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RESUMO 

Após a sucessiva construção de 6 grandes barragens ao longo do último século, principalmente 

após a construção da barragem de Xingó, o baixo curso do rio São Francisco (BSF) sofreu 

reduções na descarga média de água e na sua capacidade de transportar a carga sedimentar em 

direção a sua foz. Apesar disso, a discussão sobre a avaliação do papel das barragens e do clima 

nos ajustes morfológicos do rio São Francisco é escassa. Para preencher essa lacuna e avaliar o 

papel do reservatório de Xingó nos ajustes morfológicoss, esse trabalhou objetivou a 

caracterização e quantificação dos ajustes que ocorreram no BSF. Para isso foi utilizada uma 

série temporal de 35 anos, assim como dados de descarga de água e sedimentos ao longo de 17 

trechos entre a barragem de Xingó e a cidade de Penedo (estado de Alagoas). Para avaliar a 

influência das mudanças climáticas  ao longo do BSF, realizamos ajustes de regressões lineares 

confrontando dados de pluviosidade e vazão durante os períodos pré (1941-1961) e pós-Xingó 

(1995-2018). As imagens de satélite demonstraram um predominância de ajustes morfológicos 

internos ao canal em relação aos externos, com uma baixa taxa de migração lateral e uma 

pequena variação da sinuosidade do canal.Após a construção de Xingó, o percentual de barras 

de meio de canal manteve-se constante nos grupos mais próximo à barragem (G1 e G2), 

enquanto o G3 apresentou um aumento nas de leito. Entretanto, com a diminuição das vazões 

devido à redução das chuvas na bacia de drenagem, os sedimentos passaram a ser depositados 

cada vez mais próximos da barragem. Este processo levou também ao aumento da taxa de 

entrelaçamento do canal no BSF. Foi com o início desse período de seca prolongada (2013-

presente) que as maiores diminuições na largura do canal ocorreram em todos os trechos 

analisados. Esse período de estiagem foi responsável pela diminuião de 40,4% da vazão no 

período pós-Xingó, representando o principal controle das vazões de água e dos ajustes 

morfológicos decorrentes dessa diminuição. Portanto, a redução nas descargas defluentes da 

barragem de Xingó, assim como as demais localizadas rio acima, é, em grande parte, uma 

consequência da redução da pluviosidade na bacia do rio São Francisco. 

 

 

 

Palavras-chave: Rios barrados, Barragem de Xingó, Morfologia fluvial, Descarga efetiva, 

Estreitamento do canal, Mudanças climáticas. 

  



 

 

ABSTRACT 

After successive impoudments of 6 big dams stations troughout the last hundred years,  

particularly after the facility of Xingó was build , the lower course of São Francisco River 

(LSFR) suffered a reduction in the average water discharge and is no longer capable to transport 

most of sandy bed load sediments towards its mouth. Nevertlheless, a discussion assessing the 

role of dams and climate changes on the São Francisco River morphological ajdustments is 

scarce. In order to fullfill that gap and evaluate the role of Xingó´s reservoir on morphological 

adjustments we focused on the characterization and quantification of the morphological 

adjustments in the LSFR. To do so, a time series of satellite images were chosen, and water, 

sediment discharges data were used along seventeen reaches. To assess the influence of climate 

change along the drainage basin we carried out a linear regression aproach using a pre and post-

dam time series comparison along. Our satellite images demonstrate a predominance of internal 

adjustments to the channel in relation to external ones, with low values of lateral migration rate 

and little variation in channel sinuosity. After the construction of the Xingó dam, the percentage 

of sand bars remained constant in the groups closest to the dam (G1 and G2), while G3 

presented an increase in bed forms. However, with the decrease in water discharges due to the 

decrease in rainfall in the river basin, sediments started to be deposited closer and closer to the 

dam. This process is also responsible for increasing the channel interlace rate in the LSFR. It is 

during this period of prolonged drought (2013-present) that the largest decreases in channel 

width occurred in all LSFR reaches. This dry period was responsible for the 40.4% decrease in 

discharges in the post-Xingó period, representing the main control over the decrease in water 

discharge and the morphological adjustments resulting from this decrease. Thus, the reduction 

in effluent discharges from Xingó, and from other dams upstream, is largely a consequence of 

lower rainfall in the drainage basin.  

 

 

 

Keywords: Dam rivers, Xingó dam, Fluvial Morphology, Effective Discharge, Channel 

Narrowing, Cimate Changes 
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CAPÍTULO 1 – INTRODUÇÃO 

 

1.1 - Apresentação 

 

Os principais rios do planeta têm um papel central no desenvolvimento de várzeas 

e no escoamento de água e sedimentos para os oceanos (Gupta, 2007). A maioria deles 

está sujeita a barreiras naturais e mudanças de declive ao longo da área de drenagem, 

especialmente em seus trechos mais baixos, que invariavelmente forçam os cursos dos 

rios a mudanças morfológicas naturais (Schum e Lichty, 1965). No entanto, durante o 

século XX, a implantação de barragens acrescentou complexidade ao gerenciamento dos 

ajustes fluviais (Milliman, 1997; Wallick et al., 2007). Os cursos dos rios modificaram 

severamente sua trajetória espacial, mas o mais importante, também afetaram sua 

capacidade de preservar as mudanças naturais da bacia de drenagem. Consequentemente, 

os fluxos do rio a jusante alteraram suas margens e o leito ao longo do tempo (Meade, 

1996; Wohl, 2007; Ma et al., 2012). Vários pesquisadores estudaram o efeito de barragens 

em regimes de estágio de fluxo e morfologia de canal sucessiva desde o século passado 

(Gregory e Park, 1974; Petts, 1979; Galay, 1983; Williams e Wolman, 1984; Carling, 

1988; Jiongxin, 1990a. B ; Thoms e Walker, 1993; Benn e Erskine, 1994; Zhou, 1996; 

Morris e Fan, 1997; Phillips, 2003, Petts e Gurnell, 2005; Phillips et al., 2005; Magilligan 

et al. 2008; Bandeira et al. , 2008; Zahar et al., 2008; Ma et al., 2012; Zhou et al., 2015; 

Wu et al., 2015; Zhou et al., 2017., Li et al., 2018; Kong et al. , 2020; Petts e Gurnell, 

2021). 

Trabalhos detalhados contribuírampara o entendimento sobre como as descargas 

de água e sedimentos modificam a dinâmica fluvial em diferentes escalas de tempo: 

horárias até anuais (Magilligan e Nislow, 2001; Petts e Gurnell, 2005; Vericar e Batalla, 

2006; Ma et al., 2012). Um dos ajustes mais rápidos e relevantes é a diminuição das 

cheias, agora com efluências regulamentadas (Souza Filho et al., 2004; Lehner et al., 

2011; Grill et al., 2015; Roman, 2017; Best , 2019; Wang et al., 2021). Outro ajuste 

esperado diretamente relacionado a obras de engenharia (Harmar et al., 2015; Kesel, 

2003) é a redução da carga de sedimentos, que é observada em uma diversidade de rios 

barrados na América do Norte (Williams e Wolman, 1984, Jacobson et al., 2009; 

Heimann et al., 2011) e Ásia (Rustomji et al., 2008; Gupta et al., 2012, Yang et al., 2014). 

A retenção de água no reservatório da barragem leva a um declínio da capacidade natural 

de escoamento do rio a um aumento da capacidade erosiva, o que impõe ao rio uma série 
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de ajustes morfológicos (Wallin, 2006; Gupta et al., 2012). A diminuição do aporte 

sedimentar pode aumentar a capacidade de erosão devido ao de fluxo livres de sedimentos 

(Nouh, 1990; Chen et al., 2010), o que leva à degradação da margem do rio e do leito 

(Petts, 1979; Choi et al., 2005; Magilligan e Nislow, 2005; Dai e Liu, 2013). Como 

consequência adicional, os processos erosivos têm maior probabilidade de se intensificar 

na foz do rio (c; Syvitski et al., 2005; Syvitski et al., 2009). Por essas razões, muitos 

pesquisadores concentram seus esforços estudando os ajustes morfológicos indesejáveis 

mais significativos (Higgs e Petts, 1988; Zhou, 1996; Surian, 1999; Nelson et al., 2013; 

Kong et al., 2020) e a geração de modelos conceituais para quantificar o impacto em rios 

barrados (Brandt, 2000; Schimidt e Wilcock, 2008; Skalak et al., 2013; Grill et al., 2015). 

Outra questão ainda em debate é se as mudanças climáticas em curso 

(Nakicenovic et al., 2000; Marengo et al., 2012; Assis et al., 2015; Getirana, 2016; 

Marengo et al., 2017; Santos et al., 2017; Souto et al., 2019) podem desempenhar um 

papel significativo nos regimes hidrológicos e sedimentológicos nos sistemas fluviais, 

apesar da influência da barragem (De Jong, 2018; Dominguez & Guimarães, 2021), e 

qual poderia ser o principal fator de controle. A mudança climática é a resposta mais 

frequente, com as alterações resultado do efeito estufa sendo evidênciadas pela 

diminuição da pluviosidade e o aumento dos períodos de seca nas últimas décadas 

(Trenberth et al., 2014; Jenkins e Warren, 2015; Yang et al., 2015; Best, 2019). 

Adicionalmente, alguns autores argumentam que as mudanças climáticas e fatores 

antropogênicos podem reduzir a produção sedimentar de bacias de captura (Meade e 

Moody, 2010; Yang et al., 2015; Genz e Luz, 2018; Dominguez e Guimarães, 2021; Wang 

et al., 2021). Consequentemente, são esperados impactos de abastecimento e ecológicos  

(Trinity River Flow Evaluation, 1999; Brando et al., 2014; Lesk et al., 2016). Além disso, 

outros efeitos colaterais afetariam a produção de alimentos (Getirana, 2016) refletindo 

em prejuízos econômicos como na agricultura, pecuária e indústria que demandam 

abastecimento de água para operar e gerar energia elétrica (Jekins e Warren, 2015, Sun, 

2016, Lucena et al. 2009; de Jong, 2018). 

No Brasil, apesar da quantidade de rios barrados e dos efeitos causados tanto na 

paisagem quanto nas economias locais, poucos trabalhos relacionam os ajustes 

morfológicos à implantação de barragens de hidrelétricas, a exemplo dos raros trabalhos 

sobre o rio São Francisco (Borges, 2004; Stevaux et al., 2009; Fontes et al., 2009; 

Medeiros et al., 2011; Medeiros et al., 2014). O rio atualmente enfrenta problemas 

semelhantes em seu curso inferior, e a barragem de Xingó é considerada um marco nos 
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impactos ambientais (Fontes et al., 2009; Cavalcante, 2011; Santos et al., 2012). Este rio 

é o quarto maior rio da América do Sul e a principal fonte de água doce na região semi-

árida do Nordeste do Brasil, o que demonstra a importância de uma boa gestão de caráter 

nacional desta bacia. Apesar disso, estudos anteriores se concentraram em documentar 

erosões de margens em pontos específicos (por exemplo, Casado et al.2002; Fontes 2015) 

e na planície deltaica (por exemplo, Oliveira et al., 2003; Bandeira et al., 2008, 

Dominguez e Guimarães, 2021). Até o momento, poucos trabalhos investigaram ajustes 

morfológicos no baixo rio São Francisco (Cavalcante, 2011; Fontes, 2015) ou a interação 

do clima e regulação de barragens como fatores combinados que governam os ajustes 

morfológicos (Dominguez & Guimarães, 2021). 

Para abordar uma perspectiva mais ampla da influência da barragem de Xingó 

sobre a morfologia Baixo São Francisco, analisamos 17 trechos de seu baixo curso, 

localizados entre os estados de Sergipe e Alagoas, no nordeste do Brasil. Nossos objetivos 

foram caracterizar e quantificar os ajustes morfológicos considerando séries temporais de 

imagens de satélite antes e depois da construção de Xingó. Além disso, debatemos como 

as descargas controladas por Xingó afetam o padrão do canal principal descrito na 

literatura (por exemplo, Silva et al., 2010; Medeiros et al., 2014) ou se as mudanças 

climáticas influenciam os ajustes morfológicos observados. 

Os resultados dessa pesquisa foram organizados e discutidos na forma de um 

artigo científico intitulado “Multitemporal analysis of morphological adjustments in the 

Lower São Francisco River (Northeast, Brazil): impacts of the Xingó dam on river 

dynamics”, submetido à revista Geomorphology (QUALIS CAPES – A2). 

 

1.2 - Objetivos 

 

O objetivo geral da dissertação foi quantificar espacialmente e no tempo e 

identificar os principais controles das modificações geomorfológicas ocorridas em 17 

trechos, em um total de 185 km de extensão de canal no baixo curso do rio São Francisco, 

entre a barragem de Xingó e a cidade de Penedo nos últimos 35 anos. 

 

Como objetivos específicos pretendeu-se:  

 

- Analisar imagens de satélite nos 17 trechos antes e após a construção de Xingó; 
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- Quantificar variações de métricas como: sinuosidade do canal, taxa de 

entrelaçamento, largura, migração lateral e porcentagem de barras de meio de canal e 

largural do canal em cada trecho; 

- Interpretar aqueles trechos com maiores variações de cada uma das métricas 

acima; 

- Apontar os trechos mais críticos dos pontos de vista de degradação e 

assoreamento do canal; 

- Correlacionar as modificações morfológicas mais significativas com diferentes 

escalas de tempo; 

- Discutir as hipóteses de influência da barragem de Xingó, do clima e de aspectos 

naturais sobre as modificações geomorfológicas interpretadas na escala de décadas. 

 

1.3 - Localização da área 

 

O rio São Francisco se estende por aproximadamente 2.863 km e sua bacia de 

captação de drenagem totaliza 641.10³ km², dividida em quatro regiões fisiográficas: alto, 

médio, submédio e baixo, em direção a sua foz no oceano Atlântico (Bernardes, 1951; De 

Jong et al., 2018). A área de estudo está localizada no baixo curso, que foi dividida em 

trechos equidistantes de 10 km de extensão, totalizando 185 km entre a barragem de 

Xingó e a cidade de Penedo (AL) (Figura 1). 

O baixo curso é marcado por uma declividade média de 0,5 m/km. Próximo a 

barragem é marcado por uma paisagem de vale fluvial encaixado, onde o rio atravessa 

rochas ígneas e metamórficas da Faixa de Dobramentos Sergipana. À jusante, o rio 

expande a área do canal erodido rochas sedimentares da bacia de Sergipe-Alagoas 

(Fontes, 2015). Nessa mesma área, recebe o aporte sedimentar de pequenos tributários de 

natureza intermitente e efêmera, altamente dependente das características climáticas 

locais do semiárido alagoano e sergipano (Medeiros, 2011). Na proximidade das cidades 

de Propriá (SE) e Penedo (AL) o canal do rio atravessa uma planície aluvial marcada pela 

interação entre sedimentação continental fluvial e influenciada por processos costeiros 

eólicos e marinhos. 
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Figura 1. (a) Extensão da bacia do rio São Francisco desde a região Sudeste até o 

Nordeste do Brasil, (b) Regiões fisiográficas da bacia de drenagem, localização das 

grandes barragens (triângulos verdes) e estações pluviométricas (cruzes pretas), (c) 

Localização da área de estudo no Baixo Rio São Francisco entre a barragem de Xingó 

(estrela preta) e a cidade de Penedo (círculo preto). Os triângulos marrons indicam a 

localização das estações fluviométricas. Os trechos têm 10 km cada e estão numerados 

de R1 a R17. 

 

1.4 - Métodos de trabalho 

 

Foram utilizados dois tipos de materiais (imagens multitemporais de satélite e 

dados de vazão específica), aos quais foram aplicados os métodos descritos adiante. 

 

1.4.1 - Aquisição e seleção de imagens Landsat 

 

Para analisar a distribuição temporal de elementos morfológicos do canal fluvial 

foi utilizado um conjunto de treze imagens de satélite Landsat com resolução espacial de 

15 e 30 m (sensores TM, ETM + e OLI), adquirido a partir do website Earth Explorer 

(https://earthexplorer.usgs.gov) da United States Geological Survey (USGS), totalizando 

dados dos últimos 35 anos (1985 e 2020) dos 17 trechos da área de estudo. Em função da 
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diferença de resolução espacial entre imagens de diferentes anos e excesso de cobertura 

de nuvens, alguns intervalos temporais foram descartados para que a comparação do 

tamanho dos elementos morfológicos fizesse sentido. Como primeiro critério de seleção 

de intervalos de imagens foram utilizados anos-chave anteriores à construção da barragem 

de Xingó (imagens de 1985 e 1992) e posteriores ao início da regulação de vazão em 1994 

(imagens de 1996, 1998, 2001 e 2003). O segundo critério foi a adoção de anos 

posteriores aos eventos discretos de cheias registrados em 2004 e 2007 (imagens de 2004, 

2009 e 2011) e aos períodos de baixa vazão (imagens de 2013, 2018 e 2020). 

 

1.4.2 - Cálculo de métricas e análise de suas variações temporais 

 

Como forma de analisar as variações temporais de cada métrica (porcentagem de 

barras de meio de canal, sinuosidade do canal, taxa de entrelaçamento do canal, largura 

do canal, taxa de migração lateral) e investigar trechos com predomínio de assoreamento 

ou erosão do canal principal foi preciso comparar cada trecho ao longo dos intervalos de 

interesse mencionados no item anterior. Para isto foi necessário adotar a seguinte rotina 

que levou em conta o tratamento e interpretação das imagens Landsat: (1) construção de 

fotomosaicos, (2) composição de bandas, (3) Delimitação de elementos morfológicos, (4) 

Cálculo de métricas 

 

(1) Construção de fotomosaicos  

 

Foram selecionadas imagens de cada ano mencionado acima e em seguida todas 

as imagens de mesmo ano foram integradas para a construção de uma imagem integrada 

que permitisse a visualização dos 17 trechos da área de estudo. 

 

(2) Composição de bandas 

 

Como forma de destacar os corpos d’água foram selecionadas bandas individuais 

das faixas espectrais do vermelho, infravermelho próximo e infravermelho de ondas 

curtas (SWIR) para formar composições coloridas (composição RGB543 para Landsat 5 

e 7 e RGB654 para Landsat 8). As imagens Landsat 7 e Landsat 8 foram fundidas com a 

banda pancromática para aumentar a resolução espacial do pixel para 15 m. 

 



20 

 

(3) Delimitação de elementos morfológicos. 

 

O método adotado para delimitação e medição de elementos fluvio-morfológicos 

foi baseado nas propostas de Nelson et al. (2013) e Kong et al. (2020). Estes autores 

propuseram a aplicação de ferramentas em softwares GIS como forma de extrair 

informações de área das barras e a largura média do canal. No presente trabalho foram 

utilizadas ferramentas de traçado vetorial e poligonal dentro do software ArcGIS 10.4.1. 

Através dele foi possível delimitar, de forma manual, os contornos de barras de meio de 

canal, área do canal, comprimento do canal principal e dos canais secundários, em cada 

imagem ao longo da área de estudo. Da mesma forma foi mapeado o traçado que define 

o limite do canal principal com as margens do rio. As linhas centrais do canal foram 

traçadas com a ajuda da extensão River Bathymetry Toolkit importada dentro do ArcGis.  

 

(4) Cálculo de métricas 

 

Algumas métricas como área de canal, de barras de meio de canal e de barras 

alternadas foram extraídas automaticamente dentro do ArcGIS após a etapa de 

delimitação destes elementos morfológicos. O cálculo de métricas como porcentagem das 

barras de meio de canal foi realizado dividindo a área de barras pela área do canal. O 

cálculo da taxa de entrelaçamento de canal e índice de sinuosidade seguiu à proposta de 

Friend e Sinhá (1993), e a determinação da taxa de migração lateral foi baseada no método 

de Giardino e Lee (2011).  

Cada métrica foi calculada para os trechos pré-determinados (R1 à R17), e a 

porcentagem de barras de meio de canal e a largura do canal também foram utilizadas 

para a Análise de Componentes Principais (PCA) a fim de agrupar grupos com evoluções 

morfológicas semelhantes. As fórmulas utilizadas para a quantificação de cada métrica 

estão detalhadas na Tabela 1 e os valores calculados estão nos APÊNDICES deste 

volume. 
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Tabela 1. Fórmulas utilizadas para o cálculo das métricas. 

MÉTRICA FÓRMULA FONTE 

Porcentagem de barras de meio de 

canal 
𝐶𝐵% =

𝐴𝑏

𝐴𝑐
 

Modificado de Kong et al. 

(2020) 

Sinuosidade do canal 𝑃 =  
𝐿𝑐𝑚𝑎𝑥

𝐿𝑟
 Friend e Sinhá (1993) 

Taxa de entrelaçamento do canal 𝐵 =
𝐿𝑐𝑡𝑜𝑡

𝐿𝑐𝑚𝑎𝑥
 Friend e Sinhá (1993) 

Largura do canal 𝑊 =
𝐴𝑐

𝐿𝑐𝑒𝑛𝑡𝑟𝑎𝑙
 Nelson et al. (2013) 

Taxa de migração lateral 𝑀𝐿 =
𝐴𝑚

𝐿𝑐1
× 𝑡 Giardino e Lee (2011) 

 

Onde: 

Ab: área das barras de meio de canal; Ac: área do canal; Lcmax: comprimento do 

canal principal; Lr: comprimento em linha reta do canal; Lctot: somatório do comprimento 

do canal principal e dos canais secundários; Lcentral: comprimento da linha central do 

canal; Am: área do polígono formado pela migração das linhas centrais entre dois anos; 

Lc1: comprimento da linha central na data mais antiga; t: número de anos entre as datas 1 

e 2. 

 

Os elementos morfológicos, que por vezes ficavam encobertos pela presença de 

nuvens, impedia o cálculo e a comparação das áreas. Desta forma algumas imagens 

utilizadas cuja cobertura de nuvens variava entre 2% e 16%, poderia gerar o cálculo 

fictício de ausência de barras encobertas durante a extração automática da área. Para 

evitar isto, o uso de “zero” quando algum elemento estava encoberto foi substituído por 

um valor médio, calculado a partir de um dado de um ano antes e do primeiro ano 

subsequente. Valores de entradas “zero” foram considerados apenas para imagens 

relacionadas aos anos em que as barras não estavam parcialmente subaéreas, ou 

capturadas pela imagem na forma de uma duna composta sub-aquosa ou barra unitária. 

Nestes casos, as entradas “zero” foram consideradas representativas, uma vez que o 

objetivo era quantificar áreas submersas e sua variação ao longo do tempo. Nesse sentido, 

o conjunto de dados precisava primeiro ser validado e, portanto, comparado. Para tanto, 

as entradas de zero foram substituídas por pequenos valores próximos a zero (0,001) e a 

seguir atribuídos como valores mínimos.  
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Por fim, a taxa de alteração do tamanho da barra ao longo do período de 35 anos 

foi calculada dividindo os dados de 1985 por valores obtidos em 2020 de cada área. Barras 

de canal, larguras de canal, ganhos e perdas de áreas de canal também foram comparados 

por meio de uma análise de anos pareados. 

 

1.4.3 – Descarga efetiva 

 

A descarga efetiva (Qeff) relaciona-se aos principais processos morfológicos 

formadores do canal e é definida como a vazão, ou intervalo de vazões, capaz de 

transportar a maior quantidade de sedimentos (Wolman e Miller, 1960). Essa variável 

desempenha um papel relevante e mais expressivo no que diz respeito ao transporte de 

sedimentos e erosão das margens do que aquele desempenhado pela descarga d´água 

durante eventos de grandes cheias. Isto é devido a baixa frequência de recorrência do 

evento, mesmo quando comparada com a maior carga de sedimentos tais inundações 

extremas podem carregar (Stevaux e Latrubesse, 2017 ; Latrubesse, 2008). 

No presente trabalho, o cálculo da descarga efetiva foi adaptado da metodologia 

publicada por Biedenharn et al. (1999). O conjunto de dados foi adquirido do repositório 

da ANA, a partir do qual foram utilizados os valores de carga de sedimento em suspensão 

e a série histórica de vazões. Para calcular a descarga efetiva, o conjunto de dados vazão 

foi dividido em vinte intervalos iguais. Em seguida, os dados de sedimentos em suspensão 

foram convertidos para toneladas por dia, usando a equação de Colby (1957): 

 

𝑸𝒔 = 𝟎, 𝟎𝟖𝟔𝟒 × 𝑸 × 𝑪 

 

Onde: Qs representa a carga diária de sedimentos; Q é a vazão medida em m³/s; 

C é a concentração do sedimento em mg/L; e 86.400 é o tempo por dia, convertido em 

segundos. 

 

Os valores de carga de sedimentos foram então relacionados aos valores das 

vazões correspondentes, a fim de obter uma curva de carga de sedimentos aproximada, 

usando a seguinte fórmula: 

𝑸𝒕𝒔 = 𝒂𝑸𝒃 
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Onde: Qts representa a descarga total de sedimentos; Q é a vazão média de uma 

classe; a e b correspondem aos parâmetros ajustados em cada estação. 

 

1.4.4 – Quantificação dos impactos das mudanças climáticas sobre a descarga de água 

 

O método proposto por Yang et al. (2015) foi utilizado para a quantificação dos 

impactos causadas pelas mudanças de pluviosidade na bacia de drenagem. Para isso, 

estações pluviométricas localizadas ao longo de toda a bacia foram utilizadas (Figura 1b). 

Dados do período pós-Xingó (1995-2018) serviram como análise do comportamento da 

descarga de água (Q) em função da precipitação (P) (ver equação abaixo). Esses dados 

foram usados para prever os valores de vazão do período pré-Xingó (194-1961) baseado 

no acumulado mensal de chuvas. A diferença entre a vazão obtida através do ajuste da 

equação linear e a vazão observada nas estações fluviométricas da área de estudo 

representa o impacto causado pela mudança do regime pluviométrico da bacia. 

 

𝑸 = 𝟓𝟐. 𝟒𝟒𝟏 𝑷 − 𝟐𝟑𝟒𝟓. 𝟑    ;       𝑹² = 𝟎. 𝟕𝟗 
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Abstract  

After successive big dams were built throughout the last hundred years, and particularly 

after the facility of Xingó became operational, the lower course of the São Francisco River 

(LSFR) suffered a reduction in the average water discharge and is no longer capable of 

transporting most of the sandy bedload downstream. Nevertheless, assessing the role of dams or 

climate change on the São Francisco River morphological adjustments is difficult and scarce in 

the literature. In order to fulfill that gap and evaluate the role of Xingó's reservoir on 

morphological adjustments, we focused on the characterization and quantification of the 

morphological adjustments in the LSFR. A time series of satellite images, water, and sediment 

discharge data were used along seventeen reaches between Xingó and Penedo. To assess the 

influence of climate change along the drainage basin, we carried out a linear regression approach 

using a pre and post-dam time series comparison. Our satellite image analysis demonstrates a 

predominance of internal adjustments to the channel over external ones, with low values of lateral 

migration rate and slight variation in channel sinuosity. After the construction of the Xingó dam, 

the percentage of sandy bars remained constant in the groups closest to the dam (G1 and G2), 

while G3 presented an increase in bedforms. However, with the decrease in water discharges 

accompanied by rainfall in the river basin, sediments settled closer to the dam. This process is 

also responsible for increasing the channel interlace rate in the LSFR. During the prolonged 

drought (2013-present), the most significant decreases in channel width occurred in all LSFR 

reaches. This dry period was responsible for a 40.4% decrease in discharges in the post-Xingó 

period, representing the primary control over the decrease in water discharge affecting fluvial 

morphological elements downstream of Xingó. Thus, the reduction of Xingó's and other upstream 

dam outflows is essentially a consequence of lower rainfall in the whole drainage basin. 

Keywords: Dam rivers, Xingó dam, Fluvial Morphology, Effective Discharge, Channel 

Narrowing, Climate Changes 
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1. Introduction 

 

Major rivers on the planet have a central role in developing floodplains and draining water 

and sediments to the oceans (Gupta, 2007). Most of them are prone to natural barriers and slope 

changes across the drainage area, especially in their lower reaches, which invariably force river 

courses to natural morphological shifts (Schum and Lichty, 1965). However, during the twentieth 

century, the implementation of dams added complexity to the management of fluvial adjustments 

(Milliman, 1997; Wallick et al., 2007). River courses had not only severely modified their spatial 

trajectory, but most importantly, it affected their capacity to preserve natural changes of water 

drainage. Consequently, the downstream river flows altered river banks and riverbed over time 

(Meade, 1996; Wohl, 2007; Ma et al., 2012). Several researchers have studied the effect of dams 

on flow stage regimes and successive channel morphology since the last century (Gregory e Park, 

1974; Petts, 1979; Galay, 1983; Williams e Wolman, 1984; Carling, 1988; Jiongxin, 1990a. b; 

Thoms e Walker, 1993; Benn e Erskine, 1994; Zhou, 1996; Morris e Fan, 1997; Phillips, 2003, 

Petts e Gurnell, 2005; Phillips et al., 2005; Magilligan et al. 2008; Bandeira et al., 2008; Zahar et 

al., 2008; Ma et al., 2012; Zhou et al., 2015; Wu et al., 2015; Zhou et al., 2017., Li et al., 2018; 

Kong et al., 2020; Petts e Gurnell, 2021). 

Detailed works contributed on how water discharges and sediments modify fluvial 

dynamics in different time scales: hourly to yearly (Magilligan and Nislow, 2001; Petts and 

Gurnell, 2005; Vericar and Batalla, 2006; Ma et al., 2012). One of the quickest and most relevant 

adjustments is the reduced number of high peak discharges, now discharged as regulated outflows 

(Souza Filho et al., 2004; Lehner et al., 2011; Grill et al., 2015; Roman, 2017; Best, 2019; Wang 

et al., 2021). Another expected adjustment directly related to engineering projects (Harmar et al., 

2015; Kesel, 2003) is the reduced sediment load, which is observed in a diversity of barried rivers 

in North America (Williams and Wolman, 1984, Jacobson et al., 2009; Heimann et al., 2011), and 

Asia (Rustomji et al., 2008; Gupta et al., 2012, Yang et al., 2014). Retained water at the dam 

reservoir leads to a decline in the river's natural flow capacity to transport and erode, which 
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imposes the river to a series of morphological adjustments (Wallin, 2006; Gupta et al., 2012). The 

stabilization of sedimentological at low-flow stages can increase the rate of free flow sediments 

erosion (Nouh, 1990; Chen et al., 2010), followed by the river bank and degradational bed 

processes (Petts, 1979; Choi et al., 2005; Magilligan and Nislow, 2005; Dai and Liu, 2013). As 

an unintended consequence, erosive processes are more likely to intensify at the river mouth (c; 

Syvitski et al., 2005; Syvitski et al., 2009). For that reasons, many researchers focus their efforts, 

either studying the most significant undesired planform morphological adjustments (Higgs and 

Petts, 1988; Zhou, 1996; Surian, 1999; Nelson et al., 2013; Kong et al., 2020) and the generation 

of conceptual models to quantify the impact in dam rivers (Brandt, 2000; Schimidt and Wilcock, 

2008; Skalak et al., 2013; Grill et al., 2015). 

Another question still under debate is whether ongoing climate changes (Nakicenovic et 

al., 2000; Marengo et al., 2012; Assis et al., 2015; Getirana, 2016; Marengo et al., 2017; Santos 

et al., 2017; Souto et al., 2019) can play a significant role upon hydrological and sedimentological 

regimes downstream, despite the dam's influence (De Jong, 2018; Dominguez & Guimarães, 

2021), and which one could be the best candidates to controlling factors. Climate change is the 

most frequent answer, and greenhouse the driving engine as evidenced by the diminished 

pluviosity rates and the outnumbered register of droughts in the last decades (Trenberth et al., 

2014; Jenkins and Warren, 2015; Best, 2019). Prolonged drought periods have caused declining 

water (Yang et al., 2015). However, some authors argue that climate change and anthropogenic 

factors can reduce the sedimentary yield of capture basins (Meade and Moody, 2010; Yang et al., 

2015; Genz and Luz, 2018; Dominguez and Guimarães, 2021; Wang et al., 2021). Consequently, 

a direct impact would be expected on water supply and ecology (Trinity River Flow Evaluation, 

1999; Brando et al., 2014; Lesk et al., 2016). Moreover, other side effects would affect the food 

chain production (Getirana, 2016) reflected in damaging economies based on agriculture, 

livestock, and industry that demand water supplies to operate and generate electric power (Jekins 

and Warren, 2015, Sun, 2016, Lucena et al. 2009; de Jong, 2018).  

In Brazil, despite the number of dam rivers and the effects caused to both landscape and 

local economies, few works link the unintended morphological adjustments to the implementation 
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of electric power dams except for the case of the São Francisco River (Borges, 2004; Stevaux et 

al., 2009; Fontes et al., 2009; Medeiros et al., 2011; Medeiros et al., 2014). The river is currently 

facing similar issues on its lower course, and the Xingó dam is considered a milestone in 

environmental impacts in lowland areas (Fontes et al., 2009; Cavalcante, 2011; Santos et al., 

2012). This river is the fourth largest river in South America and the primary source of fresh water 

in the semi-arid region of northeastern Brazil, which denotes the importance of the national 

management of this basin. Despite this, previous studies have focused on documenting bank 

erosions at specific points sites (e.g., Casado et al.2002; Fontes 2015) and in the deltaic plain 

(e.g., Oliveira et al., 2003; Bandeira et al., 2008, Dominguez and Guimarăes, 2021). To date, few 

works investigated morphological adjustments in the lower São Francisco River (LSFR) 

(Cavalcante, 2011; Fontes, 2015) or the interplay of climate and dam regulation as combined 

factors governing morphological adjustments (Dominguez & Guimarães, 2021). 

To address a major perspective of the direct influence of the Xingó Dam operation over 

geomorphological building blocks of the Lower São Francisco River, we aimed for 17 reaches of 

its lower course, located between Sergipe and Alagoas States, in northeast Brazil. Our goals were 

to characterize and quantify the morphological adjustments by considering two time series of 

satellite images before and after Xingó's construction. Moreover, we debated whether the 

controlled discharges from the Xingó reservoir entirely affect the main channel pattern described 

in the literature (e.g., Silva et al., 2010; Medeiros et al., 2014) or if climate changes still influence 

the downstream morphological adjustments observed. 

 

2. Regional setting 

2.1. Study area 

The São Francisco River is the fourth largest river in South America, with an extension 

of roughly 2,863 km long and a capture basin that totalizes 641 x 103 km2 (Fig. 1a), divided into 

four physiographic regions: upper (USFR), middle (MSFR), sub-middle (SMSFR), and lower 

(LSFR) courses (Fig. 1b), towards its mouth in the Atlantic Ocean (Bernardes, 1951; De Jong et 

al., 2018). 



38 

 

 

Fig. 1. (a) São Francisco River Watershed in Southeast and Northeast Brazil. (b) Four 

physiographies domains across the river course are divided into upper regions: the Canastra Hills, 

where the headwaters are, middle, sub-middle, and lower courses at the coastal plain, where main 

depositional processes occur. (c) Digital Elevation Model of the São Francisco River basin and 

the distribution of the seventeen studied reaches across the lower river course, from the Xingó 

Lake to the City of Penedo. 

A series of dams were constructed in the last hundred years, severely modifying the 

fluvial geomorphology (e.g., Oliveira et al., 2003; Santos et al., 2012). The first dams began with 

the Rio das Pedras and Pararúna installations in 1908 and 1927 in Minas Gerais. In the coming 

decades, six big dams were to become operational in the upstream catchment areas, among them: 

Paulo Afonso (1954), Três Marias (1962), Apolônio Sales (1977), Sobradinho (1979), Luiz 

Gonzaga (1988), and the most downstream recent barrier imposed on the river is Xingó dam, 

which became fully operational in 1994 (Fig. 1b). It is considered a milestone concerning 

environmental impacts on the lower reaches of the river. 

The study area is located at the Lower São Francisco River (LSFR), in a stretch of 

approximately 185 km between the Xingó dam and the Penedo city, which was subdivided into 
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reaches of ~10 km (R1-R17) (Fig. 1c). In this region, the main channel has a north-west-south-

east direction that defines the boundary between Sergipe and Alagoas states towards its mouth, in 

northeastern Brazil. LSFR has a variable trajectory from a north-west-southeast trend to an east-

west direction, behaving primarily as a braided style, although various degrees of sinuosity may 

occur (Fontes 2003).  

2.2. Regional morphology and geology 

The current active channel passes through different geological terrains that control the 

geomorphology and sinuosity of the channel (Fontes 2015). The river valley cuts through the 

upstream sections (R1 to R5). It runs through igneous and metamorphic rocks of the Pre-Cambrian 

Age of the Sergipano Belt along a pediplane surface geomorphic unit (França, 1979), tributed by 

Jacaré and Ribeira do Capiá rivers, on the São Francisco River Canyon. In this region, the 

landscape is dominated by a single, straight and narrow channel, mainly composed of igneous 

and metamorphic substrates, rocky islands, and rare stretches of deltaic sand. From Pão de Açúcar 

to the Propriá stations, Ipanema, Capivara, and Traipu rivers feed São Francisco River, which 

flows through a pediplane surface unit that transitions to a hill zone geomorphic unit (reaches R8 

to R14). From the city of Propriá eastwards, the river expands the channel belt and the flood plain 

areas, as it crosses the sedimentary rocks of the Sergipe-Alagoas Basin, sculping through a coastal 

tableland beach ridges towards the city of Penedo (reaches R14 to R17). 

 2.3. Climatology and hydrology 

The São Francisco watershed has undergone long-term rainfall changes, dating back to 

the early Holocene period, as evidenced by Stríkis et al. (2011) and Novello et al. (2012). When 

it comes to a century time-scale, pluviometrical numbers have declined by 25% since 1961 in the 

basin (De Jong et al., 2018). In the 1990s, the downward trend increased, especially in the 

headwaters of the São Francisco River (De Jong, 2018). The dry period worsened after 2013 when 

the entire watershed significantly reduced accumulated annual precipitation (Fig. 2a). Therefore, 

reservoir volumes in the dam cascade were impacted. Historically, these reservoirs have high 

intra-annual variability, between 50% and close to their maximum capacity, respectively, in the 
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seasonally dry and wet periods. However, in 2013, the volume of the reservoirs remained below 

30%, reaching critical values of 5% in 2015 and 2017 (Fig. 2b). 

 

Fig. 2. (a) Moving average of 24 months of precipitation in the Sao Francisco River Basin 

from 1995 to 2018 (orange line). b) Monthly reservoir volumes for the Tres Marias (TMD), 

Sobradinho (SD) and Luiz Gonzaga (LGD) dams from 1999 to 2020. The blue lines represent the 

change between January and June, and the red lines indicate reservoir volumes from July to 

December. Data source: ONS (2020) and ANA (2020). 

Today, the river basin is sensitive to microclimatic regimes that differ in course. On the 

one hand, the upper river course runs across the Canastra Hills, located in the highlands of Minas 

Gerais State, southeast of Brazil, where a humid climate, controlled by altitude prevails, and rainy 

seasons are concentrated in few months of the year, commonly associated to the summer of the 

southern hemisphere, reaching average marks of up to 1,500 mm per year. On the other hand, 

downstream regions located in the coastal plains, in the lower river course are influenced by a 

much drier climate condition, making this number be reduced to 500 mm/year, except for a small 

strip close to the coast, with rainfall reaching 1,000 mm/year (Gens and Luz, 2012; Dominguez 

and Guimarães, 2021). Such a contrast with the control of rainfall is evident across the basin, 

contributing to different quantities of the total flow into the basin. The upper river course drains 

approximately 70% out of its total streamflow across the entire basin, while the middle and sub 
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middle regions account for 20%, and the lowlands of the lower course, up to the river mouth, 

contributes with 10% (Bandeira et al., 2008; Bandeira et al., 2013; Viviroli e Weingartner, 2004). 

Along the river, a series of dams affect outflows into the lower reaches of the basin. The largest 

reservoirs in the basin are those with the regulatory capacity for discharges (e.g., Três Marias, 

Sobradinho, and Luiz Gonzaga dams), respectively, with reservoir volumes around 21, 34, and 

11 km³ (Traini et al., 2012; Dominguez and Guimarães, 2021). Over the last 26 years, since the 

construction of the Xingó power plant, the lower reaches of the main river have been dramatically 

affected. Fontes et al. (2009) reported that flow rates have been highly controlled after the whole 

operation of Xingó, which led to a decrease from 3,169 m³/s by the beginning of the 1990s to 

1936 m³/s by the end of the 2000s decade. Medeiros et al. (2014) also provided similar evidence, 

which documented a reduction of 3 136 m³/s to 2 204 m³/s during the same period. 

In 2001, a significant reduction in flow occurred to stabilize water volumes within 

reservoirs to ensure efficient electricity generation during Brazil's worst electricity crisis. In the 

years of 2004 and 2007, however, the flow rate increased as a result of two anomalous rainfall 

events, a combination of natural tributary flows into the trunk river and the release of water 

volumes after Xingó reached its maximum operational limit during this flood event (Cavalcanti, 

2004a, 2004b, 2007a, 2007b; Medeiros et al. 2011,). In 2013 a second major discharge rate 

reduction, forced by a prolonged drought in the catchment area, lowered flow rates below 1,000 

m3/s for the first time in a century, according to the Brazilian Water National Regulatory Agency 

– ANA (Fig. 3). From 2013 to 2019, the same organization authorized the continued reduction of 

releases to a lower operating limit of 550 m3/s. In 2020, the increasing amount of precipitation 

on the lower watershed overflowed the tributaries near Propriá. Consequently, high turbidity 

levels in river water were recorded by two discharge control stations (Pão de Açúcar and Propriá). 

In order to bring the levels back to normal, discharge rates rose to 1,600 m³/s in July 2020. 

It is worth mentioning that after Sobradinho Dam was constructed in 1985 and before 

Xingó Dam was operational in 1994, the lower São Francisco River basin suffered from flooding 

events (Fig. 3a) which contributed to the decrease in the intensity and frequency of recurrences 

between floods. During the onset of Xingó's operation in 1994 and 2012, the mean monthly 
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discharge remained constant, and high flow stage events became rare, except for the two flood 

events registered in 2004 and 2007 (Fig. 3b). 

 

Fig. 3. Measured flow changes at Propriá and Pão de Açúcar stations over the past four 

decades in the lower reaches of the São Francisco River. The arrows indicate the dates the satellite 

imagery was acquired. The red dashed line shows the date on which the Xingó Dam became fully 

operational in December 1994. (b) Variation of the monthly average of discharge at the Pão de 

Açúcar Station. Data source: ANA (2020). 

 

2.4. Fluvial sedimentary processes  

The full operation of powerplants along the São Francisco River course has also affected 

sedimentary yield throughout the years, as a response to the increased volume of sediment 

accumulation at the upstream reservoirs, especially in the Três Marias and Sobradinho lakes 
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(Lima et al., 2001; Bandeira et al., 2008, Syvitski et al., 2009; Silva et al. 2016, Best, 2019). 

Besides, most of the suspended load that reaches the trunk river has low production rates in the 

lower course (Medeiros, 2003; Knoppers et al., 2005). It is estimated that the São Francisco's river 

suffered a sediment yield reduction from approximately 6×106 ton/year in 1975 to less than 

0.5×106 ton/year after 1994 (Fontes et al., 2009; Silva et al., 2010).  

According to Fontes et al. (2009), morphological changes occurred due to bank erosion 

in the extension between Xingó and the river's mouth, and erosive sites being mostly concentrated 

downstream from Propriá. Similarly, Cavalcante (2011) showed that erosive processes had taken 

place, with rates rising primarily on the banks of the south channel. In addition to this, it is possible 

to observe through the cross-sections of the repository of the Brazilian Water National Regulatory 

Agency that the channel has been suffering bed erosion, causing bed degradation (Fig. 4). 

Cavalcante (2011) observed some lateral shifts in the main channel, contradicting the floodplain's 

expected river configuration. In both publications, erosion rates were considered to be dependent 

on sedimentological and geotechnical features of the riverbank and the actual dynamics of river 

flows. Based on lithological, topographical, and structural features, the lower reaches of the São 

Francisco River were divided into five segments (Fontes 2003). 

Given these aspects, the sections closest to the Xingó dam are more susceptible to bank 

and bed erosion caused by a decrease in suspended load input. The eroded sandy sediments would, 

in turn, be transported and deposited across sections further downstream near the town of Propriá. 

At these sites, the channel would have more mesoform, increasing braiding rates and eroding river 

banks due to diverging river flows. 
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Fig. 4. Elevation of the channel bed at Pão-de-Açúcar (PA station) and Propriá stations 

(PR station). Cross-section measurements indicate that channel degradation predominated until 

2008. * Elevation is relative to an arbitrary datum—data source: ANA (2020). 

 

3. Material and methods  

3.1 Channel mask and metrics 

 

Channel morphological variation was analyzed using thirteen Landsat satellite images 

(TM, ETM, and OLI sensors), downloaded from the USGS Earth Explorer home page 

(https://earthexplorer.usgs.gov), totaling a thirty-three-year imaging dataset. Set 30 m spatial 

resolution images for the same area along the whole time and the recognition of critical years 

before (1985 and 1992) and after Xingó dam operation (1996, 1998, 2001, and 2003), after the 

great floods of 2004 and 2007 (2004, 2009 and 2011) and periods of low flow discharge (2013, 

2018 and 2020) were used as criteria to the selection of images. The images used reflect periods 



45 

 

of low flow each year. This criterion was adopted to maintain the comparative factor during the 

time studied because images of high seasonal water flows could mask the analyzed morphological 

adjustments (Table 1). 

 

Table 1. Year, sensor (TM: Thematic Mapper, ETM+: Enhanced Thematic Mapper Plus, 

OLI: Operational Land Imager), cloud cover, and mean daily discharge from São Francisco River 

within the selected satellite images. (*) The last satellite image was obtained in October 2020. 

Discharge data for that date are not yet available in the Brazilian Water National Regulatory 

Agency's repository. However, communications from the company that manages the dam 

reported an increased discharge of 2,000 m³/s on October 5th, 2020. 

Year Sensor  
Cloud 

cover 

Discharge (m³/s) 

Pão de 

Açúcar station 

Propriá 

station 

1985 TM 8.0 2,327 1,924 

1992 TM 10.5 2,267 1,929 

1996 TM 14.0 1,588 1,546 

1998 TM 8.0 2,108 2,000 

2001 ETM+ 5.0 1,572 1,318 

2003 ETM+ 5.0 1,951 1,799 

2004 TM 13.0 1,580 1,474 

2009 TM 14.0 1,697 1,865 

2011 TM 16.0 1,806 1,691 

2013 OLI 4.6 1,217 1,305 

2018 OLI 2.5 795 890 

2020 OLI 3.3 >2,000* >2,000* 
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Images from the same year were joined to build a photomosaic. Red, near-infrared, and 

short-wave infrared bands were used to build up colored composite layered bands so that water 

bodies could be highlighted (composition RGB543 for Landsat 5 and 7 and RGB654 for Landsat 

8). Landsat 7 and Landsat 8 images were submitted to a band fusion with the panchromatic band 

to enhance the spatial resolution to 15 m pixels (Fig. 5). Photomosaics were later organized in 

seventeen areas for each chosen year, from the nearest to Xingó dam to the most distant ones, 

more than halfway to the river mouth, around the city of Penedo. 

 

Fig. 5. Flowchart of methodological steps. (a) Procedures for the quantification of 

morphological adjustments from satellite images. (b) Data used from the fluviometric database 
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made available by ANA and procedures for the identification of effective discharge. (c) Rainfall 

data used to quantify the impacts caused by reduced rainfall on water discharge. 

 

The structure contour of morphological elements such as bars and channel bank were 

manually traced on each image across the river course, with the help of a tracing tool using a GIS 

program (ArcGIS 10.4.1), as the automatic extraction did not present reliable results for the study 

area. That allowed to draw polygons, then later used to extract the size of each mid-channel bar 

and the channel width, the last one according to the methodology proposed by Nelson et al. 

(2013). The area of the mid-channel bars was later divided by the area of the channel mask to 

obtain the percentage of mid-channel bars. Likewise, river bank lines were mapped. On the one 

hand, the length of the main channel and the secondary channels were also extracted manually. 

On the other hand, middle channel lines were traced with the help of the River Bathymetry 

Toolkit from the arc toolbox. Both were combined so that other metrics could be calculated, such 

as braid-channel ratio and sinuosity index (Friend and Sinhá, 1993), lateral migration rate 

(Giardino and Lee, 2011. Initially, the metrics were analyzed individually for each reach (R1-

R17) to quantify the morphological adjustments. In order to avoid bias in the grouping, Principal 

Component Analysis (PCA) was applied using the independent variables of the percentage of 

mid-channel bars, and channel width for clustering reaches with similar morphological 

evolutions. 

Morphological elements were sometimes covered by clouds, which prevented the 

calculation and comparison of areas. In this work, the cloud cover varies between 2% and 16% 

(Table 1). In order to avoid the use of "zero entries" that would not reflect their real sizes instead, 

each "zero value" was replaced by an average value, calculated using a datum from one year 

before and from the first year after with a valid value. Zero entries were only considered for 

images related to years when bars were not partially subaerial or captured in the image in the form 

of a subaqueous compound dune or unit bar. In these cases, zero entries are representative since 

the goal is to quantify subaerial areas and their variation through time. In this sense, the dataset 

needed first to be validated and thus compared. In order to do so, zero entries were replaced by 
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small values close to zero (0.001) and then attributed as minimum values. Eventually, bar size-

changing rates over the 35 years were calculated by dividing data from 1985 by values obtained 

in 2020 of each area. A paired years analysis also compared channel bars, channel widths, channel 

area gains, and losses. 

 

3.2 Effective discharge 

 Effective discharge (Qeff) relates to the main morphological formative channel 

processes, and it is defined as the flow rate or the interval of flow rates capable of transporting 

the greatest amount of sediments (Wolman and Miller, 1960). This variable plays a relevant role, 

which is greater than extreme flooding events when it comes to sediment transportation and bank 

erosion, once, despite the greatest sediment load extreme flooding can carry, it is conditioned to 

a low recurrence frequency (Stevaux and Latrubesse, 2017; Latrubesse, 2008).  

In the present work, the effective discharge was adapted from the methodology proposed 

by Biedenharn et al. (1999). The data set was acquired from the ANA database, from which the 

suspended sediment concentration values were collected. The used data set was organized 

between the years pre-dating the construction of the Xingó power station, between 1978 and 1994, 

and for the post-dam period from 1995 to 2018. To calculate the effective discharge, the flow 

rates data set was primarily divided into twenty equal intervals. Then, the suspended sediment 

concentration data were converted to tons per day by using the equation of Colby (1957): 

                                                         𝑄𝑠 = 0.0864 × 𝑄 × 𝐶                                                (eq. 

1) 

where: Qs represents diary sediment load; Q is the measured discharge in m³/s; C is the 

sediment concentration in mg/L, and 0.0864 is the conversion factor of seconds per day. 

 Sediment load values were then related to the corresponding flow rate values to obtain an 

approximate sediment load curve by using the following formula:  

                                                                 𝑄𝑡𝑠 = 𝑎𝑄𝑏                                                             (eq. 

2) 
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Where: Qts represents the total sediment discharge; Q is the mean flow rate of a class; a 

and b correspond to parameters adjusted on each station. 

Total sediment discharge of each flow rate class was obtained with the application of 

equation 2. The obtained value was multiplied by the number of days in which flow rates were 

registered for each class. Furthermore, the effective discharge measured represents a class of flow 

rate capable of transporting the greatest amount of sediments. 

 

3.3 Quantifying the impacts on water discharge as a function of changes in rainfall 

The methodology proposed by Yang et al. (2015) was used to quantify the impacts caused 

by changes in rainfall on water discharge in the LSFR. For this, rainfall stations throughout the 

basin were used as data input (see Fig. 1b). Data from the post-Xingó period (1993-2018) were 

used to analyze water discharge data (Q) as a function of precipitation (P) (eq. 3). These data were 

used to predict the flows of the period before the construction of large dams (1941-1961) based 

on accumulated monthly rainfall (Fig. 5c). The difference between the water discharge obtained 

through the adjusted linear equation and the data observed in the fluviometric stations in the LSFR 

in the pre-large dam period represents the impact caused by climate change. 

… … … … … … . . 𝑄 = 52.441 𝑃 − 2345.3    ;       𝑅² = 0.79………………………..(eq.3) 
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4. Results 

 

Principal Component Analysis (PCA) allowed individualizing three groups according to 

their mid-channel bars and channel width (Fig. 5a). Thus, group 1 (G1) puts together the most 

upstream reaches from R1 to R5, group 2 (G2) clusters the medium course reaches, from R6 to 

R12, and group 3 (G3) clusters the most downstream reaches, from R13 to R17 (see Appendix – 

Table 1 and 4). G1 is characterized by steep banks composed of basement rocks, where the 

channel is narrow and forms a canyon shape (Fig. 5b). At this point, the river is sourced by 

sediments at the confluence of small tributaries that form a fan-like deposit (Fig. 5c). Group 2, in 

turn, exhibits weaker bank angles along the banks of the river, more frequent underwater bed 

forms, and larger mid-channel bars (Fig. 6d). Finally, Group 3 extends along an alluvial plain, 

where large vegetated islands are found, and the main channel widens. (Fig. 6e). 
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Fig. 5. (a) Principal Component Analysis Clustering Group 1 (G1), Group 2 (G2), and 

Group 3 (G3), based on the calculated percentage of mid-channel bars and channel width. b) 

Canyons of the São Francisco River near the Xingó Dam, a morphological feature of Group 1. c) 

Fan Deposition at the confluence with the Jacaré River d) General view of the main channel and 

mid-channel bars in Group 2. e) Large vegetation islands on the main channel and floodplain to 

the left of Group 3. Images of the river were acquired from remotely piloted aircraft (RPA) in 

February 2021. 

 

4.1 Percentage of mid-channel bars  
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Mid-channel bars and vegetation-stabilized islands were measured on seventeen sections 

of the lower Sao Francisco River. During 35 years (1985 to 2020), the area in the main river 

channel, occupied by mid-channel bars, varied from none in reach 2 and 10 (G1) to a maximum 

of 51.4% in reach 16 (G3). A minimum mean value was found in sections near the dam (G1), 

increasing to more downstream zones (G2 and G3, respectively) (see Appendix – Table 1). 

G1 comprises the slightest mid-channel bars variation. From 1985-1996 there were no 

register and in 2018 reach 5 registered 13.7%, exibiting a mean value of 1.7% in G1. G2 clusters 

the reaches where the bar sizes were more variable in time downstream of the Xingó dam, 

showing a mean value of 13.0%, from not detected in reach 10 (1985) to 34.7% in reach 6 (2018). 

G3 clusters have a significant proportion of mid-channel bars with an average value of 32.9%. 

The low cut line is about 16.5% (2018), and the high cut line is about 51.4% (2020), respectively, 

at 15 and 16. 

 

Compared to a temporal scale, G1 and G2 showed a discrete average trend in the growth 

of middle channel bars until 2009. Both groups showed a considerable increase from that year 

and at a higher rate in G2. Nevertheless, the G3 had a moderate growth pattern, as evidenced by 

discrete area losses in 1992 and 2004 and gains in 1996, 2003, 2009, and 2020 (Fig. 7). 
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Fig. 6. The temporal scale evolution of metrics at the upstream (G1), medium (G2), and 

downstream courses (G3): (a) mid-channel bars index, (b) channel sinuosity, (c) braid-channel 

ratio, d) channel width variation, e) lateral migration rate. The dotted vertical line shows the start 

of the Xingó dam operation in 1994. 

 

G1 and G2 could be divided into three-time intervals: (1) from 1985 to 2009 when the 

percentage of mid-channel bars was low and stabilized, respectively, around 1.2% and 10.5%; (2) 

from 2011 to 2018, when mid-channel bars had the fastest increasing rates pushed by reaches 1 
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and reach 5 (G1) and by reaches 9, 10 and 11 (G2). Thus, although the exposure area of the middle 

channel bars rose slightly between 1992 and 2009 (Fig. 7), the number of exposed bedforms 

underwent a substantial increase until 2018 (Table 2), followed by a slight reduction after the 

increasing number of outflow rates operated by the Xingó Dam in 2020; and (3) from 2018 to 

2020, when channel bars occupation rates decreased from 5.8% to 0.6% in G1 and from 24.5% 

to 16.4% in G2. 

 

 

Fig. 7. Contrasting growth modes of the midchannel and alternating bars separated by 

G1, G2, and G3. (a) G1 showed that mid-channel bars growth is primarily controlled by the 

exposure of newly underwater dune forms. (b,c). Growth refers to the lateral and downstream 

expansion of pre-existing or rarely alternating middle channel bars (c). All images were taken 

under the same flow regime. 
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Table 2. Evolution of midchannel bars (mean and count size) from 1985 to 2020 in G1, 

G2, and G3. The average bar count is not a whole number as it is the average of the reaches that 

constitute each group. 

 

Year of 

satellite 

imagery 

G1 G2 G3 

Km² 

Average 

counting 

Km² 

Average 

counting 

Km² 

Average 

counting 

1985 0.1 2.8 3.6 4.7 4.1 9.8 

1992 0.2 2.6 3.7 5.6 4.5 9.2 

1996 0.3 1.6 2.4 9.0 3.3 12.8 

1998 0.2 3.0 2.2 8.4 2.9 11.8 

2001 0.5 3.2 2.7 9.0 3.0 13.8 

2003 0.6 3.4 2.8 8.9 3.1 10.2 

2004 0.6 2.8 2.9 10.1 3.4 10.0 

2009 0.3 1.8 2.6 10.4 3.1 11.6 

2011 0.4 2.2 2.9 11.3 3.4 12.0 

2013 0.8 4.6 3.3 11.1 4.5 13.8 

2018 1.6 5.8 5.1 11.7 6.8 12.4 

2020 3.0 3.4 3.5 16.3 4.5 14.2 

 

G3, on the other hand, represents at the same time the significant number of channel bars 

preserved on each year and the most prolonged period of bars stabilization (2003 to 2018), 

revealing two well-defined periods of growing tendencies, from 1996 to 2003, from 2018 to 2020. 

In contrast, the following periods (1985-1992, 2003-2004, 2011-2018) registered a slight decrease 
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in the number of mid-channel bars. Unlike the behavior observed for G2 in which mid-channel 

bars respond to the accumulation of newly exposed bedforms inside the main channel (Fig. 7a), 

the size growth of the exposed bars for G3 results from sediment aggradation on pre-existing 

sedimentary mesoforms, which expand laterally and downstream. 

Reaches that had increased mid-channel bars alternate with those where bars decreased 

before the Xingó Dam became operational. Nevertheless, when individual reaches are taken into 

account, the rates of eroded bars are much lower than rates of newly exposed or accretion bars 

(Fig. 8a). There is a predominance of sections in which channel bars increased after the Xingó 

regulation, compared to six sections in which the total size of bars in the area declined. The total 

area of bar sizes on individual reaches has increased by more than 95% in four of them (2, 10, 11, 

and 12), and the others have grown above 15% (Fig. 8b). 

 

Fig. 8. Distribution of gains and loss rates of bar sizes. (a) Before and (b) after Xingó 

Dam became operational. 



57 

 

 

4.2 Channel sinuosity and braid-channel ratios 

 

The Channel Sinuosity Index varied from a minimum of 1.02 in Segment 4 (G1) upstream 

to a maximum of 1.38 in Segment 16 downstream (G3) of the River Course. However, from 1985 

to 2020, sinuosity showed few variations, showing a discrete growing tendency from 2011 to 

2018 in every reach, indicating that the main channel banks were preserved across the river 

profile, even after the construction of Xingó's reservoir (Fig. 6b, see Appendix – Table 2). 

The Braid-Channel Index indicated growing downstream values, divided into three 

groups ranging from the lowest to the highest. G1 has a braid ratio of 1.2. Within this group, reach 

2 presented the lowest value (1.0), whereas reach 5 showed the highest (1.9). G2 showed 

intermediate braid rate values, with an average of 2.2 and a high value in reach 6 (3.3). G3 showed, 

on average, the highest braid ratio values (2.7), varying from a minimum of 2.2 and a maximum 

rate of 3.4, both in reach 14 (see Appendix – Table 3). A temporal analysis from 1985 to 2020 

showed small changes for each group (Fig. 6c). G1 is the least variable, and G2 is the highest 

braid-channel ratio in the lower Sao Francisco River, with a steady growth trend between 1985 

and 2020. Like the G1, there were no significant temporal changes to the G3. 

 

4.3 Channel width changes 

 

Channel width values varied from a minimum of 171 m in reach 1 (in 2018) and a 

maximum of 1638 m in reach 16 (2011), an average width of 929 m. G1 (ranges 1 - 5) showed 

the lowest average widths, reaching a minimum of 171 m in reach 1 and a maximum of 787 m in 

reach 5 (1992). G2 (reaches 6 – 12) downstream the longitudinal profile revealed the lowest width 

values in reach 8 (661 m em 2008) and the highest widths in reach 6 (1308 m in 1992). G3 (reaches 

13-17) showed the highest width values, varying from 769 m in reach 14 and 1638 m in reach 16 

(Fig. 6d). 
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All analyzed groups of reaches showed an overall channel width decline, which remained 

constantly declining after the Xingó Dam was fully operational in 1994, except for the period 

from 2012 to 2020 when the main channel narrowing rates were higher, affecting mainly the most 

downstream areas (Fig. 6d, see Appendix – Table 4). From that time onwards, the channel width 

was reduced by about 60 m in G1, 160 m in G2, and 315 m in G3. The higher rates observed since 

2018 are interpreted as the response of the main channel to the incremental output values 

permitted by the ANA. It is imperative to highlight that satellite images representing only the pre-

dam period were obtained under a low seasonal discharge regime, which means that the main 

channel probably flooded a larger floodplain area during the bankfull stages, which suggests the 

narrowing process might have been more significant in magnitude. 

Before the construction of Xingó's reservoir, channel width variation was almost 

unperceptive within the groups, registered in the form of a discrete channel widening in G2 and 

a channel narrowing in G3 (Fig. 9a). However, channel widths have been decreasing after the 

entire operation of Xingó in 1994, highlighting the importance of monitoring the intermediate and 

downstream reaches of G2 and G3, where the channel width is shrinking faster in the last years 

(Fig. 9b). 
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Fig. 9. Distribution of increasing and decreasing channel widths by each reach a) before 

and b) after the Xingó Dam construction. 

 

4.4 Lateral migration rate 

 

The mean lateral migration rate varied in time and across the river profile (Fig. 6e). In 

this regard, the groups showed a 1 m/y variation in reaches 3 and 4, and 74 m/y, in reach 15. G1, 

located by the Xingó Dam, had an average rate of 6 m/y, the least average lateral migration rate. 

The rates varied from a minimum of 1 in reaches 3 and 4 to a maximum of 18 m/y in reach 5. G2 

showed intermediate lateral migration rates with a mean value of 12 m/y. A minimum rate value 

of 2 m / y was observed in reach 6, and a maximum value of 41 m/y was calculated to reach 12. 

G3 presented the most significant migration rates with an average of 16 m/y. The values varied 

from a minimum of 2 m/y in reach 13 and a maximum of 74 m/y in reach 15. These data suggest 

an increased channel migration towards the river mouth in recent years (Fig. 6e, see Appendix – 

Table 5). 
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Regarding the studied interval, groups showed a low lateral migration rate. In G1, we 

obtained the lowest and the least variable values over time, with a migration rate below 15 m/y 

during the last 35 years. Despite G2 and G3 migration rates are slightly higher in some years, they 

also showed average rates below 30 m/y (spatial resolution of Landsat images). Only in 2020, 

values exceeded this mark (39 m/y - G3) in the outflow discharge from the Xingó dam (Fig. 6e). 

 

4.5 Effective flow rates and suspended load transport 

 

Effective discharge rates showed an apparent contrasting behavior between the two 

analyzed stations. At the Pão de Açúcar station, on the one hand, we observed a slight decrease 

of 4% in terms of Qeff, which diminished from 1,955 m³/s to 1,873 m³/s after the Xingó dam was 

built (Fig. 10a). On the other hand, the Propriá station registered an increase of 28%, from 1,746 

m³/s to 2,238 m³/s (Fig. 10b). 

Both stations showed a multimodal behavior concerning the pre-dam period, revealed by 

different discharge values carrying considerable amounts of suspended sediment. However, 

during the post-dam period, a more unimodal behavior was observed. Furthermore, the lowest 

classes of discharge carry a higher percentage of sediment than the higher discharge classes. 

Therefore, it is suggested here that classes with higher discharge rates played a less important role 

than ephemeral high peak discharge events in sediment transport along the reaches of the LSFR.  
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Fig. 10. Total percentage of suspended sediment load transported by each flow class at 

(a) Pão de Açúcar station (PA station) and (b) Propriá station (PR station). The arrows indicate 

effective discharge. 

 

4.6 Impacts of rainfall changes on the LSFR 

 

The average monthly rainfall in the SFRB between 1941 and 1961 was 70 mm, and 68 

mm in the post-Xingó period (1995-2018), totalizing a decrease of 2 mm (3%) (Fig. 2). In the 

post-Xingó period, rainfall decreased at 36 mm/year, reaching the lowest values in 2015 and 543 

mm of annual rainfall accumulated. Similar values were registered during 2001 and 2003, 

varying, respectively, from 654 mm/year and 655 mm/year. Despite high rainfall events in 

different basin regions in 2004 and 2007, these episodes were rare, and the dry period quickly 

prevailed. This scenario aggravated when we analyze the decrease in the prolonged drought 
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period (2013-2018), where the average monthly rainfall was 57 mm (or 699 mm/year), 18% less 

than 1941-1961. 

Our results showed the basin-wide rainfall and LSFR water discharge are directly related. 

(Fig. 11a). Both periods (pre and post-Xingó) fit the equations, as demonstrated by square 

correlation coefficient values of 0.94 and 0.83. Between 1941-1961 the monthly average water 

discharge was 3,235 m²/s at Traipú station, later reduced to 1,813 m³/s, as measured by the Pão 

de Açúcar station in the post-Xingó period, and finally to 1,141 m³/s after the 2013 prolonged 

drought. Using the linear regression data from the post-Xingó period, we calculated the predicted 

discharge (Qp) between 1941 and 1961, revealing a reduction of 40.4% due to the decrease in the 

accumulated rainfall throughout the basin (Fig. 11b). 

 

 

Fig. 11. (a) The forty-eight monthly rolling mean of water discharge at LSFR versus a 

forty-eight rolling mean of monthly rainfall at basin-wide from the pre-Xingó period (1941-1961) 

and post-Xingó period (1995-2018). (b) Measured and predicted water discharge in the LSFR at 

Traipú station. 
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5. Discussion 

5.1 Influences of the Xingó Dam on the fluvial morphology 

 

The full operation of the Xingó power station in 1994 fostered severe impacts on 

streamflow in the lower São Francisco River Course (Bandeira, 2005; Cavalcante, 2011; Holanda 

et al., 2005; Fontes et al., 2009), which remained lower than 2,000 m³/s until 2003 and 1,000 m³/s 

after 2013. The latter is due to the beginning of the prolonged drought that hit the basin, except 

for two discrete high peak discharge events in 2004 and 2007 (Fig. 3a). One direct impact caused 

by low discharge rates to both incised river canyon (G1) and the alluvial plain (G2 and G3) was 

the reduction in seasonal floods and the decline in average discharges (Fig. 3b). As a result, one 

could argue that the river could have suffered an overall base level reduction, making the main 

channel more dependent on sporadic precipitation over the catchment basin of intermittent 

tributaries during the last three decades than before Xingó Lake Dam was built. This is 

corroborated by field data acquired in the 2000s and the first half of the 2010's decades by 

recognizing an increased number of narrowed spots (e.g., Casado et al. 2002). Our satellite 

imagery analysis (from 1985 up to 2020) confirms that field data.  

 

5.1.1. Channel style, accretionary and degradational reaches 

 

Low values of the lateral migration rate and low variation of the channel sinuosity suggest 

that lateral shifts, the creation of chute channels, or the development of crevasse splays are rare 

morphological elements across the landscape of the LSFR sedimentary record. One way to 

explain that is possible because the natural morphology restricts the main channel to a valley with 

higher adjacent areas, decreasing the channel's freedom to migrate laterally (see DEM in Fig. 1c). 

On the one hand, aerial photographs from the 1960's decade evidence that such morphological 

elements were previously stabilized in the landscape (Cavalcante, 2011). On the other hand, the 

trunk river showed discrete adjustments regarding the number and size of mid-channel bars and 

chute channels over bar tops even before Xingó was operational. From 1985 to 2020, the LSFR 
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showed a progressive increase in the braid-channel ratio and a slight variation regarding channel 

sinuosity. Our work suggests a dominant braided style in the area, with a progressive tendency of 

increased braiding towards the delta plain (Group 3). Compared to Friend and Sinhá (1993) 

classification, the river has become progressively more braided over the past 35 years (Fig. 12a). 

G1 suffered morphological changes due to the incised valley and the low discharges that 

outflowed the Xingó Lake Dam. G2 revealed the most significant variation of braid-channel ratios 

compared to other groups and among different periods. G3 suffered a decrease in the braid-

channel ratio regarding the pre-dam period; however, its braid ratio suffered a slight increase in 

the post-dam period (Fig. 12b).  

 

 

Fig. 12. Compared analysis of sinuosity and braid-channel ratio metrics in the lower São 

Francisco River with the fluvial morphological fields defined by Friend and Sinhá (1993). 

 

After the Xingó dam was completed in 1994, the percentage of mid-channel bars was 

increased throughout the LSFR course from Xingó's dam to the city of Penedo, although they 

differ from one group to another (Fig. 6a). These data contrast Silva et al. (2010) that showed bars 

were locally reduced in size. That variation in the percentage of mid-channel bars is asynchronous 

and shows a clear relationship to the new hydrological regime controlled by Xingó. From 1992 

to 2009, groups 1 and 2 show similarities in the distribution of mid-channel bars in the main 
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channel, which remained unchanged until 2009. From 2009 to 2013, we interpret slight 

accretionary processes on exposed mid-channel bars and abruptly increased accretion from 2013 

until 2018 (Fig. 6a, 9) might be related to effective discharge changes before and after the 

impoundment. At the Propriá Station (reach 14 – G3), effective discharge rates were increased, 

varying from 1,746 m³/s to 2,238 m³/s, suggesting sediment particles were subjected to less 

transport at this reach. This interpretation corroborates the results shown by Kong et al. (2020) 

regarding the alluvial plains of the Yellow River, where the greater is the effective discharge, the 

greater is the difficulty for the river to carry sediments downstream with a consequent increase in 

the sandbars deposits. Despite that, the effective discharge measured at the Pão-de-Açúcar Station 

was slightly lower than the values calculated for the pre-dam period (1,955 m³/s to 1,873 m³/s), 

which may indicate the opposite effect downstream. It is worth mentioning that the average flow 

rates measured between 2013 and 2018 were approximately 943 m³/s (Fig. 3), much lower than 

the established values for the effective discharge at that station (1,873m3/s). These low values 

tend to carry less amount of suspended sediment load (Fig. 10), showing that the successive 

reduction of average water discharge, as well as the reduced frequency and intensity of floods in 

the post-dam period, played a significant role in the retention of sediment in these reaches across 

the river course. Therefore it is suggested here the flooding events in 2004 and 2007 were punctual 

and had a low capacity of transporting sediments downstream. 

Another relevant process that took place in groups 1 and 2 was the increment of the river 

flow capacity to erode, which is the result of the free sediments flow derived from the building of 

barriers along with natural river courses (Nouh, 1990; Merrit and Cooper, 2000; Skalak et al., 

2013). Skalak et al. (2013) observed one direct impact in the Missouri River is a rapid channel 

bed degradation in areas adjacent to the dam, which progressively diminishes downstream. 

Similar processes were documented in other barried rivers, such as the Colorado River, USA 

(Williams and Woman, 1984), in the Yangtze River, China (Dai and Liu, 2013), and in the Low 

Yellow River China (Kong et al., 2020). In the Lower São Francisco River, this process was 

described by Fontes (2003) between the cities of Pão de Açúcar and Propriá, where the reaches 

became susceptible to bank erosion and deposition at the most downstream reaches, near the city 
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of Penedo. Cross-sections measured across the river bed from 1992 to 2008 at the stations of Pão 

de Açúcar e Propriá corroborate the existence of bed degradational processes taking place in the 

considered period for reaches R4 and R14, as channel deepened 8 m in the thalweg (Fig. 4). 

The increasing percentage of mid-channel bars in G3 occurred through specific time 

intervals and equally due to different processes. From 1992 to 2003, the occupation of meso and 

macro forms rose from 28% to 35% in the main channel's area, and from 2003 to 2018, the areal 

occupation of bars remained constant. This increase after the dam construction results from 

sediment erosion in the channel itself from areas upstream, as Fontes et al. (2003) described. 

However, this work predates 2013 to present prolonged drought and the decrease in the average 

flow, which reduced the river's competence to transport the sediments to this region, now trapping 

the sediments in the groups closest to the dam (see Fig. 6a). 

 

5.1.2. Modes of channel narrowing  

 

During the last 35 years, a significant narrowing (approximately 20%) was observed 

associated with the main channel course. From 1996 to 2018, all 17 studied reaches recorded 

narrowing processes, which contrast most of the field works carried out in the last two decades, 

suggesting an erosion of channel banks and widening process predominate over narrowing of the 

main channel (Cavalcante, 2011; Fontes, 2015). In 2020, with a slight increase in water discharge 

outflow of the Xingó dam, the channel width increased again, however with values still much 

smaller than the pre-Xingó period. 

Different processes were observed that led to the narrowing of the channel, which acted 

at different times and positions in the LSFR, they are: (1) as the result of unconfined flows from 

tributaries that widens as a fan-like deposit transversely to the main channel (Schmidt and Rubin, 

1995; Grams and Schmidt, 2005), (2) the water discharge decreases, the thalweg deepens, and the 

channel occupies the deepest parts of the valley (Brandt, 2000) (3) by overall sedimentary 

accretion, as minor secondary (chute) channels are abandoned or filled up, or by the 
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superimposition of migrating dunes that laterally accretions mid-channel bars, and progressively 

expands and attaches to the floodplain area (Miall, 1996; Bridge, 1993; Ashworth et al., 2011),  

The first model best explains our results for the most upstream reaches of group 1. This 

group that extends from the canyons immediately downstream of Xingó Dam to the proximity of 

the city of Pão de Açúcar, where small rivers carry more water volumes and sediment to the main 

channel and form the fan-like deposits, that are no longer remobilized downstream (Fig. 13a-e). 

The actual situation points out that G1 deserves more attention, as it was observed when the river 

at the higher flow stage could no longer remobilize bedload sediments from tributaries nor 

deepens the thalweg as a function of a bedrock mainly composed of igneous and metamorphic.  
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Fig. 13. Channel width changes between 1992 and 2020 near the city of Propriá (Group 

3 – reach 14). In 2018 the width was reduced due to the expansion and attachment of bars to 

channel banks. In 2020, increased discharges made the base level rise, lower areas were flooded, 

some secondary channels were activated, and the width of the channel increased. The red line 

indicates the channel bank position in 1992. 
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An alternative channel narrowing process (model 2) was interpreted for groups 2 and 3; 

with the reduction of flows and only the deepest parts of the river valley being occupied by the 

main channel, there is an abandonment of the minor secondary channels and the consequent 

anchorage of the mid-channel bars to the banks, transforming them into a floodplain. In addition, 

most of the new accretion areas are sourced by eroded sediment from the river bank and shallower 

areas within the channel, where active subaqueous dunes are remobilized in a similar way 

described by Ashworth (1996) and Ashworth et al. (2000). Thus, the expansion of deposits 

(mainly in group 3) and filling secondary channels, as described in model 3, combined with model 

2, would be the main process responsible for decreasing channel width. These processes suggest 

bank erosion is local and part of the fluvial dynamic, prevailing the transformation of riverbed 

into floodplains. 

Conversely, channel widening was only observed in the last years before Xingó Dam was 

built from 1985 to 1992 (Fig. 12). In the last decade, from 2013 to 2020, morphological changes 

have intensified in the lower São Francisco River, with a direct impact upon reaches that suffered 

erosion in both river banks, at sites where different stages of bank erosion were evidenced, mainly 

near the cities of Propriá and Penedo (Cavalcante, 2011; Fontes, 2015). 

The erosion that occurs preferentially of the channel bed instead of the margins, 

disfavoring the channel widening, take place due to the absence of processes that prevent the 

degradation of the bed, such as armoring effect (Sherrard and Erskine, 1991; Gupta, 2007) or 

sediment yield downstream of the dam (Sherrard and Erskine, 1991; Choi et al., 2005). Previous 

works do not evidence that gravel sediments can contribute to the onset of armoring effect 

(Casado et al., 2002; Fontes, 2003; Fontes et al., 2009). Despite that, detailed research regarding 

the lack of bedload armoring in the LSFR is still needed. Furthermore, higher velocity flows 

occupy the deepest and central parts of the channel, and erosion occurs preferentially in the 

channel bed instead of eroding the banks (Miall, 1996). 

 

5.2. Impacts caused by climate controls in the LSFR course 
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Other natural controls such as climate and hydrological changes measured in the LSFR 

course can contribute to the effects caused by human activity downstream of Xingó reservoir. The 

first control is the hydrological dependence that arid regions have on the "water towers" located 

at the headwaters of the catchment basin, discussed by Viviroli and Weingartner (2004). The 

authors have demonstrated that lowland rivers that run through dry climate regions account for 

up to 50% of their water discharges at the highlands (e.g., Ebro, Indus, Niger, Po, Senegal, and 

Tigris rivers). In cases where extreme arid conditions were documented, the interdependence from 

highland discharges can reach up to 90% of the total amount (e.g., Amu-Darya, Colorado, 

Euphrates, Negro, Nile, and Orange rivers). In Brazil, the São Francisco River basin is an example 

of the dependence that the dry lower course (semi-arid region of Northeastern Brazil) has on the 

flow from the rainy highlands, which contribute to approximately 70% of the flow originating in 

the upstream São Francisco River (Viviroli e Weingartner, 2004; Bandeira et al., 2008; Bandeira 

et al., 2013; Fontes, 2015). 

In the last decades, the São Francisco River Basin has been suffering from the increased 

frequency and intensity of dry periods (Knight et al., 2006; Marengo et al., 2012; Assis et al., 

2015; De Jong et al., 2018; Kuwajima et al., 2019), especially at the highlands (Getirana, 2016; 

Sun et al., 2016; Santos et al., 2017; Santos et al., 2018) (Fig. 2a). Our results demonstrated that 

the decrease in rainfall resulted in 40.4% less frequent water discharges into the LSFR (Fig. 11). 

This fact has directly impacted water availability for human consumption, agriculture, livestock, 

and hydropower generation. These prolonged drought events worsened after 2012, registering one 

of the most severe droughts on a century-scale (Sun et al., 2016; De Jong, 2018). As a result, there 

was a significant decrease in reservoirs volume in large dams such as Três Marias, Sobradinho, 

and Itaparica, which have remained below 50% since then (Fig. 2b). This drawdown caused a 

decrease in the effluent water discharges from the reservoirs to maintain the minimum operating 

volumes. As a result, the amount of water reaching the Lower São Francisco River has decreased 

significantly in recent decades, since the magnitude of the flow reduction is greater than the 

decrease in rainfall in the basin due to the different uses of water in the basin (Milliman et al., 
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2008; De Jong et al., 2018). This decrease in the amount of water made available to the lowlands 

was responsible for the lowering of the river level and the abandonment of small secondary 

channels leading to the anchoring of mid-channel bars to the banks of the, one of the main 

processes of transformation of areas occupied by floodplain channel, resulting in the narrowing 

of the channel. 

In addition, since 2013 and the consequent outflow reduction in the last decade, this 

extreme drought event was one of the factors responsible for the increase in bedforms in the Lower 

São Francisco River. As the mean monthly discharges were reduced, from high peak discharges 

(1,900 m³/s) between 1995 and 2012 to 930 m³/s between 2013 and 2019, flowrates today are 

about 51% and 43% of the effective discharge at the gauge stations of Pão de Açúcar and Propriá, 

respectively. As a result, the river can no longer transport sediments downstream, increasing the 

percentage of mid-channel bars that double-folded in G2, making the river even more braided 

since 1995 (see Fig. 12). 

The climate mentioned above and the reduced rainfall in the drainage basin also 

influenced the sedimentation of the São Francisco delta at the river mouth. Dominguez and 

Guimarães (2021) pointed out a progressive decrease in flow rates has a more significant impact 

than the trapping of sediments in the reservoirs of large dams upstream. The authors suggest that 

the increasing flow values and the transport of sediments downstream of the Xingó dam could 

decrease erosion processes and keep the coastline constant for some decades. This interpretation 

supports our argument that the river has greater difficulty transporting sediments downstream, 

thus becoming trapped closer to the dam, even those sourced downstream of Xingó. In addition, 

the value of the effective discharge in the post-Xingó period may indicate a minimum flow to be 

practiced in order to prevent the processes of accumulation of sediments in the river system from 

occurring and these sediments reaching the mouth, maintaining the dynamic balance and 

decreasing the anthropic effects in the region. 

 

 

5.3. Areas of concern in the short-term 
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The LSFR has suffered from the accumulation of sediments as mid-channel bars (or 

anchorage bars areas that have become a floodplain) and reduced channel width in response to 

the decrease in water discharge due to the accumulation in the the upstream dams reservoirs. 

However, natural changes as a decrease in rainfall seem to significantly reduce average water 

discharge. 

G1 is the least variable among all groups and has not shown channel width variations 

from 1996 to 2020 (Fig. 6d). However, when the discharge values reached their minimum in 2018, 

the group presented a 14% reduction. In this regard, the most upstream area (reach 1) inside this 

group deserves more attention since it showed a significant reduction of 40% in the same period 

(Fig. 9b). Additionally, the percentage of mid-channel bars showed a definite upward trend in 

response to the decrease in channel transport capacity throughout the lowest drought discharges 

since 2013. Similar behavior is observed for group 2, where it moved from a sediment source area 

to a downstream area of accumulation after 2013 (see Fig. 6) 

The groups further downstream (G2 and G3) show a low variation in the pre-dam period, 

with an average variation of less than 10% in channel width. However, after the impoundment, 

the scenario became critical. G2 showed a mean reduction of 22 % in 33 years (1985-2018), 

strongly pulled by reaches 7, 8, 9, 11, and 12, which had their channel width reduced by more 

than 20 % between 1996 and 2018 (Fig. 9b). G3 is the most critical group, specifically in reaches 

13, 14, and 15 (Fig. 9b) that together with reach 1 (G1), suffered the highest channel width 

reductions (30 %, 42 %, and 42 %) after the Xingó was built. Whereas few variations were noted 

in reaches 15 and 16, revealing the reduced influence of the dam's entire operation upon these 

areas. From 2018 to 2020, it is remarkable how flow rates above 1,000 m3/s released in 2020 

could double fold the channel width and promote the inundation of exposed bars in two years. 

Such an inundation event was evidenced by activating secondary chute channels running through 

mid-channel bars and alternate bars (Fig. 13j).  

With the combination of forecasts predicting reduced rainfall across the São Francisco 

River Basin (Nakicenovic, 2000; De Jong et al., 2018) and the growing demand for water 
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resources for various purposes, further reductions in average water discharges may occur (De 

Jong et al., 2018). With this, the river will seek a new dynamic balance due to its imposed changes. 

Therefore, a reduction in the flow transport capacity and an even more significant accumulation 

of sediments in bars in groups 1 and 2 are expected if the predicted scenarios are not changed. 

Furthermore, the reduction in rainfall will further reduce the amount of sediment in the basin, 

making the LSFR more dependent on the low sediment load of its lower course (Moura et al., 

2007). 

 

6. Conclusions 

 

Dammed river systems may exhibit significant variations in their hydrological and 

sedimentological regimes and reveal a high complexity for quantification and comparison of these 

adjustments. Therefore, this work aimed to analyze the processes and outcomes of the significant 

water discharge control factors and how this has impacted LSRF. Our satellite image analyses 

showed a predominance of adjustments internally to the main channel (decrease in width and 

increase in the percentage of mid-channel bars) instead of external adjustments to the channel 

(low lateral migration rate and a slight variation of channel sinuosity). 

The channel narrowing (approximately 20%) in the main channel has prevailed instead 

of widening over the past 35 years. In this regard, G1 has undergone a 40% reduction, mainly due 

to fan deposition by tributaries. G2 and G3 exhibited the worst-case scenario. The transformation 

of the active channel into floodplains is due to the abandonment of secondary channels that 

responded faster after Xingó was built to expand the mid-channel bars and the attachment of these 

bars to the channel banks. Channel narrowing processes in G2 suggest bank erosion is local and 

part of the fluvial dynamic, prevailing the transformation of riverbed into floodplains, 

corroborated by the mean width reduction of 22 % in 33 years (1985-2018). G3 (reaches 13, 14, 

and 15) suffered the highest channel width reductions (30 %, 42 %, and 42 %) after the Xingó 

was built and is the most critical group. 
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The depositional modes that best explain the accumulation of sediments in LSFR indicate 

that new accretion areas are sourced by eroded sediment from the channel bed and, secondarily, 

the riverbank, where active subaqueous dunes are remobilized. As for the changes in the 

percentage of mid-channel bars, G3 increased immediately after the construction of the Xingó 

dam. However, with successive flow reductions, the result of prolonged drought since 2013, and 

reduction of river transport capacity, the sediments were deposited in regions increasingly nearer 

the dam, indicating that future flow reductions can lead to further accumulation in these reaches. 

Climate and hydrological changes in the LSFR course contributed to the effects caused 

by the regulation of flow rates downstream of the Xingó reservoir, with a reduction of 3% in 

rainfall and 40.4% in water discharge during the post-Xingó period relative to the 1941 and 1961 

average. Prolonged drought events worsened since 2013, registering one of the most severe 

droughts in a century-scale and the consequent reduction of 55% in water discharge in the last 

decade compared to the mid-last century responsible for the increase in bedforms in the Lower 

São Francisco River. Therefore, the morphological adjustments derived from that in the last 

decades in the Lower São Francisco River greatly fit the significant climate changes in the 

Northeast and Southeast of Brazil and not with water storage in the large reservoirs. In this sense, 

the decrease in precipitation was responsible for reducing the volume of the dam's reservoirs, 

which began to reduce effluent to maintain their operational volume. This is a consequence, not 

the reason for the decrease in LSFR flow. 

However, much of the reduction in water discharges are due to anthropogenic effects 

resulting from the diversion of water used for various purposes throughout the basin. In addition, 

the growing demand for water resources throughout the basin contributes to an even more 

significant reduction in the quantity of water reaching Lower São Francisco. Due to low 

precipitation, water demand for irrigation and livestock has increased over the last few decades. 

Moreover, future precipitation forecasts indicate a remarkable decrease in the entire basin, further 

reducing streamflow and may continue to alter river morphology. In this sense, public policies 

are needed for the use of water resources in the basin, as this resource may become increasingly 

scarce and minimum flows cannot be practiced in the Lower São Francisco, as the effective 
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discharges of 1873 m³/s and 2238 m³/s to the Pão de Açúcar and Propriá stations, respectively. 

For this, a more accurate determination of the effective discharge values and the individualization 

of the human impacts on the water discharge in the LSFR is vital for future climate and 

anthropogenic impact scenarios. For this, the systematic collection of data such as the amount of 

bottom load, tributary flows, and the construction of a more robust sedimentary load historical 

series may be an essential aid for reducing uncertainties for the management of the São Francisco 

river. 
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Appendix 

Table 1: Percentage of mid-channel bar 

  Reaches 

Year of 

satellite 

image 

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 

1985 1.3 0.0 0.2 0.4 0.4 26.7 5.6 14.7 8.9 0.0 1.6 12.4 26.0 26.2 30.9 35.7 25.2 

1992 0.7 0.0 0.2 0.3 2.2 26.3 7.5 13.7 5.3 2.1 1.8 14.4 25.6 19.0 28.9 39.0 27.5 

1996 0.6 0.0 0.7 1.2 1.4 19.3 8.5 14.9 10.9 3.6 7.6 9.1 32.8 25.1 30.7 38.0 28.7 

1998 1.0 0.0 0.5 0.8 1.5 17.3 6.8 12.9 5.3 2.8 6.9 17.7 32.1 24.7 31.1 39.5 28.4 

2001 1.9 0.1 1.1 2.8 3.1 19.5 3.3 14.5 11.6 0.8 10.8 10.1 33.6 27.9 30.7 39.4 29.3 

2003 0.9 1.0 1.7 2.8 3.0 20.6 3.2 8.1 10.7 2.6 14.4 15.6 35.7 30.8 34.5 44.3 30.2 

2004 1.8 0.2 1.7 3.1 3.4 21.1 4.6 9.1 11.4 2.8 14.3 12.2 33.3 30.7 30.5 39.5 26.8 

2009 0.3 0.9 1.2 1.2 1.8 20.9 5.0 13.4 8.4 12.2 12.8 9.8 30.4 31.0 36.4 45.1 31.4 

2011 0.4 0.8 1.5 2.0 1.9 22.3 5.9 14.0 12.6 14.7 15.0 12.6 32.6 29.8 35.0 46.1 33.3 

2013 3.3 0.2 2.0 4.1 4.2 24.2 12.0 10.8 19.0 19.0 17.5 19.5 26.9 37.8 29.7 46.2 33.4 

2018 6.8 1.2 4.0 3.3 13.7 34.7 20.0 14.5 23.1 22.5 30.8 26.2 39.4 32.9 16.5 49.5 35.4 

2020 0.5 0.4 0.5 0.1 1.6 25.5 5.0 12.9 16.1 18.0 14.9 22.2 31.9 32.2 35.2 51.4 34.7 
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Table 2: Channel sinuosity 

  Reaches 

Year of 

satellite 

image 

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 

1985 1.1 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.0 1.2 1.2 1.1 1.1 1.1 1.1 1.4 1.1 

1992 1.1 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.0 1.2 1.2 1.1 1.1 1.1 1.1 1.4 1.1 

1996 1.1 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.2 1.2 1.1 1.1 1.2 1.1 1.4 1.1 

1998 1.1 1.0 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.2 1.2 1.1 1.1 1.1 1.1 1.4 1.1 

2001 1.1 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.2 1.2 1.1 1.1 1.2 1.1 1.4 1.1 

2003 1.1 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.2 1.2 1.1 1.1 1.2 1.1 1.4 1.1 

2004 1.1 1.0 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.2 1.2 1.1 1.1 1.2 1.1 1.4 1.1 

2009 1.1 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.2 1.2 1.1 1.1 1.2 1.1 1.4 1.1 

2011 1.1 1.0 1.0 1.0 1.0 1.1 1.1 1.1 1.0 1.2 1.2 1.1 1.1 1.2 1.1 1.3 1.1 

2013 1.1 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.0 1.2 1.3 1.1 1.1 1.2 1.1 1.4 1.1 

2018 1.1 1.1 1.0 1.0 1.1 1.1 1.2 1.1 1.1 1.2 1.3 1.1 1.2 1.2 1.2 1.4 1.1 

2020 1.1 1.0 1.0 1.0 1.1 1.1 1.1 1.1 1.1 1.2 1.3 1.1 1.1 1.2 1.2 1.4 1.1 
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Table 3: Braid-channel ratio 

  Reaches 

Year of 

satellite 

image 

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 

1985 1.3 1.0 1.2 1.1 1.2 2.6 1.5 1.8 1.9 1.0 1.6 2.2 2.7 2.9 2.7 2.8 2.7 

1992 1.2 1.0 1.2 1.2 1.5 2.8 2.0 2.0 1.9 1.2 1.5 2.1 2.4 2.6 2.5 2.4 2.5 

1996 1.1 1.0 1.2 1.2 1.2 2.3 2.2 2.0 2.1 1.4 2.4 2.0 2.8 3.3 2.8 2.3 2.6 

1998 1.3 1.1 1.3 1.2 1.3 2.3 1.8 1.8 1.9 1.3 2.4 2.4 2.8 3.3 2.5 2.3 2.6 

2001 1.3 1.1 1.2 1.3 1.2 2.8 1.8 1.9 2.1 1.6 2.7 1.9 3.0 3.1 2.7 2.3 2.7 

2003 1.2 1.2 1.3 1.4 1.3 2.5 2.0 1.5 2.1 1.5 2.4 2.3 2.9 3.0 2.3 2.5 2.8 

2004 1.2 1.1 1.2 1.3 1.3 2.7 2.1 1.8 2.3 1.6 2.4 2.0 2.6 3.0 2.4 2.4 2.3 

2009 1.1 1.1 1.3 1.3 1.2 2.7 2.0 2.0 2.6 2.5 2.4 2.0 3.0 3.4 2.7 2.8 2.6 

2011 1.1 1.1 1.2 1.3 1.3 2.6 2.0 1.8 2.4 2.2 2.5 2.2 2.7 3.0 2.7 2.8 2.9 

2013 1.3 1.1 1.2 1.4 1.4 2.5 2.3 1.9 2.9 2.3 2.2 2.1 2.9 3.3 2.6 2.9 2.9 

2018 1.2 1.2 1.4 1.4 1.9 3.3 2.6 2.1 2.3 2.1 2.6 1.8 2.4 2.2 2.3 3.0 2.9 

2020 1.1 1.1 1.2 1.2 1.7 3.0 2.4 2.4 3.1 2.7 2.4 2.4 2.9 3.1 2.6 2.9 2.8 
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Table 4: Channel width 

  Reaches 

Year of 

satellite 

image 

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 

1985 335 351 586 664 763 1296 919 916 919 737 905 1018 1427 1473 1528 1599 1506 

1992 333 349 587 664 787 1308 988 901 932 820 899 1041 1340 1316 1391 1581 1487 

1996 283 339 577 655 742 1100 970 875 891 774 876 935 1322 1325 1406 1577 1440 

1998 309 350 580 663 754 1123 986 878 925 789 892 1034 1322 1316 1384 1589 1488 

2001 280 323 552 629 714 1105 895 855 884 739 874 967 1312 1300 1401 1605 1483 

2003 240 320 559 644 728 1097 891 765 895 746 864 895 1294 1282 1360 1586 1478 

2004 237 324 557 647 726 1110 924 792 886 752 879 913 1328 1318 1418 1567 1507 

2009 298 342 566 646 732 1094 913 863 893 856 858 902 1328 1227 1391 1612 1464 

2011 295 338 563 638 739 1093 916 864 918 861 870 891 1329 1246 1411 1638 1464 

2013 217 313 543 626 684 1063 850 780 876 827 785 856 1065 1194 1170 1579 1444 

2018 171 304 525 579 648 1038 742 661 679 680 698 729 921 769 818 1561 1427 

2020 277 346 578 661 738 1058 858 795 873 825 774 844 1050 1014 1090 1558 1423 
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Table 5: Lateral migration rate 

  Reaches 

Year of 

satellite 

image 

R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14 R15 R16 R17 

1985-1992 2.5 1.6 1.1 1.1 3.5 2.1 5.6 2.6 2.9 13.1 2.4 4.7 2.4 12.2 19.7 4.3 4.3 

1992-1996 4.9 3.1 2.6 2.1 9.7 28.6 3.2 3.7 5.5 11.0 6.3 21.9 3.0 11.3 5.2 3.1 6.6 

1996-1998 8.1 6.3 4.8 4.7 6.9 9.1 7.4 5.3 10.7 9.8 7.3 41.2 4.6 7.8 8.6 6.6 12.2 

1998-2001 4.4 5.8 3.9 3.8 6.1 5.1 14.2 3.6 7.2 12.5 5.4 22.3 3.4 3.5 4.8 5.5 12.9 

2001-2003 8.6 7.6 4.3 4.3 9.8 4.7 8.8 26.9 5.6 5.4 7.5 16.8 66.2 7.1 11.1 8.8 12.9 

2003-2004 12.1 15.2 8.7 9.9 17.6 9.6 13.2 20.1 15.8 23.1 16.5 20.8 9.3 18.6 24.1 12.7 13.6 

2004-2009 3.9 4.3 3.6 2.6 3.0 2.0 2.8 10.0 3.8 17.3 6.2 3.9 29.7 8.7 11.2 6.0 24.2 

2009-2011 8.7 9.8 7.7 5.7 7.3 5.2 4.8 4.7 7.0 9.6 17.7 10.2 9.5 12.9 17.5 15.8 11.3 

2011-2013 10.1 8.0 6.8 4.8 7.8 4.0 10.0 28.8 5.2 5.8 28.2 21.6 66.1 6.5 41.0 6.9 5.9 

2013-2018 2.9 2.0 1.5 4.3 2.8 4.8 9.1 10.3 18.9 17.5 9.7 11.9 15.0 45.8 29.5 6.3 2.6 

2018-2020 11.7 9.4 8.9 13.6 8.6 11.7 21.7 28.6 37.3 37.9 15.0 29.1 34.8 62.7 74.1 12.5 8.9 
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CAPÍTULO 3 – CONCLUSÃO 

 

Sistemas fluviais barrados podem apresentar variações em seus regimes hidrológicos e 

sedimetológicos e uma grande complexidade para sua quantificação e comparação desses ajustes. 

Em vista diso, esse trabalho tem como objetivo analizar os processos e resultados dos fatores de 

controle de descarga de água significativos e como isso impactou o Baixo São Fancisco. Nossas 

análises de imagens de satélite mostraram uma predominância de ajustes internos para o canal 

principal (diminuição da largura e aumento da porcentagem de barras de meio de canal) em vez 

de ajustes externos para o canal (baixa taxa de migração lateral e uma ligeira variação da 

sinuosidade do canal). 

O processo de estreitamento do canal (aproximadamente 20%) no canal principal 

prevaleceu em vez de alargamento nos últimos 35 anos. Nesse quesito, o G1 tem redução de 40%, 

principalmente devido à deposição de leques na confluência de pequenos rios tributários. G2 e 

G3 exibiram o pior cenário. A transformação do canal ativo em planície de inundação se deve ao 

abandono dos canais secundários que responderam rapidamente após a construção de Xingó com 

a expansão de barras de meio do canal e a fixação dessas barras às margens. Os processos de 

estreitamento do canal no G2 sugerem que a erosão das margens é local e parte da dinâmica 

fluvial, prevalecendo a transformação de áreas ocupadas pelo canal em planíe de inundação, 

corroborada pela redução da largura média de 22% em 33 anos (1985-2018). O G3 (trechos 13, 

14 e 15) sofreu as maiores reduções na largura do canal (30%, 42% e 42%) após a construção do 

Xingó e é o grupo mais crítico. 

Os modos deposicionais que melhor explicam o acúmulo de sedimentos em LSFR 

indicam que novas áreas de acreção são originadas por sedimentos erodidos do leito do canal à 

montante e, secundariamente, da margem do rio, onde dunas subaquosas são remobilizadas. 

Quanto à variação do percentual de barras médias do canal, o G3 aumentou imediatamente após 

a construção da barragem de Xingó. Porém, com sucessivas reduções de vazão, fruto da 

prolongada seca desde 2013, e a redução da capacidade de transporte fluvial, os sedimentos foram 

depositados em regiões cada vez mais próximas de Xingó, indicando que futuras reduções de 

vazão podem levar ao maior acúmulo nessas áreas. 

Mudanças climáticas e hidrológicas no curso do LSFR contribuíram para os efeitos da 

regulação das vazões a jusante do reservatório de Xingó, com redução de 3% nas chuvas e 40,4% 

na vazão de água no período pós-Xingó em relação à média dos anos entre 1941 e 1961. Os 

eventos de seca prolongada se agravaram desde 2013, registrando uma das mais severas secas em 

desde o último século e a consequente redução de 55% na descarga de água na última década em 

relação a meados do século passado responsável pelo aumento de formas de leito no Baixo São 

Francisco. Portanto, os ajustes morfológicos derivados das últimas décadas no Baixo São 
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Francisco se ajustam muito às mudanças climáticas significativas no Nordeste e Sudeste do Brasil 

e não com o armazenamento de água nos grandes reservatórios. Nesse sentido, a diminuição da 

precipitação foi responsável pela redução do volume dos reservatórios da barragem, que passou 

a reduzir o efluente para manter seu volume operacional. Esta é uma consequência, não a razão 

para a diminuição das vazões no trecho final do rio São Francisco. 

No entanto, grande parte da redução nas descargas de água ainda deve-se a intervenções 

antropogênicas resultantes do desvio de água usada para diversos fins ao longo da bacia. Além 

disso, a crescente demanda por recursos hídricos em toda a bacia contribui para uma redução 

ainda mais significativa na quantidade de água que chega ao Baixo São Francisco. Devido à baixa 

precipitação, a demanda de água para irrigação e pecuária aumentou nas últimas décadas. Além 

disso, as previsões de precipitação futura indicam uma diminuição significativa em toda a bacia, 

o que reduzirá ainda mais a vazão do rio e pode continuar a alterar a sua morfologia. Nesse 

sentido, são necessárias políticas públicas mais severas para o uso dos recursos hídricos da bacia, 

visto que esse pode se tornar cada vez mais escasso e vazões mínimas podem ser possíveis de 

serem praticadas no Baixo São Francisco, como as descargas efetivas de 1873 m³/s e 2238 m³/s 

para as estações Pão de Açúcar e Propriá, respectivamente. Para isso, uma determinação mais 

precisa dos valores efetivos de descarte e a individualização dos impactos humanos sobre a 

descarga de água no LSFR é vital para futuros cenários climáticos e de impacto antrópico. Para 

isso, a coleta sistemática de dados como quantidade de carga de sedimento de fundo, vazões de 

tributários para a construção de uma série histórica mais robusta pode ser um auxílio essencial 

para reduzir as incertezas para o gerenciamento do rio São Francisco.  

.  
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ANEXO I 

 

Normas de submissão da revista Geomorphology 

 



98 

 

 



99 

 

 



100 

 

 



101 

 

 



102 

 

 



103 

 

 



104 

 

 



105 

 

 



106 

 

 



107 

 

 



108 

 

 

 

  



109 

 

ANEXO II 

 

Comprovante de submissão do artigo 
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ANEXO III 

 

Justificativa da participação dos coautores 

 

 Em acordo à resolução 01/2018 do colegiado do PGAB, segue a justificativa da 

participação dos coautores no artigo submetido à revista Geomorphology, 

 

Gelson Luís Fambrini: o coautor contribuiu com materiais de consultorias 

realizadas pelo mesmo no rio São Francisco, assim como no debate sobre rios barrados e 

sobre os impactos que a barragem de Xingó causou no baixo curso do rio.  

 

Carlos Henrique Grohmann: o coautor contribui com a tradução para a língua 

inglesa do manuscrito e foi fundamental no debate e ajustes sobre os métodos aplicados 

nesse trabalho, garantindo que estes fossem utilizados com uma melhor acurácia. 

 

Luís Alberto Vedana: o coautor foi fundamental no debate e ajustes sobre os 

métodos aplicados nesse trabalho, garantindo que estes fossem utilizados com uma 

melhor acurácia. 

 

Luisa Sampaio Franco: a coautora viabilizou e foi responsável pela aquisição de 

parte dos dados cd campo, mais precisamente fotografias aéreas na área de estudo, 

também contribuiu com extração de dados de imagens de satélite, edição de figuras e na 

discussão sobre resultados obtidos. 
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APÊNDICES 

 

Porcentagem de barras de meio de canal 
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Taxa de entrelaçamento do canal 

 

  

 
T

re
ch

o
s 

A
n
o
 d

as
 

im
ag

en
s 

d
e 

sa
té

li
te

 

R
1
 

R
2
 

R
3
 

R
4
 

R
5
 

R
6
 

R
7
 

R
8
 

R
9
 

R
1
0
 

R
1
1
 

R
1
2
 

R
1
3
 

R
1
4
 

R
1
5
 

R
1
6
 

R
1
7
 

1
9

8
5
 

1
.3

 
1
.0

 
1
.2

 
1
.1

 
1
.2

 
2
.6

 
1
.5

 
1
.8

 
1
.9

 
1
.0

 
1
.6

 
2
.2

 
2
.7

 
2
.9

 
2
.7

 
2
.8

 
2
.7

 

1
9

9
2
 

1
.2

 
1
.0

 
1
.2

 
1
.2

 
1
.5

 
2
.8

 
2
.0

 
2
.0

 
1
.9

 
1
.2

 
1
.5

 
2
.1

 
2
.4

 
2
.6

 
2
.5

 
2
.4

 
2
.5

 

1
9

9
6
 

1
.1

 
1
.0

 
1
.2

 
1
.2

 
1
.2

 
2
.3

 
2
.2

 
2
.0

 
2
.1

 
1

.4
 

2
.4

 
2

.0
 

2
.8

 
3

.3
 

2
.8

 
2

.3
 

2
.6

 

1
9

9
8
 

1
.3

 
1
.1

 
1
.3

 
1
.2

 
1
.3

 
2
.3

 
1
.8

 
1
.8

 
1
.9

 
1
.3

 
2
.4

 
2
.4

 
2
.8

 
3
.3

 
2
.5

 
2
.3

 
2
.6

 

2
0

0
1
 

1
.3

 
1
.1

 
1
.2

 
1
.3

 
1
.2

 
2
.8

 
1
.8

 
1
.9

 
2
.1

 
1
.6

 
2
.7

 
1
.9

 
3
.0

 
3
.1

 
2
.7

 
2
.3

 
2
.7

 

2
0

0
3
 

1
.2

 
1
.2

 
1
.3

 
1
.4

 
1
.3

 
2
.5

 
2
.0

 
1
.5

 
2
.1

 
1

.5
 

2
.4

 
2

.3
 

2
.9

 
3

.0
 

2
.3

 
2

.5
 

2
.8

 

2
0

0
4
 

1
.2

 
1
.1

 
1
.2

 
1
.3

 
1
.3

 
2
.7

 
2
.1

 
1
.8

 
2
.3

 
1
.6

 
2
.4

 
2
.0

 
2
.6

 
3
.0

 
2
.4

 
2
.4

 
2
.3

 

2
0

0
9
 

1
.1

 
1
.1

 
1
.3

 
1
.3

 
1
.2

 
2
.7

 
2
.0

 
2
.0

 
2
.6

 
2
.5

 
2
.4

 
2
.0

 
3
.0

 
3
.4

 
2
.7

 
2
.8

 
2
.6

 

2
0

1
1
 

1
.1

 
1
.1

 
1
.2

 
1
.3

 
1
.3

 
2
.6

 
2
.0

 
1
.8

 
2
.4

 
2
.2

 
2
.5

 
2
.2

 
2
.7

 
3
.0

 
2
.7

 
2
.8

 
2
.9

 

2
0

1
3
 

1
.3

 
1
.1

 
1
.2

 
1
.4

 
1
.4

 
2
.5

 
2
.3

 
1
.9

 
2
.9

 
2
.3

 
2
.2

 
2
.1

 
2
.9

 
3
.3

 
2
.6

 
2
.9

 
2
.9

 

2
0

1
8
 

1
.2

 
1
.2

 
1
.4

 
1
.4

 
1
.9

 
3
.3

 
2
.6

 
2
.1

 
2
.3

 
2
.1

 
2
.6

 
1
.8

 
2
.4

 
2
.2

 
2
.3

 
3
.0

 
2
.9

 

2
0

2
0
 

1
.1

 
1
.1

 
1
.2

 
1
.2

 
1
.7

 
3
.0

 
2
.4

 
2
.4

 
3
.1

 
2
.7

 
2
.4

 
2
.4

 
2
.9

 
3
.1

 
2
.6

 
2
.9

 
2
.8

 

 



114 

 

Largura do canal 

 

 

  

 
T

re
ch

o
s 

A
n
o
 d

as
 

im
ag

en
s 

d
e 

sa
té

li
te

 

R
1

 
R

2
 

R
3
 

R
4
 

R
5
 

R
6

 
R

7
 

R
8
 

R
9
 

R
1
0
 

R
1
1
 

R
1
2

 
R

1
3
 

R
1
4
 

R
1
5
 

R
1
6
 

R
1
7

 

1
9
8
5

 
3
3
5
 

3
5
1
 

5
8

6
 

6
6
4
 

7
6
3
 

1
2
9
6

 
9
1
9
 

9
1
6
 

9
1

9
 

7
3
7

 
9
0
5
 

1
0

1
8
 

1
4
2
7
 

1
4
7
3
 

1
5
2
8
 

1
5
9
9
 

1
5
0
6

 

1
9
9
2

 
3
3
3
 

3
4
9
 

5
8

7
 

6
6
4
 

7
8
7
 

1
3
0
8

 
9
8
8
 

9
0
1
 

9
3

2
 

8
2
0

 
8
9
9
 

1
0

4
1
 

1
3
4
0
 

1
3
1
6
 

1
3
9
1
 

1
5
8
1
 

1
4
8
7

 

1
9
9
6

 
2
8
3
 

3
3
9
 

5
7

7
 

6
5
5
 

7
4
2
 

1
1
0
0

 
9
7
0
 

8
7
5
 

8
9

1
 

7
7
4

 
8
7
6
 

9
3

5
 

1
3
2
2
 

1
3
2
5
 

1
4
0
6
 

1
5
7
7
 

1
4
4
0

 

1
9
9
8

 
3
0
9
 

3
5
0
 

5
8

0
 

6
6
3
 

7
5
4
 

1
1
2
3

 
9
8
6
 

8
7
8
 

9
2

5
 

7
8
9

 
8
9
2
 

1
0

3
4
 

1
3
2
2
 

1
3
1
6
 

1
3
8
4
 

1
5
8
9
 

1
4
8
8

 

2
0
0
1

 
2
8
0
 

3
2
3
 

5
5

2
 

6
2
9
 

7
1
4
 

1
1
0
5

 
8
9
5
 

8
5
5
 

8
8

4
 

7
3
9

 
8
7
4
 

9
6

7
 

1
3
1
2
 

1
3
0
0
 

1
4
0
1
 

1
6
0
5
 

1
4
8
3

 

2
0
0
3

 
2
4
0
 

3
2
0
 

5
5

9
 

6
4
4
 

7
2
8
 

1
0
9
7

 
8
9
1
 

7
6
5
 

8
9

5
 

7
4
6
 

8
6
4
 

8
9

5
 

1
2
9
4
 

1
2
8
2
 

1
3
6
0
 

1
5
8
6
 

1
4
7
8

 

2
0
0
4

 
2
3
7
 

3
2
4
 

5
5

7
 

6
4
7
 

7
2
6
 

1
1
1
0

 
9
2
4
 

7
9
2
 

8
8

6
 

7
5
2

 
8
7
9
 

9
1

3
 

1
3
2
8
 

1
3
1
8
 

1
4
1
8
 

1
5
6
7
 

1
5
0
7

 

2
0
0
9

 
2
9
8
 

3
4
2
 

5
6

6
 

6
4
6
 

7
3
2
 

1
0
9
4

 
9
1
3
 

8
6
3
 

8
9

3
 

8
5
6

 
8
5
8
 

9
0

2
 

1
3
2
8
 

1
2
2
7
 

1
3
9
1
 

1
6
1
2
 

1
4
6
4

 

2
0
1
1

 
2
9
5
 

3
3
8
 

5
6

3
 

6
3
8
 

7
3
9
 

1
0
9
3

 
9
1
6
 

8
6
4
 

9
1

8
 

8
6
1
 

8
7
0
 

8
9

1
 

1
3
2
9
 

1
2
4
6
 

1
4
1
1
 

1
6
3
8
 

1
4
6
4

 

2
0
1
3

 
2
1
7
 

3
1
3
 

5
4

3
 

6
2
6
 

6
8
4
 

1
0
6
3

 
8
5
0
 

7
8
0
 

8
7

6
 

8
2
7

 
7
8
5
 

8
5

6
 

1
0
6
5
 

1
1
9
4
 

1
1
7
0
 

1
5
7
9
 

1
4
4
4

 

2
0
1
8

 
1
7
1
 

3
0
4
 

5
2

5
 

5
7
9
 

6
4
8
 

1
0
3
8

 
7
4
2
 

6
6
1
 

6
7

9
 

6
8
0

 
6
9
8
 

7
2

9
 

9
2
1
 

7
6
9
 

8
1
8
 

1
5
6
1
 

1
4
2
7

 

2
0
2
0

 
2
7
7
 

3
4
6
 

5
7

8
 

6
6
1
 

7
3
8
 

1
0
5
8

 
8
5
8
 

7
9
5
 

8
7

3
 

8
2
5

 
7
7
4
 

8
4

4
 

1
0
5
0
 

1
0
1
4
 

1
0
9
0
 

1
5
5
8
 

1
4
2
3

 

 



115 

 

Taxa de migração lateral 
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