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Resumo

A Lagoa dos Patos, localizada no extremo sul do Brasil, € uma lagoa rasa e
turva de grande importancia ecologica e econdmica. A variabilidade sazonal,
anual e interanual das concentracdes de sedimento em suspensdo (CSS)
dessa lagoa foi investigada através de cinco anos (2002-2006) de simulacfes
hidrodindmicas + transporte de sedimento em suspensao a partir do modelo
hidrodinamico TELEMAC — 3D. O modelo foi calibrado e validado através da
comparacao entre seus resultados e dados in situ de velocidade de corrente,
salinidade e CSS, e indicou uma performance excelente. Em seguida, os
resultados do modelo foram combinados com dados de descarga dos rios,
vento, taxas de precipitacdo e indices climaticos (ENSO) para identificar as
suas influéncias nas CSS ao longo da lagoa. A relacdo entre séries temporais
diarias de CSS e descarga dos rios foi alta (r=0.80), indicando uma forte
correlacdo entre essas séries temporais na Lagoa dos Patos. A variabilidade
sazonal de CSS indicou altas SSC durante o inverno e a primavera, e CSS
moderadas a baixas durante o verdo e o outono, demonstrando uma relacéo
com o padrdo de descarga dos rios. Em escala interanual, a influéncia dos
eventos ENSO gerou altos valores de CSS ao longo da lagoa, principalmente
durante os anos de El Nifio e préximo as desembocaduras dos tributarios,
enquanto o padrao oposto foi observado durante os anos de La Nifla. Diante
disso, a Lagoa dos Patos se mostra como um sistema dinamico, e as CSS séo
principalmente controladas pelas descargas dos rios em escalas maiores de
tempo e moduladas pela acéo do vento em escalas mais curtas.

Palavras-chave: Concentracdo de Sedimento em Suspensao, Lagoa dos Patos,
ENSO, Modelagem Numérica, TELEMAC-3D.
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Abstract

The Patos Lagoon, located in the Southernmost part of Brazil, is a shallow and
turbid lagoon of huge ecological and economical importance. The seasonal,
annual, and interannual variability of suspended sediment concentrations (SSC)
of this lagoon was investigated based on five years (2002-2006) of
hydrodynamics + SSC simulations with the TELEMAC — 3D hydrodynamic
model. The model was initially calibrated and validated by comparing results
with in situ current velocities, salinity, and SSC measurements, indicating an
excellent performance. Afterwards, modelling results were combined with river
discharge, wind, precipitation rates, and climate index (ENSO) data to identify
their influence on SSC throughout the lagoon. The relation between daily
timeseries of SSC and river discharge was high (r=0.80), indicating a strong
correlation between these time series in the Patos Lagoon. SSC seasonal
variability was also observed, with high SSC from winter to spring, and
moderate to low SSC during summer and fall, indicating a relation with the river
discharge pattern. On the interannual variability scale, the ENSO influence
promoted high SSC values throughout the lagoon, mainly during El Nifio years
and near the tributaries mouth, while the opposite pattern was observed during
La Nifa years. Thus, the Patos Lagoon is a dynamic system and SSC are
mainly controlled by river discharges at longer timescales and modulated by the

wind action at shorter timescales.

Keywords: Suspended Sediment Concentration, Patos Lagoon, ENSO,
numerical modelling, TELEMAC-3D.
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Capitulo I:

Introducao
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1. Introducéo

Por serem a interface oceano-continente, as regides costeiras
apresentam grande importancia econdmica e ambiental, uma vez que diversas
atividades socioeconémicas e de lazer sdo desenvolvidas nesses ambientes
(Petti et al., 2018) e, também, por servirem de local para reproducédo e/ou
desenvolvimento de organismos. Além disso, devido a sua localiza¢édo, estédo
constantemente suscetiveis a fendmenos resultantes da variabilidade climética,
tais como aumento do nivel do mar e eventos ENSO.

Essas regides sao permanentemente remodeladas pela acdo dos rios,
ventos, marés e topografia (Fossati e Piedra-Cueva, 2008; Garvine, 1975;
Gong e Shen, 2011). Dentre as variaveis afetadas por esta dinamica,
encontram-se os sedimentos de fundo e em suspensao, que estao sujeitos a
diferentes processos de transporte sedimentar, sendo erodidos, advectados,
depositados e consolidados. As particulas menores (silte e argila) tendem a
permanecer em suspensdo e atingem maiores distancias até serem
depositadas.

A presenca desses sedimentos em suspensdo no ambiente serve como
indicador da qualidade ambiental (Etemad-Shahidi et al., 2010), uma vez que
afetam a penetragcdo de luz na coluna d’agua e, por conseguinte, 0s
organismos que dela dependem. Ainda, os sedimentos coesivos, devido a sua
capacidade de agregacdo, desempenham papel importante no transporte de
contaminantes, além de também servirem como fonte de sedimento para
regido costeira adjacente (Milliman and Meade, 1983). Portanto, se faz
necessario conhecer o padrao de distribuicdo dos sedimentos por diversos
motivos, tais como as taxas de exportacdo de sedimentos provenientes dos
rios para 0s oceanos e, também, a otimizacdo das operacdes de dragagens,
assim como a extensao da contaminagao de certos compostos e o ciclo de vida
de diversos peixes.

Apesar de importante, compreender a variabilidade espaco-temporal dos
sedimentos em suspensdo em ambientes costeiros se torna uma tarefa muitas
vezes complexa, principalmente em ambientes onde essas distribuicbes sao

altamente variaveis tanto no tempo quanto no espaco. Métodos tradicionais de
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coletas de dados, entretanto, se tornam dificeis, uma vez que apresentam altos
custos operacionais, requerem logisticas muitas vezes complexas e, também,
por serem espago-temporalmente limitados (Vantrepotte et al., 2011). Dessa
forma, verifica-se a necessidade de buscar ferramentas que consigam superar
essas limitacbes e que, ao mesmo tempo, consigam fornecer informacdes
confidveis a respeito dos processos envolvidos.

Por conta disso, a modelagem numérica se torna uma excelente
alternativa, uma vez que 0s custos sao menores e a cobertura espacial e
temporal pode ser muito maior (Krajewski et al., 2017), além de conseguir
reproduzir a alta complexidade dos fendmenos que se deseja estudar. Diversos
estudos utilizando a modelagem numérica para compreender a variabilidade
das concentracdes de sedimentos em suspensdo tém sido realizados no
mundo (Villaret e Trowbridge, 1991; Lumborg et al., 2003; Wang et al., 2007;
Marques et al., 2010; Silva et al., 2015; Krajewski et al., 2017; Santoro et al.,
2017). Entretanto, eles apenas abordam pequenas escalas de tempo, o que
nao permite determinar os padrbes de sedimento sujeitos a variabilidade
climatica, por exemplo.

A modelagem de sedimentos coesivos envolve diversos processos, tais
como floculagdo, velocidade de decantagcdo e “scour lag”, e, também, a
assimetria das correntes de maré (Lumborg et al.,, 2003). A juncdo desses
diversos processos torna dificil a previsdo do transporte desses sedimentos
(Teisson, 1991). Além disso, outro aspecto importante € a calibracdo e
validagéo dos resultados, onde, muitas vezes acabam ocorrendo somente para
0os modelos hidrodinamicos devido a dificuldade de se obter dados de campo.
Apesar da calibracdo e validacdo conseguirem reproduzir a dindmica da regido
de estudo, ainda podem ocorrer divergéncias entre o resultado modelado de
sedimentos coesivos e 0 observado em campo, gerando incertezas quanto a
capacidade de reproducdo do modelo (Sun et al., 2016).

No caso da Lagoa dos Patos, que é a regido de interesse desse estudo,
muitos sdo os estudos referentes a sua hidrodinamica (Moller et al.,2001;
Castelao e Mdoller, 2003; Fernandes et al., 2002, 2004; Marques et al., 2010;
Pagot et al., 2007; Fassoni-Andrade et al., 2015), contudo, pouco se sabe
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sobre as concentracbes de sedimento em suspensdo (Hartmann, 1996;
Marques et al., 2010; Andrade-Neto et al., 2012; Fassoni-Andrade et al., 2016),
mesmo esta informacéo sendo de extrema importancia ambiental e econdmica.

As crescentes concentracdes de sedimento em suspensao
transportadas dos rios para o interior da Lagoa da Patos em funcédo da eroséo
das suas margens e de cultivos extensivos, sdo preocupantes. Esse material &
rico em sedimentos finos, que chegam a regido costeira e eventualmente
alimentam os bancos de lama ali existentes (Calliari et al., 2009). Além disso,
tais variaveis podem estar sujeitas aos efeitos dos eventos ENSO, os quais
afetam os padrdes de precipitacdo na regido, e, por conseguinte, as variaveis
hidrolégicas. Nesse contexto, esse estudo pretende analisar a variabilidade
espaco-temporal das concentracdes de sedimento em suspensdo da Lagoa
dos Patos, visando contribuir para o entendimento e a previsdo do

comportamento dessa importante variavel ambiental.

1.1. A Lagoa dos Patos

Considerada a maior lagoa costeira do tipo estrangulado do mundo
(Kjerfve, 1986), a Lagoa dos Patos (Figura 1) esta localizada no extremo sul do
Brasil e compreende uma area de 10.360 km2 (Delaney, 1965). Apresenta
profundidade média de 5 m (Mdller et al., 2001), podendo atingir até 16 m em
seus canais dragados (Fernandes et al, 2002).

Diversos autores (Moller et al., 2001; Fernandes et al., 2002; Vaz et al.
2006; Marques et al., 2010) apontam a acao dos ventos e as descargas fluviais
como 0s principais mecanismos responsaveis pela dindmica da lagoa. A maré
astronbmica (mista, com predominancia diurna) apresenta amplitude reduzida
(0.23 m) (Moller et al., 2001) e pouca influéncia sobre a dinamica desse
ambiente, uma vez que seus efeitos séo restritos ao canal de acesso do
estuério (Fernandes et al., 2004).

Os rios Guaiba e Camaquéa, juntamente com o Canal S&do Gongalo, sao
0s principais tributarios da Lagoa dos Patos (Figura 1A) e responsaveis pela
drenagem hidrica de metade da area do RS (Casteldo e Mdller, 2003). Esses

afluentes apresentam descarga média anual de 2.400 m3.s (Vaz et al., 2006),
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e se comportam como tipicos rios de médias latitudes marcados por fortes
variagbes sazonais: altas descargas no final do inverno e no inicio da
primavera, e descargas moderadas no verdo e outono (Moller et al., 2001).
Ainda, estdo sujeitos aos ciclos El Nifio/La Nifia que afetam a regido
(Fernandes et al., 2002), quando, em anos de El Nifio, os valores de descarga
podem atingir de 8.000 a 12.000 m3.s! (Méller et al., 1996).

30°S

Rio Guaiba
30.5°S

31°S

Rio Camaqua
3
$
A e /

31.5°S S3o
Gongalo')

32-5°s T— T— — — — — — — — J

52.5°W 52°W  51.5°W 51°W  50.5°W 50°W

32°S

Ocean Data View

Figura 1 — Area de estudo. Os pontos azuis representam os principais afluentes da
Lagoa dos Patos: Rio Guaiba (ao norte), Rio Camaqua (por¢do central) e Canal Séo
Goncalo (ao sul).

Durante periodos em que as descargas dos rios variam de baixas a
moderadas (< 3.000 m® s1), a acdo do vento atua como principal mecanismo
da circulacdo lagunar através da combinacdo da acdo dos ventos local e
remoto (Moller et al., 2001). A predominancia de ventos ao longo do ano é de
direcdo nordeste, com inversdes para ventos de oeste e sul devido as
passagens de sistemas frontais (Mdller et al., 1996). De acordo com Casteldo e
Moller (2003) (Figura 2), durante a dominancia do vento de NE (SO), ocorre um
abaixamento (elevagéo) do nivel na costa, favorecendo os fluxos em direcédo ao

oceano (interior da lagoa).
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Figura 2 — Representacao esquematica das ac¢bes dos ventos de (A) nordeste e (B)
sudoeste na Lagoa dos Patos (Casteldo e Mdller, 2003).

Os sedimentos de fundo do corpo lagunar estdo separados em (Figura
3A): areia e sedimentos mais grosseiros das margens até a isébata de 5 m, e
sedimentos finos (silte e argila) nas por¢cdes mais profundas (regides centrais e
canais) (Toldo Jr et al., 2006). A respeito dos sedimentos em suspensao
aportados pela descarga dos rios tributarios e pelo processo de ressuspenséo,
Calliari et al. (2009) indicam o silte (80%) e a argila (15%) como os principais
compostos presentes nesse ambiente, e ressaltam que as concentragfes de

silte (argila) diminuem (aumentam) no sentido do corpo lagunar até o estuario.
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Figura 3 — A) Sedimentos de fundo do: A) corpo lagunar (Toldo Jr et al, 2006) e B)
corpo estuarino (Calliari, 1980).

Na regido estuarina, os sedimentos sao provenientes da descarga fluvial
dos rios Guaiba (ao norte) e Camaquéd (por¢do central, traz sedimentos do
escudo Sul-Rio Grandense), e do Canal de Sdo Goncalo (a sul, conexao Lagoa
dos Patos — Lagoa Mirim), apresentando, entdo, grande variabilidade na
composicao dos sedimentos de fundo (Figura 3B) (Villwock, 1978; Hartmann e
Rarkot, 1990). Em especial, os sedimentos oriundos do Canal de Sdo Gongcalo,
devido a sua localizagdo e grande carga sedimentar, sdo 0s principais
contribuintes para essa regido (Hartmann e Rarkot, 1990). Além disso, essa
regido esta sujeita as alteragdes morfoldgicas resultantes da transicao entre a
porcdo lagunar e a estuarina, nas quais a Ultima ainda se encontra sujeita a
influéncia do oceano adjacente e, por conta disso, a acdo das ondas, a
insercdo de agua salgada, a acdo da floculacdo e formacgédo de zonas de
turbidez maxima, o que pode ressuspender os sedimentos.

Nessa porcéo da Lagoa dos Patos, os sedimentos de fundo sdo mais
finos (silte, argila e areia fina) (Calliari et al.,, 2009) e seis desses tipos de
sedimentos podem estar intimamente ligados a profundidade e niveis de

energia da hidrodinamica (Figura 3B). De forma geral, sedimentos como silte e
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argila estdo dispostos nas porcbes mais profundas e nas areas rasas e

protegidas.
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Capitulo II:
Objetivos
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2. OBJETIVOS
2.1. Geral

Analisar a variabilidade espaco-temporal das concentracbes de
sedimento em suspensdo da Lagoa dos Patos através de técnicas de

modelagem numérica.
2.2. Especificos

e Avaliar a distribuicdo sazonal e interanual das concentracbes de
sedimento em suspensdo na por¢ao lagunar e estuarina;
e Avaliar a influéncia dos ciclos El Nifio/La Nifia no comportamento do

sedimento em suspenséo.
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Capitulo IlI:

Materiais e Métodos
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3.1. Modelo hidrodinamico — TELEMAC-3D

O sistema Telemac foi desenvolvido pelo Laboratoire National
d’Hydraulique et Environnement da companhia Eletricité de France (EDF) e é
composto por um conjunto de modulos tanto em 2D quanto em 3D abrangendo
hidrodinamica, transporte de sedimentos, ondas e qualidade da agua. O
modelo TELEMAC-3D é capaz de resolver as Equacfes de Navier-Stokes a
partir da consideracdo da variagdo local da superficie livre do fluido,
negligenciando o gradiente de densidade na equacgdo da conservagdo de
massa. Além disso, o modelo também considera a pressao hidrostatica
(Equacédo 1) e, para resolver a equacdo do movimento, aplica a aproximacao
de Boussinesq. Dessa forma, abaixo estdo dispostas as seguintes equacdes: a
Equacédo da Continuidade (Equacgéo 2) e as Equacbes da Conservacdo do

Momento resultantes (Equacoes 3, 4 e 5).

D = Datm + Pog(n —2) + pogf Edz ¢Y)
Z

du dv Ow _

—t —4 —= 2
E)x+ay+(')z 0 (2)

(’)u+ (')u_l_ 6u+ Ju 1ap+ P2y + E 3
ot " Yox " Vay T WarT Toax TV U T ®)

6v+ 6v+ 6v+ v 16p+ V24 E 4
ot~ “ox v(’)y Woz~ p 0y v Ty )

6W+ 6W+ 6W+ ow  10dp
ot Yox " Vay VazT T pow

Onde: (u, v, w) sdo as componentes de velocidade dos eixos (X,y,z),
respectivamente; p € a pressdo em cada ponto do dominio; v € o coeficiente de
viscosidade dindmica; V> é o operador Laplaciano; (Fx, Fy, Fz) representam os
termos fontes, incluindo a forgca de Coriolis, a friccdo de fundo e o arrasto de

vento.
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3.1.1. Friccéo de Fundo

Na simulacdo hidrodinamica, as forcas da friccdo de fundo (tensdo de
cisalhamento) atuam no sentido oposto ao deslocamento do fluido (velocidades
de fundo) (Equacdo 6), o qual é fornecido pelo modelo de turbuléncia do
TELEMAC-3D (Hervouet, 2007).

av 6
”an (6)

T=
A partir da analise dimensional da tenséo de cisalhamento de fundo,

essa passa a ser expressa pela Equacgéo 7.
1
t=-3 Cru? + v? (7)

Onde: Cr é o coeficiente adimensional de friccdo; e Véo campo de
velocidade de fundo.

No modelo TELEMAC-3D existem algumas opcdes de coeficientes
adimensionais de friccdo, sendo elas: coeficiente de Chézy (Equacdo 8),
Strickler (Equacédo 9), Manning (Equacédo 10) e Nikuradse (Equacédo 11). No

presente estudo foi utilizado o coeficiente de Nikuradse.

h
Cr = 7.831In(127) (8)
S
29
CS = h1/352 (9)
2gm?
Cm = 373 (10)
Cpn = 29Cp " (11)

Onde: g € a gravidade; h é a espessura da coluna; ks € o tamanho do gréo no

fundo; e (C, S, m) sao os respectivos coeficientes.

3.1.2. Cisalhamento do Vento
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No modelo, a influéncia do vento é considerada no contorno superficial e
a sua transferéncia de momento para a coluna de 4gua acontece de forma
similar & de friccdo de fundo, sendo a sua parametrizacdo baseada na lei
quadratica da tensdo da velocidade do vento. A importancia de cada
componente do vento na transferéncia de momento € expressa pelas

Equacdes 12 e 13.

lp

wa - E ;T aventouvento\/uzvento + vzvento (12)
1par

Fwy - HT aventovvento\/uzvento + vzvento (13)

Onde: pa ¢ a densidade do ar (1,029 kg.m3); a,ento € 0 coeficiente
adimensional de resisténcia do vento; (Uyento,Vvento) SA0 as componentes
zonais e meridionais da velocidade do vento (m.st), respectivamente; e
(Fyx Fyy) S80 as componentes zonais e meridionais da forga de friccdo do vento
(N).

Dependente da rugosidade da superficie livre, da intensidade e pista de
vento, a influéncia do vento torna-se um fenbmeno complexo. Dessa forma, o
coeficiente de influéncia do vento pode ser obtido de diversas formas. No
modelo TELEMAC-3D, ele é obtido pela formulacdo abaixo, como proposta por
Flather (1976).

Se |[Uyontel < 5m.s™1,entdo a,en, = 0,565+ 1073

Se 5 < [Wpanzal < 19,22 m.s™1, entio ayenro = (—0,12 + 0,137 [Upongal) - 1073

Se [Uyontol > 19,22 m.s™1, entdo ayops, = 2,513+ 1073

3.1.3. Termo de Flutuabilidade

Nos termos Fx e Fy das equacbOes horizontais de Navier-Stokes
(Equacbes 3 e 4) estdo incorporados os termos de flutuabilidade, os quais sao
oriundos da aplicacao do termo de primeira ordem e representam as variagdes
de densidade nas componentes de variagdes horizontais de presséo

(Equacbes 14 e 15).
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10 1 Ap\ 0
———pz——(1——p>—p (14)
p dx Po Po/ Ox
10 1 Ap\ 0
———pz——(l——p>—p (15)
p dy Po Po/ 0y

Assumindo a forma hidrostatica (Equacéo 1), a aplicacdo da Equacgéo da
componente vertical de Navier-Stokes nas equacdes 14 e 15 resulta nos
termos que representam as aceleracdes geradas pelas forcas associadas aos
escoamentos devido as variacdes de flutuabilidade. Nas equacdes 16 e 17

estdo expressos 0s termos barotropico e baroclinico zonais e meridionais,

respectivamente.
Ap dn 0 <f” Ap >
————g— —dz (16)
g Po 0x g ox \J, po
Ap dn 0 < " Ap )
————g— —dz (17)
To0dy oy z Po

Ou seja, os termos de flutuabilidade sdo originarios do gradiente de
pressao e estdo incorporados nas variaveis Fx e Fy e a estimativa da densidade

(p) viabiliza o calculo dos termos de flutuabilidade.

3.1.4. Transporte de Tragcadores

O processo de transporte de tracadores no modelo TELEMAC-3D pode
ser dividido em duas categorias: nos tracadores ativos (salinidade e a
temperatura), que atuam alterando a densidade da agua e o momento de
inércia do fluxo; e os tracadores passivos, 0s quais ndo afetam a inércia e sao
meramente transportados. A evolugdo dos tracadores no dominio
tridimensional é calculada pela equacéo 19.

aT aT aT aT
P v W—Z=vT|72T+Q (19)

Onde: T é o tracador ativo ou passivo; v; € o coeficiente de difusédo do tracador

(m2.s%); t é o tempo (s); (u, v,w) sdo os componentes da velocidade V (m.s); e

Q é a fonte ou sumidouro do tragador.
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Para o transporte de sedimento em suspenséo e processos relacionados
(fluxos de erosao e deposicéo), o modelo TELEMAC - 3D resolve equacdes de
adveccao-difusédo (Equacdo 20) para o transporte de um tragador ativo no
sistema, determinando a evolugcédo da sua concentracdo no tempo e no espaco.
Dessa forma, foi adicionado o sedimento como terceiro tracador (além da
temperatura e da salinidade) a fim de monitorar a sua evolu¢gdo no tempo e no
espago.

9c ac oc "(WCC)_i( a_C) i( a_C) i( 6_5)
6t+u6y+wazu ay  ox Kxax +6y Kyay +6z Kzaz (20)

Onde: (u,w) representam as velocidades do fluido (m.s?); C é a
concentracdo do sedimento em suspensdo (kg.m?3); Wc é a velocidade de
decantacédo do sedimento em suspensédo (m2.s?); (Kx,Ky,Kz) sdo os coeficientes
de difusdo turbulenta do sedimento (m2.s?).

Ademais, a velocidade de deposicdo desses sedimentos em suspensao
utilizada pelo modelo considera os efeitos de turbuléncia e da concentracdo para
deposicdo dos sedimentos, 0 que é de suma importancia para a formacao de
flocos, formadas pelas colisbes entre as particulas, e para a sua quebra
intensificadas pelos movimentos turbulentos, e a floculagdo também foi
considerada no transporte. A equacao utilizada para o calculo da velocidade de
deposicdo dos sedimentos em suspensos (Equacdo 21) segue a teoria de Van
Leussen (1994).

1+ aG
1+ bG?

G= \E (22)

Onde: ki e m1 sdo constantes empiricas; C € a concentracdo de

W, = k,C™ (21)

sedimentos ao longo da coluna d’agua; a € o coeficiente referente a floculagéo; b
é o coeficiente referente a destruicdo do floco; v € o coeficiente de viscosidade
turbulenta; G é o gradiente de velocidade absoluto, e € a taxa de dissipagéo. Para
a e b foram utilizados 0.3 e 0.09, respectivamente, de acordo com Van Leussen
(1994).
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A classe do sedimento em suspensao simulada € o silte, como ja utilizado
por Marqgues et al. (2010) para o mesmo ambiente. Foram realizadas simulactes
nos periodos de 2002 a 2006 que, apesar do curto espaco de tempo, sé@o

caracterizados pela incidéncia de ciclos completos de eventos ENSO.

3.2. Malha batimétrica

O dominio foi discretizado através de uma malha (Figura 4) baseada na
técnica de Elementos Finitos, na qual a mesma € composta por elementos
triangulares, os quais permitem uma melhor ilustragdo das caracteristicas
batimétricas e morfolégicas do ambiente, além de otimizar a simulacdo pela

possibilidade de utilizar refinos diferenciados.

Profundidade (m)
T 0

q-30

- -40

= -50

Latitude

o -60

-80

-90

-100

Longitude

Figura 4 — Malha batimétrica.

A malha utilizada abrange o dominio entre 28°- 36°S e 46°- 54°W, e foi

gerada atraves do Software BlueKenue (http://www.nrc-

cnrc.gc.ca/eng/solutions/advisory/blue kenue index.html), através do uso dos

dados batimétricos digitalizados de cartas nauticas da Diretoria de Hidrografia e

Navegacédo (DHN), e complementados com os dados disponibilizados pela
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Superintendéncia do Porto do Rio Grande (SUPRG). A malha resultante é
composta por cerca de 32.943 elementos, 17.770 nds, sete niveis sigma e sua

profundidade se estende até 3300 m.
3.3. Condicdes iniciais e de contorno

3.3.1. Fronteiras oceanicas

Os dados de altura da superficie do mar do OSU Tidal Inversion System
(OTIS - Edgbert e Erofeeva, 2002), prescrevendo a elevacdo da superficie e a
velocidade de corrente de maré regional, e campos de salinidade (Figura 5) e
temperatura, obtidos através do projeto HYCOM + NCODA Global (HYbrid

Coordinate Ocean Model, https://hycom.org/), com resolucao espacial e temporal

de 1/12° e 3h, respectivamente, foram utilizados nas fronteiras oceanicas.

Salinidade (ups)

38

420

Latitude

54\ 52°W 50°wW 48°W
Longitude

Figura 5 — Campo inicial de salinidade para todo o dominio.
3.3.2. Fronteiras superficiais

As fronteiras superficiais do dominio foram forgadas com os dados de 6/6h

de vento (Figura 6) e resolucéo espacial de 0.75° do ECMWF (European Center
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for Medium-Range Weather Forecast, http://www.ecmwif.int/) interpolados

espacial e temporalmente para cada ponto da malha numérica, e para cada
passo de tempo.
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Figura 6 - Série temporal de intensidade do vento para o periodo estudado.
3.3.3. Fronteiras continentais

Para as fronteiras continentais, dados diarios (Figura 7) de vazéo do Rio

Guaiba e Rio Camaqua foram obtidos junto & Agéncia Nacional das Aguas (ANA,

http://www.ana.gov.br). Para os dados do Canal Sdo Goncalo foram utilizados
dados de nivel obtidos atraves da Agéncia da Lagoa Mirim (ALM,
https://wp.ufpel.edu.br/alm/) e transformados em dados diarios de vazéo a partir
da curva-chave (Oliveira et al., 2015). Para as condicdes iniciais da concentracédo
do sedimento em suspensao dos tributarios foram utilizados os seguintes valores:
200 mg.L?, 100 mg.L*t e 150 mg.L* (Hartmann e Rarkot, 1990) para o rio
Guaiba, rio Camaqua e Canal Sdo Goncalo, respectivamente.
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Figura 7 — Série temporal da vazao do Rio Guaiba, Rio Camaqua e Canal Sao
Gongalo para o periodo estudado (2002-2006).

3.4. Calibracéo e Validagao do modelo

O exercicio de calibracdo tem o intuito de otimizar os valores dos principais
parametros fisicos do modelo, visando a reproducédo das condi¢bes observadas
no ambiente. Como proposto por Fernandes et al. (2001; 2002) e Marques et al.
(2010), os procedimentos de calibracdo e validacdo do modelo para a referida
area de estudo foram feitos a partir da comparacado estatistica (Walstra et al.,
2001) entre o uso de dados coletados em campo e dos dados modelados.

O exercicio de calibracdo e validacdo deste trabalho foi realizado com base
nos dados de salinidade, velocidade de corrente e CSS medidos para 0os meses
de janeiro de 2006. Os dados de salinidade e velocidade de corrente foram
obtidos, respectivamente, por um CT e um ADCP proximo a praticagem de Rio
Grande (Figura 1, P2 — manuscrito). Os dados de CSS foram obtidos pela DMAE
(Departamento Municipal de Agua e Esgoto), os procedimentos de aquisicdo e
processamento de CSS € apresentado por Andrade Neto et al., (2012).

Os resultados da calibracéo e validacéo serdo descritos no capitulo IV.

3.5. Dados Climéticos e de Precipitacdo

Para identificar a relagdo entre CSS e a variabilidade climatica, dados

mensais do Southern Oscillation Index (SOI) foram obtidos a partir da Earth
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System Research Laboratory (https://www.esrl.noaa.gov/psd/enso/soi). Além

disso, dados diarios de precipitacdo foram obtidos e convertidos em médias
mensais e extraidas séries temporais na boca do rio Guaiba (Figura 1A); esses
dados foram adquiridos através da Global Precipitation Climate Centre (GCPC,

https://www.dwd.de/EN/ourservices/gpcc/gpcc.html)

3.6. Variabilidade temporal

As séries temporais de concentracdo de sedimento em suspensdo
apresentam diversos sinais de fendbmenos oscilatorios, 0 que torna necessario o
uso de uma analise espectral. Portanto, para avaliar o padréo de variabilidade da
série temporal de concentracdo de sedimento em suspensao foi utilizada a
transformada de ondaletas, a qual fornece informacdes em diferentes dominios
de frequéncia e também do tempo de acordo com a escala a ser analisada
através da translacao de uma ondaleta original (Torrence & Compo, 1998).
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Capitulo 1V;

Resultados e Discussoes

ara a obtencéo do titulo de Mestre pelo Programa de Pd4s-Graduacao
em Oceanografia Fisica, Quimica e Geoldgica, é requerido que o
discente realize a submissdo de pelo menos um artigo cientifico como
primeiro autor em periddico com corpo indexado. Desse modo, os resultados da
pesquisa desenvolvida durante o periodo de mestrado e a discussdo dos
resultados serdo apresentados em forma de artigo neste Capitulo. O manuscrito,
de autoria de Liliane Paranhos Bitencourt, Elisa Helena Fernandes e Pablo Dias
da Silva, é intitulado “Spatio-temporal variability of suspended sediment
concentration on a shallow and turbid lagoon” e foi submetido para publicacéo

no periodico “Water Resources Research”.

33



Spatio-temporal variability of suspended sediment concentration on a
shallow and turbid lagoon
Liliane Paranhos Bitencourt'*, Elisa Helena Fernandes?, Pablo Dias da Silvat
1 Instituto de Oceanografia, Universidade Federal do Rio Grande, Rio Grande,
RS, Brazil.
*Corresponding author:
E-mail address: liparanhosb@gmail.com

1. Introduction

Coastal lagoons and estuaries are highly complex and dynamic coastal
systems. They are marked by high concentrations of suspended sediment from
river discharge, erosion and/or seabed resuspension (Lihan et al., 2008; Ruhl
and Schoellhamer, 2004). Suspended sediment concentrations (SSC) in water
play a significant role in determining the water quality of these systems due to
its capacity of aggregating and transporting poorly water-soluble pollutants
(Etemad-Shahidi et al., 2010).

SSC are relevant to biogeochemical cycling, affecting light penetration in
the water column, and consequently, primary production (Miller and McKee,
2004; Lopes et al., 2006). Another important aspect is the key role of high SSC
as sediment supply to adjacent coastal regions since continental waters have
higher SSC than the oceans (Milliman and Meade, 1983). Furthermore, they
affect sedimentation rates on navigational channels and ports (Horowitz, 2003).

Hence, it is necessary to understand and monitor the distribution and
spatio-temporal variability of suspended sediments in coastal environments
(Dogliotti et al., 2016). Traditional field sampling methods, however, are
expensive and space-time limited (Vantrepotte et al., 2011), making numerical
modelling a suitable tool for this purpose. Despite its complexity, numerical
modelling experiments are cheaper to execute, provide wide space-time
coverage, and can focus on areas of interest.

Furthermore, modelling the SSC of cohesive sediments can be important
to estimate several aspects related to the effects of the discharge of

environmental pollutants, dredging and disposal materials in ports, and
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optimization of dredging operations based on the understanding of sediment
erosion, transport and deposition zones in different spatio-temporal scales
(Lumborg et al., 2003).

Several studies using numerical modelling data to understand and
describe the distribution and dynamics of SSC have been conducted worldwide
(Villaret and Trowbridge, 1991; Lumborg et al., 2003; 2005; Wang et al., 2007;
Marques et al., 2010; Silva et al., 2015; Krajewski et al., 2017; Santoro et al.,
2017). However, modelling of cohesive suspended sediments had mainly been
studied in small time-scales, which do not allow identifying longer variability
patterns.

Along with the La Plata River, Patos Lagoon is an important contributor
of sediment to the continental shelf in south Brazil. The Patos Lagoon drains
half of the Rio Grande do Sul state, and continental contributions get to the
system through the main tributaries (Guaiba and Camaqua rivers and S&o
Goncgalo Channel, Figure 1) transporting SSC throughout the lagoon. While
coarser sediments in suspension tend to deposit in regions of low
hydrodynamics inside the lagoon, fine sediments in suspension are carried
further towards the coast. Furthermore, recent studies suggested that SSC are
increasing in the Patos Lagoon due to climate change effects. Besides water
quality aspects and its effects in the biota (Garcia et al., 2003; Moller et al.,
2009; Seiler et al., 2015), the increasing SSC is of environmental concern and
interest as this material is related to harbour siltation and feeds the mud
deposits off Cassino Beach (Calliari et al., 2009).

The Patos Lagoon hydrodynamics was studied by several authors using
in situ data (Moller et al., 2001; Casteldo and Mdéller, 2003), numerical modelling
(Fernandes et al.,, 2002, 2004; Marques et al., 2010), and remote sensing
(Pagot et al., 2007; Fassoni-Andrade et al., 2016), but just a few of them focus
on the SSC. Previous studies are restricted to local scales (Hartmann, 1996;
Marques et al., 2010; Andrade-Neto, 2011), and just a few studied the entire
lagoon (Seiler et al., 2015; Fassoni-Andrade et al., 2015) because of the

difficulty in systematically sample this large water body (240 km long). Thus,
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apart from its considerable environmental and economic importance, the SCC
variability in the Patos Lagoon is still poorly understood.

Previous studies have recognized ENSO events impacts on rivers
discharge pattern (Vaz et al., 2004), winds (Moller et al., 2001; 2009), estuarine
circulation (Fernandes et al., 2002), and biota (Garcia et al., 2003; Moller et al.,
2009), mainly due to ENSO changes on atmospheric conditions. During El Nifio
(La Nifa) events, the precipitation rates are higher (lower) than the mean,
directly affecting freshwater discharges contributions at northern Patos Lagoon
(Moller et al., 2009) and variables related to it (Fernandes et al., 2002).
However, its effects on the interannual variability of SSC in this area are also
poorly understood.

Therefore, the aim of this study is to evaluate the spatio-temporal
variability of the SSC at the Patos Lagoon based on numerical modelling
experiments, and its relation to climate variability. For this purpose, five years
(2002-2006) of high-resolution hydrodynamic + SSC simulations were carried
out with the TELEMAC-3D Model. Data and methods are described in Section
2, and results and discussion related to: (i) description of spatio-temporal
suspended sediment patterns, (i) suspended sediment behaviour at the
estuarine area; (iii) suspended sediment variability, were explored in Section 3.
Finally, conclusions are presented in Section 4.

2. Data and Methods
2.1. Study area

With a length of 240 km, NE-SW orientation, an average width of 40 km and
a surface area of 10,360 kmz?, the Patos Lagoon (Figure 1) is the largest choked
coastal lagoon in the world (Kjerfve, 1986). It is an extensive and shallow (5 m
mean depth) lagoon, located in the southernmost part of Brazil. The lagoon is
connected to the Atlantic Ocean through a single narrow channel (Mdller et al.,
2001). The water and suspended matter exchanges between the lagoon and its
adjacent ocean set up physical-chemical characteristics that control ecological
processes, and species habits and development (Seeliger, 2001).

Several authors highlighted the importance of winds and freshwater

discharge on the Patos Lagoon dynamics (Moller et al., 2001; Fernandes et al.,
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2002; Vaz et al., 2006; Marques et al., 2010). Tides (mixed, diurnal dominance)
are microtidal with reduced mean amplitude (0.23 m) (Moller et al., 2001), being
restricted to the coast and lower estuarine zone (Fernandes et al.,, 2004,
Marques et al., 2010).

The Guaiba river, Camaqua river, and S&o Goncalo channel are the main
lagoon’s tributaries, with a total mean annual discharge of 2,400 m3.s! (Vaz et
al., 2004), exhibiting a mid-latitude discharge pattern with strong seasonal
variations: higher discharges over latter winter and earlier spring, and moderate
discharges during summer and fall (Moller et al., 2001). Moreover, ENSO
events affect this region (Fernandes et al., 2002), and result in higher (El Nifio)
or lower (La Nifia) freshwater discharges. During El Nifio periods the lagoon can
reach peaks of 8,000 and 12,000 m3.s' (Moller et al., 1996). When the river
discharge is above 3,000 m3.s, it controls the Patos Lagoon hydrodynamics
(Moller et al., 2001), substantially blocking the seawater intrusion within the
lagoon (Fernandes et al., 2002).

On the other hand, according to Moller et al. (2001) and Casteldao and Moller
(2003), the lagoon dynamics is controlled by winds (local and remote) in periods
of low to moderate freshwater discharges. In this area, there is an alternation of
winds from NE to S-SW on a scale of days due to the passage of cold fronts
(Moller et al., 1996). Nevertheless, NE winds dominate throughout the year
(Moller et al., 2001). Casteldo and Moller (2003) reported that during NE (SW)
wind dominance, there is a depression (elevation) in coastal sea surface,

resulting in seaward (landward) flows between the lagoon and the coast.
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Figure 1 - Study area. Blue dots show the geographic position of Patos Lagoon major
tributaries, and red dots represent points from where model results were extracted in
the study area (Figure 7).

The morphological and sedimentological features of the Patos Lagoon
have been described by Toldo Jr et al. (2006), and Calliari et al. (2009). The
bottom sediments are distributed as: 1) sandy and narrow sediments in the
lagoon’s margins (5 m isobath); and 2) muddy sediments (silt and clay) in
deeper portions (central regions and channels). Silt (80%) and clay (15%) are
the main sediment types observed in suspension in the Patos Lagoon and they
come from river and resuspension processes (Toldo Jr et al., 2006). Calliari et
al. (2009) pointed out that silt (clay) concentration decreases (increases)

towards to estuary.

2.2. Field Data
The dataset used for the model calibration and validation (Section 2.2.3
and Section 3.1) was obtained in January 2006 in the Patos Lagoon. Current
velocity data was obtained by a 1000 Hz Sontek ADP (Acoustic Doppler
Profiler) with a temporal resolution of 1h, moored at Praticagem Station (13 m

depth, P2, Figure 1). Salinity data was obtained by CTs moored at 1 and 10 m

at the Naval Station (Figure 1), with a temporal resolution of 1h. SSC data was
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obtained by the DMAE (Water and Sewage Municipal Department) at the
Guaiba River mouth (Figure 1), with a temporal resolution of 24h. Andrade Neto
et al. (2012) presents the data acquisition and processing.

2.3. Numerical Model
2.3.1. TELEMAC Model

The TELEMAC System (http://www.opentelemac.org/, EDF) includes 2D

and 3D modules, solving the 3D Reynolds-Averaged Navier-Stokes equations,
considering the Boussinesq and hydrostatic approximations (Hervouet, 2007;
Villaret et al., 2013), aiming to obtain a more accurate representation of
simulations in regions with accentuated bathymetric gradients and complex
morphology. The model is based on the finite element technique, allowing
selective refinement of the numerical mesh at key locations in the domain and
boundary fitting (sigma transformation) for vertical discretisation (Bedri et al.,
2013).

Regarding the suspended sediment transport processes, the TELEMAC-
3D model solves the mass conservation equation, which simulates the temporal
and spatial variations of active tracers, such as salinity, temperature, and
suspended sediment (Equation 1). Also, erosion and deposition rates are
presented in Equations 2 and 3, respectively.

(’)C_I_ 6C+ ac c’)(WCC)_a< ac)+a<K 6C>+6<K6C> 1
Ty Tz ey T \Kax) Ty B gy) T \Kegy) D

Forasion (kg /m?.5) = M (22=1) (@)

Tce
Fdeposition (kg/mz- s) = PyW.C 3)

Where: (u,w) represent fluid velocities (m.s?); C is the concentration of
suspended sediment (kg.m); Wc is suspended sediment settling velocity (m?.s™2);
(Kx,Ky,Kz) are coefficients of turbulent sediment diffusion (m2.s?); M is sediment
coefficient; t,, and 7., are bottom shear stress (N/m2) and critical erosion stress
(N/m?), respectively; Pd is the probability of deposition; Ferosion IS the erosion rate

(kg/m2.s) and Fdeposition is the deposition rate (kg/m2.s).
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The suspended sediment class used in this study was fine silt (Marques
et al., 2010), and a simulation for the period between 2002 and 2006 was

carried out based on the identification of a clear ENSO cycle.

2.3.2. Numerical Mesh

The model domain (Figure 2) was represented by a finite element mesh
based on digitalized nautical charts of bathymetric data obtained from the
Brazilian Navy and complementary data provided by the Port of Rio Grande
Administration (SUPRG). The domain covers from 28° - 36°S to 46° - 54°W and
reaches 3.300 m depth. The grid consists of 32.943 elements, 17.770 nodes
and 7 sigma levels irregularly distributed, i.e., 0.00, 0.10, 0.20, 0.50, 0.70, 0.90,
1.00.

Sao Gongalo
3z + Channel

Latitude

Longitude

Figure 2 — Numerical mesh of the model domain and identification of initial and
boundary conditions for the TELEMAC-3D model.

2.3.3. Initial and Boundary Conditions
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Figure 2 summarizes the localization and type of the initial and boundary
conditions considered in this numerical experiment. In the oceanic boundary
were used: (i) elevations and regional tide velocity fields obtained by OSU Tidal
Inversion System (OTIS — Edgbert & Erofeeva, 2002), internally coupled
(TPXO) to TELEMAC; and (ii) temperature and salinity fields from HYCOM +
NCODA Global (HYbrid Coordinate Ocean Model, https://hycom.org/) Project,
with temporal and spatial resolution of 3h and 0.08°, respectively.

In the superficial boundary was used ECMWEF (European Center for

Medium-Range Weather Forecast, http://www.ecmwf.int/) ERA-Interim wind

data with 6h and 0.75° temporal and spatial resolution, respectively. This data is
interpolated in time and space for every point of the numerical mesh.

In the continental boundary, daily river discharge data from the main
tributaries (Guaiba and Camaqua Rivers) were provided by the Brazilian

National Water Agency (ANA, www.hidroweb.ana.gov.br). For the Sdo Goncalo

Channel, water level values were obtained from the Mirim Lagoon Agency
(ALM, https://wp.ufpel.edu.br/alm/) and converted into daily freshwater

discharges based on the Oliveira et al. (2015) rating curve method. The river
boundaries SSC were considered constant due to the lack of measurements
and were assigned values of 200 mg.L%, 100 mg.L, and 150 mg.L* to Guaiba
River, Camaquéa River, and S&o Gongalo Channel, respectively.

2.4. Calibration and Validation

The model calibration and validation consist of comparisons between
model results and in situ data for the same period and location, which are
quantified based on statistical analysis (RMAE and RMSE) (Fernandes et al.,
2001; 2002; Marques et al.; 2010). In this study, the calibration and validation
period covered from 1 to 30 of January 2006, and different variables were
analysed in each process. The model’s performance will be classified according
to Walstra et al. (2001) (Table 1).

Table 1 - Classification of errors (Walstra et al., 2001).

Qualification Excellent Good Reasonable/fair Poor Bad
RMAE | <0.2 0.2-0.4 0.4-0.7 07-1.0 >1.0 |
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For the calibration exercise, time series of surface and bottom current
velocity were extracted and compared to in situ current velocity data (Section
2.1). Furthermore, time series of SSC data were extracted from the model and
compared to in situ SSC data at Guaiba River. In the validation exercise, time
series of surface and bottom salinity were compared to the corresponding in situ
data.

Figure 3 illustrates the temporal evolution of modelling results (black) and
in situ (red) time series of current velocity at the surface (Figure 3a) and bottom
(Figure 3b) as the best result obtained in the model calibration. Table 2
presents the best set of physical parameters used in this experiment. In both
surface (Figure 3a) and bottom (Figure 3b) current velocity time series, the
model reproduced the trend of in situ data for the Patos Lagoon. The model
reproduction is classified as good according to Walstra et al. (2001) (Table 1),
with  RMAE= 0.2382 and RMAE= 0.2834 at the surface and bottom,
respectively. RMSE values ranged between 0.3642 and 0.3984 m.s™.
Measured and calculated comparison of SSC time series at the Guaiba River
(Figure 3c) for the same period shows an excellent model reproduction
(RMAE=0.0241). The RMSE value was nearly 4.41 mg.L.

Table 2 — Best set of physical parameters used in the calibration exercise.

Parameters

Timestep 60 s

Coriolis -7.70 x 10> N.m?.s*t
Horizontal turbulence model Smagorinski
Vertical turbulence model Mixing length
Mixing length scale 10 m

Law of bottom friction Nikuradse
Coefficient of wind influence 3 x10% N.mts?
Sediment settling velocity Van Leussen
Critical shear stress for deposition 0.01 N.m?
Critical erosion shear stress of the mud | 1.5 N.m2
layers

Suspended sediment class Fine silt

Based on the best set of physical parameters from the calibration
experiment, a validation exercise was carried out for salinity time series at the

surface (Figure 3d) and at the bottom (Figure 3e). The model reproduction
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(black line) of measured salinity (red line) at the surface and bottom was
classified as excellent, with RMAE of 0.1971 and 0.0357, respectively. RMSE
values ranged from 4.5549 to 7.7387 psu.

RMAE=0.2382

RMSE=0.3984

Velocity (rn.s"]

Time (h) Time (h)

RMAE=0.0241
RMSE=4.4130

50 —
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Figure 3 - Comparison between in situ (red) and model (black) data of: (a) surface and
(b) bottom velocities; (c) SSC at Guaiba River; (d) surface and (e) bottom salinities for
January 2006.

2.5. Climate and precipitation data

In order to identify the relation between SSC and large-scale climate
variability, monthly Southern Oscillation Index (SOI) values were obtained from
the Earth System Research Laboratory

(https://www.esrl.noaa.gov/psd/enso/soi). SOl is a standardized index based on

sea level pressure differences between Tahiti and Darwin, Australia. SOI is
positive (negative) when La Nifia (El Nifio) phase is detected. Yet, its magnitude
determines the events intensity.

Daily precipitation data for the Guaiba river mouth (Figure 1) was
obtained with a spatial resolution of 1.0° x 1.0° from the Global Precipitation
Climate Centre (GCPC, https://www.dwd.de/EN/ourservices/gpcc/gpcc.html),

and then converted into monthly data (mm month-?).

2.6. Wavelets

Time series of oceanographic parameters are composed of several

oscillatory signals, which can be decomposed through spectral analysis. In
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order to evaluate the spatio-temporal variability of SSC time series, the wavelet
analysis was used in this study. The wavelet analysis is a common and
powerful tool for detecting signals and localizing variations of power within time
series (Doglioni and Simione, 2014). This analysis provides frequency-time
space information, which enables to determine dominant modes of variability
and how those modes vary in time (Torrence & Compo, 1998).

For the present study, a discrete analysis (1-D wavelet) was applied to
precipitation and SOI timeseries based on Daubechies (1992) using a long-term
process decomposition filter. Yet, as the Morlet and Mexican hat mother-
wavelets are the most used wavelets to analyse hydrological variables
(Marques et al., 2014, Oliveira et al., 2015; Costi et al., 2018), they were used in
the present study to analyse wind intensity and river discharge relations with

SSC, respectively.

3. Results and Discussion
3.1. SSC Variability

Figure 4 presents the temporal evolution of calculated SSC for the 5-
years simulation and river discharge data measured at Guaiba River, Camaqua
River and Sao Goncalo Channel (Figures 4a, 4b, 4c) for the same period.
Results indicated that during this 5-years period the Guaiba River, Camaqua
River and Sdo Gongalo Channel had mean discharges of 1326.5 m3.s, 365.6
m3.s1, 871.4 m3.s, respectively. The overall continental contribution had a
mean discharge of 2563.5 m3.s, higher than the historical mean (Vaz et al.,
2004). Calculated SSC time series for this period showed a direct correlation
with river discharge (Guaiba river, r=0.84; Camaqua River, r=0.73; S&o Gongalo
Channel, r=0.77), where an increase (decrease) in river discharges results in an
increase (decrease) in SSC, with differences related to the Patos Lagoon
residence time (Fernandes et al., 2002).

The calculated SSC time series shows a clear pattern, with higher values
at wet periods, (max SSC 180 mg.L?), and lower values during dry periods
(max SSC 20 mg.L?). The highest SSC were observed in 2002, when the

Guaiba river discharge reaches 10,020 m3.s* and the Sdo Gongalo Channel
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2,500 m3.s, and in 2005 when the Guaiba river outflow was about 10,786 m3.s
L. Apart from the well-known river discharge and SSC relation, winds seem to
be also important. At the Patos Lagoon, winds (Figure 4d) follow a NE-SW
regime (Moller et al., 2001; Casteldo and Moller, 2003). For the whole period,
NE winds were dominant, and ranged from -1.7 m.s-! to -7.5 m.s. Yet, this
wind regime promotes SSC transport along the lagoon towards the coast.
Although SW winds are less often, they are more intense, with greater wind
speeds ranging from 1.35 m.s* to 11.8 m.s, and promote flood fluxes at the
estuarine area (Moller et al., 2001; Casteldo and Médller, 2003), and water
accumulation within the lagoon.

In addition, monthly means were calculated based on 2002-2006 daily
time series of SSC at Guaiba and Camaqua rivers, and S&o Gongalo Channel
(Figure 4e, 4f, 4g). Overall, SSC increases from January to June, mainly at
Guaiba river mouth, and a decrease in July. At Sdo Goncalo (Figure 4f), SSC
decrease from July to December. In contrast, at Guaiba (Figure 4d) and
Camaquéa (Figure 4e) rivers, SSC increases from August to October and
decreases from November to December.

At Guaiba river (Figure 4e), SSC is about 13 mg.L? during summer,
increasing its concentration during fall. During winter, SSC is about 50 mg.L™!
and its maximum is observed during spring, with 75 mg.Lt. The Camaqua river
(Figure 4f), on the other hand, showed a distinct pattern: 15 mg.L? during
summer, with an increase to approximately 40 mg.L* during fall, winter and
spring, and with lower SSC in July (29 mg.L?). The same pattern is observed
at Sdo Goncalo channel (Figure 4g): lower SSC during summer, where SSC is
about 23 mg.L%, reaching its maximum during fall (50 mg.L™?), followed by a
decrease during winter (34 mg.L?) and spring (37 mg.L1). Also, note that the
SSC fluctuations at Camaqua river present a smaller amplitude than the ones
observed at Guaiba river and Sdo Gongalo Channel (Figure 4d, 4e, 4f).
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Figure 4 — Temporal evolution of calculated SSC and river discharge for the 5-years
period at a) Guaiba River, b) Camaqua River, and c) Sdo Gong¢alo Channel. Wind
speed is shown in d, where negative (positive) values represent NE (SW) winds.
Monthly mean timeseries (2002-2006) of SSC (black, mg.L') at e) Guaiba River, f)
Camagqua River, and g) S&o Gongalo Channel. Standard deviations are shown in grey
shading for SSC.

Figure 5 presents the calculated five years SSC austral seasonal means.
During winter (Figure 5c), high SSC (=50 mg.L') are observed near the
tributaries mouth, while in the centre of the lagoon, SSC remain low (=5 mg.L™?).
The same pattern is observed over spring (Figure 5d), in which SSC is
intensified and spread throughout the lagoon. During summer (Figure 5a), SSC
are reduced (=20 mg.L?) at the north and mid-lagoon, however, they are still
higher than SSC over fall (Figure 5b), which can reach = 5 mg.L1. Pasquini et
al. (2012) observed the same pattern when analysing river discharge on Patos
Lagoon: higher values over winter and early spring, and low to intermediate
during summer and fall.

At the estuarine area (Figure 5e, 5f, 5g, 5h), SSC is higher near Sao
Gongalo Channel mouth, decreasing its concentration towards the coastal zone.
Mainly, there is an increase in SSC during winter (Figure 5g) and spring (Figure
5h) related to an increase in Sdo Gongalo outflow and the predominance of NE
winds, which favours ebb events, and tend to transport SSC over larger
distances, reaching the coastal zone. During summer (Figure 5e) and fall
(Figure 5f), on the other hand, with weak NE regime, SSC seems to be lower,

46



decreasing its intensity throughout the estuary. Even though the Patos Lagoon
SSC showed large spatial and temporal variability among the tributaries (Figure
4) throughout the years, they indicate a general trend of lower concentrations in

summer-fall than in winter-spring.
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Figure 5 — Five years (2002-2006) calculated SSC means for the austral seasons: a)
summer (DJF), b) fall (MAM), c) winter (JJA), and d) spring (SON). Zoom for the
estuarine area are shown for €) summer, f) fall, g) winter, and h) spring.

In coastal environments that receive significant contributions from river
discharges, the wind plays a secondary role on the SSC dynamics (Mendes et
al., 2017), but modulates its shape and orientation (Geyer et al., 2004). At the
Patos Lagoon, wind forcing seems to present a secondary role on SSC
behaviour, together with river discharges. Aside from river discharge effects,
Figure 6 presents snapshots of the Patos Lagoon's SSC response during
specific wind directions (N, NE, E, SE, S, SW, W, NW). N, NE, and NW regimes
(Figure 6) induce an SSC southward movement. NE (NW) winds promote
Guaiba and Patos Lagoon coastal plumes expansion to the east (west).
However, during S, SE and SW regimes, the SSC pattern is the opposite: there
are SSC fluxes towards the inner lagoon, confining SSC into the water body. SE
and SW winds promote the SSC transport to mid and north-lagoon and
reallocate SSC to isolated portions. Finally, E and W winds tend to push SSC to

east and west lagoon’s portions, respectively, potentially eroding its margins.
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Figure 6 — Influence of winds on SSC behaviour.

The spatio-temporal variability of SSC in the Patos Lagoon was
characterized by daily SSC time series extracted from the modelling results at
selected sites (Figure 1) for the period between 2002-2006 (Figure 7a). Daily
anomalies for river discharge and wind speed, monthly precipitation rates and
SOl index are presented in Figures 7b, 7c, 7d, and 7e, respectively. At the north
of the lagoon (Figure 7a), the well-defined SSC contributions from Guaiba River
can be observed in most of the years, where SSC are high and can be
dispersed for several kilometres under NE wind regime.

On the other hand, at mid-lagoon, SSC are low (Figure 7a), once
Camaquéd SSC supplies are restricted to a small area, being its contribution
more significative in the estuarine zone, mainly during NE wind influence. At the
estuarine portion, SSC pattern is more variable, once this area is strongly
affected by Sdo Gongalo Channel and Camaqua outflow, by the wind (NE-SW)
influence, and it has a restricted influence of the tides (Fernandes et al., 2004;
Marques et al., 2010). During NE winds (Figure 7c, negative values) and higher
river discharges, SSC enhance the formation of plumes at the coastal zone,
which can be transported throughout 18 days (Pereira and Niencheski, 2004).
During SW winds (Figure 7c, positive values) and lower river discharges, on the
other hand, the SSC flows towards the mid-lagoon. Yet, due to salinity

intrusions, SSC seems to show a distinct pattern, which can be associated to
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flocculation and sediment deposition processes (Van Leussen, 1999).
According to Pereira and Niencheski (2004), under these conditions, it takes

about 38 days to SSC be transported throughout the lagoon.
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Figure 7 — a) Spatio-temporal distribution of SSC (mg.L?) along the Patos Lagoon (see
Figure 1 for location). b) Guaiba River discharge anomaly (m3.s?). Positive (negative)
Guaiba river outflow anomaly is shown in blue (red). c) wind speed, where negative
(positive) values represent NE (SW) winds; d) precipitation rates (black), its mean
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Moreover, the interannual variability of SSC throughout the years is
clearly observed and seems to be related to river discharges, winds,
precipitation rates, and ENSO events (Figures 7b, 7c, 7d, 7e). NE winds, high
precipitation rates, river discharges and SSC values along the lagoon in mid-
2002-2003 occur during El Nifio events. During La Nifia events (2004 and
2006), with higher incidence of SW winds, lower precipitation rates and river
discharge, SSC values appear to be low (Figure 7a). As an exception, the high
SSC, precipitation rate, and river discharge anomaly observed in 2005 is not
associated with an El Nifio event. This particular year can be possibly
associated with a neutral year.

ENSO-triggered events are well recognized in South America,
particularly on precipitation rates (Grimm and Tedeschi, 2009; Pasquini et al.,
2012), directly affecting river discharges (Mdller et al., 2009). At the Patos

Lagoon, it produces an increase (decrease) in precipitation rates (Figure 7d, red
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line) and river discharges (Figure 7b) at interannual timescales, resulting in an
increase (decrease) in SSC, that can be attributed to EI Nifio (La Nifia) events
(Figure 7e). An exception for this behaviour is observed in 2004-2005. The
same river discharge pattern was observed by Pasquini et al. (2012) when
analysing SOI, precipitation rates and river discharge in the south of Brazil:
higher (lower) values during El Nifio (La Nifia) years. Although river discharges
can be a reasonable explanation for the seasonal and interannual SSC patterns
found in the present study, it must not be the only factor.

Another important factor can be the strength of ENSO events, which
directly affects the intensity of river discharges and wind regimes patterns.
Aside from river discharges effects, Mdller et al. (2009) and Marques et al.
(2010) observed the Patos Lagoon wind patterns over ENSO events. Over El
Nifio years, NE winds are dominant and intensified. This pattern promotes ebb
events and decreases suspended sediments deposition. During neutral years,
NE winds are also dominant, but SW winds are better distributed. In contrast,
over La Nifia years SW winds are more frequent and stronger, resulting from
the passage of successive meteorological cold fronts (Méller et al., 2009). The
latter wind regime promotes water accumulation within the lagoon.

Opposed to what is observed by Dogliotti et al. (2016) at Rio de La Plata,
in which not all rivers are influenced by ENSO events, at the Patos Lagoon all
the major rivers seem to be affected by ENSO events, which affect SSC
patterns (Figure 7a, 7b). In turn, higher amplitudes in SSC seasonal cycle can
be observed in years when the Patos Lagoon outflow is higher than average
and is more pronounced in years associated with El Nifio events, and the

opposite pattern is observed in La Nifia events.

3.2. The estuarine behaviour

The water level differences at the estuarine zone (Figure 1, points 2 and
8) is shown in Figure 8a. The difference was calculated by subtracting water
level values of point 2 from point 8. Also, wind speed and calculated SSC data
for the selected points are presented in Figure 8b, 8c. For wind speed, it was

only considered NE/SW winds, once they are predominant at the study area.
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Positive (negative) water level difference values (Figure 8a) indicate ebb (flood)
periods. Barros et al. (2012) state that river discharge influence on water level
differences at estuarine area is about 50%. Aside from river discharges
influence, winds seem to play an important role in water level fluctuations. The
relation between water level difference and winds is noticeable (Figure 8a, 8b),
with an inverse correlation (r=-0.64), confirming that increases (decreases) in
water level difference values are directly related to NE (SW) winds
predominance.

Besides, positive (negative) water level differences promote depression
(elevation) in coastal sea surface, generating the barotropic pressure gradient,
and resulting in seaward (landward) flows between the lagoon and the coast.
Fernandes et al. (2002) explain that the strength of the pressure gradient is
intimately connected with the strength of winds and river discharges, also
affecting water advection into or out of the lagoon. Moreover, positive (negative)
water level differences are related to high (low) SSC (Figure 8c), which is
possibly related to SSC transport. Mainly, during 2002 and 2003, it is observed
an increase in water level difference, predominance of NE winds, and an
increase in SSC. It may happen as a result of El Nifio events over these years,
which turns ebb events favourable. In turn, during 2004 and 2006, water values
differences are lower or negative and SSC are lower as a result of a dry season

caused by La Nifia events.
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Figure 8 — a) Water level differences between points 8 and 2 (see Figure 1 for
location). Ebb (Flood) events are presented in blue (red). b) Wind speed. Negative
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(Positive) values shown in blue (red) represent NE (SW) winds; c) calculated SSC data
for points 2 and 8.

The relation between calculated SSC and salinity is illustrated by time
series extracted from points 8, 6, 4, and 2 (Figure 1) for 2002-2006 (Figure 9).
Results reflect the salinity and SSC pattern: an increase (decrease) in salinity
coincides with a decrease (increase) in SSC. Pearson correlation coefficient
between salinity and SSC time series (Table 3) showed an inverse correlation

between the selected points, being more significant at points 6 and 2.

Table 3 — Statistical analysis between SSC and Salinity.

Station Pearson p-value
Correlation
P8 -0.1478 < 0.00001
P6 -0.6208 < 0.00001
P4 -0.5338 < 0.00001
P2 -0.6029 < 0.00001

Point 8 (Figure 9a) is located at the estuary boundary and near the river
discharge source (Camaqua river and Sdo Gongalo Channel), which promotes
subtler SSC x Salinity changes. A similar pattern is observed at point 6 (Figure
9b), however, with higher SSC due to the direct influence of Sdo Goncalo
Channel outflow. Points 4 (Figure 9c¢) and 2 (Figure 9d) show a similar
behaviour, with higher concentrations on point 4, and a more intense influence
of salinity on both points. Nevertheless, in general, decreases in SSC are
possibly caused by deposition and flocculation of SSC. Laboratory experiments
indicated an enhance in the settling and flocculation process on saline waters
due to cohesive sediments characteristics (Chandra et al., 2010; Portela et al.,
2013). Van Leussen (1999) demonstrated, based on field measurements in
Ems estuary and complementary laboratory experiments, the effect of salinity in
the settling velocity of SSC, and he observed that in high-salinity regions, there

is a significant increase in the settling velocity and flocculation of SSC.
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Figure 9 — Spatial and temporal variations of calculated SSC and salinities at points (a)
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3.3. SSC Spatio-Temporal Variability

Calculated time series of SSC and river discharge and wind data at P2,
P8 and P24 (Figure 1), the cross-wavelet analysis and the global power
spectrum between the time series are shown in Figures 10, 11 and 12,
respectively. Results indicated that at the estuarine mouth (P2, Figure 1), the
relation between the discharge and the calculated SSC (Figure 10a) occurs
mainly in a time interval between 128 and 256 days in 2002 - 2003, changing to
128 - 512 days in 2004 — 2005 (Figure 10b), suggesting a seasonal influence
together with an interannual signal, also indicating ENSO influence on both
variables. The correlation between both time series occurring only in a time
interval bigger than 128 days is also evident in the global spectrum (Figure
10c). The relation between the wind and SSC (Figure 10d) time series at the
mouth of the estuary (P2, Figure 1), on the other hand, occurs in a time interval
between 2 and 16 days (Figure 10e and 10f), indicating the influence of
synoptic winds on the SSC dynamics at this area.

At upper estuary (P8, Figure 1), results indicated the relation between the
discharge and the calculated SSC (Figure 11a) occurring mainly in a time
interval between 256 and 512 days in 2002 - 2003 and 2004 — 2005 (Figure
11b), suggesting a seasonal influence together with an interannual signal, i.e.,

ENSO influence. The correlation between both time series occurring only in a
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time interval bigger than 256 days is also evident in the global spectrum (Figure
11c). Nonetheless, the relation between the wind and SSC (Figure 11d) time
series at upper estuary (P8, Figure 1) occurs in a time interval between 2 and
16 days (Figure 11le and 11f), indicating the influence of synoptic winds on the
SSC dynamics at this area.

When moving to the north of the lagoon (P24, Figure 1), the relation
between the discharge and the calculated SSC (Figure 12a) occurs in intervals
between 64 and 512 days in 2002-2003 and 2005, changing to 512 in 2004
(Figure 12b), suggesting a seasonal and interannual influence (ENSO
influence). The global power spectrum (Figure 12c) corroborates with these
results, showing that the correlation between both timeseries is bigger than 64
days. On the other hand, results did not indicate a relation between wind and
SSC (Figure 12d) timeseries at the north of the lagoon (P24, Figure 1). The
global power spectrum (Figure 12e) indicates no influence of wind action at

P24, probably due to the strong and dominant influence of river discharge at

this location.
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Figure 10 — At P2: a) Time series of the river discharge (black) and SSC (red). (b)
Local energy cross-spectrum using the Mexican hat wavelet. The contour lines enclose
regions with 95% confidence interval. The dashed line indicates the cone of influence
where the edge effects become important. (c) The time-averaged wavelet power
spectra. The dashed line represents the 95% confidence level. (d) Time series of wind
intensity (black) and SSC (red). (e) Local energy cross-spectrum using the Morlet
wavelet. The contour lines enclose regions with 95% confidence interval. The dashed
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line indicates the cone of influence where the edge effects become important. (f) The
time-averaged wavelet power spectra. The dashed line represents the 95% confidence

level.

DISCHARGE (m®/s)

200 400 600 800 1000 1200 1400 1600 1800 GLOBAL SPECTRUM

~
\
\

Y

10°

T 150 INTEGRATED SPECTRUM

w10 ‘S
€ © g
o 0 =
4 , f b it . ”ruf 1* 3
= AL " ' ||.u.. 3
0
400 600 1000 1200 1400 1600 1800 GLOBAL SPECTRUM
7 o . R
E F "\\
e -~
~

g \
E A

\
o 200 400 600 800 1000 1200 1400 1600 1800 100

TIME (DAYS) INTEGRATED SPECTRUM

Figure 11 — At P8: A) Time series of the river discharge (black) and SSC (red). (b)
Local energy cross-spectrum using the Mexican hat wavelet. The contour lines enclose
regions with 95% confidence interval. The dashed line indicates the cone of influence
where the edge effects become important. (c) The time-averaged wavelet power
spectra. The dashed line represents the 95% confidence level. (d) Time series of wind
intensity (black) and SSC (red). (e) Local energy cross-spectrum using the Morlet
wavelet. The contour lines enclose regions with 95% confidence interval. The dashed
line indicates the cone of influence where the edge effects become important. (f) The
time-averaged wavelet power spectra. The dashed line represents the 95% confidence

level.

Overall, the wavelet analysis suggests that the Patos Lagoon is
dominated by winds on shorter timescales and by river discharges on longer
timescales. The global spectrum agrees with these statements, showing values
below the mean at shorter (wind influence) and longer (river discharges
influence) time scales. Yet, results also show the interannual influence of ENSO
events on both analyses, as seen in 2002 and 2004 (Figure 10b, 11b, and 12b),
for example. Marques (2012) points out the high interannual variability of river
discharges on Patos Lagoon, which can intensify (reduce) the seasonal
discharge pattern during El Nifio (La Nifia) years. Barros and Marques (2012),
when analysing river discharges influence on the Patos Lagoon, observed a

similar pattern.
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In shorter time scales, there is the predominance of wind alternation
processes, directly related to front passages (Moller et al., 2001). In addition,
the presence of mobile cyclones and anticyclones in the South Atlantic Ocean
contributes to wind variability at Patos Lagoon. Moller et al. (2001), Castelédo
and Moller (2003), and Fernandes et al. (2004, 2005) also observed the
influence of winds on the Patos Lagoon circulation during periods from 3 to 16
days. Costi et al. (2018), when studying Mirim-Sao Gongalo System, observed
similar patterns for both correlations. Meccia et al. (2013) concluded that the
NE-SW winds alternation modulate the intra-seasonal SSC patterns variability,
becoming the major forcing on short timescales variability, which is in

agreement with the results from this study.
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Figure 12 — At P24: A) Time series of the river discharge (black) and SSC (red). (b)
Local energy cross-spectrum using the Mexican hat wavelet. The contour lines enclose
regions with 95% confidence interval. The dashed line indicates the cone of influence
where the edge effects become important. (c) The time-averaged wavelet power
spectra. The dashed line represents the 95% confidence level. (d) Time series of wind
intensity (black) and SSC (red). (e) Local energy cross-spectrum using the Morlet
wavelet. The contour lines enclose regions with 95% confidence interval. The dashed
line indicates the cone of influence where the edge effects become important. (f) The
time-averaged wavelet power spectra. The dashed line represents the 95% confidence
level.

3.4. Future Studies
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Future efforts focusing on the waves influence on SSC in the Patos
Lagoon would increase our understanding of SSC dynamics and sediment
transport processes. In addition, the combination of in-situ measurements,
morphodynamical modelling and remote sensing techniques would enhance our
knowledge about SSC structure, values, and other sources, such as discards
from crops fields and navigation activities throughout the Patos Lagoon and its

estuarine area.

4. Conclusions

The present study provides detailed information about SSC dynamics in
the Patos Lagoon throughout a five-years period. Although it is a medium-term
simulation, it shows the usefulness of using numerical models as a suitable tool
for monitoring SSC on coastal environments. Based on calculated SSC data,
our results showed the strong relation between SSC and river discharges (from
Guaiba river, Camaquéa river, and Sdo Goncalo channel), indicating river
discharge influence over SSC. Mainly, SSC from Guaiba river, Camaqua river,
and Sao Gongalo channel show a clear pattern: higher values at wet periods
and lower values during dry periods. Moreover, the study showed the SSC
seasonal pattern: higher values during winter and spring, and low to moderate
during summer and fall. Also, the wind influence was observed on SSC
propagation over the lagoon, with SSC transport mainly controlled by NE (SW)
winds towards the estuary (inner lagoon). Afterwards, SSC analysis from
Guaiba river showed a well-defined pattern and being dispersed for several
kilometres. SSC from Camaqua river together with S&o Goncalo channel, on
the other hand, provided significant contributions only for the estuarine zone,
where they are subjected to salinity influences on SSC. Meanwhile, ENSO
illustrated its influence on interannual variability, rising SSC amplitudes during
El Nifio years and decreasing SSC during La Nifa years by affecting
atmospheric conditions, reflecting on precipitation rates, wind actions and river
discharges. At the estuarine area, the SSC seems to be directly related to water
level difference and inversely related to salinity, which directly affects

sedimentation processes. Overall, SSC on Patos Lagoon is dominated by river
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discharges from seasonal to interannual timescales, being intensified on point
24, and by winds at synoptic timescales, especially on points 2 and 8. No
correlation was found between SSC and wind intensity on point 24, indicating

no wind influences on SSC.
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5. Consideracgdes Finais

O presente estudo analisou a variabilidade espaco-temporal das
concentragbes de sedimento em suspensdo na Lagoa dos Patos através de
cinco anos de simulagées hidrodinamicas + CSS pelo modelo TELEMAC — 3D.
Os resultados mostraram alta correlagéo (r=0,8) entre as CSS e a descarga
dos rios, principalmente do Rio Guaiba. Além disso, um padrdo (Figura 4,
manuscrito) foi observado nos trés tributérios: altas (baixas) CSS nos periodos
Uumidos (secos). Ademais, a CSS mostrou um padrdo sazonal (Figura 5,
manuscrito) similar ao das descargas dos rios, onde se observou altas
concentracbes durante o inverno e primavera, e moderada a baixas
concentracdes durante o verdo e outono.

O papel do regime NE-SO de vento foi observado na propagacao das
CSS ao longo da lagoa, onde durante o regime NE (SO), o transporte das CSS
€ em direcdo a (ao) regido estuarina (interior da lagoa), padrdo esse ja
observado por Moller et al. (2001) e Casteldo e Moller (2003) ao analisarem a
hidrodindmica da lagoa. As CSS (Figura 7, manuscrito) provenientes do Rio
Guaiba mostraram um padrdo bem definido e a dispersdo dessas CSS ao
longo da lagoa. Em contrapartida, as contribuicbes das CSS provenientes do
Rio Camaqua e Canal Sdo Goncalo (Figura 7, manuscrito) abrangeram
somente a regido estuarina, a qual esta sujeita aos efeitos da floculacao devido
a presenca do sal. J& na escala interanual, a influéncia dos eventos ENSO foi
observada. Durante anos de El Nifio (La Nifia), as CSS foram aumentadas
(reduzidas) devido aos seus efeitos nas condi¢cdes atmosféricas, refletindo nas
taxas de precipitacdo, acao dos ventos e descargas dos rios.

Na porcado estuarina, uma comparacao mostrou a relacdo direta entre as
CSS e desnivel (Figura 8), o qual esta intimamente relacionado com a acao
dos ventos. Além disso, foi observado uma relacdo inversa com a salinidade
(Figura 9), provavelmente devido aos efeitos da floculagdo no sedimento em
contato com a agua salgada, afetando, assim, os processos de sedimentacao.
De forma geral, as CSS nesse ambiente mostraram-se dominadas pela acao

das descargas dos rios em escalas sazonais a interanuais e pelos ventos em
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escalas sindpticas, exceto no ponto 22 (Figura 12, manuscrito), onde nao foi
observada correlagéo entre o vento e as CSS.

Trabalhos futuros focando em analisar a influéncia das ondas nas CSS
na Lagoa dos Patos devem melhorar nosso entendimento referente a dinamica
das CSS e os processos sedimentares. Ademais, a combinacdo de dados em
situ, modelagem morfodinamica e sensoriamento remoto ampliariam nosso
conhecimento em termos de distribuicdo horizontal e vertical, além de uma
andlise quantitativa e, também, considerar outras fontes de sedimentos, tais
como provenientes das lavouras e de dragagem, o que nao foi possivel no
presente trabalho. Outra sugestédo, que ndo pdde ser feita nesse trabalho, seria
identificar as principais zonas de erosao do sedimento de fundo e de deposi¢ao
do sedimento em suspensdo ao longo da Lagoa dos Patos através de um

modelo morfodindmico.
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