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Dedicated to all rivers, estuaries and great oceans that provide plenty of resources and joy to

the mankind, unfortunately, whose relentless exploitations of the Mother Nature due to their

selfish greediness have been endangered not only the survival of themselves but the very

existence of the whole world.

To my parents, Sirisena and Ramani,
My wife Nadeesha
My sister Ruwani,

For supporting me unconditionally,

Even when | do nothing but my studies.

“The cold remote islands

And the blue estuaries

Where what breathes, breathes
The restless wind of the inlets,
And what drinks, drinks

The incoming tide.”

The Blue Estuaries - By Louise Bogan



““Solving a problem for which you know there’s an answer is like climbing a mountain with a
guide, along a trail someone else has laid.....

The truth is somewhere out there in a place no one knows, beyond all the beaten paths.

And it’s not always at the top of the mountain.

It might be in a crack on the smoothest cliff or somewhere deep in the valley.”

— Yoko Ogawa
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ABSTRACT

In the context of hybrid approach, this study was focused on formalizing and application
of a simple and idealized model using a set of theoretical framework based on rule-based
morphological expressions. Main objectives were: (1) to simulate the sedimentary infilling of
the Guadiana Estuary palaeovalley due to eustatic sea-level rise during the Holocene, against
previous geomorphological and post-glacial palaeoenvironmental reconstructions based on
facies interpretation and **C dating; (2) to assess potential morphological impacts and risk of
habitat shift by simulating the morphological evolution of the Guadiana estuary and its
intertidal zone for the worst case of sea level rise and sedimentation scenarios predicted for the
21% century; (3) to assess the sensitivity of bed friction coefficient, power index of the current
velocity in the erosion rate function, river discharge, and sea-level rise rate in determining the
decadal scale morphological evolution in the Guadiana estuary; and (4) To understand the
effect of dam construction along the Guadiana river on the estuarine morphology.

According to the results, the long-term modelling of the morphological evolution in the
estuary due to sea-level rise during the Holocene complemented previous reconstructions,
based on interpretations of the experimental data. The intermediate hybrid approach that was
followed in this study appears to be a useful tool for simulating the morphological evolution of
an estuarine system during the period of postglacial sea-level rise. It seems particularly suited
to the more sheltered environments of an estuarine system where vertical aggradation
dominates the sedimentary infilling of the palacovalley. However, the direct application of
Estuarine Sedimentation Model and the intermediate hybrid model, are very much applicable
to a system where there is net accretion throughout the estuarine system. These constraints
were compensated to a certain extent using the fully developed hybrid model as it was able to
produce elevation change distribution from 2000 to 2014 in the Guadiana estuary,

approximately similar to the observed normal probability distribution for the same period. This
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improved model was able to produce spatial variability of eroding and accreting regions,
enabling the coupling of decadal scale model to centennial scale model. Furthermore, results
indicate the deficiencies of defining the environmental flow as a percentage of dry season flow
and the risk of habitat loss from the intertidal zone. Thus, a multi-dimensional approach has to
be adopted to mitigate their consequences of sea-level rise and drastic flow regulations on the

ecosystem of the Guadiana estuary.

Keywords: Estuaries, Sea-level rise, Long-term morphological evolution, Behaviour-

oriented models, Hybrid models Hindcasting and forecasting

Vii



RESUMO

No contexto de uma abordagem hibrida, este estudo focou-se na formalizacdo e
aplicacdo de um modelo simples e idealizado baseado no enquadramento tedrico resultante de
expressdes geomorfoldgicas. Os objetivos principais foram: (1) simular o preenchimento
sedimentar do palaeovale do estuéario do Guadiana devido a subida eustatica do nivel do mar
durante o Holocénico, considerando reconstrucdes geomorfoldgicas e pos-glaciais
palaeoembientais por sua vez baseadas em interpretacdo de facies e datacdes por Carbono-14;
(2) avaliar os potenciais impactos morfolégicos e de risco de mudancga de habitats através da
simulacdo fa evolucdo morfoldgica do estuario do Guadiana e respetiva zona intertidal de
acordo com o pior cenario de subida do nivel do mar e de sedimentacdo projetado para o século
XXI; (3) avaliar a sensibilidade do coeficiente de friccdo de fundo, indice de poténcia da
velocidade de corrente na funcdo de taxa de erosdo, e taxa de subida de nivel do mar na
determinacdo da evolucdo morfoldgica do estuario do Guadiana numa escala temporal de
décadas; e (4) perceber qual o efeito na morfologia estuarina da construcdo de barragens ao

longo do rio Guadiana.

De acordo com os resultados obtidos, a modelagdo a longo prazo da evolugdo
morfoldgica do estuario devido & subida do nivel do mar durante o Holocénico complementou
reconstrucdes prévias baseadas em interpretacfes de dados experimentais. A abordagem
intermédia hibrida seguida neste estudo apresenta-se como uma ferramenta Util para simulacdo
da evolugdo morfoldgica de um sistema estuarino durante o periodo de subida do nivel do mar
pos-glacial. Torna-se ainda particularmente aplicavel a ambientes mais abrigados de um
sistema estuarino onde a agradacao vertical domina o processo de preenchimento sedimentar
do palaeovale. Porém, a aplicacdo direta do Modelo de Sedimentagdo Estuarina e do modelo
intermédio hibrido € igualmente aplicavel a um sistema onde exista acre¢do generalizada por
todo o sistema estuarino. As limitaces encontradas foram relativamente compensadas através
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da utilizagdo do modelo hibrido totalmente desenvolvido. Este permitiu estimar a variacdo de
elevacdo do estuario do Guadiana entre 2000 e 2014 de forma aproximadamente semelhante a
distribuicdo normal de probabilidade observada para 0 mesmo periodo. Este modelo melhorado
permitiu a producéo de variabilidade espacial de regibes em acrecdo e erosdo, possibilitando a
unido entre o modelo operante a escala de décadas com o modelo operante a escala de séculos.
Ainda, os resultados obtidos apontam para as limitacdes na definicdo de um caudal ecoldgico
como um percentagem do caudal em época seca, € 0 risco de perda de habitats da zona
intertidal. Assim, uma abordagem multi-dimensional devera ser adotada de forma a mitigar as
consequéncias da subida do nivel do mar e da regulagdo dréastica do caudal no ecossistema do

estuario do Guadiana.

Palavras-chave: Estuarios, Subida do nivel do mar; Evolucéo morfolégica a longo prazo;
Modelos orientados por comportamento; Modelos hibridos; Reconstrucao retrospetiva e
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RESUMO ALARGADO

A Humanidade enfrenta grandes desafios no que diz respeito a mitigacéo e adaptacao
aos impactos das alteracdes climaticas globais, incluindo os decorrentes da subida do nivel do
mar em ambientes estuarinos durante o século XXI. Consequentemente, as autoridades tém
que tomar decisdes de gestdo e implementar politicas que minimizem os riscos de inundagéo,
bem como as ameagcas para 0s habitats estuarinos e costeiros, devido aos cenarios que projetam
uma subida do nivel do mar. Tais impactos negativos podem ser exacerbados devido as
atividades humanas intensivas que se desenvolvem nestas regides. Em contraponto com a
abordagem dominante do século XX de mitigar os problemas de erosdo costeira com recurso a
intervencdes intrusivas de engenharia dita “pesada”, que falharam em muitos casos, as
aplicacdes de estratégias de engenharia ditas “ligeiras” tém vindo a ser identificadas como uma
abordagem mais sustentavel a ser adotada no presente século. Para tal € necessaria uma boa
compreensdo dos processos fisicos e bioldgicos de longo termo, os quais controlam a dindmica
de sistemas estuarinos na sua globalidade. Uma abordagem robusta de modelacao tera entdo
que ser considerada para compreender o grau de resposta e sensibilidade de sistemas estuarinos
a alteracdes nos processos dominantes, tais como dinamica de marés, subida do nivel do mar,
descarga fluvial e abastecimento sedimentar fluvial. Contudo, a dindmica sedimentar e,
especialmente, as alteracdes morfoldgicas de longo-termo sdo dificeis de modelar, uma vez
que a maioria dos modelos de previséo sdo baseados na simulacdo de eventos discretos e num

insuficiente conhecimento de processos estocasticos.

Apesar de as condicdes ambientais serem naturalmente diferentes, compreender e
simular a evolucéo estuaria Holocénica em resposta a subida eustatica do nivel do mar devera
servir como base para prever a sua evolugdo morfoldgica durante o século XXI. E ainda
importante compreender a incerteza e sensibilidade dos parametros de controlo na evolugéo

morfoldgica durante este século. Existem algumas desvantagens nas abordagens de modelacao



baseadas em processos explicitos e baseadas em comportamentos. Em comparacao, os modelos
hibridos, apesar de estarem ainda numa fase inicial de desenvolvimento, podem combinar o
rigor dindmico de modelos baseados em processos com o conhecimento observacional
incorporado em modelos assentes em relacbes geomorfoldgicas empiricas ou modelos
baseados em comportamentos. Prandle (2004; 2009) desenvolveu uma conceptualizacédo
tedrica baseada em expressdes obtidas a partir de relacbes morfoldgicas empiricas, recorrendo
a simplificacdo da equacdo unidimensional de propagacdo de momento axial em &guas pouco
profundas e da equacdo de continuidade. As teorias dai resultantes fornecem formulacGes
explicitas para as velocidades de corrente, séries temporais de concentragdo do sedimento em
suspensdo em funcdo da elevacao, alturas de maré, descarga fluvial, dimensdo do sedimento,
atrito de fundo, erodibilidade e porosidade do sedimento. Desta forma, o modelo hibrido de
evolucdo morfoldgica esta assente nos desenvolvimentos apresentados em Prandle (2004;
2009) e outras relacGes empiricas obtidas em varios estudos desenvolvidos no sistema estuarino

do rio Guadiana.

Para complementar investigaces de campo que descreveram a histéria geomorfoldgica
e a variagdo do nivel do mar ao longo dos Ultimos 13.000 anos no estuario do Guadiana,
localizado no sudoeste da Peninsula Ibérica, foi, no presente estudo, inicialmente aplicado o
Modelo de Sedimentacdo Estuarina de forma a compreender a capacidade e aplicabilidade de
uma abordagem de modelagéo baseada em comportamentos para realizar simulagdes de longo-
termo da evolucdo morfoldgica do estuario do Guadiana em resposta as projecdes de subida do
nivel do mar e cenéarios de défice sedimentar (Capitulo 2). Em segundo lugar, no contexto de
uma abordagem hibrida, formalizou-se um modelo simples e idealizado, o qual foi programado
em ambiente MATLAB com recurso a conceptualizacdo tedrica baseada em expressdes

morfolégicas empiricas obtidas por Prandle (2004; 2009) de forma a:

Xi



(1) Simular o preenchimento sedimentar do paleovale do estuario do Guadiana devido a
subida eustatica no nivel do mar durante o Holocénico (Capitulo 3);

(i)  Avaliar os resultados da modelacio em comparagdo com reconstrucoes
geomorfoldgicas e paleoambientais pds-glaciais baseadas em interpretacdo de facies e
datagdo por radiocarbono — *C (Capitulo 3);

(iif) ~ Simular a evolugdo morfoldgica do estuério do Guadiana e as suas zonas entre marés
para 0S cendrios mais gravosos em termos de subida do nivel médio do mar e
sedimentacdo previstos para o século XXI (Capitulo 4);

(iv)  Analisar os impactos morfoldgicos potenciais e 0s riscos de deslocacdo de habitats por
forma a permitir a formulacgdo de politicas de gestdo de longo-termo para a totalidade
do sistema estuarino (Capitulo 4);

(v) Avaliar a sensibilidade ao coeficiente de atrito de fundo e exponenciacgdo da velocidade
da corrente na funcdo da taxa de erosdo, bem como a taxa de subida do nivel do mar
na determinacdo da evolucdo morfol6gica do estuério do Guadiana a escala da década
(Capitulo 5);

(vi)  Compreender qual o efeito das barragens construidas no longo do Rio Guadiana na
morfologia estuarina (Capitulo 5);

(vii)  Comparar a taxa de denudagdo da bacia hidrogréfica do Rio Guadiana com recurso ao
método isotdpico Berilio 10 (*°Be) e 0 método do balanco sedimentar (Capitulo 6);

(viii)  Avaliar a sensibilidade da descarga fluvial (fluxo ambiental) na evolu¢do morfoldgica

de longo-termo ap6s a conclusdo da barragem de Alqueva em 2002 (Capitulo 7);

Os objetivos 1 a 4 e 7 foram alcancados através da estimacgdo dos coeficientes adimensionais
de acrecdo liquida para um transepto hipotético, compreendido entre o nivel maximo de maré

alta e a méxima profundidade no estudrio do Guadiana, recorrendo-se as expressoes
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matematicas do modelo hibrido de Prandle (2004; 2009). Os coeficientes dai resultantes foram
utilizados para simular a evolugdo morfoldgica do estuério do Guadiana usando o Modelo de
Sedimentacdo Estuarina (ESM), o qual representa uma abordagem de modelacdo numérica
orientada por comportamentos morfoldgicos. Consequentemente, a abordagem implementada
no presente trabalho é considerada como uma abordagem hibrida intermédia. As simulacfes
do modelo para os objetivos 5, 6 e 8 foram baseadas no modelo hibrido aperfeigoado
(completamente desenvolvido), o qual estima diretamente a evolu¢do morfoldgica do estuério
do Guadiana de forma a compreender a sensibilidade dos parametros de controlo na alteragédo
da elevacdo em resposta a subida do nivel do mar e reducdo do fornecimento sedimentar. O
objetivo 8 servira para o desenvolvimento de estratégias de gestdo de forma a minimizar o
impacto da subida do nivel do mar e a reducdo dréastica da descarga fluvial devido a construgédo

da barragem de Alqueva.

De acordo com os resultados da aplicacdo direta do Modelo de Sedimentacdo Estuarina,
durante o século XXI a evolugdo morfolégica do estuario do Guadiana e a sua zona entre marés
adjacente sdo provavelmente melhor representadas pelas proje¢fes que combinam o cenario de
subida do nivel do mar A1F1 (59 cm) com o cenario de intervengdo humana da sedimentacédo
(0.65 mm/ano). Esta combinacdo de cenarios fornece uma percepcdo ampla do grau de
vulnerabilidade do estuario em condigdes de caréncia sedimentar. Nestas condi¢des, verificar-
se-a um aumento significativo na profundidade efetiva do canal principal. A sedimentacao
acima do nivel médio do mar atingira apenas 37% do total da sedimentacdo potencial, o que se
deve a exclusividade do forcamento de maré nesta seccdo. Este valor aumentara até 50, 53 e
57% quando considerado um acréscimo no espago de acomodacao em funcdo de projecdes de
subida do nivel do mar de 38, 48 e 58 cm, respectivamente. A translacéo horizontal (para terra)
do limite superior da zona entre marés do estudrio sera mais significativa na margem

Portuguesa, quando comparada com a mesma translacdo na margem Espanhola. Nesta Gltima,
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em funcdo de uma translagdo limitada dos limites superiores da zona entre marés, havera um
maior risco de desaparecimento de sapais em funcdo do aumento da submergéncia resultante
da subida do nivel do mar. Adicionalmente, a translagdo para terra do nivel médio do mar sera
mais significativa na margem Espanhola, onde os sapais deverdo sofrer maior presséo devido
a aceleracdo da subida do nivel do mar; este fendmeno deverd ser menos significativo na
margem Portuguesa. Em termos gerais, a zona entre marés do estuario do Guadiana devera
aumentar entre 3 a 5% por cada aumento de 10 cm no nivel do mar até ao final do século XXI,

0 que representara uma perda efetiva de terra emersa devido a subida do nivel do mar.

Contudo, 0 modelo em causa é bastante simples e ndo considera a erosao induzida pelas
marés, bem como a variacdo na descarga fluvial. Consequentemente, este tipo de modelo é
muito mais aplicavel a sistemas onde se verifica uma acrecdo efetiva em todo o sistema
estuarino. Assim, 0s constrangimentos na investigacdo observados em abordagens de
modelacdo orientadas por comportamentos podem ser compensados com a utilizacdo de
abordagens hibridas (comportamento-processos), as quais poderdo auxiliar na exploracédo de
algumas das vantagens de modelos baseados em processos. Mesmo considerando que este
modelo é extremamente idealizado e que os resultados podem conter grandes incertezas, 0s
resultados obtidos podem, pelo menos, indicar a ordem de magnitude dos impactos
morfologicos potenciais no sistema estuarino do Guadiana resultantes dos cenarios de subida

do nivel do mar e sedimentacao para o século XXI.

Para melhorar a compreenséo atual da resposta de sistemas estuarinos a forcamentos
naturais, a evolucdo morfoldgica do estuario do Guadiana durante o Holocénico, devida a
subida eustatica do nivel do mar, foi simulada com recurso a uma abordagem hibrida
intermédia. A modelacdo de longo termo da evolucdo morfoldgica no estuario serviu para
complementar reconstrucdes anteriores, baseadas na interpretacdo de dados experimentais. As
simulacdes foram realizadas através da estimacdo dos coeficientes adimensionais de acre¢do
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liquida para um transepto hipotético desde o nivel maximo de maré alta até a profundidade
maxima do estuario do Guadiana, utilizando as expressdes matematicas hibridas de Prandle
(2004; 2009). Os coeficientes obtidos foram utilizados para simular a evolugdo morfoldgica do
estuario do Guadiana utilizando o Modelo de Sedimentacdo Estuarina (ESM), o qual
corresponde a uma abordagem de modelacdo numérica orientada por comportamentos, e
recorrendo-se a uma representacdo temporal estabelecida com base na determinagdo de 26
idades radiocarbono. Para além disso, a evolucdo morfoldgica nas zona entre marés foi
graduada em termos da frequéncia de inundacdo pela maré e os coeficientes adimensionais de
acrecdo liquida relativamente ao referencial hidrografico Portugués (2 m abaixo do nivel médio

do mar).

De acordo com os resultados obtidos, seis dos nove perfis topogréaficos da superficie
extraidos dos resultados das simula¢des reproduzem com precisdo os perfis topogréaficos reais.
As simulaces demonstraram realismo quando aplicadas aos ambientes mais protegidos do
estuario, nos quais a agradacdo sedimentar vertical € 0 mecanismo dominante do processo de
preenchimento. As melhores reconstrucdes da morfologia atual baseadas no modelo, obtidas
em quatro simula¢des diferentes, apresentaram erros médios quadraticos da ordem dos +4.8 m.
Este valor é compardvel com o erro associado a estimativa do nivel medio do mar em 11.500
anos Cal. BP e com as incertezas na reconstrucdo da superficie do paleovale para 11.500 anos
Cal. BP. O erro médio na simulacdo da elevacdo da superficie obtida por acrecdo sedimentar
em relacdo a elevacdo da superficie de acrecdo real é de 27.5%, o que é considerado aceitavel
para a escala temporal milenar adoptada. A abordagem hibrida intermédia que foi
implementada neste estudo demonstrou utilidade para a simulacdo da evolu¢do morfoldgica de
um sistema estuarino durante o periodo de subida do nivel do mar pds-glacial. Esta abordagem

demonstrou ser particularmente adequada para 0s ambientes mais protegidos de um sistema
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estuarino, onde a agradacdo vertical controla o processo de preenchimento sedimentar do

paleovale.

Este erro é comparavel com o associado a estimativa do nivel médio do mar ha 11 500
anos Cal. BP e com as incertezas na recriacdo da superficie do paleovale ha 11 500 anos Cal.
BP. O erro médio da simulacdo da elevacdo da superficie do sedimento acrecionado
relativamente a atual altura média de acrecdo foi de 27,5%, valor que € considerado aceitavel
para a escala de tempo milenar que foi adoptada. A abordagem hibrida intermediaria que foi
seguida neste estudo parece ser uma ferramenta Util para simular a evolugdo morfoldgica de
um sistema estuarino durante o periodo pos-glacial de subida do nivel médio do mar. Esta
parece particularmente apropriada para ambientes mais confinados de um sistema estuarino

onde a agradacéo vertical domina o preenchimento sedimentar do paleovale.

Descobertas como a funcéo de erodibilidade e os coeficientes da acre¢do liquida ndo
dimensional da simula¢do otimizada do preenchimento do estuério do Guadiana, devido a
subida do nivel meédio do mar durante o periodo do Holocénico, foram utilizados para prever a
evolucdo morfoldgica a escala da decada. Os resultados da previsdo do modelo indicaram que,
se as propriedades biogeoquimicas do sistema estuarino do Guadiana forem as ideais para a
migracdo no sentido do continente e adaptacdo dos sapais com as subidas dos niveis do mar, o
Unico risco seria a reducéo de 0,05 e 0,6 km? dos habitats de alto sapal na margem portuguesa
em resposta, respetivamente, aos cenarios de limite inferior e superior de stbida do nivel médio
do mar e sedimentacdo. Se a capacidade de adaptacdo da vegetacdo de sapal das zonas
recentemente migradas é muito fraca, as comunidades de baixo e médio sapal serdo ameacadas
de extingdo sobre o cenario do limite superior, tanto na margem portuguesa como na espanhola.
Esta vegetacdo sera substituida por planicies lodosas ou arenosas ou novos baixos sapais com
uma baixa riqueza de espécies. Sobre as piores condigdes ambientais e de stbida do nivel médio
do mar, a terra do sistema estuarino disponivel para os altos sapais sera de cerca de 1,4 km? no
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final do século XXI. A éarea total recém inundada, devido as marés e a subida do nivel do mar
sera de 3,2 e 11,8 km?, respetivamente, para os limites inferior e superior. Embora nos
reconhegamos que ha espaco para melhorias adicionais da abordagem hibrida intermediaria, 0s
presentes resultados de previsdo podem produzir uma visdo ampla dos impactos relacionados

com a subida do nivel médio do mar para fins de gestdo holisticos.

A taxa de desnudamento da bacia do Guadiana foi estimado para quantificar as taxas de
evolucdo da paisagem numa escala de tempo milenar. Tal servird para compreender o0s
controlos e eficiéncias de processos geomarficos relevantes e para estabelecer a relacéo entre
as alteracBes climaticas e a resposta da paisagem. As estimativas podem ser usadas para
alcancar os objetivos de gestdo de sedimento de toda a bacia, em particular para 0s rios
transfronteiricos. Assim, o principal objetivo foi estimar e comparar a taxa de desnudamento
da bacia do rio Guadiana utilizando o método do is6topo °Be e o método do balango

sedimentar.

De acordo com a abordagem do balango sedimentar, a taxa média de desnudamento da
bacia do rio Guadiana seria de 1,58*10 cm/ano. A taxa média de desnudamento do estuario
do Guadiana derivada da média anual do fluxo do is6topo foi de 1,3 * 0,2x10 cm/ano,
enquanto que a mesma derivada usando as médias mensais foi de 0,79 +0,62 x10 cm/ano.
Isto é uma ordem de magnitude superior a mesma deridada usando o método do balanco
sedimentar. Contudo, se aplicarmos 90% do factor de retencao (para contar com a retencdo do
sedimento pelas barragens) para o valor estimado utilizando a abordagem do balanco
sedimentar, os resultados seriam comparaveis com o limite superior da taxa de desnudamento
estimada usando o método do istopo °Be. O factor de correcdo de 85% estaria de acordo com
o limite inferior da taxa de desnudamento medida através do método do isétopo, enquanto que
80% iria representar aproximadamente o valor estimado usando a média mensal das
concentragdes do isotopo °Be. Consequentemente, as taxas de desnudamento da bacia do rio
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Guadiana que foram derivadas do método do is6topo °Be podem ser comparaveis com as
obtidas através do método do balanco sedimentar, apenas se 0s resultados desta Gltima
abordagem forem corrigidos para a atenuacdo da descarga sélida pela barragem. Por outro lado,
a estimativa da taxa de desnudacéo utilizando o método do balanco sedimentar e 0 método do
isdtopo 1°Be podem ser usadas como uma nova abordagem para estimar o factor de retengio
sedimentar pelas barragens. Isto ird servir como uma validacdo da forca e capacidades do

modelo. Contudo, € necessario efetuar mais estudos para melhorar as estimativas.

A sensibilidade do coeficiente de friccdo do leito, o indice de poder da velocidade da corrente
em funcdo da taxa de erosdo e da taxa de subida do nivel do mar para a determinacdo da evolucéao
morfoldgica do estuario do Guadiana a escala da decada, foram avaliados utilizando puramente
um modelo hibrido baseado num guido com linguagem de programacao de MATLAB. A evolucédo
hidrodindmica e morfoldgica a escala da década foram simuladas utilizando soluc¢des analiticas
generalizadas de um enquadramento teorico, no qual a propagacdo da maré no estuario foi
representada pelas médias unidimensional e transversais das equagdes das ondas de agua rasas
enquanto que as condigdes de friccdo foram linearizadas num canal estuarino de forma triangular
e sincrona. Os principais objectivos deste estudo foram validar o modelo de evolu¢do morfoldgical
de curta prazo e encontrar as suas sensibilidades a efeitos combinados de formas de friccdo de
superficie e do leito, poder da velocidade da corrente residual, taxa de subida do nivel do mar e

tempo.

O sub-modelo a escala da decada foi aplicado no estuario do Guadiana localizada na fronteira
a sul entre Portugal e Espanha. Os registos da descarga do rio de 2000 a 2014 na estacdo do Pulo
do Lobo do rio Guadiana foram utilizadas para derivar uma média aproximada da descarga do rio
numa série temporal. A batimetria de entrada foi derivada de um mapa do ano 2000 e o diametro
do sedimento do leito do rio foi obtido a partir de estudos anteriores. Foi realizado um
levantamento batimétrico em maio de 2014 usando uma sonda de feixe Unico. As marés foram
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modeladas usando os constituintes de maré M2; M4; S2; O1; K1; MSf; N2; K2; MS4 e M6. A
inclinag&o do leito do rio foi assumida como constante. A funcdo do coeficiente de erodibilidade
do sedimento foi obtida da simulacdo do preenchimento sedimentar Holocénico (capitulo 3). A
concentracdo de sedimento suspenso foi derivada usando uma formula empirica e a SSC no pico
das discargas foram derivadas ampliando as estimativas por forma a serem compativeis com

estudos anteriores em situac6es de grandes descargas no rio.

De acordo com os resultados de simulagdo do modelo para diferentes poderes de velocidade
de corrente da funcdo da taxa de erosdo (n) e alteracdo no coeficiente de friccdo (f), existe uma
boa compatibilidade entre a batimetria observada em 2014 e quatro batimetrias simuladas.
Concluindo, o modelo a escala da decada foi capaz de produzir alteracdes da distribuicdo da
elevacdo de 2000 a 2014 no estuario do Guadiana, aproximadamente semelhantes a distribuicdo
de probabilidade normal observada para 0 mesmo periodo. A variacdo da média das alteracdes da
elevacido (AZ) e o desvio padrdo (o) exibem uma relacdo logaritmica para os poderes da
velocidade da corrente da funcéo da taxa de erosdo (n) desde 1,5 até 3 e depois ndo ha alteragdes
significativas em AZ e o para aumentos adicionais de n. Um efeito combinado no AZ e o é
identificada entre n e o factor de friccdo para a velocidade de corrente modelada inferior a 1 m/sec.
As distribuicbes normais das alteragdes de elevagdes modeladas, aproximou-se da distribuicdo
normal observada para a alteracdo de elevacdo paran =1,8; 2; 2,5 e 3, enquanto a fricgdo € alterada
-20 %, (0,8f), 0 %, (f), +50 %, (1,5f), e 107 % (2,07f), respetivamente. O f da os valores estimados
da friccio de cada célula utilizando uma expressdo empirica. AZ e o das simulagdes 6timas acima
referidas sdo altamente comparavel aos valores observados correspondentes de 0,369 e 0,766 m,
respetivamente. As diferencas entre AZ com ou sem subida do nivel do mar relativamente ao
aumento da taxa de espaco de acomodacédo convergem para o valor zero com um aumento da taxa

de stbida do nivel do mar acima da presente taxa média global de subida do nivel do mar, assim
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0 aceleramento da subida do nivel do mar causaria uma destruicdo significante ao sensivel

ecosistema do estuario do Guadiana.

As observagdes de campo sugerem que um aumento da erosao e transporte do sedimento para
0 oceano, a combina¢do com maior aplicabilidade seria dada porn=1,8e 0,8foun=2ef O
modelo foi capaz de produzir variabilidade espacial das regides de erosao e acrecao, assim podera
haver uma discrepancia em magnitude. De acordo com as simulagdes, haveria uma aumento da
acrecdo nos canais mais profundos que ndo é continua no caso observado que pode dever-se a
perturbacdes da sedimentacdo resultantes de atividades humanas como a navegacéo frequente de
grande navios ao longo do canal profundo. A erosdo teve lugar principalmente nas planicies
lodosas rasas. Tal implica que a planicie lodosa ird aprofundar-se com a stbida do nivel do mar.
Estas areas podem ser preenchidas por sedimentos marinhos, mas isto ird também causar um efeito
deletério a sobrevivéncia do sistema se sapal, como observamos nesta area de estudo. Finalmente,
embora o modelo completo tenha sido formulado para simular uma evolucdo morfoldgica do
estuario a longo prazo, o médulo do modelo a escala da década seria Util para simular as batimetrias
a curto prazo dos canais do estuario e para estimar o volume da dragagem do canal para a
navegacgdo. Contudo, é importante estabelecer a distribuicdo normal do AZ nos estuarios através

da realizacdo de varios levantamentos batimétricos, pelo menos anualmente.

Ha evidéncias que provam a inadequacdo do fluxo ambiental que é para ser mantido no rio
Guadiana para sustentar condi¢cdes minimas para o funcionamento do rio. Os métodos para estimar
o fluxo ambiental ndo reconhecem a descarga fluvial requerida para manter os habitats de sapal e
nao considera a ameaca da stbida do nivel do mar. Portanto, o presente estudo foi focado sobre a
avaliacdo da sensibilidade da descarga do rio na evolu¢do morfol6gica no estuario em resposta ao
pior caso de sibida do nivel do mar e aos cenarios de sedimentacdo. A avaliacdo foi principalmente
baseada na abordagem hibrida explicada no capitulo 5. Os dados para esta avaliacdo foram obtidos
de estudos empiricos levados a cabo no rio Guadiana e no seu estudrio. As simulagfes foram
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efetuadas para trés casos em termos do fluxo base do rio. O primeiro foi a funcéo de fluxo de base
modelada que é aproximadamente equivalente ao fluxo observado e que foi aumentada por factores
de 1,5 e 2 nos outros dois casos. Através do aumento o fluxo de base da descarga do rio por uma
factor de 1,5 e 2, o volume liquido de sedimento erodido pode ser reduzido cerca de 25 e 40% com
respeito ao volume liquido de sedimento erodido dado pela descarga do rio modelada no primeiro
caso. Contudo, os resultados indicam que mesmo que o fluxo de base fosse aumentado, o risco de
perda de habitat incapaz de recuperer efetivamente. Tal podera sugerir as deficiéncias da definicéo
do fluxo ambiental como uma percentagem de fluxo de estacdo seca. Assim, uma abordagem
multi-dimensional tem de ser adotada para mitigar as suas consequéncias de subida do nivel do

mar e regulacdes dr’sticas do fluxo no ecossistema do estuario do Guadiana.
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Chapter 1

Introduction



Long term Coastal Responses to sea-level rise and sediment supply reduction

1.1 GENERAL INTRODUCTION

1.1.1 WHAT IS AN ESTUARY AND HOW IT IS FORMED AND EVOLVE?

An estuary is the seaward portion of a drowned river valley (Dalrymple et al., 1992)
and it is a semi-enclosed transitional water body (Potter et al., 2010) that extends from landward
tidal limits to the seaward limit of coastal influence (Cameron and Pritchard, 1963; Nichols
and Biggs, 1985). Thus, in chemical terms the salinity range in an estuary extends from 0.5 to
30-35 %o (Pritchard (1967). River valleys incised due to erosion in response to a fall in sea-
level during low stands (Fagherazzi et al., 2004). Then they were drowned forming the present
morphology of estuaries by the subsequent postglacial sea-level rise during the Holocene (Roy
et al., 1994). Estuaries have since infilled with marine and fluvial sediment to varying degrees
depending on the global forcing like sea-level rise rate (Bridge, 2003) and local controls
including wave climate, the availability of riverine and coastal sediment, and the river and tidal
hydrodynamics (Wright and Coleman, 1973).

In meso-tidal regimes (tidal range 2 - 4m), fluvial discharge controls the
geomorphologic evolution of the estuary (Wolanski, 2006). However the observed high
variability in valley morphologies may be due to other controlling factors including

hydrodynamics, sediment supply, geomorphology, climate and human activities (Chaumillon
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et al., 2011). The life span of an estuary extends over a millennial time scale passing through
several stages of life from youth to maturity and old or terminal age (Roy, 1984; Roy,
1994; Roy et al., 2001). According to Wolanski, 2006, at the first stage the river valleys are
flooded due to sea-level rise and during the second stage, tidal inundation fosters the growth
of salinity resisting vegetation and finally, during the terminal stage, freshwater vegetation will
dominate the habitat as the plains become higher in elevation than high tide limits due to

various forms sedimentation.

1.1.2 CLASSIFICATION OF ESTUARINE SYSTEMS

In terms of management and modelling perspectives, setting the right typology of
estuaries is important because it defines the dominant processes in the long term evolution of
the estuarine morphology. According to geomorphological features of estuaries, Pritchard,
(1967) proposed a four type classification: (1) drowned river valleys, (2) fjord type estuaries,
(3) bar-built estuaries and (4) estuaries produced by tectonic processes. Based on
geomorphology and topography, Davidson et al., (1991) classified estuaries into nine
categories: (i) fjord, (ii) fjard, (iii) ria, (iv) coastal plain, (v) bar built, (vi) complex, (vii) barrier
beach, (viii) linear shore and (ix) embayment. According to the primary process that shaped
the underlying palacovalley before the sedimentation during the Holocene, Hume and
Herdendorf (1988) divided estuaries in to five classes with sixteen sub-classes based on the
geomorphology and oceanographic characteristics of the estuary, and catchment hydrology
(Fig. 1.1). Hume et al., (2007) presented a new classification of estuaries based on a hierarchical
view of the abiotic components that define estuarine environments. Accordingly, estuaries are
grouped into four levels: (1) global scale variation based on differences in climatic and oceanic
processes (Solar radiation, heating and cooling, precipitation, evaporation), which are

discriminated by the factors: latitude, oceanic basins and large landmasses; (2) variation in
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estuary hydrodynamic processes (mixing, circulation, stratification, sedimentation, and
flushing), which are discriminated by estuary basin morphometry, river and oceanic forcing;
(3) variation among estuaries that are due to catchment processes (Supply of fresh water,
sediment and water chemistry constituents), which are discriminated by catchment geology
and catchment land cover; and (4) variation among estuaries that are due to local hydrodynamic
processes Sediment deposition and erosion, which are discriminated by ocean swell, tidal

currents, wind waves and depth.

Primary
Mode of Main class Sub-class
Origin
Funnel shaped
Healdlarzld Double spit
) enclose Single spit
Fluvial Tombola
erosion Barrier enclosed Island
Beach
River mouth Staight bank
Spit-lagoon type 1
Spit-lagoon type 2
Marine/ Coastal Delataic
fluvial ~ embayment
Estuary
Classification T : Fault defined
ectonism —
embayment
Diastropic
Volcanism < embayment
Volcanic
embayment
Glaciation - Glacial
embayment

Figure 1.1 Classification of estuaries according to the primary process that shaped the
underlying palaeovalley before the sedimentation during the Holocene, and based on the
geomorphology and oceanographic characteristics, tides, and catchment hydrology (based on

Hume and Herdendorf, 1988).
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It was recognized that the tidal range (Dyer, 1996) increases upstream with the
convergence of the estuarine margins while friction reduces the tidal range. Thus, according to
the dominance of the friction and convergence over the tidal range, estuaries also can be
classified as hypersynchronous, synchronous and hyposynchronous (Nichols and Biggs, 1985).
If the convergence forcing exceeds friction, they are called hypersynchronous estuaries, in
which tidal range and current increase towards the head of these funnel shaped estuaries and in
the riverine section, tidal range reduces as the friction increases (Dyer, 1996). The opposite is
true for hyposynchronous estuaries. In synchronous estuaries, the effect of friction and
convergence of margins on tidal range is equal and the sea surface slope due to axial gradient
in phase of tidal elevation significantly exceeds the gradient from changes in tidal amplitude
(Prandle, 2009).

In the context of facies distribution of estuaries, Dalrymple et al., (1992) grouped them
according to the dominance of tides and waves. Accordingly, in a wave dominated estuary, its
mouth experiences high wave energy and the sediment eroded in the adjacent coastline will be
deposited to form a subaerial barrier/spit or submerged bars. As the mouth is constricted with
increased deposition, currents will increase so as to have balance in sediment deposition and
erosion (Dyer, 1996). In tide dominated estuaries, tidal currents play the dominant role in
transporting the fluvial sediments, resulting in significant upstream transport of bedload
sediment (Wells, 1995). In such estuaries, mouth area will be flanked by sandbanks aligned
with the dominant direction of the current flow (Dyer, 1996). Interestingly, Chaumillon et al.,
(2011) identified a mixed system which can be classified as neither tide nor wave dominated.
However, they cannot be defined solely according to the magnitudes of tidal range (Wells,
1995). If the rising-tide time is shorter than the falling-tide time, such estuaries are flood-

dominant while the opposite is true for ebb dominant systems (Wang et al., 2002). Chaumillon
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et al., (2011) defined a schematic representative cross sections showing the variability of
French valley fills related to their energetic and morphologic classification.

On the basis of vertical structure of salinity, estuaries can be further classified as salt
wedge, strongly stratified (salt-wedge or Fjord type), weakly stratified (partially mixed) or
vertically mixed (laterally homogeneous or inhomogeneous) (Cameron and Pritchard, 1963,
Dyer, 1996). The estuarine circulation will be controlled by the balance between the pressure
gradient induced by the outer estuary surface slope, the baroclinic pressure gradient due to the
along-estuary salinity gradient, and the stress associated with the estuarine circulation (Geyer
et al., 2000). Therefore, this classification considers the balance between buoyancy forcing
from river discharge and mixing from tidal forcing, which determines the volume of oceanic
water entering the estuary during each tidal cycle (Valle-Levinson, 2010). In vertically
stratified estuaries, there would be no mixing of salt and freshwater (Dyer, 1996), which can
be observed in large river discharge combined with weak tidal forcing particularly during the
flood tide (Valle-Levinson, 2010). In partially mixed estuaries, there is a significant vertical
density gradient (Fischer, et al., 1979) resulting from moderate to strong tidal forcing and weak
to moderate river discharge (Valle-Levinson, 2010). In a vertically homogeneous estuary, there
is sufficient mixing so that the salt-water and fresh water interface disappears at high tidal
current velocities (Biggs, 2012) and weak river discharge (Dyer, 1996). Consequently, mean
salinity profiles in mixed estuaries are practically uniform and mean flows are unidirectional
with depth (Valle-Levinson, 2010).

However, it is important to note that defining a mutually exclusive classes of estuaries
may not be practical, given that some estuaries may belong to more than one class as there is a
range of properties and processes (Wells, 1995). Many estuarine systems may change from one
class to another in subsequent tidal cycles, or from month to month, or from season to season

(dry or wet), or from one location to another within the same estuary (Valle-Levinson, 2010).
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1.1.3. IMPORTANCE OF ESTUARINE SYSTEMS AND THREATS ON THEIR
SURVIVAL

Many estuaries around the world serve as economically important links between land
and sea, as navigational channels providing access to harbours and inland waterways, and at
the same time, they act as valuable natural environments, providing shelter, feeding and
breeding grounds and nurseries to a wide variety of species (De Vriend, 2003). Human
activities associated with estuarine systems have been carried out over many centuries
(Kolahdoozanand Falconer, 2003). But human involvement with these systems has now widen
at an ever larger scale and many estuarine ecosystems are stressed to the extreme (De Vriend,
2003). There is growing concern about sustainable management of estuarine resources, in the
context of balancing the economic exploitations and healthy functionality of natural systems
in the face of increasingly larger scale developments and higher demands on navigability for
ever larger ships (Prandle, 2004; (De Vriend, 2003).

Natural functionality of estuarine systems, may be further affected by renewable energy
extraction, cooling water abstraction, aggregate mining, fishing, habitats, agriculture, waste
disposal, and leisure activities. Estuarine environments are facing increasing rates of change
due to raising temperature, changing freshwater runoff, changes in sea level, likely increases
in flooding events (Huthnance et al., 2008). As predicted in series of reports by the
Intergovernmental Panel on Climate Change (IPCC, 2007; 2013) the observed global climate
change is expected to significantly affect mean sea levels, storminess and river flows, which
will in turn impact on estuarine systems (Norton et al., 2007). However, the response of an
estuary to above forcings will be modified by natural concurrent morphological adjustments
and past and present human interventions (Prandle, et al., 2005). Extensive land clearing for
agriculture and human settlements within the mountainous part of the catchments may

accelerate the sediment supply from rivers into the estuary (Milliman and Meade, 1983;



Long term Coastal Responses to sea-level rise and sediment supply reduction

Milliman and Syvitski, 1992). On the other hand, large dams may reduce river discharge

significantly and thereby, the fluvial sediment supply (Wolanski et al., 2001, 2004).

1.2 MODELLING LONG-TERM EVOLUTION OF ESTUARINE SYSTEMS

1.2.1. ESTUARINE MORPHODYNAMIC PROCESSES

An estuary consists of complex physical systems that are subject to the influences of
waves, tides, river flow and human interventions (Karunarathna et al., 2008). The morphology
of estuaries is a result of complex nonlinear interplay between water and sediment motion and
bed topography (Hibma et al., 2004). The exact form and its magnitude of the response of
estuarine morphology to hydrodynamic factors and global climate forcing like sea-level rise
will depend on the dominance of those forcing factors and other controls such as sediment
characteristics and local geology at a particular estuary (Karunarathna et al., 2008). On the
other hand, the dominant hydrodynamic processes of an estuary will have a feedback effect
from the tidal asymmetry, wave-driven currents and wave-induced stirring effects, which are
all affected by the local seabed bathymetry (Luo, et al., 2013).

The steady supply of energy by the tidal currents, sediment moves in and out of the
estuary (Bell et al., 2000), hence tidal motion is the principal shaping factor of meso- and
macroscale features in estuaries to which wind waves add (Prandle, 2004). The interaction
between tide and basin morphology is partly responsible for the deformation of the tidal wave
creating asymmetry in tidal currents changing the flow pattern, and thus the sediment transport,
(van der Spek, 1997). For instance, tidal waves distort over low intertidal areas and along
shallow channels with decreasing depth landwards resulting in faster wave propagation at high
tide than low tide (Dronkers 1986). In deep channels and over the intertidal areas above the

mean tide level, tidal waves are distorted in such a way that the fine sediment is exported into
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the sea (Towned et al., 2007). In short estuaries, the mean depth of the basin and the relative
volume and height of inter-tidal shoals are the principal morphologic features affecting the tidal
asymmetry. Thus, the net sediment transport direction at the estuarine mouth depends on the
relative strength of two processes, namely: 1) landwards transport in the shallow water depths
due to tidal asymmetry and 2) seawards sediment transport within the estuary's deep channels
(Luo, et al., 2013). The sediment movement changes the morphology of the estuary by
completing the feedback loop as described by Wang et al. (2002).

Tidal flats tend to equilibrium if the maximum bottom shear stress, resulting from tidal
currents and wind waves, is spatially uniform (Hibma, et al., 2004). Wind and swell waves, in
particularly during storms can rework large amounts of sediment at the entrances to estuaries,
which can then be moved into the estuary by the incoming tide while smaller waves can erode
sediments off the shallow intertidal banks inside the estuary basin (Bell, et al., 2000). If the
tidal flat surface area in an estuary was strongly reduced while increasing the channel depth,
tidal current velocity will increase in estuaries (van der Spek, 1997). Inter-tidal flats in
proximity to deep channels may impact on the overall flood/ebb-dominance of an estuary and
hence the resultant estuary infilling or transporting of sediment into the sea (Speer and Aubrey
1985; Friedrichs and Madsen 1992; Kang and Jun 2003). The enhancement of sediment
infilling in estuaries during stormy situations due to increase in wave-induced currents is shown
in sediment model studies (Rainford, 1997). Therefore, changes in storminess can contribute
to changes in the rate of infilling in estuaries (van der Wal et al., 2002). Neal (1993) illustrated
the positive feedback mechanism between estuarine infilling and a decrease in wave energy,
for a variety of wave conditions. However, these sediments will only have a residual effect on

long term (Hanson et al., 2003).
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In the context of the long-term evolution of estuaries, the rate of sediment infilling will
determine by the balance between the sediment accommodation space, created by a rise in
relative sea level, and sediment supply (van der Spek, 1997). Changes to the tidal asymmetry
in response to sea-level rise depend on the geometry of the estuary. Friedrichs and Aubrey
(1996) correlate these forcings with the hypsometry of basins, i.e., the distribution of horizontal
surface area with respect to elevation. Convex profiles (from a bottom point-of-view) are
associated with tide dominance resulting in large tidal amplitudes and minor wave activity,
while concave profiles are correlated with wave-dominated basins (Hibma et al., 2004). If the
intertidal flats are relatively low in the tidal frame sea-level rise will favour import of sediment
leading to channel infilling to maintain its equilibrium volume with respect to the tidal volume
(Towned, et al., 2007). Flood-dominant estuaries are shallow systems with large inter-tidal
basin storage and enhance landward near-bed transport, while ebb-dominant basins are deep
systems with small inter-tidal basin storage (Wang et al., 2002). However, increase or decrease of
the flood or ebb dominance in a particular system depends on the initial state at the
onset of sea level rise (Towned, et al., 2007). According to many studies (e.g. O’Brien 1931,
Townend 2005), the tidal volume and cross-sectional area are proportionate. If this relationship
is to be maintained as the tidal volume changes with sea-level rise, the estuary volume must
self-adjust by giving rise to channel enlargement (Towned, et al., 2007).

The essential characteristics of tidal dynamics in estuaries are almost entirely
determined by tidal range, estuarine bathymetry with some modulation by bed roughness and
river flows (Prandle, 2004). According to van Rijin, (2011), the tidal range in estuaries is
affected by four principal processes: (a) inertia related to acceleration an deceleration effects,
(b) amplification (or shoaling) due to the decrease of the width and depth (convergence) in
landward direction and (c) damping due to bottom friction, and (d) partial reflection at

landward end of the estuary, whereas bathymetric convergence produces continuous reflection

10
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along the entire length of the channel. The response of estuaries to tidal forcing is primarily
governed by continuity (mass) and the axial momentum balance since lateral velocities are
often smaller than axial velocities (Winant and Velasco, 2003). According to a Grace 1936;
Bowden and Fairbairn 1952; Geyer et al. 2000, acceleration, pressure gradients, and bottom
friction are the dominant terms of the axial momentum balance. The relative phase between
fluctuations in water level and axial velocity depends on the length of the estuary and the
importance of friction (Winant and Velasco, 2003). Accordingly, in a long or shallow estuary,
the tidal wave progresses from the ocean into the estuary and decays with distance while
maintaining water level and axial velocity in phase.

Though estuaries show a great diversity of size, shape, depth, and shaping factors, the
horizontal salinity gradient and the resulting density gradient is a general characteristic of
estuaries (Geyer and MacCready, 2014), conditioning the estuarine circulation due to mixing
of salt and fresh water (Leeder, 2009). The estuarine circulation and sediment transport can
result in convergences that deposit sediment in quiescent zones and change the bed surface
elevation (George, et al., 2012). The lateral circulation enhance the sediment export from the
estuary into the sea (Cheng, 2007). The density-induced flow can affect the landward sediment
transport of fine sand in suspension at the mouth of an estuary (Thomas et al., 2002). Generally,
constant vertical mixing is assumed in case of the residual estuarine circulation and its temporal
and spatial variations were neglected (MacCready, 2004; Talke et al., 2009). Prandle, (2004)
derived a rule-based morphological expressions including explicit formulations for tidal
intrusion length by simplifying the one-dimensional equation of axial momentum propagation.
Waves increase mixing of fresh and saline water masses at the interface of river and sea,
resulting in a decrease in outflow velocities and lateral expansion of the river outflow, thus

encouraging sediment deposition close to the river mouth (van Maren, 2005).
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1.2.2 CLASSIFICATION OF MODELLING APPROACHES OF LONG-TERM
MORPHOLOGICAL EVOLUTION IN ESTUARINE SYSTEMS.

Prediction of the long term morphological behaviour of estuaries generally follows
three approaches: 1) Behaviour-oriented models, 2) process-based models, and 3) Hybrid

models.

1.2.2.1 BEHAVIOUR ORIENTED MODELS:

The behaviour oriented or top down models depend on observations of long-term
geological and geomorphological evolution in estuaries (Karunarathna et al., 2008). Behaviour
oriented models can be further classified into two groups: 1) geomorphologically-based
models, in which empirical formulations based on statistical analysis of observed long-term
morphological evolution (e.g. Bruce et al; 2003; Stopper, 1996; Stolper , 2002; Sampath et al.,
2011) and 2) rule-based models derived from whole-estuary regime concept such as volume
(Huthnance, et al., 2008). ASMITA is a rule based behaviour-oriented model that describes
morphological interaction between a tidal basin and its adjacent coastal environment (Stive et
al. 1998). In terms of volume (Kragtwijk et al. 2004), the model formulates the interaction
among tidal system with the major morphological elements being viewed at an aggregated
scale (Rossington and Spearman, 2009). Under constant hydrodynamic forcing, each element
of the system is assumed to approach towards a morphological equilibrium that can be defined
as a function of hydrodynamic forcing and basin volume (van Goor et al. 2003). This approach
is suitable for simulating morphological evolution in centennial scale (Dissanayake et al.,
2009). However, due to the very reason that the morphological evolution is represented in terms
of volume, spatial evolution of inlet elements cannot be investigated using the ASMITA model
(Dissnayake et al., 2011) and therefore visualization of the evolution of the topobathymetry of
the basin is not possible. That would be disadvantageous in terms of management aspects.

Furthermore, there are behaviour oriented models based on concepts of trend analysis, form
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characterization, regime relationships, translation or “rollover” with rising sea level,
accommodation space, sediment budgeting, tidal asymmetry and equilibrium along-axis profile
(Huthnance, et al., 2008). This type of models are more effective in predicting long term and
estuary-wide evolution of estuarine morphology but the major drawback is the lack of detailed

physics (Karunarathna et al., 2008).

1.2.2.2 PROCESS-BASED MODELS

Process-based or bottom-up models are based on the basic principles that describe the
underlying physical processes (De Vriend and Ribberink, 1996; Friedrichs and Aubrey, 1996;
Dronkers, 1998; Hibma 2004; Dissnayake et al., 2011). Therefore, evolution of the estuary
morphology derived from solving two- or three-dimensional hydrodynamic models combined
with sediment transport and morphodynamic modules (Karunarathna, et al., 2008). The time
step of hydrodynamic modules are few seconds, therefore, it demands high computing capacity
and time. The efficiency of these models has significantly improved by the introduction of the
morphological acceleration factor (MORFAC) (LESSER et al., 2004; ROELVINK, 2006),
permitting to simulate long-term evolution of estuaries using models like DELFT3D
(Dissnayake, et al., 2011). In this approach, efficiency can be increased by schematizing the
input parameters and only considering the most dominant physical processes (Dastgheib,
2012.). Notwithstanding we are unaware of any attempt to simulate the morphological
evolution of estuaries in millennial time-scale. However process-based models may be more
suitable for assessing local and short term morphodynamic changes in an estuary, due to
limitation of insufficient mathematical knowledge of sediment transport processes and their

linkage to hydrodynamics (Karunarathna et al., 2008).
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1.2.2.3 HYBRID MODELS

Hybrid approach is developed by combining the entities and advance in both behaviour-
oriented and process based models. The top-down model concept of an equilibrium state
constrains the form of evolution and rates and spatial distributions will be given by bottom-up
models (Huthnance, et al., 2008). Spearman et al. (1995) and Van De Kreeke (1996) linked
hydrodynamic models with regime relationships for estuaries. Wang et al. (1998) developed
combined the advection-diffusion equation with empirical equilibrium relationship of
estuaries. An Inverse approach proposed by Karunarathna et al., (2008) is a hybrid model,
which uses a sequence of bathymetries to infer an effective source distribution for bed
evolution according to a bottom-up based diffusion-type equation.

Many countries experience difficulties in sustainable long-term management of
resources in estuarine systems due to various local constraints and due to lack of confidence or
capacity to use commercially available trustworthy modelling tools (Prandle, 2006). This issue
can be addressed by developing hybrid models by combining the numerical models that based
on the idealized and simplified first principles and observational experience encapsulated in
rule-based geomorphological models (Woodroffe, 2003). Prandle, (2004; 2006) developed an
Analytical Emulator based on the simplification of the one dimensional equation of axial
momentum propagation. The results include a number of general rule-based morphological
explicit expressions relating the estuarine depth with the parameters of river flow and channel
side slope (Norton et al.,.2007). These results has successfully been used to explain how

estuarine bathymetries evolved in response to tidal and riverine processes (Prandle et al., 2006).

1.2.3. TIME SCALE OF COASTAL EVOLUTION MODELS
At a wide range of special and temporal scales, the morphology of a tidal basin evolves

due to complex and dynamic interactions among sedimentary features of the system and
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hydrodynamic and morphodynamic processes controlled by the global and local factors
(Karunarathna at al., 2008; Hibma et al., 2004, A Dastgheib, 2012). A differentiation of
morphological features in temporal and spatial scales were introduced by De Vriend (1996).
Accordingly, ripples and dunes formed on the bed are the smallest morphological phenomena.
Those are categorized as microscale features in the time scale of seconds to minutes and in the
spatial scale of a few millimetres to a few centimetres (Kraus et al., 1991). Changes of these
features are instantaneous (Cowell and Thom, 1997). Alternating ebb- and flood-channels and
shoals are mesoscale features (Hibma, et al., 2004). Features such as ebb tidal deltas, tidal flats
and inlet channel are the macro-scale sedimentary environments (Karunarathna et al., 2008).
The entire estuarine system and its adjacent coast including the shoreface can be considered as
a megascale feature (Hibma et al., 2004). According to Karunarathna et al., (2008), time scales
of estuary morphology evolution may vary from hours to days (short term), months to few
years (medium term), decades to few hundred years (long-term) and several millennia
(geological scale).

Due this highly complex nature of the system , de Vriend (1996) consented that all-
purpose model for predicting the evolution of tidal system morphodynamics does not exist and
it is not likely to emerge in near future. Therefore, a range of evaluation and prediction tools
are required to address the estuarine morphological evolution at different special and temporal
scales (Blott et al., 2006). Due to cyclic and seasonal nature of short-term processes governed
by time-varying phenomena including waves and tides, morphological changes in such time
frame may average out in the long run, as the longer-time evolution is determined by much
weaker residual effects, which are often disregarded in short -term models (Hanson et al.,
2003). Process-based modelling approaches to long term coastal evolution can severely limited

by theoretical and practical limitations (Karunarathna et al., 2008) as the large scale evolution
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of the coastal systems are controlled by large-scale processes like erosion caused by sea level

rise over centennial to millennium time scale (Hanson et al., 2003).

1.3 CLIMATE CHANGE AND SEA-LEVEL RISE

1.3.1 GLOBAL CLIMATE CHANGE AND SEA-LEVEL RISE

Coastal zones, throughout the world, can be considered as a man-dominated ecosystems
with increasing vulnerability to catastrophic or extreme events and long termm processes due
to natural causes like sea-level changes operating on different timescales and widespread
human interventions including human settlements, land reclamations, construction of coastal
defence structures and river flow regulations (Messerli et al., 2000). The phenomenon of the
esustatic sea-level rise is an inevitable consequence of thermal expansion of water and melting
of glaciers due to increasing temperatures, directly linked to the growing emission of
greenhouse gases (Neves et al., 2013).Likewise the severity of the hazards and the vulnerability
of the coastal low lands due to the flooding by the combined action of tides and storm surges
may increase in the event of the climatically induced sea level rise and storminess (Fortunato,
et al., 2014).

According to IPCC, 2013, the projected rate of global mean sea-level rise during the
21% century is expected to exceed the rate observed during 1971-2010 for all “Representative
Concentration Pathway” (RCP) scenarios due to increases in ocean warming and loss of mass
from glaciers and ice sheets. Projections of sea level rise are larger than that of in the IPCC
(2007), primarily because of improved modelling of land-ice contributions. The lower (5%)
and upper limits (95%) of projections of global mean sea-level rise in 2100 compared to 1986—
2005 would be 0.28 to 0.61 m for RCP2.6, 0.36 to 0.71 m for RCP4.5, 0.38 to 0.73 m for

RCP6.0, and 0.52 to 0.98 m for RCP8.5. The corresponding rates during 2081-2100 are
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estimated to be 2 to 7 mm yr* for RCP2.6, 4 to 9 mm yr for RCP4.5, 5 to 10 mm yr for
RCP6.0, and 8 to 16 mm yr~ for RCP8.5, (IPCC, 2013). However, if the collapse of marine-
based sectors of the West Antarctic ice sheet is initiated, the global mean sea-level would rise
substantially above the likely range during the 21st century (Fretwell et al., 2013). Even though,
this potential additional contribution was not precisely quantified but there is a moderate
confidence that it would not exceed some decimetres of sea level rise during the 21 century.
Hence there would be serious challenges to human occupancy of coastal regions worldwide
imposed by the emerging natural system forcings that have been studied less comprehensively

to date.

1.3.2 CLIMATE INDUCED SEA-LEVEL RISE IN THE CONTEXT OF PORTUGAL
Numerous studies have been carried out on the sea-level rise and its impacts along
Portuguese coast during the last century and some of these studies are the based on analysis of
tide gauge records (Dias and Taborda 1992; Santos et al., 2002; Antunes and Taborda, 2009;
Sampath, et al., 2011; 2015; Mendes et al., 2013). According to Meyssignac and Cazenave
(2012), the sea-level rise rate along the Portuguese coastline was 3.2 mm/yr in the last two
decades, ensuring a direct relation with the global mean sea-level rise as suggested by Dias and
Taborda, (1992). Lopes et al. (2011) has predicted that the mean sea level rise for this coast
ranging between 0.28 m and 0.42 m, for the period 2091-2100 relative to 1980-1999. The sea-
level rise in turn will affect the tidal range in estuarine systems as a feedback effect (Mendes
et al., 2013). The sea level rise results in increase of amplitude and decrease of phase of the
main tidal constituents and subsequently the intensification of the tidal asymmetry in the
confined water bodies, which will increase the erosion as the velocity increase within the tidal
basin (Picardo et al., 2012). This study further reveals an intensification of the tidal prism and

a higher tendency for the salinization of the adjacent lands as per the projected sea level rise of
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0.42 m by the end of 21% century. There would be increase of tidal prism resulting considerable
increase of volume of salt water flowing through the mouth tidal basin during the tidal flood
will for sea level rise scenarios considered by Lopes et al. (2011).

Estuarine margins which accommodate marsh syatems and tidal flats are at high risk in
the case of Tagus estuary in Portugal for the scenarios considered by Rilo et al. (2013).
According to a case study carried out in Lisbon, over a total area of 8550 ha, if sea-level rises
2.5 metres by 2100 as per the selected scenario, about 67 ha of local coastal areas may be
affected by inundation (Neves et al., 2013). However, vulnerability of sea level rise cannot be
isolated because the combined effect of both storm surges and high tides also have to be
considered for assessing the cumulative impact of coastal hazard due to three factors. Model
hindcasts and statistical analysis of the data (from 1979 to 2010) reveal the growth of extreme
sea levels from south to north along the Portuguese coast, where the difference between the
extreme sea level at the southernmost station (South of Tangier, Morocco) and the
northernmost (East of Gijon, Spain) is about 0.6 m (Fortunato, et al., 2014).

The SIAM project (Climate Change in Portugal: Scenarios, Impacts, and Adaptation
Measures), established in its final report in 2002 climate change and socioeconomic scenarios
for the 21% century, which included an integrated and multisectorial assessment of the impacts
of climate change on water resources and coastal zones (Santos, et al., 2002; Carvalho et al.,
2014). Despite, policies framework oriented on mitigation introduced in Portugal at the end of
the 1990s, greenhouse gas emissions continued to rise beyond its Kyoto target for 2012, and
the country had to resort to the Kyoto Flexibility Mechanisms in order to comply (Carvalho et
al., 2014). However, a study undertaken by Fereira et al., 2008, underscores lack of specific
mitigation policies to face sea-level rise impacts in Portugal but suggested that the strict
implementation of existing laws can be used to prevent and/or reduce socio-economic impacts

of sea-level rise. In such a context, prediction of morphological evolution in estuarine systems
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are utmost important to tackle some of the mitigating and adaptation issues in planning and
implementation stages of policy framewors intended to holistic management of coastal

resources.

1.4. AIMS AND OBJECTIVES

As explained in the section 1.1.3, the mankind faces serious challenges to mitigate and
adopt to the impacts of global climate change including sea level rise in estuarine environments
in the 21% century. Corresponding and line authorities have to take management policy
decisions to minimise flood risk and threats to habitats due to projected sea-level rise scenarios
as the impacts may be aggravated due to intensive human activities associated with these
regions. In contrast to the 20" century approach of mitigating coastal erosion problems with
intrusive engineering applications, which fails in many instances, soft engineering applications
have to be implemented in this century. That requires a good understanding of the long term
physical and biological processes that governs the estuarine system as a whole.

A robust model approaches come to play an increasing role in understanding the degree
of response and sensitivity of estuarine systems to changes in dominant processes like tidal
dynamics, sea-level rise, river discharge and fluvial sediment supply. However, sediment
dynamics and especially longer-term changes in morphology are escaping the trustworthy
predictions as most of the predictive models are case based without a proper accommodation
of stochastic processes themselves (Huthnance et al., 2008).

Despite obvious differences in environmental conditions from the present day ,
understanding and hindcasting the Holocene estuarine evolution in response to eustatic sea-
level rise seems appropriate as a basis for forecasting the morphological evolution in the 21%
century. It is also important to understand the uncertainty and sensitivity of controlling

parameters on morphological evolution during this century. There are some disadvantages in
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process-based and behaviour-oriented model approaches as described in the section 1.2.3. In
contrast, hybrid models, though in its infancy, can combine the dynamical rigour of process-
based models alongside the observational experience encapsulated in rule-based
geomorphological or behaviour-oriented models (Woodroffe, 2003). Prandle (2004) derived a
set analytical solutions (a theoretical framework based on rule-based morphological
expressions) by simplification of the one-dimensional equation of axial momentum
propagation for shallow water and the continuity equation. They provide explicit formulations
of the residual current velocities, time series of suspended sediment concentration as a function
of elevation, tidal heights, river discharge, sediment grain-size, bed friction, erodibility of
sediment, porosity and roughness of sediment. Consequently an attempt will be made to
develop in this study a hybrid morphological evolution model based on the works of Prandle
(2004; 2009) and other observational/interpretational studies carried out in the Guadiana
estuarine system (e.g. Boski et al, 2002; 2008; Garel et al; 2009; 2014; Morales et al., 2006;
Delgado et al., 2012).

To complement field investigations that have described geomorphological history and
sea-level change over the last 13,000 years in the Guadiana Estuary of southwestern Iberia
(Boski et. al., 2008, 2002; Delgado et al., 2012), in the present study we will first apply
Estuarine Sedimentation Model to understand the skills and applicability of the behaviour-
oriented approach for long-term simulations of the morphological evolution of the Guadiana
estuary in response to the projected sea-level rise and sediment deficiency scenarios described
in the Chapter 2.

Secondly, in the context of hybrid approach, a simple and idealized model was
formalised by means of MATLAB tool using a set of theoretical framework based on rule-

based morphological expressions derived by Prandle (2004; 2009):
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() To simulate the sedimentary infilling of the Guadiana Estuary palaeovalley due to
eustatic sea-level rise during the Holocene (Chapter 3);

(i)  To evaluate model outputs against previous geomorphological and post-glacial
palaecoenvironmental reconstructions based on facies interpretation and *C dating
(Chapter 3);

(i)  Tosimulate the morphological evolution of the Guadiana estuary and its intertidal zone
for the worst case of sea level rise and sedimentation scenarios predicted for the 21%
century (Chapter 4);

(iv)  To assess potential morphological impacts and risk of habitat shift to enable
formulation of long-term management policies for the entire estuarine system (Chapter
4);

(v) To assess the sensitivity of bed friction coefficient, strength of the residual current, and
sea-level rise rate on determining the decadal scale morphological evolution in the
Guadiana estuary (Chapter 5);

(vi)  To understand daming impact along the Guadiana river on the estuarine morphology
(Chapter 5);

(vit)  To compare the denudation rate of the Guadiana river catchment using the 10 Be
isotope method and the sediment budget method (Chapter 6); and

(viii) To assess the sensitivity of river discharge on morphological evolution, which gives
insight into required minimum river discharge (environmental flow) to offset the
impact of the Alqueva dam (Chapter 7).

The objectives from 1 to 4 and 7 were achieved by estimating the non-dimensional net
accretion coefficients for a hypothetical transect from the maximum high tide to the maximum

depth in the Guadiana estuary using the hybrid mathematical expressions of Prandle (2004;

2009). Then resulting coefficients were used to simulate the morphological evolution of the
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Guadiana estuary using Estuarine Sedimentation Model (ESM), which follows a behaviour-
oriented numerical modelling approach (Bruce et al., 2003). The model simulations for
objectives 5, 6 and 8 were based on the further improved hybrid model, which directly used to
simulate the morphological evolution of the Guadiana estuary to understand the sensitivity of
the controlling parameters on elevation change in response to sea-level rise and sediment
supply reductions. The objective 8 will serve for mitigating the impact of sea-level rise and

drastic reduction of river discharge due to the construction of the Alqueva dam to certain extent.
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ABSTRACT

Analysis of Holocene sediment accumulation in the Guadiana estuary (southern
Portugal) during sea level rise since ca 13 000 cal yr BP was used to simulate the long-term
morphological evolution of the lower Guadiana estuary and the associated intertidal zone for
21% Century predicted sea level rises. Three sea level rise scenarios given by the IPCC (2007)
were used in the simulations of morphology using a large-scale behaviour-oriented modelling
approach. Sedimentation rate scenarios were derived both from the Holocene evolution of the
estuary and from a semi-empirical estimation of present day sediment aggradation. Our results
show that the net lateral expansion of the intertidal zone area would be about 3% to 5% of the
present intertidal zone area for each 10 cm rise in sea level. Under constraints imposed by the
lack of fluvial sediment supply, the lateral expansion of the landward boundary of the intertidal
zone will occur mainly in the Portuguese margin of the Guadiana estuary while submergence
of the salt marshes will occur in the Spanish margin. Therefore, the Spanish margin is highly

vulnerable to both sea level rise and lack of sediment supply.

Key words
Morphological evolution, sea level rise, behaviour-oriented modelling, estuarine systems,

human pressures
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2.1 INTRODUCTION

Over the last several decades, the demands on estuaries by humans have increased
rapidly, resulting in the overall deterioration of these systems. The morphology of estuaries is
naturally determined by progressive infilling dependent on the accommodation space and on
the supply of suspended sediment, sourced from either catchments or marine sources. As the
infilling continues, the tidal asymmetry diminishes, which in turn results in a deceleration of
the estuary infilling. Eventually, the estuary will reach a state of dynamic equilibrium where
further sediment deposition is balanced by equivalent erosion released from the estuary
(Dronkers, 1986).

Any change in tidal regime, sea level, river discharge, or sediment supply will lead to
a perturbation of the dynamic equilibrium and subsequently a new equilibrium state will be
achieved (Pethick, 1994). The response to a given perturbation will depend on the
characteristics of individual units of the estuarine system and will tend to involve a lag period
before the system moves into a new dynamic equilibrium (Jeuken, et al., 2003). The pathway
of attaining a new equilibrium in estuarine systems impacted either by natural perturbations or

by human interventions will be governed by the hydrodynamic, morphodynamic, and
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biological processes operating in them. Consequently, changes in the architecture of the system

can affect the system partly or as a whole. For instance, if the aggradation of sediment does not

keep pace with the increasing accommodation space in response to sea level rise, salt marshes

would be drowned and would disappear from the system. The equilibrium of these processes

and their interactions under human or naturally imposed constraints will determine whether a

particular estuarine system exhibits resilient behaviour or whether it will be drowned with a

rise in sea level (French, 2006; Kirwan and Murray, 2008).
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Figure 2.1 Study area and digital elevation model of the Guadiana estuary derived using

bathymetric maps for year 2000.

The Guadiana estuary (Fig. 2.1) is a good example of an estuarine system with a long

history of impacts caused by human activities. At present, the estuary is subject to a drastic

reduction of river flow and sediment discharge due to the construction of more than 40 dams
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along the Guadiana River. The usual peak flood events observed in winter have disappeared
since the construction of the Alqueva dam, which created the largest artificial lake (4150*10°
mq) in Europe (Machado et al., 2007). Due to the consequent shortage of silt supplied by the
river, there has been a rapid decrease in the area of salt marshes. In addition, the construction
of jetties at the mouth of the Guadiana River has almost completely cut off the longshore
sediment transportation from west to east. This has resulted in a reduction of marine sediment
supplied to the estuary over the last 35 years (Gonzalez et al., 2004). The effects of this
construction are clearly manifest on the Spanish side of the estuary, where rapid erosion at an
average rate of 3 m/yr has occurred (Gonzalez, et al., 2001a), with a maximum 4.8 m/yr from
1996 to 2005 (Sampath, 2008).

A better understanding of the sensitivity of the Guadiana estuarine system to forcing
from sea level rise or from human interference is required if the sustainable management of the
estuary is to be achieved. Therefore, the main objectives of this study are two-fold: i) to
simulate the morphological evolution of the Guadiana estuary and its intertidal zone for
different sea level rise and sedimentation scenarios predicted for the 21% Century; and ii) to
assess potential morphological impacts to enable formulation of long-term management
policies for the entire estuarine system. In this paper, we explain the morphological evolution
of the Guadiana estuary using an idealized behaviour-oriented numerical approach. Simulation
was performed for three IPCC (2007) sea level rise scenarios. Under each sea level rise
scenario, four simulations were carried out for four locally derived sedimentation rates. The
study can be considered as a simple conceptual model for estimating the impacts of sea level
rise under sediment supply reductions into an estuarine system due to human interventions in

the catchment.
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2.2. STUDY AREA
2.2.1 HYDRODYNAMIC SETTING OF THE GUADIANA ESTUARY

The Guadiana estuary is a narrow, deeply incised bedrock controlled estuary
experiencing the final stages of sediment infilling along with initial coastal progradation (Boski
et al., 2008). The estuary, which is located at the southern border between Spain and Portugal,
is 60 km long; it has a maximum width of 550 m; and the maximum depth varies between 5
and 17 m (Wolanski et al., 2006). However, our main focus is the lower Guadiana estuary (11.6
km).

The Guadiana River drainage basin is the fourth largest on the Iberian Peninsula, with
a length of 810 km and an area of 66,960 km? (Garel et al., 2009); it traverses extensive rural
areas from Spain to Portugal and includes the Iberian Pyritic Belt (Morales, 1995). The regional
climate is classified as semi-arid, but July and August are arid months while November to
January can be considered as temperate-humid (Morales, 1995). Before the first impoundment
of the dam, low flows in summer and episodic flooding events in winter characterized the
hydrographic regime of the Guadiana River. However, the peak flood events recorded in winter
have now virtually disappeared (Machado et al., 2007) and discharge has approached a quasi-
steady state (Wolanski et al., 2006).

The estuary exhibits a semidiurnal, meso-tidal regime with a mean range of
approximately 2.5 m. The mean neap tidal range is 1.22 m and the mean spring tidal range is
2.82 m (Morales, 1997), with the maximum spring tidal range being 3.88 m (Gonzalez, et al.,
2001b). Tidal wave propagation in the estuary generates currents with velocities exceeding 0.5
m/s (Morales, 1997). Tidal currents at the river mouth are about 0.6 m/s during the peak flood
tide and 1.2 m/s during the peak ebb tide (Instituto Hidrogrphico, 1998). Flood and ebb currents

in the estuary can reach 0.8 and 0.9 m/s, respectively, during a mean spring tide (Morales, et
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al., 2006). Ebb currents last for 6 hours 50 minutes while flood currents prevail for 5 hours 35
minutes at the mouth (Morales, 1997).

The waves in this coastal region can be classified as medium to low energy waves, and
in terms of frequency of occurrence, 49% of the waves represent Atlantic swells and 51%, local
sea waves.The mean annual offshore significant wave height is about 0.92 m with an average
period of 4.6 s (Costa, 1994). Dominant offshore waves are mainly from the southwest

(frequency 50%) while southeast waves represent 25% of occurrences (Costa, 1994).

2.2.2 PAST AND PRESENT SEA LEVEL RISE TRENDS

Understanding of past and present trends in sea-level rise is particularly important for
simulating morphological evolution using a behavior-oriented modeling approach. The average
rate of sea level rise as deduced from borehole data from the Guadiana estuary is about 7 mm/yr
for the period 13000 to 7000 cal BP. Since then, the rate has been about 1.3 mm/yr (Boski et
al., 2002; 2008). However, there is no existing analysis of the recent trends in sea-level rise for
the coastline adjacent to the Guadiana estuary in terms of either tide-gauge data or satellite
altimetry data. It is not possible to estimate it using tide gauge data because there is no
continuous data set for the Guadiana estuarine area.

On the other hand, recent analysis of satellite altimetry data has shown that there has
been a significant increase in the global mean rate of sea-level rise (Bindoff et al., 2007).
Therefore, the recent rate of sea-level rise along the coastline of the Guadiana estuary was
approximated from coarsely graduated colour maps of Fenoglio-Marc and Groten (2004) and
Milne et al. (2009).The values for the south Portugal coastline are 2-4 and 2-3 mml/yr,
respectively, where the former was deduced from multi-satellite data for European seas for the

period 1995 to 2001 and without applying the inverse-barometer correction, while the latter
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value was deduced from the global satellite altimetry data set with the inverse-barometric

correction.

2.3. METHODOLOGY
2.3.1 ESTUARINE SEDIMENTATION MODEL

We adopted the estuarine sedimentation model (ESM), which involves a behaviour-
oriented approach, to predict the long-term morphological evolution of the Guadiana estuary
and the associated intertidal zone in response to the rise in sea level and reduction in sediment
supply. This model was initially developed by Stolper (1996; 2002) and takes into account 3
factors: (1) changes in the rate of sea-level rise; (2) elevation-dependent accommodation space
available for the deposition of sediment; and (3) inundation-dependent vertical accretion rate
of sediment (Bruce et al., 2003). Behaviour-oriented numerical models are relatively more
effective than process-based models in simulating long-term evolution of estuaries because the
former are based on empirical rules or expert analysis (Karunarathne et al., 2008). As the model
does not explicitly take into account the estuarine physical processes, including tidal
hydrodynamics, channel-shoal sediment exchange, and gravitational circulation, it is not
possible to represent dynamic interactions and feedback that leads to morphological change.
The main difficulty is the lack of understanding of such processes in centennial time scale and
the stochastic nature of these processes. This would have been considered as a drawback of the
present approach. However, we overcame this limitation to some extent by representing the net
deposition behavior due to estuarine processes using net long-term sedimentation rate scenarios
derived from borehole data analysis.

Moreover, the Guadiana estuary lies within a sheltered environment because of the 2
jetties and the Obril sandbank located close to the river mouth. Therefore, the height of the

wind waves is significantly attenuated within the estuary. The sediment grain size across the
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lower estuary bed is almost uniform, except in the intertidal zone (Morales et al., 2006). The
grain size distribution in an estuary is possibly related to the energy levels of the estuary
(Hamilton, 1979); therefore, the distribution of the energy levels across the lower Guadiana
estuary should be uniform. The near uniform distribution of sediment accretion rates observed
across the Guadiana estuary (Boski et al., 2002; 2008) may be due to the above reason. In the
Guadiana estuary, deep subsidence is negligible (Lobo et al., 2003). Long-term accumulation
of organic matter is insignificant due to anaerobic respiration within the organic sediment
(Boski et al., 2008). Therefore, in the centennial time scale we assume that shallow compaction
is also negligible. Therefore, from a coastal zone management perspective, in order to
understand the order of magnitude of potential morphological impacts, it is justifiable to use a
simple idealized model for predicting the long-term morphological changes in estuarine
systems due to natural and anthropogenic forcing.

In this extremely simplified model, we represent the net sediment deposition rate
(dS/dt) at a given location below the high-tide level of the estuary as a function of the maximum
net deposition rate (S™) observed in the estuary and the tidal inundation frequency (Eqg. 2.1).
This assumption has been used in a number of previous aggradation models (e.g. Allen, 1995;
Morris et al., 2002; Kirwan and Murray, 2008). Even though the mass balance approach is
zero-dimensional, we represent the spatial distribution of the net aggradation by defining the
net sedimentation rate as function of the tidal inundation frequency, which is a function of
depth below the maximum spring high tide (Eq. 2.2). It is assumed that the tidal inundation

frequency increases with the sea-level rise by AH (Eq. 2.3):

% = S™Ma& x Tidal inundation frequency (2.1)
Tidal inundation frequency = f(h) (2.2)
Tidal inundation frequency = f(h — AH) (2.3)
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Figure 2.2 Relationship between the tidal inundation frequency and the depth below maximum
spring high tide level for the present mean sea level and the IPCC (2007) sea level rise scenarios

B1, AlB, and AlFI.

The relationship between the tidal inundation frequency and depth below maximum
spring high tide (relative to mean sea level) was derived for the meso-tidal regimes observed
along the Portuguese coastline (Fig. 2.2). We used the high frequency tide gauge data from
nearby tide gauge stations (Vila Real St Antonio, Huelva) to calculate the duration for which
the water level exists below the maximum spring high tide level for each tidal cycle and at a
given location. The tidal inundation frequency at a particular depth was then calculated using
the corresponding total duration of water remaining above the ground (depth interval is 0.25
m) for all the tidal cycles from 1991 to 1995. We represent the tidal inundation frequency as a
percentage of the maximum inundation frequency. It appears that the non-dimensional tidal
inundation frequency depends strongly on the tidal range, decreasing in a linear fashion with
an increase in intertidal zone depth from-2.0 to +1.0 m but converging slowly to 0% from +1.0

m to a maximum spring high tide of +3.88 m.
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2.3.2 SEA LEVEL RISE SCENARIOS

Simulation was performed for 3 IPCC (2007) sea-level rise scenarios and 4
sedimentation scenarios. The sea-level rise scenarios selected in this study were: (1) the global
sustainability scenario (B1); (2) balanced use of fossil fuel under the globalized economy
scenario (A1B); and (3) intensive use of fossil fuel under the globalized economy scenario
(ALFI).

Linear regression analysis of tide gauge data sets from Cascais and Lagos shows that
the sea-level rise along the Portuguese coastline will be 14-57 cm by the end of 21% century
(Dias and Taborda, 1992). This value is comparable with the upper limit projection (59 cm) of
sea-level rise under the ALFI sea-level rise scenario of IPCC, 2007. Furthermore, an analysis
of long-term tide gauge data from the same stations for the 20" century shows that the average
rate of sea-level rise is 1.3 £ 0.1 and 1.5 £ 0.2 mm/yr, respectively (Dias and Taborda, 1992).
As these values are comparable with the global mean rate of sea-level rise for the 20" century
(e.g. Barnett, 1984; Gornitz and Lebedeff, 1987), Dias and Taborda (1992) concluded that most
of the signals indicating sea-level rise detected at these stations are of global origin. Thus, it
seems reasonable to assume that the rate of sea-level rise along the Portuguese coast in future
will be comparable with the projections of the global mean rate mentioned in the IPCC 2007
report. As tectonic subsidence is known to be negligible in the Guadiana estuary area (Lobo et
al., 2003), the above assumption is further justified. The upper bound values under the A1B
and B1 scenarios are approximately 10 and 20 cm less, respectively, than the ALFI scenario.

Simulations were performed for 11 percentile values (P =5, 15, 25, 35, 45, 50, 55, 65,
75, 85, and 95%).The envelope for sea level rise scenarios consist of the lower bound (5%) and
upper bound curve (95%). For intermediate sea level rise curves for other P values (between 5
and 95%), Cowell and Zeng (2003) assumed a normal distribution for the range of rises in sea

level. Their method yields a characteristic elongated S-shape cumulative probability sea level
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rise curve. Due to the large uncertainties involving other parameters and the sea level
projections themselves, we approximated the sea level rise cumulative probability curve as a
linear function for intermediate P values between 5 and 95% for a given year. Thus, eleven
sea-level rise time series (corresponding to the 11 percentile values) were produced for the
period 2010 to 2100 for each sea level rise scenario, to each of which four sediment
accumulation rate scenarios were applied as derived using Equations 4, 5, 6, and 11. Altogether,
44 simulations were carried out to predict the morphological evolution of the Guadiana estuary
for each sea level rise and sedimentation scenarios. However, in this paper, we present in detail
the simulated morphology by the end of 21% century only for the upper bound values (P = 95%)
of 3 sea-level rise scenarios (Table 1). The decadal behaviour of the morphological evolution
of the estuary is described only for the A1B scenario in terms of the cumulative sediment

volume deposited in the estuary (Fig. 2.3).
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Figure 2.3 Envelope of IPCC (2007) sea level rise scenario A1B (balanced use of fossil fuel).
The 5% and 95 % curves are the lower and upper limits respectively of the A1B sea level rise
scenario, and intermediate sea level rise curves represent intermediate percentile confidence

limits (P) as denoted.
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2.3.3 SEDIMENTATION SCENARIOS

The time-averaged maximum net sedimentation rate (S™) was represented using local

sedimentation scenarios that were based on the behaviour of the Guadiana estuary since 13000

cal BP. The infilling of the Guadiana estuary has kept pace with sea level rise since 13000 cal

BP (Boski et al., 2002; 2008). This observation was used as the basis for a sedimentation

scenario in which the sedimentation rate is equal to the rate of sea level rise (Eq. 2.4), named

the maximum (Max) sedimentation scenario. The values of the Max sedimentation scenario

corresponding to the three sea level rise scenarios are given in Table 1.

max —
Max

A(SLR)

AT

Where A(SLR) is the change in sea level over the time interval AT.

Table 2.1 Sea level rise and sedimentation scenarios used in the simulations.

(2.4)

Sea Level Rise Sea Level Rise

Sea Level Rise

Maximum sedimentation rate (S™)

Case Scenario (m) Rate (mm/yr)
Scenario Rate (mm/yr)
(IPCC, 2007) (IPCC, 2007) (IPCC, 2007)
B1HI Human Intervention (HI) 0.65
Bl
B1Min Minimum (Min) 1.30
(Global 0.38 3.9
B1Avg o Average (Avg) 2.10
sustainability)
B1Max Maximum (Max) 3.90
AI1BHI Human Intervention (HI) 0.65
AlB
Al1BMin Minimum (Min) 1.30
(Balanced use 0.48 6
Al1BAvg i Average (Avg) 3.70
of fossil fuel)
AlBMax Maximum (Max) 6.00
A1FIHI Human Intervention (HI) 0.65
ALFI
A1FIMin ) Minimum (Min) 1.30
(Intensive use 0.59 9.7
AlFIAvg ) Average (Avg) 5.50
of fossil fuel)
AlFIMax Maximum (Max) 9.70

The second sedimentation scenario used was 1.3 mm/yr (Eq. 2.5), which is the

estimated sedimentation rate for the period 7000 cal BP to present (Boski et al., 2002; 2008).
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Thus, it is the minimum (Min) sedimentation scenario over the geological time scale. Such a
scenario would be possible if the estuary response to the rapid sea level rise was characterized
by a phase lag as observed elsewhere. For instance, the phase lag in the morphological response
in the case of a linear trend in sea level rise in the Humber estuary represents a time-lag of ca
35 years (Townend et al., 2007) and the phase lag in the Westerschelde estuary is much larger,

with the order of magnitude being a century (Jeuken et al., 2003).

max — 1 3 (2.5)

An intermediate sedimentation rate scenario was derived using the average of the above
two scenarios, termed the Avg scenario (Eg. 2.6). The values of the average sedimentation
scenario corresponding to the three sea level rise scenarios are reported in Table 1.

avg = O5[Syiy + Syiax (2.6)

However, it appears that the future sediment supply to the Guadiana estuary will be
strongly influenced by dam construction and by groyne construction along the west bank of the
river mouth. Since the construction of the Alqueva dam, a drastic reduction in the river
discharge and a consequent decrease in the supply of fluvial sediment have been observed. Due
to the shortage of silt supplied by the river, the area of salt marshes is currently in rapid decline.
Sediment deposition is dependent on the suspended sediment available in the estuary, which is
determined by the balance between sediment transported out of the estuary by river discharge
and the sediment brought into the estuary by saline water intrusion. The latter process occurs

mainly in the bottom water layer. If there were a net import of sediment, it would be, initially,

trapped in the main estuary channel. This process is characterized by the sediment trapping
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efficiency of an estuary. The net sediment flux (Qst) into the Guadiana estuary across its mouth

was calculated using Eq. 2.7, derived by Schubel and Carter (1984).

_ = _ (ac/Cp)(1+vr)—v”
Qst = QwCy [1 (AS/Sp)(1+V)—v ] (2.7)

Where: Qw is the river discharge; S, and C, are, respectively, the average concentration of
suspended sediment and the salinity in the lower layer; AC and AS are, respectively, the
differences in the concentration of suspended sediment and salinity between the surface and
bottom layers; v and v* are the fractions of the total seaward flux of salt and suspended

sediment that are balanced by dispersion.

If Qst is greater than zero, that quantity of sediment flux would be imported into the
estuary. The river discharge was calculated using the data of Instituto da Agua (INAG) for Pulo
do Lobo station where the average discharge from 2003 to May 2009 was 31.85 m®/s. Morales
(1995) has shown empirically that the suspended sediment flux (C) transported by the Guadiana
River can be estimated in terms of river discharge (Eq. 2.8). The average suspended sediment
concentration of the bottom layer (C,) (Eq. 2.9) was approximated using Eq. 2.8 and data given

by Machado et al. (2007).

C= (;%)0'5 (2.8)
Cp = 6 % QY (2.9)

The overall component within the square brackets of Eq. 2.7 was taken as a constant to
overcome the lack of a comprehensive data set. The value of this constant (1.38) was calculated

using data given by Machado et al. (2007) and Caetano et al. (2006). Thus, a relationship (Eq.
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2.10) was able to be derived to estimate the sediment trapped (Qst) by the lower estuary in

terms of river discharge (Qw).

Qgr = 1.38QLS (2.10)

If the sediment trapped were initially distributed uniformly in the lower estuary (an
approximate area of 6.5 km?), the maximum sediment deposition rate (S™) would be
approximately 0.65 mm/yr. This value is 50% of the sediment deposition rate over the last 7000
years as provided by Boski et al. (2008). These conditions were termed the human intervention

(HI) scenario (Eq. 2.11).

gIaX ~ 065 (211)

As the ESM model is coupled to the ESRI ARCGIS Geographic Information Systems
platform, the visualization and analysis of the simulated morphological evolution of the estuary
were carried out using GIS geoprocessing techniques for the different sea level rise and

sedimentation scenarios investigated.

2.4 RESULTS:
2.4.1 MORPHOLOGICAL EVOLUTION DUE TO PROJECTED SEA LEVEL RISE

AND SEDIMENTATION SCENARIOS

On the whole, under changing sea level and sedimentation conditions, the
morphological evolution in the intertidal zone occurs mainly adjacent to the secondary
channels of the Guadiana estuary. Salt marshes represent a large part of the intertidal zone

above the mean sea level. There may not be significant morphological changes along the banks
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of the main river because they are controlled with artificial structures such as jetties and
groynes. In all simulated sedimentation and sea level cases, the landward boundary of the
intertidal zone will gradually retreat landward with sea level rise during the 21% Century, while
the river boundary delimited by the mean sea level will also retreat landward but at a slower
rate. The morphological evolution of the Guadiana estuary shows distinct variations in
behaviour according to the four sedimentation scenarios and three sea level rise scenarios used

in the modelling, as discussed immediately below.

2.4.1.1 Human intervention sedimentation scenario

Under the HI sedimentation scenario, there would be a net increase in water depth
throughout the estuary relative to the mean sea level defined for each sea level rise scenario
(Figs. 2.4a-i, 2.5a-i, and 2.6a-1). The present bathymetry and simulated bathymetries for the 3
sea-level rise scenarios are approximately equal, indicating that bathymetric changes are
probably relatively small (Figs 2.4a-ii, 2.5a-ii, and 2.6a-ii). However, the cumulative sediment
volume deposited over the estuary bed is different in each scenario (1846285, 1913147, and
1887810 m?®, respectively). The net accretion of the deeper zones of the estuary is
approximately 0.1 m in response to each sea-level rise scenario under the H1 sedimentation
scenario. The sediment deposition along the main channel shows longitudinal bar formation
that is 3-4 km in length. Furthermore, the net increase in the effective water depth (i.e. relative
to rising mean sea levels defined for the respective sea level rise scenarios) under these
conditions can be clearly identified along the central longitudinal axis of the river (Figs. 2.7a,
2.7b and 2.7c). The resulting bed profile along the central axis relative to the present mean sea
level is shown in figures 2.7d, 2.7e, and 2.7f, respectively. The reduction of sediment supply
would result in comparative expansion of the sand bypassing channel with time. This behaviour

can be seen clearly under the A1FI sea level rise scenario (Fig. 2.6a-i).
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Figure 2.4 Simulated morphological evolution: (i) depth below the maximum spring high-tide
level relative to the mean sea level and (ii) net accretion of the Guadiana estuary by the end of
the 21% century for B1 sea-level rise scenario and for sedimentation scenarios: (a) HI (0.65
mm/yr); (b) Min (1.3 mm/yr); (c) Avg (2.1 mm/yr); and (d) Max (3.9 mm/yr) and the expansion
of the intertidal zone area relative to the area in year 2000 is 6.1, 5.9, 5.4, and 4.1 kn?,

respectively.
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Figure 2.5 Simulated morphological evolution: (i) depth below the maximum spring high-tide
level relative to the mean sea level and (ii) net accretion of the Guadiana estuary by the end of
the 21% century for A1B sea-level rise scenario and for sedimentation scenarios: (a) HI (0.65
mm/yr); (b) Min (1.3 mm/yr); (c) Avg (3.7 mm/yr); and (d) Max (6.0 mm/yr) and the expansion
of the intertidal zone area relative to in the area in year 2000 is 7.7, 7.6, 6.8, and 5.5 kn?,

respectively.
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Figure 2.6 Simulated morphological evolution: (i) depth below the maximum spring high-tide
level relative to the mean sea level and (ii) net accretion of the Guadiana estuary by the end of
the 21% century for ALFI sea-level rise scenario and for sedimentation scenarios: (a) HI (0.65
mm/yr); (b) Min (1.3 mm/yr); (c) Avg (5.5 mm/yr); and (d) Max (9.7 mm/yr) and the expansion
of the intertidal zone area relative to the area in year 2000 is 9.4, 9.3, 8.1, and 6.4 kn?,

respectively.
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Figure 2.7 Depth variations along the central longitudinal axis of the Guadiana estuary for sea
level rise scenarios B1 (0.38 m), A1B (0.48 m), and ALFI (0.59 m) and corresponding
sedimentation scenarios (a, b, and c are the mean depth variation; and d, e, and f are the bed

profile relative to present mean sea level).

The salt marshes would be completely submerged due to the projected rise under any
of the three sea level rise scenarios. The maximum submergence would be experienced when
the projected sea level rise is 59 cm. Under these conditions, salt marshes would deteriorate
resulting in a reduction in the area covered by salt marshes in the Spanish margin and in

particular around Beliche bend located 10 km upstream from the river mouth.

2.4.1.2 MINIMUM (GEOLOGICAL TIME SCALE) SEDIMENTATION SCENARIO

The morphological evolution of the Guadiana estuary under the minimum
sedimentation (Min) scenario (1.3 mm/yr) for each sea level rise scenario shows similar
behaviour to that described above for the HI sedimentation scenario. If the sedimentation rate

were the same as the average value observed since 7000 cal BP, the net increase in effective
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water depth would be lower due to the increase in sediment deposition (Figs. 2.4b-i, 2.5b-i, and
2.6b-1). The net accretion along the estuary will probably increase but the fluctuations along
the axis may be minimal (Figs. 2.4b-ii, 2.5b-ii, and 2.6b-ii). The average accretion height is 0.2
m for the three sea level rise scenarios. The deeper zones show a similar pattern of
morphological evolution under each sea level rise scenario. Under the Min sedimentation
scenario, salt marshes would be completely submerged due to the projected sea level rises.
However, the submergence will not be as severe as the submergence under the HI
sedimentation scenario (0.65 mm/yr). Hence, salt marsh deterioration in the Spanish margin

would be reduced in the Min sedimentation scenario compared with the HI scenario.

2.4.1.3 AVERAGE SEDIMENTATION SCENARIO

Since the sedimentation rate under the average sedimentation scenario (0.5*Sea Level
Rise Rate +1.3*0.5 in mm/yr) is not constant because of its dependence on the rate of sea level
rise, the morphological evolution of the estuary is expected to be different to that under the
human intervention and minimum sedimentation scenarios. The Avg scenario would enhance
sedimentation in the Guadiana estuary in sympathy with the sea level rise. Thus, under the B1
and A1B sea level rise scenarios, the effective water depth in the main channel would be
approximately equal to the present effective water depth (Figs. 2.4c-i. and 2.5c-i). However,
there would be an overall decrease of effective water depth for the ALFI sea level rise scenario
and in some localities it would be well below the present effective water depth (Fig. 2.6¢-i).
This enhancement of sedimentation would be apparent along the longitudinal axis of the main
channel (Figs. 2.7a, 2.7b, and 2.7c). The average heights of sediment deposition along the main
channel will be approximately 0.3, 0.5, and 0.7 m in the case of the B1, A1B, and A1FI sea-

level rise scenarios, respectively (Figs. 2.4c-ii, 2.5c-ii, and 2.6c¢-ii). The expansion of the sand
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bypassing channel would be retarded under the enhanced sedimentation condition. Intertidal

zone submergence also would reduce significantly under these circumstances.

2.4.1.4 Maximum sedimentation scenario

Under the maximum sedimentation (Max) scenario, the morphology of the Guadiana estuary
and its intertidal zone may evolve as it has done during the Holocene for each sea level rise
scenario (i.e., there may not be a significant effective water depth variation irrespective of the
changes in sea level). In fact, the sediment deposition under the Max scenario conditions would
result in a reduction of the effective water depth compared to the present water depth of the
main channel (Figs. 2.4d-i, 2.5d-i, and 2.6d-i). The average heights of deposition along the
main channel would be 0.5, 0.8, and 1.4 m for the B1, A1B, and A1FI sea level rise projections,
respectively (Figs. 2.4d-ii, 2.5d-ii, and 2.6d-ii). The increased accommodation space in the
main channel would be offset by the sediment deposition maintaining a stable system. Under
the Avg and Max sedimentation scenarios, the bypassing channel would contract compared to
its present dimensions. If the sedimentation further increased, longitudinal bars developed
along the main channel resulting in the formation of at least 2 channels (Fig 2.6d-ii). It is clear
that the present sediment discharge is insufficient to maintain a stable effective water depth
within the lower Guadiana estuary. Therefore, the Max sedimentation scenario only provides
the possible morphological evolution under undisturbed conditions or conditions similar to the
pre-anthropogenic period. The expected behaviour of the effective depth variation under the
maximum sedimentation rate can be considered as an indirect assessment of the accuracy of

the modelling approach.
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2.5. IMPACT ASSESSMENT DUE TO SLR AND SEDIMENT SUPPLY REDUCTION
2.5.1 REGRESSION OF THE MEAN SEA LEVEL CONTOUR OF THE ESTUARY

There is a significant lateral translation of the landward boundary of the intertidal zone for each
sea-level rise scenario. However, there is no significant horizontal translation of the mean sea
level (O m) contour of the Guadiana River under these scenarios (Fig 2.8). Therefore, there will
be a significant expansion of the intertidal zone area by the end of the 21% century. The average
landward translation of the O m contour is about 7.6 m and the maximum translation is 60 min
the western margin. A comparatively large translation of the 0 m contour, on average 27 m, is
expected in the eastern margin. At the Spanish margin of the estuary, there is a significant
local lateral expansion in the vicinity of the bend located 10 km upstream of the mouth of the
estuary, due to the flatness of the terrain compared to the other parts of the estuary. If the
secondary currents (cross-currents) around the estuary bend were high, there would be a
lowering of the water level around the bend in the Spanish margin while creating greater
elevation in the Portuguese margin. A reduction in the amount of submergence in the Spanish
margin due to this phenomenon would be minimal as the secondary currents in the Guadiana
estuary are weak. On the whole, the 0 m contour retreats landward for all sea level rise and
sedimentation scenarios except under the conditions of the A1FI sea level rise scenario with
the Max sedimentation scenario (a highly improbable case according to the present conditions).
For 59 cm rise of sea level and S™ equal to the corresponding rate of sea level rise, several
segments of the 0 m contour line could be translated into the estuary channel, causing

progradation of the Spanish margin of the Guadiana River.
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Figure 2.8 Lateral movement of the 0 m contour of the Guadiana estuary in response to sea
level rise scenarios (a) B1 0.38 m; (b) A1B 0.48 m; and (c) A1FI 0.59 m for each of four
sedimentation rate scenarios (Max = sea level rise rate; Min = 1.3 mm/yr; Avg = 0.5(1.3 + sea
level rise rate) mm/yr; and HI = 0.65 mm/yr, an approximation to account for the reduction in

sediment supply due to human interventions such as dam construction).

2.5.2 CORRELATION OF IMPACTS WITH SLRR AND OF SEDIMENTATION

In quantifying the overall morphological evolution of the Guadiana estuary, it is
important to find correlations among parameters of morphological changes and sea level rise
and sedimentation rates. Results indicate that, irrespective of the sedimentation scenario, the
intertidal zone area of the Guadiana estuary would increase for all three sea level rise scenarios
(Figure 9a). Although the maximum sedimentation rate was maintained as equal to the sea
level rise rate, there would be a net increase in the area of the intertidal zone by the end of 21*

century.
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Figure 2.9 Morphological response of the Guadiana estuary to sea level rise and sedimentation
scenarios: (a) Variation of the intertidal zone area; (b) Variation of the change of the intertidal
zone area with sedimentation rate; ¢) Accommodation volume change of the estuary; d)

Variation of sediment volume added with respect to change in sedimentation rate.

This is mainly due to two reasons: 1) there is a significant horizontal translation of the
landward boundary of the intertidal zone for rise in sea level but the landward translation of
mean sea level contour is insignificant, thereby, there is a net increase of the intertidal zone
area of the estuary for each scenario; and 2) this can be attributed to reduced sedimentation
above mean sea level due to the low tidal inundation frequency for the upper intertidal zone.
For instance, the present potential sedimentation above mean sea level is only 37% of the total
potential sedimentation in the intertidal zone. This may increase up to 50, 53, and 57% due to
the increased accommodation space resulting from the projected sea level rise of 38, 48 and 59
cm, respectively (Fig. 2.2). The potential sedimentation was defined for a unit S™ value (1

mm/yr) and constant bed slope below the maximum spring high-tide level. If the sea level were
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to rise by 59 cm, potential sedimentation above a height of 1.0 m would increase only from 5
to 25%. We assume the tidal range will be constant during the 21 Century. But it is not possible
to predict that the increase of the intertidal zone area will result in increase of salt-marsh area
because it depends on the soil characteristics of that area.

The maximum increase in the area of the intertidal zone occurs for the ALFI sea level
rise scenario (59 c¢cm) under the HI sedimentation scenario. Even though the HI scenario
represents a 50% reduction in sedimentation relative to the Min scenario, under both
sedimentation scenarios the lateral expansion of the intertidal zone is almost equal for the three
sea level rise scenarios (Fig. 2.9a). Generally, the expansion of the intertidal zone for each 10
cm rise of the sea level is about 3-5% of the present intertidal zone area for the 12 cases.
According to Fig. 2.9b, the net change in the intertidal zone area decreases linearly with an
increase in sedimentation rate, and the rate of decrease is very similar for the three sea level
rise scenarios. The net change in accommodation volume decreases markedly with an increase
in the sedimentation rate (Fig. 2.9c). In one case, under the A1FI sea level rise scenario and
with a sedimentation rate equal to the rate of sea level rise (A1FI-Max scenario), the net change
in accommodation volume becomes negative; that is, the increase in accommodation volume
due to sea level rise is offset (or more than offset) by the sediment added into the estuary.
However, for all other scenarios, there would be a net increase in accommodation volume and
therefore most parts of the Guadiana estuary would be drowned due to the sea level rise. The
volume of sediment added into the estuary is a linear function of the sedimentation rate (Fig.

2.9d).

2.5.3 DECADAL BEHAVIOUR OF MORPHOLOGICAL EVOLUTION

The behaviour of the morphological evolution of the estuary was further assessed in

terms of the cumulative sediment volume deposited in the estuary for the A1B sea level rise

62



Long term Coastal Responses to sea-level rise and sediment supply reduction

scenario and for four sedimentation scenarios, using a 5-year input and 10-year step output.
The cumulative sediment volume deposited in the estuary through the 21% Century is a function

of the sediment deposition rate which is controlled by the supply of sediment into the estuary.

2.5.3.1 MAXIMUM AND AVERAGE SEDIMENTATION SCENARIOS

If the rate of sediment deposition kept in pace with the rate of sea level rise (Max
scenario), there would be an exponential increase in cumulative sediment addition over time
for the sea level rises given by the corresponding percentile values (Fig. 2.10a). The Avg
scenario also shows an exponential increase in cumulative sediment addition but the rate of

increase is small (Fig. 2.10c).

2.5.3.2 MINIMUM AND HUMAN INTERVENTION SEDIMENTATION SCENARIOS

As shown in Figs. 2.10b and 2.10d, if the sediment deposition rate became constant
(0.65 and 1.3 mml/yr), the cumulative sediment addition would not show any significant
variation for rises in sea level as given by the corresponding percentile values. There is a linear
increase in cumulative sediment addition with time. However, the cumulative sediment volume
deposited in the estuary over the 100-year time period has no correlation with percentile value.
For instance, for the Min sedimentation scenario, the curve of the cumulative sediment volume
deposited corresponding to the 35% percentile value represents the upper limit of the envelope
until 2070, after which the 5% curve becomes the upper limit.

The lower limit of this envelope corresponds to the 5% percentile limit until 2060, after
which the 55% curve becomes the lower limit. However, the envelope is very narrow and the
fluctuations are not significant relative to the cumulative sediment volume deposited by a given

year. Similar behaviour is found for the HI scenario. The average gradient of the cumulative
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sediment addition curves for a S™ value of 0.65 mm/yr (HI scenario) is approximately 50%

of that for the 1.3 mm/yr sedimentation rate of the Min scenario.
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Figure 2.10 Cumulative sediment volume added into the Guadiana estuary for different
percentile values of the A1B sea level rise scenario during the 21% Century for sedimentation
rate scenarios: (a) Max = sea level rise rate; (b) Min = 1.3 mm/yr; (c) Avg = 0.5(1.3 + sea level

rise rate); (d) HI = 0.65 mm/yr).

The variation in cumulative sediment addition with sedimentation rate is linear and
shows strong dependence on time compared to the P values (Fig. 2.11). That is, the gradient of
cumulative sediment addition (VS,) with maximum sedimentation rate (S™) for a given year
does not vary much with sea level rises corresponding to higher P values. This behaviour is
mathematically expressed in eq. 2.12.1, in which the coefficients a and b depend only on time

(T). The influence of the P value is absorbed into the sea level rise which is dependent on both
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Pand T (Eqg. 2.12.4). However, the prominence of P in the gradient term of eq. 2.12.4 is lower
than that of T. As the magnitudes of sea level rise projections are less than 1 m, a negative sign
resulted from Eq. 2.12.4 when taking the natural logarithm of projected sea level rise. The
logarithmic nature of Eq. 2.12.4 may not represent any physical significance other than being

a consistently high value for the coefficient of determination in the regression analysis.

VE = [aLn(SLR) + b]s™a* (2.12.1)
a =004Ln(T) — 76 (2.12.2)
b = 31632T — 6 x 107 (2.12.3)
Ln(SLR) — _e(25+0.09P—0.012T—0.00005PT) (2124)
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Figure 2.11 Variation of cumulative sediment volume added with respect to sedimentation rate
for the period 2010 to 2100 with a 10-year output time step and for percentile (P) values of 5,
15, 25, 35, 45, 50, 55, 65, 75, 85 and 95%. A percentile value is an expression of the uncertainty
in the sea level rise predictions for a given year (2010 to 2100). Straight lines are the linear best

fit for the total data set belonging to each year.
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2.6. DISCUSSION
2.6.1 IMPLICATIONS FOR ESTUARINE EVOLUTION AND MANAGEMENT

As the present sediment discharge is insufficient to maintain a stable effective water
depth within the lower Guadiana estuary, the morphological evolution of the estuary and its
associated intertidal zone during the 21% Century is probably best represented under the
scenario that combines the A1FI sea level rise scenario (59 cm) and the human intervention
sedimentation scenario (0.65 mm/yr). Under the conditions of this scenario, there is a
significant net increase in the effective water depth of the main channel. The landward
horizontal translation of the landward limits of the intertidal zone would be significant in the
Portuguese margin of the estuary compared to that in the Spanish margin. This means that
although there may be a loss of salt marsh habitats in the western margin, there is likely to be
a landward shift in the entire system. Such processes may occur only if the soil characteristics
are suitable for growth of salt-marsh vegetation. Even though such a submergence of land may
considered as a loss in terms of restricting the type of economic activities able to take place,
from an environmental point of view it is recommended that the process should be allowed to
occur. A managed retreat would be a better option for particular economic activities such as
salt production. Thus, we may identify a buffer zone for the estuary.

In the Spanish margin, due to the limited landward translation of the landward limits of
the intertidal zone, there is likely to be a high risk of salt marsh habitats disappearing as a result
of increased submergence from sea level rise. In addition, the landward translation of mean sea
level will be significant in the Spanish margin, and its salt marshes will experience more
pressure due to accelerated sea level rise than will be the case in the Portuguese margin. Thus,
salt marsh habitats in the eastern margin would be further squeezed. Therefore, mitigation
measures should be taken to improve the natural adaptability of this region; for instance, the

removal of hard defence structures. If the environmental flow regulated by the Alqueva dam
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could be increased, the lower estuary would receive more fine sediment, which would help to

sustain the marsh vegetation.

2.6.2 LIMITATIONS OF THE ESTUARINE SEDIMENTATION MODEL

The application of the Estuarine Sedimentation Model to predict the morphological
evolution of the Guadiana estuary and its intertidal zone can be considered as an initial step in
developing a robust management tool for sustainable use of the resources produced by the
estuary. In this context, the results of this study are provisional because the model is highly
simplified. However, the use of fewer parameters and the simplification of processes may be
useful for minimizing the uncertainties involved in the long-term forecasting of such
parameters (Cowell et al., 1995).

The degree of influence of these processes on estuarine morphological evolution is
different in intertidal and subtidal regions. Allochthonous (mineral) and autochthonous
(organic) sedimentation and shallow compaction are dominant processes in the saltmarsh areas.
Erosion and sediment resuspension due to tidal and wave activities are minimal in salt marshes,
while these processes would be important in tidal flats and subtidal channels. This is due mainly
to the high wave attenuation within the vegetation canopy in marsh environments. In the
context of long-term predictions of morphological evolution, neglecting resuspension due to
wave activities for an initial modelling exercise can be reasonably justified because the incident
wave heights and secondary currents within the Guadiana estuary are almost insignificant. This
is due primarily to the sheltered nature of the area, resulting in the low energy environment of
the Guadiana estuary (Boski, et al., 2008).

Furthermore, the sedimentation scenarios were defined based on the maximum
sediment deposition rate (S™) in the estuary. In the modelling, we substituted the net

maximum sedimentation rates estimated from borehole data for the Guadiana estuary, being
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the difference between accretion and erosion over a geological time scale. Thus, the total
sedimentation and erosion processes have been represented implicitly in our model. This
strategy was used to overcome the limitations of the behaviour modelling approach. It should
also be noted that the parameter S™ is only a representative value for the entire estuary,
derived from borehole data analysis, and therefore the present model does not accommodate
its possible spatial variation over the area of the estuary.

Shallow compaction is negligible in estuaries dominated by mineral sediment
deposition (Temmerman, et al., 2004). As the Guadiana estuary has become affected by a
drastic reduction in fluvial sediment supply, the overall supply of silt and fine sediments into
the estuary has reduced significantly. The main source of sediment supply into the estuary is
now of marine origin, from where the largely coarse sand will be imported into the estuary.
Therefore, shallow compaction in the Guadiana estuary can be neglected for simulating its
morphological evolution. In the estuary, organic sedimentation may be excluded in the long
term modelling of its morphological evolution because the long term accumulation of organic
matter in the form of peat is likely to be insignificant due to the intense anaerobic respiration
of organic matter via sulphate reduction (Boski, 2008). This process also results in a low
amount of autocompaction of the accumulated sediment. If this approach is to be used in
different geographical regions, sedimentation due to organic matter, shallow compaction due
to pore pressure dissipation, and deep subsidence may have to be taken into account. In
northern Europe, organic matter deposition helps to maintain a stable water depth for salt marsh
habitats, and as a result salt marshes will not be so vulnerable to pressure from sea level rise.

As the long-term sediment accretion has been assumed as a function of tidal inundation
frequency (Allen, 1995), it is important to derive this function using a high frequency tide
gauge data over a sufficient observation period. However, the data set available at Vila Real St

Antonio tide gauge station, which is the closest station to the lower Guadiana estuary area, is

68



Long term Coastal Responses to sea-level rise and sediment supply reduction

not continuous. The derived function shows that it is highly dependent on the tidal range. The
linearity of this function will be lost only around the high tide region (above 1.0 m MSL).
Therefore, in the Guadiana estuarine area, the uncertainty of this function will be greatest in
the upper region of the intertidal zone. Furthermore, it is important to incorporate temporal
variation in the suspended sediment flux due to meteorological forcing in mesotidal estuarine
systems (French et al., 2008). However, as the river run-off is highly regulated in the Guadiana
River, the variability in suspended sediment flux would be insignificant.

The evolution time scale of an estuarine feature (e.g. channel) of length L and depth H
is HL/K, where K is the effective diffusivity (K = 2rCqU%g (1-p) tan ¢; U is the current
velocity; p, porosity; g, gravitational acceleration; ¢, angle of repose of sand; and Cgq, drag
coefficient) (EA and Defra, 2007). The range of the evolution time scale for the Guadiana
estuary channel is approximately 30 to 10 years for the typical range of drag coefficient, i.e.
0.001 to 0.005 (typical parameter values: H=10m, L=35km, U=0.6 m/s,p=0.4and ¢ =
35°). Therefore, the use of a 5-year input time step for simulating the morphological evolution
of the Guadiana estuary is justified.

As process-based approaches are effective for simulating the evolution of individual
features (e.g. tidal inlets and mudflats) of estuarine systems (Hibma et al., 2003; 2004),
developing a hybrid approach may overcome some of the deficiencies of the present approach.
With a hybrid approach, it may be possible to incorporate tidal hydrodynamics, channel-shoal
sediment exchange, and gravitational circulation as well as represent dynamic feedback
between sedimentation and tidal currents and between sediment transport and morphological
change. In addition, it would be interesting to carry out further studies on sedimentation rates

that exceed the sea level-rise rate.
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2.7 CONCLUSIONS

The morphological evolution of the Guadiana estuary and its associated intertidal zone
during the 21% Century are probably best represented under the scenario that combines the
ALFI sea level rise scenario (59 cm) and the human intervention sedimentation scenario (0.65
mm/yr). This scenario gives a broad insight into the degree of vulnerability of the estuary under
sediment starvation conditions. There would be a significant net increase in the effective water
depth of the main channel for these conditions. The potential sedimentation above present mean
sea level attains just 37% of the total potential sedimentation due only to tidal forcing in the
intertidal zone. This value increases up to 50, 53, and 57% when an additional accommodation
space is created in response to projected sea level rises of 38, 48, and 59 c¢cm, respectively. The
landward horizontal translation of the landward limit of the intertidal zone would be significant
in the Portuguese margin of the estuary compared to that in the Spanish margin. In the Spanish
margin, due to the limited translation of the landward limits of the intertidal zone area, there
would be high risk of salt marsh habitats disappearing due to increased submergence resulting
from sea level rise. In addition, the landward translation of mean sea level would be significant
in the Spanish margin, where salt marshes will experience more pressure due to accelerated sea
level rise; this phenomenon would be less significant in the Portuguese margin. On the whole,
the intertidal zone area would increase by 3-5% for each 10 cm rise of sea level by the end of
the 21% Century, representing a loss of land area due to sea level rise.

The morphological evolution of the Guadiana estuary in response to predicted sea level
rise under the maximum sedimentation scenario resembles the actual post-glacial behaviour of
the estuary. That is, the estuary has kept up with the pace of sea level rise, irrespective of the
sea level rise rate. The maximum sedimentation scenario indicates sediment accumulation but
without any significant lateral progradation in the tidal flats and marshes bounded by high

density tidal channel system in the Spanish margin. However, such sediment supply conditions
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are very unlikely to occur during the 21% Century, given the deficit in fluvial sediment supply
resulting from the drastic reduction of river water discharge following the construction of a
large number of dams. Thus, the obtained results under the maximum sedimentation scenario
are of more theoretical interest than practical.

The approach taken should be considered as an initial conceptual framework able to be
improved in the future. Constraints in the behaviour-oriented modelling approach used may be
compensated in future studies by using a hybrid (behaviour-process) approach, which would
help to exploit some of the advantages of process-based methods. Even though this model is
extremely idealized and the results may have large uncertainties, it may provide at least the
order of magnitude of potential morphological impacts on the Guadiana estuarine system due

to the rise in sea level and sedimentation scenarios of the 21% century.
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ABSTRACT

This paper focuses on simulations of the morphological evolution of an estuary during
sedimentary infilling that accompanied Holocene sea-level rise. The simulations were
conducted using the Estuarine Sedimentation Model, which uses a behaviour-oriented
approach, supported by the chronostratigraphy of the estuary’s sedimentary sequence.
Behaviour curves were computed to represent the relationship between the estuarine channel
depth below maximum high tide and the net accretion at a given location relative to the average
sedimentation rate of the estuary during the Holocene. The model was validated by comparing
the observed present-day bathymetry of the Guadiana River Estuary, southeastern Portugal,
with the corresponding simulated bathymetries for nine control sections across the estuary. The
best fit between simulated and actual sediment surface elevations was obtained along the cross-
sections in the sheltered, low-energy environments of the estuary. The accuracy of the
sedimentary stratigraphy of the best-fit model was further established using 16 radiocarbon
ages obtained from five boreholes in the estuary. The present approach is particularly suitable
for simulating long-term morphological evolution in sheltered estuarine environments where
tidally driven vertical aggradation dominates at centennial to millennium timescales. However,
the accuracy of simulated sediment surface elevations and consequently the robustness of
behaviour-type models based on Geographical Information System platforms can be enhanced
by incorporating (i) the impacts of nearshore hydrodynamic processes and episodic flood
events in highly energetic channels, and (ii) the impacts of cross-currents in meandering

channel sections.

Keywords: Guadiana estuary; Hindcasting; Morphological evolution; Sea-level rise;

Behaviour-oriented models
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3.1 INTRODUCTION

An estuary is a semi-enclosed water body that is associated with a complex mosaic of
ecosystems linking terrestrial and aquatic environments, including the subtidal, intertidal, and
surrounding terrestrial habitats. These highly complex and diverse systems are sensitive to
natural forcing, as generated by sea-level rise, and to human activities such as the development
of harbours, shipping channels and recreational facilities (Lanzoni and Seminara, 2002).
Estuaries are ephemeral features that during the eustatic sea-level rise of the last 15,000 years
progressed along drowned fluvial valleys (Schubel, 1971; Perillo, 1995). Under natural
sediment supply conditions, these estuaries have gradually adapted to the prevailing
hydrodynamic conditions during the period of sea-level stabilization (Lanzoni and Seminara,
2002). According to Cooper et al., 2012, some evidence suggests that incised valley estuarine
systems exhibit an adaptive capacity in response to sea-level rise (e.g. “keep-up” and “catch
up” estuaries) while tending towards equilibrium conditions in which the local sea-level rise is
balanced by the sediment accumulation (Stevenson et al., 1986; Nichols, 1989).

The morphological evolution of an estuary is the result of non-linear interactions
between water, sedimentary processes, and bathymetry during both fluvial and marine
flooding, which occur over a wide range of temporal and spatial scales (Hibma et al., 2004).
According to Friedrichs et al. (1990), an increase in sea level in an estuarine system where the
banks have curved profiles initially results in channel deepening and the expansion of
accommodation space, thereby enhancing ebb and flood asymmetry (i.e., the difference
between peak ebb and flood tidal currents). Consequently, more sediment from marine and/or
fluvial sources enters the estuary, resulting in an increase in sediment deposition rates and a
decrease in depth, thereby reducing the marine influence (Pethick, 1994; Anthony et al., 2002).
If the sediment supply is unhindered, this feedback process will lead the estuary to achieve a

new equilibrium state. Throughout the Holocene, estuarine systems migrated landwards in
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response to sea-level rise in a two-stage feedback process (Townend and Pethick, 2002): (1)
horizontal retreat of the seaward margins of salt marshes and upper mudflats, and (2) vertical
accretion on the newly submerged surfaces because of increased accommodation space. If there
is a decrease in sediment supply and/or rapid increase in sea-level rise above the adaptive
capacity of the system, the feedback mechanisms may not be sufficient to maintain stable water
depths in an estuary. Thus, according to the classification of Cooper et al. (2012), an estuary
can turn into a ‘give-up’ estuary from its original behaviour of either a ‘keep-up’ or *catch-up’
estuary.

The coastal zone occupies 18% of the world’s land surface and stretches over 842,000
km (Smith, 2005). Coastal plains and lowland river valleys have always been the most
populated areas (Wolanski et al., 2004) in which human activities and associated infrastructure
have increased steadily over the last several centuries (McGranahan et al., 2007). Dams that
control the world’s major rivers have reduced sediment supply to the shoreline by up to 90%
(Syvitski et al., 2005), and shorelines have been further impacted by the construction of coastal
defences and by land reclamation (Townend and Pethick, 2002).

Global vulnerability analyses by Nicholls et al. (2007) and IPCC (2007) have predicted
an increased vulnerability of the coastal zone to sea-level rise, increased storminess, and
climate change. Indeed, the assembled records of altimetric data from the TOPEX/Poseidon,
Jason-1, and Jason-2 satellite missions indicate that the average rate of sea-level rise during the
period 1993-2009 was 3.4 + 0.4 mm/yr (Nerem et al., 2010), which is double the 1.7 mm/yr
rate of the twentieth century.

The cumulative result of human activities and natural pressures is enhanced erosion,
habitat loss, and increased flood risk to the coastal environment (Valiela, 2006). A substantial
reduction in the amount of sediment supplied to estuaries reduces vertical accretion and

decreases their capacity to keep pace with sea-level rise (Ganju and Schoellhamer, 2010). Such
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constraints on the adaptive capacity of estuaries to sea-level rise will likely provoke a decrease
in the area of wetlands and will affect their habitats in the near future. Many estuarine
ecosystems have already lost part of their ability to adapt horizontally (Townend and Pethick,
2002) and vertically (Ganju and Schoellhamer, 2010) in response to sea-level rise. To
accommodate these trends in coastal planning and territorial management, a better
understanding of the long-term behaviour of an estuarine system is required. Adaptation
strategies depend on the ability to integrate information about the geomorphology of the
system, knowledge of Holocene estuarine evolution, and information about the forcing
conditions such as sea-level rise and tidal conditions across a range of spatial and temporal
scales (Townend, 2010). In particular, the early to mid-Holocene may be useful to
understanding future sea-level change (PALSEA, 2010), because rates of eustatic sea-level rise
during this period were in the order of 6 mm/yr or more (Stanford et al., 2011; Delgado et al.,
2012). Such an acceleration in sea-level rise falls well within the range of recent predictions
for the latter part of the twenty-first century (Pfeffer et al., 2008). However in contrast to the
Holocene, impacts of rapid sea-level rise in the coming decades require consideration of
substantial and widespread human intervention in coastal systems.

To complement field investigations that have described geomorphological history and
sea-level change over the last 13,000 years in the Guadiana Estuary of southwestern Iberia
(Boski et. al., 2008, 2002; Delgado et al., 2012), in the present study we take a formalised yet
simple and idealized model approach based on the behaviour (i.e., the morphological
evolutionary trends) of that system. The specific objectives of this study are: (i) to simulate the
sedimentary infilling of the Guadiana Estuary palaeovalley due to eustatic sea-level rise during
the Holocene, and (ii) to evaluate model outputs against previous geomorphological and post-
glacial palaeoenvironmental reconstructions based on facies interpretation and *C dating. The

simulations were performed using the Estuarine Sedimentation Model (ESM), which follows
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a behaviour-oriented numerical modelling approach (Bruce et al., 2003) that complements

process-based modelling (Townend, 2010).

3.2. STUDY AREA

The Guadiana River is 810 km long and traverses extensive rural areas in Spain and
Portugal, including the mining areas of the Iberian Pyrite Belt (Delgado et al., 2012). The
Guadiana Estuary (Fig. 3.1) is located along the southern border between Spain and Portugal.
It is a narrow, deeply incised (ca. 80 m below present MSL), bedrock-controlled estuary
experiencing the final stages of sediment infilling, which has led to an incipient coastal
progradation (Boski et al., 2008). The estuary, which is ca. 50 km long, has a maximum channel
width of 550 m and depths ranging between 5 and 17 m (Wolanski et al., 2006). In 2001, the
total dammed area in the watershed increased to 89% with the construction of the Alqueva dam
(Gonzalez et al., 2007). Because of the consequent shortage of silt supplied by the river, there
has been a rapid decrease in the area of estuarine salt marshes (Sampath et al., 2011). In
addition, the construction of jetties at the mouth of the Guadiana River in the 1970s has
interrupted the dominant eastward-directed longshore drift. This has resulted in a reduction in
the amount of marine sediment supplied to the estuary over the last 35 years. The disruptive
effects of the jetties are clearly manifested on the Spanish margin of the estuary, where rapid
shoreline retreat at an average rate of 3 m/yr occurred between 1996 and 2005, with a recorded
maximum retreat of 4.8 m/yr (Sampath, 2008).

Before the construction of the Alqueva dam, the hydrographic regime of the Guadiana
River was characterized by low flows in summer and episodic flooding events in winter. The
estuary exhibits a semi-diurnal, meso-tidal regime with a mean range of approximately 2.5 m.
The mean neap tidal range is 1.22 m and the mean spring tidal range is 2.82 m (Garel et al.,

2009), with a maximum spring tidal range of 3.88 m (Sampath et al., 2011). Tidal wave
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propagation in the estuary generates currents with velocities exceeding 0.5 m/s (Morales,
1997). The waves in this coastal region can be classified as medium- to low-energy waves, and
in terms of frequency of occurrence, 49% of the waves represent Atlantic swells and 51% local
sea waves. The mean annual offshore significant wave height is about 1 m with an average

period of 4.7 s (Costa et al., 2001).
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3.3 METHODOLOGY
3.3.1 ESTUARINE SEDIMENTATION MODEL (ESM)

Hindcasting the morphological evolution of the Guadiana Estuary during the Holocene
was performed using ESM. This GIS raster-based model was initially developed by Stolper
(1996) and takes into account three factors: (1) changes in the rate of sea-level rise, (2)
elevation-dependent accommodation space available for the deposition of sediment, and (3)
the inundation-dependent vertical accretion rate of sediment (Bruce et al., 2003). In the context
of large-scale coastal behaviour modelling (decades to millennia), estuarine evolution was
simulated using the dominant driving factors, which are relative sea-level change, the rate of
sediment supply, and tidal inundation. Although wave and river dynamics may influence
sediment dynamics in the outer and inner portions of the estuary, respectively, tidal currents
play a dominant role in controlling sediment transport in tidal regimes where the tidal range is
greater than 2 m (Lanzoni and Seminara, 2002). Tidal inundation is strongly dependent on
palaeovalley morphology, which determines the accommodation space for fluvial and marine
sediments.

ESM does not explicitly take into account estuarine physical processes, such as tidal
hydrodynamics, channel-shoal sediment exchange, and gravitational circulation. This implies
that it is not possible to represent dynamic interactions and feedbacks that promote
morphological change, because of the limited understanding/record of such processes over a
centennial timescale. To partially overcome such limitations, we opted to represent estuarine
sediment deposition processes using the net long-term representative sedimentation rates
derived from borehole data analysis. In addition, we incorporated semi-empirical formulations
given by Prandle (2009) to derive the relationships between the long-term net accretion rate
coefficients and water depth below maximum high tide for defined time intervals of several

centuries (see section 3.2). The long-term net accretion rate coefficients represent the spatial
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and temporal distributions of sediment accretion below the maximum high-tide level of the
estuary. With respect to the energy levels of the studied estuary, the lower Guadiana estuary
lies within an environment sheltered by the extensive barrier and salt marsh system and mobile
sandbank located close to the river mouth, which significantly attenuate ocean waves entering
the estuary. Therefore, the sediment grain size across the lower estuary bed is practically
uniform, except for some variation in the intertidal zone (Morales et al., 2006). Thus, according
to the established relationship between hydraulic energy and corresponding grain size
(Hamilton, 1979), the distribution of energy across the lower Guadiana Estuary may be
assumed to be relatively uniform. The near-uniform distribution of sediment accretion rates
observed in the sedimentary profiles of several boreholes drilled in the Guadiana Estuary

(Boski et al., 2008, 2002) further supports this hypothesis.

3.3.2 APPLICATION OF ESM TO THE GUADIANA ESTUARINE SYSTEM
Following similar approaches in a number of previous estuarine aggradation models
(e.g., Allen, 1995; Morris et al., 2002; Kirwan and Murray, 2008) applied to estuarine systems
composed of intertidal mudflats and salt marshes, the rate of relative elevation change (dZ/dt)
at a given point and over a known period of time can be represented in terms of (Eq. 3.1): (1)
the rate of sea-level rise (dMwmsL/dt), (2) mineral sedimentation rate (dSmin/dt) and organic
sedimentation rate (dSorg/dt), (3) erosion due to currents (dE/dt), (4) auto-compaction

(dPcom/dt), and (5) deep subsidence (dPsub/dt):

dZ __ dSy; dSo dpP dMm dp dE
4z _ dSwmin rg _ dPcom MSL _ AFgsyp _ dB (31)
dt dt dt dt dt dt dt

In the Guadiana Estuary, deep subsidence has been found to be negligible (Lobo et al.,
2003), and because auto-compaction of the accumulated sediments is insignificant as a result

of the low organic content (Boski et al., 2008), it was assumed that shallow compaction is
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negligible over a centennial timescale. Hence, the determining factors of the model are mineral

sedimentation, erosion, and the rate of sea-level rise (Eq. 3.2):

dZ _ dSmin _ dMms. _ dE
dt ~ dt dt dt (3:2)

The net annual averaged accretion rate (AS/At) at a given initial depth (h) can be derived
by integrating mineral deposition and erosion over each tidal cycle over M years with m tidal
cycles, where pseq is the dry density of sediment (Eg. 3.3.). Based on the analysis of annual
river discharge from 1947 to 2000, we imposed the estimated six-year (i.e., M = 6) cyclic
fluctuations of average annual river discharge, namely 380, 300, 25, 75, 150, and 175 m®/s, to
determine the long-term net accretion rates. The calculations were computed for each depth
with 0.5-m intervals from low-tide level to the maximum depth. This provides variations in net

annual average accretion rates from low tide to the maximum depth.

Mxpged

M ((dSmin  dE
AS/Atlat agiven location — ;Z ) {( cll\g - E) dt} (3-3)
]:

Implementation of ESM also requires the long-term net accretion rate coefficients, that
i, the long-term net accretion rates relative to the maximum sedimentation rate found within a

hypothetical transect from low-tide level to the maximum depth of the estuary (Eq. 3.4):

AS/Atlat o given location (3 4)

Long- term net accretion rate coefficient =
AS/At|Max

If a representative value for the maximum annual sedimentation rate (S™P) for a given
period in an estuary can be found, the long-term net accretion rate coefficients enable the spatial
distribution of net annual sedimentation rates for the given depth range to be calculated (Eq.
3.5). For simplicity and convenience, we used as S™ the sedimentation rates calculated in

radiocarbon-dated time intervals in six boreholes drilled into the Holocene sedimentary column
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of the Guadiana estuary. Thus, the net accretion rate at a given depth below the low-tide level

can be expressed directly by Eqg. 3.5:

ASNet — SRep (AS/Atlatagiven location ) (35)
AT AS/At|Max

As given in Eq. 3.6, the net accretion rates above the low tide were derived by
incorporating the tidal inundation frequency (Sampath et al., 2011) and the long-term net
accretion rate coefficient at the low-tide level (taken from the Portuguese Hydrographic Chart
Datum as 2 m below MSL). Consequently, the curves for the long-term net sediment accretion
rate coefficients were computed for the entire depth range (i.e., from high-tide level to the
maximum depth at 0.5-m intervals) of the estuary for different periods from 11,500 cal. yr BP.
The average granulometric sizes of accumulated sediments were assumed to be indicative of

the environmental conditions prevailing over specific periods during the Holocene (see section

3.3.4).
ASpNet — QRep {AS/Atl@ Z=—2m [Tidal Inundation Frequency|g z> —2m } (3 6)
AT lIntertidal AS/At|Max Tidal Inundation Frequency|g@z=—2m )

zone

Finally, the long-term rate of sediment surface elevation change (AZ/AT) at a given
point of an estuarine system can be expressed in terms of net sedimentation rate (ASnevAT) and

sea-level rise rate (AH/AT) (Eq. 3.7):

E — ASNet _ E (3 7)
AT AT AT ’

Summarizing the above rationale, our exact input parameters for the ESM model were
the long-term net accretion rate coefficients for the depth range, representative sedimentation
rates, and cumulative sea-level rise for the total time period of 11,500 years (and using a five-
year time step for the modelling).
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3.3.3 SEDIMENT DEPOSITION AND EROSION OVER A TIDAL CYCLE

The rate of sediment deposition in sub-tidal channels can be approximated by
calculating accretion and erosion rates (Eg. 3.3). As the present study is focused on simulating
the long-term morphological evolution of estuaries, the re-suspension of sediment due to
turbulence can be neglected and therefore the estuary bed can be considered as fully absorptive
(Sanford and Halka, 1993). Consequently, the sediment deposition rate (m/s) can be
represented in terms of settling velocity (Ws), sediment concentration near the bed (Cy), and

the bulk density of sediment (psed) (Prandle, 2009):

E — W Cy
i (3.8)

The settling velocity of fine to medium sand particles (Dso ~ 0.125-0.35 mm) was
estimated in terms of the kinematic viscosity of water, average grain size diameter (Dso), and
non-dimensional grain diameter (Hallermeier, 1981). The settling velocity of silt to very fine
sand fractions (Dso ~ 0.25-0.125 mm) was derived using the formula of Lane and Prandle
(2006) to account for the increase in settling velocity due to the flocculation of particles.
Morales (1995) proposed an empirical model for estimating the depth-averaged sediment
concentration in the Guadiana estuary in terms of river discharge (m®/s). The suspended
sediment concentration near the bed was related to depth-averaged sediment concentration
where sediment deposition occurs via advection and dispersion (Prandle, 2009). The lack of
knowledge of river flow rates during the Holocene is also a major constraint. To address this
we used the oldest archived data measured in the Guadiana river, available from the Pulo do
Lobo gauge station since the 1940s. Although limited in time, this record allows to represent
the characteristic torrential river flow regime of the Guadiana river, which we assume to have

been similar over the past millennia. Although we used data and relationships that relate to the
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recent behaviour of the estuary for hindcasting suspended sediment concentrations in the
Guadiana River during the Holocene, these formulae were used because our focus is to
conceptualize the problem of the modelling of long-term estuarine morphological evolution.
Prandle (2009) showed that time-series of C, can be related to the depth-averaged sediment
concentration in an estuary.

The short-term erosion rate in an estuary can be approximated using the simple formula
of Prandle (2004), where y and f are the sediment erosion coefficient and the bed friction

coefficient, respectively:

dE _ YiPw(up? (3.9)

dt Psed

The grain density was set to a default value of 2650 kg/m®, representative of quartz.
The expression derived by Jones (1983) was used to estimate the bed friction in terms of bed
roughness, which can be related to drag resulting from ripple/dune formations, and the skin
friction, which is related to the grain size, Dso, of coarse sand for a hydraulically rough flow
(Reeve et al., 2004). Values of Dsg have been given by Morales et al. (2006). As presented by
Lane (2004), the main constituents of current speed (Ut) were assumed to be semi-diurnal (M2)

and quarter-diurnal (M) tidal currents and residual currents due to river discharge:

U, = U* cos(wt) — aU* cos(2wt — 6) — aU* cos (3.10)

where a=*/h and 6 is the phase angle between tidal elevation and tidal current.

Prandle (2009) simplified the equations for motion at any depth by neglecting

convective terms and linearising the frictional terms. Thus, the tidal current amplitude U* was

presented for synchronous estuarine condition, where the spatial gradient in tidal elevation
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amplitude (*) is zero and k is a unique wave number for the axial propagation of current and

surface elevation:

. o K
U =C 0o (3.11)

The linearised dimensionless bed friction coefficient (F) was related to the phase angle
(6) and tidal frequency (w), and can be estimated using Eq. 3.12, where oh/ox is the axial bed

slope and assumed to be a constant, h is water depth, and g is gravitational acceleration (Prandle

2009).
— F_ ah/ax
tan 9 = —;—m (312)
where
)
k= o (3.13)

In the Guadiana Estuary, the tidal wave propagates in synchronic mode up to 50 km
from the mouth (Morales 1997). This characteristic may be preserved even during spring tides,
as the tidal-range attenuation is less than 20 cm per 10 km along the longitudinal axis of the
river (Garel et al., 2009). The use of the above assumption can be justified because we consider
only the lower Guadiana estuary (11.6 km). The tidal amplitude (£*) was estimated using the
amplitudes (&), angular frequency (wi), and phase (¢i) of the five principal constituents (O1,

K1, M2, S2, and M4) given by Pinto (2003) for the Guadiana Estuary.

3.3.4 HINDCASTING OF SEDIMENT INFILLING
There are two distinct linear relationships for radiocarbon ages versus depths of dated

materials from six boreholes in the Guadiana estuary. The first comprehends the period from
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13000 cal. yr BP to 7500 cal. yr BP and the second the period since 7500 cal. yr BP to present-
day (Boski et al., 2002; Boski et al., 2008; Delgado et al., 2012). This suggests that the sediment
accretion is almost linear in those two periods, particularly in the sheltered sections of the
estuary. To determine the grain size of sediments deposited since 11.500 cal. yr BP, an analysis
of sediment characteristics from borehole samples was performed. This allowed to define 12
granulometrically homogenous time intervals with millennial to centennial time scales, each
characterized by constant depositional conditions. The sediment erosion coefficient, vy, is a
function of sediment diameter (Lane and Prandle, 2006) and is related to the erodibility of
sediment. Two different distributions for y with depth were assumed while maintaining its
average value around 0.0001 m™1s, as suggested by Prandle (2004). In this way, variability in
grain size across the estuary could be indirectly incorporated into the model. For each
distribution of y, we derived 12 long-term net accretion rate coefficient curves (Fig. 3.2)
corresponding to time periods during which hydrodynamic and environmental conditions were
assumed to be uniform throughout the Holocene period.

Four trials were carried out to find the best function for y and the corresponding set of
long-term net accretion rate coefficient curves. The representative sedimentation rates for the
first trial were equal to the rate of sea-level rise derived from the analysis of borehole data
(Table 1). However, two boreholes are located in a highly sheltered environment and are not,
therefore, representative of the lower estuary as a whole. Consequently, trials two to four were
performed using stratigraphic data from the remaining four boreholes to find representative
sedimentation rates during the Holocene. Considering specifically the sea-level change since
the last glacial maximum (LGM) along the southern Iberia coast, sea-level curves have been
presented for coastal areas in the Gulf of Cadiz and in western Portugal (e.g. Dias et al., 2000;
Delgado et al., 2012). According to the depth—age diagrams for the Guadiana estuary presented

by Boski et al. (2002) and Fletcher et al. (2007), Holocene sedimentation began, respectively,
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at depths of 42 m and 38 m below present MSL. Recently, Boski et al. (2008), considering the
Guadiana and Gildao-Almargem estuarine systems, placed the beginning of Holocene
sedimentation in the southeastern Algarve coast at a depth of 39 m below present MSL. These
values are significantly greater than the 30 to 32 m below present MSL extrapolated from the
age—depth diagram proposed by Lario et al. (2002) as a synthesis for the Spanish estuaries in

the Gulf of Cadiz.
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Figure 3.2 Long-term net accretion rate coefficients as a function of depth of the Guadiana
Estuary, where (a) and (b) represent two different distributions of sediment erosion coefficients
(y) with depth, and (c) represents the distribution of y with depth as in the case of (b) but with
an additional proportion of net accretion observed at —0.75 m, which results in an equilibrium

depth, compared with the observed equilibrium depth, of +2.0 m.

Therefore, considering various estimations of sea level at 11,500 cal. yr BP for the
Guadiana estuary, a mean value of 40 m below present MSL was used for simulating the
morphological evolution of the Guadiana estuary during the Holocene. In relation to sea-level
change since the last glacial maximum (LGM) along the coast of southern Iberia, a sea-level

curve has recently been presented for coastal areas in the Gulf of Cadiz and in western Portugal
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by Delgado et al. (2012). The average rate of sea-level rise proposed for the period 13,000 to
7000 cal. yr BP was estimated at 7.5 mm/yr and the rate for the period since 7500 cal. yr BP
until the present was estimated at 1.3 mm/yr. Such a pattern of sea-level rise is consistent
throughout the northern Gulf of Cadiz, as evidenced by Zazo et al. (2008), and even along
western Iberia Holocene sea-level rise is characterized by such contrasting linear trends of fast
increase before and after 7000 cal. yr BP (Vis et al., 2008). For 11,500 cal. yr BP, the error on
the position of sea level is approximately £5 m. This value was estimated from the results of
Delgado et al. (2012). The error contains the uncertainties of *C dating and the uncertainties

of past sea-level determination with respect to MSL.

Table 3.1 Input data used to model Holocene sediment infilling in the Guadiana Estuary.

Set of net Sea-level ]
. . . . . Sediment
Time accretion Sediment erosion rise rate .
Simulation o deposition rate
(cal yr BP) curves coefficient (y) (mml/yr)
(S*) mm/yr
(NAR)' #
11500-7500 7.5 7.58
1 1 y1= —2%10 "22+9*10 °2—6*10°°
7500-0 1.3 1.3
11500-7500 7.5 8.5
2 1 y1= —2%10 "22+9*10 °2—6*10°°
7500-0 1.3 1.8¢
11500-7500 ,=6*107822+7.8*10 62+ 7.5 8.5¢
3 2 !
7500-0 2.7*10° 1.3 1.8¢
A 11500-7500 3 v2=6*10822+7.8%10 67+ 7.5 8.5¢
7500-0 2.7*10° 1.3 1.8¢

T See Figure 2.

# Average value derived from data given by Boski et al. (2002) and Boski et al. (2008).
8 Derived from data given by Boski et al. (2008).

1 Derived from data given by Boski et al. (2002).
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The input and output time-steps were 5 and 10 years, respectively. The simulation of
palaeovalley sedimentation from 11,500 cal. yr BP to the present was performed in several
blocks with intervals of 100 or 200 years. The final digital elevation model (DEM) of the
estuary’s bathymetry in each preceding time-step was fed as input into the next step until
reaching the present bathymetry. If the simulated elevation values of the DEM corresponding
to the present of a particular trial were comparable to the actual elevation values of the present-
day topography, then the corresponding series of bathymetries were considered to be the best
possible approximation of the morphological evolution of the estuary for the period since
11,500 cal. yr BP. The corresponding y and the set of long-term net accretion rate coefficient
curves were accordingly considered the best functions for the simulations of long-term
sediment infilling, providing a basis for decadal forecasting of the morphological evolution of

the estuary during the twenty-first century.

3.3.5 DIGITAL TERRAIN MODEL OF THE PRE-INUNDATION GUADIANA
PALAEOVALLEY

Exploratory DEMs were created with a suite of the most widely used interpolation
methods (Yue et al., 2007; Erdogan, 2009), which are incorporated into the ESRI ArcGIS
software used in the present study. Since there is no explicit rule indicating which method is
most adequate for a particular surface (Erdogan, 2009), the selection of the interpolation
method is more complex, requiring both visual and statistical exploration (Andrews et al.,
2002). Methods included TIN (triangulated irregular network with linear interpolation), IDW
(inverse distance weighted), Spline and Kriging. ANUDEM, a dedicated interpolation method
for creating hydrologically correct DEMs (Hutchinson, 1988, 1989), and implemented in
ArcGIS, was also used. As most interpolation methods require input data in the form of

individual points, the manually digitized palaeovalley contours were transformed into point
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features. Each vertex along the contour lines was converted into a point, retaining the
corresponding planimetric coordinates and elevation value.

From simple visual observation, the TIN method was excluded for use due to its
unrealistic representation of the terrain surface and overall shape unreliability, confirming the
general inability of linear interpolation to produce a smooth and natural terrain surface
(DeMers, 2002). The remaining interpolation methods were evaluated using cross-validation
on a random sample of 10% of the data points (corresponding to 16,112 points). The differences
between the interpolated and observed elevation values at each cross-validation point were
analysed using standard descriptive statistics for the assessment of DEM accuracy (Fischer and
Tate, 2006). The most common statistical descriptor is the root mean square error (RMSE) (Li,
1988; Fisher and Tate, 2006). Two other descriptors suggested by Li (1988), the mean error
(ME) and error standard deviation (S), which are often used for a more complete statistical
description of DEM interpolation error (Desmet, 1997; Fisher and Tate, 2006), were also
calculated. The two extreme values for the difference between the interpolated and observed
elevations (positive maximum and negative maximum) were also calculated, indicating the
general location of all the other values (Li, 1988).

The results for the descriptive statistics indicated that no method clearly out-performed
the others, although the IDW method presented the best results for the extreme values and
ANUDEM the best (lowest) values for RMSE and error standard deviation (S). Nevertheless,
the results are very similar for the suite of interpolation methods evaluated, with mean errors
in the order of a few centimetres and values of RMSE and error standard deviation between 2
and 2.5 m. Thus, ANUDEM was used as the most reasonable interpolation technique for

developing the DEM of the Guadiana estuary palaeovalley of 11,500 cal. yr BP (Fig. 3.3).
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Figure 3.3 Three-dimensional view of the reconstructed palaeovalley of the lower Guadiana

Estuary at 11,500 cal. yr BP.

3.4 RESULTS

3.4.1 MORPHOLOGICAL EVOLUTION OF THE ESTUARINE PALAEOVALLEY
DURING THE HOLOCENE

The model-generated DEMs of the present topography in the lower Guadiana Estuary
corresponding to each of the four simulation trials are shown in Fig. 3.4. The reconstructed
palaeovalley DEM at 11,500 cal. yr BP (Fig. 3.4a) and actual present DEM (Fig. 3.4b) were
used for assessing the simulated results. The first simulation of present-day topography (Fig.
3.4c) extensively under-predicted the actual topography of the estuary. The only similarity

between these two surfaces was in the elevation range from 4 to 5 m.
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Figure 3.4 Comparison of palaeovalley simulation results corresponding to O cal. yr BP with
the present-day bathymetry derived from topo-bathymetric surveying in 2000 AD: (a) the
palaeovalley of 11,500 cal. yr BP; (b) present-day bathymetry; (c), (d), (e), and (f) simulated

present-day bathymetry under simulation runs 1, 2, 3, and 4, respectively.
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Various important features of the Guadiana estuarine system, including the
morphological evolution of the intertidal zone area, the closure of the second mouth of the
Guadiana river due to sand infilling, the morphological evolution of the Vila Real St Antonio
delta, and the sand-spit developments of Isla Canela and Isla Cristina resulting in the
progradation of the Spanish coastline, were not predicted satisfactorily in the first simulation.
Even though high sedimentation rates (see Table 3.1) were used in the second simulation, the
simulated topography (Fig. 3.4d) was still under-predicted and very similar to the results of the
first simulation. However, there were some improvements in the upper limits of the intertidal
zone compared to the actual elevations, despite a continuing submergence of a large part of the
delta located near present-day Vila Real city. The complete closure of the second mouth of the
Guadiana River, located near present-day Monte Gordo city, was also not satisfactorily
simulated.

The simulated present topography of the estuary obtained in the third simulation (Fig.
4e) shows increased sediment infilling in both the intertidal zone area and the ebb delta close
to present-day Vila Real de Santo Antonio city (VRSA). However, this simulation still did not
satisfactorily predict the actual morphology of the Guadiana Estuary. This third stimulation
presented an equilibrium between the reconstructed Holocene sediment surface topography and
simulated topography at a depth of approximately —0.75 m (i.e., the estuary bed at around —0.75
m kept pace with sea-level rise). Spatial analysis shows an equilibrium between actual
topography and the Holocene topography in the high-tide region (around +1.6 to + 2 m MSL).

As explained in section 3.3.4, the results of the fourth simulation correspond to
corrected (i.e., forcing equilibrium near the high-tide region) sedimentation rate coefficients
compared with the third simulation. This enabled a realistic sediment infilling in both the
intertidal zone and part of the main estuarine channel to be achieved (Fig. 4f), and reflected the

new relationship between the long-term net accretion rate coefficients and the depth below
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maximum high tide, leading to a realistic improvement in the simulated shoreface. However,
the closure of the second mouth of the Guadiana River and the development of the Isla Canela
and Isla Cristina sand-spits were again not adequately predicted. Despite an improvement in
the area of the VRSA delta, the evolution of the interface between the estuary and shoreface
could not be simulated simply by using this idealized aggradation model. It appears that this
highly dynamic boundary follows a complex interplay between tidally driven estuarine vertical
aggradation and shoreface processes controlled by both along- and cross-shore sediment drift,
resulting in the development and migration of sand spits and subsequent aeolian dune

formations.

3.4.2 DETAILED ANALYSIS OF SEDIMENT INFILLING IN THE 4™ SIMULATION

The fourth simulation was particularly successful in predicting the present-day
elevation/morphology of the sheltered environments of the Guadiana estuary. Fig. 3.5 shows a
chronological sequence of sediment infilling along a selected line connecting five boreholes
(marked as CM-4, CM-3, CM-1, CM-6 and CM-5 according to their spatial location upstream
the estuary mouth) drilled in the Portuguese margin of the estuary. Locations of five boreholes
are also shown in Fig. 3.4b. The validity of this modelling approach was further tested using
nine cross-sections along the main channel, located at distances of 650 m (CM-4), 2100 m,
3300 m (CM-3), 4500 m, 5800 m (CM-1), 7000 m, 8500 m, 9600 m (CM-6), and 10,400 m
(CM-5) m from the mouth of the estuary (Fig. 3.6). Ages obtained from radiocarbon (**C)
analysis corresponding to the five boreholes (Boski et al. 2008, 2002; Delgado et al., 2012),
are also plotted on Fig. 3.6. Each cross-section consists of 14 profiles, corresponding to profiles
at 11,500, 11,000, 10,000, 9000, 8000, 7000, 6000, 5000, 4000, 3000, 2000, and 1000 cal. yr

BP, and to the simulated and actual profiles for the present-day.
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Figure 3.5 Three-dimensional sketch of sediment infilling over the Guadiana estuary

palaeovalley from 11,500 cal. yr BP to the present (fourth simulation).

Detailed analysis of sedimentological, mineralogical, paleontological and geochemical
data were used to interpret the various sub-environments in the sedimentary columns of the
five boreholes, for which details are provided in Boski et al. (2002; 2008) and Delgado et al.
(2012). In cross-section 1, borehole CM4 is located approximately 2500 m from the central
axis of the estuary channel and on the Monte Gordo dune field (Figs. 3.1 and 3.6i). Seven
sedimentological units can be distinguished in the sedimentary column overlying the
Palaeozoic substratum (Boski et al., 2002): (1) fluvial from 31 to 27 m below MSL, (2) salt
marsh from 27 to 23 m below MSL, (3) swamp/fluvial wetland from 23 to 20 m below MSL,
(4) delta fan from 20 to 14 m below MSL, (5) fluvial river channel from 14 to 11 m below
MSL, (6) barrier complex from 11 m below MSL to 3 m above MSL, and (7) dune field from
3 to 5 m above MSL (Fig. 3.7a). The depths corresponding to ages obtained from borehole
CM-4 are discordant with the simulated depths. As this borehole is close to the shoreline, along-
shore and cross-shore sediment transportation would be the dominant processes that
determined the formation of the barrier complex at least until c. 6437 cal. yr BP. Ages obtained
from radiocarbon analysis corresponding to the five boreholes (Boski et al. 2008, 2002;

Delgado et al., 2012), are also on Fig. 3.6, 3.7, 3.8 and 3.9 and fully presented in Table 3.2.
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Table 3.2: Summary information for *C age determinations showing conventional age, §13C%o, 2

o range and indicative ages used in the text and Fig. 3.6, 3.7, 3.8 and 3.9.

ngﬁlhpﬂfl Iijlagtl_h Material Method “e é‘g‘; byr S(IIZ,BDC;/;‘) cal. yr BP 20 I?‘%ig igre
(m) yr BP
CML1 787  C.glaucum AMS 3360 + 31 0.64 3128 3332 3210
CML2 824  C.glaucum B radiometric 5020 + 310 11 4523 6028 5837
CM13  17.12 Peat B radiometric 6210 + 220 -25.9 6567 7560 7155
CML4 1860  C.edule AMS 6210 = 40 2.08 6539 6765 7175
CML5 2127  C.angulata B radiometric 7590 + 100 20 7855 8282 8848
CML6 2850  C.glaucum B radiometric 8430 380 na 8153 10001 9420
CML7 3606  C.glaucum AMS 9500 + 70 na 10209 10510 10765
cM31 459  C.angulata  pradiometric 3300 4+ 160 na 2749 3496 3598
CM3.2 9.60  C.angulata P radiometric 6710+ 120 1.6 6951 7454 7594
cmM33 1452  C.angulata  pradiometric 7080 + 200 0.7 7201 7951 7936
CM34  26.90 Wood B radiometric 9470 + 250 -22.9 9968 11601 10738
CM41  3.00 Vonux - Bradiometric 600 + 340 1.6 5927 7377 7159
CM42 575 S.plana B radiometric 5640 + 90 0.31 5866 6257 6437
cma3 1175 C.gibba  Pradiometric 6350 4+ 250 14 6183 7265 7208
CM5.1 3.33 S. plana AMS 3375+ 39 -29+0.2 3131 3354 3220
cMs2 579 Venerupis AMS 4295 + 35 na 4295 4519 4408
CM5.3 8.90 C. glaucum AMS 6764 + 45 02+0.2 7196 7401 7600
CM5.4 1345  Venerupis AMS 7585 + 35 n/a 7958 8143 8017
cM55 1775 Cardium AMS 7725 + 45 n/a 8063 8313 8169
cMs6  20.95  Wood AMS 825655 -253+0.2 9033 9423 9310
cM57 4270 Wood AMS 10273+£66 -255+02 11768 12372 11448
cM5.8  47.67  Wood AMS 10990 + 40 -25.7 12857 13030 12991
cMe1 200  Ordanic AMS 830 + 30 686 789 7425

matter -28.1

CM62  3.10 Oniiﬁlif AMS 1000 + 45 31 792 981 8975
CM63 450 Oniiﬁlif AMS 1215 + 35 30.6 1059 1189  1155°
CM6.4 14.03 Peat AMS 6060 + 50 -25.96 6752 7155 69175
CM6.5 212 Venerupis AMS 7150 £ 50 -8.36 7518 7725 76128
CM6.6 5245  Wood AMS 11110+£40 289 12792 13131  13018°
CM6.7  55.00 On:g?tgic AMS 11370£50 4o 9 13125 13357 132658

Note: § indicates the mean value (Delgado et al., 2012) while other indicative ages are median values (Boski et al.,
2002; 2008)
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Throughout the text cal. yr BP refer to the median or mid-point date for the two sigma
range determined from calibration analysis. For full description of the uncertainty in the
radiocarbon ages the reader is referred to Table 2. However, being close to the shoreline, the
location of the borehole would have been subjected to episodic extreme events such as storm
surges. In such situations, soil layers may not necessarily be in proper chronological sequence
in borehole CM-4, and this may explain why the radiocarbon date of ¢. 7159 cal. yr BP is found
above the radiocarbon date of c. 6437 cal. yr BP. Finally, aeolian processes would be the
dominant controlling factors of sediment infilling. The discrepancy in the chronology between

the measured and modelled infilling is because the above-mentioned processes were not

included in the ESM model.
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Figure 3.6 Simulated curves of sediment infilling in the Guadiana estuary from 11,500 cal. yr

BP to the present and comparison with actual present-day cross-sections.
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Figure 3.7 Lithostratigraphic sequences of boreholes a) CM-4 (Section 1); b) CM-3 (Section
3); and ¢) CM-1 (Section 5), showing sedimentary units and comparison of depths for ages
obtained from radiocarbon (}*C) analysis and model simulations (Adapted from Boski et al.,

2002).

In cross-section 3, borehole CM-3 was located close to the river mouth at 11,500 cal.
yr BP in the Portuguese margin and approximately 1300 m from the central axis along the
estuary channel. The borehole is within the salt marsh affected sporadically by spring tides,

and four units of sedimentological facies lying over the Palaeozoic substratum reached at a
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depth of 35 m can be identified (Boski et al., 2002): (1) fluvial river channel from 35 to 29.8
m below MSL, (2) upper salt marsh from 29.8 to 15.5 m below MSL, (3) lower salt marsh from
15.5t0 1.8 m below MSL, and (4) present anthropic soil from 1.8 m below MSL to 1.0 m above
MSL (Fig. 3.7b). The simulated and actual present topographies are compatible with each other
in the location of borehole CM-3 in cross-section 3. Infilling depths for radiocarbon ages of c.
3598, 7594, and 7936 cal. yr BP are comparable with corresponding simulated depths whereas
the depth value for c. 10738 cal. yr BP shows a shift to a depth corresponding to that for c.
9815 cal. yr BP (Fig. 3.6iii).

Borehole CM-1 is located in cross-section 5 and is situated in the tidally active salt
marsh near Castro Marim. According to Boski et al. (2002), five lithological units can be
distinguished above the bedrock at a depth of 41 m below MSL, namely: (1) fluvial river
channel from 41 t038 m below MSL, (2) upper salt marsh from 38 to 19 m below MSL, (3)
tidal flats from 19 to 18 m below MSL, (4) upper salt marsh from 18 to 15 m below MSL, and
(5) lower salt marsh from 15 to 1 m below MSL. In addition, there is a 1-m-deep anthropic soil
layer up to the surface (Fig. 3.7c). The simulated and observed present topographies are
compatible with each other in the location of borehole CM-1 (Fig. 3.6vi). The depth values for
c. 10,765, 9420, 8848, and 3210 cal. yr BP are comparable with those of the simulated depths,
whereas the depth values at c. 7175, 7155, and 5837 cal. yr BP cannot be matched to
corresponding simulated depth values. The continuity of the upper salt marshes has been
disturbed by the deposition of a ~1-m-thick layer of medium sand, forming a tidal flat for a
short period.

In cross-section 8 (Fig. 3.6viii), borehole CM-6 is located on mudflats in the Spanish
margin and is 500 m from the central axis (near the Beliche bend of the Guadiana River).
Sedimentary sequences of borehole CM-6 have accreted on top of a coarse to very coarse basal

gravel layer (Fig. 3.8a) that was deposited by the Guadiana River during a past marine lowstand
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(Delgado et al., 2012). Although the simulated and actual present topographies are compatible
with each other, only two depth values (at c¢. 897 and 1155 cal. yr BP) approximate the
corresponding simulated values, whereas depth values at c. 742, 6917, and 7612 cal. yr BP are

not comparable to their respective simulated depths.
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Figure 3.8 Lithostratigraphic sequences of boreholes (a) CM-6 (Section 8); and (b) CM-5
(Section 9), showing sedimentary units and comparison of depths for ages obtained from

radiocarbon (**C) analysis and model simulations (Adapted from Delgado et al., 2012).
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The sedimentary facies in borehole CM-6 from 11,500 cal. yr BP to the present
represent a transition from fluvial river channel to salt marsh and then to a mudflat (Delgado
et al., 2012). According to the observed sediment granulometry from c. 6917 cal. yr BP to the
present, at least three episodic extreme events may have occurred during this period, and may
explain the discordance of the depths at c. 7612 and 6917 cal. yr BP with the corresponding
simulated values. However, there is an additional process around bends in rivers and channels
that should be considered. Cross-currents in channels produce higher elevations near the
outside curve of the channel and low flow near the inside curve of the channel. In such a
situation, eddy currents would occur, resulting in a loss of energy. As a result, there would be
an increase in sediment deposition near the inside curve of the channel. However, increase of
inundation hydroperiod due to elevated water depths near the outside curve of the channel
results in increasing current velocity and erosion. This process may explain why the path of the
Guadiana estuary profile migrated towards the Portuguese margin while enhancing fluvial
sediment deposition in the inner region. Because such processes were not included in the ESM,
we may not be able to expect complete agreement between the simulated and observed
depositional facies.

In section 9, the most landward borehole, CM-5, is located near the Beliche Rivulet in
the Portuguese margin. As in borehole CM-6, sedimentary sequences have accumulated on top
of a coarse to very coarse basal gravel layer, which was deposited by the Guadiana River during
a past marine lowstand (Delgado et al., 2012). According to Boski et al. (2008), depositional
facies can be identified, related to (1) a transition from fluvial river channel to estuarine channel
from 47.1 to 39.3 m below MSL, (2) salt marsh from 39.3 to 23 m below MSL, (3) mudflat
from 23 to 2.7 m below MSL, (4) salt marsh from 2.7 m below MSL to 0.5 above MSL, and

(5) a 1-m-thick layer of anthropic soil from 0.5 m above MSL to the present surface (Fig. 3.8b).
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Depth values for the *C ages can be compared to the corresponding simulated depths. The
successful comparability in the present case may be attributed to the sheltered nature of the
location of borehole CM-5. In summary, infilling depths related to 16 age determinations are
approximately compatible with the corresponding depths simulated using the ESM model,
whereas 10 are not. A comparison between the depths and radiocarbon ages of 26 samples and
the modelled depths for the same temporal waypoints (Fig. 3.9) demonstrates a very good
agreement, with statistical significant correlation at the 0.01 confidence level and a R? value of
0.722. This indicates a high accuracy, particularly considering the uncertainties in modelling

sedimentation on millennial time scales.
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Figure 3.9 Radiocarbon ages of sampled material from the five boreholes in the Guadiana

estuary and the equivalent modelled age for the same depths obtained from the simulation of

the sediment infilling of the Guadiana estuary.

On the whole, the Portuguese and Spanish margins in cross-section 1 of the simulated
profile have to be infilled with sediment by approximately 2.4 and 7 m, respectively, to be
compatible with the actual present profile. However, the simulated sub-tidal region of the
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estuary was overfilled by about 3.7 m of sediment. There are similar inaccuracies in cross-
sections 2, 3 and 4. The errors may have occurred as a result of the formation of sand dunes
near to the coastline. However, the average errors in cross-sections 5, 6 and 7 are less than 1
m. Furthermore, the meandering of the main channel of the estuary may have contributed to
inaccuracies in the sub-tidal regions of cross-sections 4 to 7. On average, the modelled present-
day profiles of cross-sections 8 and 9 have to be infilled with approximately 2.5 m of sediment
to make them compatible with the corresponding actual present-day profiles. However, the
incompatibilities are seen mainly for the higher elevations, where there is no influence of tides
or waves. Therefore, it would appear that the errors are associated mainly with the initial
inaccuracies involved in reconstructing the palaeovalley of 11,500 cal. yr BP. The other
possible source of error in the sub-tidal region of the estuary is channel dredging for navigation

purposes or channel scour/avulsion processes that cannot be captured in the modelling.

3.5 DISCUSSION

3.5.1 ACCURACY OF THE MODEL RESULTS

Stratigraphic sequences provide empirical records of global environmental conditions
and changes (Burke et al., 1990). Studies of the magnitude and frequency of past global changes
can be used to understand historical trends and to predict near-future conditions (Blum and
Torngvist, 2000). In this context, an understanding of past and present trends in sea-level rise
is particularly important for simulating the morphological evolution of coastal areas using a
behaviour-oriented modelling approach. For the present study, the definition of the mean sea-
level for the start of the Holocene, considering that this occurred at 11,500 cal. yr BP (Bjorck
et al., 1998), was based on published regional relative sea-level curves along with published
information on discrete relative sea levels and sediment accumulation rates along the Cadiz

Gulf during the Late Pleistocene to Holocene transition.
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Figure 3.10 Comparison of simulated and actual (observed) elevations for nine cross-sections

along the Guadiana estuary for the present-day. The line y = x represents the ideal line for

100% accuracy between simulated and observed elevations.

The simplest assessment of the model results presented here may be achieved by

comparing the simulated and actual present-day topographies of the Guadiana Estuary (Fig.

3.10). If the actual and simulated elevations are the same, then the gradient of the corresponding

linear regression plots is equal to 1 and the simulation is 100% accurate. However, the direct

comparison of two DEMs is compromised by human activities of the past centuries, which has

significantly altered local physiography. Since bathymetric data do not cover a period of more

than a century, and given that such data may contain signatures of past human activity, we may

not be able to achieve perfect validation of the model results. In coastal settings, determining

the chronology with good temporal resolution for palaeoenvironmental changes is highly

110



Long term Coastal Responses to sea-level rise and sediment supply reduction

dependent on availability of organic material for 1*C dating (Kortekaas, 2007). In the present
study, the determination of ages at different depths of the estuarine system was based on several
samples suitable for radio carbon dating measurements. However, the poor temporal resolution
of 1C dated sediment samples constrains the validation of the morphological evolution model.

Still, according to the best-fit solution obtained from the four iterations, the linear
regression gradients of actual elevation versus simulated elevation along the cross-sections in
sheltered environments of the estuary (cross-sections 4 to 9) are greater than 0.67, whereas the
gradients of the cross-sections located near the shoreface (cross-sections 1 to 3) are less than
0.50. In addition, the R? values for plots corresponding to cross-sections 4 to 9 are greater than
0.82. That is, the model results corresponding to sheltered environments of the estuary are very
much within the acceptable limits of accuracy given that the simulations are based on a
millennial time scale.

The simplicity of the regression-based assessment means that it does not provide a
complete picture of the accuracy of the adopted modelling technique. The RMSE of simulated
water depths (Table 3) was therefore used as a more robust estimator of accuracy. For that
purpose, we converted the final raster DEMs of the four simulations into point data sets
(bathymetry), using ArcGIS tools. Each data set was divided into four topographic sections
(Fig. 3.11) and compared with observed present-day (year 2000) morphology. On the whole,
there was a significant reduction in the RMSE for all four topographic sections through the
successive simulations numbered 1 to 4, except in topographic section 4 of the fourth
simulation. For simulations 3 and 4, there was a slight increase in the RMSE in topographic
section 4 compared to that in topographic section 3. Nevertheless, it is fair to conclude that the
RMSE generally decreases with distance from the mouth of the estuary.

Although the total RMSE of +4.8 m in the fourth simulation seems high, it is important

to consider that the possible errors in determining the MSL at 11,500 cal. yr BP were in the
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order of £5 m (Delgado et al., 2012). The effect on the accuracy of the DEM of the input
palaeovalley at 11,500 cal. yr BP caused by interpolation errors can also contribute to the
overall accuracy of the model. As proposed by Fisher and Tate (2006) and Li (1988), both the
RMSE and error standard deviation were used for determining the accuracy of the DEM of the
11,500 cal. yr BP palaeovalley. Values of both these descriptors lay in the range of 2-2.5 m.

The total RMSE in the simulated elevations is, therefore, within this initial error margin.

®*  Section_1

*  Section_2
» Section_3

Section_4

0 1.000 2.000 4.000 Meters
I 000

Figure 3.11 Sections of the Guadiana estuarine system used for analysing errors on simulated
bathymetries.

Further improvement in the assessment of the quality of modelled palaeotopography
was achieved by computing the average error in accretion height (AEAH) of each simulated

DEM relative to the average actual accretion height for the whole estuarine system (Table 3.3):
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1 L . .
HZ? Error in simulated accretion height

AEAH = (14)

1 . .
HZ? Actual accretion height

where i is the particular cell identification and n is the number cells in each DEM.

The AEAH of the fourth simulated DEM relative to the actual values was 27.5%, an
acceptable figure considering the millennial timescale of simulations. Consequently, we can
conclude that the behaviour-oriented approach presented here is satisfactory for simulating the

morphological evolution of estuarine systems over centennial to millennial timescales.

Table 3.3 Comparison of root mean square errors on simulated water depths and corresponding
actual depths and average errors on simulated accretion heights relative to those of actual
accretion heights of the Guadiana estuarine system from 11,500 cal yr BP to the present.

Average error on simulated
Root mean square error on

Number of accretion relative to actual
) ~ simulated water depths (m) )
Section bathymetric accretion (%)
points Simulation Simulation
1 2 3 4 1 2 3 4

1 175098 13.8 136 79 7.0 29.5 29.6  20.7 18.9
2 175113 9.7 9.2 56 4.9 35.8 354 302 28.5
3 147610 5.1 4.7 34 31 31.3 21.7 26.2 24.0
4 130000 4.5 4.2 35 37 47.5 42.9 42.3 41.9
Total 627821 8.7 8.3 53 438 35.6 335 291 27.5
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3.5.2 LIMITATIONS OF THE MODELLING APPROACH

The uncertainties in hindcasting the morphological evolution of the Guadiana Estuary
arise from the following causes: (1) a high degree of generalization/simplification of the
infilling processes; (2) a lack of comprehensive data to characterise the physical environment
of the estuary over the considered period, such as tidal pattern or river discharge (the deduced
probable cyclic fluctuations of the average annual river were considered); (3) the bias caused
by the antecedent topography. Analysis of global long-term tide gauge datasets obtained under
the present rise sea-level conditions (Woodworth, 2010) suggests that there may be feedback
effects on regional tidal dynamics (Ward et al., 2012; Pelling et al., 2013). These are likely to
modify tidal regimes and tidal ranges along most coastal environments. Absence of reliable
data to estimate tidal range variability in the Guadiana estuary during the Holocene
transgression, along with the impossibility to explicitly model hydrodynamics and sediment
transport in a behaviour-oriented modelling approach, implies that modelling was performed
considering always conditions equal to the contemporary tidal regime. Furthermore, the
evolution of bathymetry in an estuary is sensitive to bed friction (f) and to sediment erosion
coefficient (y) (Lane, 2004; Lane and Prandle 2006). The approach that we used to develop
relationships between non-dimensional net accretion and depth in the sub-tidal channel are
dependent on f and y, whose values along the Holocene are also unknown. To a certain extent,
the trial and error approach followed in the four simulations allowed the uncertainties in these
parameters to be overcome.

The presented model-based reconstruction relied on the assumption of continuous
sedimentation, that is, without periods of non-deposition or erosion that would otherwise
reduce the time and space preserved in a sediment column (Sommerfield, 2006). In shallow-
marine settings such as estuarine systems, accumulation rates correlate inversely with the time

span over which they are averaged, that is, averaging over longer periods typically results in
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lower accumulation rates (Sadler, 1999, 1981). Sediment accretion rate depends on the
inundation hydroperiod (Cahoon and Reed, 1995). When sediment accretes with time, the
inundation hydroperiod decreases, so that less sediment deposits leading to a reduction of
accretion rate (Fagherazzi, et al., 2007). This suggests that there is a complex non-linear
feedback between sediment infilling and inundation hydroperiod in estuarine systems. In
addition, the intense physical and biological reworking of the topmost sediment layer in
shallow-estuarine settings filters out low-magnitude events and further increases the
incompleteness of the sedimentary record (Crowley, 1984). Therefore, the stratigraphic record
should be seen as only a partial record of depositional events (Sommerfield, 2006), and the
present model will depend ultimately on the accuracy of long-term representative
sedimentation rates derived from borehole data.

The under-prediction of the morphological evolution of the shoreface, in particular the
progradation of the coastline of the eastern margin of the estuary, is a salient feature of all four
simulations. The shoreface is a highly dynamic zone where waves, currents, tides, cross-shore
and longshore sediment transport, local topography and composition of the seabed are
interdependent and occur through complex feedback loops (Dronkers, 2005). Likewise, tidal
inlets and their associated features, as ebb and flood deltas, add further layers of complexity
for modelling entire coastal systems. They act as sources of sediment supply to the coast but
with a significant temporal variability, dictated by river discharge (Garel et al., 2014). A
complex nearshore sand rotation mechanism proposed by Garel et al. (2014) for the Guadiana
estuary, involving feedbacks between sand banks and river flow, which were profoundly
altered during cyclic flash-flood events, resulting in migration of sand banks to the eastern
margin and subsequent welding to the coastline. This process, conceptualized by Garel et al.
(2014) and based on the ebb-tidal delta breaching model by FitzGerald et al. (2000), may have

taken place over several millennia on the lower Guadiana estuary, resulting in the progradation
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of the eastern margin. Such a combination of wave, tide and fluvial dynamics promotes highly
nonlinear processes that, given the lack of knowledge of small-scale residual effects on
defining the long-term behaviour, significantly hinders their inclusion in millennia scale
predictions (Stive et al., 1995). Therefore, given the averaged nature of behaviour-oriented
modelling, similar rates of sedimentation (S"") were considered for the inner estuary and the
eastern margin, recognizing that this is a clear limitation of this approach.

In comparison to the projections of coastal evolution in the lower estuary presented by
Morales (1997), the under-prediction of simulations seems to embrace the period from 3000
years BP to the present. Even though the projections of Morales (1997) were based on very
limited archaeological data from Ojeda (1988), it seems that the transverse growth of the Monte
Gordo beach spit took place on the Portuguese margin synchronously with progradation of the
Spanish margin due to new barrier islands forming from active sand bars. As sea-level
stabilized during the mid-Holocene, sand bodies located west of the present Monte Gordo
beach would have migrated eastwards, causing the closure of the secondary river mouth. There
are also evidences for a rapid hillslope erosion in particular from 3000 to 300 yrs BP, that are
considered to relate to pre-Roman, Roman, Moorish and early Portuguese phases of settlement
and clearance for agriculture and forestry resulting valley floor deposition and estuary siltation
(Plater and Kirby 2006). Therefore, the abundance of sediment in the late Holocene would have
enhanced progradation of both western and eastern margins of the Guadiana estuary.
Subsequent aeolian sand deposition would have enhanced the morphological evolution of the
coastline. As the ESM model cannot simulate these dynamic and stochastic processes on the
shoreface, increased sediment infilling and subsequent closure of the second mouth of the
Guadiana River (near present-day Monte Gordo), along with progradation of the eastern
margin, could not be simulated satisfactorily using the present approach. Therefore, it appears

that the ESM is more suited for simulating vertical aggradation processes in sheltered
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environments of an estuarine system rather than for simulating the lateral movements of sand
bodies. A better understanding of the changes in sea-level rise and sediment supply throughout
the Holocene is a pre-requisite for long-term modelling of sediment infilling in estuarine

systems.

3.5.3 SUGGESTIONS TO IMPROVE THE MODEL APPROACH

There is still room for further improvement of the approach presented. For instance, if
a behaviour modelling approach used for simulating the evolution of the shoreface (e.g. Storms
et al. 2002) could be incorporated with the present approach of simulating the sheltered
environments of an estuary, we would be possible to develop a more generalized application.
Incorporating non-linear sediment accumulation rates at least in the shoreface environment
would also enhance the accuracy of the simulations. Furthermore, the temporal resolution
limitation of dating samples based in '*C could be overcome by optically stimulated
luminescence (OSL) as a mean of determining burial ages for sediments (Jacobs 2010).
Considering that suitable material such as sand or silt-sized grains of quartz and feldspar is
usually available throughout the site, OSL dating technique could be used to improve the
chronological sequence of the sedimentary infilling of the Guadiana estuary with higher
temporal resolution since 11500 cal. yr BP.

Particle size data can be used to overcome the lack of comprehensive information to
characterise the physical environment of the estuary over the study period. For instance,
particle size data can be used as a proxy to represent the changing hydrodynamics, different
modes of sediment transport and deposition of backbarrier systems including tidal marshes,
and open estuaries (Clarke et al., 2014). According to these authors, such data may be used to
explain mesoscale system behaviour at subannual resolution over multiple years, and then

subannual and multiannual fluctuations in these environmental settings may be superimposed
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on a longer-term quasi-stable regimes. A better understanding of the long-term estuarine
evolution can thus be achieved and incompleteness of stratigraphic data due to partial recording
of depositional events as described by Sommerfield, (2006) can be avoided to a certain extent.

The formation of sand bars, the closure of inlets or a river mouth due to excess sand
infilling, and the formation of aeolian dunes by wind are examples of complex behaviours of
estuarine systems. However, further studies may include and help to understand the long-term
behaviour of such coastal features and processes in numerical models envisaged in the present

study.

3.6 CONCLUSIONS

To improve the current understanding of the response of estuarine systems to natural forcing,
we simulated the morphological evolution of the Guadiana Estuary due to eustatic sea-level
rise during the Holocene. The long-term modelling of the morphological evolution in the
estuary complemented previous reconstructions, based on interpretations of the experimental
data. Simulations were performed using a behaviour-oriented modelling approach for a time
frame established based on 26 radiocarbon age determinations. Six out of nine obtained
topographic surface profiles closely matched the actual topographic profiles. The simulations
proved to be realistic when applied to the sheltered environments of the estuary, for which the

vertical aggradation of sediment is the dominant component of the infilling process.

The best model-based reconstruction of present-day morphology obtained in four different
simulations had a total root mean square error of +4.8 m. This error is comparable with that
associated with the estimated mean sea level at 11,500 cal. yr BP and with uncertainties in
recreating the palaeovalley surface at 11,500 cal. yr BP. The average error in simulating the

elevation of the accreted sediment surface relative to the actual average accretion height was
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27.5%, and is considered as acceptable for the millennial timescale adopted. The behaviour-
oriented approach that was followed in this study appears to be a useful tool for simulating the
morphological evolution of an estuarine system during the period of postglacial sea-level rise.
It seems particularly suited to the more sheltered environments of an estuarine system where

vertical aggradation dominates the sedimentary infilling of the palaeovalley.
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Assessment of Impacts on Intertidal zone Habitats of the Guadiana Estuary due to Sea-

level Rise during the 21% century
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reviewed journal paper on decadal morphological evolution in the Guadiana estuary in
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ABSTRACT

In order to achieve sustainable management of estuaries it is fundamental to have a
better understanding of the behaviour of estuarine systems to both natural and anthropogenic
forcing. This paper focuses on the impacts on intertidal zone habitats of the Guadiana estuary
due to sea-level rise during the 21st century. Assessment of impacts was carried out by
simulating the morphological evolution due to sea-level rise during this century using a
behaviour-oriented modelling approach. The model was approximately validated by analysing
the comparability of the present-day bathymetry with that of simulated bathymetries that are
reconstructed based on the palaeovalley of 11500 Cal. BP years. Decadal-timescale forecasting
of morphological evolution was based on an improved IPCC’s projections for sea-level rise
and local sedimentation scenarios for the 21% century in the Guadiana estuary

The forecasting results of the model indicated that, if the biogeochemical properties of
the Guadiana estuarine system are ideally suitable for landward migration and adaptation of
salt marshes with rising sea levels; the only risk would be the reduction of high marsh habitats
in the Portuguese margin by 0. 05 and 0.6 km? in response to lower and upper limit scenarios
of sea-level rise and sedimentation, respectively. If the adaptation capacity for salt marsh
vegetation in the newly migrated zones is very poor, the low- and mid-marsh communities will
be threatened with extinction both in the Portuguese and Spanish margin under the upper limit
scenarios. Under the worst environmental and sea-level rise conditions, the land available for
high marshes from the estuarine system will be about 1.4 km? by the end of the 21% century.
The total newly inundated area due to tides and the projected increase of sea-level will be 3.2

and 11.8 km? for lower and upper limit scenarios, respectively.

Keywords: coastal zone management, estuaries, intertidal habitats, sea-level rise
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4.1 INTRODUCTION

From an ecological point of view, estuaries are complex systems composed of tidal
channels, sand flats, mudflats and salt marshes, whose functioning is physically controlled
mainly by river, tidal and wave dynamics. Estuarine wetlands are among the most productive
ecosystems and, therefore, provide a wide range of ecological services. However, they are
fragile and highly sensitive to human interferences and natural changes, which affect tidal
inundation and sediment supply. An increase in sea-level in an estuarine system initially results
in channel deepening and expansion of accommodation space, thereby enhancing ebb and wave
asymmetry. Subsequently, more sediment enters into the estuary resulting in an increase of
sediment deposition rates and decrease of depth (Pethick, 1994). If there is a decrease in
sediment supply and/or increase in sea-level above the self-adjusting capacity of the system,
the feedback mechanisms may not be sufficient to maintain stable water depths in an estuary.
Dams and coastal defences generally reduce the sediment supply to estuaries, resulting in a
reduction of vertical accretion and a decrease in their capacity to keep pace with changing sea-
levels. Such constraints on the adaptive capacity of estuaries to sea-level rise will likely drive
a decrease in wetland areas and drowning of estuarine habitats in the future (Townend and
Pethick, 2002).

The Guadiana estuary, located along the southern border between Spain and Portugal

is a good example of an estuarine system with a long history of impacts caused by human
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activities (Fig. 4.1). Recently, the estuary has been subjected to decreasing river flow and
drastically reduced sediment supply due to the emplacement of approximately 100 dams along
the drainage basin (Dias et al., 2004). The recent geological history of the Guadiana estuary is
well described in terms of sea-level change over the last 13000 years. But in order to be useful
for planning and holistic management, it is important to understand and estimate potential
impacts due to projected sea-level rise and sediment supply scenarios for at least next 100
years. Therefore, the main objectives of this study are twofold: 1) to simulate the morphological
evolution of the Guadiana Estuary and its intertidal zone under the worst case sea-level rise
and sedimentation scenarios (lower and upper limit) for the 21% century; and 2) to assess

potential morphological impacts and risk of the habitat shift, which will assist in the

formulation of long-term management policies for the entire estuarine system.
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4.2 METHODOLOGY

In the context of large-scale coastal behaviour modelling (decades to millennia),
estuarine evolution was simulated using the dominant driving factors, which are relative sea-
level changes, rate of sediment supply and tidal inundation. The latter is, however, strongly
dependent on the initial morphology, which determines the accommodation space for fluvial
and marine sediments. The millennial/centennial timescale simulation, which was described in
the chapter 3 also enables the establishment of a suitable base for long-term forecasting of
morphological evolution in the estuary for the scenarios projected for the 21 century. Good
comparison of the model results with the chronostratigraphy of the Guadiana estuary’s post-
glacial sedimentary infilling detailed by Boski et al. (2002, 2008) serves to validate the
numerical modelling approach in this chapter. Thus, the forecasting the morphological
evolution of the Guadiana estuary was approached using the GIS raster based Estuarine
Sedimentation Model, originally developed by Stolper (1996). The net accretion coefficients
that were used for simulating the Holocene sediment infilling from the 1900 Cal. yr BP to
present day (simulation 4) were used for forecasting the morphological evolution in the
Guadiana estuary during the 21% century. The same erodibility function (y,=6*108z2+7.8*10 6z+
2.7*10°°) that is used in the fourth simulation of the palaeovalley sediment infilling were used

for forecasting as well.

4.2.1 SEA-LEVEL RISE SCENARIQOS

Predicting the long-term behaviour of estuarine systems in response to sea level change
and other forcings (e.g. a drastic reduction in sediment supply due to damming) is important
for coastal zone management. Taken conservatively, due to uncertainties in determining the
magnitude of sea-level rise and the sediment supply into the Guadiana estuary during the 21%

century, we proposed a conceptual scenario-based approach to model the morphological
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evolution of the estuary in response to the above pressures. Decadal-timescale forecasting of
morphological evolution was based on the upper and lower limit of ALFI sea-level rise
projections (IPCC, 2007) that are updated by Hunter (2010). As the recent sea level change
trend, at the Portuguese continental margin, was attributed to the global causes (Dias and
Taborda, 1992), we used the upper limit (95%) of mean sea-level rise projections under the
globalized economy and intensive use of fossil fuel (A1FI) scenario (Fig. 4.2a and 4.2b) given
by Hunter (2010). The lower limit (5%) of the A1FI scenario serves to estimate the uncertainty

of the projections for the 21% century.

1000

14 1.2
(@ (b) o © -
) . e
800 { ®Sealevel rise (ALFI_P=95%) | o2 esealevelriserate (ALFI_P=05%)  _-* = 11 e
= A Sea level rise (ALF1_P=5%) /" 'E 10 { & Sealevel riserate (A1FI_P=5%) e E> 08 1 - o
£ - E 7 £ ge [
£.600 A - z 8 - = PO S
8 v € e & 0.6
g .
T 400 A g6 . s ) !
3 e T 4 - w—a | B 0.4 4  Sedimentationrate (P=95% & HI)
5 - .4 B - - T £ ; ! ~
& 200 e e s 2 . ot — A g 0.2 4 a Sedimentationrate (P=5% & HI)
W ot 8 . £
" —a g,
- LB 0 [%2]
0 | S
Q N Q N N} Q Q Q Q Q QS N Q Q N} N Q Q QS Q
20002010 2020 2030 2040 2050 2060 2070 2080 2090 2100 BN I SO S S P PSS S
QQN \Q’“ q,“” N by /—3“( @/ /\Q« %Q, QQ,/ \QQI & (\/QI \‘\:Q, N %Q, \@, & %Ql &
Year A M I S S S O N O S I S
Decade Decade

Figure 4.2 Time series used for forecasting morphological evolution in the Guadiana estuary
during the 21 century: () sea level rise envelop of updated A1FI scenario; (b) corresponding
decadal average sea level rise rate; and (c) the envelop of sedimentation scenario corresponding

to ALFI sea level rise scenario and sediment supply reduction from fluvial sources.

4.2.2 SEDIMENTATION SCENARIOS

Sedimentation scenarios for the 21% century were derived using available data for the
Guadiana Estuary. The estimated present maximum sediment deposition rate value
approximately would be 0.65 mm/yr (Sampath et al., 2011). Decadal variability of the
sedimentation rate in the estuarine system will be dependent mainly on the temporal variability

of the marine sediment supply during the 21% century:
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SEP = asf + BSY! (4.1)

where o and B will represent the temporal variability of fluvial and marine sediment supply,
respectively; and St and SMy are the contributions to representative sediment rate from fluvial

and marine sediment supply, respectively at present (to=0).

Cluster Analysis of resemblance of the grannulometric distribution of marine sediment
and fluvial sediment shows the Euclidian distance dissimilarity is about 60% (Fig. 4.3).
Therefore, we assume it is an indicator of the ratio of marine sediment to fluvial sediment
supply. However, for conservative estimation we assume the ratio to be 1:1. As the present
representative sedimentation rate was estimated to be 0.65 mm/yr, we can estimate the

individual contributions from fluvial and marine sources (i.e. So™ = S = 0.325 mm/yr).

® )

[Resemblance: D1 Euclidean disfance]

- 5 SANLUCAR | ,
1 00 ALCOUTIM :

DE i
GUADIANA

60+

Morales etal., 2006

Distance

40+ ’
| LEGEND
[ ] SUPRATIDAL
20+ 1 Il sc
B sc2
| 73 sc-3
[ sc-4
0L [ ]scs
< © To © - o
=y, TOWN
Samples

Z

o
=
3

o

Figure 4.3 Comparison of sediment types in the Guadiana estuary (a) Cluster Analysis of
resemblance of the grannulometric distribution of marine sediment and fluvial sediment (b) the

sediment types based on granulometric analysis of Morales et al., 2006.
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For simplicity, the temporal variability of the suspended sediment supply from fluvial
sources is assumed to be negligible, because of the low temporal variability of the river’s
discharge after the construction of the Alqueva dam (i.e. a=1). This assumption is applicable
as long as there will be no drastic change in tapping of river water in the Guadiana basin by
means of new dam constructions or due to natural phenomenon. We assume that the factor of
increase of the marine sediment supply into the estuary will be equal to the ratio of cross-shore
sediment transportation increase due to projected sea-level rise (Fig 4.2c). In the context of
conceptual approach, we defined 3 at a given time t; based on the concepts of cross-shore

transportation theorem developed by Kiribel and Dean, 1985; 1991).

tan§  dMpsy, 05 4 3
[have+ i (tt—to)] —A /2

_ 2 |
B_ tan§ 05 1,3
a;l (havg) _EA /2

(4.2)

Shoreface slope 6 is assumed to be constant over a 100 year period. hayg is the average
depth in the shoreface. The constant A is related to the sediment diameter (Dean, 1991) and it
can be found in the Coastal Engineering Manual, 2008. The above data and the net accretion
rate coefficients from 1900 Cal. yr BP to present day were used to forecast the morphological

evolution of the Guadiana estuary during the 21% century using the ESM.

4.3 RESULTS

4.3.1 WATER DEPTH CHANGES DUE TO LOWER LIMIT (P=5%) SCENARIOS.
Under the projected sediment supply reduction and increased sea level (257 mm) as

given by the lower limit case of the ALFI scenario, the morphological evolution will result in

a slight increase of water depths throughout the estuary (Fig. 4.4). The estimated minimum

increase of effective water depth of the main sub-tidal channel is about 110 mm and the

maximum increase is about 200 mm. The order of magnitude of decadal water depth increase
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will be of the order of a few centimetres. In the intertidal zone, the minimum increase of water
depth relative to the maximum high tide limits is about 210 mm and the maximum is 250 mm.
The landward limits of the intertidal zone would not significantly translate further inland. There
can be landward migration of intertidal zone limits associated with Beliche stream. There will
also not be a comparable decadal translation of depth classes in the intertidal zone of the
Portuguese (western) margin. There is a little lateral translation of the intertidal zone limits and
mean sea level contours of the main channel near to VRSA city limits and below. The main
reason is the rubble mound jetty with steep artificial slopes. On the whole, we will not expect

significant transgression of mean sea level contours in the Portuguese margin.
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Figure 4.4 Comparison of spatial changes in the depth of the estuary below the maximum high
tide level at present (2000) and at the end of each decade during the 21% century in response to

the lower limit of ALFI sea level rise projections updated by Hunter (2010).

138



Long term Coastal Responses to sea-level rise and sediment supply reduction

In the Spanish (eastern) margin, the decadal expansion of the intertidal zone area in
response to ALFI sea level rise scenario (P=5%) will be mainly associated with the secondary
channel located near the river mouth and the tidal channels of the Isla Cristina inlet. During
this century, there will be a little expansion of the landward tidal limits in the secondary
channels that are the boundary of the present built-up area of Ayamonte city. That is further
restricted by some agricultural area in the same area. In fact, a little intertidal zone area exists
at present due to the human activities. However, there would be a comparable transgression of
the mean sea level contour in the upper reach of the lower Guadiana estuary. The rate of
transgression of the mean sea level will increase after 2060. But there is no significant lateral

translation of the landward limits of the intertidal zone.

4.3.2 WATER DEPTH CHANGES DUE TO UPPER LIMIT (P=95%) SCENARIOS
Under the worst case of the projected sediment supply reduction and sea level rise (791
mm) as given by the upper limit (P=95%) of the AL1FI scenario, the morphological evolution
in the Guadiana estuary and its intertidal zone will result in a significant increase of water
depths throughout the estuary (Fig. 4.5). The minimum increase of effective water depth of the
main sub-tidal channel is 645 mm and the maximum would be 715 mm. In the intertidal zone,
the minimum increase of water depth is about 710 mm and the maximum increase is about 730
mm. Thus, the order magnitude of water depth increase in the estuarine system is four fold
compared to the lower limit scenario. We may experience translation of the estuary channel
towards the Spanish margin at the end of this century in the lower reach of the study area while
there is a deepening of the sub-tidal channel above the north limits of VRSA city. There would
be overall channel deepening in the sub-tidal area where Beliche stream meets the main
channel. On the whole, the rapid landward translation of upper limits of the intertidal can be

expected under the worst case scenario where the projected sea level rise is exponential. Lateral
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expansions of intertidal zone limits in the Portuguese margin are mainly associated with: 1) the
first secondary channel from the river mouth; 2) the associated region of the main channel
above the Vila Real do Santo Antonio (VRSA) built-up area; and 3) intertidal zone limits of
Beliche stream. As in the lower case scenario, a little lateral translation can be expected of the
intertidal zone limits and mean sea level contours of the main channel near to VRSA city limits
and below due to their artificial slopes, during this century. Due to the same reason we will not
expect significant transgression of mean sea level contours in the Portuguese margin as a

whole.
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Figure 4.5 Comparison of spatial changes in the depth of the estuary below the maximum high
tide level at present (2000) and at the end of each decade during the 21% century in response to

the upper limit of AL1FI sea level rise projections updated by Hunter (2010).
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Similar to the lower case scenario, in the Spanish margin, the decadal expansion of the
intertidal zone area in response to the upper limits of A1FI sea level rise scenario (P=95%) will
be mainly associated with the secondary channel located near the river mouth and the tidal
channels of the Isla Cristina inlet. Very little expansion of the landward tidal limits in the
secondary channels that limits the built-up area of Ayamonte city can be expected during the
21% century. However, there would be a significant transgression of the mean sea level contour
in the upper reach of the lower Guadiana estuary and tidal channel network associated with the
Isla Cristina inlet. The rate of transgression of the mean sea level will be seen approximately
after 2030. Loss of land due to the transgression of mean sea level may be able to compensate

slightly. However, exiting land will be converted to entirely different depth class.

4.3.3 DECADAL NET ACCRETION DUE TO LOWER LIMIT (P=5%) SCENARIOS
According to the results, morphological response to the lower limit of projected sea
level rise and sediment supply constraints can be understood and visualized by analysing the
decadal behaviour of the net sediment accretion throughout the estuary (Fig. 4.6). In response
to the lower limit of sea level rise and corresponding sediment supply scenario, there is no
significant spatial variability in sediment deposition throughout the estuarine system until
2040. After that, there will be two distinct behaviours of sediment deposition over the estuarine
system: 1) along the sub-tidal channel bed; and 2) on the intertidal zone bed. Until 2040, the
maximum net sediment accretion depth is approximately 3 cm, and then it starts exhibiting
increased sedimentation in the sub-tidal channel. By 2070, the net accretion depth of the sub-
tidal channel is about 8 cm while that is about 4-5 cm in the intertidal zone. At the end of the
21% century, maximum depth of net accretion in the sub-tidal channel would be about 12 cm
and that is in the intertidal zone is about 7 cm. Thus we can see a mild exponential behaviour

of the net accretion depth in the sub-tidal channels.
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Figure 4.6 Comparison of spatial changes in net accretion of the estuary below the maximum
high tide level at the end of each decade during the 21% century in response to the lower limit
of ALFI sea level rise projections updated by Hunter (2010).
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In the intertidal zone, the first time derivative of net accretion depth is positive (i.e. an
increase of accretion depth with time) while the second time derivative of the net sediment
accretion would be negative (i.e. decrease in the accretion rate with time). This behaviour
implies that there would be a maximum limit for depth of sediment deposition under the
imposed conditions of sea level rise and reduction of sediment supply. Even though, there is
an increase of accommodation space due to sea level rise, the intertidal zone area may not be
resilient enough to maintain the depth under high tide situation and with time there would be
an exponential deepening of depths below high tide in the intertidal zone. This observation may
be applicable to the sub-tidal region, but the rate at which channels deepen would be less than
that of in the intertidal zone.

For instance, the water depth increase would be 13 cm for a rise of sea level of
approximately 26 cm under the lower limit scenarios. The corresponding depth increase in the
intertidal zone will be about 20 cm. Furthermore, we can see the development of ripple-like
landforms from 2050. At the end of the 21% century, these landforms are fully developed and
the average height of these ripples will be about 4 cm. From VRSA to the mouth of the river,
these forms are longitudinal while further upstream these forms are oblique to the flow
direction. In the upper reach of the study area, such directional patterns cannot be seen even if

net accretion depths are comparable to that in the lower reach.

4.3.4 DECADAL NET ACCRETION DUE TO UPPER LIMIT (P=95%) SCENARIOS
The behaviour of decadal morphological evolution is very much comparable with the
behaviour expected under the lower case scenario (Fig. 4.7). Until 2030, depths of net accretion
(2 cm) are approximately identical in response to both lower and upper limit scenarios. After
that there is slightly enhanced sedimentation in the sub-tidal channel where the maximum net

accretion depth will be approximately 15 cm at the end of the 21% century.
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Figure 4.7 Comparison of spatial changes in net accretion of the estuary below the maximum
high tide level at the end of each decade during the 21 century in response to upper limit of

ALFI sea level rise projections updated by Hunter (2010).
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But the corresponding maximum net sediment deposition in the intertidal zone area is
comparable with the lower limit scenario (i.e. 7 cm). This morphological response is due to 79
cm rise of sea level by the end of the 21% century. Thus, under the sediment starvation
conditions, sub-tidal channel would deepen at least by 65 cm and that is in the intertidal zone
is 72 cm. Therefore, existing habitats would experience extremely deleterious impact. If the
biogeochemical characteristics of the estuarine system would be suitable for fauna and flora to
adapt to the new environmental conditions with landward lateral translation of habitats with
sea level rise, the impact may be reduced. If not, the salt marsh habitats may disappear from
the estuarine system during this century.

As in the lower limit scenario, similar development of landforms along the sub-tidal
channel can be seen under the worst case scenario and they reach their fully developed state by
2080. The relative heights of ripples range from 6 to 8 cm. The spatial distribution of the net
accretion depths in the sub-tidal channel in response to the upper limit scenarios by 2090 will
be approximately comparable with the accretion depths in response to the lower limit scenarios
by 2100. Thus we may suggest 10 to 20 year phase shift in morphological response between
the upper limit and lower limit scenarios. Even though we imposed constraints to fluvial
sediment supply during the 21% century, enhancement of net accretion may be mainly attributed

to the increased marine sediment supply and increased accommodation space.

4.3.5 SEDIMENT VOLUME DEPOSITED IN THE ESTUARINE SYSTEM

The decadal sediment volume deposited in the estuary during the 21% century shows
different behaviour based on the percentile limit of the A1FI sea level rise scenario (Fig. 4.8a).
The projected decadal sediment volume deposition corresponding to the lower limit of the A1FI
sea level rise scenario is almost constant while there will be an exponential increase of expected
sediment volume deposited on the estuary corresponding to the upper limit of sea level rise

scenario. However, until 2050, the decadal volume of sediment deposition is almost similar in
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response to both lower limit and the upper limit of sea level rise projections. This is because
sea level may not rise above the modified linear banks of the estuary during this period. When
sea level rises further, even flat terrains submerges where there will be a rapid increase of the

area under water resulting in increased sedimentation.
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Figure 4.8 Projected (a) decadal and (b) cumulative volume of sediment deposited on the
estuary and its intertidal zone in response to the lower and upper limits of updated A1FI sea-

level rise scenario during the 21% century.

The deposited volume is almost constant when P= 5%, as sea level rise would not rise
above the linear modified slopes of the estuary. Thus the cumulative sediment volume trapped
within the estuary would be linearly increase for the lower limit of sea level rise projections
during the 21% century. In case of respective upper limit of sea level projections, there would
be an exponential increase of cumulative sediment volume deposited in the estuary during this

century (Fig. 4.8b).
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4.4 DISCUSSION

4.4.1 IMPACTS OF SEA LEVEL RISE ON THE INTERTIDAL ZONE

Impacts of the sea-level rise on the estuarine system were assessed quantitatively in
terms of changing the land area within a defined set of depth classes. The intertidal zone of the
estuary (-2.0-+1.8 m MSL) was classified into two major classes: 1) the area below the mean
sea level (likely to include mud/sand flats; O - -2.0 m); and 2) the area above the mean sea level
(potential area for salt marsh growth; 0 - +1.8 m MSL). The latter class was classified into three
sub-classes, approximately representing land area likely to be available for sub-habitats for: 1)
low marsh communities (0- 0.5 m); 2) mid marsh communities (0.5-1.0 m); and 3) high marsh
communities (1.0-1.8 m). Shifting and adaptation of a type of marsh communities under
changing sea level depends on the characteristics of plants soil types and influence of the tide.
But the above classification was loosely defined based only on the tidal influence on evolving
estuarine bathymetry due to sea level rise and sedimentation because the adopted estuarine

sedimentation model is not integrated with a biogeochemical model.

4.4.2 DECADAL IMPACTS OF SEA LEVEL RISE ON THE MAIN DEPTH CLASSES

The intertidal zone area will increase both in the Portuguese margin (Fig. 4.9a-i and
4.9a-ii) and in the Spanish margin (Fig. 4.9b-i and 4.9b-ii) in response to both lower (P=5%)
and upper (P=95%) limits of AL1FI sea-level rise scenario and corresponding sedimentation
scenarios resulting from the reduced fluvial sediment supply during the 21 century. In the
Portuguese margin, the gradient is almost constant of three curves shown in the 4.9a-i (lower
limit scenario), indicating a gradual increase of the area with the rise of sea-level. However,
there are two gradients in curves of 4.9a-ii (upper limit scenario), indicating increase of the rate
of expansion of the area influenced due to both sea-level rise and high tide. As the curve of O -

-2 mis almost linear in 4.9a-ii, the total effect will be due to the expansion of the area within
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the depth class of 0 - +1.8 m. That indicates rapid submergence of ground above the mean sea-

level due to its flatness compared to relatively steep slope below the mean sea-level.
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Figure 4.9 Decadal changes of area within depth classes (habitats) in the intertidal zone of the
Guadiana estuary as a whole, above the mean sea level and below mean sea level during the
21 century in response to: (i) lower limit and (ii) upper limit of A1FI sea level rise projections
updated by Hunter (2010): (a) Changes in the Portuguese margin; (b) changes in the Spanish

margin; and (c) Total changes

In the Spanish margin, there is an insignificant expansion of the area within habitat
classes in response to the lower limit scenario, but for upper limit projections, there is a slightly
exponential expansion of area over each decade. This shows the influence of sea-level rise will
be experienced differently by the people in two sides of the river. However, under the projected
lower limits of sea-level rise, the expansion of the total intertidal zone area (within the contours

of -2 and +1.8 m) due to lateral translation of high tide limits over the 21% century would be
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insignificant (Fig. 4.9c-i). Whereas a mild exponential expansion of the total intertidal zone
area is likely under the upper limit scenarios of sea level rise and sedimentation (Fig. 4.9c-ii).
The exponential nature of the overall expansion of the intertidal zone area is mainly due to the

expansion that occurs above the mean sea level (0 — +1.8 m) in the Spanish margin.

4.4.3 DECADAL IMPACTS OF SEA LEVEL RISE ON SUB-HABITAT CLASSES

The decadal variability of subtidal habitat classes both in the Portuguese margin (Fig.
4.10a-i and 4.10a-ii) and in the Spanish margin (Fig. 4.10b-i and 4.10b-ii) behave differently
in response to both lower (P=5%) and upper (P=95%) limits of ALFI sea-level rise scenario

and corresponding sedimentation scenarios.
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Figure 4.10 Decadal changes of the area within three depth classes (habitats) above the mean
sea level of the Guadiana estuary during the 21% century in response to: (i) lower limit and (ii)
upper limit of ALFI sea level rise projections updated by Hunter (2010): (a) Changes in the

Portuguese margin; (b) changes in the Spanish margin; and (c) Total changes.
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In the Portuguese margin, area of the depth classes of 0 — 0.5 mand 0.5 - 1.0 m increase
gradually while the area of the depth class of 1 — 1.8 m remains almost constant over this
century in response to lower limit projections of forcings. In response to the upper limits of
forcings, depth classes show two gradients. The area within the depth classes of 0 — 0.5 m
increases slowly until 2070 and then show rapid increase. Area of the depth classes of 0.5 -1
m increases until 2070 and then remains almost constant while the area of the depth class of 1
— 1.8 m remains almost constant until 2050 and then decreases. In the Spanish margin, under
the lower limit scenario, the area within 0 — 0.5 m decrease at the beginning and then remains
almost constant while the area within 0.5 -1 mand 1 — 1.8 m remains almost constant. Under
the upper limit projections, the area within 0 — 0.5 m decrease at the beginning but increase
slowly, whereas the area within 0.5 — 1 m remains almost constant until 2070 and then
increases. However, the area within 1 — 1.8 m increases until 2070 and then starts to decrease.
The cumulative effect will be controlled by the behaviour of the Spanish margin in response to

the considered forcing acts (Fig. 4.10 c-i and 4.10c-ii).

4.4.4 OVERALL IMPACTS OF SEA LEVEL RISE ON HABITAT CLASSES.

In the Portuguese margin, - 2m contour or the Portuguese Hydrographic Datum, will
transgress inland by 0.486 and 1.55 km2 in response to lower limit and upper limit scenarios,
respectively. That is 0.832 and 2.586 km2 in the Spanish margin. The area within the depth
class of -2 — 0 m will expand slightly due to lower limit scenarios. But the expansion of area at
the end of 2100, due to upper limit projections will result in translation of mud flats partly into
the present depth class of 0.5 — 1 m, in which likely habitat class is the mid-marsh (Table 4.1).
Thus, the present low-marsh system will be completely occupied by mud flats, resulting poor
biodiversity. Similarly, under these worst conditions, the depth class 0 — 0.5 m will completely

transgress into mid marsh and partially into high marsh habitats. Only 0.194 km2 will remain
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from the present high marsh depth class at the end of this century. There will be 4.926 km2 of

new land that comes under the influence of tides by 2100.

Table 4.1 Predicted translation of area of the likely habitat types in the intertidal zone of the

Portuguese margin in response to lower and upper limit scenarios of sea level rise and

sedimentation by the year 2100, compared to their existing area by 2000.

Area of likely habitats in the

. Area — Occupied from the Portuguese margin (km?) by 2100
Habitat km? original habitat types
types (likely) (2000) of AlFI A1FI
(P =5%) (P = 95%)
Mud flat 3.782 2.718
Low marsh 0.59 1.144
?/'2“ I ga; 4268  Mid marsh 0 0.779
Total 4,372 4.641
Expansion (%) (2) ©)
Low marsh 0.554 0
Low-marsh Mid marsh 0.692 0.900
(0—05m) 1.144 High marsh 0 1.817
Total 1.246 2.717
Expansion (%) 9) (137)
Mid marsh 0.987 0
Mid-marsh High marsh 1.604 3.699
(0.5-1m) 1.679 Total 2.591 3.699
Expansion (%0) (54) (120)
High marsh 4.106 0.194
High-marsh 5.710 Newly inundated land 1.556 4.926
(1-1.8m) Total 5.662 5.120
Expansion (%) (-1) (-11)
. Existing intertidal zone 12.315 11.251
Intertidal ;
zone (Total) 12.801  Newly inundated land 1.556 4.926
Total 13.871 16.177
(-2-1.8m) Expansion (%0) (8) (26)

If the biogeochemical properties are not suitable for healthy growth of salt marsh

vegetation, there will be almost complete extinction of those much sensitive systems. Even if

those properties are suitable, there would be a 11% reduction of high marsh habitats from the
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Portuguese margin due to upper limit scenarios of sea-level rise and sediment supply changes
over this century. The situation is even vulnerable under lower limit scenarios as there would
be a 1% reduction. Thus, the high marsh systems are highly vulnerable habitats for these

forcings in the Portuguese margin.

Table 4.2 Predicted translation of area of the likely habitat types in the intertidal zone of the
Spanish margin in response to lower and upper limit scenarios of sea level rise and

sedimentation by the year 2100, compared to their existing area by 2000.

Area of likely habitats in the
Area - Occupied from the Spanish margin (km?) by 2100

Habitat ) - .
types (likely) (Zk(:P)O) original hsfb 'tat types ALFI ALFI
(P =5%) (P = 95%)
Mud flat 6.622 4.868
Low marsh 1.449 3.828
'(VIZU c_j garf) 7.454 Mid marsh 0 1.180
Total 8.071 9.876
Expansion (%) (8) (32)
Low marsh 2.379 0
Low-marsh M_id marsh 0.917 2.669
(0= 0.5m) 3.828 High marsh 0 1.324
Total 3.296 3.993
Expansion (%) (-14) 4
Mid marsh 2.932 0
Mid-marsh High marsh 1.059 4.849
(0.5-1m) 3.849 Total 3.991 4.8
Expansion (%) (4) (24)
High marsh 6.192 1.078
High-marsh 7.251 Newly inundated land 1.674 6.880
(1-1.8m) Total 7.866 7.958
Expansion (%) (8) (10)
Intertidal Existing intertidal zone 21.550 19.796
zone (Total) 22.382  Newly inundated land 1.674 6.880
Total 23.224 26.7
(-2-18m) Expansion (%0) (4) (19)
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This situation is applicable for the Spanish margin as well. There will be near extinction
of marsh habitats if the biogeochemical properties are not suitable for healthy translation in
response to worst case upper limit scenarios (Table 4.2). However, if those environmental
conditions are suitable there will not be habitat squeezing as in the case of Portuguese margin.
Interestingly, under the lower limit scenario, there would be a 14% reduction of area of depth
class 0 — 0.5 m by the year 2100. This is because area reduction due transgression of the 0 m
contour may not be compensated by the increase of the area by the transgression of the 0.5 m
contour. The newly inundating area due to high tides would be 6.88 km?.

On the whole, under the lower limit scenarios and very limited capacity for marsh
communities to adapt in their newly migrated areas, there would remain 2.9, 3.9 and 10.3 km?
of original low-, mid- and high-marsh habitats, respectively by the year 2100 (Fig. 4.11).
Interestingly, under ideal biogeochemical conditions for marshes to adapt to new environments,
and under the upper-limit sea-level rise (79 cm) and sedimentation scenarios, there will be no
overall reduction of any habitat areas at the end of the 21% century. But we may find that low-
marshes will migrate into an area where there were mid- and high-marshes originally. Mid-
marshes will completely translate into original high-marsh habitats. From 13.1 km? of new
high-marsh habitats, only 1.3 km? will remain in their original lands during next 100 years.
Thus, if the adaptation capacity of existing habitats is very less for their lateral translation with
the sea-level rise, the land available for low and mid marsh habitats will be at high risk of
disappearing from the whole estuarine system in response to the worst-case sea-level rise and
sedimentation scenarios. There would be geographical limitations for high-marsh habitats
translation towards land with the sea-level rise in the Portuguese margin. The newly inundated
land area is about 3.2 and 11.8 km? for the lower and the upper limit scenarios, respectively.

In conclusion, Considering the ecological importance of enhancing adaptation of salt-

marshes and that these lands are prone to tidal inundation during the next 100 years, it would
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be beneficial to implement a planned retreat program. Such a retreat will reduce artificial

constraints for marsh communities to adapt under challenging new environmental conditions.

In conclusion, uncertainty in sea-level rise projection is one of the important aspects to be

considered in making policy decisions for managing resources in this estuarine system.
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Figure 4.11 Areas available at present for different habitat types likely to be in the estuarine

system and their landward translation in the lower Guadiana Estuary in response to the lower

and upper limits of A1FI Sea-level rise and sedimentation scenarios for the 21% century, if soil

conditions are perfectly suitable for adaptation.
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4.4.5 COMPARISON OF BEHAVIOUR-ORIENTED ESTUARINE SEDIMENTATION
MODEL AND HYBRID MODEL

Since the assumptions and approaches are different, the comparison of simulations
using Estuarine Sedimentation Model and its intermediate Hybrid approach may not be directly
feasible. Sea-level rise and sedimentation scenarios that were used in both cases are different.
However, in the approach of direct application of ESM, the sea-level rise rate projections under
the human-intervention (HI) case was the upper limit of A1FI scenario (59 cm) as given in the
IPCC, 2007. In the hybrid approach, the updated A1FI scenario (Hunter, 2010) was used for
the simulations, in which sea-level rise projection for the end of the 21% century was 79 cm
relative to the year 2000. This increase is due to accounting of land-ice processes, resulting
increased ice sheet melting (Hunter, 2010; Meehl et al. 2007). However, increase of ice sheet
melting has been estimated on the basis of the projected global average temperature (Hunter
2010), but Rahmstorf 2007 emphasises that the sea-level rise depends, largely, on the integral
of past global-average temperature.

The sedimentation scenarios were dependent on the sea-level rise rate. But the
comparison is mainly to focus on the morphological features for two approximately close sea-
level rise scenarios. The difference between two sea-level rise scenarios by the end of 2100 is
20 cm. In the case of direct application of ESM model, the maximum accretion height is 12.6
cm and that is estimated to be 14.3 cm using the hybrid approach (Fig. 4.12). According to
simulated morphology using the hybrid approach, there is formation of bars along the main
channel (Fig. 4.12a). At present there are more than 570 bars or dunes, of which the height is
more than 25 cm and there are many smaller dunes (Lobo et al., 2004). The orientation of the
simulated bars below the section of Belichi stream can be comparable with the observations of

Lobo et al., (2004).
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Figure 4.12 Comparison of morphological evolution using the direct application of behaviour-
oriented Estuarine Sedimentation Model and modified ESM model based on hybrid rule-based

theoretical framework of Prandle, (2006) and (2009).
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But the orientation of simulated dunes above the Belichi steam is almost in the opposite
direction compared to the observations. That does not mean the simulations may be wrong,
because those orientations are for the end of the 21 century. In case of the direct application
of the ESM model, results show formation of sand bars (Fig. 12b), which are likely to
differentiate the ebb and flood channels as observed by Van Veen (1950) and Ahnert (1960).
However, as the heights of these bars are less than 12 cm, there will not be shoal formation
(Hibma, et al 2004). The sedimentation in the intertidal zone is very much similar in both
applications. In the case of hybrid approach, the extent height of sedimentation in the intertidal

zone is high relative to the direct application.

4.5 CONCLUSIONS

In order to improve the current understanding of the response of estuarine systems to both
natural and anthropogenic forcing, we simulated the morphological evolution of the Guadiana
estuary due to sea-level rise during the 21% century. Simulations were performed using a
behaviour-oriented modelling approach, which was previously validated based on the
chronostratigraphic '*C data. As explained in the chapter 3, the ability of the model to
reconstruct palaeovalley sedimentary infilling was used as an indirect validation of the
approach. The simulations proved to be realistic when applied to the sheltered environments of
the estuary, where a vertical aggradation of sediment may be assumed as the dominant
component of the infilling process. The results of the optimized run were used for decadal-
scale forecasting of morphological evolution. The forecasting results of the model indicated
that, if the biogeochemical properties of the Guadiana estuarine system are ideally suitable for
landward migration and adaptation of salt marshes with rising sea levels; the only risk would
be the reduction of high marsh habitats in the Portuguese margin by 0. 05 and 0.6 km? in

response to lower and upper limit scenarios of sea-level rise and sedimentation, respectively.
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If the adaptation capacity for salt marsh vegetation in newly migrated zones is very poor, the
low- and mid-marsh communities will be threatened with extinction both in the Portuguese and
Spanish margin under the upper limit scenarios. They will be replaced by mud or sand flats or
new low marsh with low species richness. Under the worst environmental and sea-level rise
conditions, the land available for high marshes from the estuarine system will be about 1.4 kn?
by the end of the 21% century. The total newly inundated area due to tides and the increased
sea-level will be 3.2 and 11.8 km? for lower and upper limit scenarios, respectively. Although
we recognize that there is room for further improvement of this hybrid modelling approach,
the present forecasting results can produce a broad view of the impacts related to sea-level rise

for holistic management purposes.
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ABSTRACT

Focussing on predicting large-scale morphological evolution of an estuarine system, in
response to environmental and anthropogenic forcings, a hybrid model was developed and applied
to the Guadiana estuary — SW Iberia. The model first simulates the decadal-scale evolution of the
system using a rule-based approach to find the spatial variability of annual average net sediment
accretion, to simulate the centennial scale morphology by using a behaviour-oriented approach.
This paper presents an assessment of the accuracy of the decadal scale module and its sensitivity
to bed friction (f), the power of the current velocity of the erosion rate function (n), sea-level rise
rate and time span of morphological evolution.

The normal probability distribution of the modelled sediment surface elevation change
from 2000 to 2014 approaches that of the observed distribution for n = 1.8, 2, 2.5 and 3 while the
friction was 0.8f, f, 1.5f, and 2.07f, respectively. Both average elevation change and standard
deviation exhibit logarithmic relationships with n when it was increased from 1.5 to 3. If n was
further increased both average elevation change and standard deviation tend to be constants. The
difference between the average elevation change with and without sea-level rise relative to the
increasing rate of the accommodation space converges to zero with the increase of sea-level rise
rate above the present global mean sea-level rise rate. Thus, sea-level rise by 5 mm/yr would cause
significant destruction to the sensitive ecosystem of the Guadiana estuary. The simulations
produced spatial variability of eroding and accretion, comparable with observed changes.
Estuarine mudflats were most affected by erosion. Under reduced fluvial sediment supply salt-
marshes will experience a similar increase of water depth threatening the stability of the intertidal

ecosystem.

Key words: Morphological evolution, estuary, sea-level rise, human intervention, sensitivity

analysis of behaviour-oriented models
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5.1 INTRODUCTION

The Intergovernmental Panel on Climate Change in its latest report (IPCC, 2014)
emphasizes the importance and urgency of finding adaptation and mitigating solutions for the
global threats due to climate change and an accelerating pace of the mean sea level (MSL) rise.
Thus, there is increasing interest in synthesizing available data and modelling bathymetric
evolution of estuaries, specifically to determine historical changes, and predicting future trends
over periods of ~100 years (Lane, 2004). Many researchers have approached this problem by
developing different models with different complexities for accurately predicting
morphological evolution in estuarine systems in response to projected scenarios of sea-level
rise and acute human interventions in the catchment.

Geomorphological evolution or behaviour-oriented models (top-down) and process-
based models (bottom-up) are generally used to predict the morphological behaviour of
estuaries (Karunarathna et al., 2008). These two approaches may be considered as
complementary with respect to time scales embraced by simulations.  The first approach
(Dennis et al., 2000; Bruce et al., 2003; Karunarathna and Reeve, 2008; Sampath et al., 2011)

is based on empirical rules or expert analysis of long-term morphology data, thus, these types
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of models are more appropriate for predicting large scale and long-term physical responses of
an estuary to natural changes in forcing (e.g. sea level rise) and human interference
(Karunarathna et al., 2008). These types of models does not explicitly take into account the
estuarine physical processes like tidal hydrodynamics, channel-shoal sediment exchange, and
gravitational circulation and do not allow to represent dynamic interactions and feedbacks
intervening in morphological changes (Sampath et al., 2011). Process-based models (Dronkers,
1998; Fortunato and Oliveira, 2003; Dastgheib, et al., 2008; Van der Wegen and Roelvink,
2008; Dissanayake et al., 2009; Lesser, 2009) use the knowledge of physical principles
underlying hydrodynamic and sediment transport and are suitable to describe the short-term
morphodynamics, using two- or three-dimensional hydrodynamic models combined with
sediment transport and morphodynamic modules (Karunarathna et al., 2008; Dissanayake et
al., 2011). These models are more appropriate to simulate coastal evolutions up to decadal time
scales (Dissanayake et al., 2011).

Because estuaries are ephemeral features in the geological time-scale, the usefulness of
morphological models will depend on their ability to simulate the long-term estuarine
morphological changes during the postglacial eustatic sea-level rise of the last 15,000 years
which drowned fluvial valleys (Schubel, 1971; Perillo, 1995) worldwide.. However, a better
understanding of the sensitivity of the estuarine system to long-term forcings like sea level rise
and human interference is required if the sustainable management of the estuary is to be
achieved. In this regard, it is desirable to accommodate theoretical solutions of physical
processes in behaviour oriented models and that way improve their trustworthiness.

Sampath et al., 2015 presented a semi-behaviour-oriented approach to simulate the
morphological evolution of the Guadiana estuary during sedimentary infilling that
accompanied Holocene sea-level rise. The centennial to millennial scale extrapolations were

conducted using the Estuarine Sedimentation Model, which uses a behaviour-oriented
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approach, supported by the chronostratigraphy of the estuary’s sedimentary sequence.
Implementation of ESM also requires the long-term net accretion rate coefficients of each cell
of the topo-bathymetry, that is, the long-term net accretion rates at a given location relative to
the maximum sedimentation rate found within a hypothetical transect from maximum high-
tide level to the maximum depth of the paleovalley of the estuary. The long-term net accretion
rate coefficients of the sub-tidal region of the paleovalley of the estuary were estimated using
a decadal scale model based on the theoretical framework developed by Prandle (2009). Then
the long-term net accretion rate coefficients in the intertidal region of the estuary were derived
by rescaling the sedimentation rates derived in terms of the inundation frequency from the low
tide to the maximum high tide level relative to the coefficient at the low tide level or the
Portuguese Hydrographic Datum at 2m below the mean sea-level (Sampath et al., 2011).

The theoretical framework of the Prandle (2009) is based on the analytical solutions to
the one-dimensional and cross sectionally averaged shallow-water wave equations. The
equations were simplified for the first-order tidal simulations by neglecting the convective
terms and by linearizing the quadratic friction term of the shallow-water wave equation. This
approach is valid only for the synchronous estuaries, as the surface gradients associated with
axial amplitude variations in ¢* is assumed to be significantly less than those associated with
corresponding phase variations. These assumptions are shown to be valid except in the
shallowest conditions at the tidal limit (Prandle, 2003). The complexity of estuaries and in
particular the stochastic nature of the intervening processes (De Vriend, 2001) requires several
assumptions in order to be able to provide analytical solutions for a diverse range of dynamic
interactions and mixing processes (Prandle and Lane, 2015).

The long-term net accretion rates the sub-tidal region of the estuary were linked to
variables like bed friction, current velocity, sediment erodibility coefficient, settling velocity

and suspended sediment concentration. The bed roughness of an estuary has been identified as
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a highly sensitive parameter for sediment transport model applications (van Rijn 2007). The
presence of medium to large scale bedforms can modify the flow pattern, through the
generation of vortices enhancing the spatially-averaged bed shear stress (Villaret et al., 2011).
Furthermore, sediment transport predictions are generally highly sensitive to the local skin
friction, which represents the part of friction acting locally on individual grains (Villaret et al.,
2010). Current velocity can determine sediment transport through the estuary channels and
thereby it is determining factor its morphology (Liu and Aubrey, 1993). On the other hand,
how the tidally dominated estuaries respond to rises in mean sea-level and changes in river
flows and sediment supply associated with human activities in the catchments are important
aspects for long-term planning of the local ecosystems (Lane and Prndle, 2007).
Consequently, the first objective of this paper is twofold: (1) to assess the sensitivity of
bed friction coefficient, the power of the current velocity, and sea-level rise rate in determining
the decadal scale morphological evolution in the Guadiana estuary and (2) to understand the
effect of dam construction along the Guadiana river on the estuarine morphology. These
parameters can be considered as main sources of uncertainty in the present approach to the
long-term morphological evolution in the system. The model simulations, scripted with
MATLAB, were carried out in the Guadiana estuarine system because this area is affected with
fluvial sediment starvation due to construction of large number of dams over the past 50 years

(Sampath et al., 2015) to which adds the observed presently sea-level rise.

5.2 STUDY AREA.

5.2.1 GEOGRAPHICAL AND GEOLOGICAL SETTING
The Guadiana River drainage basin is the fourth largest on the Iberian Peninsula, with an area

of 66 960 km? (Garel et al., 2009). It is 810 km long and traverses extensive rural areas in Spain
and Portugal, including the mining areas of the Iberian Pyrite Belt (Delgado et al., 2012). The
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Guadiana Estuary (Fig. 5.1) is located along the southern border between Spain and Portugal
and extends for about 80 km, from its mouth to the weir of Moinho dos Canais where the tidal
wave is virtually dampened (Silva et al., 2000; Garel et al 2009). The estuary, which, in
physical terms is ca. 50 km long, has a maximum channel width of 550 m and depths ranging
between 5 and 17 m (Wolanski et al., 2006). The depth of the channel is generally less than 10
m (referred to the average water level), with a mean depth about 5 m from the mouth to 50 km
that slowly decreases upstream (Garel et al., 2009). The local depth variations reaches up to 18

m generally in front of the creeks (Lobo et al., 2004).
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Figure 5.1 The Guadiana estuary and an aerial photograph of the lower estuary.

It is a narrow, deeply incised (down to ca. 80 m below present MSL), bedrock-
controlled estuary experiencing the final stages of sediment infilling, experiencing an incipient
coastal progradation (Boski et al., 2008). The prograding system near to the river mouth is

constituted by successive sandy barriers separated by salt marshes that configure a wave-
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dominated delta (Morales, 1997). Within the estuary, the channel reaches the maximum depth
at the Portuguese margin close to the mouth of the river. It migrates towards the Spanish margin
further upstream from the mouth and reaches more than 6 meters depth under the Extreme
Equinox Low Water. A near horizontal lateral tidal bar is developed between 2 and 4 meters
depth and separated from the intertidal areas by a high slope step of 2 meters (Morales et al.,
2014). Water circulation within the estuary is almost exclusively confined within this narrow
so-called bypassing channel which connects directly the river to the open littoral zone (Garel
et al., 2009). The marine sector of the estuarine channel consists of successive meanders
imposed by the hard geology of the substrate (Lobo et al., 2004; Morales et al., 2006; Morales
et al., 2014). Curved sectors of the channel present a section characterized by a pool in the
concave margin and a lateral tidal bar in the convex one and inflection points between
successive curved tracks, presents a symmetric bed profile with an intermediate depth and

without pools and bars (Morales, 1997; Morales et al., 2014).

5.2.2 BED SEDIMENT TYPES

Only about 7 km of the channel from the mouth is embedded in soft sediment (Garel et
al., 2009). Bottom sediments are predominantly sands, with mean diameters of about 600 xm,
except near the margins where significant amounts of mud are present (Fortunato and Oliveira
2003). Morales et al., 2014 have distinguished four types of beds in the lower estuary. They are : (1)
about 3 km from the mouth, the sediment is characterized by a mean grain size of coarse sand,
but with an important population of medium sand, a moderate sorting, a mesokurtic shape and
a lightly positive skewness (with tail towards the fine); (2) about 3.5 km from the mouth, the
sediment is characterized by a mean grain size of medium sand, but with abundant populations
of coarse and fine sands, present also a moderate sorting and a positively skewed distribution

(with tail towards the fine), but with a leptokurtic shape; (3) after another 0.5 km upstream of
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the previous area, the abundance of fine sediment increases; and (4) further upstream sediment
types presents a very high dispersion, an extremely poor sorting, a negative skewness (tail

towards the coarse) and a platykurtic (plane) shape.

5.2.3 HYDROLOGIC AND HYDRODYNAMIC SETTING

The river inputs to the Guadiana estuary are highly variable, at a seasonal and inter-
annual scale producing severe droughts and episodic floods in the river basin (Garel et al,
2009). The maximum historical peak discharges are estimated around 11000 m®/sec in winter
1876 (Rocha and Correia, 1994; Ortega and Garzo™ n, 2009). The monthly river discharge
ranged from <10 m?/sec to 4660 m®/sec for the period 1947-2001 (Garel et al., 2009). The flow
is forced mostly by tides and river flow (Fortunato and Oliveira 2003) and the system is
strongly flood-dominant because it has few tidal flats (Fortunato et al., 2002). The estuary
exhibits a semi-diurnal, meso-tidal regime with a mean range of approximately 2.5 m. The
mean neap tidal range is 1.22 m and the mean spring tidal range is 2.82 m (Garel et al., 2009)
with a maximum spring tidal range of 3.5 m (Fortunato and Oliveira 2003). Tidal wave
propagation in the estuary generates currents with velocities exceeding 0.5 m/s (Morales,
1997). The waves in this coastal region can be classified as medium- to low-energy waves, and
in terms of frequency of occurrence, 49% of the waves represents Atlantic swells and 51%
local sea waves. The mean annual offshore significant wave height is about 1 m with an average

period of 4.7 s (Costa et al., 2001).

5.2.4 HUMAN PRESSURES IN THE AREA
The estuarine system consists of extensive salt marsh areas on both sides of the inlet
(Boski et al., 2002), whose extension of the salt marshes is much reduced compared to the

period with unhindered sedimentation during the Holocene (Boski et al., 2008). This intense
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transformation of the system is due to strong anthropogenic pressure, including dams, coastal
defenses (Sampath et al., 2015), urbanization, farming and aquaculture (Me nanteau et al.,
2005). In 2002, the total dammed area in the watershed increased to 89% with the construction
of the Alqueva dam (Gonzalez et al., 2007). Before the construction of the Alqueva dam, the
hydrographic regime of the Guadiana River was characterized by low flows in summer and
episodic flooding events in winter (Fig. 5.2). Since then, the total fluvial discharge has varied
between 7 and 57m®/s on average years, and reach 280m3/s on wet years (Fortunato and
Oliveira 2003). As a result, the shortage of silt supplied by the river, there has been a rapid

decrease in the area of estuarine salt marshes (Sampath et al., 2011).
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Figure 5.2 River discharge of the Guadiana estuary as measured at the gauge station of Pulo

do Lobo: (a) from 1946 to 2000 and (b) from 1990 to 2014 May.

In addition, the construction of jetties at the mouth of the Guadiana River in the 1970s
has interrupted the dominant eastward-directed longshore drift. This has resulted in a reduction
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in the amount of marine sediment supplied to the estuary over the last 35 years. The disruptive
effects of the jetties are clearly manifested on the Spanish margin of the estuary, where rapid
shoreline retreat at an average rate of 3 m/yr occurred between 1996 and 2005, with a recorded

maximum retreat of 4.8 m/yr (Sampath, 2015).

5.2.5 NATURAL PRESSURES

Global vulnerability analyses by Nicholls et al. (2007) and IPCC (2013) have predicted
a climatically driven increase in vulnerability of the coastal zones due to sea-level rise,
increased storminess, and climate change. Indeed, the assembled records of altimetric data
from the TOPEX/Poseidon, Jason-1, and Jason-2 satellite missions indicate that the average
rate of sea-level rise during the period 1993-2009 was 3.2 £ 0.4 mm/yr (Nerem et al., 2010),.
Linear regression analysis of tide gauge datasets from Cascais and Lagos estimates that sea-
level rise along the Portuguese coastline will be 14-57 cm above the contemporary level by
the end of the 21st century (Dias and Taborda, 1992). This value is comparable with the upper
limit projection (59 cm) of sea-level rise under the A1FI sea-level rise scenario of the IPCC
(2007). Dias and Taborda (1992) conclude that most of the signals indicating sea-level rise at
these stations are of global origin, which emphasizes the validity of global projections for the
study area. In addition, the (annual and wintertime) Guadiana River discharge shows an inverse
correlation with the North Atlantic Oscillation (NAO), which is the dominant mode of the

winter climate variability in the north Atlantic region (Dias et al., 2004; Trigo et al., 2004).

5.3. METHODOLOGY
Assessment of the sensitivity of bed friction coefficients, the power of the current
velocity in the erosion rate function, and sea-level rise rate in determining the decadal scale

morphological evolution in the Guadiana estuary were mainly based on the theoretical
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framework of the Prandle (2009) to represent the estuarine dynamics. The framework is based
on the analytical solutions to the one-dimensional and cross sectionally averaged shallow-water
wave equations. The equations were simplified for the first-order tidal simulations by
neglecting the convective terms and by linearizing the quadratic friction term of the shallow-
water wave equation. This approach is further simplified for a triangular shaped synchronous
estuaries, as the surface gradients associated with axial amplitude variations in ¢* is assumed
to be significantly less than those associated with corresponding phase variations. These
assumptions are shown to be valid except in the shallowest conditions at the tidal limit (Prandle,
2003).

According to Sampath et al. (2015), in the Guadiana estuarine systems composed of
intertidal mudflats and salt marshes, the rate of relative elevation change (dZ/dt) at a given
point and over a known period of time can be represented in terms of sedimentation rate,
erosion rate and sea-level rise rate (Eq. 5.1). In this estuary, deep subsidence has been found to
be negligible (Lobo et al., 2003). Shallow compaction is negligible as a result of the low organic

content (Boski et al., 2008).

dZ _ dSyin _ dE  dMumsL

dt dt dt dt (5' 1)

The elevation change (AZ) at a given initial depth (h) over At time step can be derived
by integrating mineral deposition and erosion over each tidal cycle over M years with m tidal

cycles, where psed is the dry density of sediment (Eqg. 5.2).

m dSmin dE
AZ ot a given location = ijl {(0( d—l\g —-(1-a) E) At} (5.2
where a= 0 or 1 if there is accretion or erosion respectively, over the time period considered.
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We assumed that the deposition and erosion processes do not occur simultaneously. It
was shown by Partheniades, (2009), erosion and deposition of cohesive sediments do not take
place simultaneously. Thus, it is assumed that the sedimentation occurs over a certain period
from the start of slack periods of low and high tides (Brown 2013). The slack periods start ca
1 and 2 h after the high and low tides of the Guadiana estuary, respectively (Garel et al. 2009).
The instant of accretion (Eq. 5.3) or erosion (Eg. 5.4) will be given by decimal values 2t/T

where t is instantaneous time of the tidal cycle and T is the Tidal period.

2t

a=0 if025< {(%) — (mt. F)} <0.75 (5.3)

e=1 if {(¥)-(int. )} <025and {(¥)- (int. £)}>075 (5.4)

In process-based approaches the instant of erosion or accretion is determined by the
critical bed shear stress because the bottom stress is a first-order term in the momentum
equation that describes the coastal circulation and sediment transport (Ganju and Sherwood,
2010). In reality, there would period where there is no erosion or accretion. However, in the

context of behaviour-oriented model, such simplifications would be justified.

5.3.1 SEDIMENT DEPOSITION OVER A TIDAL CYCLE

The sediment deposition rate in sub-tidal channels can be approximately estimated by
calculating accretion and erosion separately. Steady advective settlement and intermittent
contacts of sediments with the bed via vertical turbulent excursions are the dominant processes
that govern the sediment deposition rate in an estuary (Prandle, 2009). We assume the
deposition occurs only in the slack period. The slack period of the Guadiana estuary is

approximately 1 h after high tide (Garel et al., 2009). As the present study is focused on

174



Long term Coastal Responses to sea-level rise and sediment supply reduction

simulating the long-term morphological evolution of estuaries, we can conveniently assume
that the resuspension of the sediment due to turbulence is not important as all dispersive
collisions settles during this time frame. That is the estuary bed is fully absorptive (Sanford
and Halka (1993). Hence, sediment deposition rate (mm/sec) can be represented in terms of
settling velocity (Ws) sediment concentration near the bed (Cy) and bulk density of sediment

(Prandle, 2009):

S 5.5
de Psed ( . )

The settling velocity of fine to medium sand particles (Dso = 0.125 — 0.35 mm) was
estimated in terms of the kinematic viscosity of water (v), average grain size diameter (Dso)

and non-dimensional grain diameter D= (Hallermeier, 1981 and van Rijn 1984):

W, = - [(10.36? + 1.049D%3)°5 — 10.36] (5.6)
50
Y
o, = s 6

where g being the gravitational acceleration, and s the ratio of the grain density to the water
density. The grain density is set to a default value of 2650 kg m®, representative of quartz

sediments.

Settling velocity of silt to very fine sands (Dso ~ 0.25 — 0.125 mm) was derived using
the formula of Lane and Prandle (2006) to account for the increase of settling velocity due to
flocculation of particles (Eq. 5.8). Prandle (2009) shows time series of Cy can be related to

depth-averaged concentration (Eq. 5.9).
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Ws = Dg, (5.8)
C ~LC 5.9
b "’\/ﬁ ( : )

Morales (1995) proposed an empirical model for estimating the depth-averaged
sediment concentration in the Guadiana estuary in terms of river discharge Qr (m®/sec). There
is a fundamental issue of using this relationship for hindcasting suspended sediment
concentrations in the Guadiana river during the Holocene. But we used this formula because
the present approach mainly focus on conceptualizing the problem of long-term modelling of

morphological evolution in estuaries.
~  [(Qr 0.5
c=(x) (5.10)

As explained in the section 5.2.4, the discharge of the Guadiana River was drastically
reduced after 2002 with the closure of the Alqueva dam for impounding the reservoir. Though
it is possible to model the time series of River Discharge using Fourier analysis, a simple
approximation of the available archived data from Pulo do Lobo gauge station of the Guadiana
River was used in the model (Fig. 5.3). Large discharges with high fluctuations over a
considerable period were averaged for simplicity and reduce the MATLAB scripts in the
program. Suspended sediment concentration at peak discharge occasions were obtained by
scaling the value estimated using Eq. 5.10 to comparable with concentrations observed during

similar situations by Marchado et al. (2007) and Garel et al. (2009).
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Figure 5.3 Observed and approximated river discharge of the Guadiana estuary from 2000 to
2014 May and pulse like large discharges with high fluctuations over a considerable period

were averaged for simplicity in the Matlab script.

The dispersion coefficient E, can be approximated by (Prandle, 1982):
E =fU*h (5.11)

where f, is the bed friction coefficient, h is the water depth and U* is the tidal current amplitude.

We used the expression derived by Jones (1983) to estimate the bed friction in terms of

bed roughness, Zo (Eq. 5.12).

We assume bed roughness consists of the form drag resulting from ripple/dune
formation with wave length of Ar (=1000Dso) and the skin friction related to the coarse sand

with grain size Dsg for hydraulically rough flow (Reeve et al., 2004).

_ Ar , 25Ds
Zo= s+t =0 (5.13)
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Prandle (2009) presents a solution for the tidal current amplitude, U* for synchronous
estuary condition where the spatial gradient in tidal elevation amplitude (C*) is zero (Eq. 5.14).
That is the unique wave number (k) for axial propagation of current (U) and surface elevation
(©). In the Guadiana estuary the tidal wave propagates in synchronic mode up to 50 km from
the mouth (Morales 1993). This characteristic may be preserved even during the spring tides
as the tidal range attenuation is less than 20 cm per 10 km along the longitudinal axis of the

river (Garel et al., 2009).

¥ _ % k
U =C 0o (5.14)

The linearized dimensionless bed friction coefficient (F) was related to the phase angle
(6) and tidal frequency (w) and it can be estimated using the Eg. 5.15 where and oh/oh is the

axial bed slope (Prandle 2009).

F c’)h/aX

tanf = ——=-—"" (5.15)
k= J(%hg (5.16)

5.3.2 SEDIMENT EROSION OVER A TIDAL CYCLE

The short-term erosion rate in an estuary can be approximated using the simple formula
of Prandle (2004) where vy is the sediment erosion coefficient (Eq. 27). For tidally dominated
estuarine regimes, erosion rate is relatively insensitive to the power N (= 2-5) and U, (Prandle,

2004). On the other hand, Lane and Prandle (2006) suggested that the precise calibration of
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hydrodynamics and sediment modules are likely to be unsuitable for long-term applications.

Thus we assume U:=0 and N=2 (Eq. 5.18).

dE _ YIPywi-ugN (5.17)
dt Psed .

a5 _ YPwwy? (5.18)

dt Psed

As given by Lane (2004), the main constituents of current velocity speed (Ut) were
assumed to be current velocitys (Uo) due to river discharge and semi-diurnal (M2) and quarter

diurnal (Ma) currents.

U, = U* cos(wt) — aU* cos(2wt — 6) — aU* cos (5.19)

Where a=C*/h.

5.3.3 TIDAL HEIGHTS AND WATER DEPTHS OF THE ESTUARY.
Tidal heights, " for the model were estimated using the Eq. 5.20, based on the tidal

parameters of constituents given by Pinto (2003).

" =z+XL, cos (Znt _ ’L”i) (5.20)

T; 180
where, ¢, ¢;, Ti were tidal amplitude, phase lag and period of the i tidal constituent and N is

the number of tidal constituents considered for calculating the water level.

Compared to the observed archived data for the Guadiana estuary by the Instituto
Hidrografico, (1990), the maximum and minimum tidal levels and the maximum tidal range

were able to predict with good accuracy (Fig. 5.4). Then the estuary water depth at a given cell,
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h(t) will be determined by the elevation z relative to the mean sea level and the sea-level rise.
Though the analytical solutions were derived by Prandle (2009) for tidal propagation of
estuaries were based on dominant tidal constituents, the water depths in the estuary have to be
estimated with good accuracy because the net accretion rates were related to the water depths

in the model. Therefore, the tidal heights were estimated using 10 tidal constituents.

Table 5.1 Tidal constituents used for determining the tidal heights in the model (Pinto, 2003).

Tidal constituent (i) Amplitude (g;) Period (Tj) Phase (¢i)
(m) (Seconds) (Degree)
M2 1.03 44712 198.7
M4 0.021 22356 39.4
S2 0.34 43200 91.8
01 0.0503 92969 66.5
K1 0.062 86170 64.7
MSf 0.02 1275721 3135
N2 0.21 45570 357.8
K2 0.07 43082 117.1
MS4 0.004 21972 229.8
M6 0.01 14904 250.0
2
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Figure 5.4 Modelled tidal heights of the Guadiana estuary for a year in terms of 10 tidal

constituents.
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5.3.4 SENSITIVITY OF POWER OF CURRENT VELOCITY, FRICTION AND SEA-
LEVEL RISE ON ESTUARINE MORPHOLOGICAL EVOLUTION.

As different values were proposed for the index n, the power of the current velocity of
the erosion rate function by various authors. Therefore, we simulated the morphological
evolution of the Guadiana estuary for n values of 1.8, 2, 2.5, 3, 4, 5, 6, 7, and 8. The sea-level
rise rate was assumed as 3.2 mm/yr for these simulations. Bed friction of the each cell was
derived by the expression of Jones (1983). The input elevation data set was derived from the
observed bathymetric map of the Guadiana estuary for the year 2000 and the simulation carried
out until 2014 May with 1200 second time step.

The bed friction f appears in both the sediment deposition rate and erosion rate
functions. Thus, the effect of the bed friction will be non-linear on the elevation change in
estuaries. Simulations were carried out by increasing or decreasing the values of the empirically
estimated bed friction of each cell by £50, £30, -20%, £10%, +80%, 90%, 100% and +107%
forn=1.8, 2, 2.5 and 3. The sea-level rise rate was assumed as 3.2 mm/yr for these simulations.
The resulting modelled morphology for 2014 May was compared with the corresponding
observed elevation data set to derive the elevation change and the average net accretion rate
for the above conditions.

The study of the sensitivity of bed friction on morphological evolution revealed that
there is an interrelation between the bed friction and the power n. There were four optimum
modelled solutions for the observed elevation change over 14 years. We used those four
solutions to access the sensitivity of sea-level rise rates on estuarine morphological changes in
decadal time scale. Simulations were carried out by changing the sea-level rise rates to 1, 2,
3.2, 4 and 5 mm/yr. The observed rate of global mean sea-level (GMSL) rise is +3.2 £ 0.4 mm

yr~! since 1993 (Church, et al 2013; Masters et al., 2012).
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For the above four combinations of the friction factor and n value, we studied the effect
of dam construction (in particular the Alqueva dam) along the Guadiana river on the estuarine
morphology. The temporal variability of the average elevation change over the lower estuary
were assessed from 2000 to 2014 May. The model was scripted with MATLAB, an advanced
scientific computational language and spatial analysis were carried out using Geo-processing

and 3D Analysis tool of ESRI ArcGIS software.

5.4 RESULTS

5.4.1 OBSERVED AND SIMULATED DISTRIBUTIONS OF ELEVATION CHANGE
According to the results, the observed elevation change from 2000 to 2014 shows and normal
distribution (Fig. 5.5a and 5.5b). The observed average elevation change (AZ,,) of the normal
distribution is 0.369 m and the standard deviation (cobs) is 0.766 m. The maximum accretion
and erosion in the 10 km stretch of the channel from the mouth is 4.5 and 3.2 m, respectively.
Simulated elevation changes over the same period for different powers (n) of the current
velocity of the erosion rate function (Prandle, 2009) do not show much difference in the case
of standard normal distribution curves.

However, compared to the standard normal distribution, there are clear variations of the
distribution patterns of elevation change for different n values. Simulated average elevation
change (AZg,,,) increase from negative to positive value when the value n increases from 1.5
to 3 and then it is almost constant in between n=3 and 8. Standard deviations of simulated

distributions of elevation change also show a similar behaviour.
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Figure 5.5 Observed and simulated distributions of elevation change of the Guadiana estuary

from 2000 to 2014. (a) Standard normal distribution and (b) normal distribution.
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AZ =~¥N,AZ; (5.22)

N 2 _1/wN 2
Zi:oAZi _E(ZizoAzi)

o= i (5.23)
= =1) = L g~ (®?/2

f(@®,u=00=1) = (5.24)

=242 (5.25)

where AZ; is the elevation change from 2000 to 2014 of the the i cell and N is the number of

cell in the domain considered in the simulation.
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The observed normal distribution elevation change and the simulated distribution
corresponding to n=2 shows a good agreement with each other despite the extreme accretions
were not able to be simulated properly. For n=2, the model was able to produce maximum
erosion about 5m and maximum accretion 1.7 m. All the simulated curves show this deficiency,
but when the n value is increased, it is possible to simulate high accretion cells, though the
distribution curves deviate from the observed pattern significantly. These extreme accretion
cells may be due to transportation of sand bars and sand waves as the rivers are highly dynamic.
Prandle, 2009 suggest that n is typically in the range of 2-5 and Lane and Prandle (2006) found
that n=2 can be used to reproduce the sediment concentration in the Mersey Estuary. Lavelle
et al (1984) inferred a value of n=8 for fine sediments. Van Rijn (1993) found transport rates
of fine sands proportional to powers of current between 2.5 and 4 depending on wave
conditions.

As explained under the methodology, the friction factors for all the simulations were
estimated based on empirical equation of Jones (1983) where bed roughness can be related to
drag resulting from ripple/dune formations, and the skin friction, which is related to the grain
size, Dso, of coarse sand for a hydraulically rough flow (Reeve et al., 2004). The sea-level rise
rate is 3.2 mm/yr which was the global mean sea-level rise rate estimated from satellite

altimetry data (Watson et al., 2015).

54.2 SENSITIVITY OF FRICTION COEFFICIENT ON MORPHOLOGICAL
EVOLUTION.

As the empirically estimated bed friction of each cell has increased from 0.5*f to 2.07*f
(changed by £50, +30, -20%, +10%, +80%, 90%, 100% and +107%), mean value of the
distribution curve of the elevation change shift towards negative showing increased erosion

(Fig. 4). When the power (n) of the current velocity increased from 1.8 to 3, the mean value
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shift towards positive showing increased accretion. This behaviour is only valid for a case of
Ur < 1 m/sec (Fig. 5.6). Interestingly, it is possible to find normal distribution patterns
approximately similar to the observed distribution of the elevation change in the Guadiana
estuary bed from 2000 to 2014. They are: (1) for n = 1.8, and when the friction factor is reduced
by 20% (0.8*f); (2) for n = 2 and no change in friction factor; (3) for n = 2.5, and when the
friction factor is increased by 50% (1.5*f); (4) for n =3, and when the friction factor is increased
by 107% (2.07*f). However, these similar situations may not imply that the estuary bed
experience the same dominant process under those four situations. This aspect will be discussed
in the section 5.4.4. The extreme accretions were able to simulate for reduced values of the
friction coefficients but there would be a clear shift in the average elevation change and the

standard deviation of the data sets.
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Figure 5.6 Sensitivity of bed friction coefficient (f) and power (n) of current velocity in the

erosion rate function on determining the probability distribution of the elevation change of the

Guadiana estuary from 2000 to 2014.
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For the changes in friction coefficient and the power n, the variation of the average
accretion and standard deviation are shown in Figure 5.7a and 5.7b, respectively. Variation of
average elevation change and standard deviation over this period for the case n = 8 were also
shown in respective figures. This simulation was carried out to find the extreme limit of n. The
trend in the average elevation change is almost linear when the n values are 1.8 and 2. For the
cases of n= 2.5 and above, the average elevation change exhibits a non-linear behaviour and

may be approximated with polynomial function.

@ s ®
L

AN

o
xf\\\é\k\\ _ STDV=Ax2 +Bx +C
: o
\\ - té\
o —

6. o~
—_—— N N e =
< n
-Observed e
— P -
X

= Average accretion = ax2 +bx + ¢

Average Sediment accretion over 14 yrs

Standard deveation of sediment accretion over 14 yrs

— ‘Observed ~—_ \ -

Ur"1.8 & f_Change % g e \\\ % UrAL8 & f Change_% 05 \%vo
¢ Ur"2 &f_Change_% - © Ur~2 &f_Change_%
® Ur~2.5&f_Change_% o Ur"2.5&f_Change_%

A~ w T~ o %
4 Ur"3 &f_Change_% A Ur"3 &f_Change_%
» Urn8 &f_Change_% T 5 Urng &f Change_%

15
-05 -03 -01 01 03 05 0.7 09 11 -0.5 -0.3 0.1 01 03 05 0.7 0.9 11
Reletive change (g) in friction coefficent Reletive change () in friction coefficent
(c) ()

15 y=zIn(x) +x y=gx+96

x 0.5*f for Ur*n (n=1.8-8) ©0.7*f for Ur"n (n=1.8-8)

Aé/ 3 4 5 6 7 8
5 X 0.5*f for Ur"n (n=1.8-8) ©0.7*f for Ur"n (n=1.8-8)

=0.9*ffor Ur*n (n=1.8-8)  +1.0*f for Ur"n (n=1.5-8)

05 -0.9*ffor Urtn (n=1.88)  + 1.0*ffor Ur*n (n=15-8)

A 1.1*f for Ur*n (n=1.8-8) 01.3*f for Ur"n (n=1.8-8)

Average Sediment deposition over 14 yrs
o
o o
NS
T
0
ks
\ |
Standard deveation of sediment deposition over 14 yrs
-

A 1.1*ffor Ur™n (n=1.8-8) 01.3*f for Ur™n (n=1.8-8) x 1.5*f for Ur*n (n=1.8-8) 02.0*f for Ur™n (n=2-8)

15 x 1.5*f for Ur"n (n=1.8-8) 02.0%f for Ur~n (n=2-8) 0
h 1 2 3 4 5 6 7 8

n - Power of the residual current (Ur) of the erosion formula n - Power of the residual current (Ur) of the erosion formula

Figure 5.7 Sensitivity of estimated bed friction coefficient and power (n) of the current velocity
of the erosion function on the average elevation change and corresponding standard deviation

based on the simulated bathymetries of the Guadiana estuary for 2014.

The standard deviation and change in friction coefficient for above cases are non-linear

relationship for all n values. The horizontal dashed lines in both figures represent the observed
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average value of the elevation change and corresponding standard deviation during this period.
Thus, the n =3 would be the limiting case where we can obtain an approximate normal
distribution that is similar to the observed data set. For n =8, the polynomial curves will not
intersect the horizontal line. This will suggests that the most suitable values for power n of the
current velocity in the erosion function would be between 1.8 and 3.

Average elevation change and standard deviation show a logarithmic relationship with
the power (n) of the current velocity for n =1. 8 to 3 and for n > 3, both parameters do not
depend on the value of the n (Fig. 5.7c and 5.7d). If the friction factor decreased and limits to
zero, we can expect that the average elevation and standard deviation does not correlate with
the value n and there would be constant average elevation for any n values. That would be an

ideal case of smooth channel.

5.4.3 MORPHOLOGICAL EVOLUTION IN THE GUADIANA ESTUARY BED.
Simulated bathymetries of the Guadiana estuary that corresponding to the four cases
explained previous section, show good agreement with the observed bathymetry obtained using
the single beam echo-sounding technique (Fig. 5.8). There are extensive shallow regions in the
main channel that are less than 4 m in depth. However, a mildly meandering deep channel with
an average depth of 8 m is a characteristic of the both maps of 2000 and 2014 of the Guadiana
estuary. On the other hand it is recognized that the vessels which navigate through this channel
generate locally significant turbulence and waves and therefore, sediment deposition and/or

erosion will not be solely/directly governed by the tidal currents in the estuary.

187



Chapter 5. Sensitivity of controlling parameters of the morphological evolution model

(a) . (b) = iE) @

1
A

]
[, . -~ . ’
) ] &
T N .
- . £ E

i

e
T
L
R

:
\

TR
- viggpe
O -

5

BB o om0 20m 4000 Meters EEET |
i I R | Gl n, )

@? R w4 % 5 s e a¢

Figure 5.8 Observed bathymetries (z) and simulated bathymetries of year 2014 of the Guadiana
estuary with respect to mean sea-level of the year 2000. (a) Observed z of the 2000; (b)
observed z of the 2014; (c) simulated z (n = 1.8 and empirically estimated friction coefficients
were reduced by 20%; (d) simulated z (n = 2 and empirically estimated friction coefficients
were not changed; (e) simulated z (n = 2.5 and empirically estimated friction coefficients were
increased by 50%; (f) simulated z (n = 3 and empirically estimated friction coefficients were
increased by 107%.

The morphological evolution in the Guadiana estuary can be understood from the
elevation change of the bed over this period. The observed map shows erosion mainly in the
Portuguese margin of the channel and shallow regions close to the mouth of the river (Fig. 5.9).
Accretion has taken place in other areas where average value would be about 20 cm over this
period. However, there is a significant increase in the accretion depth (about 4 m) near to the
Spanish margin and 6 Km from the mouth. Adjacent to this highly localized accretion region,
there is a channel with increased erosion about 2 m. That is nearly perpendicular to the river
flow. The highly localized erosion and adjacent accretion area would be trough and crest
regions of sand waves moving towards the ocean. Sometimes this special feature may be due

to frequent maneuvering of vessels along this path to a loading and unloading location situated

in the Spanish margin.
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Figure 5.9 Observed and simulated elevation change of the Guadiana estuary from 2000 to

2014. (a) Observed AZ; (b) simulated AZ (n = 1.8 and empirically estimated friction
coefficients were reduced by 20%; (c) simulated AZ (n = 2 and empirically estimated friction
coefficients were not changed; (d) simulated AZ (n = 2.5 and empirically estimated friction
coefficients were increased by 50%; (e) simulated AZ (n = 3 and empirically estimated friction

coefficients were increased by 107%.
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On the whole, the observed and simulated elevation change patterns corresponding to
the four cases discussed here can be very much comparable. Simulated maps also show high
erosion in the Portuguese margin and shallow regions near to the mouth. However, simulated
erosion near to the mouth is approximately four-fold higher than that in the observed map. In
case of n = 1.8 and 2 and corresponding friction coefficients, erosion of this shallow region
extends up to the Spanish bank and the average erosion height was 0.5 m. In the other two
cases, the erosion height is about 0.2 m. The increase of accretion near to the downstream of
the bridge (farthest limit from the river mouth considered in the analysis can be highly
comparable between both observed and simulated AZ maps. The simulated elevation changes
show an increased accretion of 1m height in the deep section of the channel of the Guadiana
estuary. That is not clearly visible in the observed map. However, there is an increase, but
scattered accretion along this sub-channel in the simulated maps. This may be resuspension
and transportation of the sediment away from this channel due to the disturbances for flows
and currents with frequent navigation of large vessels. Possible impacts due to navigation on
the hydrodynamic characteristics that govern the flow patterns near the bed of the deep channel
and thereby the sedimentation were not considered in the model development. Therefore, we

may not be able to expect accurate sedimentation patterns in that region.

5.4.4 ANNUL VARIABILITY OF THE ELEVATION CHANGE IN THE ESTUARY.
Simulation results for the four cases considered in this study were used to understand
the annual variability of the elevation change relative to the year 2000 (Fig. 5.10). At present,
the river water discharge is regulated by more than 100 dams (Wolanski et al. 2006). The
Alquea dam that forms the largest reservoir in Europe (Dias et al., 2004) was closed in February
2002 (Garel 2009). The simulated models corresponding to the four cases show almost same

rate in the average elevation change until 2002. During 2002 and 2003, the simulated average
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elevation changes increase, but with slower rate compared to the rate before 2002. This implies
that the lower estuary has experienced immediate response of the closure of the dam. Then, the
average elevation change corresponding to n = 1.8 and 2 decreases until 2005. Those two cases
show a near equilibrium situation in the estuary bed from 2005 to 2010 as the average elevation
change was approximately constant. As the downstream experiences low flow conditions
further, the simulated average elevation change corresponding to n = 1.8 and 2 started to
decrease showing identical rates for both cases. This would coincide with the year at which the
reservoir reached its full capacity with the 250 km? surface area.

When n = 2.5, the simulated average elevation change slowly increases from 2002 to
2010 and then it showed a near equilibrium until now. The simulated average elevation change
corresponding to n = 3 also showed a comparatively high rate of increase until 2010 but slow
down afterwards. Thus, the effect of reduction of river discharge and thereby fluvial sediment
supply to the estuarine system can be visible in all four cases. However, they do not undergo
identical processes. At present, cases corresponding to n = 1.8 and 2 represent dominant erosion
process while the case n = 2.5 represents a near equilibrium situation in the bed. The case
represents an accretion phase. However, according to our understanding of the estuary, the case
of n=1.8 and 2 would be more applicable to the Guadiana estuary.

According to the simulation results corresponding to four cases, the standard deviations
of elevation change in the lower estuarine bed were approximately identical (Fig. 5.10b). That
was changed after 2002 reflecting the disturbance to the fluvial sediment supply of the system
after closure of the Algueva dam. However, at present the standard deviations of elevation
change in the whole lower estuary are approaching to an approximately identical value and

tend to be a constant implying less time dependency except in the case of n = 1.8.
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Figure 5.10 (a) Annual average elevation change (simulated) relative to the year 2000 and (b)
corresponding changes in the standard deviation for four cases of (1) n = 1.8 and friction
coefficients were reduced by 20%; (2) n = 2 and no change in friction coefficients; (3) n=2.5
and friction coefficients were increased by 50%; (4) n = 3 and friction coefficients were

increased by 107%.

5.4.5 Sensitivity of sea-level rise rate on the decadal scale morphological evolution
Sensitivity of the sea-level rise rate on the elevation change in the estuary over a 14 year period
was estimated using the average elevation change and standard deviation (Fig. 5.11a and

5.11b). Average elevation change from 2000 to 2014 increases linearly, but mildly with the
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increase of sea-level rise rate from 1 to 5 mm/yr. However, the standard deviation of the
elevation change in the whole system shows a weak decreasing linear relationship with the
increase of sea-level rise rate. All four cases corresponding to n = 1.8, 2, 2.5 and 3 shows this
identical behaviour.

Furthermore, whether the increase of the accommodation space would be infilled to maintain
the stable water depths by keeping pace with the sea-level rise was assessed in terms of the
relationship between additional relative net accretion rate (Eq. 26) and sea-level rise rate (Fig.
5.11c). The additional net accretion rate is the difference between the rate of elevation change
with and without sea-level rise. The main assumption is that the dominant process that
determine the long-term morphological evolution of an estuary is sea-level rise. The Increasing

rate of the accommaodation space can be assumed as same as the sea-level rise rate.

(AZwytn sLR —BZNo sLR) /AT (26)
Increasing Rate ofaccomodation space

Additional relative net accretion rate =

The Variation of additional relative net accretion rate with sea-level rise rate shows different
behaviour according to the value of n and the corresponding friction coefficients of the
optimum solutions that corresponding to the observed behaviour of the system. For n = 1.8 and
2, additional relative net accretion rate increases logarithmically with the increase of sea-level
rise rate. For n = 2.5 and 3, additional relative net accretion rate decreases logarithmically with
the increase of sea-level rise. This is mainly due to the dominant processes that govern the
estuary are different, as explained in the section 5.4. However, all the curves converge to a near
zero value when the sea-level rise rate is 5 mm/yr. This implies that there is no additional
relative net accretion in the system. Thus the sedimentation process in the system will be
governed by the tidal dynamics under the rapid sea-level rise and significant reduction in
sediment supply due to human interventions. Therefore, the Guadiana estuary may behave as

a give-up estuary in the future as described by Cooper et al. (2012).
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Figure 5.11 Sensitivity of sea-level rise rate on the elevation change of the estuary bed. (a)
Average elevation change with sea-level rise rate, (b) standard deviation with sea-level rise rate

and (c) additional relative net accretion rate with sea-level rise rate.
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Such situation would result in an increase of water depth and submergence of salt-
marshes and increase of mud-flat areas. Therefore, rapid sea-level rise would lead to deleterious
consequence to the entire ecosystem due to the reduction in the biodiversity of the estuarine
habitats. Therefore, it is advisable to maintain a minimum fluvial discharge by regulating the

reservoir capacity of the Alqueva dam.
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Figure 5.12 observed and simulated normal distribution of the elevation change in the
Guadiana estuary from 2000 to 2014 for four cases of (1) n = 1.8 and friction coefficients were
reduced by 20%; (2) n = 2 and no change in friction coefficients; (3) n = 2.5 and friction

coefficients were increased by 50%; (4) n = 3 and friction coefficients were increased by 107%.

The simulated normal distributions of the elevation change in the Guadiana estuary
from 2000 to 2014 (for four cases of (a) n = 1.8 and friction coefficients were reduced by 20%;
(b) n = 2 and no change in friction coefficients; (c) n = 2.5 and friction coefficients were
increased by 50%; (d) n = 3 and friction coefficients were increased by 107%) show no
significant difference for increasing sea-level rise rate (Fig. 10). However, the mean values of
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normal curves shift positive side while there is no clear relationship between the probability
density with the sea-level rise rate. For instance, the maximum probability density at the mean

value does not depend on the sea-level rise rate.

5.5 DISCUSSION

551 ASPECTS OF LONG-TERM PREDICTIONS OF MORPHOLOGICAL
EVOLUTION OF ESTUARINE SYSTEMS.

Predictability of long-term morphological changes in estuaries is limited because of the
non-linear and stochastic in nature of the external forcings, sensitivity analysis of idealized
models can be considered as a method of investigation of the behaviour of these systems (De
Vriend, 2001). In this context, the accuracy and the sensitivity of the simulated morphological
evolution of the Guadiana estuary from 2000 to 2014 May have to be assessed in terms of
dominant controlling parameters of the model. Long-term simulations of the morphological
evolution of estuarine systems in response to global and local forcings are complicated due to
the incompatibility between scales of short-term hydrodynamic processes and long-term
morphological processes. Long-term and large-scale predictions will be related to the time
scale of predominant processes like waves, tides, and settling and advection of suspended
sediment; or the time scale of external forcing like sea-level rise or inherent time scale of
predominant morphological changes like life time of a sand wave or bed forms (De Vriend,
2001). Though the simplification of estuarine processes is unavoidable in model studies, it
should be cautioned the reliability of the results. It is possible to understand the solutions from
idealized model simulations are one possible scenario of stochastic behaviour of the system.
For instance, when sediment diposits with time, the inundation hydroperiod decreases, so that

less sediment deposits leading to a reduction of accretion rate (Fagherazzi, et al., 2007). In
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estuarine systems, sediment movement initially leads to morphological changes at the special
and temporal scales of the water and sediment motion resulting in changes in the flow and
sediment transportation processes (De Vriend, 2001). This suggests that there is a complex
non-linear feedback between sediment infilling and inundation hydroperiod in estuarine

systems (Sampath et al., 2015).

5.5.2 SENSITIVITY OF f ON MORPHOLOGICAL EVOLUTION OF ESTUARIES.
Bed shear stress is a critical parameter in determining the coastal circulation and
sediment transport (Ganju and Sherwood, 2010). The total bed shear stress can be related to
three contributors, namely: (1) the skin friction or gain-related friction; (2) the form drag
resulting from ripple/dune formation; and (3) sheet flow conditions arises due to turbulent
momentum exchange between the particles (Reeve et al., 2004). However, the present model
does not use bed shear stress but the bed friction will be calculated to estimate the axial current
velocity to determine the erosion rate using the formulation presented by Prandle (2009). In
the model, the bed friction coefficients (f) of each cell with its own unique grain size were
estimated using the expression derived by Jones (1983), which related to the bed roughness,
Zo. However, for simplicity, we assumed bed roughness consists of only the first two
components given by Reeve et al., (2004). The form drag also will be only due to ripple
formation with wave length of A, (=1000Ds0) (Reeve et al., 2004) and the skin friction related
to the coarse sand with grain size Dso for hydraulically rough flow where the Nikuradse
roughness length ks was 30Z (Nikuradse, 1933). However, according to the study of Lobo et
al., 2002, more than 570 medium and large dunes of H > 0.25 m were identified and there are
many other small dunes and in the marine estuary Seaward-directed dunes were higher (average
value of 0.6 m) than symmetric dunes (average value of 0.4 m). Therefore, the estimated bed

friction will be under-predicted.
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Despite this weakness, understanding the sensitivity of the bed friction is important
because, according to the tidal theory, tides and river discharge interact through quadratic bed
friction, which diminishes and distorts the tidal wave as fluvial discharge increases (Moftakhari
et al., 2013). The present study shows the decrease in friction factor resulted in decrease of
sediment erosion as it can be inferred from the formulation of Prandle (2009). The friction
coefficient play role in the sedimentation rate function as it determines the increase of the
suspended sediment concentration due to resuspension. Thus, non-linearity of the bed friction
on the average elevation change over decadal scale can be expected as the coefficient is
increased beyond the estimated values using the expression of Jones (1983). In reality, if the
bed friction is decreased, there would feedback effect to increase the water depths because
according to Lane (2004), if the bed friction is reduced, the amplitudes of tidal constituents
tend to increase and decrease in phase lead while the increasing of the friction results in the
opposite effect. Furthermore, the role of bed friction on the morphological evolution does not
depend only on the f, but the model includes the linearized bed friction (F) for determining the
current velocity. This coefficient in the model will indicate whether the tidal dynamics are

frictionally dominated if the tidal amplitudes are greater than h/10 or otherwise (Prandle, 2004).

5.5.3 SENSITIVITY OF THE POWER OF CURRENT VELOCITY.

According to Prandle, 2004, erosion rate is relatively insensitive to either the power n
for a tidally dominated regime and the n is encountered in the range 2-5. The present model
simulations suggest that average elevation change would be almost constant for n > 3. This
observation will be held for any friction values that we used in the simulations. If the n is
reduced the erosion will be increased significantly. The model would be unstable and
inaccurate if the n < 1.5. However, Prandle, (2004) suggests that the currents are insensitive to

the bed friction (f) if the tidal amplitudes are greater than h/10.
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5.5.4 THE IMPACT OF SEA-LEVEL RISE ON THE GUADIANA ESTUARY FROM
2000 TO 2014.

Use of different sea-level rise rates as input parameters in the model simulations helped
to understand the sensitivity of sea-level rise rate on morphological evolution. It seems if the
sea-level rise rate increased beyond the present global mean-sea-level projection of +3.2 £ 0.4
mm/yr (Church, et al., 2013; Masters et al., 2012), the estuary may not be able to keep pace
with increasing accommodation space. Thus channel deepening and translation of salt-marshes
into mud flats where the biodiversity is very poor can be expected in the future. As understood
in terms of annual variability of the average elevation change from 2000 to 2014, the estuary
behaves differently though the model can simulate the bathymetry for the year 2014 with good
accuracy comparable to the observed for four optimum combinations of the friction factor and
power of the current velocity. If these simulations were further extended for different scenarios
of river discharges, we may be able to find the minimum rate of water discharge from the

Alquava dam to sustain the marsh systems in the future.

5.5.5 STRENGTHS AND LIMITATION AND POSSIBLE IMPROVEMENTS OF THE
MODEL

The ability to accurately predict the large-scale spatial and temporal evolution of an
estuarine system in response to natural forcing or human interferences is increasingly important
as the system may be under pressure beyond its carrying capacity (De Vriend, 2001). Thus,
such models serve the need for sustainable management of these tidal systems to understand
whether they will keep up with forcing like sea-level rise and due to the shortages of fluvial
sediment supply due to reduction in river discharge. Most of the deterministic models ignores
the stochastic nature of the forcings affecting natural systems like estuaries, and they are often

dependent on representative conditions like dominant river discharge (Jansen, 1979; Sampath
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et al., 2015), sediment grain size (Sampath et al., 2015) and a few tidal constituents (Latteux,
1995) or representative waves (De Vriend, et al., 1993) .

In the present behaviour-oriented model application, we try to represent the temporal
variation of water level due to tides using 10 tidal constituents. The stochastic nature of the
river discharge was absorbed into the model by including an approximated time series instead
of the measured data. Therefore, the future predictions may reflect the probabilistic nature of
the input data to certain extend. That is because the measured time series will not reflect the
total stochastic nature of centennial time scale (De Vriend,, 2001). Instead of using one
representative mean grain size for the cell, accuracy of the settling of suspended sediment
within the estuary can be improved, if the sediment composition can be represented. The spatial
variability of sediment size within the estuary will have signatures of morphodynamic
behaviour of the systems in the past. That will help to predict the morphological evolution in
decadal time scale. However, the inability of the model to update the special variability of
sediment distribution in the estuary with the advection of new sediment into the system, is a
weakness in the model. The tidal constituents also will vary with the increase of sea-level, but
the model does not take such variations into consideration.

Furthermore, the long-term model of simulating the morphological evolution over
centennial to millennial time scale was validated with stratigraphic data of radiocarbon ages of
six borehole in the Guadiana estuary (Sampath et al., 2015). This paper presents the results of
sensitivity analysis of the decadal simulations of the scale sub-model of the above long term
model. The decadal scale simulations of the Guadiana estuary were validated using the data of
the bathymetric surveying carried out using single beam echo sounder and real time kinematic
method to correct the variation in tides over surveying period. The river discharges were based
on the observed time series and tidal heights were derived using tidal constituents. Suspended

sediment concentration projections related to the river discharge (Morales 1995) and scaled to
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with the data of Machado et al., (2007) and Garel et al., (2009) obtain peak SSC during the
flash discharges during this period. However, still there would be inaccuracies of these field
measurements it would be noteworthy to mention that if the models are over calibrated and
parametrized its essential dynamics using the data from the past, a model may lose its predictive

capacity in general De Vriend, 2001).

5.6 CONCLUSIONS

A conceptual model was developed to simulate long-term morphological evolution of the
Guadiana Estuary in response to dominant forcings such as sea-level rise and sediment supply
changes. The model first simulates the decadal-scale evolution of the estuarine system to find the
spatial variability of the annual average of the net sediment accretion in the estuary. The results
are applicable to simulate the centennial scale morphodynamics by means of behaviour-oriented
approach. The decadal-scale hydrodynamics and morphological evolution were simulated by using
the generalized analytical solutions within a theoretical framework, in which the tidal propagation
in the estuary was represented by the one-dimensional and cross-sectionally averaged shallow-
water wave equations while frictional terms were linearized in a triangular-shaped and
synchronous estuarine channel.

1. The decadal-scale model produced elevation change distribution from 2000 to 2014 in the
Guadiana estuary, approximately similar to the observed normal probability distribution
for the same period.

2. The variation of average elevation change (AZ) and standard deviation (o) exhibit a
logarithmic relationship for the powers of current velocity of the erosion rate function (n)

from 1.5 to 3 and then there is no significant change in AZ and o for further increase of n.

3. A combined effect on AZ and ¢ is identified between the n and friction factor for the

modelled current velocity less than 1 m/sec.
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The optimum modelled distribution of elevation change similar to the observed can be
obtained for n = 1.8, 2, 2.5 and 3 while the friction is changed -20 %, (0.8f), 0 %, (f), +50
%, (1.5f), and 107 % (2.07f) respectively relative to its estimated value by using empirical
expression derived by Jones (1983).

The difference between AZ with and without sea-level rise relative to the increasing rate
of the accommodation space converges to zero with the increase of sea-level rise rate above
the present global mean sea-level rise rate, thus sea-level rise rate with 5 mm/yr would
cause significant destruction to the sensitive ecosystem of the Guadiana estuary.

. After 2010, there is increasing erosion for n = 1.8 and 0.8f and n = 2 and f and equilibrium
condition can be expected for n = 2.5 and 1.5f as there is approximately zero net accretion
over this period but a logarithmic increase of net accretion for n=3 and 2.07f case. This
suggests, though the simulations show elevation change distributions comparable to the
observed elevation change for four combinations of friction and the power of the current
velocity, the estuarine system is under different state according to the dominant processes.
The field observations suggest that increased erosion and transport of sediment into the
ocean, the most applicable combination would be given by n=1.8 and 0.8f or n =2 and f.
The model was able to produce spatial variability of eroding and accreting regions, though
there may be a discrepancy in magnitude. The erosion has taken place mainly in shallow
mudflats. That will imply that that the mud plat will deepen with sea-level rise.

Finally, even though the complete model is formulated to simulate long-term
morphological evolution in estuarine systems, the decadal scale module of the model
would be useful to simulate short-term bathymetries of estuarine channels and to estimate
the volume of the channel dredging for navigation. However, it is important to establish
the normal distribution of AZ in estuaries by carrying out several bathymetric surveying at

least annually.
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Chapter 6

Estimation of denudation rate of the Guadiana basin using the sediment
budget approach.

This chapter is mainly based on the following abstract and foreseen for publication with the
co-authors in a peer reviewed journal after including the results of the denudation rate

estimation by 1°Be isotope method.

Sampath, D.M.R., Padilla, S., Delgado, J., Lépez-Gutiérrez- J. M., Nieto, J.M., Boski, T., 2013.
Estimation of denudation rates of the drainage basin of the Guadiana river using '°Be isotope
method and sediment budget method. V' Regional Committee on Neogene Atlantic

Stratigraphy RCANS 2013 24-26 September 2013, Huelva
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ABSTRACT

The denudation rate within the Guadiana basin is estimated for the purpose of
assessment of landscape evolution in millennial time scale. The study was carried out using the
estimated data of suspended and bed load transport to the ocean from the Guadiana river and
an estimation of the sediment volume deposited in the process of sediment infilling of Guadiana
palaeovalley in response to eustatic sea-level rise between 11500 Cal. yr BP and pre
anthropogenic period. The latter estimation was carried out by simulating the sediment infilling
using a hybrid estuarine sedimentation model. The study will serve to understand the controls
and efficiencies of relevant geomorphic processes, and to establish the relationship between
climate change and landscape response. The estimations can be used to achieve the objectives
of soil/sediment management of the whole basin, in particular for the Transboundary Rivers.

According to the sediment budget approach, the average denudation rate of the
Guadiana river basin in the considered period is 1.58*10° cm/yr. That is one order of
magnitude less than the result obtained using the '°Be isotope method. However, if we apply
retention factor for the value estimated using the sediment budget approach, to account for the
sediment load trapped behind the dam, the results would be comparable. On the other hand, the
estimation of denudation rate using the sediment budget method and the 1°Be isotope method
can be used as a novel approach for estimating sediment retention by dams. This study proves
the validity of the approach and the applicability of the model. Further studies are necessary to

improve the estimations.

Keywords: Denudation rate, Sediment budget, Guadiana drainage basin, °Be isotope,

Long-term hindcasting models
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6.1 INTRODUCTION

Denudation is the overall degradation and levelling of continental land masses (Ahnert,
1996, Smithson et al. 2008) due to exogenic processes, including weathering, mass wasting
and erosion by wind, running water, waves and glaciers (Olvmo, 2010). Erosion can result
either from mechanical or biological mobilization, transport and carrying away of rock and soil
material, by external agents, surface or subsurface (Slaymaker, 2003). These materials
ultimately are transported into continental basins and oceans by surface runoff, river flow,
ground water seepage, ice and wind while discontinuous transfer will take place into
sedimentary basins from storage of fine material in valleys, on flood plains, lakes or man-made
reservoirs (Einsele, 2013).

Denudation rate usually represents the spatially averaged rate of erosion for the entire
basin with particular physiographic settings with similar geologic, climatic, and land use
conditions (Ahnert, 1970; Einsele, 2013). Therefore, it is required to measure erosion and
weathering rates, in different geomorphic settings and across various temporal and spatial
scales, to quantify the rates of landscape evolution, to understand the controls and efficiencies
of relevant geomorphic processes, and to establish the relationship between climate change and

landscape response (Small, et al., 1997). The estimations serve the objectives of sediment
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management of the whole basin, in particular for the transboundary rivers (Naden et al., 2004).
Erosion can result in very deleterious impacts on the landscape and the ecosystems (Dymond
et al., 2010), while that can be hazardous when the mass movement of the earth is involved
(Hovius et al., 1997). Thus, the main objective of this chapter is to estimate and compare the
denudation rate of the Guadiana river catchment using the °Be isotope method and the

sediment budget method. This will serve as a validation of the strength and skills of the model.

6.2 CHARACTERISTIC OF THE GUADIANA BASIN

The transboundary Guadiana River is 810 km long, and its basin area is about 66’960
km? (Garel et al., 2009), of which 55260 km? (83%) are Spanish, and 11°700 km? (17%)
Portuguese (Gonzalez, et al 2001). Oliveira et al. (1992) and Linan et al. (1994) as adapted by
Gonzalez, et al. (2007) provide a classification of geology in the basin, accordingly, the basin
consists of (1) Shists and greywackes of the Ossa-Morena zone (Proterozoic and Paleozoic);
(2) Meso-Cenozoic sediment cover; (3) flysch deposits and Iberian Pyrite belt (Devonian-
Carboniferous); (4) Magmatic-hercinian Intrusive rocks (Gabbros of the Beja massif); (5)
Magmatic-hercinian Intrusive rocks (acid to basic rocks); and (6) metagabbros, sheeted dike
complex, and metabasalts (Paleozoic) in Beja Acebuches ophiolitic complex. The monotonous
sequence of schists and dark grey greywackes exhibit brown colour when deeply weathered
(Machado et al., 2007). Eroded sediments from these sources will be eventually transported
into the river and some part of it will deposited in the estuary while the rest is carried up to the
continental shelf. According to Morales (1993), gravel and sand from the drainage basin are
deposited in the upper estuary, while in the middle estuary, poorly sorted sediment with grain
size ranging from gravels to clay and silt dominate. Well sorted medium sand including quartz,

feldspar and bioclasts are typical in the lower estuary (Lobo et al., 2004; Geral et al., 2009). As
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the grain size of the subtidal channel near to the mouth of the estuary and open coast is
approximately same (Morales et al., 2006), sediment will be mainly from the sea.

The hinterland of the Guadiana River Basin is extremely dry, in particularly during the
summer (Gonzalez, et al 2001) and as consequence water consumption for irrigation amounts
to 95% of total water consumption in the basin as a whole (Aldaya and Llamas, 2008). The
course of the river is mainly through rural areas and the mining area of the South Iberian Pyritic
Belt (Machado et al., 2007) creating high potential for the anthropogenic soil erosion. At
present, the river water discharge is regulated by more than 100 dams, including the Alqueva
dam that forms the largest reservoir in Europe after its completion in 2002 and (Dias et al.,
2004). The Guadiana River Basin and its adjacent coastline of the southwestern Iberia were
subject to high seasonal variability in its flow regime prior to the closure of Alqueva dam and

low flow after its completion (Gonzalez, et al 2001).

6.3 METHODOLOGY

The sediment budget concept was introduced with a landmark study of inventorying
sources, sinks and movements of sediment by Jackli, (1957). Swanson et al. (1982) presented
the first detailed explanation of the sediment budgeting methodology. Sediment budget method
of estimating the denudation rate is essentially a mass balance based approach, which accounts
the sources, sinks and redistribution pathways of sediments in a unit region over unit time
(Slaymaker, 2003). Sediment budget can be defined as a quantitative statement of the rates of
sediment production, transport, and discharge of detritus which account for the sources and
deposition of sediments as it travels from its point of origin to its eventual exit from the
drainage basin (Reid and Dune, 1996). According to Gregory and Goudie, (2011), the simple

form of the sediment mass balance relates the sediment inputs (I) from upstream, tributaries,
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and slopes to outputs (O) and a change in sediment storage (DS) due to deposition and erosion

of the valley, floodplain and lacustrine sediment stores:

| = O£AS (6.1)

According to Swanson et al. (1982), the three components of sediment budget have to
be established: (1) recognition and quantification of transport processes, (2) recognition and
quantification of storage processes, and (3) identification of linkages amongst transport
processes. As the estimation of direct denudation measurements on slopes can lead to pitfalls,
the denudation rate is usually derived from the determination of the sediment transport of
streams or rivers (Ahnert, 1970). Accordingly, sediment load estimations or measurements give
a value for the total weight of rock or soil removed from the drainage basin per unit time. If the
average density of material is known, this weight can be converted in volume per unit time
(usually year; kilo year; mega year). If the basin area is known, then the thickness of removed
material or the average denudation rate can be derived for the whole basin. Sediment budget
method of estimating the denudation rate is a powerful tool, generally used at the scale of
sedimentary basins (Guerit et al., 2015). Despite its inadequate justification, the main
assumption in this approach is that the rate of rock waste production, and rate of transport of
that material, within the drainage basin is during the short period of measurement in
equilibrium with the rate at which the rock material is removed from the basin (Ahnert, 1970).

Though there are no measured values for the suspended load and bedload sediment
transport in the Guadiana estuary, estimation of the same parameters by Morales, (1993), and
Portela, (2006) was used for this preliminary estimation of the denudation rate using the
sediment budget method. The estimation of the annual rate of deposition of the sediment in the

estuarine system, including the intertidal area was carried out by using the modified estuarine
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sedimentation model. Its methodology was described in the chapter 3 under the simulation of

sediment infilling during the Holocene in response to eustatic sea-level rise.

6.4 ESTIMATION OF DENUDATION RATE FOR THE GUADIANA ESTUARY
There are no published data on the sediment discharge from the Guadiana river
(Morales, 1997), but according to Portela (2006), the order of magnitude of both suspended
load and bedload sediment discharge from 1980-2000 (before the Alqueva dam) were 10°
m3/yr. According to Morales 1993, the suspended sediment load is approximately 579000
m3/yr and the bed load is 439600 m®/yr. Thus, the total sediment load from the Guadiana basin
to the ocean is approximately 1.02*10% m®/yr. The accumulation of the sediments within the
area of the present estuarine system started very early, ca 13,000 Cal. yr BP (Boski et al., 2008).
The sea-level rise rate from 11500 Cal. yr BP to 7500 Cal yr BP was 7.5 mm/yr and then up to
the present pre-anthropogenic period, it was about 1.3 mm/yr and it has kept pace with sea-
level rise during the Holocene as there were no significant human activities in the catchment
area that obstructed the natural sediment supply into the coastal system (Boski et al., 2002;
2008 and Delgado et al., 2012). Based on morphological simulations using the Estuarine
Sedimentation Model, the total volume deposited from 11500 to 7500 Cal yr BP was about
3.05x10° m® while the infilling volume of sediment since then was about 1.63x10° m® to
compensate for increase of accommodation space due to sea-level rise during the Holocene
period. Thus, the fluvial sedimentation rate from 11500 Cal yr BP to present was about
0.08x10° m®/yr. Therefore, the Total fluvial sediment load from the river basin would be
1.1*10° m®/yr. As the basin area of the Guadiana river is 66960000000 m?, the average

denudation rate would be 1.58*10° cm/yr.

219



Long term Coastal Responses to sea-level rise and sediment supply reduction

6.5 DISCUSSION

The average denudation rate of the Guadiana estuary derived from the annual average
flux of 1°Be isotope was 1.3 + 0.2x10% cm/yr while the same derived using the directly
estimated monthly averages was 0.79 + 0.62 x102 cm/yr (Sampath, et al., 2013). That is one
order of magnitude higher than the same derived using the sediment budget method. However
the denudation rate of the Guadiana river derived from the sediment budget method is
comparable with that of the Mifior river in the northern Spain. As the Guadiana river flow is
highly regulated during the last 50 years, the recent estimations of fluvial sediment discharges
(Morales, 1993, Portela, 2006) may not be representative of the pre-anthropogenic periods. In
1990, about 70% of the Guadiana drainage basin was regulated (Morales, 1995) and resulted
in drastic reduction of sediment supply to estuary and ocean basin. Therefore, denudation rates
of the Guadiana river basin derived using the sediment budget method would be an under-

estimation.

Table 6.1 Corrected average denudation rate of the Guadiana river basin by applying assumed

sediment retention factor due to dams.

Total sediment load into the ocean * (m®/yr) 1020000 1020000 1020000

Sediment retention by dams (%) 80 85 90

Corrected total sediment load into the ocean (m®/yr) 5100000 6800000 10200000

Sedimentation rate in the estuary? (m>/yr) 80000 80000 80000

Corrected total sediment load from the basin (m®/yr) 5180000 6880000 10280000

Corrected denudation rate (cm/yr) 774%10% 1.03*102 1.54*102

Note
tas estimated by Morales, 1993
2 as estimated using the simulations of ESM model
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It is widely accepted that the sediment volume retained by dams would be reach up to
90%. Table 6.1 gives corrected denudation rates for assuming sediment retention factors, which
has to be established scientifically by further research. At present, the river water discharge has
reduced by 90 % compared to its unregulated river flow discharge (Wolanski et al., 2006). If
we assume that the sediment supply into the ocean and the estuary is also reduced by the same
percentage we may apply correction for sediment accumulation behind dams along the
Guadiana river. Accordingly, if we apply 90% retention factor for the value estimated using
the sediment budget approach, the results would be comparable with the upper limit of
denudation rate estimated using the °Be isotope method. The correction factor of 85% would
agree with the lower limit of the denudation rate measured using the isotope method while 80%
would approximately represent the value estimated using monthly averages of 1°Be isotope
concentrations. Therefore, denudation rates of the Guadiana river basin derived from the °Be
isotope method may be directly comparable with those obtained from the sediment budget
method only after correcting for attenuation of solid discharge caused by dams. On the other
hand, the estimation of denudation rate using the sediment budget method and the 1°Be isotope
method can be used as a novel approach for estimating sediment retention factor (SRFpam) by

dams (Eq. 6.2).

AXDR1ope —LSDREstuary

SRFDam = 100 - ( 100 ) x (QSus + QBed) (62)

where DRioge is the denudation rate using the °Be isotope method; A is the basin area; gsus
and gged IS the recent estimation of suspended and bed load into the ocean and SRFpam is a

percentage.

The main assumption is that the long-term (millennial scale) sediment deposition rate

(LSDREswary) would not be affected significantly due to the changes of sediment supply in an
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estuarine system during recent anthropogenic period of the catchment. The present estimation
of bed load and suspended load into the ocean will be mainly affected due to damming. The
denudation rate is characteristic of the whole drainage basin, and not the river. The river flow
is obstructed by dams resulting retention of sediments. If there are no dams or regulations of
river discharge, thereby sediment supply, the denudation rate estimated using the sediment
budget should be a higher value reflecting the increase of sediment erosion in the catchment
due to human activities including irrigation and agriculture. There are also evidences for a rapid
hillslope erosion in particular from 3000 to 300 yrs BP, that are considered to relate to pre-
Roman, Roman, Moorish and early Portuguese phases of settlement and clearance for
agriculture and forestry resulting valley floor deposition and estuary siltation (Plater and Kirby

2006). Therefore the above correction factor has to be refined further in the future studies.

6.6 CONCLUSIONS

The denudation rate of the Guadiana basin represents a generalized process of
landscape evolution in millennial time scale. It has a paramount importance to understand the
controls and efficiencies of individual geomorphic processes, and to establish the relationship
between climate change and landscape response. Such estimations can support the sediment
management in the whole basin, what is particularly relevant for the Transboundary Rivers. In
order to check the trustworthiness of the denudation rate figures the results obtained by'°Be
isotope method and the sediment budget method were confronted.

According to the sediment budget approach, the average denudation rate of the
Guadiana river basin is 1.58*10 cm/yr. The average denudation rate of the Guadiana estuary
derived from the annual average flux of 1°Be isotope was 1.3 + 0.2x102 cm/yr while the same
derived using the monthly averages was 0.79 + 0.62 x102 cm/yr. ie. One order of magnitude

higher than the first method. The inclusion of the correction for sediment retention by dams
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into the sediment budget approach, in the widely accepted range of 90 — 80% makes the results
obtained by two methods fully comparable. Conversely, the estimation of denudation rate by
the sediment budget method and the 1°Be isotope method can be used as a novel approach for

estimating sediment retention by dams. Further studies to improve the estimations are needed.
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ABSTRACT

In the context of rapid sea-level rise during the 21% century and beyond, managing estuarine
ecosystems systems is a demanding task if there is significant reduction of fluvial sediment
supply due to regulation of river discharge for different purposes. Methods applied to estimate
environmental flow does not take into consideration the fluvial discharge required for
maintaining the saltmarsh habitats and does not consider the impacting process of sea-level
rise. The present study aims in filling this gap and assess sensitivity of morphological evolution
of the estuary to the river discharge in the worst case sea-level rise and sedimentation scenarios.
Assessment were mainly based on the theoretical framework, a set of analytical solutions to
simplified equations of wave motion in shallow waters. Simulations were carried out for three
cases in terms of the base river flow. The first case represents the observed base flow of the
river, approximated in terms of trigonometric functions, of which amplitudes are 35, 25, 10
and 8 m®/sec. The other two cases were derived by multiplying amplitudes by 1.5 and 2 to
increase the annual average base flows by 1.37 and 1.75, respectively. For the two latter
conditions the estimated net eroded sediment volume was reduced by 25 and 40% with respect
to the estimated net eroded volume for the observed river discharge. Based on linear regression
analysis, net erosion may be avoided by increasing the amplitudes of the base flow function by
3.5. But that is not sufficient to avoid submergence of habitat area due to the projected 79 cm
rise of sea-level by the year 2100. The results suggest the deficiencies of defining the
environmental flow as a percentage of dry season flow. Determination of environmental flow
should be based on a full spectrum of natural flows, in terms of temporal and spatial variability.
A multi-dimensional approach has to be adopted to mitigate the consequences of sea-level rise

and strong flow regulations on the ecosystem of the Guadiana estuary.

Keywords: Long-term morphological evolution, Estuary, saltmarsh, sea-level rise,

Environmental flow
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7. 1 INTRODUCTION

Estuarine ecosystems, including saltmarshes provide economic, social and environmental
benefits, which includes distinctive biodiversity and important ecosystem services, such as
coastal defence, supporting fisheries and nutrient cycling (Mossman, et al., 2012). But they are
vulnerable to rising sea levels, coastal developments, pollution and disturbance (Boorman, et
al., 2002). The negative impacts on entire estuarine systems receive less attention when dams
and irrigation farming are proposed upstream or when development and land reclamation sites
are demarcated with hard engineering structures for flood protection within the littoral zone
(Wolanski et al., 2006). Principal among fragile coastal habitats that are at risk from a variety
of anthropogenic and natural forces are saltmarshes (lower, middle and upper marsh) associated
with inter-tidal areas made up with fine-grained sediments (Dijkema 1987, Burd 1989).
Therefore, Saltmarshes are now less extensive around the coasts of Europe than they were
before the anthropogenic period (Dixon et al. 1998). The Health of an estuarine ecosystem is
determined by natural interaction and feedback physical, biological and environmental
processes, thus involve with number of important variables (Balls, 1994). According to
Boorman, et al. (2002), a salt marsh develops naturally when an intertidal mud flat accumulates

fine sediments to a level at which pioneer salt marsh plant species can colonise, if the suitable
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conditions for their germination and establishment exist. For long term survival of and
development, sediment from the water, which covers the marsh at high tide has to be trapped
by the salt marsh plants and then incorporated into the marsh substrate (Boorman, et al., 2002).

The ecosystem health of an estuarine system can be degraded when the systems are
poorly flushed, a characteristic during the low flow conditions either due to droughts or flow
regulations by dams (Wolanski et al., 2006). The river discharge of the Guadiana River is
regulated by more than 100 dams, including the Alqueva dam, constructed in 2002, forming
the largest reservoir in Europe (Dias, et al., 2004). Therefore, the river discharge into the
estuary is generally less than 20 m®/sec (Garel and Ferreira, 2012). This significant reduction
of river discharge leading to man-made droughts due to excessive trapping of water behind the
Alqueva dam, and pulse-like, unseasonal river flows were the characteristic of the post dam
Guadiana river (Wolanski et al., 2006). Area of the salt marsh habitat is reduced compared to
the natural fluvial sedimentation prevailed in the system during the Holocene period (Boski et
al., 2008). The situation can be further aggravated due to strong anthropogenic pressure,
including urbanization, farming and aquaculture (Me nanteau et al., 2005). Therefore, the
ecosystem health of the Guadiana estuary is severely affected at present (Wolanski et al., 2006).

One of the strategy of mitigating negative consequences of river runoff regulations is
to define environmental flow to inform on how much water should be released into a river, or
the limit of abstraction from it, or the restoration of flows (King et al., 2003). The objective of
the environmental flow is to mimic components of the rivers natural flow variability, including
the magnitude, frequency, timing, duration, and rate of change and the predictability of flow
events (Arthington et al., 2006). Environmental flows may be defined as the minimum water
requirement that is left in a river system, or released into it, for the specific purpose of managing
the condition of that ecosystem (King et al., 2003). There are about 100 different approaches

to determine the environmental flow for the management of water resources (Tharme, 1996;
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King et al., 1999). The main types of flow-assessment approaches are: (1) hydrological, (2)
hydraulic rating, (3) habitat rating, and (4) holistic (King et al., 1999). The first approach is
based solely on hydrological data and use summary statistics of flow, which may or may not
be ecologically relevant, to advise on suitable flows, often for fish habitat (King et al., 2003).
Due to the lack of sensitivity of the first approach to individual rivers, hydraulic-rating methods
were developed which use field measurements to describe channel-discharge Relationships
(King et al., 2003). Though providing river-specific data, the second method failed to indicate
the significance of changes in the measured physical conditions for the aquatic biota and this
led to the development of habitat-rating approaches (Reiser et al., 1989a; 1989b; Stalnaker et
al., 1995). Though hydrodynamic habitat models have long been used worldwide to facilitate
Environmental Flow Assessments (EFAS) in deriving defensible flow recommendations these
models have been primarily focused on fish, neglecting the habitat requirements of other biotic
elements of the whole ecosystem (Theodoropoulos, et al., 2015). These methods do not pay
attention to the fluvial discharge required for maintaining the saltmarsh habitats and does not
consider the threat of sea-level rise. Though the Alqueva water management authorities are
intended to maintain environmental flow, which is not compulsory according to existing
Portuguese water resources legislation and this is very simply calculated as a value > 2.5 to 5%
of the modular water flow to be maintained throughout the year, if conditions permit (Galvao,
et al., 2012). The adequacy of this approach has been challenged by several studies (e.g. Alves
and Bernardo, 1998; Alves and Goncalves, 1994; Chicharo et al., 2006; Chicharo et al., 2009;
Wolanski et al., 2008).

Though, this study is not aimed to present a method of determining the environmental
flow for such scenarios, but try to understand the sensitivity of river discharge on maintaining
the depth of intertidal zone where the salt marshes can colonize. Thus, in the context of hybrid

approach extending from chapter 5, which is a simple and idealized scripted with MATLAB
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using a set of theoretical framework based on rule-based morphological expressions derived
by Prandle (2004; 2009), this study is focused to understand the effect of dam construction
along the Guadiana river on the estuarine morphology. Therefore, the main objectives of this
chapter are twofold: (1) to assess the sensitivity of river discharge under the worst case sea-
level rise rate scenario (ALFI — Intensive use of fossil fuel and 95% limit of the envelop) on
determining the decadal scale morphological evolution in the Guadiana estuary and (2) to
understand the effect of dam construction along the Guadiana river on the estuarine
morphology. The model simulations were carried out in the Guadiana estuarine system because
this region is affected with increased rate of sea-level and starvation of fluvial sediment due to
the construction of a large number of dams over the past 50 years (Sampath et al., 2015). The

model was scripted with MATLAB, an advanced scientific computational language.

7.2 STUDY AREA

Extensive details of the geographical and hydrodynamic setting of the Guadiana estuary
are given previously. Therefore, the most important and relevant characteristics of the area are
explained briefly here. Guadiana River is located in a semi-arid region with a Mediterranean
climate (Aldaya and Llamas, 2008). Average annual precipitation is ca. 500 mm, and the
hydrographic regime is torrential with concentrated rainy periods and a prolonged dry season,
usually from May to September (Galvéo et al., 2012). The Mediterranean climate irregularity
shows a strong interannual variability, with intense rainy years, alternating with years of
extended droughts (Daveau, 1987). Since the managing water requirements for different
purposes under such demanding conditions has led to the construction of hundreds of dams,
from which almost 90 have a volume capacity over 1hm? (Galvéo et al., 2012). These dams
will trap sediment increasingly eroded from the catchment but without allowing them to reach

the coastal system (Ferreira and Panagopoulos, 2014).
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The Guadiana estuary is located along the southwestern boundary of Portugal and
Spain. On the Portuguese margin, the salt marshes are sheltered by an ebb-tidal delta and it
drains into the estuarine channel while the eastern margin is a mosaic of barrier islands and
spits separated by wide salt marsh habitats that drain mainly to the sea through the Carreras
tidal inlet (Garel et al., 2009). Under low flow conditions (Qr < 50 m®/sec), the Guadiana
estuary can be considered as well-mixed in salinity (Fortunato et al., 2002). Under these
conditions, seaward vertical velocity regime due to barotropic tide exists at spring tides, while
the lower estuary is partially stratified during the neap tide (Garel et al., 2009). The estuary
may have trapped approximately 10% of the total fluvial sediment contribution (0.5 to 1.5 x
106 t/yr) to the littoral zone from 1980 to 2000 (Portela, 2006). Under the low flow conditions,
the suspended sediment concentration (SSC) is 10 mg/L at the mouth and it is about 100 mg/L
at the middle estuary, where the turbidity maximum locates (e.g. Wolanski et al., 2006;
Machado et al., 2007). However, before the Alqueva dam, the Guadiana River runoff was
highly variable, at a seasonal and inter-annual scale resulting severe droughts or episodic
floods. Thus, monthly river discharge ranged from <10 to 4660 m®/sec and 50% of are less than
110 m®/sec during the period 1947-2001 (Garel et al., 2009). Mean river flow measured at
Pulo do Lobo (ca. 85 km upstream from river mouth) during summer reached 20 — 25 m®/Sec
during 1997 — 1998 previous to Alqueva, and decreased below 10 m*/Sec from 1999 to 2003
during Alqueva construction and filling. Afterwards, summer river flow increased to 10 — 15
m®/Sec during 2004 — 2005 reaching 20 — 25 m?/Sec during 2007 — 2008, but decreased back
below 10 m®/Sec during 2008 — 2009 (Galvdo, et al., 2012). From 2010 onwards, data is
scattered, but in general there is an increase of summer flow except in 2012 (Fig. 7.1). The
environmental flow of the Guadiana River is 2 m*/sec, which is the river run-off during the dry

season (Wolanski, et al., 2006).
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7.3 METHODOLOGY

The methodology for this chapter extends from the chapter 5. Therefore, the additional
information required for the analysis of sensitivity of river discharge on morphological
evolution is briefly explained in this chapter. Assessment of the sensitivity of river discharge
in the context of rising sea-level on determining the decadal scale morphological evolution in
the Guadiana estuary were mainly based on the theoretical framework of Prandle (2009) to
represent the estuarine dynamics. The local physical parameters including tidal constituents
(Pinto, 2003), sediment size distribution (Morales et al., 2006), and suspended sediment
concentration (e.g. Garel et al., 2009; Marchado et al., 2007; Morales, 1995) were obtained
from previous studies carried out in the Guadiana estuary. The river discharge data and rating
curves to derive the river discharge from 2000 to 2014 May were obtained from the archived
data. The theoretical framework is based on the analytical solutions to the one-dimensional and
cross sectionally averaged shallow-water wave equations (Prandle, 2009). The equations were
simplified for the first-order tidal simulations by neglecting the convective terms and by
linearizing the quadratic friction term of the shallow-water wave equation. This approach is
further simplified for a triangular shaped synchronous estuaries, as the surface gradients
associated with axial amplitude variations in ¢* is assumed to be significantly less than those
associated with corresponding phase variations (Prandle, 2003). The assumption of
synchronous estuary is shown to be valid for the Guadiana estuary as the study area extends
only to 11 km from the mouth of the river (Geral et al., 2009).

The river discharge in the model consists of a base flow and pulses. The base flow
represents the usual river discharge throughout the year and pulses represent the instantaneous
increase of river discharge due to heavy rain or dam flushing. Sometimes, pulses were averaged
over the time, if there were several pulses in a short time span. The base flow of the Guadiana

river discharge is approximated as a combination of sinusoidal and cosine functions that define
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the base characteristic river discharge after the closure of the Alqueva dam. Coefficients or

amplitudes of the trigonometric functions were 35, 25, 10, and 8 m®/sec (Table 7.1). For the

sensitivity analysis, these coefficients of the trigonometric function of base flow were increased

by 1.5 and 2. Thus, the modelled annual average base river discharge is equivalent to 1.37 and

1.75 of the observed annual average base river discharge from 2000 to 2014 for the factor 1.5

and 2, respectively. According to the empirical formulation of Morales, 1995, the suspended

sediment concentration was increased by 1.225 and 1.41 compared to the SSC corresponding

to each coefficient.

Table 7.1 Coefficients that used to change the base flow of the Guadiana river discharge, which

is approximated as a combination of sinusoidal and cosine functions.

Coefficients of sinusoidal
and cosine functions that
define the base river
discharge of the Guadiana

1.5*Qr

Modelled annual average
base river discharge =1.37*

Observed annual average

2*Qr

Modelled annual average
base river discharge =1.75*

Observed annual average

estuary
base river discharge from base river discharge from
o 2000 to 2014 2000 to 2014
Factor of increase of SSC w.r.t initial SSC due to Qr,
m/sec based on Morales, 1995 empirical formulation
35 1.225 1.410
25 1.225 1.410
10 1.225 1.410
8 1.225 1.410
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Figure 7.1 The observed and modeled river discharge of the Guadiana River from 2000 to
2014 May. (a) Comparison of the observed river discharge with the modeled river discharge
(b) Comparison of the observed river discharge with modeled river discharge, but the

coefficients of the trigonometric function (base flow) were increased by 1.5; and (c) the same

was increased by 2.
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The Observed River discharge at the Pulo do Lobo Guage station represents 91% of the
runoff of the Guadiana basin (Geral et al., 2009). However, the data from 2010 are scattered
(Fig. 7.1a). Therefore, river discharge during such time periods were assumed to represent only
the base flow without peaks. As this is a preliminary study, the sensitivity analysis of the river
discharge on the long-term morphological evolution were carried out for two cases, where the
base flow coefficients were increased by factor 1.5 and 2 (Fig. 7.2b and 7.2c, respectively).

Fig. 7.2 shows the representative sedimentation rate functions for modelled river
discharge, which was approximated to the observed river discharge of the Guadiana River from
2000 to 2014 and modelled river discharge for the same period, but the coefficients of the

trigonometric function (base flow) were increased by 1.5 and 2.
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Figure 7.2 Representative sedimentation rate functions for modeled river discharge, which was
approximated to the observed river discharge of the Guadiana River from 2000 to 2014 and
modeled river discharge for the same period, but the coefficients of the trigonometric function

(base flow) were increased by 1.5 and 2.

238



Long term Coastal Responses to sea-level rise and sediment supply reduction

1000

(a)

800 A Y |
£ )
£ 600 S
2 d
S //

; 400 - //'
© /,’
[«5] P
» -
200 A e
/.,/’°/ ® Sea level rise- A1F1-95%
0 —

2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100

Year
14
(b)
12 o
//./
:; 10 e
E e
% 8' /.///
- i
% 6 n
= gl
S 4 o
2 -
5 o
n 2 o Sea level rise rate- A1F1-95%
O L] L]
Q Q Q Q Q Q Q Q Q Q
N NN RN S\ RN SN R\ SRR\ A
c v v : v v v "% "% v
FF M PSS
S S N N PN U I G
Decade

Figure 7.3 Sea-level rise projections: (a) The upper limit projection of ALFI (Intensive use of
fossil fuel) sea-level rise scenario based on the IPCC, 2007 report, but updated, including the

effect of ice sheet melting (Hunter, 2010); and (b) Corresponding sea-level rise rate variations.

Decadal-timescale forecasting of morphological evolution for different river discharge
functions was based on the upper limit of ALFI sea-level rise projections (IPCC, 2007) that are
updated by Hunter (2010). As the recent sea level change trend, at the Portuguese continental
margin, was attributed to the global causes (Dias and Taborda, 1992), we used the upper limit
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(95%) of mean sea-level rise projections under the globalized economy and intensive use of
fossil fuel (ALlFI) scenario (Fig. 7.3a and 7.3b) given by Hunter (2010). The projection is
relative to the year 2000, though the Hunter, (2010) used 1990 as the base year. The sea-level
rise scenario was assumed as a second order polynomial function of time and first time
derivative of this function was used to derive the sea-level rise rate function for each decade.
The assembled records of altimetry data from the TOPEX/Poseidon, Jason-1, and Jason-2
satellite missions indicate that the average rate of sea-level rise during the period 1993-2009
was 3.2 + 0.4 mm/yr (Nerem et al., 2010).

As explained in chapter 5, the model was scripted with MATLAB, an advanced
scientific computational language and spatial analysis were carried out using geo-processing
and 3D Analysis tool of ESRI ArcGIS software. Time step for hydrodynamic simulations were
20 minutes and long-term morphodynamic simulation were carried out with 1 year time step.
In contrast to methodology in chapter 3 and 4, the hydrodynamic model based on the theoretical
framework of Prandle, (2009) calculates the long term accretion coefficients for the both sub-
tidal and intertidal regions. In the chapter 3 and 4, the coefficients were calculated in terms of
tidal inundation frequency and net accretion coefficient at the Portuguese Hydrographic

Datum.

7.4 RESULTS

Though the output time step of the model simulation was 10 years from the year 2000,
bathymetries shown in Fig. 7.4 represents the bathymetry of the Guadiana estuary observed in
2000 and the simulated bathymetries for 2020, 2050, 2070 and 2010. In this case, the modelled
river discharge is equivalent to the observed river discharge pattern at the Pulo do Lobo Guage
station (Fig. 7.1a) Expansion of area prone to tidal inundation with sea-level rise is very

prominent near to the secondary channels in the Portuguese margin.
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Figure 7.4 Bathymetry of the Guadiana estuary (a) observed in 2000 and the simulated
bathymetries for (b) 2020, (c) 2050, (d) 2070 and (e) 2100, in response to the ALFI sea-level
rise scenario and the modelled river discharge, which equivalent to the observed river discharge

pattern at the Pulo do Lobo Guage station.
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Table 7.2 Predicted translation of area of the likely habitat types in the intertidal zone of the

Guadiana estuary in response to upper limit scenarios of sea level rise and sedimentation

scenarios by the year 2100, compared to their existing area by 2000.

Area of likely habitats in the

Habitat Area — kim? Occupied from the Portuguese margin (km?) by 2100
types (2000) original habitat types AlFI AlFI AlFI
(likely) of (P=95%) (P=95%) (P =95%)
Factorl Factor1l5  Factor?2

Mud flat 6.67 6.68 6.69
Low marsh 4.16 4.16 4.16
Zv'zuc_j . r:')ats 1114 Mid marsh 352 3.48 3.45
Total 14.35 14.32 14.3
Expansion (%0) (28.9) (28.6) (28.3)

Low marsh 0 0 0
Low-marsh Mid marsh 2.51 2.55 2.58
(0—05 m) 4.16 High marsh 4.59 4.54 4.50
Total 7.10 7.09 7.08
Expansion (%0) (70.9) (70.5) (70.2)

Mid marsh 0 0 0
Mid-marsh High marsh 8.08 8.11 8.14
(0.5-1m) 6.03 Total 8.08 8.11 8.14
Expansion (%0) (34.0) (34.6) (35.1)
High marsh 1.31 1.33 1.34
High-marsh 13.98 Newly inundated land 11.98 11.98 11.98
(1-1.8m) Total 13.29 13.31 13.32
Expansion (%0) (-4.9) (-4.7) (-4.7)
Intertidal Existing intertidal zone 29.53 29.52 29.52
zone (Total) 35.31 Newly inundated land 11.98 11.98 11.98
(-2-1.8m) Total 41.51 41.50 41.5
Expansion (%0) (17.6) (17.5) (17.5)

The expansion of intertidal zone limits in the Spanish margin is visible on the banks of

secondary tidal channels of the Carreras inlet. Though the base flow component of the total

river discharge is increased by factor 1.5 and 2, the expansion of tidal prone areas is very much

similar (Table 7.2). The expansion of the mud flat area is prominent under three cases. That is

the area between -2 to 0 m, would be 14. 35 km2. Compared to the approach adopted in the

chapter 4, there is additional transgression of the mean sea-level by 1 km?. The landward
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movement of — 2 m contour, increases the area below the Portuguese Hydrographic Datum,
approximately by 4.45 km?.

As in the chapter 4, for simplicity, the area prone to tidal heights up to 0.5, 1 and 1.88
m are assumed to be the likely habitats of the low and mid and high saltmarsh systems. Under
the worst case sea level rise scenario, low and mid marsh will completely translate into new
regions. Very little amount of area will retain from the high marsh regions compared to existing
area at the year 2000. If the biogeochemical properties are not suitable for the successful
translation of these habitats under rising sea-level, these habitats may extinct from the
ecosystem. Even if the base flow was increased by factors of 1.5 and 2, which resulted in an
increase of sedimentation rate by 1.2 and 1.4 times relative to rates predicted for the
approximated river discharge given in Fig. 1a, the risk of habitat extinction may not be able to
effectively overcome. This would suggest the deficiencies of defining the environmental flow
as a percentage of dry season flow.

Compared to the available area, the survival of marsh system is dependent on the water
depth. If the saltmarsh habitats are submerged with water level, that will increase the
vulnerability of different species of saltmarsh vegetation. Fig. 7.5 shows the change in water
depth of the Guadiana estuary and its intertidal zone region due to ALFI sea-level rise scenario
and sedimentation scenario based on river discharge (a) approximately equivalent to the
observed river discharge pattern from 2000 to 2014 May, measured at the Pulo do Lobo station;
(b) the base flow of the modelled river discharge in the case a was increased by factor 1.5; and
(c) by a factor 2. The change of water depth ranges from 0.7 to 0.86 m in response to 0.79 m
rise of sea-level by the end of the year 2100. In the first case water depth in the intertidal zone
can increase by 0.78 to 0.86 m. In the case b and c, water depth change in the intertidal zone
will be approximately by 0.78 to 0.84 and 0.78 to 0.82, respectively. This shows reductions of

change of water depth by 2 and 4 cm for the case b and c, respectively. However, it is not
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possible to predict the effect of such reduction of water depth due to the increase of base flow

by 1.5 and 2 on the reduction of the stress on salt marsh vegetation for their survival.
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Figure 7.5 Change in water depth of the Guadiana estuary and its intertidal zone region due to
ALFI sea-level rise scenario and sedimentation scenario based on river discharge (a)
approximately equivalent to the observed river discharge pattern from 2000 to 2014 May; (b)
the base flow of the modelled river discharge in the case a was increased by factor 1.5; and (c)
by a factor 2.
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Figure 7.6 Change of elevation of the Guadiana estuary at the end of the year (a) 2020; (b)

2050; and (c) 2100 in response to sea-level rise by 79 cm (The upper limit of the A1FI scenario)

and sedimentation scenario based on river discharge (i) approximately equivalent to the

observed river discharge pattern from 2000 to 2014 May; (ii) the base flow of the modelled

river discharge in the case a was increased by factor 1.5; and (iii) by a factor 2.

According to the bathymetric surveying carried out in 2014 May, there are erosional

and accretion areas relative to the observed bathymetry of year 2000. The tidal inundation

frequency curves were used in the Estuarine Sedimentation Model explained in chapter 2, 3

and 4. Simulation of erosional areas using this approach was not possible as it uses a

generalized sedimentation behaviour for the depth range of the estuary from the maximum high
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tide limit. Such approach would be suitable for unhindered sediment supply conditions where
there is a net accretion throughout the estuary. However, in the context of drastic reduction of
fluvial sediment supply due to a large number of dams along the Guadiana River, it is not
possible to expect net accretion throughout the estuary as it was the case in the Holocene period.
As in the chapter 5, erosional and accretion areas were able to simulate during the 21% century
using the theoretical frame of Prandle, 2009. According to the results, intertidal zone is eroding
and there is a low depositional trend in the sub tidal channel for the increase of water level as
the sea-level rise from 2000 to 2100 (Fig. 7.6). At the beginning, the erosional and accretion
heights are uniform for the three cases. For instance, by 2020, there would be 1 cm of erosion
from the intertidal zone and 2 cm of accretion throughout the subtidal channel. However, with
the increase of sea level by 2100, there is a significant spatial variability of accretion and
erosion. The maximum erosion occurs in the associated intertidal areas of secondary channels,
such erosion occurs in the region associated with a complex network of secondary channels of
the Carreras inlet. With the increase of base flow by a factor of 1.5 and 2, the erosive strength
will reduce by an order of a few centimetres.

The simulation of decadal scale morphological evolution in response to sea-level rise
and reduced sedimentation scenarios shows net erosion from the system (Fig. 7.7). In the
context, that the Guadiana estuary is at the terminal stage, such result can be expected over this
century. Studies by Geral, et al., (2009; 2012), shows the dominance of the ebb tides in the
estuary as the residual currents are seaward. By increasing the base flow river discharge by a
factor of 1.5 and 2, the net eroded sediment volume can be reduced by 25 and 40% with respect
to the net eroded volume given by factor 1 (i.e. modelled river discharge is approximately same
as the observed discharge at the Pulo do Lobo station. However, this reduction will not be
effective, even under such conditions, there can be an increase of water depth in saltmarsh

habitats.
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Figure 7.7 Decadal volume of sediment erosion, accreted and net erosion from the lower
Guadiana estuary due to A1FI sea-level rise scenario and sedimentation scenario based on river
discharge (a) approximately equivalent to the observed river discharge pattern from 2000 to
2014 May; (b) the base flow of the modelled river discharge in the case a was increased by

factor 1.5; and (c) by a factor 2.

247



Chapter 7. Sensitivity of estuarine morphological response to fluvial discharge

7.5 DISCUSSION
7.5.1 IMPACTS DUE TO SEA-LEVEL RISE AND RIVER REGULATIONS
As there conclusive evidence of accelerated sea-level rise during this century (IPCC, 2014),
coastal managers and scientist are increasingly concerned over the future survival of salt
marshes (Kirwan et al., 2010). According to Day et al. (2000), the critical factor in determining
the health of a saltmarsh is the availability of fluvial sediment rather than the sea-level rise.
According to Mudd, (2011), if there is morphological evolution of marsh platform to an
elevation lower than mean high tide, either due to reduced sedimentation or an increased rate
of SLR, then these marsh plants will die while the marsh habitats drown. If these two conditions
are imposed a stress on saltmarsh growth, such systems are highly vulnerable, which would be
the case in the Guadiana estuarine system. The feedback effect of drowning of marsh systems
is the increase of erosion as the plants die and thus these habitats can rapidly convert to subtidal
flats where the richness of species are minimum (Fagherazzi et al., 2006). However, such
feedback effect is not considered in this study. That is because this work is a preliminary
conceptualization of determining environmental flow to maintain the saltmarsh ecosystems.
However, it is important to note that, as concluded by Siams, et al., 2001, that the salt
marshes of the mesotidal estuaries such as the case of Guadiana are susceptible to sea-level rise
only in a worst case scenario. Though, the IPCC, (2007) report does not include the ice sheet
melting of the Greenland and the Atlantic, the IPPC (2014) has included the ice sheet melting
for their latest projections. In this study, the sea-level rise time series for the worst case scenario
is based on the projections by Hunter, (2010), which was scaled the IPCC, 2007 scenarios
based on the projections ice sheet melting estimations given in IPCC, 2001. These projections
are very much closer to the projections in the latest IPCC report. Though there is great
uncertainty is still exist regarding the fate of the ice sheets, losses from both Greenland and

Antarctic ice sheets have accelerated, doubling over recent years due to increased melting
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(Velicogna 2009). The present study showed that the saltmarshes would not be under stress if
there is no man made disturbance like sea walls or concrete coastal defence structures inhibiting
the landward migration of saltmarshes with rising sea-level. When determining the two
dimensional surface area of different habitats under the considered scenarios, there was a little
discrepancy between the measured area in this chapter and the chapter 4. This is because the
resolution considered in the chapter is 10 m and in this chapter the resolution is 50 m to reduce
the time required for the computing. It takes approximately 8 days to simulate evolution of
morphology in response to one case of sea-level and sedimentation scenarios, which is highly
demanding. It is recognized that the MATLAB scripts can be rewritten with efficient codes.
This chapter is also based on the theoretical framework explained in the chapter 5, constraints
discussed under that chapter on the model is valid for this work. The methodology developed
in this study can be further improved by integrating the present morphological model with
biogeochemical and demographic modelling, remote sensing and geographical information

analysis as explained by Siams et al., 2001.

7.5.2 MITIGATING THE SALTMARSH EROSION
The present study shows that the saltmarsh habitats are increasingly at high risk of extinction
due to the increase of water depth change. Though the base flow, which is related to the
environmental flow, is increased by factors of 1.5 and 2, the erosion cannot be effectively
reduced nor will the threat of submergence of habitats be reduced. Therefore, following
remedial measures are recommended to minimize the effect of sea-level rise and reduction of
fluvial sediment supply to the estuarine system.

Holistic management of water resources in the Guadiana River catchment is still a
complex transnational problem though there has been negotiations between Portugal and Spain

for several decades (Galvao et al., 2012). In 1998, Portugal and Spain signed, at Albufeira, a
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Convention to regulate access to their common rivers. Most of them have their upstream basins
in Spain and flow into Portugal (Costa et al., 2008). As an outcome of these bilateral
Agreements, both countries agreed to adopt an integrated management of water and territory
plan, covering quantitative and qualitative features, stipulating minimum flows (under normal
rainfall conditions), and foreseeing the permanent exchange of hydrologic and environmental
data and information (Mendes, 2010). However, in the context of strong flow regulations on
the Guadiana River in the era of rapid sea-level rise, a multi-dimensional approach has to be
adopted to mitigate their negative consequences on estuarine ecosystem including the saltmarsh
habitats associated with the Guadiana estuary. As King et al. (2003), explained, the first step
should be the determination of environmental flow in the Guadiana River based on the holistic
approach. Since all major abiotic and biotic components constitute the ecosystem to be
managed, the full spectrum of flows, and their temporal and spatial variability, constitute the
flows to be managed. Aquatic scientists and engineers from many disciplines should use
methods of her/his choice to develop an understanding of flow—ecosystem relationships, and
then works with the other team members, within the overarching process of the holistic
approach to integrate data and knowledge (King et al., 2003) so that projected time series of
environmental flow can be determined by the additional data including weather forecast for the
region.

Then it is recommended to remove all the unnecessary coastal defensive structures to
allow the natural process to take place. The second approach of managed realignment will
support the natural survival of saltmarsh systems. However, allowing the tidal flow does not
automatically lead to the early reestablishment of a creek system (Boorman et al., 2002).
Therefore, development of an effective drainage system may be useful for the speedy removal
of the surface water as the tide ebbs is important for the dewatering of the soil which aids the

establishment of marsh vegetation (French et al. 1995; Boorman 1999, Dixon et al. 1998).
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Acceleration of the rate of sedimentation can be enhanced by the use of various types of
structures and the best examples of this approach are the Schleswig-Holstein method
(Boorman, et al., 2002). This method was applied in Dutch and German Wadden Sea (Kamps
1962); in England (Toft et al. 1995); and in the USA (Turner and Streever 2002). Furthermore,
other soft engineering measures to retain and stabilize the sediment are the use of geotextile
membranes, wave breakers and vegetation protection (Colenutt, 2001).

The required fine fluvial sediment can be supplied using water wheels with buckets, a
centuries old traditional water pumping mechanism. In this regard, several water wheels can
be installed along the margin of the river and water is conveyed to marsh systems. In this
method water will not be lost as in the case of a diversion structure because water will re-enter
the main river while the fine sediment is trapped by the existing vegetation canopy. This
approach is simple, less maintenance requirements and no energy required to pump the water
as it will work with the energy of the river flow. The enhancement of the natural processes of
marsh development will be effective when conditions are favourable for example where
marshes are threatened by large scale environmental pressures including rising sea levels
(Boorman 1992, Dahl and Johnson 1991).

Some species can colonize in managed realigned sites. However, managed realigned
marsh systems may not have the same species richness as in natural systems (Mossman, et al.,
2012). If all other methods are not feasible, the transplanting of a species of Spartina would be
an alternative but the planting may be difficult in a relatively high energy environment and
proved ineffective (Colenutt, 2001). Considering the inherent variation in natural saltmarshes
and projected environmental change, these additional management interventions of planting of
mid- and upper-marsh species, while manipulating the topographic heterogeneity can be
applied to achieve at least the minimum levels of ecosystem functioning (Mossman, et al.,

2012).
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7.6 CONCLUSIONS AND RECOMMENDATIONS

The present study was focused on assessing the sensitivity of river discharge on
morphological evolution in the estuary in response to the worst case sea-level rise and
sedimentation scenarios. For that purpose simulations were carried out for three cases in terms
of the base flow of the river: i) an approximately equivalent to the observed base flow
component of the Guadiana River. ii) 1.37 times increase of observed annual average base flow
and iii) 1.75 times increase of observed annual average base flow. The corresponding
suspended sediment concentrations were increased by 1.225 and 1.41 compared to the SSC of
each coefficient. Expansion of area under tidal inundation and rising sea-level is very
prominent near to the secondary channels in the Portuguese margin. The expansion of intertidal
zone limits in the Spanish margin is visible on the banks of secondary tidal channels of the
Carreras inlet. A significant increase of the mud flat area is prominent under three cases. Such
increase can result a system with poor species richness. Under the worst sea level rise scenario,
low and mid marsh will translate into a new upwards setting, if the biogeochemical conditions
are appropriate and there is no man made obstructions. The high salt marsh areas will be
drastically reduced when compared to the situation observed in 2000. The modelled base flow
increases were not sufficient to overcome the risks of habitat extinction and point to the
deficiencies of defining the environmental flow as a percentage of dry season flow. The
reduction of sediment erosion by 25 and 40% associated with the modelled conditions will not
be effective to protect the marsh because increase of water depth in saltmarsh habitats.

Thus, in the context of strong flow regulations on the Guadiana River in the era of rapid
sea-level rise, we propose a 4 step multi-dimensional approach for the conservation of the
estuarine system.

1. Determination of environmental flow based on a full spectrum of natural flows, in

terms of temporal and spatial variability.
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2. Removal all the unnecessary coastal defensive structures to allowing the natural
sedimentation process to take place within the system.

3. The fine fluvial sediment needed to sustain the marshes should be supplied by an
appropriate bypassing system

4. A possible transplanting of the dominant marsh species can be envisaged as an

alternative
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To complement observational investigations that have described geomorphological
history and sea-level change over the last 13,000 years in the Guadiana Estuary, in the present
study a new hybrid approach was formulated to simulate the long-term morphological
evolution of the Guadiana estuary during the Holocene period and in response to the projected
sea-level rise and sediment deficiency scenarios for the 21% century. In this hybrid approach, a
simple idealized model was based on analytical solutions to the simplified one-dimensional
equation of axial momentum propagation of tidal waves in shallow waters and the continuity
equation. Empirical information was used to define the local hydrodynamic and
morphodynamic parameters.

The model written by means of MATLAB tool takes into account the processes of sea-
level rise, depth dependent deposition of sediment supplied by marine and fluvial sources and
erosion due to tidal currents. It represents a substantial improvement of previously used
Estuarine Sedimentation Model, as it takes into account the important local controls of
morphological evolution of an estuary like the variation in river discharge, current velocities,
time series of suspended sediment concentration, tidal heights, sediment size, bed friction,

erodibility of sediment and porosity of sediment. The new approach was further improved by
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including formulations to calculate settling velocity for both sands and fine fluvial sediment
and the phase difference between tides and currents was also introduced.

The new hybrid approach was validated by simulating the sediment infilling of the
Guadiana estuary due to eustatic sea-level rise during the Holocene. The simulated model
corresponding to the present day estuarine bathometry reasonably agrees with the observed
bathymetry in the year 2000. The chronostratigraphic best-fit model was established using 16
radiocarbon ages obtained from five boreholes in the estuary. The decadal scale sub model was
validated by successfully simulating the bathymetry for the year 2014 May. The results were
compatible with the corresponding observed bathymetry. In particular the model was able to
simulate the erosional and depositional areas with a satisfactory accuracy. Thus, the present
approach can be applied for simulating the morphological evolution in response to
environmental forcing acts over centennial/millennial and decadal time scale.

According to the results, the power of the current velocity in the erosion rate function
and the bed friction coefficient are mutually related in determining the elevation change in
response to sea-level rise and sediment supply changes. The difference between average
elevation change with and without sea-level rise relative to increasing rate of the
accommodation space converges to near zero value with the increase of sea-level rise rate
above the present global mean sea-level rise rate. That suggests the estuary cannot keep pace
with sea-level rise like the observed during the Holocene. This study further shows that there
is a normal probability distribution in elevation change over a period of time and that can be
simulated using the hybrid model. Furthermore, a new approach was introduced to estimate the
sediment retention by dams, using the sediment budget approach and °Be isotope method.

The model proved to be very useful to estimate the environmental flow required for

minimizing the negative impacts of the accelerating sea-level rise and strong flow regulations
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by dams on saltmarsh habitats. A multi-dimensional approach has to be adopted to mitigate the
consequences of sea-level rise and strong flow regulations on the ecosystem of the estuary.
Though this new model is in its infancy, it combines the deterministic rigour of process-
based models with the observational frames encapsulated in rule-based geomorphological or
behaviour-oriented models. Although there is much work to be carried out to improve the
general applicability of the model to simulate morphological evolution of estuarine systems
with different characteristics including tidal regimes, sediment supply conditions, sea-level
rise, the results, conclusions and recommendations presented in this thesis can provide new

insights for a better understanding of the long-term behaviour of any estuary.
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