) foram delimitadas
automaticamente a partir do MDE com auxilio do programa ArcHydro. Para cada sub-bacia
de contribuicdo foram determinados os parametros: area, comprimento da bacia, declividade,
Coeficiente de rugosidade de Manning (n) e altura inicial de armazenamento em depressdes
para superficies permedveis e impermeaveis, além do coeficiente de defluvio (CN). Para o
comprimento da bacia foi adotado o valor da largura do retangulo equivalente, que relaciona o
perimetro e a area de captacdo (GARCIA; PAIVA, 2006). A altura inicial de armazenamento
em depressdes para superficies impermeéveis e o coeficiente de rugosidade de Manning para
superficies permedveis e impermedveis foram definidos de acordo com Rossman (2015). A
taxa de abstracdo inicial (/a) foi adotada como a altura inicial de armazenamento em
depressoes para superficies permeédveis. O CN de cada sub-bacia foi calculado utilizando os
grupos hidrolégicos de solos (C e D) e a classificagdo de uso e ocupacao da terra.

O método SCS-CN foi utilizado para estimar os processos de infiltragdo, haja vista a
disponibilidade de informagdes de uso da terra e tipo de solo (grupos hidrolégicos) para toda a
area de estudo. O método de Hargreaves, Unico incluido no modelo, foi adotado para estimar
a parcela de perda por evaporagao durante a simulacdo continua, sendo os dados didrios de
temperatura minima ¢ maxima obtidos de EPAGRI (2019). O método de onda dinamica foi
considerado como método de roteamento de fluxo para a simula¢do do escoamento através do

sistema de drenagem. Este método resolve por completo as equagdes de fluxo unidimensional
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de Saint-Venant, produzindo resultados teoricamente mais precisos e possibilitando a
representacdo da pressurizacdo do conduto. Foi considerado que o fluxo excedente acumula-
se no topo da junc¢ao, reentrando no sistema com o passar do tempo. As perdas de carga foram
estimadas pela equacdo de Darcy-Weisbach, também conhecida como Formula Universal,
pois inclui todos os pardmetros basicos (coeficiente de atrito, rugosidade do tubo, viscosidade
e densidade do fluido, velocidade e diametro da tubula¢do) que descrevem a perda de carga
continua, sendo aplicavel a qualquer liquido. Dados de precipitagdo e vazdo fluvial
monitorados durante setembro de 2017 e janeiro de 2018 por Schimitz (2018), com um
intervalo de tempo de cinco minutos, foram aplicados no modelo para simula¢do continua do
escoamento. Neste estudo, ndo foram incluidos dados parra a estimativa do escoamento
subterraneo, como por exemplo, elevagdo e profundidade do aquifero, condutividade
hidraulica, porosidade, ponto de murcha entre outros parametros relevantes. Destaca-se que o
embasamento rochoso local ¢ classificado como cristalino fraturado, ndo havendo pontos de
monitoramento ou estudos que estimem as caracteristicas do fluxo subterrdneo na regido,
dificultando a obtencao dos dados. Desta forma, para realizar o balanco hidrico foi incluido
uma série de vazao de base como entrada no sistema, conforme recomendado por Hossain et
al.(2019), Sidek et al. (2021) e Li et al. (2022). A vazao de base representa a vazao normal do
Rio Corrego Grande devido a infiltracdo de agua subterranea, sendo esta extraida da série de
vazao monitorada pela aplicagdo do filtro numérico de Chapman e Maxwell (1996). Este filtro
¢ indicado para bacias que apresentam pouca contribui¢do subterranea, ou seja, aquiferos
impermeéveis (COLLISCHONN; DORNELLES, 2013).

O software PCSWMM versdao 7.4.3240, uma versdo GIS do EPA Storm Water
Management Model (SWMM 5.1) normalmente utilizada para simular processos chuva-vazao
em dareas urbanas, foi adotado para modelar as interagdes hidrologicas e hidraulicas do
sistema. A classificagdo de uso e ocupagdo da terra, bem como, a delimitacdo das areas de
contribuigdes, calculo do CN e estimativa do comprimento dos canais foi realizada no
software ArcGIS® 10.1. A série de vazdo de base foi separada utilizando o codigo em
MATLAB MRCPtool (Master Recession Curve Parametrization tool) desenvolvido por
Carlotto e Chaffe (2019).
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5.2.3 Calibracio e validacao do modelo

A calibragdo ¢ o processo de ajustar os parametros do modelo para que este
corresponda as variaveis hidrologicas simuladas as observadas em campo. A calibracao pode
ser realizada considerando eventos unitarios ou simulagao continua. A calibra¢do basecada em
eventos unitarios reproduz melhor o tempo e vazdo de pico e a forma do hidrograma,
enquanto a calibragdo continua fornece com maior precisao o volume total de escoamento
(TAN et al,. 2008). Ja a validagao ¢ o processo que verifica a capacidade do modelo calibrado
em reproduzir um conjunto de observagdes de campo ou prever condigdes futuras sem ajustes
adicionais aos parametros (ZHENG et al., 2012). O PCSWMM utiliza a ferramenta SRTC
(Sensitivity-based Radio Tuning Calibration), calibragdo de sintonia de radio baseada em
sensibilidade, para realizar a calibracdo do modelo hidrologico (FERREIRA et al., 2022). A
ferramenta requer a estimativa de incerteza para testar os atributos e analisar a sensibilidade
dos parametros que serdo calibrados. O processo de calibragdo e validagdo utilizando a
ferramenta SRTC pode ser simplificado em 03 etapas, descritas a seguir.

A primeira etapa para calibrar o modelo € selecionar os parametros mais sensiveis e
estimar uma faixa de incerteza que limitara os ajustes. Para a selecdo dos parametros deve-se
considerar a incerteza da medigdo ou estimativa destes em laboratorio ou campo. De acordo
com CHI (2022) parametros que podem ser medidos ou estimados com alto grau de certeza,
como area de contribuicdo, didmetro da tubulagdo, inclinacdo, eleva¢do e comprimento dos
condutos, recebem incerteza nula ou pequena (0-10%). J4 os pardmetros que ndo podem ser
facilmente medidos em campo ou laboratorio, como taxas de infiltragdo, acaimulo e lavagem
de poluentes, recebem incertezas maiores (10-50%). E os parametros que apresentam
incerteza muito grande na medi¢do ou estimativa, como coeficiente de rugosidade de
Manning para canais naturais, armazenamento em depressoes, entre outros, recebem valores
elevados de incerteza (50-100%). Os valores de incerteza ajudam a redefinir a média, sendo
expressos como um desvio percentual do valor atual. E extremamente importante que o
processo de calibragdo ndo permita que os parametros excedam os limites fisicamente
significativos da faixa de incerteza. A determinacdo cuidadosa destes limites aumenta a
precisdo e eficiéncia do processo de calibragdo (JAMES, 2005). Os limites superiores e
inferiores dos valores dos parametros para cada incerteza especificada sdo calculados pelo

PCSWMM de acordo com as Equagdes 10 e 11 (CHI, 2022).
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1
Vowr = Vatuarx (1+U—/10o) (10)

U
Vinf = Varuarx(1 + E) (11)

onde Vg, € o valor do pardmetro para o limite superior da faixa de incerteza, V;;, F€o valor
do parametro para limite inferior da faixa de incerteza, V,;,4; € 0 valor atual do pardmetro
estimado e U(%) ¢ a incerteza atribuida.

A segunda etapa da calibragdo ¢ a andlise da sensibilidade e ajuste manual dos
parametros. A ferramenta SRTC executard o modelo duas vezes para cada parametro,
primeiramente considerando um cenario onde os parametros de cada sub-bacia sao
minimizados e, posteriormente considerando um cenario onde o0s parametros sao
maximizados. A analise de sensibilidade apresentara graficamente os pardmetros com maior
variagdo entre as sub-bacias, indicando quais devem ter o ajuste priorizado. Os ajustes
manuais sdo realizados por meio de controles deslizantes, onde a resposta ¢ gerada
interpolando linearmente, com base em 8 pontos de sensibilidade, os resultados entre o valor
mediano do parametro e o intervalo de incerteza definido na etapa anterior. Durante o
processo de ajuste manual dos parametros, as curvas de vazao simuladas sdo comparadas com
as curvas historicas de vazdo observadas em campo. A diretriz geral para um modelo
calibrado com sucesso ¢ que os dados simulados se assemelhem muito aos dados observados
(BOON et al., 2012).

Por fim, na terceira etapa ¢ realizada a validagdo do modelo. Com os parametros
calibrados o modelo ¢ novamente executado e os resultados da simula¢do sdao comparados por
meio de indices estatisticos com outros eventos que ndo foram utilizados durante a calibracao.
Esse processo de verificacdo determina se as alteragdes manuais realizadas nos parametros
através da ferramenta SRTC tiveram os efeitos desejados na precisdo do modelo, validando
ou nao a calibracgao.

Neste estudo, a analise de sensibilidade e calibragdo foi realizada para 9 parametros
(Tabela 16), sendo as porcentagens de incerteza definidas com base nas recomendacgdes de

James (2005).
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Tabela 16 — Parametros de calibragéo selecionados e incertezas atribuidas.

Categoria Parametro Incerteza Ajuste manual
(%) realizado (%)
Area 10 Sem mudanca
Comprimento 100 -35
Sub-bacia Declividade 10 Sem mudanca
Armazenamento em depressdes — permeavel 100 +57
Coeficiente de defluvio - CN 50 -4
Juncdes Elevagéq do fundo da conexao 10 Sem mudanca
Profundidade da conexdo 10 Sem mudanca
Canais e condutos Comprimento 10 Sem mudanca
Coeficiente de rugosidade de Manning 100 +39

Fonte: Preparado pelo autor.

A calibragdo foi realizada com base em simulagdo continua do escoamento a partir
da série de precipitacdo observada. As vazdes simuladas foram comparadas com os dados de
vazdo coletados no exutorio da bacia entre setembro de 2017 e janeiro de 2018. Trés eventos
de precipitacdo/vazao foram selecionados para calibragdo e quatro para validagdo, sendo
todos observados durante as estagcdes chuvosas (Tabela 17). Os eventos foram selecionados

visando uma distribui¢ao uniforme de duracao e estagao.

Tabela 17 — Caracteristicas dos eventos utilizados para calibragdo e validagdo da modelo.

Data e hora Precipitacio Duracdo da  Duracio
Evento Inicio Fim Acumulada precipitacio do eve:1t0 Descricio "
(mm) (h) (h) |
I L ST R
2 PTGl
s TGN gy g P
¢ M Mg 204 28100 imene
STV OBy g g G
o o0 iz 313 65 20 o duacio
B T N PR T 0

erro: Coeficiente de determinacdo (R?), Eficiéncia de Nash-Sutcliffe (NSE), Integral do erro

longa duragao ¢ utilizada para descrever precipitagdes maiores que Sh.

A adequagdo do modelo aos dados observados foi avaliada por meio das fung¢des de

 Duragdo do evento com base na vazio observada.
®"C" indica que o evento foi utilizado para calibragdo, "V" indica que o evento foi utilizado para validagio;

Fonte: Preparado pelo autor.



123

quadratico (ISE) e raiz quadrada do erro médio (RMSE). A calibragdo foi considerada
completa quando os dados de vazdo simulados para a maioria dos eventos de calibragao

apresentaram um bom ajuste.

5.2.4 Simulacio de cenarios futuros

Eventos de chuva futuros estimados para varios periodos de retorno foram utilizados
no PSCWMM para verificar a adequagao da rede de drenagem de aguas pluviais implantada
na area de estudo. Chuvas de projeto com periodo de retorno de 2, 5, 10 e 25 anos foram
construidas utilizando o método de blocos alternados. Geralmente, a rede de drenagem de
aguas pluviais € projetada com base em eventos de chuva com periodo de retorno de 2 a 5
anos, devido as restricdes de custo e espaco. No entanto, dependendo da importancia da area,
pode ser projetada para periodos de retorno de 10 ou 25 anos (KUMAR et al., 2021). As
chuvas projetadas tiveram duracdo de 4 horas em intervalos de 5 minutos, sendo adotada esta
duragdo com base na média (3.52 h) das duragdes dos eventos #2 a #6 selecionados para
modelagem. Ressalta-se que os eventos #1 e #7 ndo foram considerados na estimativa, pois
representam eventos extremos, atipicamente observados na bacia. A utilizagdo de chuvas de
projeto com duragdo de 4 horas ¢ recomendada por Van Duin et al. (2021) para analise de
gestdo de aguas pluviais em comunidades ja estabelecidas. Um estudo realizado por Innocente
et al. (2018) na sub-bacia vizinha a estudada, demonstra que a utilizagdo do tempo de
concentragdo da bacia hidrografica (30 a 35 min) subestima o pico € o volume do hidrograma,
recomendando o uso do tempo critico da chuva para garantir a representacao do pior cenario,
ou seja, maior vazao de pico ou maior volume gerado. Os autores ainda salientam que quando
ndo se conhece o valor critico da chuva, ¢ preferivel extrapolar a dura¢do da chuva de projeto.

As intensidades de precipitagdo utilizadas para construir as chuvas de projeto atual e
futuras foram determinadas a partir das equagdes de Intensidade-Duragao-Frequéncia (IDF)
geradas por Caprario ef al. (2022). Conforme recomendado pelos autores, foi adotado o valor
médio das intensidades estimadas pelas equagdes IDF dos modelos HadCM3 e MPHES para o
cendrio de emissdo extremo SRES A2. O cendrio extremo foi adotado devido este nao
apresentar diferenca significativa nas projecdes a curto e médio prazo para a area de estudo,
quando comparados ao cendrio otimista SRES B1. Trés horizontes de tempo de 30 anos foram

considerados: 2010-2039 (FCI1: Clima Futuro Proximo), 2040-2069 (FC2: Clima Futuro
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Intermedidrio) e 2070-2099 (FC3: Clima Futuro Distante). Além disso, um periodo de linha
de base de 18 anos (2001-2018) foi adotado para estabelecer a referéncia do clima atual.

A adequacdo da rede de drenagem de agua pluvial atualmente implantada foi
verificada comparando os resultados obtidos nas simulagdes das chuvas de projeto de cenarios
futuros com os obtidos pela chuva de projeto atual. Os parametros selecionados para avaliar a
adequagdo da rede aos eventos extremos futuros foram: o nimero de jungdes inundadas, o

volume de inundagdo gerado, € o tempo de sobrecarga dos condutos.

5.3 RESULTADOS E DISCUSSOES

5.3.1 Analise de sensibilidade, calibracao e validacio do modelo

Os resultados da andlise de sensibilidade realizada automaticamente para 9
parametros sugerem que apenas o parametro Coeficiente de rugosidade de Manning para
canais e condutos apresenta elevada sensibilidade na estimativa de vazao de saida da bacia. A
sensibilidade do parametro indica que este teve maior influéncia nos resultados do modelo e,
portanto, deve ser calibrado com exatiddo. Durante o processo de calibracdo foram
identificadas interferéncias significativas dos paradmetros: armazenamento em depressdes para
areas permeaveis, comprimento ¢ CN médio das sub-bacias de contribuicdo, além dos
coeficientes de rugosidade para canais e condutos identificado na andlise de sensibilidade.
Estes parametros foram entdo ajustados manualmente até atingir calibragdio do modelo
(Tabela 16) e posteriormente utilizados para reproduzir a vazao na saida da sub-bacia Corrego
Grande para todos os eventos simulados. A Tabela 18 resume as analises estatisticas de cada

evento utilizado para calibrar ou validar o modelo neste estudo.
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Tabela 18 — Estatisticas de desempenho do modelo por evento de calibragdo e validagao.

Dado observado Dado modelado
Evento Data® n:;izli‘l’a Volume n:;izli(q)a Volume ISE NSE R’ RMSE
(m*/s) Total (m?) (m¥/s) Total (m?)
1 28/09/2017 -V 1.09 64990 0.56 38670 2.16 0.62 091 291
2 02/10/2017 - C 0.20 3071 0.14 2442 270 0.54 0.77 0.21
3 07/10/2017 -V 0.45 19640 0.41 14270 2.05 0.70 0.88 0.84
4 04/11/2017 -V 0.29 2112 0.23 2641 6.20 0.51 0.69 0.29
5 07/12/2017 - C 0.88 7749 1.08 8003 4.59 0.60 0.82 0.67
6 20/12/2017 -V 0.43 14220 0.53 14530 2.17 0.69 0.91 0.59
7 09/01/2018 - C 12.15 358200 9.63 413400 1.66 0.88 0.90 11.80

*"C" indica que o evento foi usado para calibragdo e "V" indica que o evento foi usado para validagdo.
Fonte: Preparado pelo autor.

O modelo apresentou um bom desempenho na reproducao da vazao no exutorio da
area de estudo para os eventos de calibragdo e validagdo, com valores médios de R? superior a
0.80 e NSE superior a 0.65, mesmo com eventos tao distintos. Com exce¢do do Evento #4,
que apresentou adequabilidade boa, todos os outros eventos apresentaram adequabilidade do
modelo excelente (ISE < 6) para aplicacdo no planejamento e projeto final de sistemas de
drenagem urbano. Isso indica a capacidade do modelo em representar o processo chuva-vazao
na sub-bacia Corrego Grande. Em geral, o desempenho do modelo pode ser julgado como
satisfatorio para R?> 0.6, NSE > 0.5 e ISE < 6 (MORIASI et al., 2015; SHAMSI; KORAN,
2017). Além disso, os valores baixos do RMSE, com exce¢dao do Evento #7, confirmam a
confiabilidade do modelo em prever vazdes proximas das observadas. De acordo com Binesh
et al. (2019) quanto mais proximo de zero estiver o valor do RMSE, mais preciso sera o
modelo ao simular a condi¢ao real. Apesar do Evento #7 ter apresentado um valor elevado de
RMSE, este superestimou o volume total de vazdo em apenas 15%. J4 o Evento #1 que
apresentou o segundo maior valor de RMSE, subestimou o volume total de vazdo em
aproximadamente 40%, sugerindo a existéncia de alguma contribui¢do externa significativa.

Os hidrogramas comparando a vazao modelada e observada para o Evento #2 (pior
conjunto de valores R? NSE e ISE) e Evento #7 (melhor conjunto de valores R? NSE e ISE)
sdo mostrados na Figura 21. Os hidrogramas para todos os outros eventos sao apresentados no

Apéndice D.
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Figura 21 — Hidrogramas comparando a vazao modelada e observada para Evento#2 (a) e
Evento #7 (b).
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Fonte: Preparado pelo autor.

Virias fontes de erro podem ter influenciado a qualidade da calibragdo do modelo,
como por exemplo, erros de medicdo nos dados de entrada, distribuicdo da precipitacdo,
auséncia de dados de escoamento subterraneo, contribuigdes externas do sistema de esgoto,
ou mesmo escolha dos métodos de simulagio dos processos fisicos. E possivel que a
calibracao tenha sido afetada por erros de medicao nos dados de vazado fluvial observados.

Existe uma discrepancia significativa entre os dados simulados e observados no Evento #1, a
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qual ndo ocorreu em tal extensdo nos outros eventos simulados. A vazdo de pico foi
subestimada em quase 50%, apesar de apresentar hidrograma com formato semelhante ao
observado. Destaca-se que a série monitorada apresenta muitas falhas e a vazao média do Rio
Corrego Grande ¢ na maior parte do tempo muito baixa aproximadamente 0,06 m?3/s
(SCHMITZ, 2018), dificultando o monitoramento com equipamentos convencionais em
periodos de estiagem. No entanto, necessita de maiores investigagcdes para elucidar as causas
das diferengas encontradas. Os dados pluviométricos utilizados foram monitorados em uma
estacdo localizada a 1 km distante do exutério da bacia, podendo ndo representar
adequadamente a precipitacdo ocorrida na cabeceira, propagando erros na modelagem. De
acordo com Myers et al. (2021), a precipitagdo tem um impacto significativo na estimativa do
escoamento superficial, sendo praticamente impossivel obter uma medida precisa e¢ exata
desta. A separacdo da vazdo de base do hidrograma total também nao representa fielmente o
processo de escoamento subterrineo, havendo muitas simplificagdes nas estimativas. De
acordo com Hossain et al. (2019), a separacdo da vazao de base ¢ uma ciéncia inexata, em que
0 escoamento direto e a vazao de base sdo processos parcialmente relacionados, com tempo,
duracdo e magnitude muito distintos. No entanto, os autores destacam a importincia da
inclusdo da vazao de base em modelagens hidrologicas a fim de entender os varios processos
que governam a geracao de fluxos dentro de uma bacia.

Outra possivel fonte de erro foi a desconsideracdo de contribui¢des externas vindas
da ligacdo irregular do sistema de esgoto na rede de drenagem de dgua pluvial. Em campo
foram verificados varios langamentos irregulares, no entanto ndo ha dados disponiveis para
levantar tal contribuigdo. Ressalta-se que em 2021, a Prefeitura Municipal de Floriandpolis
juntamente com a Companhia Catarinense de Aguas e Saneamento — CASAN foram
condenadas por meio de A¢ao Civil Publica (5023570-43.2021.4.04.0000/SC) a proceder a
recuperacdo (despoluigdo) da qualidade dos elementos hidricos localizados no Bairro Corrego
Grande. Uma das medidas determinadas ¢ o lacre de todas as canalizagdes irregulares de
despejo de esgotos e de extravasamento de efluentes em cursos d’adgua e no sistema de
drenagem pluvial. Por fim, ¢ possivel que a calibracdo tenha sido afetada pela escolha dos
métodos de simulacdo dos processos fisicos. Por exemplo, foi adotado o Método SCS-CN
para estimar os processos de infiltracdo, dependendo diretamente da classificacdo hidrologica
do solo, das condicdes antecedentes de umidade e da cobertura do solo. Ressalta-se que o
método ndo tem bom desempenho em dareas florestais, tendendo a superestimar o volume

escoado, principalmente para eventos de maior magnitude (PONCE; HAWKINS, 1996;
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CUNHA et al., 2015). A distribui¢ao espacial das propriedades fisicas de uma bacia afeta
diretamente a saida do modelo hidroldgico, principalmente em relagdo ao escoamento gerado
(taxa e volume), tempo de pico e perdas por infiltracdo ou evapotranspiracao (FAN et al.,
2021). No estudo realizado por Fan ef al.(2021), os valores de escoamento apresentaram
maior sensibilidade a resolucdo espacial do uso da terra, quando comparados a mudangas no
tamanho das células do MDE. Segundo os autores, isso ocorre porque o parametro CN
utilizado pelo modelo SCS ¢ avaliado diretamente com base no uso da terra. Desta forma,
embora seja desejado um tamanho fino de célula para o MDE, a resolug¢do do uso da terra
apresenta maior influéncia no processo de modelagem, requerendo maior detalhamento e
acuracia em relag¢do a condigdo real da area. Fan et al. (2021) menciona ainda que MDE com
células menores que 100m ndo geram diferencas significativas na modelagem hidroldégica de
bacias hidrograficas, considerando o mesmo mapa de uso da terra. No entanto, Chaplot (2005)
e Reddy e Reddy (2015) recomendam a utilizagdo de MDE com resolu¢do minima de 50m
para obter melhores resultados na modelagem do escoamento superficial e producdo de
sedimentos.

Apesar de todas as fontes de erro associadas a simulagdo, o modelo construido
conseguiu representar, dentro das limitagdes, a dinamica hidroldgica que ocorre na bacia. A
reprodu¢do da vazdo no exutorio tanto no processo de calibragdo como na validacao
apresentaram valores satisfatorios e, portanto, atribuiram confiabilidade e veracidade ao

modelo.

5.3.2 Simulacao de cenarios futuros e adequacgao da rede

Antes de verificar a adequacdo do sistema de drenagem, a precipitagdo projetada foi
avaliada para determinar os impactos das mudangas climéticas ao longo do tempo. Diferengas
na intensidade de precipitacao (Tabela 19) foram encontradas entre o periodo da linha de base
(2001-2018) e os cendarios projetados para o futuro proximo (2010-2039), intermediario

(2040-2069) e distante (2070-2099).
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Tabela 19 — Mudangas projetadas na intensidade de precipitagdo (mm/h) para eventos de chuva
com dura¢do de 4h e diferentes periodos de retorno.

Periodo de retorno Atual FC1 FC2 FC3
(anos) 2001 - 2018 2010-2039 2040-2069 2070-2099

2 21.56 22.61 23.83 26.27

5 24.74 25.05 2591 29.26

10 27.45 27.41 28.36 32.02

25 31.49 30.88 31.94 36.07

Fonte: Preparado pelo autor.

Em geral, a intensidade média da precipitagdo (£ desvio padrdo) aumentou
gradualmente de 26.49 + 3.52 mm/h para aproximadamente 30.91 + 4.17 mm/h no futuro
préximo e distante, respectivamente. Comparando com o periodo da linha de base, as menores
mudangas nas intensidades de precipitagdo foram encontradas no futuro préximo. Redugdes
de 0.13% e 1.95% nas intensidades projetadas para os periodos de retorno de 10 e 25 anos,
respectivamente, foram observadas. Ressalta-se que o cenario projetado para o futuro préximo
engloba 9 anos do intervalo de tempo da linha de base, sobrepondo os dados e deixando as
estimativas para ambos os cendrios semelhantes. Desconsiderando a sobreposicdo dos
intervalos, um aumento gradual da intensidade de precipitacdo até o final do século foi
verificado. Este resultado indica um potencial aumento de eventos de inundagdo na area de
estudo.

A fim de verificar a adequagdo da rede de drenagem de aguas pluviais na area de
estudo, os resultados das simulagdes utilizando os cendrios de precipitacdo atual e futuros
foram comparados em termos de nimero de juncdes inundadas, volume total gerado, e tempo
de sobrecarga dos condutos (Tabela 20). Pelas simulacdes foi identificado condigdes de
inundacao em no maximo 07 das 103 jungdes definidas na area de estudo. Embora o niimero
de locais afetados por inundagdes ndo mude significativamente entre os cenarios de
precipitagdo, esses locais sofrerdo um aumento no volume de inundagdo, chegando a triplicar
o valor até o final do século. Em relagdo aos condutos trabalhando sob pressdao, na maioria
dos cendrios simulados apenas 09 dos 103 trechos apresentaram sobrecarga. O tempo médio
de sobrecarga nao apresentou grandes variagdes ao longo das simulagdes, sendo elevado em
no maximo 12 min até o final do século. Ressalta-se que a sobrecarga dos condutos,
principalmente de trechos sequenciais, eleva o risco de transbordamento, causando
inundacdes localizadas, além de reduzir a vida util da infraestrutura implantada.

Destaca-se ainda, que a simulagdo nao considera dentro dos periodos de projecdo a

evolucdo da urbanizagdo, isto €, a simulacdo hidrolégica considera cenérios futuros de clima e
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situacdo atual de uso e ocupacdo da terra. Portanto, as falhas no sistema representadas na
simulagdo para periodos futuros apresentam uma condigdo branda, que poderd ser

intensificada com o processo de expansao urbana nao controlada e planejada.

Tabela 20 — Comparacao das simulagdes de vazao realizadas para o cenario atual e cendrios
futuros de precipitagdo projetados para periodos de retorno de 2, 5, 10 e 25 anos.

Cenario Periodo de  N°dejungdes Volume total  N°de condutos Tempo médio de
climatico retorno (anos) inundadas  inundado (m®) sobrecarregados sobrecarga (min)
2 4 101.2 7 38
5 6 263.4 9 36
Atual 10 6 4233 9 43
25 7 745.2 9 50
2 4 140.2 8 35
Futuro 5 6 2934 9 38
proximo 10 7 435.4 9 44
25 7 712.2 9 50
2 4 191.2 9 33
Futuro 5 6 359.3 9 41
intermedidrio 10 7 520.3 9 47
25 7 840.2 9 52
2 6 344.3 9 40
Futuro 5 7 566.3 9 48
distante 10 7 812.2 9 51
25 7 1236.0 10 59

Fonte: Preparado pelo autor.

Os resultados gerais indicam que, como esperado, a medida que o periodo de retorno
das precipitacdes aumenta, hd& um aumento no volume de inundagdo. Estes resultados
corroboram com uma série de estudos de mudancas climaticas que discutem o aumento do
risco de precipitagdes intensas no futuro e a exposi¢do das infraestruturas atualmente
vulneraveis a inundagdes ainda mais intensas (KIM et al., 2017, SALDARRIAGA et al.,
2020; KUMAR et al., 2021). Quando os resultados da modelagem sdo comparados com os
pontos de inundagdes recorrentes relatados pela comunidade local (Anexo A), os pontos
reportados sdo localizados em sua maioria junto com as jungdes inundadas e condutos
sobrecarregados (Figura 22), expressando o desempenho adequado da modelagem hidrologica
e hidréaulica realizada. Os pontos 2 e 3 reportados por DREMAP (2019) ndo apresentam
correspondéncia com a simulagdo, sendo a causa dos alagamentos diagnosticada como: areas
com 4agua parada devido a impermeabilizag¢do, excesso de chuva e quantidade insuficiente de
estruturas de captacdo na rede de drenagem pluvial implantada. Ressalta-se que para a
constru¢do do modelo € necessaria a simplificagdo da rede de drenagem, incluindo apenas a

tubulacdo principal e jungdes onde ocorrem mudancas de didmetro ou conexdo com outra
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rede. Desta forma, o modelo ndo ¢ sensivel a representacdo de alagamentos em estruturas de
captagdo, desconsiderando a distribui¢ao das bocas de lobo e possiveis obstrugdes por residuo
solido ou de varrigdo. Pela comparagdo com o diagndstico foi possivel ainda confirmar a
ocorréncia de inundagdo fluvial no ultimo trecho da macrodrenagem, onde se verifica a
sobrecarga da se¢do transversal do canal natural, a qual extravasa para o patio do
estacionamento ao lado do corrego. A espacializacdo das jungdes inundadas durante as
simulagdes dos cenarios de precipitagcdo atual e futuro distante, para os periodos de retorno de
2,5, 10 e 25 anos, sdo apresentadas nas Figuras 22 e 23, respectivamente. As diferencas entre
os mapas para cada cenario de precipitagdo estdo destacadas em vermelho, sempre
considerando como referéncia o periodo de retorno anterior. Os resultados das simulagdes
para os outros cenarios futuros podem ser encontrados nos Apéndices E ¢ F.

A comparagdo das jungdes inundadas e condutos sobrecarregados espacializados nas
Figuras 22 e 23 indica que os danos induzidos por chuvas de projeto com periodo de retorno
de 10 anos no cendrio atual, provavelmente serdo causados no futuro distante por chuvas de
projeto com periodo de retorno de apenas 2 anos. Isso destaca a necessidade de atencdo
especial ao sistema de manejo de aguas pluviais da drea de estudo, uma vez que a drea se
encontra em expansdo urbana continuada desde 2016, com a constru¢do de varios
empreendimentos residenciais € comerciais nas regides planas proximo ao exutorio da sub-
bacia. A manutencdo adequada da rede de drenagem deve ser feita rotineiramente, removendo
a vegetagdo ou mesmo residuos de varricdo que bloqueiam as entradas das bocas de lobo. A
construgdo de qualquer novo trecho de drenagem, ou readequagao dos trechos existentes, deve
levar em consideracao os resultados aqui apresentados, a fim de que possam lidar com futuros
eventos de precipitacdo. Por fim, recomenda-se o uso de unidades de armazenamento e
infiltragdo, como as técnicas compensatorias, a fim de reduzir a vazao de pico do escoamento
e adaptar o sistema para as condi¢des climaticas futuras. A limitacdo da vazdo de novos

parcelamentos na area ¢ fundamental para reduzir a amplificacdo dos danos no futuro.
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Fonte: Preparado pelo autor.
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Figura 22 — Jungdes inundadas e condutos sobrecarregados na sub-bacia Corrego Grande para eventos simulados com o cenario de precipitagao



futuro distante (2070-2099) e periodo de retorno de 2 anos (a), 5 anos (b), 10 anos (¢) € 25 anos (d).
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Figura 23 — Jungdes inundadas e condutos sobrecarregados na sub-bacia Corrego Grande para eventos simulados com o cenario de precipitacao do
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5.4 CONCLUSOES

Este estudo explorou o impacto das mudancas climdticas em chuvas de projeto e
consequentemente, seus efeitos na ocorréncia de inundagdes urbanas em uma sub-bacia
localizada na cidade de Florianopolis - Brasil. A vazdo para o sistema de drenagem foi
simulada usando dados de precipitagcdo projetados com periodo de retorno de 2, 5, 10 e 25
anos, estabelecendo varias condigdes futuras de desempenho do sistema de manejo de adguas
pluviais. A fim de completar o balango hidrico e calibrar o modelo com dados de vazao
fluvial foi incluida uma série de vazao de base como entrada no sistema, representando a
vazao normal do rio devido a contribui¢do da 4gua subterranea.

O modelo apresentou um bom desempenho na reproducao da vazao no exutorio da
area de estudo para os eventos simulados apds a calibragcdo dos parametros: armazenamento
em depressdes para areas permeaveis, comprimento ¢ CN médio das sub-bacias de
contribui¢do, e Coeficientes de rugosidade de Manning para canais ¢ condutos. A qualidade
da calibragdo dos parametros atingiu valores médios de R? superior a 0.80 e NSE superior a
0.65, mesmo com a diversidade dos eventos. A representagao do processo chuva-vazao obteve
adequabilidade excelente (ISE < 6) para aplicagdo do modelo no planejamento e projeto final
de sistemas de drenagem urbana. Além disso, os valores baixos do RMSE confirmaram a
confiabilidade do modelo em prever vazdes proximas das observadas.

A intensidade média de precipitagdo das chuvas de projeto teve um aumento gradual
de 26.49 + 3.52 mm/h para aproximadamente 30.91 + 4.17 mm/h no futuro préximo e
distante, respectivamente. Este resultado indica um potencial aumento de eventos de
inundacao na area de estudo, com pequenas alteragdes no numero de jungdes inundadas, mas
um aumento significativo no volume de inundagdo, triplicado o montante até o final do
século. Entretanto, estes resultados desconsideram o aumento da urbanizagdo, que se for feita
com drenagem convencional, impulsionara um aumento significativo dos volumes de
escoamento podendo amplificar os pontos de inundagdo. Os resultados gerais indicam que a
medida que o periodo de retorno das precipitagdes aumenta, hd um aumento no volume de
inundacdo. Com isso, espera-se que eventos extremos se tornem cada vez mais fortes e
frequentes, levando a exposi¢do das infraestruturas atualmente vulneraveis a inundagdes ainda
mais intensas.

Os resultados indicam que os danos induzidos por chuvas de projeto com periodo de

retorno de 10 anos no cendrio atual, provavelmente serdo causados no futuro distante por
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chuvas de projeto com periodo de retorno de apenas 2 anos. Isso destaca a necessidade de
atencdo especial ao sistema de manejo de 4guas pluviais da area de estudo, melhorando o
desempenho do sistema para enfrentar tanto as condi¢des climaticas atuais como as futuras.
No entanto, ¢ importante ressaltar que a simplificacdo da rede de drenagem para entrada no
modelo, afeta a sensibilidade de representagdo de alagamentos nas estruturas de captacao,
desconsiderando a distribuicdo das bocas de lobo e possiveis obstrugdes por residuo sélido ou
de varri¢ao. As conclusodes deste estudo encorajam os municipios a considerar o impacto das
mudangas climaticas no planejamento e projeto de infraestruturas de drenagem de aguas
pluviais, garantindo que estas funcionem efetivamente no futuro.

Para estudos futuros, os esforgos de pesquisa podem se concentrar na calibragdo do
modelo com dados de vazao monitorados nos exutorios do sistema de manejo de dgua pluvial.
Isso se faz necessario a fim de avaliar a influéncia do escoamento de base no sistema e os
processos que governam a geracao de fluxos dentro da bacia. Além disso, ¢ recomendada a
utilizagdo de séries de precipitagdo monitoradas em mais de um ponto dentro da area de
estudo, permitindo uma representagao adequada da distribuicdo da precipitacdo dentro de
cada sub-bacia de contribui¢cdo. Outra fonte a ser considerada para um melhor desempenho do
modelo seria incluir as contribuigdes externas vindas de ligagdes irregulares do sistema de
esgoto na rede de drenagem de agua pluvial. Esta informacdo pode ser obtida pelo
monitoramento da vazdo em periodos secos nos exutorios do sistema de manejo de agua
pluvial. Por fim, devem-se concentrar esforcos no monitoramento continuo e na consisténcia
dos dados de precipitacdo e vazao, reduzindo as fontes de erro e melhorando a qualidade de
calibracdo do modelo. O municipio deve minimamente monitorar a vazao de seus corpos
hidricos nos exutdrios de todas as bacias, a fim de permitir estudos mais acurados e compor

um plano de gestdo de riscos considerando as mudangas climaticas.
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6 INDICE DE RESILIENCIA A INUNDACAO PLUVIAL —- UMA FERRAMENTA
PARA APOIAR O PLANEJAMENTO E A ADAPTACAO DAS CIDADES

Referéncia: CAPRARIO, Jakcemara; FINOTTI, Alexandra Rodrigues. [ndice de Resiliéncia
a Inundacao Pluvial — Uma ferramenta para apoiar o planejamento e a adaptagdo das cidades.
Nao publicado. O conteudo deste capitulo serd submetido para a revista Landscape and

Urban Planning.

A resiliéncia ¢ um atributo que pode trazer métricas mais adequadas para a avaliagdo
de praticas sustentaveis de manejo pluvial e adaptagdo das cidades em todo o mundo. A
ocorréncia de eventos extremos de precipitacao, combinados com a complexidade das cidades
modernas, intensificam o estresse das infraestruturas urbanas. Essa situacdo indica a
necessidade de mudar a estratégia de gestao e planejamento, considerando abordagens mais
amplas que incluam os impactos das mudancas climaticas ao longo do tempo. No contexto
das inundagdes urbanas, a resiliéncia representa a capacidade da cidade de resistir a um
estresse ao longo do tempo, se adaptando e mantendo o funcionamento continuo dos servigos.
No entanto, para tornar a resiliéncia 1til no processo de planejamento e tomada de decisdo, é
importante desenvolver ferramentas que permitam sua medicdo e analise. Nesse sentido, o
presente estudo propde uma ferramenta denominada Plu-FRI (Pluvial Flooding Resilience
Index — Indice de Resiliéncia a Inundagdo Pluvial), para medir quantitativamente e mapear a
resiliéncia a inundagdo pluvial em pequenas areas de contribui¢do urbana. O indice combina
seis parametros que representam a capacidade de adaptacdo da area de contribuicdo e da
infraestrutura de drenagem, e dois estressores climaticos externos que variam ao longo do
tempo. O Plu-FRI foi testado com sucesso na regido urbanizada da sub-bacia Corrego Grande,
Floriandpolis — Brasil. Os resultados deste estudo revelaram o seguinte:

e A ferramenta apresentou resultados promissores, destacando seu potencial em
fornecer uma avaliagdo quantitativa da resiliéncia as inundacdes pluviais de
forma simples, rapida e de baixo custo.

e A espacializacio do indice torna possivel uma facil comunicacao dos
resultados, obtendo uma visdo geral da area analisada e potencializando a
identificacdo de regides que necessitam de priorizagdo de investimentos
publicos.

e A flexibilidade e facil replicagdo permite o uso em diferentes ambitos
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espaciais, desde uma simples area de contribui¢do, até um bairro ou
municipio.

e A inclusdo da variabilidade climatica de precipitagdo como um estressor
externo demonstrou relevancia para a gestdo sustentavel das aguas pluviais,
garantindo que a cidade e os servicos urbanos mantenham as fungdes
essenciais quando confrontados com eventos extremos.

e A aplicagdo do Plu-FRI na sub-bacia Cérrego Grande demonstrou a utilidade
e potencial de exploragdo da ferramenta, identificando a reducdo da
resiliéncia das areas de contribui¢do ao longo do tempo.

e O Plu-FRI apresentou grande variabilidade no indice de resiliéncia entre os
horizontes climaticos, principalmente em relagdo ao futuro distante, onde
aproximadamente 38% das éareas de contribuicdo foram classificadas com
indice critico de resiliéncia.

e Os resultados da espacializagdo corroboraram com estudos recentes que
defendem a descentralizacdo da infraestrutura como forma de incrementar a
resiliéncia do sistema de manejo de dguas pluviais, apresentando valores altos
de resiliéncia em trechos com poucos elementos interligados.

e A ferramenta Plu-FRI apresentou representativa concordancia entre os
valores calculados e os dados obtidos com robustos modelos hidrologicos e
hidraulicos, ndo demandando extensas séries de dados monitorados ou
grandes investimentos tecnoldgicos.

e O Plu-FRI deve ser utilizado como ferramenta de decisdo complementar,
sendo considerada no processo de planejamento e tomada de decisdo em
conjunto com outras informacdes, como mapas de inundacdo e zoneamento

urbano.

6.1 INTRODUCAO

Nos ultimos anos, a sociedade tem se tornado cada vez mais consciente dos desafios
relacionados ao clima. As mudangas climaticas t€ém demonstrado influéncia direta sobre o
ciclo hidrolégico, aumentando a probabilidade de eventos climéticos extremos, como secas €

inundacdes, em muitas regides do planeta (BERTILSSON et al., 2019). As alteragdes na
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frequéncia e intensidade das precipitacdes combinadas com o aumento da complexidade das
cidades e rapida urbanizagdo aumentam a pressdao nas sociedades, trazendo grandes desafios
ao planejamento e gestdo urbana (BORBOR-CORDOVA et al., 2020; BARREIRO et al.,
2021). Entre os principais desafios destaca-se o aumento na ocorréncia de inundagoes,
intensificando o estresse das infraestruturas e potencializando perdas econémicas e problemas
de saude e seguranca publica (LI et al., 2022; BAKSHIPOUR ef al., 2021). A ocorréncia de
eventos extremos ndo pode ser evitada, mas podemos evitar que eles se tornem desastres.
Nesta discussdo, o sistema de manejo de aguas pluviais desempenha um papel crucial,
equilibrando as necessidades do ambiente e as demandas urbanas (BERTILSSON et al.,
2019).

Os sistemas de manejo de dguas pluvial sdo essenciais na prevencao de inundacgdes,
ajudando a desviar o excesso de chuva que escorre de superficies impermedveis para cursos
de agua vizinhos (GARSHASBI et al., 2022), ou retornando ao ambiente por infiltragdo por
meio da abordagem de drenagem sustentavel (REZENDE et al., 2019a). Contudo, gerenciar
as aguas pluviais a partir da perspectiva incerta das mudancas climaticas ¢ um grande desafio,
principalmente para os paises em desenvolvimento que na maioria das vezes trabalham com
limitagdes orgamentarias (BAKSHIPOUR et al., 2021). As praticas tradicionais de drenagem
de aguas pluviais urbanas sdo focadas em medidas de fim de tubo. No entanto, a simples
adaptacdo das dimensdes da rede as novas condi¢des de drenagem torna-se um problema ao
longo do tempo, apenas transferindo as inundacgdes a jusante (REZENDE et al., 2020). Essa
situacdo indica a necessidade de mudar a estratégia de gestdo de aguas pluviais, considerando
abordagens mais amplas que incluam os impactos de longo prazo (BERTILSSON et al., 2019;
REZENDE et al., 2019a). A abordagem da resiliéncia lida com incertezas futuras e esta
diretamente relacionada com a capacidade de um sistema absorver e se adaptar a um estressor
extremo (KOTZEE; REYERS, 2016; ZANETTI et al., 2016).

Atualmente, a resiliéncia ¢ um tema de discussdo presente na maioria dos estudos
urbanos. No entanto, seu conceito pode ter diferentes interpretagcdes, dependendo do campo de
aplicacdo. O termo resiliéncia foi introduzido pela primeira vez em 1973 no campo da
ecologia (MATTOS et al., 2021), e desde entdo tem sido empregado nas mais diversas areas
de conhecimento, encontrando popularidade nos campos das ciéncias dos materiais,
engenharia urbana, sociologia, psicologia e geografia (REZENDE et al., 2019a). Holling
(1973, 1996) definiu a resiliéncia de um sistema de duas maneiras diferentes: (1) com base na

engenharia e (2) com base na ecologia. A resiliéncia de engenharia tem foco na eficiéncia e
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estabilidade, sendo caracterizada pela resisténcia a perturbagdo e a velocidade de retorno ao
equilibrio. J& a resiliéncia ecologica ¢ definida de forma dinamica, aceitando diferentes
possibilidades de equilibrio, sendo sua principal caracteristica a capacidade de absorver a
magnitude da perturbacao antes da alteracdo da estrutura. Ha varios esfor¢os no sentido de
fusdo dos conceitos. Sayers et al. (2013) define resiliéncia como a capacidade de um
individuo, comunidade, cidade ou nacdo de resistir, absorver ou se recuperar de um choque ¢
se adaptar & mudanca de maneira eficiente. Meerow et al.(2016) definem a resiliéncia no
contexto urbano como “a capacidade dindmica do sistema urbano, em todos os aspectos que o
constituem, de manter, retornar, adaptar ou transformar rapidamente suas fungdes diante de
um disturbio ou mudanga que limite suas possibilidades atuais ou futuras”.

Ainda no contexto urbano, Keating et al. (2017) define resiliéncia a desastres como
“a capacidade de um sistema, comunidade ou sociedade de perseguir seus objetivos de
desenvolvimento e crescimento social, ecolégico e econdOmico enquanto gerencia seu risco de
desastres ao longo do tempo de forma mutuamente reforgada”. Direcionando o conceito de
resiliéncia para o contexto das inundacdes urbanas, Miguez e Verdl (2017) definem resiliéncia
como “a capacidade da cidade se adaptar para enfrentar eventos de inundacdo, com perdas
menores ¢ €nfase na recuperagdo”. Rezende et al. (2019a) complementam juntando os
conceitos de resiliéncia na engenharia e ecologia, definindo resiliéncia a inundacdo como “a
capacidade da cidade de resistir as inundagdes ao longo do tempo, sendo capaz de se adaptar e
continuar funcionando, mesmo sob condigdes de estresse, e de recuperar rapidamente de
perdas materiais”, sendo este conceito adotado no presente estudo. A resiliéncia a inundacao ¢
essencial para a integridade dos sistemas sdcio-hidrologicos. Sua abordagem em ambientes
urbanos envolve multiplas intervencdes espaciais € temporais, sendo necessaria uma gestao
setorial descentralizada, ascendente e flexivel (BARREIRO et al., 2021; REZENDE et al.,
2020). No entanto, para tornar a resiliéncia util no processo de planejamento territorial e
tomada de decisdo, ¢ importante desenvolver ferramentas que permitam sua quantificagdo e
analise (BERTILSSON et al., 2019).

Algumas das ferramentas que tém sido utilizadas para medir a resiliéncia em éareas
urbanas incluem o uso de modelos hidrodinamicos (BARREIRO et al., 2021; MATTOS et
al., 2021; LEE; KIM, 2017, MUGUME et al., 2015), mapeamento de multiplos cenarios
(BERTILSSON et al., 2019; REZENDE et al., 2019a; MIGUEZ et al., 2018; FU; WANG,
2018), analise de multicritérios (GARSHASBI et al., 2022; BAKSHIPOUR et al., 2021;
LIANG et al, 2020; XU et al, 2020; MIGUEZ; VEROL, 2017; BIRGANI;
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YAZDANDOOST, 2016), métricas (CARDOSO et al., 2020; Oliver et al., 2019) e substitutos
de resiliéncia (JARAMILLO et al., 2018). Devido a falta de dados monitorados, infraestrutura
tecnologica deficiente e baixa capacitagdo dos gestores publicos, principalmente em paises em
desenvolvimento, essas ferramentas permanecem subutilizadas (KOTZEE; REYERS, 2016).
Ha, portanto, a necessidade de métodos praticos e quantitativos para medir a resiliéncia em
areas urbanas. Os indices compostos oferecem um caminho potencial para lidar com a
natureza multivariada e complexa dessas interacdes. Um indice composto agrega
matematicamente um conjunto de indicadores individuais para fornecer uma medida sintética
de um atributo de um sistema (REZENDE et al., 2019a). De acordo com Kotzee e Reyers
(2016) os indices sdo cada vez mais utilizados para facilitar a comunicacao entre cientistas,
formuladores de politica e o publico.

Algumas poucas estruturas com base em indicadores foram desenvolvidas com o
objetivo de quantificar a resiliéncia a inundagdo em 4reas urbanas. Batica ¢ Gourbesville
(2014) desenvolveram a estrutura FRI (Flood Resilience Index) para avaliar a resiliéncia as
inundagdes utilizando cinco indicadores que refletem as dimensdes naturais, fisicas,
econdmicas e institucionais do sistema urbano. O indice foi aplicado na regido central da
cidade de Nice, Franca. Os autores concluem que a abordagem pode transformar a estrutura
do sistema urbano existente, criando uma estrutura que aceita a 4gua com danos minimos,
capaz de se recuperar € manter o funcionamento em curto prazo. Kotzee e Reyers (2016)
apresentaram um indice composto para medir e mapear a distribuicdo espacial dos niveis de
resiliéncia a inundagdo em uma area. A ferramenta, também denominada FRI (Flood
Resilience Index), ¢ composta por 24 indicadores, cobrindo aspectos sociais, ecoldgicos,
infraestruturais e econémicos. O indice foi aplicado em trés municipios da Africa do Sul. Os
autores concluiram que os menores valores de resiliéncia a inundacdo sdo encontrados na
periferia das cidades, onde também sdo verificados os menores indices de resiliéncia social,
econdmica e ecologica. Rezende ef al. (2019b) também propuseram um indice composto para
medir quantitativamente a resiliéncia urbana as inundacdes, apresentando os resultados
espacializados em mapas. A estrutura UFRI (Urban Flood Resilience Index) considera a
combinagdo de um modelo hidrodindmico e 7 indicadores socioecondmicos. O indice foi
aplicado em uma bacia hidrografica urbana no Rio de Janeiro, Brasil. Os autores
demonstraram que o mapeamento da resiliéncia pode ser utilizado como ferramenta de apoio
a hierarquizagdo das intervengdes, definindo os locais que produzem os maiores impactos no

sistema.
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Embora viérias ferramentas para quantificar a resiliéncia tenham sido desenvolvidas,
principalmente na ultima década, o sistema de manejo de aguas pluviais pouco tem sido
abordado (CARDOSO et al., 2020). Esta ¢ uma lacuna importante, particularmente necessaria
em paises em desenvolvimento, visando o enfrentamento aos eventos extremos associados aos
impactos das mudancas climaticas, ao mesmo tempo em que lida com o crescente processo de
urbaniza¢do e alteragdo do sistema socio-hidrologico (JARAMILLO et al., 2018). Neste
contexto, o presente estudo propde um novo indice composto denominado Plu-FRI (Pluvial
Flooding Resilience Index — Indice de Resiliéncia & Inundagdo Pluvial), para medir
quantitativamente e mapear a resiliéncia a inundacdo pluvial em pequenas dareas de
contribui¢do urbana. Para atingir este objetivo, este estudo adota como base a combinagdo dos
procedimentos metodologicos propostos por Zanetti el al. (2016), Jaramillo et al. (2018) e
Rezende et al. (2019b). O indice foi projetado para combinar facilidade e baixo custo de
aplicagdo com uma avaliacdo quantitativa simplificada, mas fisicamente sensivel dos
parametros que influenciam a resiliéncia a ocorréncia de inundagdes pluviais espacializada em
areas urbanas. O Plu-FRI foi aplicado na regido urbanizada de uma sub-bacia hidrografica no
sul do Brasil, a qual apresenta dados de simulagdo hidrodinamica da rede de drenagem pluvial
frente a projecdes climaticas, permitindo a comparagao dos resultados. O indice proposto ¢
uma ferramenta de diagnostico para avaliar a resiliéncia natural e infraestrutural de pequenas
areas de contribuicdo a drenagem pluvial no contexto das mudancas climaticas e esta
especialmente focado nos impactos da infraestrutura critica. Pode apoiar a fase de
planejamento e tomada de decisdes quanto a preparacdo de estratégias de adaptacdo em
resposta as mudancas climaticas, identificando éareas frageis que merecem atencao especial,

permitindo um diagndstico afinado em termo de gestdo das dguas pluviais.

6.2 MATERIAIS E METODOS

Neste estudo foi adotado o conceito de que a resiliéncia ¢ dependente da capacidade
adaptativa de um sistema e de sua vulnerabilidade a um estressor externo (JARAMILLO et
al., 2018). Desta forma, o indice Plu-FRI foi desenvolvido para avaliar a resiliéncia de
pequenas areas de contribui¢do urbana as inundagdes pluviais ao longo do tempo. Define-se
como area de contribuicdo toda a superficie do terreno que contribui com o escoamento de
agua para um determinado ponto da rede de manejo pluvial. A delimitacdo das éareas de

contribuicdo pode considerar a rede de manejo de dgua pluvial implantada, a topografia do
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terreno, a delimitagcdo dos lotes e a area de influéncia de 45° a partir da esquina da quadra ou
pogo de visita adotado como exutorio. A aplicagdo do indice para varias areas de contribuicao
em uma determinada regido urbana permite construir mapas de resiliéncia, identificando areas
prioritarias de planejamento e alocacao de rubricas or¢amentarias futuras.

O indice Plu-FRI combina um Subindice de estresse climatico externo (Si3) e dois
Subindices de capacidade adaptativa que representam as propriedades de resiliéncia citadas
por Proag (2014):

Capacidade de absorcao — a capacidade do sistema de absorver o evento disruptivo,
representada pelo Subindice da capacidade adaptativa natural (Si;).

Capacidade adaptativa e restaurativa — a capacidade de adaptagcdo ao evento e
recuperagdo do sistema, representada pelo Subindice da capacidade adaptativa artificial (Si>).

Cada Subindice considera pardmetros caracteristicos que representam a
adaptabilidade da area de contribui¢do e da infraestrutura de drenagem, combinados com os
parametros de variabilidade climatica da precipitagdo e do nivel do mar que representam
estressores externos. Os pardmetros foram definidos com base no estudo realizado por
Caprario et al. (2021a). Os autores demonstraram por meio de Andlise de Componente
Principal (ACP) a existéncia de um componente diretamente relacionado com a ocorréncia de
inundagdes pluviais, sendo este altamente correlacionado com os fatores de influéncia:
drenagem de aguas pluviais e declividade do terreno. Para dar maior sensibilidade ao indice, o
fator drenagem de dguas pluviais foi decomposto nos pardmetros: tipo da infraestrutura e rota
de fluxo. Além desses, foi adicionado o parametro permeabilidade do terreno, considerado por
Zhang et al. (2021) como um importante fator natural de mitigagdo e controle do escoamento
superficial. A composicao geral do indice Plu-FRI e os parametros que compdem cada

Subindice sdo apresentados na Figura 24.
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Figura 24 — Composicio do Indice de Resiliéncia a Inundacio Pluvial (Plu-FRI).
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Fonte: Preparado pelo autor.

Cada parametro apresenta um método de calculo ou estimativa independente, sendo
os valores ou caracteristicas fisicas finais convertidos em uma escala de classificagao
numérica comum. A escala de classifica¢do varia de 0 a 1 de acordo com o grau de influéncia
na ocorréncia de inundagdo pluvial e a contribuicdo para o escoamento superficial, onde 0
representa o grau de influéncia minimo e 1 o grau méaximo. A escala de classificagdo para
conversao dos parametros que compdem os Subindices de capacidade adaptativa natural e
artificial ¢ apresentada na Tabela 21. Uma explicag¢do detalhada da distribuicao dos valores ou
caracteristicas fisicas dentro de cada pardmetro, bem como a justificativa para a classificacao
numérica comum, sera dada nos subitens 6.2.1 e 6.2.2. O método de calculo dos parametros
variabilidade climatica da precipitacdo e variabilidade do nivel do mar retornam valores entre

0 e 1, ndo sendo necessaria a conversao destes.
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Tabela 21 — Escala de classificagdo dos parametros que compde os Subindices de capacidade
adaptativa natural e artificial.

Parimetro Classificacao Adaptado
0.0 0.2 0.4 0.8 1.0 de
. Caprario e
]?Ielzggi\;u(l;d)e >75 >45 >20 >8 >3 <3 Finotti
° (2019)
Permeabilidade Verdl et
> >
(%) >75 >50 >30 >15 =5 <5 al. (2019)
Verde Cinza (didimetro em metros)
Valas de Pocos de
Tipo da infiltragdo n ﬁ%tr ~ Elaborado
infraestrutura ou  1agao >0.8 0.5-0.6 0.4 <0.4 pelo autor
ou jardim
PATqUES 4" chuva
lineares
Lagos, Lagoas, Corpos .Valas d~e Rede Rede com
corpos 1 infiltracdo com Elaborado
Rota de fluxo | lagunasou |, hidricos . o mesmo
hidricos . naturais ou| didmetro on pelo autor
oceano . |canalizados , . diametro
naturais construidas| superior
Menor ) Maior
ocorréncia ocorréncia

de inundacao de inundacao

Fonte: Preparado pelo autor.

A capacidade adaptativa da area de contribui¢do e da infraestrutura sdo completares,
sendo a infraestrutura de drenagem implantada apenas para compensar as modificacdes
realizadas nas condi¢gdes naturais da area. Assim, a resiliéncia € a representacdo do equilibrio
entre as ameagas potenciais e a capacidade do sistema de absorver e se adaptar a elas. O
indice Plu-FRI ¢ entdo calculado pela Equacdo 12, sendo as faixas que classificam a

resiliéncia urbana das areas de contribuicdo apresentadas na Tabela 22.
Plu-FRI = Siy + Si, — Si3 (12)

onde Si; ¢ o Subindice da capacidade adaptativa natural, Si, ¢ o Subindice da capacidade

adaptativa artificial e Siz € o Subindice do estressor externo.

Tabela 22 — Faixa de valores para classifica¢do da resiliéncia urbana.

Cor | Faixa de valores | Classificacdo da resiliéncia
>0.9 Excelente
0.7-0.9 Boa
0.5-0.7 Aceitavel
0.3-0.5 Insuficiente
-I <0.3 Inaceitavel

Fonte: Preparado pelo autor.
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Para fornecer uma visdo abrangente da estrutura proposta, o calculo e avaliagdo da
resiliéncia a inundacdo pluvial em pequenas areas de contribui¢do usando o Plu-FRI podem
ser resumidos em cindo etapas:

(1) Delimitagao da(s) area(s) de contribuigao;

(2) Levantamento e calculo dos parametros caracteristicos;

(3) Conversao dos valores ou informagdes em uma escala numérica comum,;

(4) Célculo dos Subindices de capacidade adaptativa natural, artificial, e do
estressor externo.

(5) Célculo do Indice de Resiliéncia a Inundagdo Pluvial e classificagdo da
resiliéncia.

Cada um dos métodos de calculo e estimativa dos Subindices e pardmetros sio

descritos detalhadamente a seguir.

6.2.1 Capacidade adaptativa natural (Si,)

A capacidade adaptativa natural pode ser definida como a capacidade do ambiente de
absorver o evento extremo produzido pelo estressor climatico. Os principais contribuintes
para a capacidade adaptativa de pequenas areas de contribuicdo urbana sdo a declividade
média do terreno e a permeabilidade do solo. Essas caracteristicas estdo diretamente
relacionadas com a geragdo e controle do escoamento superficial. O Subindice Si; ¢ calculado

de acordo com a Equacgdo 13.

Siy = 1—(0.3P, + 0.7P,) (13)

onde P € o parametro de declividade média e B, € o parametro de permeabilidade da area de
contribuicao.

Embora um valor alto de Si; represente uma boa capacidade adaptativa natural da
area de contribuigdo, os pardmetros caracteristicos convertidos em escala comum referem-se a
situacdes indesejaveis e sdo calculados inversamente, ou seja, quanto maior o valor do
parametro maior a chance de inundacao na area. Os pesos dos parametros serdo abordados

mais a frente, na se¢do 6.2.4.
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6.2.1.1 Declividade média (Ps)

O parametro declividade média visa avaliar as condi¢cdes da area em relagdo a
propagacao do escoamento superficial e ¢ dado pela relagdo em porcentagem entre a diferencga
de cotas maxima e minima da drea de contribuicdo e a distancia horizontal entre elas
(Equagdo 144). Por padrao o célculo da declividade equivale a diferenca de nivel para 100m
de distancia horizontal. No caso de utilizacdo de um SIG, o pardmetro pode ser ainda
determinado automaticamente pela média aritmética da declividade calculada em
porcentagem para cada pixel dentro da area de contribuigdo, garantindo uma melhor

representacdo do comportamento deste.

Crmax—Cmin
P, = “EESmin 1100 (14)

onde C,,4, € a cota maxima (m) e C,,;, ¢ a cota minima (m) da area de contribuicdo, dh ¢ a
distancia horizontal (m) entre as cotas.

Para a conversdao da declividade média na escala comum, foi considerada que a
inclinacdo do terreno tem um efeito predominante sobre o processo de escoamento €
suscetibilidade a inundacdo, controlando a duracdo do fluxo superficial, a infiltragdo e o fluxo
subterraneo (CAPRARIO et al., 2019). Um valor baixo desse pardmetro significa que a area
apresenta baixa inclinacdo, reduzindo o escoamento superficial e aumentando a
suscetibilidade a ocorréncia de inundagao pelo acimulo de agua na superficie. As 4reas com
maior declividade apresentam maior escoamento superficial contribuindo para o aciimulo de
adgua em 4areas planas a jusante. Desta forma, a classificagdo da declividade neste estudo
considerou que o grau de influéncia a ocorrencia de inundagdes € inversamente proporcional a

inclinagao.
6.2.1.2 Permeabilidade (Pp)
O parametro de permeabilidade visa avaliar as condi¢des da area quanto a infiltracao

de dgua e ¢ dado pela razdo em porcentagem entre a parcela de area permeavel e a area de

contribui¢do total (Equagdo 15). Um valor baixo desse pardmetro significa que a area
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apresenta interferéncia humana significativa, desviando seu comportamento natural de

infiltracao.

P, = 2 x 100 (15)

Atotal

onde A, ¢ a parcela de area permeavel (m?) € Ayyrq € a drea de contribuigdo total (m?).

Para a conversdo da porcentagem de permeabilidade em escala comum, foi
considerado que quanto menor a interferéncia humana, menor a contribuicdo para o
escoamento superficial, e consequentemente, menor o grau de influéncia na ocorréncia de
inundagdes pluviais (CAPRARIO; FINOTTI, 2019; VEROL et al., 2019). Dessa forma, as
areas naturais, cobertas por florestas ou mesmo vegetagao rasteira foram consideradas como
tendo grande capacidade de infiltracdo, reduzindo o escoamento superficial e retardando
possiveis picos de cheia (CAPRARIO et al., 2019). Conforme o processo de urbanizagdo
ocorre, as areas que eram naturais passam a ser mistas, reduzindo a capacidade de infiltracao e
aumentando o escoamento superficial. Como a maior parte das areas que apresentam sistemas
de manejo de aguas pluviais ¢ urbanizada, a escala de conversdo busca representar as
pequenas taxas de permeabilidade comumente adotadas pelos municipios. Assim, foram
centralizadas na escala as taxas de permeabilidade minima (15 e 30%) recomendadas na Lei
Complementar n°482/2014 do municipio de Floriandpolis-SC para adocdo em 4area mista
comercial-residencial e area predominantemente residencial, respectivamente. As taxas de
permeabilidade superiores a 30% foram adotadas para considerar areas com pouca
interferéncia humana, isto ¢, lotes ndo edificados ou com remanescentes de floresta. Ja as
taxas inferiores a 15% foram adotadas tendo em vista que o célculo da permeabilidade leva
em conta ndo s6 a permeabilidade dos lotes, mas também as areas de calgadas e vias,
reduzindo a taxa de permeabilidade da area de contribuicio como um todo. E importante
ressaltar que as taxas minimas de permeabilidade podem variar de municipio para municipio,

sendo recomendado o ajuste da escala conforme as legislagdes locais.
6.2.2 Capacidade adaptativa artificial (Si,)

A capacidade adaptativa artificial pode ser definida como a capacidade da

infraestrutura de drenagem pluvial se adaptar e restaurar as fungdes do sistema apds a
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ocorréncia de um evento extremo. Dois pardmetros sdo adotados para a representacdo da
capacidade adaptativa da infraestrutura: Tipo ou caracteristica da infraestrutura e
conectividade de saida ou rota de fluxo. O Subindice Si, é calculado de acordo com a

Equacao 16.

Si; = 1— (0.6Py + 0.4P,f) (16)

onde Py; € o parametro tipo da infraestrutura e P, € o parametro de rota de fluxo.

Embora um valor alto de Si, represente uma boa capacidade adaptativa da
infraestrutura, os parametros caracteristicos convertidos em escala comum referem-se a
situacdes indesejaveis e sdo calculados inversamente, ou seja, quando maior o valor do
parametro, maior a chance de sobrecarga e falha no sistema. Os pesos dos pardmetros serdo

abordados mais a frente, na se¢do 6.2.4.

6.2.2.1 Tipo da infraestrutura (Py;)

O parametro tipo da infraestrutura visa caracterizar a rede e/ou as técnicas instaladas
quanto a sua capacidade em fornecer sustentabilidade ao longo do tempo. O parametro
engloba a abordagem tradicional de infraestrutura cinza ainda presente na maioria das
cidades, principalmente em paises em desenvolvimento, migrando para a concepgao
sustentavel de sistemas verdes. Desta forma, para a conversao das caracteristicas fisicas e tipo
da infraestrutura em escala comum, foi considerado que a infraestrutura cinza apresenta baixa
sustentabilidade ao longo do tempo, variando o grau de adaptagdo apenas em fun¢do do
diametro da tubulagdo (m). Quanto menor for o didmetro da tubulagdo, maior a chance de
sobrecarga e falha no sistema, ocasionando inundag¢des pluviais. Ressalta-se que o manejo das
aguas pluviais por meio de tubulagdes ¢ uma visdo considerada insustentavel e de alto custo,
que acelera a vazdo de pico e transfere o problema de inundagdo de um local para o outro,
devendo ser cuidadosamente avaliada e em muitos casos até descontinuada (QIU et al., 2019;
MIGUEZ; VEROL, 2017;). J& a infraestrutura verde apresenta alta sustentabilidade,
reduzindo o pico do escoamento superficial gerado pela impermeabilizacdo por meio da
facilitagdo dos processos de retencdo e infiltracdo da dgua no solo (MATTOS et al., 2021;
REZENDE et al.,, 2019a; FLETCHER et al, 2014). Desta forma, quanto maior for a
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capacidade de armazenamento e infiltracio da estrutura implantada, maior serd a
sustentabilidade ao longo do tempo e, consequentemente, menor a chance de ocorréncia de
inundacao no sistema. Este parametro também ¢ um indicador da capacidade da infraestrutura

se adaptar as novas condi¢des provocadas pelos estressores climaticos.

6.2.2.2 Rota de fluxo (P

O parametro rota de fluxo visa caracterizar a rede de drenagem quanto a
conectividade de saida, isto €, a continuacdo ou destino do sistema e sua influéncia sobre a
ocorréncia de inundagdes. O projeto de sistemas de drenagem convencional prevé um
aumento gradativo do didmetro comercial da tubulacdo, conforme o incremento da vazao a ser
drenada. Desta forma, para a conversao das caracteristicas fisicas da rota de fluxo em escala
comum, foi considerado que quanto maior for o diametro da tubula¢do a jusante, menor sera a
chance de sobrecarga e falha do sistema. Da mesma forma, quando o exutério for uma
estrutura de infiltragdo ou um corpo hidrico, quanto maior for a capacidade de
armazenamento da estrutura, menor sera a chance de ocorréncia de inundacgdo local. De
acordo com Caprario ef al. (2019) técnicas compensatorias sdo dispositivos que possibilitam a
atenuacao do escoamento superficial, redu¢do de poluentes e integracdo paisagisticas na
comunidade. Estas técnicas tém um impacto consideravel no escoamento superficial; no
entanto, a reducdo do volume de agua ¢ muito limitada em eventos extremos e sensivel as
condicdes locais, como o tamanho e a duragdo do evento de chuva, bem como o material e a

textura do solo (HAMEL et al., 2013).

6.2.3 Estressor externo (Si3)

O estressor externo pode ser definido como o agente de impacto de longo prazo que
altera as condic¢des hidroldgicas de determinada regido de forma continua e distribuida no
tempo, como por exemplo, a elevacdo do nivel do mar, o incremento da magnitude e
frequéncia das precipitacdes, o aumento da temperatura global, etc... Neste indice, o estressor
externo € representado por dois parametros: variabilidade climatica da precipitagdo e
variabilidade do nivel do mar. No entanto, ressalta-se que para a aplicagdo do indice ndo ha a
necessidade da presenca de ambos os parametros na area de estudo, podendo ser adotado

apenas o agente de maior impacto na resiliéncia local. O agente pode variar de caso para caso,
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dependendo da proximidade com as areas de manguezais, lagunas ou mesmo o oceano. O

Subindice Si; ¢ calculado de acordo com a Equacao 17.
Siz = Pvcp + Bum (17)

onde B¢, € 0 pardmetro de variabilidade climatica da precipitagdo € B,y € 0 pardmetro de

variabilidade do nivel do mar (m).
6.2.3.1 Variabilidade climatica da precipitagdio (Pycp)

O parametro variabilidade climatica da precipitacdo avalia a alteracdo na intensidade
da precipitagdo local considerando os efeitos das projecdes climaticas, sendo calculado pela
Equacdo 18. Geralmente, a rede de manejo de dguas pluviais (microdrenagem) € projetada
com base em eventos de chuva com periodo de retorno de 2 a 5 anos, devido as restrigdes de
custo, disponibilidade de area e consequéncias associadas ao risco de falha. No entanto, em
certos cendrios, pode ser projetada para periodos de retorno de 10 ou 25 anos, dependendo da
importancia da area (KUMAR ef al., 2021). Para a andlise de gestdo de aguas pluviais em
comunidades ja estabelecidas ¢ recomendada a utilizagdo de chuvas de projeto com duragao
de 4 horas (VAN DUIN et al., 2021). Desta forma, foi adotado neste indice intensidades de
precipitacdo com periodo de retorno de 10 anos e duracdo de 4h, podendo ser modificados
conforme a necessidade local.

_ Irc—latual (18)

Pvcp -

latual

onde P,, € o pardmetro variabilidade climatica da precipitagdo, I € a intensidade de chuva

para o clima futuro (mm/h) e I,4,4; € a intensidade de chuva do clima atual (mm/h).
6.2.3.2 Variabilidade do nivel do mar (P,,)

O parametro variabilidade do nivel do mar avalia a alteracao no nivel médio local do
mar considerando os efeitos das projecdes climaticas estabelecidas pelo IPCC, sendo
calculado pela Equagdo 19. O célculo desse parametro tem como base a taxa de referéncia

desenvolvida por Caprario ef al. (2022), a qual assume que a eleva¢ao do nivel do mar ocorre
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gradualmente a uma taxa constante a cada ano. O Quinto Relatorio de Avaliacdo (ARS) do
IPCC (2014) define intervalos provaveis de elevag¢do do nivel do mar para diferentes cenarios
de emissdes. Esses intervalos podem variar de 0.26 a 0.55m para o cendrio de mitigagdo
rigoroso (RCP2.6: Otimista), e de 0.52 a 0.98m para o cenario de emissoes extremas (RCP8.5:
Pessimista). A escolha do valor a ser utilizado, e consequentemente do numero de anos do
horizonte total de projecdo, depende do objetivo do estudo podendo variar de caso para caso.
No entanto, recomenda-se a utilizagdo do maior valor do intervalo proposto para o cenario de
emissoes extremas, 0.98 m considerando um horizonte total de projecao de 90 anos (2010-
2099), garantindo a inclusao das piores condigdes projetadas até o final do século. A escolha
do ARS se deve ao fato deste apresentar as maiores taxas de elevacdo do nivel do mar quando
comparados com os relatorios anteriores, tendo estas sido corrigidas pela melhora
significativa dos processos de modelagem e interagdo entre geleiras e continentes (IPCC,

2014).

Vmax
Bym = h -y (19)

onde P,,, ¢ o parametro variabilidade do nivel do mar (m); V... ¢ o maior valor da faixa de
elevagdo proposta pelo IPCC (m); # ¢ o nimero de anos considerado no horizonte total de
projecdo iniciando no ano base (2010) e y € o nimero de anos decorridos desde o ano base.

O parametro variabilidade do nivel do mar deve ser adotado apenas nas areas onde o
agente tem influéncia direta, sendo indicada sua aplicacdo em areas costeiras com elevagao
inferior a 1m ou onde o exutorio do sistema de manejo de aguas pluviais sofra com fluxo

inverso.
6.2.4 Atribuicao de pesos aos parametros de capacidade adaptativa

Inicialmente ndo foi definido prioridades ou grau de influéncia aos parametros.
Portanto, estes receberam pesos iguais dentro de cada subindice. No entanto, na comparacao
dos resultados do indice de resili€éncia com os resultados de sobrecargas e inundagdes pluviais
obtidos por modelagem hidrologica e hidrdulica para o cenario atual, verificou-se uma
subestimativa da resiliéncia das areas analisadas, necessitando ajustes nos pesos. Desta forma,
varios testes de atribuicdo de grau de influéncia na ocorréncia de inundag¢des pluviais foram
realizados, ajustando os pesos com base na localizagdo das tubulagdes que apresentaram

sobrecarga e/ou juncgdes inundadas. Alguns dos pesos testados na atribuicdo do grau de
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influéncia dos parametros na ocorréncia de inundagdes pluviais até ajuste ideal sdo

apresentados na Tabela 23.

Tabela 23 — Pesos testados para ajuste do calculo do indice Plu-FRI.

P A Pesos
Subindice Parametro Teste 1 Testen Final
Capacidade Declividade média 0.5 0.2 0.3
adaptativa natural ~ Permeabilidade 0.5 0.8 0.7
Capacidade Tipo da infraestrutura 0.5 0.7 0.6
adaptativa artificial Rota de fluxo 0.5 0.3 0.4

Fonte: Preparado pelo autor.

6.3 ESTUDO DE CASO: REGIAO URBANIZADA DA SUB-BACIA CORREGO
GRANDE

O indice proposto foi aplicado na area urbanizada da sub-bacia Cérrego Grande
localizada na regido central do municipio de Florian6polis, SC — Brasil (Figura 25). Esta sub-
bacia ¢ uma importante contribuinte do Rio Itacorubi, desaguando no segundo maior
manguezal urbano do Brasil, Manguezal do Itacorubi (TASCA et al., 2019). A sub-bacia sofre
grande pressdo urbana nos setores de baixa declividade, com modifica¢des tanto no uso do
solo quanto no sistema de drenagem natural (SOUZA; POMPEO, 2016). Apesar da baixa
urbanizagdo, aproximadamente 8% da area, a sub-bacia possui encostas ingremes e solos
argilosos com condi¢des de encharcamento, sendo altamente afetada por mudangas nas taxas
de infiltragdo decorrentes da urbanizagao (VARGAS de CRISTO, 2002; SOUZA, 2014).

Com uma érea de 4,25 km?, a sub-bacia ¢ beneficiada pela precipitagdo impulsionada
por fatores orograficos, onde os indices variam entre 1100 a 2700mm por ano, sendo mais
intensos durante o verdo (RAMA et al., 2019). As areas de ocupagdo urbana apresentam boa
cobertura do sistema de manejo de dguas pluviais quando comparado com o resto do
municipio, abrangendo aproximadamente 63% das vias com o sistema de coleta. A rede ¢
descontinua ou descentralizada, conduzindo as aguas pluviais por varias saidas para diferentes
locais dos corpos d’dgua. A canalizacdo de parte da hidrografia, aliada a gestdo limitada das
aguas pluviais e a crescente taxa de impermeabilizagdo nas 4areas planas impacta
negativamente a regido (SOUZA; POMPEOQ, 2014), resultando em inundacdes recorrentes em
varias areas proximas ao exutério da bacia. As inundagdes causadas por precipitagdes
extremas também sdo um problema, que provavelmente serd intensificado nos proximos anos

pelas mudancas climaticas.
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Figura 25 — Localizagdo da Sub-bacia Corrego Grande e delimitagdo da area urbanizada.
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Fonte: Preparado pelo autor.

Visando a aplicacdo do indice Plu-FRI em um conjunto de areas de contribuicio,
representando toda a regido urbanizada da sub-bacia, foi utilizado o software ArcGIS® 10.1
para auxiliar na delimitacdo das areas e extracdo das informacdes de cada pardmetro. Os
dados de entrada necessarios para definir os parametros e posteriormente aplicar o indice Plu-
FRI sdo apresentados na Tabela 24. Apesar de o indice ser destinado apenas para o sistema de
microdrenagem, um trecho de coérrego canalizado com secdo fechada ¢ utilizado na regido
como rede principal de drenagem pluvial. Desta forma, foi adotada a menor dimensdo do
canal como informacao de entrada para o parametro didmetro do conduto. Ressalta-se que
atualmente a regido nao sofre com interferéncias do nivel do mar, remanso ou fluxo inverso
no sistema de drenagem, portanto, foi desconsiderado o pardmetro variagdo do nivel do mar

para o calculo da resiliéncia.
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Tabela 24 — Detalhes dos dados considerados neste estudo e suas fontes.
Parimetro Producio dos dados Fonte
Produzido a partir de classificacdo
supervisionada de aerofoto com resolucao
Permeabilidade espacial de 0,39 m e escala 1:10.000. SDE*® (2012)
Ajustado manualmente para condicdes
atuais de urbanizagéo.
Produzido a partir de MDE com grade de

Declividade média IPUE® (2000)

15m.
Produzido a partir da wvalidagdo do Canrario ef al
Tipo da infraestrutura Cadastro técnico de Drenagem de aguas P ’

S (2021b)
pluviais e levantamento em campo.
Cadastro Técnico de Drenagem e ANA®, 2015;
Rota de fluxo hidrografia  canalizada levantada e Caprario et al.
validada em campo. (2021b)
Produzido a partir das intensidades
estimadas pelas equacgdes IDF do clima
atual e as médias projetadas pelos modelos
HadCM3 e MPHES. Para o clima futuro
foi adotado o cenario de emissdo extremo
SRES A2 e trés horizontes futuros: 2010-
2039, 2040-2069 e 2070-2099.
*SDE - Secretaria de Estado do Desenvolvimento Econdmico Sustentavel
°TPUF — Instituto de Plane;j amento Urbano de Florianopolis
“ ANA — Agéncia Nacional de Aguas e Saneamento Basico
Fonte: Preparado pelo autor.

Variabilidade climatica
da precipitacao

Caprario et al.
(2022)

6.4 RESULTADOS E DISCUSSOES

A regido urbanizada da sub-bacia Corrego Grande foi dividida em 69 éreas de
contribui¢do da rede de drenagem pluvial para a aplicagdo do indice Plu-FRI (Figura 26). Esta
divisdo permite avaliar a resiliéncia das areas ao longo de todo o tragado da infraestrutura de
drenagem, inclusive nos trechos onde um braco do corrego canalizado com secao fechada ¢
utilizado como rede principal da microdrenagem.

Apo6s a delimitacdo das éareas de contribuicdo os parametros caracteristicos foram
calculados ou extraidos a partir de informacdes geoespaciais da sub-bacia, sendo entdo
convertidos em valores numéricos com escala comum. Os Subindices de capacidade
adaptativa natural e artificial foram entdo calculados. Os parametros caracteristicos calculados
para cada area de contribui¢do, bem como, a conversdao dos valores em escala comum, sdao

apresentados no Apéndice G.
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Figura 26 — Delimitacdo das areas de contribuicao da rede de drenagem.
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Fonte: Preparado pelo autor.

O parametro variabilidade climatica da precipitagdo foi calculado utilizando as
equagoes IDFs atual e futuras projetadas por Caprario ef al. (2022). Os autores recomendam a
utilizagdo de valores médios de intensidade de precipitacdo, gerados a partir de dois modelos
climaticos, HadCM3 e MPHES, que melhor representam a variabilidade climatica na regido.
Para avaliar a resiliéncia ao longo do tempo, foi calculado o parametro variabilidade climatica
da precipitacdo (Tabela 25), e consequentemente o Subindice estressor climdtico, para trés
horizontes futuros: 2010-2039 (futuro proximo), 2040-2069 (futuro intermediario) e 2070-
2099 (futuro distante).

Tabela 25 — Intensidades de precipitacdo (I1oagnosan) € cdlculo do parametro variabilidade
climética da precipitagdo (B,,) para trés horizontes futuros.

Horizontes . Futuro Futuro Futuro
o Clima atual . . . .
climaticos proximo intermediério distante
IlOanos,4h
(mm/h) 27.45 27.41 28.36 32.02
Byep - -0.001 0.033 0.166

Fonte: Preparado pelo autor.
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Com todos os Subindices calculados, foi aplicado o Plu-FRI para todas as areas de
contribuicdo da rede de drenagem pluvial. Ressalta-se que, o horizonte climatico futuro
proximo apresentou variabilidade negativa com valor muito préximo de zero, isto ¢, hd uma
tendéncia de que nos préximos anos (até 2039) nao ocorra incrementos significativos na
precipitagdo. Neste caso, o Plu-FRI foi calculado considerando o Subindice estressor
climatico nulo, ou seja, as condi¢des de resiliéncia variaram apenas em fungdo da capacidade
adaptativa natural e artificial de cada area. O mapeamento do indice de resiliéncia a inundagao
pluvial para cada area de contribuicdo, nos horizontes climaticos futuro préximo,

intermediario e distante sdo apresentados nas Figuras 27, 28 e 29, respectivamente.

Figura 27 — Mapeamento do indice de resiliéncia a inundagao pluvial para o futuro préximo.
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Figura 28 — Mapeamento do indice de resiliéncia a inundagao pluvial

para o futuro intermedidrio.
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Figura 29 — Mapeamento do indice de resiliéncia a inundagao pluvial

para o futuro distante.

Fonte: Preparado pelo autor.

Fonte: Preparado pelo autor.
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Comparando visualmente os resultados do Plu-FRI com os obtidos por modelagem
hidrolégica e hidraulica, apresentados no capitulo 5 e sobrepostos sobre os mapas, foi
verificada uma boa correlacdo entre as jungdes inundadas, condutos sobrecarregados e as
areas com indice de resiliéncia critico (inaceitavel e/ou insuficiente). Assim como na
modelagem chuva-vazao, a resiliéncia das dreas de contribui¢do vai reduzindo com o passar
do tempo, sendo no futuro distante verificado uma quantidade significativa de areas de
contribuicdo com resiliéncia considerada inaceitavel (Plu-FRI<0.3). Os resultados
espacializados permitem ainda verificar que a implantagdo de redes de drenagem
centralizadas, com tubulagdes principais longas e que conduzem o fluxo para uma unica saida,
perdem sua capacidade de resiliéncia ao longo do tempo. De acordo com Bakhshipour et al.
(2021) a ideia de redes de drenagem urbana centralizadas, com predominio de infraestrutura
cinza, tem sido questionada, sugerindo a transi¢cao destas para esquemas descentralizados e/ou
hibridos com sistemas verdes. Redes de drenagem centralizadas apresentam elevado custo de
implantacdo, além de custos e demandas significativas de manutencdo e operagdo,
apresentando resiliéncia e adaptabilidade limitadas aos desafios climaticos futuros
(BAKHSHIPOUR et al., 2019). As estatisticas da aplicacdo do Plu-FRI na regido urbanizada
da sub-bacia Corrego Grande para os trés horizontes climaticos sdo apresentadas na Tabela
26.

Tabela 26 — Relagcdo do numero de areas de contribuicdo e area de abrangéncia de cada classe
de resiliéncia a inundacdo pluvial dentro da sub-bacia para trés horizontes climaticos.

Futuro préximo Futuro intermediario Futuro distante
Cla.s.sﬂe d? N° de APrap— . N° de Al:)rap— . N° de Alarap— )
Resiliéncia Areas  Sencia %o dreas  Seneia %0 Areas  Sencia %0
(ki) (ki) (ki)

5 0.03 626 6  0.04 818 13 0.10  18.60
Insuficiente 9 0.07 12.71 8 0.06 10.97 13 0.06 11.05
Aceitavel 13 0.07 12.89 15 0.07 13.01 22 0.13 2431
Bom 24 0.12 22.84 23 0.14 2546 11 0.05 9.02
Excelente 18 0.25 4530 17 0.23 4238 10 0.20 37.02
Total 69 0.54 100.00 69 0.54 100.00 69 0.54 100.00

Fonte: Preparado pelo autor.

Analisando a Tabela 26 ¢ possivel verificar que o numero de 4reas classificadas com
resiliéncia inaceitavel aumenta 261%, passando de 5 para 13 areas até o final do século. No
entanto, ao analisar a drea de abrangéncia, o aumento ¢ ainda maior, passando de 0.03 km?
para 0.10 km?, totalizando um aumento de 333%. Este resultado revela a importancia de

considerar a resiliéncia a inundagdo das areas de contribuicdo no planejamento e gestdo das
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aguas pluviais, identificando areas frageis que merecem atencdo especial, e assim, permitindo
um diagndstico afinado das condicdes atuais e futuras. A aplicacdo do Plu-FRI permite
considerar os efeitos das mudangas climaticas no planejamento ao longo do tempo,
oferecendo resultados preliminares simples e representativos, sem a necessidade de robustas
modelagens hidrologicas e hidraulicas que demandam extensas séries de dados monitorados e
recursos tecnologicos. No entanto, ¢ sempre importante considerar as restricdes do indice, ndo
sendo indicada a sua utilizagdo como ferramenta de decisdo isolada. De acordo com
Bertilsson et al. (2019) a utilizagdo de indices compostos estd sempre relacionada com
simplificagdes, onde alguns parametros-chave sao avaliados, representando apenas uma parte
do problema e indicando dire¢des, mas ndo representando fielmente todo o fendmeno.

E importante ressaltar que o indice Plu-FRI traz um ponto de vista particular,
destacando o sistema de manejo de dguas pluviais em areas urbanizadas. Os parametros tipo
da infraestrutura e rota de fluxo como representantes da capacidade adaptativa da
infraestrutura de drenagem pluvial sdo introduzidos na avaliagdo de forma inovadora. Os
resultados do indice aqui apresentados sdo sensiveis as variagdes climaticas da precipitagado,
demonstrando grande potencial de inclusdo destas na gestdo dos sistemas de manejo de aguas
pluviais e planejamento futuro de cidades resilientes. Devido as caracteristicas da area o
parametro variagao do nivel do mar ndo pode ser testado como um estressor externo, ficando
como recomendagdo para aprimoramento e continuidade do trabalho. Recomenda-se ainda
incluir outros fatores que expressem a vulnerabilidade e/ou exposi¢do da comunidade as areas
afetadas, como por exemplo, densidade populacional, localizagdo de servigos essenciais
(hospitais, escolas, farmdcias, etc.), ou distribuicdo espacial por renda. Neste estudo foi
considerado condi¢des de uso e ocupacdo da terra constante ao longo do tempo, sendo
indicado o teste do indice em condi¢des de projecdo da ocupacdo urbana, podendo ainda ser
substituido o parametro permeabilidade por caracteristicas que representem o processo de
infiltracdo de 4gua no solo, como o coeficiente de defltivio (Curve number - CN). No geral, o
indice proposto demonstra ser um passo a frente na identificacdo de areas criticas a inundagao
pluvial, podendo ser utilizado como ferramenta de adaptacdo, monitoramento e gestdo das
dguas urbanas ao longo do tempo, dentro dos limites impostos pelo proprio processo de

urbanizagao.
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6.5 CONCLUSOES

A fim de definir agdes concretas de adaptagdo para alcancar um estado de resiliéncia
climatica e avaliar o seu progresso em areas urbanizadas, ¢ desejavel medir a resiliéncia as
inundagdes pluviais. O Plu-FRI apresentou resultados promissores, destacando seu potencial
em fornecer uma avaliacdo quantitativa da resiliéncia as inundagdes pluviais de forma
simples, rapida e de baixo custo. A espacializacao do indice torna possivel a comunicagao
facil dos resultados, obtendo uma visdo geral da area analisada e potencializando a
identificacdo de regides que necessitam de priorizacdo de investimentos publicos. Salienta-se
que a distribuicao espacial da resiliéncia ¢ particularmente valiosa, pois projetos de resiliéncia
bem direcionados também podem melhorar consideravelmente as areas vizinhas.

O indice composto e a abordagem espacial mostram-se Uteis para resumir e
apresentar o conjunto complexo de parametros ligados a capacidade de adaptacdo da area e da
infraestrutura as alteracdes climaticas. A flexibilidade e facil replicagdo permite o uso em
diferentes ambitos espaciais, desde uma simples area de contribui¢do, até um bairro ou
municipio. A inclusdo da variabilidade climatica de precipitagdo como estressor externo
demonstrou ser relevante para uma gestao mais sustentavel das dguas pluviais, garantindo que
0s outros servigos urbanos e a cidade mantenham as fungdes essenciais quando confrontados
com eventos pluviométricos extremos. Embora considerado na formulacdo do indice, o
parametro variacdo do nivel do mar ndo pode ser testado como um estressor climatico
externo, ficando como sugestdo para continuidade do trabalho e aprimoramento da avaliagdo
da resiliéncia a inundagdo em areas proximas ao oceano.

A aplicacdo do Plu-FRI na sub-bacia Corrego Grande demonstrou a utilidade e
potencial de exploracdo da ferramenta. Foram considerados trés horizontes climaticos futuros,
representando as alteragdes projetadas na precipita¢do até o final do século. A variabilidade
do Plu-FRI entre esses trés horizontes ¢ grande, principalmente considerando as projecdes
para o futuro distante, onde aproximadamente 38% das areas de contribuicdo sdo classificadas
com indice de resiliéncia inaceitavel e/ou insuficiente, abrangendo 0.16 km?. Os resultados da
espacializacdo corroboraram com estudos recentes que defendem a descentralizagdo da
infraestrutura como forma de incrementar a resiliéncia do sistema de manejo de aguas
pluviais, apresentando altos valores de resiliéncia em trechos com nimero reduzido de

elementos interligados. Bakhshipour ef al. (2021) destacam que a resiliéncia da infraestrutura
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¢ frequentemente negligenciada no projeto de sistemas de drenagem pluvial, apesar de
desempenhar um papel significativo no desempenho do sistema durante eventos extremos.

A ferramenta Plu-FRI apresentou representativa concordancia entre os valores
calculados e os dados obtidos com robusto modelo hidrologico e hidraulico. Desta forma, o
indice pode ser considerado robusto, tendo em vista sua simplicidade e baixo custo de
aplicacdo, ndo demandando extensas séries de dados monitorados ou grandes investimentos
tecnologicos. No entanto, ¢ importante ressaltar que o Plu-FRI deve ser utilizado como
ferramenta de decisdo complementar, sendo considerada no processo de planejamento e
tomada de decisio em conjunto com outras informagdes, como mapas de inundacio,
zoneamento urbano e desenvolvimento socioecondmico. Por fim, é importante ter em mente
que ferramentas simplificadas como a apresentada, constituem um quadro inovador,
permitindo aos gestores publicos uma visdo geral do desenvolvimento urbano, e a elaboracao
de estratégias que levem em conta a resiliéncia da area e da infraestrutura a curto, médio e

longo prazo.



162

7 PRINCIPAIS CONTRIBUICOES E CONCLUSOES GERAIS

Nesta Tese foram desenvolvidas trés ferramentas metodologicas de baixo custo e
dois estudos de caso com a constru¢do de um cadastro técnico de drenagem e a simulagdo
hidrodinamica do sistema de manejo de aguas pluviais de uma sub-bacia urbana. Estas
ferramentas e estudos podem ser adotados pelos gestores publicos no apoio ao planejamento e
implementagdo da gestdo e manejo sustentdvel das aguas pluviais, considerando as
perspectivas das mudancgas climaticas e as limitagdes técnicas, orcamentarias € operacionais
observadas na maioria dos paises em desenvolvimento.

Na primeira etapa foi desenvolvida uma estratégia para construir Modelos Espaciais
de Inundagdo Costeira, denominada MEIC, combinando técnicas de analise estatistica ¢
geoespacial. A aplicacdo da estratégia no municipio de Floriandpolis demonstrou que as
relagdes entre as variaveis ambientais e artificiais da area e os eventos de inundagdo ndo sao
homogéneos no espacgo. Foram identificadas 3 sub-regides com combinagdes distintas entre as
variaveis de influéncia. As principais potencialidades do MEIC sdo: (i) robustez, avaliando
estatisticamente as relagdes entre as variaveis de influéncia; (ii) adequagdo para areas
costeiras urbanizadas; (iii) utilizacdo de banco de dados online gratuitos e de facil acesso; e
(iv) aplicagao simplificada e de baixo custo.

Na segunda etapa foi desenvolvida uma estrutura de modelagem que orienta a
incorporacdo de projegdes climaticas no planejamento e gestdo integrada de areas costeiras. A
estrutura combinou técnicas de downscaling estatistico e modelagem geoespacial, sendo
composta por 4 modulo independentes. A aplicacdo da estrutura no municipio de
Florianopolis permitiu verificar a adequabilidade de apenas dois modelos climaticos,
HadCM3 e MPEHS, na representagdo do clima local futuro, prevendo tendéncias consistentes
da precipitacdo ao longo do tempo. Foi verificado um aumento na intensidade maxima de
precipitagdo, chegando a diferencas de 21% até o final do século. A estrutura demonstrou um
grande potencial para orientar a incorporacao de projecdes climaticas no planejamento
urbano, fornecendo informagodes relevantes sobre a natureza das vulnerabilidades locais.

Na terceira etapa foi construido um cadastro técnico preliminar de todo o sistema de
manejo de dguas pluviais para o municipio de Florianopolis. A pratica de gestdo de aguas
pluvial no municipio demonstrou ser inadequada, com baixa cobertura de um sistema de
manejo fragmentado e construido de forma assistemdtica, e com um Plano Diretor de

Drenagem Urbana que necessita de muitos aprofundamentos. Essas caracteristicas elevam a
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suscetibilidade a ocorréncia de alagamentos e inundacdes nas areas urbanas. Apesar de todos
os problemas, o uso de diferentes técnicas compensatérias de armazenamento e infiltragdo do
escoamento superficial leva o municipio um passo a frente em relagdo a adaptacdo as
mudancas climaticas.

Na quarta etapa foi avaliado o impacto hidraulico potencial de eventos extremos
futuros sobre o atual sistema de manejo de dguas pluviais na sub-bacia Corrego Grande. O
estudo de caso demostrou que chuvas de projeto com periodo de retorno de 10 anos no
cenario atual, serao antecipadas para periodo de retorno de 2 anos até o final do século. Isso
indica que eventos extremos se tornardo cada vez mais frequentes e com maior magnitude,
levando as infraestruturas atualmente vulneraveis a inundagdes ainda mais intensas. Embora o
modelo tenha indicado pouca variacdo no nimero e tempo de sobrecarga dos condutos e
jungdes inundadas entre os cendrios de precipitacdo, o volume de inunda¢do aumentard
significativamente, triplicando o valor até o final do século.

Por fim, na quinta etapa foi desenvolvida uma ferramenta de apoio a gestdo das
aguas pluviais, denominada Plu-FRI. O indice demonstrou a redugdo da resiliéncia das areas
urbanas ao longo do tempo, apresentando concordancia entre a classificacdo de resiliéncia e
os impactos hidraulicos futuros modelados no sistema de manejo de aguas pluviais. A
espacializacao dos resultados permitiu verificar que a descentralizacdo da infraestrutura
auxilia no incremento da resiliéncia do sistema de manejo. De uma forma geral, a ferramenta
apresentou resultados promissores, destacando seu potencial em fornecer uma avaliagdo
quantitativa da resiliéncia a inundagdo pluvial, identificando regides que necessitam de
priorizacao de investimentos publicos.

Esta Tese contribui cientificamente com a base de conhecimento da gestdo e manejo
de aguas pluviais e adaptagdo urbana frente as mudangas climaticas. Todos os tdpicos
abordados podem ser utilizados pelos agentes de gestdo urbana como subsidio para um
planejamento que priorize investimentos em medidas de adaptacdo, com foco na reducao de
riscos, minimizag¢ao dos impactos ocasionados por eventos extremos € aumento da resiliéncia
das comunidades, sendo uma questdo tanto de cunho econdmico quanto social. Quanto as
contribuicdes técnicas e tecnoldgicas, as metodologias desenvolvidas sdo guias simples,
praticos e de baixo custo que podem ser utilizados pelos gestores municipais nos multiplos
cenarios de inadequacdo, contribuindo com o processo de incorporagdo das mudangas
climaticas ndo sé no sistema de gestdo e manejo de aguas pluviais, mas também de todo o

planejamento e adaptacdo urbana.
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APENDICE A — Characterization of the environmental and anthropogenic variables of each event and flooding site in the study area

Data Latitude Longitude | ID Fg:;i{:slg 125:1 Rainfall | Elevation | Hydrography Sgﬁg;fr Land use | Soil type | Hydrogeology | Slope Groilelzc;\;vater
2013-03-10 |-27.706209 |-48.501654 | 1 1 61.55 | 81.80 9.29 No No Urban Arenosols | Sedimentary | 1.43 7.00
2013-03-10 |-27.706297 |-48.504472 | 2 1 61.55 | 81.80 7.75 No Yes Urban Arenosols | Sedimentary | 0.00 7.00
2013-06-01 |-27.705508 |-48.499568 | 3 1 5345 | 2641 5.59 No No Urban Arenosols | Sedimentary | 1.58 1.50
2013-06-01 |-27.705438 |-48.500037 | 4 1 5345 | 2641 4.78 No Yes Urban Arenosols | Sedimentary | 1.58 3.50
2013-06-01 |-27.705187 |-48.499874 | 5 1 5345 | 2641 4.64 No Yes Urban Arenosols | Sedimentary | 1.58 3.50
2013-06-01 |-27.705241 |-48.499161 | 6 1 5345 | 2641 5.25 No No Urban Arenosols | Sedimentary | 0.40 1.50
2013-06-01 |-27.70556 |-48.499304 | 7 1 5345 | 2641 5.50 No No Urban | Arenosols | Sedimentary | 1.58 1.50
2013-06-01 |-27.704741 |-48.499269 | 8 1 53.45 | 26.41 4.64 No Yes Urban Arenosols | Sedimentary | 2.06 1.50
2013-06-01 |-27.704196 |-48.498577 | 9 1 53.45 | 26.41 4.64 No Yes Urban Arenosols | Sedimentary | 1.12 1.50
2013-08-04 |-27.703319 |-48.498114 | 10 1 75.34 | 13.71 4.64 No No Urban Arenosols | Sedimentary | 0.35 1.50
2014-01-03 |-27.701302 |-48.506591 | 11 1 52.00 | 34.04 5.35 No No Urban Arenosols | Sedimentary | 1.00 3.50
2014-10-31 |-27.699575 |-48.494125 | 12 2 60.09 | 0.50 4.64 No Yes Urban | Arenosols | Sedimentary | 0.90 1.50
2014-12-28 |-27.699575 |-48.494125 | 13 2 56.49 | 22.09 4.64 No Yes Urban Arenosols | Sedimentary | 0.90 1.50
2015-02-14 |-27.699233 |-48.494697 | 14 2 70.25 | 61.72 4.64 No Yes Urban Arenosols | Sedimentary | 0.53 1.50
2015-03-08 |-27.696727 |-48.493279 | 15 1 49.98 1.27 4.64 No Yes Urban Arenosols | Sedimentary | 0.35 1.50
2015-03-08 |-27.699233 |-48.494697 | 16 2 49.98 1.27 4.64 No Yes Urban Arenosols | Sedimentary | 0.53 1.50
2015-03-22 |-27.696688 |-48.492766 | 17 1 96.56 0.25 4.64 No Yes Urban Arenosols | Sedimentary | 0.35 0.50
2015-04-22 |-27.695048 |-48.503992 | 18 1 71.63 | 1547 6.54 No No Urban Mangrove | Sedimentary | 0.50 3.50
2015-07-15 |-27.694805 |-48.491817 | 19 1 70.00 | 16.00 4.64 No No Urban Arenosols | Sedimentary | 1.60 0.50
2015-07-15 |-27.69419 |-48.490931 | 20 1 70.00 | 16.00 4.64 Yes No Urban Arenosols | Sedimentary | 0.73 0.50
2015-07-24 |-27.692207 |-48.488341 | 21 1 56.16 | 66.78 4.46 No Yes Urban Arenosols | Sedimentary | 0.18 5.50
2015-08-15 |-27.683700 |-48.499518 | 22 1 51.00 0.00 4.72 No No Vegetation | Mangrove | Sedimentary | 0.00 1.50
2015-08-15 |-27.681154 |-48.498169 | 23 6 51.00 0.00 9.32 No Yes Urban Arenosols | Sedimentary | 1.19 5.50
2015-08-15 |-27.685047 |-48.500219 | 24 1 51.00 0.00 13.62 No No Urban Arenosols | Sedimentary | 2.55 5.50
2015-08-15 |-27.673468 |-48.486542 | 25 6 51.00 0.00 9.32 No Yes Urban Arenosols | Sedimentary | 1.19 5.50
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2015-08-15 |-27.705538 |-48.498675 | 26 6 51.00 0.00 9.32 No Yes Urban Arenosols | Sedimentary | 1.19 5.50
2015-08-15 |-27.696705 |-48.492641 | 27 1 51.00 | 0.00 6.61 No Yes Vegetation | Arenosols | Sedimentary | 0.73 7.00
2015-08-15 |-27.703297 |-48.497484 | 28 6 51.00 0.00 9.32 No Yes Urban Arenosols | Sedimentary | 1.19 5.50
2015-08-15 |-27.704719 |-48.498641 | 29 1 51.00 0.00 9.45 No Yes Urban Arenosols | Sedimentary | 1.19 5.50
2015-08-15 |-27.704174 |-48.497947 | 30 6 51.00 | 0.00 9.32 No Yes Urban | Arenosols | Sedimentary | 1.19 5.50
2015-08-15 |-27.694782 |-48.491176 | 31 1 51.00 0.00 11.56 No No Urban Arenosols | Sedimentary | 0.90 5.50
2015-08-15 |-27.694167 |-48.490288 | 32 1 51.00 0.00 9.42 No Yes Urban Arenosols | Sedimentary | 0.40 5.50
2015-08-15 |-27.696665 |-48.492126 | 33 1 51.00 0.00 4.17 No No Urban Arenosols | Sedimentary | 0.53 5.50
2015-08-15 |-27.690705 |-48.486805 | 34 1 51.00 0.00 12.05 No No Urban Arenosols | Sedimentary | 1.77 5.50
2015-08-15 |-27.692184 |-48.487692 | 35 6 51.00 | 0.00 9.32 No Yes Urban | Arenosols | Sedimentary | 1.19 5.50
2016-03-03 |-27.660078 |-48.503318 | 36 8 59.76 | 51.55 1.43 Yes Yes Urban Mangrove | Sedimentary | 0.35 0.50
2016-03-03 |-27.673492 |-48.487177 | 37 1 59.76 | 51.55 11.83 No No Urban Arenosols | Sedimentary | 1.68 5.50
2016-03-25 |-27.699211 |-48.494061 | 38 8 62.30 | 86.34 1.43 Yes Yes Urban Mangrove | Sedimentary | 0.35 0.50
2016-03-25 |-27.699553 |-48.493487 | 39 8 62.30 | 86.34 1.43 Yes Yes Urban Mangrove | Sedimentary | 0.35 0.50
2016-09-15 |-27.657056 |-48.506796 | 40 1 100.61 | 1.80 3.14 No Yes Urban Mangrove | Sedimentary | 0.71 0.50
2016-09-15 |-27.600998 |-48.573614 | 41 8 100.61 | 1.80 1.43 Yes Yes Urban Mangrove | Sedimentary | 0.35 0.50
2016-09-15 |-27.600633 |-48.552715 | 42 8 100.61 | 1.80 1.43 Yes Yes Urban Mangrove | Sedimentary | 0.35 0.50
2016-09-15 |-27.578052 |-48.520057 | 43 8 100.61 | 1.80 1.43 Yes Yes Urban Mangrove | Sedimentary | 0.35 0.50
2016-09-15 |-27.577139 |-48.517101 | 44 8 100.61 | 1.80 1.43 Yes Yes Urban Mangrove | Sedimentary | 0.35 0.50
2016-09-15 |-27.599096 |-48.556033 | 45 8 100.61 | 1.80 1.43 Yes Yes Urban Mangrove | Sedimentary | 0.35 0.50
2016-09-15 |-27.599093 |-48.556396 | 65 8 100.61 1.80 0.81 No Yes Urban Arenosols | Crystalline | 0.71 5.28
2016-10-06 |-27.652864 |-48.524274 | 46 3 43.60 | 21.83 0.63 Yes Yes Mangrove | Mangrove | Sedimentary | 0.73 222
2016-10-25 |-27.652864 |-48.524274 | 47 3 46.71 | 24.62 0.63 Yes Yes Mangrove | Mangrove | Sedimentary | 0.73 222
2017-01-31 |-27.590305 |-48.515367 | 48 2 38.64 | 100.08 3.26 Yes Yes Urban Mangrove | Sedimentary | 2.74 2.85
2017-01-31 |-27.590900 |-48.505495 | 49 3 38.64 | 100.08 0.63 Yes Yes Mangrove | Mangrove | Sedimentary | 0.73 2.22
2017-01-31 |-27.587584 |-48.504788 | 50 2 38.64 | 100.08 3.26 Yes Yes Urban Mangrove | Sedimentary | 2.74 2.85
2017-01-31 |-27.455030 |-48.400767 | 51 6 38.64 | 100.08 3.14 No Yes Urban Cambisols | Crystalline | 0.40 4.13
2017-01-31 |-27.660058 |-48.502743 | 52 6 38.64 | 100.08 3.14 No Yes Urban Cambisols | Crystalline | 0.40 4.13
2017-01-31 |-27.434456 |-48.397174 | 53 1 38.64 | 100.08 0.76 Yes Yes Urban Arenosols | Crystalline | 0.95 5.95
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2017-01-31 |-27.431175 |-48.446251 | 54 6 38.64 | 100.08 3.14 No Yes Urban Cambisols | Crystalline | 0.40 4.13
2017-01-31 |-27.509754 |-48.470169 | 55 6 38.64 | 100.08 3.14 No Yes Urban Cambisols | Crystalline | 0.40 4.13
2017-06-05 |-27.74421 -48.509086 | 57 6 52.53 | 43.43 2.32 No Yes Vegetation | Arenosols | Crystalline | 0.40 5.52
2017-06-05 |-27.432397 |-48.456436 | 58 6 52.53 | 43.43 2.32 No Yes Vegetation | Arenosols | Crystalline | 0.40 5.52
2017-06-05 |-27.645727 |-48.523698 | 59 6 52.53 | 4343 3.14 No Yes Urban Cambisols | Crystalline | 0.40 4.13
2017-08-10 |-27.600916 |-48.553023 | 61 6 63.44 1.01 2.32 No Yes Vegetation | Arenosols | Crystalline | 0.40 5.52
2017-08-20 |-27.655326 |-48.525330 | 62 6 64.95 | 2591 2.32 No Yes Vegetation | Arenosols | Crystalline | 0.40 5.52
2017-08-20 |-27.600633 |-48.552715 | 63 6 64.95 | 2591 2.32 No Yes Vegetation | Arenosols | Crystalline | 0.40 5.52
2017-08-20 |-27.599096 |-48.556033 | 64 6 64.95 | 25091 2.32 No Yes Vegetation | Arenosols | Crystalline | 0.40 5.52
2018-01-10 |-27.437629 |-48.401014 | 67 8 35.50 | 93.00 0.81 No Yes Urban Arenosols | Crystalline | 0.71 5.28
2018-01-10 |-27.447993 |-48.430342 | 68 8 35.50 | 93.00 0.81 No Yes Urban Arenosols | Crystalline | 0.71 5.28
2018-01-10 |-27.438335 |-48.410889 | 69 8 35.50 | 93.00 0.81 No Yes Urban Arenosols | Crystalline | 0.71 5.28
2018-01-10 |-27.437746 |-48.403140 | 70 8 35.50 | 93.00 0.81 No Yes Urban Arenosols | Crystalline | 0.71 5.28
2018-01-10 |-27.422111 |-48.430986 | 71 8 35.50 | 93.00 0.81 No Yes Urban Arenosols | Crystalline | 0.71 5.28
2018-06-15 |-27.599099 |-48.556397 | 72 8 84.75 0.00 0.81 No Yes Urban Arenosols | Crystalline | 0.71 5.28
2018-06-25 |-27.645713 |-48.523196 | 73 1 100.61 | 1.80 3.12 Yes Yes Urban Acrisols Crystalline | 1.46 4.39
2018-06-25 |-27.660058 |-48.502743 | 74 1 100.61 | 1.80 0.82 Yes Yes Urban Mangrove | Crystalline | 0.53 3.04
2018-08-26 |-27.578052 |-48.520057 | 75 5 99.23 0.00 3.00 Yes Yes Mangrove | Mangrove | Crystalline | 0.25 3.96
2018-08-26 |-27.577139 |-48.517101 | 76 2 99.23 0.00 0.00 Yes No Urban Mangrove | Crystalline | 0.50 245
2018-08-26 |-27.660058 |-48.502743 | 77 2 99.23 0.00 0.00 Yes No Urban Mangrove | Crystalline | 0.50 245
2018-09-03 |-27.599099 |-48.556397 | 66 8 61.03 | 90.00 0.81 No Yes Urban Arenosols | Crystalline | 0.71 5.28
2018-09-03 |-27.587584 |-48.504788 | 78 5 61.03 | 90.00 0.00 Yes Yes Mangrove | Mangrove | Crystalline | 0.79 4.17
2018-09-03 |-27.599628 |-48.557876 | 79 5 61.03 | 90.00 3.04 Yes Yes Mangrove | Mangrove | Crystalline | 0.25 3.96
2018-09-03 |-27.577609 |-48.524400 | 80 5 61.03 | 90.00 0.00 Yes Yes Mangrove | Mangrove | Crystalline | 0.79 4.17
2018-09-03 |-27.653118 |-48.516584 | 81 1 61.03 | 90.00 3.45 No Yes Urban Mangrove | Crystalline | 1.43 3.41
2018-09-03 |-27.688248 |-48.510299 | 82 5 61.03 | 90.00 3.04 Yes Yes Mangrove | Mangrove | Crystalline | 0.25 3.96
2018-09-03 | -27.480386 |-48.407489 | 83 5 61.03 | 90.00 0.00 Yes Yes Mangrove | Mangrove | Crystalline | 0.79 4.17
2018-09-03 |-27.446296 |-48.397720 | 84 5 61.03 | 90.00 3.04 Yes Yes Mangrove | Mangrove | Crystalline | 0.25 3.96
2018-09-03 |-27.441306 |-48.406171 | 85 5 61.03 | 90.00 3.04 Yes Yes Mangrove | Mangrove | Crystalline | 0.25 3.96
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2019-07-03 |-27.660058 |-48.502743 | 86 1 100.00 | 0.00 21.95 No Yes Vegetation | Arenosols | Sedimentary | 0.18 3.34
2019-07-03 |-27.645713 |-48.523196 | 87 1 100.00 | 0.00 1.29 Yes Yes Urban Acrisols | Sedimentary | 1.29 4.92
2019-07-03 |-27.599096 |-48.556033 | 88 5 100.00 | 0.00 0.00 Yes Yes Mangrove | Mangrove | Crystalline | 0.79 4.17
2019-07-03 |-27.600633 | -48.552715 | 89 5 100.00 | 0.00 0.00 Yes Yes Mangrove | Mangrove | Crystalline | 0.79 4.17
2019-07-04 |-27.452295 |-48.399341 | 90 1 100.00 | 0.00 19.37 No Yes Vegetation | Arenosols | Sedimentary | 0.64 2.21
2019-07-04 |-27.455235 |-48.401519 | 91 1 100.00 | 0.00 19.53 No Yes Vegetation | Arenosols | Sedimentary | 0.35 3.02
2019-07-04 |-27.465906 |-48.463569 | 92 1 100.00 | 0.00 9.45 No Yes Vegetation | Arenosols | Sedimentary |13.60 6.73
2019-07-04 |-27.444335 |-48.501298 | 93 1 100.00 | 0.00 1.87 Yes Yes Urban Mangrove | Sedimentary | 0.56 6.80
2019-07-04 |-27.448176 |-48.430975 | 94 1 100.00 | 0.00 1.83 Yes Yes Vegetation | Mangrove | Sedimentary | 0.00 6.85
2019-07-04 |-27.446513 |-48.398478 | 95 1 100.00 | 0.00 13.13 No Yes Vegetation | Arenosols | Sedimentary | 2.06 2.21
2019-07-05 |-27.599096 |-48.556033 | 96 1 90.00 0.00 2.98 Yes Yes Urban Arenosols | Sedimentary | 0.00 3.55
2019-07-05 |-27.578052 |-48.520057 | 97 2 90.00 0.00 0.25 Yes Yes Urban Mangrove | Sedimentary | 0.40 6.93
2019-07-05 |-27.577139 |-48.517101 | 98 3 90.00 0.00 8.27 No Yes Urban Arenosols | Sedimentary | 1.00 3.34
2019-07-05 |-27.660058 |-48.502743 | 99 3 90.00 0.00 7.76 No Yes Urban Arenosols | Sedimentary | 2.37 4.19
2019-07-05 |-27.645713 |-48.523196 | 100 3 90.00 0.00 9.18 No Yes Urban Arenosols | Sedimentary | 1.00 3.46
2019-07-05 |-27.599096 |-48.556033 101 1 90.00 0.00 12.88 No Yes Urban Arenosols | Sedimentary | 0.35 3.25
2019-07-05 |-27.600633 |-48.552715 102 1 90.00 0.00 2.98 Yes Yes Urban Arenosols | Sedimentary | 0.00 3.55
2019-07-06 |-27.43252 |-48.457058 | 56 1 80.00 | 0.00 3.99 No No Vegetation | Arenosols | Sedimentary | 0.18 7.21
2019-07-06 |-27.645727 |-48.523698 | 60 6 80.00 0.00 3.14 No Yes Urban Cambisols | Crystalline | 0.40 4.13
2019-07-06 |-27.599096 |-48.556033 |103 2 80.00 0.00 0.59 Yes No Urban Arenosols | Sedimentary | 0.00 6.64
2019-07-06 |-27.578052 |-48.520057 | 104 1 80.00 0.00 2.99 No Yes Urban Arenosols | Sedimentary | 0.71 7.12
2019-07-06 |-27.577139 |-48.517101 | 105 2 80.00 0.00 0.59 Yes No Urban Arenosols | Sedimentary | 0.00 6.64
2019-07-06 |-27.660058 |-48.502743 | 106 2 80.00 0.00 0.25 Yes Yes Urban Mangrove | Sedimentary | 0.40 6.93
2019-07-06 |-27.599096 |-48.556033 | 107 2 80.00 0.00 2.09 No No Vegetation | Acrisols Crystalline | 0.18 7.64
2019-07-06 |-27.600633 |-48.552715 | 108 2 80.00 0.00 2.09 No No Vegetation | Acrisols Crystalline | 0.18 7.64

Source: Caprario et al (2021).
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APENDICE B — Changes in precipitation (%) relative to baseline with six GCMs in
three different time horizons and two SRES, for a storm with 10-year return period and
four durations: 10-min (a), 15-min (b), 30-min (c) and 60-min (d).
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APENDICE C - Averaged IDF curves estimated from the historical rainfall and from
the rainfall time series projected by the HADCM3 and MPEHS models for the SRES B1
emission scenario, for different return periods: 2-years (a), 10-years (b), 25-years (c¢) and

50-years (d).
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APENDICE D - Hidrogramas comparando a vazio simulada e observada na calibracio -
Evento #5 (a) e na validacio - Evento #1 (b), Evento #3 (c), Evento #4 (d) e Evento #6 (e).
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APENDICE E — Juncdes inundadas e condutos sobrecarregados na sub-bacia Cérrego Grande para eventos simulados com o censrio de
precipitacido do futuro proximo (2010 -2039) e periodo de retorno de 2 anos (a), S anos (b), 10 anos (c) e 25 anos (d).
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Fonte: Preparado pelo autor.
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APENDICE F - Juncées inundadas e condutos sobrecarregados na sub-bacia Cérrego Grande para eventos simulados com o cenario de

precipitacio do futuro intermediario (2040 -2069) e periodo de retorno de 2 anos (a), 5 anos (b), 10 anos (c¢) e 25 anos (d).
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APENDICE G - Calculo e conversio em escala comum dos parimetros caracteristicos
para determinacio dos Subindices de capacidade adaptativa. Onde P, é o parametro
declividade média, P, é o parametro permeabilidade, P, ¢ o parametro tipo da infraestrutura, P,
¢ o parametro rota de fluxo, Si; ¢ o Subindice de capacidade adaptativa natural, e Si, ¢ o

Subindice de capacidade adaptativa artificial.

Levantamentos iniciais e calculo dos
arametros caracteristicos

Conversao em escala comum

Subindices

Are? de. ; Area
Sl 1?1:2)21 Per?lllza)ivel ({;:) (102’ ) (fn” P P, P, Py | Si; | Si;
1 1.18 0.01 247 | 046 | 0.80 1.0 1.0 0.4 0.2 [0.00|0.68
2 0.98 0.01 247 | 1.02 | 0.60 1.0 1.0 0.6 0.8 [0.00|0.32
3 0.16 0.03 2.37 12020 | 0.50 1.0 0.6 0.6 0.8 [0.28(0.32
4 0.86 0.00 2.22 | 0.00 0.40 1.0 1.0 0.8 0.8 [0.00|0.20
5 0.85 0.09 347 |10.02 | 040 0.8 0.8 0.8 0.8 [0.2010.20
6 0.9 0.08 9.19 | 858 | 0.40 0.6 0.8 0.8 1.0 [0.260.12
7 1.17 0.76 243 | 64.67 | 0.40 0.4 0.2 0.8 1.0 [0.74|0.12
8 2.15 1.59 28.47 | 74.14 | 0.40 0.4 0.2 0.8 1.0 [0.74|0.12
9 0.79 0.04 1.75 | 5.60 0.40 1.0 0.8 0.8 02 (0.14 044
10 1.09 0.25 5.16 | 23.24 | 0.40 0.8 0.6 0.8 0.2 (034|044
11 1.17 0.38 14.06 | 32.57 | 0.40 0.6 0.4 0.8 0.2 054|044
12 0.48 0.00 244 | 044 | 0.40 0.4 1.0 0.8 0.6 [0.180.28
13 0.09 0.01 23.89 | 1398 | 0.40 04 0.8 0.8 0.6 [032]0.28
14 12.54 11.56 27.67 | 92.20 | 0.40 04 0.0 0.8 0.2 |0.88 044
15 0.23 0.06 2.6 |24.63 | 040 1.0 0.6 0.8 02 (028044
16 0.81 0.09 1.61 | 11.58 | 1.50 1.0 0.8 0.4 0.2 [0.14 |0.68
17 0.21 0.00 0.63 | 0.00 | 1.50 1.0 1.0 0.4 0.4 |0.00|0.60
18 0.22 0.00 0.32 | 0.00 0.50 1.0 1.0 0.6 04 |0.00|048
19 0.62 0.00 3.13 | 0.02 0.40 0.8 1.0 0.8 0.8 [0.06|0.20
20 0.36 0.00 2.24 | 0.00 | 0.50 1.0 1.0 0.6 1.0 |0.00|0.24
21 1.4 0.02 443 | 1.75 | 0.40 0.8 1.0 0.8 0.8 |0.06|0.20
22 0.61 0.27 3.07 | 44.84 | 1.50 0.8 0.4 0.4 04 |0.48 [0.60
23 0.29 0.21 458 | 71.12 | 040 0.8 0.2 0.8 04 |0.620.36
24 0.31 0.09 1.43 | 30.49 | 1.50 1.0 0.4 0.4 04 (042 10.60
25 0.71 0.25 4.25 3532 | 040 0.8 0.4 0.8 04 |0.480.36
26 1.36 0.00 1.06 | 0.08 | 0.40 1.0 1.0 0.8 0.4 |0.00(0.36
27 0.49 0.00 1.66 | 0.15 1.50 1.0 1.0 0.4 0.4 |0.00(0.60
28 0.61 0.00 2.39 | 0.00 0.40 1.0 1.0 0.8 04 |0.00(0.36
29 0.1 0.01 1.66 | 13.56 | 1.50 1.0 0.8 0.4 04 |0.14 {0.60
30 0.79 0.27 2.67 |33.80| 0.40 1.0 0.4 0.8 04 |0.42(0.36
31 0.64 0.25 7.04 | 38.76 | 0.40 0.8 0.4 0.8 04 |0.48(0.36
32 0.33 0.09 5.59 | 27.37| 040 0.8 0.6 0.8 1.0 10.34]0.12
33 0.32 0.19 164 | 59.21 | 0.40 0.6 0.2 0.8 1.0 |0.68]0.12
34 0.06 0.02 3.51 | 30.67 | 1.50 0.8 0.4 0.4 04 |0.48 (0.60
35 0.14 0.02 2.6 1694 | 0.40 1.0 0.6 0.8 04 ]0.28 (0.36
36 0.87 0.32 14.35 | 36.63 | 0.40 0.6 0.4 0.8 04 |0.54(0.36
37 0.15 0.06 241 | 3797 | 1.50 1.0 04 04 04 |042]0.60
38 0.41 0.19 6.68 | 46.77 | 0.40 0.8 04 0.8 04 |048]0.36
39 0.9 0.57 29.43 | 63.18 | 0.40 0.4 0.2 0.8 1.0 [0.74 (0.12
40 0.42 0.25 25.26 | 60.41 | 0.40 0.5 0.2 0.8 0.6 [0.710.28
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Levantamentos iniciais e calculo dos
arametros caracteristicos

Conversao em escala comum

Subindices

Arez} dc? { Area
referéncia 1?}:;;‘ Per?ﬁza)ivel (f;;) (o}};) (1;” P, P, P, P, Si; | Si,
41 0.25 0.20 22.54 | 81.76 | 0.40 0.4 0.0 0.8 1.0 |0.88(0.12
42 0.45 0.28 23.69 | 62.72 | 0.40 0.4 0.2 0.8 1.0 |0.74]0.12
43 0.28 0.11 29.25 | 38.68 | 0.40 0.4 0.4 0.8 1.0 |0.60(0.12
44 0.39 0.25 31.19 | 64.28 | 0.40 0.4 0.2 0.8 1.0 |0.74]0.12
45 0.36 0.13 14.61 | 36.37 | 0.40 0.6 0.4 0.8 1.0 |0.540.12
46 0.09 0.05 7.15 | 59.78 | 0.40 0.8 0.2 0.8 1.0 |0.62(0.12
47 1.65 1.49 28.52 1 90.16 | 0.40 0.4 0.0 0.8 0.2 |0.88]0.44
48 1.55 1.11 33.59 | 71.31 | 0.40 0.4 0.2 0.8 0.2 |0.74 10.44
49 1.29 0.97 3146 | 75.09 | 0.40 0.4 0.0 0.8 0.2 |0.88]0.44
50 0.49 0.31 309 | 63.52| 0.40 0.4 0.2 0.8 0.2 |0.74 10.44
51 0.42 0.31 30.17 | 74.23 | 0.40 0.4 0.2 0.8 0.2 |0.74 10.44
52 0.46 0.08 437 | 1741 0.50 0.8 0.6 0.6 0.2 |0.34]0.56
53 0.82 0.24 3.27 129.07| 0.50 0.8 0.6 0.6 1.0 |0.34]0.24
54 0.08 0.04 2.87 15292 0.40 1.0 0.2 0.8 0.8 10.56(0.20
55 1.24 0.38 2.95 |130.89| 0.50 1.0 0.4 0.6 1.0 |0.42(0.24
56 0.41 0.18 2.17 | 43.83 | 0.40 1.0 0.4 0.8 0.8 10.4210.20
57 0.85 0.20 3.04 |23.49| 0.40 0.8 0.6 0.8 0.8 10.34]0.20
58 1.15 0.19 378 | 16.42 | 0.40 0.8 0.6 0.8 1.0 |10.340.12
59 0.19 0.02 2.34 | 11.63 | 0.40 1.0 0.8 0.8 1.0 |0.14|0.12
60 0.27 0.04 13.96 | 15.38 | 0.40 0.6 0.6 0.8 0.2 1040 0.44
61 0.84 0.62 24.13 | 73.77 | 0.50 0.4 0.2 0.6 0.2 |10.74 | 0.56
62 0.11 0.06 22.03 | 52.82 | 0.50 0.4 0.2 0.6 1.0 |0.74|0.24
63 0.54 0.25 21.55 | 45.86 | 0.40 0.4 0.4 0.8 0.8 10.60 | 0.20
64 0.6 0.51 23.52 | 85.30 | 0.50 0.4 0.0 0.6 0.2 |0.88|0.56
65 0.44 0.27 14.44 | 61.02 | 0.50 0.6 0.2 0.6 1.0 |0.68|0.24
66 0.4 0.23 9.74 |56.32| 0.40 0.6 0.2 0.8 0.8 |0.68|0.20
67 0.27 0.17 16.24 | 64.47 | 0.40 0.6 0.2 0.8 1.0 |0.68|0.12
68 0.31 0.17 17.59 | 56.19 | 0.40 0.6 0.2 0.8 1.0 |0.68|0.12
69 0.22 0.04 23.61 | 18.89 | 0.40 0.4 0.6 0.8 1.0 |0.46|0.12

Fonte: Preparado pelo auto
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ANEXO A - Locais de ocorréncia de inundagdes relatados pela comunidade da sub-
bacia Corrego Grande durante o Diagnostico participativo dos problemas de drenagem

urbana pertencente a UTP 04 — Itacorubi.

Relato

Local do diagndstico

Alagamento na Rua Jodo Pio Duarte Silva, depois da padaria Maria Farinha.

Alagamento entre a Rua Dom Wilsom Laus Schmidt e a Rua Sebastido Laurentino da Silva.

Alagamento na Rua Jodo Pio Duarte Silva, em frente ao Chopp do Gus, proximo a parada
de 6nibus.

Alagamento na Rua Fritz Plaumann, no patio do estacionamento ao lado do corrego.

Alagamento na esquina da Rua Maestro Aldo Krieger com a Rua Mediterraneo.

(o) NN RV, T NS B OS I | \S)

Inundag¢do na Rua Maestro Aldo Krieger, entre a Rua Jodo Pio Duarte Silva e a Rua
Mediterraneo.

Fonte: Adaptado de DREMAP (2019).
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