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RESUMO

Eventos extremos de precipitacdo e seus impactos nos sistemas hidrolégicos e na sociedade sdao
consideracdes criticas na engenharia e gestao de recursos hidricos. Com base no exposto, a presente
tese tem como objetivo principal apresentar uma abordagem metodoldgica para a definicdo de
equagdes IDF, de forma a contribuir com os estudos de chuvas intensas no Brasil. A principal
hipdtese desta tese é que os estudos e projetos que dependem diretamente de dados histéricos de
chuvas intensas devem considerar as mudangas nos padroes pluviométricos observados nos ultimos
anos, quer tenham sido efeitos de mudangas climaticas ou de acdes antrépicas, € que, € preciso
lancar mao de bases de dados, ferramentas e procedimentos analiticos capazes de dar um melhor
suporte para os mesmos. Para responder as hipéteses, trés etapas principais foram realizadas. Sendo
cada etapa correspondente a um objetivo especifico, detalhado da seguinte forma: (i) equagdes de
Intensidade-Duracao-Frequéncia (IDF) e regionalizacdo de seus parametros; (ii) avaliacdo de
desempenho de quatro produtos de sensoriamento remoto ao longo da estimativa de precipitacao;
e (iii) desenvolvimento de uma ferramenta para estudos de chuvas intensas no Brasil. As duas
primeiras etapas foram aplicadas no Estado da Paraiba. A ultima etapa foi aplicada em todo o
Brasil. Os resultados permitiram visualizar que o desempenho insatisfatorio dos produtos de
estimativa de precipitacdo deve ser atribuido principalmente a regides de alta elevacdo e regides
costeiras. A ferramenta desenvolvida, denominada GEOT-IDF Equations, apresentou resultados
promissores na definicio de equacgdes IDF. De forma geral, todos os estudos desenvolvidos
demonstraram utilidade e elevado potencial de exploracdo na engenharia e gestdo de recursos

hidricos, como avaliagdo de eventos de chuvas intensas e defini¢cao de precipitagdo de projeto.

Palavras-chave: Chuvas intensas, mudangas climaticas, inundacdes, sensoriamento remoto.



ABSTRACT

Extreme precipitation events and their impacts on hydrological systems and society are critical
considerations in water resources engineering and management. Based on the above, this thesis
aims to present a methodological approach for defining IDF equations to contribute to studies of
heavy rainfall in Brazil. The central hypothesis of this thesis is that studies and projects that directly
depend on historical data on heavy rainfall should consider changes in rainfall patterns observed in
recent years, whether they were effects of climate change or human actions, and that it is necessary
to use databases, tools, and analytical procedures capable of providing better support for them.
Three main steps were carried out to answer the hypotheses. Each step corresponds to a specific
objective, detailed as follows: (i) Intensity-Duration-Frequency (IDF) equations and
regionalization of their parameters; (ii) performance evaluation of four remote sensing products
throughout the precipitation estimation; and (iii) development of a tool for heavy rainfall studies
in Brazil. The first two stages were applied in the state of Paraiba. The last stage was applied
throughout Brazil. The results showed that the unsatisfactory performance of the rainfall estimation
products should be attributed mainly to high-elevation and coastal regions. The developed tool,
GEOT-IDF Equations, showed promising results in defining IDF equations. In general, all the
studies developed demonstrated usefulness and high potential for exploration in water resources

engineering and management, such as assessing heavy rainfall events and defining design rainfall.

Keywords: Intense rains, climate change, floods, remote-sensing.
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Capitulo

1. INTRODUCAO

1.1. Caracterizacao do problema

Entre as obras de engenharia de recursos hidricos utilizadas para mitigar ou controlar o excesso
de escoamento superficial, as medidas estruturais intensivas (convencionais) mais utilizadas sdo a
macro e a microdrenagem urbana, também denominados de sistemas de drenagem urbana.

Dados hidrolégicos, como precipitagdo e vazdo de projeto, sdo usados para dimensionar os
elementos que fazem parte dos sistemas de drenagem urbana e devem ser bem caracterizados. Além
disso, vale ressaltar, que para garantir a capacidade de suporte destas estruturas hidraulicas, sao
necessdarias acdes permanentes e continuadas de manutenc¢do, bem como (e tdo importante quanto),
atualizagdes das equacdes empiricas utilizadas no projeto de possiveis novas estruturas e ou
recuperagdes de infraestrutura antiga, como, por exemplo, as relacdes de Intensidade-Duracdo-
Frequéncia (IDF).

Neste contexto, a chamada “vazdo de projeto” ¢ um dado de entrada essencial para o

dimensionamento de obras hidraulicas e € obtida a partir da chuva de projeto, sendo a conversao
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de chuva em vazao, efetuada através de um modelo chuva-vazao, como € o caso do método racional
(Back e Cadorin, 2021). Sendo assim, € importante que as IDFs sejam o mais atualizadas e precisas
possiveis, o que vai depender da qualidade dos dados de entrada (séries temporais de precipitacdo)
e dos métodos de inferéncia estatistica (Ombadi et al., 2018).

Até o ano de 2020, por exemplo, o Brasil havia catalogado cerca de 3.096 equacdes de chuvas
intensas, publicadas em 118 artigos, sendo 10 artigos académicos, teses e dissertacdes, 61 artigos
publicados em revistas cientificas, 27 artigos em eventos cientificos e 20 artigos classificados como
livros e relatérios técnicos (Back e Cadorin 2021), sendo o engenheiro Otto Pfafstetter (1957) o
pioneiro dessas equacgdes IDF no Brasil.

Este nimero de estudos mostra a importincia de tais informag¢des para um dimensionamento
adequado de obras hidrdulicas. No entanto, os estudos disponiveis podem ser considerados
defasados tendo em vista a realidade cada vez mais plausivel de mudangas nos regimes
hidrolégicos e a dificuldade de garantir através de uma relagdo matemadtica estas vazdes de projeto
em cendrios de constante mudanga climdtica e de uso e ocupacio do solo.

Estas mudancas reforcam a necessidade de informacdes atualizadas com frequéncia sobre as
equacdes IDF, tal como vdrios estudos argumentam (por exemplo, Pérez-Zanén et al., 2016;
Hosseinzadehtalaei et al., 2019; Ren et al., 2019; Fowler et al., 2021a; Shabankareh e Abedini,
2023).

Outro desafio até entdo ndo resolvido € o de ter uma ferramenta capaz de gerar equacdes IDF
para todos os estados do Brasil. A maioria das publicacdes apresenta solu¢gdes para uma aplicacao
local ou desatualizadas (Chang et al., 2013; Simonovic et al., 2015; Rodrigues et al., 2023; Vargas
et al., 2023; GPRH, 2024).

Embora estas pesquisas contribuam enormemente para a gestdo das dguas pluviais urbanas e a
mitigacao de desastres, observa-se uma oportunidade de inovagao. Por exemplo, a auséncia de uma
ferramenta conectada a um servico continuo e online de dados de precipitacdo é altamente
relevante, principalmente nos dias de hoje, dada as mudangas nos padrdes de precipitacoes
verificados nos ultimos anos.

Além disso, apesar dos recentes avancos na formulacao de relacdes IDF, na grande maioria dos
paises, a definicao/atualizacio de relacdes IDF continua sendo um grande desafio. Isso se deve
principalmente a disponibilidade limitada de registros pluviométricos ou pluviograficos, como no

Brasil. Dai, a importancia também de uma ferramenta capaz de incorporar registros de

21



precipitacdes estimados a partir de produtos de sensoriamento remoto (SR), assim como a
utilizacdo de Modelos Climaticos Globais (MCG) e/ou Modelos Climéaticos Regionais (MCR),
dada as mudancgas climéticas intensificadas pela acdo antrépica (IPCC, 2023) e os efeitos de Ilha

de Calor Urbana (Wang et al., 2020).

1.2. Justificativa

O aquecimento global colocou a ciéncia em alerta, pois € reconhecido como resultado do
impacto causado por algumas atividades humanas (queima excessiva de combustiveis fosseis,
desmatamento) (IPCC, 2023). O aquecimento global potencializa o efeito estufa, que deixa de ser
apenas um fendmeno natural que torna possivel a vida na Terra, para se tornar um risco para a
humanidade.

De acordo com Guven et al. (2021), no préximo século, o clima testemunhard mudangas
ameacadoras a medida que os humanos continuarem as suas atividades que aumentam os gases do
efeito estufa. Isto resultard em graves problemas globais, como altera¢des no ciclo hidrolégico, que
provocardo um aumento na intensidade de eventos extremos (secas prolongadas e chuvas intensas,
por exemplo).

Além desse fato, as alteragdes nas caracteristicas naturais do meio ambiente causadas pelo
intenso desenvolvimento dos centros urbanos (remog¢ao da vegetacdo, impermeabilizacdo do solo,
alteracdo das caracteristicas naturais dos rios), também afetam diretamente o ciclo hidrolégico local
(Yulianto et al., 2020), como: alteracdo no grau de impermeabilizacdo da bacia hidrografica, o que,
consequentemente, leva a diminui¢do do volume infiltrado e ao aumento da vazdo superficial,
principalmente em ruas sem infraestrutura de drenagem de 4guas pluviais.

A falta de infra-estruturas hidraulicas, a ma concepcio ou a falta de manuten¢do das obras ja
existentes, podem tornar os centros urbanos mais susceptiveis a desastres causados por
alagamentos e inunda¢des durante chuvas fortes ou de longa duracao, causando graves impactos
na populacgdo local.

O fato € que as inundacdes sao hoje uns dos desastres mais recorrentes e destrutivos em todo o
mundo, pois provocam perdas econdmicas, geram mortes € interrompem o0s servicos publicos
(Kind e Botzen, 2016; Yin et al., 2016). A frequéncia das inunda¢des cresce a medida que a
populacdo urbana aumenta, visto que, mais dreas sdo impermeabilizadas e, como consequéncia,

mais pessoas se tornam sujeitas a eventos extremos de inundacdo causados por chuvas cada vez
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mais intensas e frequentes, em parte, devido as mudancas climaticas (Chang et al., 2021). Estudos
mostram que as mudancas climdticas tém aumentado a frequéncia e a durag¢do das precipitacoes e,
por consequéncia, a incidéncia das inundagdes em muitas bacias hidrograficas impermeabilizadas
e em areas de baixadas e de fundo de vales (Bui et al., 2019).

Segundo dados de Donatti et al. (2024), 89.462 pessoas morreram entre 2000 e 2022 no mundo
devido a essas catdstrofes. América Central, Caribe, Leste da Africa, incluindo Madagascar, e Sul
e Leste da Asia foram as regides que mais sofreram. Para o mesmo periodo, o Brasil estd na segunda
categoria mais critica como um dos paises que mais sofreram com enchentes. O alcance dos eventos
varia de 58 a 108 (EM-DAT/CRED 2023). No ano de 2024, por exemplo, o pais enfrenta um
enorme desastre hidroldgico que atingiu quase todo o estado do Rio Grande do Sul (478 de 497
municipios) e atualmente ja registra 175 mortes e 38 desaparecidos, além de muitos outros feridos,

prejuizos e tristes consequéncias (G1 RS, 2024).

1.3. Hipoéteses

A principal hipdtese desta tese € que os estudos e projetos que dependem diretamente de dados
histéricos de chuvas intensas devem considerar as mudancas nos padrdes pluviométricos
observados nos ultimos anos, quer tenham sido efeitos de mudancas climdticas ou de agdes
antropicas, e que, € preciso lancar mao de bases de dados, ferramentas e procedimentos analiticos

capazes de dar um melhor suporte para 0s mesmos.

1.4. Objetivos

1.4.1. Objetivo geral

Apresentar uma abordagem metodoldgica para a definicdo de equagdes IDF, de forma a

contribuir com os estudos de chuvas intensas no Brasil.

1.4.2. Objetivo especificos

e Atualizar e regionalizar as equacgdes IDF para todo o territério do Estado da Paraiba;
e Avaliar a aplicacio de produtos de sensoriamento remoto na estimativa de totais

precipitados no Estado da Paraiba; e

e Propor uma ferramenta para obtencao e atualiza¢do continua das equagdes IDF.
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1.5. Estrutura geral do documento da tese

Este documento tese estd estruturado em oito capitulos. Para uma visdo geral de como os

objetivos da tese e publicagcdes derivadas desta pesquisa se articulam € apresentada a Figura 1.

HIPOTESES: A principal hipotese desta tese é que os estudos e projetos que

5 ) dependem diretamente de dados histéricos de chuvas intensas devem considerar
INTRODUCAQ: Caracterizagdo

) as mudancas nos padrdes pluviométricos observados nos Gltimos anos, quer
do problema. justificativa,

) o tenham sido efeitos de mudangas climaticas ou de agdes antropicas, e que, é
hipotese. objetivos e estrutura

preciso langar mdo de bases de dados, ferramentas e procedimentos analiticos
(Capitulo 1).

capazes de dar um melhor suporte para os mesmos.

MATERIAIS E METODOS: Apresenta de uma forma geral, os materiais e métodos empregados neste estudo

(Capitulo2).
Obtencio de equacdes IDF para estudos de chuvas intensas no Brasil: abordagem analitica, uso de
sensoriamento remoto e propostade ferramenta
Capitulo3 Capitulo4 ) Capitulo5
CONTEUDOPRINCIPAL: / Artigo 1: Equagoes de | | Artigo 2: Avaliagio do desempenho | [ Artigo 3: GEOT—ITDF
Trés artigos que respondem s | Intensidade-Duracdo- | de quatro produtos de sensoriamento | i Equations: Uma |

| Frequéncia (IDF) para o | remoto a partir da estimativa de i ferramenta baseada em |

hipoteses. 1 : : . y §
P! | Estado da  Pamiba. | | precipitagdo no Estado da Paraiba, | i 1 para _estudos de |
| Brasil, e regionalizagéo | | l\cucleste do Basil i i chuvas intensas no |
‘ de seus parametros y . * Brasil ‘

Objetivo '
1 ®

' CONSIDERACOES FINAIS (Capitulo 6) e APENDICES

Ohjetlvo

1 O

Figura 1 — Visdo geral da Tese

Este capitulo (capitulo 1) apresenta a caracterizacdo do problema, justificativa, hipéteses e os
objetivos deste estudo, bem como a estrutura geral da tese. O segundo capitulo, apresenta de uma
forma geral, os materiais e métodos empregados neste estudo.

O terceiro capitulo consiste na atualizacdo e regionalizacao de equacdes IDF para o territorio
estadual da Paraiba. A publicacdo derivada desta etapa da pesquisa ja foi publicada na Revista
Brasileira de Engenharia Agricola e Ambiental — AGRIAMBI (https://www.agriambi.com.br/).
Neste documento o artigo é apresentado exatamente da forma como foi publicado.

O quarto capitulo diz respeito a uma avaliagdo do desempenho de diferentes produtos de

sensoriamento remoto na estimativa de totais precipitados. Os resultados desta avaliacdo foram
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publicados na Revista Remote Sensing Applications: Society and Environment
(https://www.sciencedirect.com/journal/remote-sensing-applications-society-and-environment).
Neste documento o artigo € apresentado exatamente da forma como foi publicado.

O quinto capitulo consiste no desenvolvimento de uma ferramenta para obtencdo e atualizacdo
automatica e continua de equagdes IDF para todo o paifs. Os resultados desta etapa da pesquisa
foram submetidos em forma de artigo para a Revista Earth Science Informatics
(https://link.springer.com/journal/12145) e, encontra-se (no momento da redac¢do deste documento
- Tese) com o status de aceite pela revista. E apresentado entdo, o texto referente a versdo mais
atual deste artigo.

Como sexto capitulo desta tese, sdo apresentadas consideragdes finais, de forma a percorrer os
3 artigos apresentados, identificando os objetivos alcancados, as limita¢des gerais da pesquisa e
suas possibilidades de continuidade.

Ao final, ha o apéndice A que contém as equagdes IDF para todo o territério do Estado da
Paraiba.

Por fim, esclareco que ao optar pela apresentac@o dos artigos publicados e submetido em forma
de capitulos, ndo ha um capitulo final de referéncias bibliogréificas, sendo estas apresentadas ao

final de cada capitulo.
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Capitulo

2. MATERIAIS E METODOS

Sao apresentados neste capitulo (Capitulo 2) todos os materiais e métodos inerentes a tese como
um todo. Estes podem vir a ser reapresentados e descritos (mesmo que de forma suscinta) em cada
um dos artigos, mas aqui sdo apresentados de forma reunida para uma compreensio de todos os
procedimentos metodoldgicos da tese.

Com relagdao aos dados, observam-se duas tipologias distintas: (i) dados advindos de
observagdes remotas da superficie da terra; (i1) dados de observacdes por instrumentos de campo
ou "ground truth". Para os procedimentos metodolégicos adotados ambos sao relevantes sendo os
resultados obtidos ora por validacdo e comparacdo dos mesmos, ora pelo uso combinado de
diferentes bases de dados e tipologias.

O ambiente RStudio (R Core Team, 2024) é a ferramenta escolhida para as andlises sendo alguns
dos resultados finalizados em ambiente SIG (Sowftare QGIS), ambos sdo softwares livres. Quanto
ao ambiente RStudio, foi considerada as seguintes configuracgdes:

e Versdao R =4.4.1 (https://cran.r-project.org/);

e Versdo Rtools = 4.4 (https://cran.r-project.org/bin/windows/Rtools/);
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e Software RStudio (https://posit.co/downloads/); e

e Sistema operacional: Windows.

Os procedimentos metodoldgicos escolhidos também sdo apresentados e agrupados em:
e Obtencgdo do dado e andlise de consisténcia
e Andlises de frequéncia
e Operagdes de desagregacao (downscaling)
e Parametrizacao de geragdo das curvas IDF

e Desenvolvimento de ferramenta opensource, que permitam o acesso a grandes servigos de
dados

e Apresentagdo das IDF em diferentes formatos e plataformas

2.1. Aquisicao de dados

Quatro produtos de estimativa de precipitac@o via sensoriamento remoto foram avaliados neste

estudo (Tabela 1).

Tabela 1 - Resumo dos produtos de precipitagao de deteccao remota avaliados neste estudo

Resolucio

Produto Baseado - Cobertura temporal Referéncia
Espacial Temporal
CHIRPS Satélite 0,05° 2000-2020 Funk et al. (2014)
MSWEP Combinacdes 0,1° Didrio 2000-2020 Beck et al. (2019)
PDIR-Now Satélite 0,04° 2001-2020 Nguyen et al. (2020)
SM2RAIN-ASCAT 0,1° 2007-2020 Brocca et al. (2019)

Para avaliar a precisao dos dados dos quatro produtos de precipitacio mencionados acima, esses
conjuntos de dados foram comparados com dados de precipitacdo total didrio extraidos de
pluvidmetros, que fornecem informagdes locais relativamente precisas. Para tanto, observacoes
didrias de registros pluviométricos foram fornecidas pela Agéncia Executiva de Gestdo das Aguas
do Estado da Paraiba (AESA, 2021).

Neste estudo, também foram considerados registros de pluviometros extraidos do site HidroWeb
(https://www.snirh.gov.br/hidroweb/serieshistoricas).

A ferramenta considera uma série temporal minima de 30 anos, conforme recomendado pela
Organizacdo Meteorolégica Mundial (OMM), para definir as equagdes IDF aplicando a
metodologia de série mdxima anual (SMA), um tipo de mdximo de bloco - MB (Tanaka, 2021).

Quando a série temporal € inferior a 30 anos, a ferramenta trabalha com o método pico acima do
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limite (POT) (Liu et al., 2023). Por fim, o algoritmo remove quaisquer outliers e verifica se a série
tem uma tendéncia climatica usando o teste de Mann-Kendall (Mann, 1945; Kendall, 1975) a um
nivel de significancia de 5% (Barbero et al. 2017).

O critério de selecdo € que a série temporal deve ter lacunas de dados baixas (ndo mais que 10%
de dados ausentes), uma condi¢cao imposta por varios estudos relatados por Rodrigues et al. (2021).
Quando a lacuna de dados excede 10%, a ferramenta aplica o método de regressao K-Nearest
Neighbors (Aha et al., 1991), uma técnica de aprendizado de maquina usada para prever valores
continuos com base na similaridade de dados. A ideia béasica é prever o valor de uma nova
observagdo, os K vizinhos (estacdes pluviométricas vizinhas) preenchem as lacunas na série
temporal.

Embora ndo seja o foco da ferramenta, ela também fornece a opc¢do de usar o produto de
estimativa de precipitacdo didria CLIMBra com correcdo de viés e reducdo de escala (Ballarin et
al.,, 2023) e produtos de estimativa de precipitacdo didria de sensoriamento remoto, como o
MSWEP que jia vem com correcdo de viés (Beck et al., 2019), para definir equacdes IDF. No
entanto, esses conjuntos de dados meteoroldgicos sdo baseados em interpolacdo de dados in-situ,
o que introduz um erro embutido. Portanto, uma anélise de desempenho deve ser conduzida para
verificar se esses conjuntos de dados podem simular dados in-sifu para os quais as equagdes IDF

devem ser desenvolvidas.
2.2. Métodos
2.2.1. Analise de frequéncia

Foram consideradas diferentes distribuicdes de probabilidade (Tabela 2) para obter a
precipitacdo maxima didria que poderia ser igualada ou superada a cada 5, 10, 15, 20, 25, 50 e 100

anos (Naghettini e Pinto, 2007).
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Tabela 2 - Resumo das distribuicdes de probabilidade consideradas neste estudo

Distribuicao Equacao
1 (_(x-u)z)
Normal f(x; W; G) = *e\ 202
2162
1 X
Gamma fx;&pB) = G *x(ED*e B
Exponencial f(x; A) = A*e ™
l <_(ln (X)z-u)2>
Log-Norma f(x; w; 0) = *a 20
(% s 0) xoV2m
Gumbel f(x;6;B) = %*e'(”e»z) where z = %2
1 X
Weibull £ B; E) = g* (%) e @

fonte)f

00 =21+ (50

Onde x é o conjunto de dados, p é a média da série temporal, o é o desvio padrio da série temporal, § é o parAmetro de
forma, 3 € o parAmetro de escala, A é o parametro de taxa, e 6 é o pardmetro de localizagdo

para1+§<%) >0

Ap6s calcular os parametros das distribui¢des, € definida a melhor distribuicdo com base no
teste ndo paramétrico de Kolmogorov-Smirnov (Equacdo 1) e arazdo de verossimilhanga (Equacado
2), que é considerado o mais eficiente para amostras grandes por apresentar menor variancia nos
estimadores (Naghettini e Pinto, 2007). Também foi considero o teste de qui-quadrado (Equacdo

3) para escolher entre distribui¢des candidatas.

Tys = max;<j<n (|F(Y])- (ﬁ)D

Equagdo 1
A=-2% (lOg*L(éﬁt)'log*L(énull))
Equacdo 2
XZ — Z (oi'Ei)2
E;
Equacio 3

Onde F(Y]) € a distribuicdo tedrica, j € o valor comecando em 1 e se estendendo até N, N € o
tamanho da série temporal de precipitagdo, n € o tamanho da amostra, A é a razdo de

verossimilhanga, log*L(éﬁt) ¢ o logaritmo da fun¢do de verossimilhanca maximizada do modelo
ajustado aos dados, log*L(@nuH) € o logaritmo da funcdo de verossimilhanca maximizada do

modelo nulo, B¢ é a estimativa dos pardmetros do modelo ajustado, 8., é a estimativa dos
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parametros do modelo nulo, x? é a estatistica do teste qui-quadrado, O; é a frequéncia observada
para a categoria i, e E; € a frequéncia esperada para a categoria i sob a distribui¢do tedrica.

Foi empregado o método Weibull (Makkonen, 2005), em conjunto com o teste ndo paramétrico
de Kolmogorov-Smirnov (Equacdo 1), a um nivel de significincia de 5%, para definir a melhor
distribuicao, levando em consideracao o menor valor de KS. Em situacdes de empate, aplica-se o
critério da razdo de verossimilhanga (Equagdo 2), em conjunto com o teste qui-quadrado (Equacdo

3), ao nivel de significancia de 5%, para definir a melhor distribuicao.
2.2.2. Desagregacao da precipitacao

Ap0s identificar a distribuicdo de probabilidade adequada para a série temporal de chuvas,
foram obtidos os valores mdximos de precipitagdo para os seguintes periodos de retorno (Ty): 5,
10, 15, 20, 25, 50 e 100 anos. Em seguida, esses valores foram primeiramente transformados em
precipitacdo pluviométrica de 24 horas (CETESB, 1986) e depois desagregados pelas duracdes
listadas na Tabela 4 utilizando a equacdo exponencial (Equacdo 4) proposta por Silveira (2000).
Também € possivel desagregar a precipitacdo didria em intervalos através do método Isozona
(Torrico, 1974) (Equacdo 5, Tabela 3 e Figura 2) e o proposto por Back (2020) (Equagdo 6). Para
cada duracdo de chuva, foi considerado um valor minimo (Tabela 4) acima do qual a precipitacdao
pode ser considerada intensa, conforme indicado pela CETESB (1986). O algoritmo incorpora
ainda o método de desagregacdo de precipitacdo (Equacdo 7) proposto pelo Departamento
Meteorolégico Indiano - DMI (Basumatary e Sil 2017; Sam et al. 2021; Shamkhi et al. 2022; Bibi
2023).

1,5><1n(m)

Cu(t) =e 73
Equacao 4
P24h = 1'095*P1-day
Equacdo 5
_ t .
o (27,9327+3,834-6t0'7924) P1_day
Equacdo 6
3| t
Pt = Pygp™ 1240
Equacdo 7
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Onde Caa(y) € o coeficiente aplicado a precipitagdao de 24 horas durante “t” (minutos); t € a duracao

(minutos); h € a precipitacdo total para um determinado periodo (mm), P,,;, e a precipitacdo de

24h, Py_qay € a precipitagdo provavel com duragdo de 1 dia para o local selecionado, e P € a

precipitacdo na duragdo de t-minutos (mm).

Tabela 3 - Relacdes entre precipitacdo e o método Isozona

Isozona

1h/24h

6min/24h

T:

10

15

20

25

30

50

100

1000

10000

5-50

100

TQmMOmuQwE»

0,362
0,381
0,401
0,420
0,440
0,460
0,479
0,499

0,358
0,378
0,397
0,416
0,436
0,455
0,474
0,494

0,356
0,375
0,395
0,414
0,433
0,453
0,472
0,491

0,355
0,374
0,393
0,412
0,432
0,451
0,470
0,489

0,354
0,373
0,392
0,411
0,430
0,449
0,468
0,486

0,353
0,372
0,391
0,410
0,429
0,448
0,467
0,486

0,350
0,369
0,388
0,407
0,426
0,445
0,464
0,483

0,347
0,366
0,384
0,403
0,422
0,441
0,459
0,478

0,336
0,354
0,372
0,390
0,409
0,427
0,445
0,463

0,336
0,343
0,360
0,378
0,396
0,413
0,431
0,448

0,070
0,084
0,098
0,112
0,126
0,139
0,154
0,167

0,063
0,075
0,088
0,100
0,112
0,124
0,137
0,149

Tabela 4 - Valores minimos de precipitacdo adotados

Duracio (minutos)

Precipitacio (mm)

5
10
15
20
30
60

360
480
720

1440

8
10
15
15
20
25
40
40
47
55

34



-54° l

ISOZONA A
ISOZONA B
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Figura 2 - Mapa de isozonas
Fonte: Torrico (1974) apud Santos (2015)

-20*

2.2.3. Determinacao das equacoes IDF adequadas e seus parametros

A partir das precipitacdes desagregadas para diferentes T (5, 10, 15, 20, 25, 50 e 100 anos), a
intensidade para duracdes de 6, 10, 15, 20, 30, 60, 360, 480, 600, 720 e 1440 min sdo calculados

para diferentes tipos de equacdes IDF (Tabela 5).
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Tabela S - Equacdes IDF adotadas neste estudo

1D Equacao
| | = ax Trb
(t+ o)
) (= ax Trb i
(t+ c)¥Tr
_ax (T.-b)©
3 T (dxt+e)f
4 . ax (T, +b)°
TR
5 . oax Trb

1= t<
Onde i é a intensidade (mm/h), a, b, c, d, e, f sdo os parAmetros empiricos, que variam de
acordo com os dados e a regido onde os dados sdo obtidos

Para calibrar os parametros empiricos (Tabela 5), foram aplicadas duas funcdes objetivo (FO):
FO1, uma funcdo de minimizagdo (Erro relativo), e a segunda (FO2), uma fun¢do de maximizagao
(eficiéncia de Nash-Sutcliffe; NS). O valor de NS (Nash e Sutcliffe 1970) pode variar de -c a 1, e
se o NS for igual a 1, hd um ajuste perfeito aos dados observados (Moriasi et al., 2007). Portanto a
abordagem utilizada foi aplicar FO1 (Equacao 8) para identificar os valores 6timos locais e a partir
dos resultados utilizar FO2 (Equagdo 9) para calcular os valores 6timos globais dos parametros da

equacgdo IDF.

. T:-M;
Fo1 = min 37, 374, (434)]
Equacdo 8

FO2 = max ll- <M>l

]p=1(T1' 'T)Z
Equacdo 9

Onde np é o nimero de periodos de retorno, nd é o nimero de duragdes utilizadas para a
desagregacdo da precipitagao, Tj € o dado observado no instante do tempo j, M; € o dado simulado

no momento do tempo j, T é a média dos dados observados.

2.2.4. Analise do desempenho

Este estudo utilizou diferentes estatisticas (métricas continuas e categéricas) para comparar os
dados simulados versus dados in-situ. As métricas continuas utilizadas foram: coeficiente de
determinacgdo - R? (Equacgdo 10); raiz do erro quadratico médio - RMSE (Equacao 11); erro médio

absoluto - MAE (Equacgdo 12); coeficiente de ajuste - CA (Equacdo 13); coeficiente de massa
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residual - CMR (Equagdo 14); desvio padrdo - SD (Equacdo 15); e eficiéncia Kling-Gupta - KGE
(Equacao 16).

RZ = [Nx (X M;xTp)]?
[NXZTi?-(Z T)?]x[NxT M;?-(Z M;)?]
Equacao 10
1
RMSE = \/EZL(T;MJZ
Equacdo 11
1
MAE = N IT-M;]
Equagdo 12
_ 2(M;-M)?
CA =Sy
Equagdo 13
_ [EM;-XT;
CMR = [220]
Equacao 14
1 p—
SD = /; 0 (Tj-T)?
Equacao 15
KGE = 1-\/(R-1)2 + (vr-1)2 + (B-1)2
Equacdo 16

Onde N € o numero de observacdes na equagdo de regressdo nao-linear.

Quanto as métricas categoricas, foram consideradas as seguintes: Probabilidade de Deteccao -
POD (Equacao 17), Taxa de Alarme Falso - FAR (Equacao 18) e Taxa de Sucesso - TS (Equagado
19) (Stanski et al., 1989; Nurmi, 2003). Essas métricas foram aplicadas a precipitacdo didria total,

considerando um limiar de 1 mm/dia (Tan e Duan, 2017; Ziveh et al., 2022).

hits
POD = (hits+misses)
Equacao 17
false alarms
FAR = (hits+false alarms)
Equagao 18
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TS = hits

o (hits+misses+false alarms)

Equagdo 19

Onde hits é o nimero de vezes que uma previsdo "sim" foi seguida por uma ocorréncia "sim",
misses € o nimero de vezes que uma previsdo "ndo" foi seguida por uma ocorréncia "sim" e
false alarms € o nimero de vezes que uma previsao "sim" foi seguida por uma ocorréncia "nao".
De acordo com Bathelemy et al. (2022), os valores ideais de POD, FAR e TS sdao 1, 0 e 1,

respectivamente.

2.2.5. Desenvolvimento de ferramenta para atualizacio e obtencao de equacoes IDFs

GEOT-IDF Equations (Figura 3) é uma ferramenta baseada na linguagem de programacao R

que calcula a equacgdo IDF.

GEOT-IDF Equations =

A Start

Welcome to our tool! Here, you can explore a variety of features and functionalities,

Feel free to browse the different panels and discover everything we have to offer.

T- IDF Equations

ATA OO0 G808 5
The main contribution of this work is to provide a tool to obtain/update IDF equations globally. GEOT-IDF Equations help the
user save time and effort in defining IDF equations. Furthermore, the fool is very easy and convenient to operate. We are
optimistic that the tool GEOT-IDF Equations will play an essential role in water resources engineering and management, such as

evaluating heavy rainfall events and defining project rainfall, among other things.

Figura 3 - Ilustracdo da interface principal da ferramenta GEOT-IDF Equations

Optou-se em utilizar a linguagem R, porque é uma linguagem de programacdo estatistica e
grafica que vem se especializando na manipulacdo, andlise e visualizagdo de dados, sendo
atualmente considerada uma das melhores ferramentas para essa finalidade.

A linguagem R ainda possui como diferencial a facilidade no aprendizado, mesmo para aqueles
que nunca tiveram contato anterior com programagao.

A ferramenta utiliza a metodologia de série maxima anual (CETESB, 1986). Ela ¢ integrada
com diferentes distribuicdes estatisticas de probabilidade mais amplamente utilizadas para

determinacdo da relagdo IDF (Tabela 2), além de utilizar diferentes pacotes, a saber: tibble; optimx;
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hydroGOF; fitdistrplus; e1071; smwrBase; evd; GEVcdn; PearsonDS; tidyverse; readxl, entre
outros (para maiores detalhes, ver Capitulo 5).

A principal contribuicdo desta ferramenta foi a obtencdo/atualizacdo de equacdes IDF. A
GEOT-IDF Equations ajuda o usudrio a economizar tempo e esfor¢o na defini¢do de equagdes IDF.

Além disso, a ferramenta € muito ficil e conveniente de operar.
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Capitulo

Este capitulo refere-se ao artigo publicado na Revista AGRIAMBI'. O titulo e o resumo so
apresentados inicialmente em portugués e, em seguida, o texto do artigo € transcrito aqui em inglés

conforme foi publicado.

3. EQUACOES DE INTENSIDADE-DURACAO-FREQUENCIA (IDF) PARA O
ESTADO DA PARAIBA, BRASIL, E REGIONALIZACAO DE SEUS PARAMETROS

Resumo:

Nos dimensionamentos de estruturas hidraulicas, um parametro fundamental € a vazao de projeto,
determinada a partir da série temporal observada ou por meio de modelos de escoamento, como o
método racional, que relaciona o pico do fluxo de superficie com um evento de escoamento intenso.
O evento extremo de precipitagcdo a ser considerado no projeto, geralmente € estabelecido a partir

das relacdes de Intensidade-Duracao-Frequéncia (IDF) por meio de dados sub-didrios observados

! Aragao R., Costa F. F.,, Rufino I. A. A, Filho R. S. R, Vajapeyam S. S., Neto J. B. T. (2024). Intensity-
Duration-Frequency equations (IDF) for the state of Paraiba, Brazil, and regionalization of its parameters.
Brazilian Journal of Agricultural and Environmental Engineering. http://dx.doi.org/10.1590/1807-
1929/agriambi.v28n10e283679.

43



na série de precipitagdo. Na auséncia ou escassez desses dados, os dados didrios da rede de
pluvidmetros podem ser usados por meio do processo de desagregacdo. Assim, o objetivo deste
estudo € gerar as relacdes IDF para o estado da Paraiba, Brasil, onde hd uma extensa rede de
pluvidometros (263 estacdes). Para isso, os dados didrios de precipitagdo foram desagregados para
varias duragdes entre 5 minutos e 24 horas, e a distribuicdo de melhor ajuste foi escolhida entre as
distribuicdes Gumbel, Weibull, Pearson, Log-Pearson e GEV para as séries temporais desses dados
de duragdes das precipitacdes. A partir da distribui¢do ajustada, a precipitagio para varias duracdes
e frequéncias foi obtida para gerar as curvas IDF para cada local. Nao foi identificada uma tnica
distribuicao satisfatoria para todos os casos, sendo Pearson Il e Log-Pearson III as mais comuns.
Para as curvas IDF, uma equagdo de quatro parimetros foi ajustada e os valores dos parametros
foram determinados por regressao nao linear. Esses valores variaram muito dentro do estado da
Paraiba e foram regionalizados para obter a equacao IDF para qualquer localidade do estado. As
intensidades de chuva obtidas com os parametros determinados neste estudo quando comparadas
com as derivadas das equacdes IDF existentes anteriormente, apresentam grandes diferencas e

indicam uma necessidade de atualizagao.

INTENSITY-DURATION-FREQUENCY EQUATIONS (IDF) FOR THE STATE OF
PARAIBA, BRAZIL, AND REGIONALIZATION OF ITS PARAMETERS

Abstract:

In the design of major hydraulic structures, a key element is the design discharge, determined from
the time series of flow or through runoff models such as the rational method, which relates the peak
surface flow with a rainstorm. The design storm is generally established from the Intensity-
Duration-Frequency (IDF) relationships via recording gauges data. In the absence/scarcity of these
data, daily data from the rain gauge network can be used via the disaggregation process. Thus, the
objective of this study is to develop the IDFs for the state of Paraiba, Brazil, where there is an
extensive network of rain gauges (263 stations). For this purpose, daily precipitation data were
disaggregated for various durations between 5 min and 24 hours and the best fit distribution was
chosen among the Gumbel, Weibull, Pearson, Log-Pearson and GEV distributions for the time
series of these durations. From the fitted distribution, rainfall for various durations and frequencies
were obtained to generate the IDF curves for each location. No single satisfactory distribution was

identified for all cases, with Pearson III and Log-Pearson III being the most common. For the IDF
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curves, the four-parameter equation (Eq. 1) was fitted and the parameter values were determined
by non-linear regression. These varied a lot within the Paraiba state and were regionalized to obtain
the IDF equation for any location in the state. The rainfall intensities obtained from the parameters
determined in this study, when compared with those derived from the previously existing

equations, show large differences and need updating.

Keywords:
Intense rainfall, maximum discharge, desagregation, rainfall-runoff.

3.1. Introduction

The natural disasters that have occurred in Brazil have been, over the last few decades, mostly
caused by flooding (Tellman et al., 2021; Souza & Haddad, 2021). This is due to various factors
including inadequate storm water drainage (Madakumbura et al., 2021). This phenomenon has been
increasing over the last two decades, with losses of lives and property (Souza & Haddad, 2021;
Ashizawa et al., 2022). In rural areas, heavy rains and floods remove topsoil and reduce the
productivity (Souza & Haddad, 2021). Adequate planning of drainage systems requires information
on design discharge associated with a return period (Machado et al., 2021; Kreibich et al., 2022).
This discharge can be determined from a time series of measured flow data or from a design storm
rainfall through a runoff model (Dorneles et al., 2019; Lima Neto et al., 2021; Suzuki et al., 2022).

In general, the design storm is derived from Intensity-Duration-Frequency (IDF) relationships
(Dorneles et al., 2019). In the North-eastern region of Brazil, the network of recording rain gauges
is sparse but, the network of conventional rain gauges is quite dense (ANA, 2021). The data from
these gauges can be disaggregated into shorter-duration rainfall, to establish the IDF curves or
equations (CETESB, 1979; Silveira, 2000; Aragdo et al., 2013; Caldeira et al., 2015). The rise in
global temperatures necessitates an updating of all the current IDF relationships in use (Wang et
al., 2020; IPCC, 2022).

Thus, considering the extreme importance of IDF relationships, and the need to update the
existing equations for the state of Paraiba, Brazil, the objective of the present work is to develop

IDF equations for the whole State of Paraiba, by using the data from the rain gauge network.
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3.2. Material and Methods

The state of Paraiba, Brazil, with an area of 56,467.242 km2 (IBGE, 2021), has the states of Rio
Grande do Norte to the north and Pernambuco to the south, the Atlantic Ocean to the east and the
State of Ceara to the west. The average annual temperature varies between 22 and 26 °C. Annual
evaporation is very high, with potential evaporation values ranging from 1000 to 3000 mm, the
latter in some locations in the Sertdo and Cariri (Francisco & Santos, 2017), as shown in Figure 2.
The average annual relative air humidity varies from 50 to 90% (Aragao, 2000; Francisco & Santos,
2017). The Paraiba state is divided into 223 municipalities whose total population is 4,059.905
inhabitants (IBGE, 2021).

The Paraiba state has a humid tropical climate on the coast, with well-distributed rainfall. As
one moves to the interior, the climate becomes semi-arid, rainfall becomes irregular and droughts
are frequent. The spatial variation of rainfall in the Paraiba state is caused by different atmospheric
systems that act on the east coast of north-eastern Brazil. There is a need for determining safer
design storms through updated IDFs that would lead to design discharges that offer the expected
security for the hydraulic structures and reduce the risk of flooding. The state of Paraiba has a well-
defined rainy season from January to July (Francisco & Santos, 2017). It occurs from January to
May, in the Sertdao, Alto Sertdo and Cariri/Curimatai (Figure 4). In the transition zone, coastal
areas and marsh it occurs from April to July. In general terms, the months of March, April, and
June are the wettest months in Paraiba state, with the coast being the region where the highest total
rainfall is recorded. According to the studies by Becker et al. (2011), the Paraiba state can be
divided into six regions with homogeneous rainfall conditions (Figure 4) namely: Litoral, Brejo,

Agreste, Cariri/Curimatad, Sertdo and Alto Sertdo.
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Figura 4 - Location of rainfall stations and homogeneous rainfall regions in the state of Paraiba,
Brazil

In this study, the rainfall network of 263 stations monitored by the Executive Agency for Water
Management of the state of Paraiba (AESA), with data from 1994 and 2020, has been used. Becker
etal. (2011) made a statistical comparison of data from 89 stations within this network, which were
previously collected by the Superintendency for the Development of North-east (SUDENE) until
1990, using monthly rainfall series. The objective of this procedure was to find out if this short
time series (15 years) could represent the climatology inherent in the data from SUDENE. They
concluded that the series from 1996 to 2010 monitored by AESA were statistically similar to the
data series up to 1990.

From this point of view, longer the time series, the better would be the representation of the
climatology of the region. In the present study, daily rainfall data from the 263 stations monitored
by AESA and made available by AESA (2021) and ANA (2021), for the period of 1994-2020, were
considered. From the 263 stations, data from 30 were disregarded because the time series of them
were less than 27 years, with the remaining 233 gauges with consistent data series of 27 years were
used for the development of IDF relationships.

The relationship between Intensity-Duration-Frequency (IDF) is generally represented by Eq.
20 (Aragao et al., 2013).
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Equacgdo 20

where:
i - intensity (mm hly;
Tr - return period (years);
t - duration of rainfall (min); and

a, b, c and d - empirical parameters of the equation.

The parameters of Eq. 20 are best determined using data collected from recording rain gauges,
which record the variation of the total precipitation over time. However, these data are scarce, and
processing is costly. An approach that has provided good results in many other studies (Aragdo et
al., 2013; Campos et al., 2017) uses daily rainfall data collected in rain gauges using a rainfall
disaggregation method (CETESB, 1979). This method utilizes the daily rainfall and calculates
maximum rainfall values for durations ranging from 5 to 1440 min.

From the daily rainfall series, the first step would be generating the maximum daily annual
rainfall series for each gauge station. A frequency analysis of this series makes it possible to adjust
a probability distribution curve for these series, from which it would be possible to determine the
precipitation values that might be equalled or exceeded for the return periods of 2, 5, 10, 15, 20,
25, 50, 75 and 100 years. Naghettini & Pinto (2007), and Gandini & Queiroz (2018) indicate that
the most suitable maximum event probability distributions for this type of time series are: Gumbel,
Weibull, Pearson, Pearson III, Log-Pearson III, and Generalized Extreme Values (GEV). These
distributions have been tested in the present study, and the distribution that fits best for each series
has been used in the development of IDF Equations to determine the precipitation for any required
return period.

The goodness of fit for the series of annual daily maximums to the distributions used was
verified using the Kolmogorov-Smirnov (KS) test at 0.05 level of significance (Eq. 1). The KS test
is non-parametric and evaluates the maximum deviation between the values predicted by the
distribution under test and the values associated with the empirical distribution represented by the
data sample, and is widely used in hydrological studies (Naghettini & Pinto, 2007; Silva et al.,
2012; Aragdo et al., 2013; Gandini & Queiroz, 2017). In this study, the frequency of occurrence of

an event of order mi in a sample of n events was obtained by the Weibull method (mi/(n+1)),
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(Naghettini & Pinto, 2007). From the adjusted distribution, the values of maximum daily rainfall
were obtained for various return periods. After adjusting the maximum daily value for the duration
of 24 hours, these values were disaggregated into shorter intervals as per the methodology of
CETESB (1979).

Once the series of intensities for different return periods and durations were generated, the next
step was to fit Eq. 20 for each rain gauge location. Nonlinear regression method was used to obtain
the optimal values of the parameters of Eq. 20. In the optimization process to determine the
parameters, it is customary to employ objective functions that seek to minimize the error between
the values generated by the equation and those observed. However, as Eq. 20 is nonlinear (Aragao
etal., 2013), the use of optimization may lead to non-global optimal values of the parameters. Thus,
to ensure global optimization, the approach used was to use an objective function that allows
identifying the local optimal values (Eq. 8) and, from these values, use another objective function
(Eq. 9) to determine the global optimal values of the parameters of Eq. 20. In this sense, Eq. 8 is
an objective function for minimizing the relative error (ERR), and the second one, Eq. 9, maximizes
the Nash-Sutcliffe efficiency coefficient — NS (Moriasi et al., 2007). The use of Eq. 8 is an
innovative approach of this study and the local optimal value is obtained when the relative error is
as low as possible. The NS value can vary from -oo to 1, with NS equal to 1, for a perfect fit to the
observed data.

Once the parameters of Eq. 20 were obtained, the degree of proximity between the values
calculated by Eq. 20 and the values of the generated series was verified through the coefficient of
determination (R?; Eq. 10); as well as by the adjustment coefficient (CA; Eq. 13); and by the
residual mass coefficient (CMR; Eq. 14).

The CA coefficient describes the ratio between the dispersion of calculated and observed values
and should tend to the value of 1 (one). The CMR coefficient tends to zero in the absence of
systematic deviations between the observed and calculated values, indicating over estimation
(CMR > 0) or underestimation (CMR < 0) of the values estimated by the adjusted probability
distributions (Silva et al., 2012). The above four criteria were used to choose the best distribution
for the series when no single distribution stood out as the best in the KS adherence test.

All processing of daily rainfall information, determination of the maximum annual daily rainfall,
as well as the calculation of various statistics (mean, mode, standard deviation, median, variance),

KS test, NS coefficient, coefficient of determination (R2), coefficient of adjustment (CA), residual
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mass coefficient (CMR), as well as other calculations necessary to obtain the parameters of Eq. 20,
were performed through scripts developed in R 4.2.2 (R Core Team, 2022), or via the use of
packages available for this language, namely: tibble; optimx; hydroGOF; fitdistrplus; e1071;
smwrBase; evd; GEVcdn; PearsonDS; tidyverse; and readxl. Once the parameters of the IDF
equation were determined, its regionalization was performed using the kriging method and using
the R gstat package (R Core Team, 2022).

Among the methods available to transform daily rainfall into shorter intervals, the method
proposed by CETESB (1979) has been used by Aragao et al. (2013), and Caldeira et al. (2015). In
this method, the total measured daily rainfall is related to the 24 hour rainfall, and the maximums
for lesser intervals are established as a fraction of this value. Caldeira et al. (2015) tested three
different groups of disaggregation coefficients proposed by Backet al. (2012), CETESB (1979) and
Damé et al. (2010), utilizing data from 15 recording rain gauge stations in Rio Grande do Sul State.
The values of the parameters of the IDF equations were generated, and the results were compared
with the values of the IDF generated from rainfall data. They concluded that, from the three groups
of disaggregation coefficients used, the one proposed by CETESB (1979) generated results closer
to those obtained with data from recording rain gauges. On the other hand, Abreu et al. (2022)
analysed the equivalence and applicability of the disaggregation methods compared with sub-daily
rain gauge data, concluding that in case of existence of this data the design storm must be based on
these data and, in the absence of such data, the disaggregation coefficients by CETESB (1979)
could give satisfactory results, which is consistent with the present approach.

For each rainfall duration, a minimum value above which rainfall can be considered as intense
as indicated by CETESB (1979) was taken into account (Table 4). Silva et al. (2012) and Aragao
et al. (2013) also used these minimum values.

To use this methodology through computer programs, Silveira (2000) adjusted an empirical
exponential equation (Eq. 4), starting with the 24 hour rainfall and this equation is the one that was
used in this study. The best fit distribution at each station was used to obtain the maximum daily
rainfall for the desired return periods. These values were first transformed into 24 hours rainfall by
multiplying by 1.14 (CETESB, 1979) and then disaggregated using Eq. 4.

While the rainfall fractions for different durations from 5 to 1440 min were generated using Eq.
8, the series were established for the return periods of 2, 5, 10, 15, 20, 25, 50, 75, and 100 years.

Thus, intensity and duration data series for these return periods were established. The optimal
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parameters of Eq. 20 were determined for each location from these series. The same procedure was
used by Aragdo et al. (2000) and Aragao et al. (2013) for the regionalization of such parameters

for the state of Paraiba and the state of Sergipe, respectively.

3.3.Results and Discussion

Appendix A presents the results for each rain gauge station: the location, the adjustment
distribution (D), the climatic region (RC), and the optimized parameters (a, b, c, d) of Eq. 20. For
the 233 stations utilized, the number of the stations that best adjusted to each of the distributions
used were: GEV - 46 (19.7%), Gumbel — 38(16.30%), Log-Pearson III — 56 (24.03%), Pearson —
20 (8.58%), Pearson III — 48 (20.60%) and Weibull — 25 (10.70%). Silva et al. (2012) and Aragao
et al. (2013), who applied similar methodologies for the states of Pernambuco and Sergipe,
respectively, observed a predominance of Gumbel or Weibull distributions. In the present study, it
was observed that there was no predominance of any one distribution, being the most frequent
ones, the Log-Pearson III (22.74%) and Pearson III (20.6%) distributions. These results show that,
despite being widely used to adjust maximum or minimum extreme values, the Gumbel distribution
is not always the one with optimal results.

In terms of the indices used to assess the fit of the data to the IDF equation (Eq. 20), it is possible
to summarize the results as follows: among the 233 selected stations, the NS (Nash-Sutcliffe index)
had a variation of 0.809 (Frei Martinho) to 0.996 (Salgadinho), and the R? value ranged from 0.783
(Frei Martinho) to 0.973 (Salgadinho). These stations where the indices present extreme values
(minimum or maximum) are in the climatic region of Sertdo (Frei Martinho) or Cariri/Curimatau
(Salgadinho), with the Salgadinho station being in the transition region between the region of Cariri
and the Sertdo of Paraiba state.

The parameters a, b, ¢, d, of Eq. 20, varied a lot between the rain gauge stations (Appendix A),
indicating the large climatic variability in the Paraiba state and the need to determine these
equations for each location.

Appendix A indicates that: the parameter a ranges from 558.92 (Ing4 - in the Agreste) to 1695.47
(Jodo Pessoa-Mangabeira), the parameter b varies from 0.067 (Montadas - in the Agreste) to 0.423
(Pilar - in the Agreste), the parameter ¢ varies from 8.19 (Sao José da Lagoa Tapada — in the Alto
Sertdo) to 15.55 (Pilar —in the Agreste), and the parameter d varies from 0.654 (Sao José da Lagoa
Tapada — in the Alto Sertdo) to 0.817 (Pilar — in the Agreste). This wide variability of the
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parameters of Eq. 20 means a great variability in the occurrence of intense rains. This fact was also
observed by Silva et al. (2012), and Aragao et al. (2013).

For a comparative evaluation of the results of the present study, with those of Aragio et al.
(2000) and Campos et al. (2017), rainfall intensities were calculated with a return period of 10
years (for all durations in Table 7) for the stations of Campina Grande, Guarabira, Sdo Jodo do Rio
do Peixe and Monteiro. These stations are located in different climatic regions (Figure 4) and were
chosen arbitrarily.

In general, the intensity values calculated by Aragao et al. (2000) were slightly higher than the
other two for Campina Grande, Sao Jodao do Rio do Peixe, and Monteiro. However, the calculation
of R? and the NS values permit a good comparative evaluation by correlating the values generated
by Aragdo et al. (2000), taken here as a reference, with those generated in the present work, as well
as by Campos et al. (2017) for the same locations (Table 6).

Aragdo et al. (2000) used the limited data from the recording rain gauges operated by SUDENE
to develop the IDF equations for 16 locations in the state of Paraiba. However, given the large
extension of the state, many important cities and regions of the state were not covered by this study.
Campos et al. (2017) used daily rainfall data to determine the IDF equations for 90 rain gauge

stations in the state of Paraiba.

Tabela 6 - R? and NS values obtained by correlating the results generated with the
parameters of Aragdo et al. (2000), taken as a reference, and those form Campos et al. (2017) and
from the present work

Stations Calzr;pos et al. (I\ZIgU) Pll;ezsent W;I)gk
Campina Grande 0.994 0.988 0.996 0.993
Guarabira 0.997 0.526 0.998 0.915
Sédo Joao do Rio do Peixe 0.994 0.912 0.995 0.983
Monteiro 0.999 0.599 0.997 0.953

The results of the present study are consistent with the trend of the previous ones and present
better indices of performance. Thus, using the values of the parameters of Eq. 20, presented in this
work, would be safer for calculating the design discharge. Considering a return period (Tr) of 10
years and a rainfall duration of t = 10 min, widely used in urban micro-drainage works (Souza et
al., 2019), the intensities for all the stations in Table 8 were calculated and the values of maximum
and minimum intensities in each climatic region of Figure 4 were identified and are presented in

Table 7.
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Tabela 7 - Maximum and minimum intensity values calculated for each climatic region
and the stations where they were determined

Maximum intensity (mm h-')

Minimum intensity (mm h!)

Climatic Region Station Intensity Station Intensity
Litoral Jodo Pessoa 187.15 Gurinhém 111.15
Brejo Capim 134.64 Areial 90.99
Agreste Pilar 144.80 Montadas 86.88
Cariri/Curimatad Parar{ 170.82 Gado Bravo 87.16
Sertdo Cacimba de Areia 158.01 Santa Luzia 99.08
Alto Sertdo Itaporanga 173.74 Damido 101.74

These results show a great variation in rainfall intensity from the east (coast) to the west (Alto
Sertdo), with the lowest intensity values at stations located in the Serra da Borborema region
(Agreste to Sertdo transition). Aragjo et al. (2016) cited that rainfall in the Sertdo and Alto Sertao
regions is greatly influenced by the effect of the intertropical convergence zone (ITCZ), high-level
cyclonic vortices (HCV), while rainfall in the coastal region is greatly influenced by squall lines
(LI), which occur from January to March and promote large volumes of rain. In addition, the same
authors mention that the Borborema mountain range influences the values of intensities for the
stations located in the region, a fact that is also evident in the present work.

It is observed that for Litoral, Cariri/Curimatau, and Alto Sertdo, the highest values of intense
rainfall as calculated, are very close, around 163.46 mm h', differing between them by only 7%.
The values of a and ¢ parameters were also higher for these climatic regions. The wide variation of
the parameter a indicates a great variability of intense rains among the climatic regions of Paraiba.

Table 8 presents the maximum and minimum values of the parameters in each climatic region
of the Paraiba state. A large variation of the parameters between the regions is noticed, and the
transitional Agreste region presents the widest range. This variation occurs due to the climatic

condition of the transition from the coastal to the Cariri/Curimatad region.

Tabela 8 - Maximum (max) and minimum (min) values of parameters a, b, c, d, of the
Intensity-Duration-Frequency (IDF) equation for the climatic regions of the state of Paraiba

Climatic Region Stations Amin Amax Bmin Bmax Cmin Cmax dimin dimax
Litoral 21 854.47 1697.07 0.089 0.217 11.41 13.13 0.759 0.798
Brejo 25 573.87 1204.48 0.067 0.274 10.23 14.90 0.704 0.809
Agreste 36 558.92 1087.36 0.067 0.425 11.65 15.55 0.751 0.817
Cariri/Curimatai 55 581.03 1363.13 0.100 0.313 11.29 14.19 0.739 0.801
Sertdo 55 749.69 1437.35 0.086 0.325 11.49 13.37 0.754 0.806
Alto Sertdo 41 611.36 1403.36 0.092 0.260 8.19 13.18; 0.654 0.797

The average values of the IDF parameters were calculated for each climatic region, as well as

the intensity of the 10 min rainfall for a 10 years return period, whose values are shown in Table
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9. Values of the parameter a and rainfall intensity values vary a lot from the coastal region to the

state's interior. The other parameters presented a very narrow range of variation. However, an

interesting fact is that in the Cariri/Curimatad region, where rainfall totals are, on average, low, the

intensity of heavy rainfalls is close to those of Sertdo and Alto Sertdo and higher than those of

Agreste and Brejo.

Tabela 9 - Average parameters of the Intensity-Duration-Frequency (IDF) equation for

the climatic regions

Parameters of IDF equations

Intensity (mm h')#*

Climatic Regions a b c d
Litoral 1348.27 0.152 12.61 0.784 164.94
Agreste 813.03 0.183 12.71 0.771 110.98
Brejo 930.82 0.168 12.82 0.781 117.35
Cariri/Curimatad 906.48 0.179 12.42 0.774 121.98
Sertao 1070.70 0.161 12.79 0.786 132.37
Alto Sertao 1080.75 0.160 12.61 0.781 136.18

**Intensity for return period (Tr) = 10 years and rainfall duration (t) = 10 min

The availability of a large number of rain gauge stations (233) made it possible to trace isolines

of the parameters within the Paraiba state, enabling their regionalization, as shown in Figures 5 to

8. These figures help to determine the values of the parameters of Eq. 20 for any location by

interpolating the parameter values. Once the parameter values for the desired location are obtained,

the rainfall intensities can be calculated by Eq. 20.
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3.4.Conclusions

1. The availability of a large number of well-distributed rainfall stations in the state of Paraiba,
Brazil, permits the determination of Intensity-Duration-Frequency (IDF) relationships in the form
of Eq. 19 for any location through the regionalization of its parameters a, b, c, d.

2. The Pearson III and Log-Pearson III distributions were the most frequent, with 22.7 and
20.6% of the total, respectively.

3. The parameters a, b, ¢, d of the Intensity-Duration-Frequency (IDF) varied a lot from the
coast to the Alto Sertdo, with the lowest values found in the Agreste/Cariri/Curimatat region of
the Paraiba state, Brazil, and the highest values in the Litoral and Sertdo/Alto Sertdo.

4. In most cases, the intensities of rainfall obtained in this study were higher compared to the
earlier ones. Thus, using the results of this study would provide higher levels of safety for drainage

works in the state of Paraiba, Brazil.
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Capitulo

Este capitulo refere-se ao artigo publicado na Revista Remote Sensing Applications: Society
and Environment?. O titulo e o resumo sio apresentados inicialmente em portugués e, em seguida,

o texto do artigo € transcrito aqui em inglés conforme foi publicado.

4. AVALIACAO DO DESEMPENHO DE QUATRO PRODUTOS DE
SENSORIAMENTO REMOTO A PARTIR DA ESTIMATIVA DE PRECIPITACAO
NO ESTADO DA PARAIBA, NORDESTE DO BRASIL

Resumo:
Considerando a importancia das séries temporais de precipitacdo para o planejamento e a gestao

de recursos hidricos, a variabilidade espacial da precipitacdo torna o registro de pluvidometros

2 Costa F. F., RufinoI. A. A, Aragao R,, Filho R. S. R. (2024). Performance evaluation of four remote-sensing
products throughout precipitation estimation in the State of Paraiba, Northeast Brazil. Remote Sensing
Applications: Society and Environment. https://doi.org/10.1016/j.rsase.2024.101256.
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economicamente invidvel para descrever sua distribuicao para todo o Brasil devido a sua extensa
area territorial. Nesse contexto, analisamos as estimativas de precipitacdo de quatro produtos de
sensoriamento remoto para o Estado da Paraiba, Brasil, em diferentes resolucdes espaciais e
temporais, considerando um conjunto de dados de 149 pluvidmetros. Foram usadas métricas
continuas e categoricas para avaliar a precisdo dos produtos de precipitacdo em comparacao com
os pluvidometros. Entre os produtos de precipitagdo por satélite avaliados (CHIRPS, MSWEP,
PDIR-now e SMRRAIN), a estimativa dos produtos de precipitacio CHIRPS e MSWEP ¢
geralmente satisfatoria em comparagcdo com o PDIR-Now e o SM2RAIN, com uma tendéncia de
diminui¢do da precisdo quando os dados analisados sdo da regido costeira (regido da Zona da
Mata). Como um estudo de avaliacdo de desempenho de diferentes produtos de estimativa de
precipitacao por sensoriamento remoto em escala local, este trabalho pode fornecer uma referéncia

para pesquisas futuras na drea estudada.

PERFORMANCE EVALUATION OF FOUR REMOTE-SENSING PRODUCTS
THROUGHOUT PRECIPITATION ESTIMATION IN STATE OF THE PARAIBA,
NORTHEAST BRAZIL

Abstract:

Considering the importance of rainfall time series for planning and managing water resources, the
spatial variability of precipitation makes the record of rain gauges economically unfeasible to
describe its distribution in Brazil due to its extensive territorial area. In this context, we analyse the
precipitation estimates from four remote-sensing products for Paraiba, State, Brazil, on different
spatial and temporal resolutions considering a dataset from 149 rain gauges. Continuous and
Categorical metrics were used to evaluate the precipitation products's accuracy compared with rain
gauges. Among the satellite precipitation products being evaluated (CHIRPS, MSWEP, PDIR-now
and SMRRAIN), the estimation of precipitation products CHIRPS and MSWEP are generally
satisfactory compared to PDIR-Now and SM2RAIN, with a tendency for decreasing of precision
when the data analysed are from the coastal region (Mata region). As a performance evaluation
study of different remote-sensing precipitation estimation products on a local scale, this work may

provide a reference for future research in the area currently studied.
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4.1.Introduction

Considered the main input component of the water balance, total rainfall is a significant
hydrological variable to understand the behaviour of other variables, such as evapotranspiration,
soil moisture and runoff. However, as in other regions on planet Earth, Northeast Brazil (NEB)
severely lacks in-situ precipitation records (FREITAS et al., 2020), either due to the absence of
rainfall time series, failures in forms, or even unreliable data.

In recent years, precipitation estimation from remote-sensing (RS) has been a significant
contributor (LLAUCA et al., 2021), mainly due to the extensive spatial coverage and refined space-
time resolution (MIN et al., 2020). Currently, many Satellite Precipitation Products (SPPs) and
merged (terrestrial datasets, satellite and reanalysis) are available for several applications (FUNK
etal., 2015, BECK et al., 2019, BROCCA et al., 2019, HUFFMAN et al., 2019, MASSARI et al.,
2020, NGUYEN et al., 2020), containing valuable information distributed across the globe.

Satellite precipitation products (SPPs) have gained considerable notoriety in recent years
because they are not limited by complex terrain and provide broader spatial and temporal coverage
compared to gauge-based data (ARYAL et al., 2023). Many studies have confirmed IMERG's
ability to detect extreme rainfall (DA SILVA et al., 2021, RAMADHAN et al., 2022). There is also
the Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS), which is a near-
global dataset from the US Geological Survey (USGS), generated in collaboration with the Climate
Hazards Group at the University of California, Santa Barbara (FUNK et al., 2015). In recent years,
this product has been widely applied for monitoring droughts, mainly in northeastern Brazil
(PAREDES-TREJO et al., 2017), western Africa (AGUTU et al., 2017) and southern China
(ZHONG et al., 2019). Precipitation Estimation from Remotely Sensed Information using Artificial
Neural Networks—Dynamic Infrared Rain Rate near-real-time (PDIR-Now) is one of the latest
PERSIANN products developed by the Center for Hydrometeorology and Remote Sensing (CHRS)
at the University of California, Irvine (UCI). Its sampling of high-frequency infrared images allows
precipitation to be accurately estimated shortly after the event's start (ALHARBI et al., 2024).
Another SPP widely used is Multi-Source Weighted-Ensemble Precipitation (MSWEP). This

global dataset uses satellite infrared and microwave precipitation estimates, rain gauge
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observations, and reanalysis products (BECK et al., 2017a). In a recent evaluation of 22 SPPs,
MSWEP was shown to be one of the best performers (BECK et al., 2017b). Last, we have the Soil
Moisture to Rain - Advanced SCATterometer (SM2RAIN-ASCAT), which is a global product that
incorporates soil moisture conditions collected by the European Meteorological Satellite
Organization (EUMETSAT) MetOp satellite and uses the SM2RAIN algorithm through a bottom-
up approach, to obtain precipitation estimates (BROCCA et al., 2019).

Considering the broad applicability of these products, such as water resource management
(DUBE et al., 2023), hazard and disaster monitoring (GETIRANA et al., 2020) and hydrological
modelings (JUNQUEIRA et al., 2022), their accuracy should be evaluated and compared with in-
situ datasets, reducing uncertainties and allowing their practical use (LOPEZ-BERMEO et al.,
2022, NAWAZ et al., 2021). Moreover, selecting the region's most representative for a given SPP
product is crucial for its right use. With this in mind, different studies have been conducted over
the world (RINCON-AVALOS et al., 2022, SHEARER et al., 2022, ZHOU et al., 2022). Even so,
few works analysed the accuracy of precipitation products estimated by remote-sensing versus in-
situ data at a local scale in Brazil (ANDRADE et al., 2022, DUARTE et al., 2022, SANTOS et al.,
2022).

In Brazil, there is a current regulatory framework for basic sanitation (BRASIL, 2022) on a local
scale. Still, it depends on regional and national management policies and an increased need for data
for modelling the present and future scenarios. In this context, climate change models use a non-
stationary component in the rainfall time series (AGILAN et al., 2016) and the lack of in-sifu data
has contributed to the use of remote-sensing products in the calibration and validation of
hydrological models (BENNOUR et al., 2022).

Considering the scarcity of studies in the NEB on the assessment of SPP accuracy at a regional
scale using in-situ data, as far as we know, the present work evaluates four precipitation products
at different spatial and temporal scales at the local level in this region; the main goal is to analyse
other remote-sensing estimation products of precipitation in the state of Paraiba, a small state
located in the NEB. This state comprises 223 municipalities, suffering almost every year from
water shortage and is covered with a network of 266 rain gauges, suitable for studies related to
comparison between in-situ rainfall data and SPP. Although Soares et al. (2016) had a similar study,
they analysed the TRMM (i.e., Tropical Rainfall Measuring Mission) product for Paraiba.

However, this product was discontinued. Additionally, this study analyses the feasibility of
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combining data from the SPPs to use in studies of water resources. Therefore, the present study
becomes unique in the region since the following questions will be analysed: (a) Which remote-
sensing product best represents the total precipitation in-situ? (b) Do the rainfall estimated by
remote-sensing products have similar performance on a local scale compared to the application of
the observed one? Moreover, (¢) Does the quality of these products vary in different time and space

scales?

4.1.1. Study area

The state of Paraiba (Fig. 9) is around 56,467.242 km? in area, comprising 223 municipalities.
Jodo Pessoa is this state's capital and the total population is approximately 3,974.495 inhabitants
(IBGE, 2022). A large percentual of the state area has a semiarid climate and the rainy season is
sectorized as follows: from January to April in the region of the state called “Sertdo”; from April
to July, in the region called “Zona da Mata” (highest precipitation values). The months between
March and July are the rainiest in Paraiba. Its rectangular shape influences different factors that
interfere with the circulation of winds and the climate of the region; standing out among these
factors is the proximity to the Atlantic Ocean, the existence of plateaus, the mountain range and

depressions (BRASIL NETO et al., 2021). More details about the characterization of Paraiba State
can be found in Brasil Neto et al. (2020), Santos et al. (2019a) and Santos et al. (2019b).
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Figura 9 - Space location of the study area (a) and topography map (b)
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Knowing that different factors influence precipitation behaviour over a given region, it is
understood that precipitation patterns are not uniform in space or time over the state. In addition to
these factors, the precipitation regime of regions located close to the equator, as is the case of the
study area, is strongly influenced by atmospheric systems such as Cold Fronts, Intertropical
Convergence Zone (ITCZ) and Cyclonic Vortices of High Level (VCAS) (ASSIS et al., 2015),
favoring distinct climate behaviour, in terms of total precipitation, among the state's mesoregions.
Therefore, this study becomes relevant to better planning and managing water resources in the

state.

4.2.Data and methodology

4.2.1. Sensing-remote precipitation

Four remote-sensing estimation precipitation products were evaluated in this study (Table 1).
They are the product of the Climate Hazards Center (CHC) technique version 2.0 (CHIRPSv2.0,
hereafter CHIRPS) on a daily scale as the latest climate reanalysis product, Multi-Source
Weighted-Ensemble Precipitation version 2 (MSWEPv2, hereafter MSWEP) and precipitation
estimation from remote-sensing information using artificial neural networks Climate Data
Recording (PEDIR-Now, hereafter PERSIANN) on a daily scale, also as the data set of the
SM2RAIN method applied to the ASCAT soil moisture product (SM2RAIN-ASCAT, hereafter
SM2RAIN).

These four products are classified into two main categories: (1) satellite-based products
(CHIRPS, PDIR-now and SM2RAIN-ASCAT) and (2) merged products (MSWEP). Satellite-
based products are on satellite data, while merged products combine measurement, satellite and
reanalysis datasets. Satellite-based products are first based on satellite data and then corrected by
measured datasets. This study used twenty years of data from 2000 to 2020 of these four products.
Specific information about these products is summarized in Table 1.

The CHIRPS infrared precipitation data is a near-global ensemble (50°S—50°N, 180°E—-180°W)
that combines satellite observations of sea surface temperatures with data from ground stations.
The algorithm employs spatial interpolation and statistical modeling techniques to estimate
precipitation in areas without direct observations. With a spatial resolution of 0.05° x 0.05° and
available with daily, pentadal, and monthly temporal frequencies, it produces an estimated

information product with a latency of around 2 days and a final product with an average latency of
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around 3 weeks. This publicly accessible dataset stores gridded rainfall time series information
since 1981, mainly for trend analysis and seasonal drought monitoring, and is provided in formats
NetCDF, GeoTiff e Esri BIL (FUNK et al., 2014, 2015).

The MSWEP is a merged global dataset with 0.1° x 0.1° spatial resolution data available from
1979 to the present. This product is the only one that combines measurement, satellite and
reanalysis data to obtain the highest quality precipitation estimates at each location. It incorporates
daily measurement observations and considers measurement reporting times to reduce temporal
mismatches between satellite reanalysis estimates and measurement observations. Version 2 of this
dataset features new data sources, improved weight maps, precipitation estimates with fewer peaks,
a longer record, near real-time estimates, and compatibility with multisource weather (BECK et
al., 2019).

The PDIR-Now (Dynamic Infrared-Rain Rate) product was produced considering remote-
sensing information using near real-time artificial neural networks. It is a real-time, high-resolution
(0.04° x 0.04°) global (60°N to 60°S) satellite precipitation product developed by the University
of California's Center for Hydrometeorology and Remote-Sensing (CHRS), Irvine (UCI). The main
advantage of PDIR-Now, compared to other near-real-time precipitation datasets, is its reliance on
the high-frequency sampled IR imagery; consequently, the latency of PDIR-Now from the time of
rainfall occurrence is very short (15-60 min). Additionally, PDIR-Now accounts for the errors and
uncertainties that result from the use of IR imagery by adopting a variety of techniques most notable
is the dynamic shifting of (Tb-R) curves using rainfall climatology. The short latency of PDIR-
Now renders the dataset well-suited for near-real-time hydrologic applications such as flood
forecasting and developing flood inundation maps (NGUYEN et al., 2020).

The SM2RAIN-ASCAT uses soil moisture data obtained from the Advanced Scatterometer
(ASCAT) satellite through the application of the SM2RAIN (Soil Moisture to Rain) algorithm to
estimate precipitation on a near-global scale (terrestrial only) on a regular grid with a sampling of
0.1° (12.5 km) from 2007 to 2022 (continues with updates). The rainfall dataset (mm/day) is
provided in NetCDF format. In addition to the daily accumulated precipitation value, precipitation
noise (mm/day) for each day is also provided. A monthly version with 0.25° and 0.5° degree
resolution is also provided. The estimation has some limitations, such as underestimating extreme

precipitation events and spurious precipitation events due to high-frequency fluctuations in soil
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moisture. These deficits may be corrected in the future using more advanced bias correction

techniques (BROCCA et al., 2019).

4.2.2. Gauged precipitation

To evaluate the accuracy of the four precipitation products mentioned above, these datasets were

compared with precipitation observations at rain gauges (stations), which provide relatively

accurate local information. Therefore, daily precipitation observations from 149 rain gauges (Fig.

10) over the study area from January 1, 2000, to December 31, 2020 were provided by the

Executive Agency of Water Management for the State of Paraiba (AESA, 2021). The selection

criterion was a time series with low data gaps. That is, not exceeding 10% of missing data,

condition imposed by several researches reported by Rodrigues et al. (2021).
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Figura 10 - Space location of rain gauges used of this study

4.2.3. Evaluation method

To evaluate rainfall data, a mismatch in the spatial scales of products is always a critical issue

and needs to be carefully considered (TAN and DUAN, 2017). A common way to solve this issue
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is to interpolate the data. However, interpolation may cause some uncertainties (HUANG et al.,
2019). Thus, only the pixels containing at least one rainfall station were considered for evaluating
the precipitation products, that is, a point-pixel analysis (BATHELEMY et al., 2022). For each
point, the time series recorded by a rain gauge is directly compared with satellite observations of
the area referred to the grid pixel where the rain gauge is located.

In this study, the value of each precipitation product at its spatially corresponding station was
extracted to provide a direct comparison with the rain gauges. To evaluate the accuracy of these
products, this study adopted five continuous metrics such as: the root mean square error (RMSE;
Eq. 11), the standard deviation (SD; Eq. 15), the mean absolute error (MAE; Eq. 12), the Kling-
Gupta efficiency index (KGE; Eq. 16) proposed by Gupta et al. (2009), modified by Kling et al.
(2012).

In addition to continuous metrics that measure the accurateness of SPPs, it is essential to
investigate their capability of precipitation occurrence detection. Therefore, in order to detect the
precipitation forecast capacity of the products, the following categorical metrics are used:
Probability of Detection (POD; Eq. 17), False Alarm Rate (FAR; Eq. 18) and Success Rate (T'S;
Eq. 19), were used (STANSKI et al., 1989, NURMI, 2003). These metrics were applied to total
daily rainfall, considering a 1 mm/day threshold (TAN and DUAN, 2017, ZIVEH et al., 2022).
Initially, the precipitation data derived from RS products and rainfall stations were converted to
binary data (0 and 1), which means zero (0), is no event above the threshold and one (1) is an event
above the threshold. For application and statistical metrics, the study developed a contingency table
(NURMI, 2003).

Such metrics are used in several studies to assess the performance of satellite products (TANG
etal., 2016, CHEN et al., 2019, FANG et al., 2019, FILHO et al., 2022). The technical route of this
study is shown in Fig. 11.
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4.3.Results

As stated earlier, the comparisons and validation steps were carried out on different time scales
using daily, monthly, and yearly observations, the results of which are presented in the following

subsections.

4.3.1. Accuracy evaluation at a daily time scale

This section compared corresponding daily precipitation values from SPPs and rain gauges.
These precipitation values were compared daily for the whole study period and with data
accumulated over three days. Continuous (KGE, R, RMSE, and MAE) and categorical metrics
(POD, FAR, and TS) were employed in this section.

In terms of daily basis, statistically, all SPPs performed poorly in all regions of the study area,
with values of KGE below 0.48 (Table 10). In contrast, the KGE efficiency value improved
considerably when moving from the daily scale to the accumulated three-day values (Table 14).
The best results were observed when using the time series from MSWEP (from 0.48 to 0.64 for
KGE), following CHIRPS (from 0.42 to 0.60 for KGE). Even though these products have shown
elevated results, the KGE values are still classified as weak, with the worst results presented by

PDIR-Now. Similar to the KGE metric, the SPPs also showed poor performance for R in all regions
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of the study area, with values below 0.51 and a slight improvement considering the 3-day
accumulation and the KGE. Considering the RMSE metric, SM2RAIN obtained, on average, the
lowest value (7.63 mm), and the second most accurate SPP was MSWEP, with an RMSE value of
7.91 mm, on average. PDIR-Now and CHIRPS, on the other hand, were less accurate when
acquiring, on average, RMSE values of 10.97 mm and 10.11 mm, respectively. Finally, in terms of
the MAE metric, the RM2RAIN and MSWEP achieved the first and second lowest MAE values of
2.73 mm and 2.85 mm, on average, while other SPPs with overestimation characteristics, obtained
higher MAE values, with the highest value (5.20 mm) for CHIRPS in the region MATA. All this
statistical behavior can be better visualized in Fig. 12. It is noted that the SPPs present, on average,
better KGE (Fig. 12-a) and R (Fig. 12-b) statistics in the Sertdo region mainly, as well as in the
forest region. On the other hand, in the most central region of the state, represented by the Agreste

and Borborema regions, the SPPs present slight difficulty in simulating precipitation.

Tabela 10 - Summary of the continuous metrics average used in this study to evaluate the
estimate of SPPs precipitation

Daily totals 3 days

Region Product Metrics Metrics
KGE R RMSE MAE KGE R RMSE MAE
CHIRPS 042 048 812 266 060 065 1383 594
i MSWEP 048 050 823 250 064 066 1412 547
Sertio  LhIRNow 037 041 945  2.94 052 056 1683 683
SM2RAIN 020 044 802 251 042 062 1419 564
CHIRPS 023 034 707 211 042 053 1208 4386
by MSWEP 020 036 694 193 052 057 1164 427
PDIR-Now 0.11 028 901 252 027 047 1594 598
SM2RAIN 006 036 632 183 028 056 1119 425
CHIRPS 019 029 1009 335 038 048 1680 7.63
MSWEP 029 039 698 282 048 059 1182 6.3

Agreste

PDIR-Now 005 024 980 3.06 0.17 041 1755 739
SM2RAIN 007 038 648 259 026 057 1168 58I
CHIRPS 024 038 1516 520 045 056 2494 1178
MSWEP 042 051 947 4.14 058 067 1629 878
Mata  phRNow 001 038 1562 488 0.10 052 2866 11.78
SM2RAIN  0.14 045 972 397 031 062 1822 8389
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Analyzing spatially the data quality of all SPPs evaluated in this study (Fig. 13), we find a slight
decrease in the accuracy of the SPPs (Fig. 13-a); when the elevation decreases, what was reported
in the results illustrated in Table 2 discussed previously. The RMSE (Fig. 13-b) and MAE (Fig.
13-c) are relatively stable, with a peak in regions of low elevation, where precipitation totals are

higher.
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Figura 13 - Distribution curves of averaged daily continuous metrics including (a) KGE, (b)
RMSE and (c) MAE along the topography of the study area

The Performance Diagram (ROEBBER, 2009) focuses on precipitation occurrence assessment
metrics, i.e, POD, success rate (1 - FAR), TS, and biases, to compare the performance of SPPs, and
related results are presented in Fig. 14. In these diagrams, the points (i.e., representing the target
precipitation for SPPs) closer to the upper right corner had better detectability of precipitation
occurrence. In other words, the points closest to the upper right corner showed high POD and TS
values and low FAR and bias values. According to Fig. 14, on average, the RS precipitation
estimation products presented poor results that support the perceptions drawn from Table 2. For
example, the POD is around 0.40, with a significant predominance of values above 0.40 in the
Mata region. The Borborema region had slightly lower detection accuracies with POD values
below 0.40. On the other hand, in terms of TS, no products were satisfactorily performed, with TS
values below 0.40, presenting small fluctuations between MSWEP and SM2RAIN. Taking all
Performance Diagram metrics into account, data from MSWEP remained the most accurate SPP

and SM2RAIN came in second, followed by CHIRPS and PDIR-Now.
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Figura 14 - Performance diagram of the categorical metrics for the regions of (a) Sertao, (b)
Borborema, (c) Agreste and (d) Mata

4.3.2. Accuracy evaluation at an monthly time scale

This section compared corresponding monthly precipitation values from SPPs and rain gauges.
These precipitation values were compared for the whole study period on a monthly basis.
Continuous metrics were employed in this section.

To gain better insights into the accuracy of these four products at a monthly scale, RMSE (Green
dashed lines), SD (Blue dashed lines), and R (Black dashed lines) were calculated and presented
in Taylor diagrams (Fig. 15). Taylor diagrams (TAYLOR, 2001) can concisely and appropriately
summarize the degree of correspondence between the estimates from the precipitation products and
observations at stations by considering the three statistical indices mentioned above, with the points
closer to the observation point on the X-axis showing better accuracy. In other words, closer points
to the X-axis had lower RMSE values, higher R values, and similar SD values to the reference
precipitations. In general, Fig. 15 illustrates that the SPPs are relatively closer to the X-axis point,
indicating their best performances, mainly from Jan to Jun, when the amount of precipitation is
large, compared to the other months of the year when the amount of precipitation seems to be
smaller (Fig. 16). This was because, the obtained RMSE and SD values in these SPPs were closer
to the ones obtained from rain gauges, with an improvement in CHIRPS as you move from the

Sertao to the zone Mata. The SPPs, namely CHIRPS, MSWEP, PDIR-Now, and SM2RAIN, had
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comparable performances since, in the regions of Sertdo and Borborema, MSWEP and SM2RAIN
performed better, PDIR-Now in the Sertdo, Agreste and Mata regions, and CHIRPS in the regions
Borborema, Agreste and Mata. Broadly speaking, MSWEP presents the best overall statistical

results.
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Figura 15 - Taylor diagrams of monthly precipitation estimates from each SPPs in comparison
with observations at stations over the (a) Sertao, (b) Borborema, (c) Agreste and (d) Mata
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4.3.3. Accuracy evaluation at a yearly time scale

This section compared corresponding yearly precipitation values from SPPs and rain gauges.
These precipitation values were compared on a yearly basis for the whole study period. Continuous
metrics were employed in this section. This analysis may support a better understanding of the
temporal characteristics of the selected SSP, revealing whether they had stable performances from
2000 to 2020.

In general, it is observed that MSWEP presents the best results (R=0.91, RMSE=114.68 and
MAE=88.73) and CHIRPS also presents a relatively good performance (R=0.91, RMSE=136.12
and MAE =95.56), as shown in Fig. 17 and in Fig. 18. As can be seen, the CHIRPS and MSWEP
products showed a high frequency of values above 0.70 of the KGE efficiency in the four regions
of the study area, with greater frequency for the Sertao regions (Fig. 18-a), Borborema (Fig. 18-b)
and Mata (Fig. 18-d).
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4.4.Discussion

4.4.1. General remarks

The increasing availability of SPP has attracted the interest of many researchers from different
areas worldwide (GETIRANA et al., 2020; JUNQUEIRA et al., 2022; DUBE et al., 2023).
However, reliability in SPPs is a warning that must be cautiously treated (NAWAZ et al., 2021,
LOPEZ-BERMEO et al., 2022). Any error in precipitation estimates, such as magnitude errors,
will propagate in the models and, consequently, in the final results (ALEMU et al., 2020, CHEN
et al., 2020, GUMINDOGA et al., 2021, GAVAHI et al., 2022, KAZEMZADEH et al., 2022). For
example, Kou et al. (2024) reported different bias and error characteristics of precipitation data
from different sources. In these circumstances, an alternative is to evaluate the SPPs to quantify
the magnitudes of the errors and adequately identify the characteristics of the errors; however,
significant efforts are still needed to understand and address this challenge entirely.

It is essential to incorporate different metrics to evaluate the performance of SPPs. In this sense,
continuous and categorical metrics focused on estimating precipitation totals can be used.
However, a critical reason underlying multiple metrics is that no single metric addresses all aspects
of interest (OMAR et al., 2023). In other words, the metric's definition is based on the analysis
type. For this reason, it is crucial to consider various performance metrics to understand the

information they can provide.

4.4.2. Discussing and comparing the results

This article evaluated four SPPs using observations from rainfall stations across Paraiba State,
Brazil. Both continuous and categorical metrics were considered in the validation process. The
results generally suggested discrepant performance of all SPPs, which was expected since each
SPP was generated using multiple sources, different approaches, and algorithm principles to
combine the different databases.

Analyzing the main points in terms of daily scale, Table 2 shows that the indices used to evaluate
the performance of SSPs improved considerably when moving from the daily scale to three-day
accumulated values. This corroborates the study by Soares et al. (2016), who showed that the longer
the precipitation accumulation period, the better the correlations between data observed in rain

gauges and those estimated by remote sensing products. According to the authors, this happens
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because the increase in the temporal scale makes it possible to compensate for temporal errors.
Still, based on Table 2, the best results were observed when using the MSWEP time series,
followed by CHIRPS dataset. Bathelemy et al. (2022) also reported satisfactory results when using
CHIRPS and MSWEP. According to the authors, these products are recommended due to their
ability to estimate intense rainfall percentiles. Still, for them, MSWEP is recommended for most
hydrometeorological applications. However, as was evident, the MSWEP and CHIRPS products,
for example, performed well in the regions Sertdo but not very well in the Borborema and Agreste
regions (Table 2). This highlights the need to consider the product that best represents the region
for carrying out studies and hydraulic works, for example, and not consider one product as being
the best for the entire study area, as generally happens, because this can favor underestimation or
overestimation of the work, directly impacting the final budget.

Moving toward monthly observations, the efficiency of KGE values improved, presenting
satisfactory results in the first half of the year, which corroborates the study by Campos and
Andrade (2021), who mention that the rain season in NEB reaches its peak in March, April and
May when the Intertropical Convergence Zone (ITCZ) is further south. Medeiros et al. (2019) also
observed this same behaviour, that is, that the highest rainfall is concentrated in the first half of the
year when they carried out a study on the spatial variability of precipitation in the state of Paraiba.
Reis et al. (2017) also reported that remote-sensing products reproduced monthly precipitation
more accurately than daily products.

Finally, moving towards annual observations, in general, a certain agreement was observed in
the data simulated by the SPPs in comparison to the rain gauge records (Fig. 17), except for the
PDIR-Now and SM2RAIN products which had a tendency to underestimate, as was reported on
daily and monthly scales. In general terms, the values of the continuous metrics (KGE, R, RMSE
and MAE) reflect this agreement (Figs. 17 and 18). However, due to the complex topography and
the particular climate system of the study area, affected by the proximity of the coastal region and
the Borborema plateau, the SPPs have difficulty in estimating the total precipitation, which can be
proven by the low values of the categorical metrics (Fig 15) as it approaches the coastal region.
Similar results were reported by Ziveh et al. (2022).

Generally, the Borborema plateau's precipitation estimate tends to be underestimated towards
the coast. On the opposite side, after the sudden elevation change, it tends to overestimate

precipitation. Corroborating these results, Nascimento et al. (2021) also observed trends of
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underestimation of precipitation by the IMERG product in high-elevation regions and
overestimation in coastal regions in southern Brazil, possibly due to the spatial resolution and
correction of ground clutter made by the satellite (DUAN et al., 2015, RODRIGUES et al., 2021).
Furthermore, in high altitude regions, precipitation is extremely variable and there are changes in
the distribution of rainfall (NAVARRO et al.,, 2019), which can result in lower precision
(NASCIMENTO et al., 2021), in addition to other possible reasons (DINKU et al., 2008,
KARASEVA et al., 2012, GUO et al., 2016). This corroborates that studies in different regions,

purposes and scales favour safer and more effective applicability at local and regional scales.

4.4.3. Sources of uncertainties

In this paper, the point-pixel analysis (BATHELEMY et al., 2022) comparison method was
implemented to assess the performance of the SPPs throughout study area. For each point, the time
series recorded by a rain gauge is directly compared with satellite observations of the area referred
to the grid pixel where the rain gauge is located. Accordingly, the results may undervalue the
accuracy of the SPPs due to mismatches between point measurements (i.e., rain gauges) and pixel
measurements (i.e., SPPs). This issue may also be a source of uncertainty as the spatial resolution
of SPPs differs (Table 1), and the limited representativeness of point observations could affect the
results. For instance, the temporal inconsistency between the Coordinated Universal Time (UTC)
and local time of record in-situ, which differs around the world, could probably introduce some
uncertainties in the validations (YANG et al., 2019). Furthermore, the inherent spatial mismatch
between in situ data and SPPs, as well as the precipitation under-catch of in situ instruments due
to the relief and wind effect, are other sources of uncertainties (LIU et al., 2022), in addition to the
low density of rain gauges, or even their poor distribution (Fig. 10). The region presents variations
in relief (Fig. 9), with the presence of the Borborema plateau which acts as a natural barrier
(CACCAMO et al., 2017), preventing or even hindering the passage of humid masses from the
Atlantic Ocean and is pushed towards the interior of the NEB, favoring orographic rains (also called
relief), as it is located in a region of high altitudes, with variable intensity and longer durations,
characteristic of these types of rain (LUIZ-SILVA et al., 2021). However, it is recommended that
other types of analysis be carried out for future studies, such as those carried out by Zhu et al.
(2020). Although, the current state of SPPs requires further modifications and enhancement to

provide more accurate datasets.
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4.4.4. Criteria beyond accuracy

In addition to the discussed criteria for measuring the accuracy of SPPs, some other criteria
might be considered simultaneously to select the most appropriate SPP. For instance, the spatial
resolution of SPPs might be a constraint in some applications (ZHU et al., 2023). Among the SPPs,
PDIR-Now provides precipitation estimates with the highest spatial resolution (0.04° x 0.04°) and,
thus, could be useful for the application needing more data for a particular region. Additionally,
some other applications require sub-daily datasets also limit the choices considering the original
SPPs. However, to overcome this situation, it's possible to apply downscaling approaches to have
the SPP with higher spatial-temporal resolutions (ZHU et al., 2023). Moreover, the necessity of
having precipitation data for a more extended period, i.e., before 2000, could also introduce another
factor that limits the choices SPPs, except for CHIRPS and MSWEP. However, it is not
recommended that any of these products, even the most reliable ones (CHIRPS and MSWEP), can

be used for calibration/validation of a hydrological model at daily and monthly time intervals.

4.4.5. Current state and future perspectives

The climate of the state of Paraiba, is dominated by a semi-arid climate characterized by low
precipitation and high evapotranspiration rates. The state faces many climate hazards, such as
droughts and floods. Therefore, it is a paramount need to have access to high-quality data, such as
accurate precipitation estimates.

In particular, reliable and long-term precipitation data allow for better monitoring of water
resource conditions and, consequently, adopting strategies to mitigate the water crisis (droughts
and floods).

Considering that more accurate SPPs allow for more concise monitoring of relevant phenomena,
such as drought and floods, improving the accuracy of these SPPs for the entire study area becomes
relevant. The most common practice is to apply bias corrections, as happens in other regions (LIU
et al., 2023). Another possibility would be to generate a precipitation dataset that combines
different data sources (SPPs and in-sifu data) and generate a unified and accurate SPP for the entire
study area. This precipitation dataset could provide more precise precipitation to help scholars
conduct research and public managers make decisions regarding monitoring and managing water

resources.
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4.5.Conclusions

The evaluation of different data sources of precipitation estimation products was important for
understanding the spatiotemporal distribution of precipitation totals in the state of Paraiba. This
highlighted the need to consider the SPPs that best estimate the precipitation totals in the region
where they are intended to be used, for carrying out studies, hydraulic projects, applications in
hydrological models, etc.

Based on statistical metrics, we found that the unsatisfactory performance of SPPs should be
attributed mainly to high elevation regions (precipitation is extremely variable and there are
changes in rainfall distribution) and coastal regions (sudden elevation change), where SPPs were
unable to perform well compared to rain gauge observations, especially on the daily scale.

Finally, we hope the results presented in this study can serve as a reference for be used in
hydrological studies, although the current state of SPPs requires further improvements to provide

more accurate estimates of precipitation in the study area.
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Capitulo

Este capitulo refere-se ao artigo publicado na Revista Earth Science Informatics®. O titulo e o
resumo sdo apresentados inicialmente em portugués e, em seguida, o texto do artigo € transcrito

aqui em inglés conforme foi publicado.

5. GEOT-IDF EQUATIONS: UMA FERRAMENTA BASEADA EM R PARA
ESTUDOS DE CHUVAS INTENSAS

Resumo:

O GEOT-IDF Equations é uma ferramenta para determinar relagdes Intensidade-Duragao-
Frequéncia (IDF) e suas respectivas equacdes. Foi especialmente desenvolvido para facilitar o
ajuste de diferentes modelos probabilisticos na andlise de frequéncia de séries temporais de

precipitagdo e o modelo de curva IDF sem exigir conhecimento prévio sobre os parametros do

3 Costa F. F., Rufino I. A. A., Aragio R., Castro M. A. H., Filho R. S. R. (2024). GEOT-IDF
Equations: An R-based tool for intense rainfall studies in Brazil. Earth Science Informatics
(Submetido).
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modelo pelo usudrio. A ferramenta integra as sete distribui¢des estatisticas mais utilizadas para
estimar valores maximos de precipitacdo de 1 dia para diferentes periodos de retorno (Tr) e trés
metodologias para desagregar a precipitacao em intervalos subdidrios. Os parametros empiricos (a,
b, c, d, e e f) de cinco equagdes IDF sdo calibrados usando duas fungdes objetivo (FO1 e FO2). A
ferramenta GEOT-IDF Equations € conectada a dois servidores de banco de dados de precipitacao
(ANA, NOAA e CLIMBra). Ela também fornece equagdes IDF de produtos de precipitacido de
sensoriamento remoto. Os resultados mostram que, em comparacdo com trabalhos anteriores, as
equacdes IDF geradas pelo GEOT-IDF Equations apresentaram erros relativos em torno de 10%
(mais ou menos) para valores baixos de Tr (< 25 anos) e duracdo - t (< 60 minutos), indicando que
a ferramenta € confidvel na aplicacdo de sistemas de drenagem urbana de projeto, foco principal
da ferramenta. Espera-se que esta ferramenta seja util para projetistas, pesquisadores e especialistas

que estudam chuvas intensas.

GEOT-IDF EQUATIONS: AN R-BASED TOOL FOR INTENSE RAINFALL STUDIES

Abstract:

The GEOT-IDF Equations is a tool for determining Intensity-Duration-Frequency (IDF) relations
and their respective equations. It was specially developed to facilitate the adjustment of different
probabilistic models in the frequency analysis of rainfall time series and the IDF curve model
without requiring prior knowledge about the model parameters by the user. The tool integrates the
seven most used statistical distributions to estimate maximum 1-day precipitation values for
different return periods (Tr) and three methodologies for disaggregating precipitation into sub-daily
intervals. The empirical parameters (a, b, c, d, e, and f) of five IDF equations are calibrated using
two objective functions (FO1 and FO2). The GEOT-IDF Equations tool is connected to two
precipitation database servers (ANA and CLIMBra). It also provides IDF equations from remote-
sensing precipitation products. The results show that, compared to previous works, the IDF
equations generated by GEOT-IDF Equations presented relative errors of around 10% (more or
less) for low Tr (< 25 years) and duration - t (< 60 minutes) values, indicating that the tool is
reliable in the application of design urban drainage systems, the main focus of the tool. This tool

is expected to be useful for designers, researchers, and specialists studying intense rainfall.

Keywords
Heavy rain, floods, IDF equations. R language
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5.1. Introduction

Natural hazards triggered by extreme events (floods and heavy rainfall) generate profound
socioeconomic impacts on local communities (Li et al. 2021; Li et al. 2022). Over time and as a
result of climate change and other factors (Carpio et al. 2020; Chang et al. 2021; Filho et al. 2022;
IPCC 2023), more extreme events are occurring, and more negative consequences are being
registered, such as deaths and significant economic losses (Dinis et al. 2021). As Tabari (2020)
discusses, there is a tendency for these problems to increase in the future. To mitigate these effects,
a viable way to deal with the problem of flooding is using Intensity-Duration-Frequency (IDF)
relationships (Shabankareh and Abedini 2023).

According to data from Donatti et al. (2024), 89,462 people died between 2000 and 2022
worldwide due to these catastrophes. Central America, the Caribbean, East Africa, including
Madagascar, and South and East Asia were the regions that suffered the most. For the same period,
Brazil is in the second most critical category as one of the countries that suffered the most from
floods. The range of events varies from 58 to 108 (EM-DAT/CRED 2023). In 2024, for example,
the country faced a substantial hydrological disaster that affected almost the entire state of Rio
Grande do Sul (478 of 497 municipalities). Currently, it has already registered 175 deaths and 38
missing, and many other injuries, loss, and sad consequences (G1 RS 2024).

It is known that the design and maintenance of hydraulic structures, especially those designed
to deal with flooding, require reliable data and information. Generally, such an estimate can be
made through statistical analysis of historical controlled flow data. However, most locations do not
have flow measurement stations (Shabankareh and Abedini 2023). Therefore, a viable way to deal
with the problem of flood is to analyze design storm (Shabankareh and Abedini 2023), which, in
turn, is defined based on Intensity-Duration-Frequency (IDF) relations for the application of
methodologies that can convert rainfall into flow, such as Unitary Hydrograph (UH), Curve
Number (CN), Rational Method and Gradex Method, among others.

The IDF relations, or their respective equations, were initially proposed by Sherman (1931) and
have since been widely used worldwide (Ogbozige 2022; Hussein et al. 2023). However, due to
the little availability of record rain gauge time series, in recent decades, IDF equations have been
developed based on techniques for disaggregating daily rainfall from rain-gauges (conventional or
automatic), such as the methodology proposed by the Environmental Agency of the state of Sao

Paulo (CETESB 1986), which is still widely used today in Brazil and the proposed by the Indian
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Meteorological Department - IMD (Basumatary and Sil 2017; Sam et al. 2021; Shamkhi et al.
2022; Bibi 2023), between others (Torrico 1974; Back 2020).

By the year 2020, for example, Brazil had catalogued around 3,096 intense rainfall equations,
published in 118 articles, including 10 academic articles, theses and dissertations, 61 articles
published in scientific journals, 27 articles in scientific events and 20 articles classified as books
and technical reports (Back and Cadorin 2021). This number of studies shows the importance of
such information for a suitable design of hydraulic works. However, the available studies can be
considered old, reinforcing the need for updated with recent information on IDF equations, such as
several studies have argued that IDF equations must be updated (Pérez-Zanén et al. 2016;
Hosseinzadehtalaei et al. 2019; Ren et al. 2019; Fowler et al. 2021a; Kourtis et al. 2021; Kourtis
and Tsihrintzis 2021), to ensure accuracy, relevance, development of management plans and
crucially, the reduction of losses (Ghebreyesus and Sharif, 2021; Alsumaiti et al. 2023;
Shabankareh and Abedini 2023).

Another challenge is that there still needs to be a tool capable of generating IDF equations
globally. Most publications are on a local scale or outdated equations (Simonovic et al. 2015;
Rodrigues et al. 2023; Vargas et al. 2023; GPRH 2024). A tool connected to a precipitation
database server is highly relevant, especially nowadays. Since the rainfall pattern worldwide is
changing, these equations must to express those new patterns.

Specific contributions of this article include the following:

e Connect to the National Agency of Water and Basic Sanitation (ANA) server to
obtain/update IDF equations for municipality in Brazil almost in real-time;

e Insert the product CLIMBra to obtain IDF equations considering the principle of non-
stationarity for municipality in Brazil, currently considered an interest for water resources
researchers and

e Enable the generation of IDF equations from remote-sensing daily precipitation estimation

products.
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5.2. Design and Implementation

5.2.1. Database

The GEOT-IDF Equations tool is connected directly with the National Agency of Water and Basic
Sanitation of Brazil (ANA), Brazil's official water management agency. The tool currently provides
approximately 5,634 rain-gauge stations with precipitation records.

The tool considers a minimum time series of 30 years, as recommended by the World
Meteorological Organization (WMO), to define the IDF equations by applying the annual
maximum series (AMS) methodology, a type of block maxima - BM (Tanaka 2021). When the
time series is less than 30 years, the tool works with the peak over threshold (POT) method (Liu et
al. 2023). Finally, the algorithm removes any outliers and checks whether the series has a climate
trend using the Mann-Kendall test (Mann 1945; Kendall 1975) at a significance level of 5%
(Barbero et al. 2017).

The selection criterion is that the time series must have low data gaps (no more than 10% of
missing data), a condition imposed by several studies reported by Rodrigues et al. (2021). When
the data gap exceeds 10%, the tool applies the K-Nearest Neighbors (Aha et al. 1991) regression
method, a machine learning technique used to predict continuous values based on data similarity.
The basic idea is to predict the value of a new observation, the K neighboring (neighboring rain-
gauge stations) fills in the gaps in the time series.

Although it is not the focus of the tool, it also provides the option of using daily precipitation
estimation product CLIMBra bias-corrected and scale reduction (Ballarin et al. 2023) and remote-
sensing daily precipitation estimation products, such as MSWEP that already comes with bias-
corrected (Beck et al. 2019), to define IDF equations. However, these meteorological datasets are
based on in-situ data interpolation, which introduces an embedded error. Therefore, a performance
analysis should be conducted to verify whether these datasets can simulate in-situ data for which

IDF equations are intended to be developed.

5.2.2. Frequency analysis

Different probability distributions (Table 2) were considered to obtain the maximum daily
precipitation that could be Equaled every 5, 10, 15, 20, 25, 50, and 100 years (Naghettini and Pinto
2007).
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After calculating the parameters of the distributions, the algorithm defines the best distribution
based on the Kolmogorov-Smirnov—KS (Eq. 1) statistics and likelihood ratio (Eq. 2). This
distribution is considered the most efficient for large samples because it presents less variance in
the estimators (Naghettini and Pinto 2007). It also considers a Chi-Square (Eq. 3) test to choose
between candidate distributions.

The present algorithm uses the Weibull method (Makkonen 2005), plus the non-parametric
Kolmogorov-Smirnov test (Eq. 1), at a significance level of 5%, to define the best distribution,
taking into account the lowest value of KS. In situations of ties, the likelihood ratio criterion (Eq.
2) 1s applied, in conjunction with the Chi-Square test (Eq. 3), at a significance level of 5% to define
the best distribution.

5.2.3. Downscaling of rainfall

After identifying the proper probability distribution for the rainfall time series, the maximum
precipitation values were obtained for the following return periods (Tr): 5, 10, 15, 20, 25, 50, and
100 years. Then, these values were first transformed into 24 hours rainfall (CETESB 1986) and
then disaggregated for the durations listed in Table 4 using the exponential equation (Eq. 4)
proposed by Silveira (2000). It is also possible to disaggregate daily rainfall into intervals through
the Isozone method (Torrico 1974) (Eq. 5, Table 3 and Fig. 2) and the one proposed by Back (2020)
(Eq. 6). For each rainfall duration, the algorithm considers a minimum value (Table 4) above which
the precipitation can be considered as intense, as indicated by CETESB (1986). The algorithm
further incorporates the precipitation disaggregation method (Eq. 7) proposed by the Indian
Meteorological Department - IMD (Basumatary and Sil 2017; Sam et al. 2021; Shamkhi et al.
2022; Bibi 2023).

5.2.4. Determination of the suitable IDF equations and its parameters

From the disaggregated precipitations for different Tr (5, 10, 15, 20, 25, 50, and 100 years), the
intensity for durations of 6, 10, 15, 20, 30, 60, 360, 480, 600, 720 and 1440 min are calculated for
different types of IDF equations (Table 5).

In order to calibrate the empirical parameters (Table 5), two objective functions (FO) were
applied: FOI1, a minimization function (Relative error), and the second (FO2), a maximization

function (Nash-Sutcliffe efficiency; NS). The NS (Nash and Sutcliffe 1970) value can range from
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-0 to 1, and if the NS equals 1, there is a perfect fit to the observed data (Moriasi et al. 2007).
Therefore, the approach used was to apply FO1 (Eq. 8) to identify the local optimal values and,
from the findings, use FO2 (Eq. 9) to calculate the parameters' global optimal values for the

previously selected IDF equation.

5.2.5. Statistical analyses

This study used different statistics to compare the intensities calculated from the observed data
with those generated by the IDF equations calculated by the tool GEOT-IDF Equations. The
statistics used were coefficient of determination—R? (Eq. 10), root mean square error—RMSE

(Eq. 11), and mean absolute error—MAE (Eq. 12).

5.2.6. Tool installation

To use the tool GEOT-IDF Equations, simply follow the setup shown in Figure 19. The tool

requires a Windows operating system.

X b Serp - GE
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s M i 1 et e g G 4,

Completing the GEOT-IDF Equations
Setup Wizard

Frish

=~ ol

Figura 19 - Illustration of the installation setup of the tool GEOT-IDF Equations

After completing the steps described in Figure 19, the user will have access to the main interface
(Figure 3) of the tool GEOT-IDF Equations. The tool can generate IDF equations for Brazil,

estimate design hyetogram, and simulate rainfall-runoff.
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5.2.7. Output data

The GEOT-IDF Equations tool generates a table containing descriptive information related to the
station code, latitude, longitude, and the values of the coefficients of the IDF equation, among other

things (Fig. 20).

pessssssmsscsssssscssssmsseses= GEOT-IOF Equatigns ========sssscsssescssssszsses

Yersion tool: 1.4
Download date: 2824-89-13

mmmmmn - - 0

R e e T
STATION INFORMATION
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Latitude: -7.508008 o e o o ofe ok o e o ok o o ke ok o ok ok ofe ok e e ok ok ok ok ok ok o ok ke ok ke ok ok ok R ok kR
Longitude: -35.583389

fain measucement fupe: Rain-gauge Date Prechax

Time series jintecwal: 1952 - 1992
Time series sigze: 31

Pecforms the Hannkendall: ©.308 1962-06-85 59.@
1963-12-24 129.6

LEREE [ - EENEssEsEEsSLESssssssssssssmasssussss (QE4-@A3-87 67,0
EQUATION INFORMATION 1965-81-18 78.1
Merhedalogy: CETESE 1966-86-13 184.@
et Lsh bt " ] 1967-987-81 57.@

Pacametecs: 2-22.83 ©-2.56 ¢-8.153 d-0.9887 -0.089 f-9.751 1968-87-86 47.5
Equation Tupe: 3 1969-67-286 52.8

197e-87-21 1268.8
1971-85-26 49.1

R 0

Iable i: Intensity-I0F (em/h)

R SR B AR ANA NSRS AAA RSN SE SRRk RS a s nnansnnnannnnnnnn 1972-12-22 92.3
1973-18-62 68.2
D (mim) Tr<§ Tr-1@ Tr-15 Tr-28 Tr-25 Tr-58 Tr-100 1974-04-18 95.2

e o e T A B e e AT 1975-87-17 124.8
& 127,24 158.9 163,25 171.91 178.67 200.35 233.87 1976-62-82 28.2

1e 189.49 129.85 140.47 147.93  153.74 172.4 192.47

15 93.81 111.26 128.36 126.75 131.73 147.72 164.92 1977-04-38  84.0
20 B82.46 97.8 185.8 111.42 115.8 129.85 144.97 1978-04-10 71.6
EL-] 67.801 79.47 85.98 90.54 94,1 185.52 117.8 1879-82-24 65.8
68 44,28 52.51 56.81 59.82 62.17 69.72 77.83 1986-63-13  63.8

36@ 12,37 14.87 15.87 1s.71 17,57 19.48 21.75
488 9.9% 11,8 12.76 13.44 13.97 15.66 17.49 1981-03-286  68.8
720 7.3 5.65 9.36 9.86  18.25 11.49 12.83 1982-86-21 58.1
1440 4.28 5.87 5.49 5.78 6 6.73 7.52 1983-08-81 26.5

1984-81-14 96.7
e

2: Rainfall-I0F (mm) 1985-83-22 52.4

R R S A S R R R SRR R e e 10868618  63.2

1987-84-81 69.1

o {mimj Tr-5 Tr-18 Tr-15 Tr-28 Tr-25 Tr-58 Tr-1@8 1988-83-1@ 63.2
------------------------------------------------------------------- 1989-@7-12 52.8@
[ 12,72 15.09 16.32 17.19 17.87 20.84 22.37 199G-07-29 73.4

18 18.25 21.64 23.41 24.66 25.62 28.73 32.08
15 23.45 27.82 38.00 31.69 32.93 36.93 41.23 1L0-00. aA
28 27.49 32.6 35.27 37.14 3B.6 43.268 48.327 1952-84-81 62.7
3@ 33,51 39,74 42,99 45.27 47,85 52.76 58.9
60  44.28 52.51 S6.81 59.82 62.17 69.72 77.83
360 V4,22 GE.02 95,22 100.26 194,22 116,88 130.5
480 79.6 94.4  182.88 187.52 111.76 125.28 129.92
726 87.6 163.8 112,32 118.32 123  137.88 153.96
1848 182.72 121.68 131.76 138.72 144  161.52 180.48

Figura 20 - Example illustration of output file from tool GEOT-IDF Equations
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5.3. Application

As a case study, the IDF equations generated by the GEOT-IDF Equations tool were compared
with IDF equations available in the literature in different regions of Brazil according to the

following equation:

value(in this study)—value(literature)

A=

value(literature)
Equacao 21

In order to analyze the quality of the IDF equations generated by the GEOT-IDF Equations tool,
IDF equations developed by other studies were considered (Table 11). The intensity calculation for
Tr = 10 years and t = 10 minutes was considered, which is common in hydraulic works design.
Table 5 shows that using the IDF equation generated by the GEOT-IDF Equations tool led to a
slight overestimation of the intensity of approximately 5 (%) for station 2246013.

Tabela 11 - Comparison between the intensity values obtained considering the coefficients
determined in this study and with other studies in Brazil

Code Region Source i (mm/h) Error A (%)

3k

338001 Nordeste ;* iggg; 0.64
%k

967000 Norte ;* }gggg 0.93
*k

1649013 Centro-Oeste i* 34712? 2.31
*

R R P
k

2649018 Sul é* ngg 4.46

1* GEOT-IDF Equations, 2* Farias and Pinto 2015, 3* Back and Candorin
2020, 4* Pickbrenner et al. 2018, 5* Capozzoli et al. 2021 and 6* Back
2020

Tables 12 to 16 also show that the maximum relative differences between the observed data
(literature) and the values calculated using the IDF equation generated in this study were more
significant than 19% (for less) in the cases highlighted in bold, reaching a maximum error of 23%
(Table 13), for Tr = 100 years and t = 1440 minutes, when compared with the IDF equation
proposed by Back and Candorin (2020). On the other hand, when analyzing the IDF equations for
durations less than 60 minutes and Tr less than 50 years, the percentage, on average, drops to less

than 15%, reaching exact values on some occasions. In other words, using GEOT-IDF Equations
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to design structures whose contribution area has a small concentration time leads to good results,

including terraces with uneven surfaces and various urban drainage works, such as urban drainage

systems, which are the tool's primary focus.

Tabela 12 - Comparison between the relative errors of the rainfall intensities values calculated
for different Tr and t obtained in this study with that of Farias and Pinto 2015

Tr t (min)
(years) 6 10 15 20 30 60 360 480 720 1440
5 -0.09 -0.03 -0.01 -0.01 -0.03 -0.09 -0.18 -0.19 -0.19 -0.18
10 -0.05 0.01 0.01 0.00 -0.03 -0.09 -0.19 -0.20  -0.20 -0.20
15 -0.02 0.02 0.02 0.01 -0.03 -0.09 -0.20 -0.21 -0.21 -0.21
20 -0.01 0.03 0.03 0.01 -0.02 -0.09 -0.20 -0.21 -0.21 -0.21
25 0.01 0.04 0.03 0.02 -0.02 -0.09 -0.20 -0.21 -0.21 -0.21
50 0.05 0.07 0.06 0.04 0.00 -0.08 -0.20 -0.21 -0.21 -0.21
100 0.10 0.11 0.09 0.07 0.02 -0.06 -0.18 -0.19  -0.20 -0.19

Tabela 13 - Comparison between the relative errors of the rainfall intensities values calculated
for different Tr and t obtained in this study with that of Back and Candorin 2020

Tr t (min)
(years) 6 10 15 20 30 60 360 480 720 1440
5 -0.01 0.00 0.01 0.01 0.01 0.00 -0.09 -0.11 -0.14 -0.18
10 0.00 0.01 0.02 0.02 0.02 0.00 -0.09 -0.11 -0.13 -0.17
15 -0.01 0.00 0.01 0.01 0.01 0.00 -0.10 -0.11 -0.14 -0.18
20 -0.02 -0.01 0.00 0.00 0.00 -0.01 -0.10 -0.12 -0.15 -0.19
25 -0.03 -0.01 -0.01 0.00 -0.01 -0.02 -0.11 -0.13 -0.15 -0.19
50 -0.05 -0.04 -0.03 -0.03 -0.03 -0.04 -0.13 -0.15 -0.17 -0.21
100 -0.08 -0.06 -0.06 -0.05 -0.06 -0.07 -0.16 -0.17 -0.19 -0.23

Tabela 14 - Comparison between the relative errors of the rainfall intensities values calculated
for different Tr (years) and t (min) obtained in this study with that of Pickbrenner et al. 2018

Tr t (min)
(years) 6 10 15 20 30 60 360 480 720 1440
5 0.00 0.03 0.06 0.08 0.11 0.14 0.18 0.17 0.17 0.16
10 -0.01 0.02 0.05 0.07 0.10 0.13 0.16 0.16 0.16 0.15
15 -0.02 0.01 0.04 0.05 0.08 0.12 0.15 0.15 0.14 0.14
20 -0.03 0.00 0.02 0.04 0.07 0.10 0.14 0.13 0.13 0.13
25 -0.04 -0.01 0.01 0.03 0.06 0.09 0.13 0.12 0.12 0.11
50 -0.07 -0.04 -0.02 0.00 0.03 0.06 0.09 0.09 0.09 0.08
100 -0.10 -0.07 -0.05 -0.03 -0.01 0.03 0.05 0.05 0.05 0.04

Tabela 15 - Comparison between the relative errors of the rainfall intensities values calculated

for different Tr and t obtained in this study with that of Capozzoli et al. 2021

Tr t (min)
(years) 6 10 15 20 30 60 360 480 720 1440
5 0.06 0.04 0.01 0.00 -0.02 -0.04 -0.02 -0.01 0.00 0.02
10 0.08 0.05 0.03 0.01 0.00 -0.02 -0.01 0.00 0.01 0.03
15 0.07 0.04 0.02 0.01 -0.01 -0.03 -0.02 -0.01 0.00 0.03
20 0.06 0.03 0.01 0.00 -0.02 -0.04 -0.02 -0.02 0.00 0.02
25 0.05 0.03 0.00 -0.01 -0.03 -0.04 -0.03 -0.02 -0.01 0.01
50 0.02 0.00 -0.02 -0.04 -0.05 -0.07 -0.06 -0.05 -0.04 -0.02
100 -0.01 -0.03 -0.05 -0.07 -0.08 -0.10 -0.09 -0.08 -0.07 -0.05
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Tabela 16 - Comparison between the relative errors of the rainfall intensities values calculated
for different Tr and t obtained in this study with that of Back 2020

Tr t (min)
(years) 6 10 15 20 30 60 360 480 720 1440
5 0.01 0.00 -0.01 -0.02 -0.04 -0.08 -0.14 -0.14 -0.14 -0.15

10 0.05 0.04 0.03 0.02 0.00 -0.04  -0.10 -0.10 -0.11 -0.11
15 0.06 0.06 0.04 0.03 0.01 -0.03 -0.09 -0.09  -0.10  -0.10
20 0.07 0.06 0.05 0.03 0.01 -0.02  -0.08 -0.09  -0.09 -0.10
25 0.08 0.07 0.05 0.04 0.02 -0.02  -0.08 -0.08  -0.09 -0.09
50 0.09 0.08 0.07 0.06 0.03 0.00 -0.07 -0.07  -0.07 -0.08
100 0.12 0.11 0.09 0.08 0.05 0.02 -0.05 -0.05 -0.06  -0.06

5.4. Impact

The main contribution of this work is to provide a tool to obtain/update IDF equations for any
location in Brazil. GEOT-IDF Equations tool helps the user to save time and effort in defining IDF
equations. Furthermore, the tool is straightforward and convenient to operate. We are optimistic
that the GEOT-IDF Equations tool will be essential in water resources engineering and

management, such as defining project rainfall.

5.5. Conclusion

IDF equations are essential in water resource engineering and management, such as evaluating
heavy rainfall events and defining design rainfall.

In this context, the GEOT-IDF Equations tool accelerates obtaining/updating IDF equations.
Furthermore, it is verified that the relative error values are very close to zero, especially for small
Tr (< 25 years) and t (< 60 minutes), indicating low underestimation or overestimation, not
generating high implementation costs or posing risks to the safety of microdrainage works.

Another key feature of the algorithm is its connection to two precipitation datasets (ANA and
CLIMBra), as well as the ability to incorporate precipitation estimation remote-sensing products.
This enables a range of integrated analyses on intense rainfall. However, it's crucial to conduct
statistical analyses of the CLIMBra product to ensure its accuracy before generating the IDF

equation for the desired location.
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Capitulo

6. CONSIDERA COES FINAIS

6.1. Conclusoes

Esta Tese teve como objetivo apresentar uma abordagem metodoldgica para a defini¢do de
equacdes IDF, de forma a contribuir com os estudos de chuvas intensas no Brasil. O foco foi
promover a atualizacdo das equagdes IDF para os municipios do Brasil, levando em consideracao
a lacuna do setor de drenagem, principalmente quanto ao déficit de informacdes. As equacdes IDF
necessarias em muitas regides sdo inexistentes ou estdo desatualizadas. Sabe-se que ter dados
atualizados € de grande importancia para os sistemas de alerta de eventos de cheias e na avaliacdo
da gravidade e extensao dos danos potenciais causados por esses eventos.

Os estudos desenvolvidos ao longo desta pesquisa demonstraram que as equacdes de chuva
intensas, também conhecidas como equacdes IDF, para os municipios brasileiros apresentam
grande heterogeneidade das relacdes IDF, ndo sendo, portanto, recomendado a utilizagdo de
equacdes que foram concebidas para uma localidade diferente de onde esta sendo executado o

projeto.
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Também foi possivel extrair desta pesquisa, através da avaliacdo de diferentes fontes de dados
de produtos de estimativa de precipitagcdo (dados oriundos de sensoriamento remoto), que o
desempenho insatisfatério dos produtos de sensoriamento remotos deve ser atribuido
principalmente a regides de alta elevagdo (a precipitacio € extremamente varidvel e hd mudancas
na distribuicao de chuvas) e regides costeiras (mudanca repentina de elevacio), onde esses produtos
nao conseguiram ter um bom desempenho em comparacdo com as observagdes dos pluvidmetros,
especialmente na escala didria. Isso acaba limitando, para a realizacdo de estudos, projetos
hidrdulicos, aplicacdes em modelos hidroldgicos, entre outras aplicagdes, a utilizacdo desses
produtos nessas localidades.

Em relacdo a utilizacdo de bases de dados, ferramentas e procedimentos analiticos, a ferramenta
de apoio a gestdao das dguas pluviais, denominada GEOT-IDF Equations, apresentou resultados
promissores. Isso foi possivel devido ao seu algoritmo, que € composto por um conjunto de
distribuicdes de probabilidade e equagdes IDF. Outro ponto positivo da ferramenta é que ela
trabalha com diferentes conjuntos de dados de precipitagdo (por exemplo, dados de sensoriamento
remoto), permitindo que o usudrio faca uma série de andlises integradas sobre chuvas intensas.
Além disso, a ferramenta possibilita a obtenc¢ao/atualiza¢io das equacdes IDF para todo um estado

do Brasil, agilizando o estudo de chuvas intensas no estado.
6.2. Limitacoes

De forma geral, os resultados desta Tese sdo fundamentais para a formulacdo de estratégias de
gestdao das dguas pluviais no Brasil, como na definicao de projetos de mitigacdo de cheias. Apesar
disso, existem melhorias e aprimoramentos que podem ser desenvolvidos em trabalhos futuros.

No ambito do emprego de modelos climdticos globais na definicdo de equacgdes IDF para o
futuro, o produto CLIMBra baseia-se no conjunto de dados meteorolégicos interpolados com dados
de campo, o que traz um erro embutido. Por isso, ha dificuldade destes modelos reproduzirem as
particularidades de regides como o semidrido com chuvas intensas de curta duracdo, o que numa
escala sub-didria precisa ser bem representado. Portanto, uma andlise de desempenho deve ser
conduzida para averiguar se esses conjuntos de dados sdao capazes de simular dados in-situ para a

qual se pretende desenvolver equagdes IDF para o futuro.
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Outro detalhe importante € que a ferramenta gera as equacdes IDF independentemente se a o
teste Mann-Kendall relatar tendéncia ou nao na série temporal de precipitagio, cabendo ao usudrio
considerar ou ndo a equagdo IDF gerada.

Por fim, outro aspecto que merece aten¢do e pode ser trabalhado futuramente diz respeito aos
coeficientes de desagregacdo da precipitacdo didria, tendo em vista que, nesta Tese, foram
considerados coeficientes que podem nao refletir a realidade em virtude das mudancas nos padrdes
de precipitagdo observados nos ultimos anos, apesar desses coeficientes serem bastante difundido
no Brasil. Sendo assim, hd uma oportunidade de avancar nesta drea para que os coeficientes de
desagregacdo sejam mais representativos da realidade atual, com suas mudancas de clima e de usos
e ocupacdo que tem causados as alteracdes do regime pluviométrico e da intensidade das chuvas,

principalmente, no que tange a eventos extremos.

6.3. Recomendacoes

Como recomendagdes para trabalhos futuros, seria de todo pertinente realizar uma andlise de
residuos entre os dados interpolados com o valor obtido com os dados in-sifu do artigo apresentado
no Capitulo 3, além de detalhar os procedimentos metodoldgicos empregados no método de

interpolagcdo (modelo, ajustes etc).
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APENDICE A - EQUACOES IDF PARA TODO O TERRITORIO DO
ESTADO DA PARAIBA
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Estacao a b c d
Agua Branca 979,66 0,149 | 13,02 | 0,793
Aguiar 1286,33 | 0,116 | 13,07 | 0,794
Alagoa Grande 783,20 0,184 | 13,00 |0,771
Alagoa Nova 1024,52 | 0,121 | 12,75 | 0,793
Alagoinha 791,38 0,238 | 13,10 | 0,774
Alcantil 758,20 0,137 | 12,38 | 0,761
Algodao de Jandaira 687,83 0,177 | 12,44 | 0,755
Alhandra 1433,09 |0,144 | 13,07 |0,793
Amparo 1110,16 | 0,209 | 12,52 0,782
Aparecida 991,75 0,155 | 12,40 | 0,775
Aracagi 917,01 0,180 | 12,60 | 0,782
Arara 727,15 0,150 | 12,59 | 0,759
Araruna 998,82 0,154 |12,43 0,789
Areia 1051,81 | 0,152 | 13,00 | 0,791
Areial 945,16 0,113 | 14,90 | 0,809
Aroeiras 651,93 0,195 | 12,71 | 0,752
Baia da Traicdo 1365,25 0,146 | 12,67 | 0,781
Bananeiras 953,91 0,166 | 13,15 | 0,789
Barra de Santa Rosa 740,05 0,167 | 11,75 | 0,755
Barra de Santana 634,20 0,231 | 12,74 | 0,756
Barra de Sdo Miguel 828,30 0,204 | 12,37 | 0,772
Bayeux 133743 | 0,181 | 12,98 | 0,787
Belém 882,72 0,211 |12,56 0,780
Belém de Brejo do Cruz 1010,21 | 0,197 | 12,72 | 0,784
Boa Ventura 1277,56 | 0,116 | 12,22 |0,776
Boa Vista 879,60 0,152 | 12,57 ]0,782
Bom Jesus 1146,93 | 0,188 | 12,76 | 0,785
Bom Sucesso 1051,22 0,129 | 13,12 | 0,792
Bonito de Santa Fé 103225 (0,162 | 13,04 |0,787
Boqueirdo-Acude 647,86 0,248 | 11,29 | 0,739
Borborema 969,43 0,176 | 13,08 | 0,789
Brejo do Cruz 1010,21 | 0,197 |12,72 |0,784
Brejo Santos 1106,93 | 0,130 | 13,10 | 0,792
Caapora 1290,41 | 0,217 | 12,87 | 0,787
Cabaceiras 798,96 0,313 | 14,19 | 0,801
Cabedelo-Cagepa 1494,08 | 0,145 | 12,60 | 0,794
Cabedelo-Emater 1624,73 | 0,117 | 12,90 | 0,796
Cachoeira dos Indios 1111,75 0,118 | 13,03 | 0,796
Cacimba de Areia 1170,35 | 0,175 | 12,19 |0,776
Cacimba de Dentro 874,03 0,111 | 12,76 | 0,779
Cacimbas 1437,75 (0,115 | 13,12 | 0,797
Caicgara 728,77 0,174 | 12,18 | 0,755
Cajazeiras 1019,81 | 0,237 | 13,18 | 0,777
Cajazeiras-Engenheiro 1177,76 | 0,155 | 12,91 | 0,789

116



Estacao a b c d
Cajazeiras-Lagoa 1137,00 | 0,191 | 12,71 |0,784
Cajazeirinhas 981,80 0,249 | 12,93 | 0,782
Caldas Brandao 1033,44 | 0,136 | 13,06 | 0,794
Camalau 941,17 0,183 |12,62 |0,785
Campina Grande-Acude de Dentro | 706,03 0,240 | 11,96 | 0,754
Campina Grande-Embrapa 765,95 0,137 | 12,74 | 0,765
Campina Grande-Massapé 641,66 0,263 | 12,82 | 0,759
Campina Grande-Sao José 695,46 0,169 | 12,21 | 0,753
Capim 1110,29 | 0,155 |12,70 | 0,790
Caraubas 715,80 0,220 | 12,53 | 0,762
Carrapateira 1403,36 | 0,129 | 12,81 | 0,795
Casserengue-Salgado 659,21 0,128 | 12,62 | 0,739
Catingueira 1058,99 |0,181 | 12,80 | 0,783
Catolé do Rocha 974,85 0,187 |12,70 |0,784
Catolé do Rocha-Técnica 1095,72 10,134 | 12,90 | 0,794
Caturité 668,02 0,189 | 11,81 |0,747
Caturité-Fazenda 866,40 0,233 [12,02 |0,771
Conceicdo 1072,71 0,108 | 13,01 | 0,793
Condado 961,43 0,260 | 13,15 | 0,779
Conde 1321,46 |0,194 |12,63 |0,782
Conde-Gramame 1388,93 | 0,104 | 13,09 | 0,796
Congo 917,14 0,185 | 12,20 | 0,780
Coremas 1287,72 10,108 | 12,79 | 0,792
Coxixola 1205,77 (0,168 | 12,24 | 0,786
Cruz do Espirito Santo 1198,41 | 0,111 13,08 | 0,798
Cubati 745,54 0,196 | 11,86 | 0,758
Cuité 888,64 0,217 | 12,50 | 0,779
Cuité-Mamanguape 1204,48 | 0,067 | 12,82 | 0,803
Cuitegi 925,80 0,146 | 12,51 | 0,784
Curral de Cima 953,03 0,231 | 12,42 | 0,784
Curral Velho 1163,43 | 0,134 | 13,03 | 0,789
Damiao 711,39 0,164 | 11,94 | 0,752
Desterro 1101,60 | 0,204 | 12,80 | 0,785
Diamante 1108,75 |0,150 | 12,68 | 0,790
Dona Inés 573,87 0,190 | 10,23 | 0,704
Duas Estradas 975,37 0,120 | 13,04 | 0,788
Emas 1174,09 |0,129 | 13,00 | 0,795
Esperanca 849,27 0,122 | 12,31 | 0,773
Esperanca - Sdo Miguel 681,14 0,217 |12,90 | 0,760
Fagundes 831,02 0,194 | 12,68 | 0,775
Frei Martinho 827,54 0,217 | 11,29 | 0,759
Gado Bravo 768,63 0,129 | 12,71 | 0,765
Gado Bravo-Fazenda 689,15 0,100 | 12,41 | 0,739
Guarabira 1117,01 |0,114 | 13,04 | 0,798
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Estacao a b c d
Gurinhém 854,47 0,174 112,80 |0,779
Gurjao 1017,51 |0,180 | 12,07 | 0,785
Ibiara 1149,03 | 0,155 | 12,36 | 0,787
Igaracy 1379,13 | 0,112 | 13,01 | 0,791
Imaculada 1128,95 | 0,130 | 12,84 | 0,794
Inga 558,92 0,318 | 13,41 | 0,758
Itabaiana 910,31 0,181 | 12,59 | 0,783
Itaporanga 1306,73 | 0,189 | 12,82 | 0,785
Itaporanga-faz, 1173,18 10,219 | 12,46 | 0,781
Itapororoca 1116,68 | 0,121 | 13,02 | 0,796
Itatuba 785,46 0,189 | 12,46 | 0,768
Jacarau 1051,58 | 0,159 | 13,03 | 0,786
Jerico 1000,09 | 0,093 | 13,10 | 0,788
Joao Pessoa-DFAARA 1629,70 | 0,089 | 11,69 | 0,770
Joao Pessoa-Mangabeira 1695,47 |0,121 | 12,88 | 0,795
Joao Pessoa-Mares 1500,77 (0,123 | 12,98 | 0,798
Joca Claudino 1010,30 | 0,154 | 13,03 | 0,791
Juarez Tavora 836,27 0,177 | 12,80 | 0,777
Juazeirinho 1058,51 | 0,104 | 12,77 | 0,798
Junco do Seridé 1068,60 | 0,125 | 12,83 |0,795
Juripiranga 989,47 0,189 |12,83 |0,786
Juru 1026,55 |0,129 | 13,09 |0,792
Lagoa 1098,22 0,116 | 13,09 | 0,794
Lagoa de Dentro 922,81 0,158 |[13,09 | 0,789
Lagoa Seca 903,99 0,154 | 13,06 | 0,786
Lastro 949,90 0,193 | 13,07 |0,788
Lucena 1220,54 | 0,168 | 11,41 | 0,766
Maie D"4gua 113926 |0,119 | 13,10 | 0,797
Malta 1164,61 |0,171 | 13,13 | 0,789
Mamanguape 1198,00 | 0,166 | 13,13 | 0,790
Mamanguape-Asplan 1361,13 | 0,164 | 13,12 | 0,789
Manaira 1043,27 0,186 | 13,02 | 0,788
Mari 1142,73 (0,112 | 13,10 | 0,796
Marizépolis 1106,03 | 0,128 | 12,65 | 0,782
Massaranduba 785,69 0,097 | 12,79 | 0,764
Mataraca 1192,53 | 0,147 | 11,83 | 0,759
Matinhas 688,27 0,274 | 13,04 | 0,765
Mato Grosso 1120,99 | 0,087 | 13,10 | 0,792
Mogeiro 660,23 0,179 | 12,88 | 0,751
Montadas 786,32 0,067 |12,32 |0,759
Monte Horebe 1121,15 (0,103 | 13,10 | 0,797
Monteiro-Ac¢ude Por¢ao 980,50 0,109 | 13,07 |0,795
Monteiro-Embrapa 1102,05 |0,112 | 12,95 | 0,795
Mulungu 694,87 0,230 |12,93 |0,762
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Estacao a b c d
Natuba 826,95 0,243 | 11,65 |0,762
Nazarezinho 1162,73 |0,092 | 13,14 | 0,786
Nova Floresta 790,82 0,291 12,94 | 0,775
Nova Olinda 1177,81 (0,149 | 12,80 | 0,790
Nova Palmeira 727,13 0,197 | 12,12 | 0,758
Olho D"4gua 1265,13 | 0,121 | 13,08 | 0,796
Olivedos 677,14 0,178 |12,49 0,756
Ouro Velho 1131,74 | 0,162 | 12,30 | 0,787
Parari{ 1023,66 | 0,261 | 12,15 |0,772
Passagem 990,37 0,156 | 13,04 | 0,791
Patos 1034,50 | 0,199 | 12,68 | 0,784
Paulista 922,97 0,276 | 13,18 |0,780
Pedra Branca 1042,65 |0,220 | 12,59 | 0,781
Pedra Lavrada 806,99 0,189 | 12,27 | 0,768
Pedras de Fogo 1277,29 10,191 | 12,81 | 0,786
Piancé 979,14 0,182 |[12,82 |0,784
Picui 827,26 0,202 | 12,55 |0,775
Pilar 771,99 0,423 | 15,55 |0,817
Piloes 933,87 0,165 | 13,13 |0,788
Pildezinhos 1017,51 | 0,146 | 12,62 | 0,792
Pirpirituba 789,55 0,234 |12,54 0,769
Pitimbu 1309,35 |0,168 | 11,80 | 0,771
Pocinhos 581,03 0,247 112,69 |0,747
Poco Dantas 944,87 0,221 | 13,11 |0,787
Poc¢o Jose Moura 1123,88 | 0,140 | 12,70 | 0,793
Pombal 1046,55 0,186 | 11,71 | 0,756
Prata 104722 10,184 | 12,94 | 0,787
Princesa Isabel 960,04 0,193 | 12,59 | 0,782
Puxinana 714,52 0,169 | 12,65 |0,760
Queimadas 673,08 0,222 |12,69 |0,759
Quixaba 1040,88 | 0,197 | 12,69 | 0,783
Remigio 792,15 0,188 |12,35 |0,767
Riachéo 1028,96 | 0,149 | 12,59 | 0,793
Riachdo do Bacamarte 759,78 0,209 |12,23 |0,763
Riacho dos Cavalos-EMEPA 749,69 0,195 | 11,49 | 0,754
Riacho dos Cavalos-Jenipapeiro 1033,56 | 0,123 | 12,27 | 0,777
Riacho Santo Anténio 775,81 0,115 | 12,62 | 0,764
Rio Tinto 1335,12 | 0,166 | 12,53 | 0,780
Salgadinho 759,51 0,325 | 13,37 |0,776
Salgado de Sdo Felix 869,68 0,189 | 13,01 |0,782
Santa Cecilia 710,74 0,130 | 12,58 |0,753
Santa Cruz 1007,91 | 0,140 | 13,07 | 0,793
Santa Helena 1073,75 (0,198 | 12,71 | 0,784
Santa Inés 1130,92 | 0,197 | 12,47 | 0,782
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Estacao a b c d
Santa Luzia 826,44 0,115 |12,26 |0,769
Santa Luzia-Riacho 879,42 0,168 | 12,52 | 0,779
Santa Rita 1432,37 | 0,109 | 12,00 | 0,797
Santa Teresinha 1279,76 | 0,126 | 12,57 | 0,793
Santana de Mangueira 1035,89 | 0,141 | 12,95 |0,792
Santana dos Garrotes 894,08 0,260 |13,15 |0,777
Santo André 1111,54 10,192 | 12,87 |0,786
Sdo Bentinho 916,06 0,242 | 13,23 | 0,789
Sdo Bento 1052,36 | 0,137 | 12,04 | 0,766
Sdo Domingos 1229,55 0,086 | 12,90 | 0,785
S@o Domingos do Cariri 810,68 0,203 | 12,33 | 0,770
Sao Francisco 1102,56 | 0,104 | 13,06 | 0,796
Sao José Brejo do Cruz 1073,63 | 0,153 | 12,70 | 0,793
Sédo Jodo do Cariri 960,01 0,238 | 11,99 |0,774
Sao Joao do Rio do Peixe 1308,82 | 0,134 | 12,71 | 0,793
Sao Jodo do Tigre 884,30 0,148 | 12,28 |0,777
Sao José da Lagoa Tapada 611,36 0,217 | 8,19 0,654
Sédo José de Caiana 1170,24 0,182 | 12,43 | 0,785
Sao José de Espinharas 1018,40 |0,203 | 12,61 | 0,783
Sdo José de Piranhas 1131,80 | 0,161 13,05 | 0,786
Sao José de Piranhas-Arapua 1216,80 | 0,125 | 11,84 | 0,799
Sdo José de Princesa 706,63 0,219 |9,72 0,702
Sédo José do Bonfim 1174,17 |0,170 | 12,56 | 0,787
Sao Jodo do Sabugi 891,93 0,178 |12,55 ]0,781
Sao José dos Cordeiro 1363,13 | 0,150 | 11,83 | 0,792
Sao Jose dos Ramos 889,30 0,199 | 12,80 | 0,784
Sdo Mamede 1104,23 | 0,122 | 12,88 | 0,794
Sao Miguel Taipu 1122,24 | 0,150 | 12,96 | 0,792
Sdo Sebastido do Umbuzeiro 900,38 0,192 | 12,15 | 0,777
Sao Sebastido de Lagoa de Roca 827,18 0,170 | 12,56 | 0,773
Sdo Vicente do Seridd 816,00 0,212 |12,36 | 0,771
Sapé 103541 | 0,181 | 12,52 |0,783
Serra Branca 960,54 0,195 11,90 |0,779
Serra da Raiz 1201,27 10,094 | 12,88 | 0,797
Serra Grande 1148,26 | 0,155 | 13,12 | 0,783
Serra Redonda 728,49 0,202 | 12,74 | 0,764
Serraria 1011,84 | 0,178 | 13,07 | 0,789
Solanea 964,27 0,131 | 13,04 |0,793
Soledade 726,62 0,198 | 12,16 | 0,758
Soledade-Fazenda Pend. 1027,95 (0,197 | 11,98 | 0,783
Sossego 639,63 0,230 | 11,99 | 0,749
Sousa 1070,64 | 0,203 | 13,11 | 0,782
Sousa - Sao Gongalo 1399,11 | 0,119 | 13,14 | 0,797
Sumé 1025,27 (0,168 | 12,25 | 0,786
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Estacao a b c d
Sumé - Fazenda Banana 1284,50 | 0,109 | 12,26 | 0,798
Tacima 918,70 0,188 |12,23 |0,779
Taperoa 1168,79 | 0,140 | 12,63 | 0,792
Tavares 1049,05 0,138 | 12,72 | 0,793
Teixeira 1240,90 | 0,174 | 13,07 | 0,789
Triunfo 1169,19 | 0,119 | 13,04 | 0,796
Triunfo-Piloes 1083,27 | 0,089 | 12,66 | 0,806
Uiratina 1139,89 | 0,103 | 13,12 | 0,796
Umbuzeiro 841,69 0,157 |12,70 |0,776
Varzea 970,72 0,172 |12,68 |0,789
Vieirépolis 1011,67 | 0,113 | 13,05 | 0,795
Vista Serrana 1143,40 | 0,133 | 12,69 | 0,788
Zabelé 1091,58 | 0,145 | 12,64 | 0,793
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