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SUMMARY

E STUARINE sediment dynamics involves estuarine hydrodynamics, sediment trans-
port, and morphology, and strongly influence ecosystem dynamics and sustainabil-

ity. In the current geological epoch, referred to as the Anthropocene, human activities
are exerting increasing impacts on the environment on all scales, changing hydrody-
namics, sediment transport, and morphology in many ways outcompeting natural pro-
cesses. For sustainable use of these impacted estuaries, human activities must be part
of, or compensated by, estuarine sediment management strategies. Such management
strategies must be based on detailed physical knowledge of natural sediment dynamics,
and the effect of human activities thereon. The Yangtze Estuary is a system where estuar-
ine sediment dynamics is influenced by intensive human interventions in the upstream
river basin and within the estuary. This study aims to explore the changes in morpho-
logical development and tidal evolution in the Yangtze Estuary on a decadal scale. More
specifically, this dissertation differentiates the effects of local engineering works and of
the decline of fluvial sediment supply due to human interventions in the upstream river
basin, and understand the role of sediments on hydro- and sediment dynamics in highly
turbid estuaries.

Using a series of bathymetric maps from 1953 to 2016, we investigate the morpho-
logical changes in the mouth zone of the Yangtze Estuary. Both shoals in the mouth
zone, i.e., the Hengsha flat and Jiuduan shoal, exhibited accretion at different rates until
∼2010, followed by a period of erosion since then. The Hengsha flat accreted slower than
the Jiuduan shoal. Moreover, the accretion in the Hengsha flat is mainly ascribed to land
reclamation whereas salt marsh introduction strongly contributes to the accretion in the
Jiuduan shoal. Erosion in the two shoals after 2010 may be caused by the reduction in silt
supply due to dam constructions in the river basin. Erosion of the entire mouth zone that
occurred between 1997 and 2010 is mainly the result of local engineering works whose
impact masks the impacts of the fluvial sediment decline. Our results further indicate
that dredging volumes should be included in the analysis of bed level changes account-
ing for its large contribution (∼50%) on the erosion after 2010. A response time lag of
∼30 years is suggested to occur in the mouth zone to the riverine sediment decline.

The changes in tides are evaluated with the water levels observed at Xuliujing and
Yanglin in 1990-1991, 2009-2010 and 2019-2020 and the yearly-averaged high and low
water levels between 1996 and 2011 in seven downstream stations. Data reveal a strong
reduction in tidal damping from 1990 to 2010, followed by a slightly enhanced tidal
damping from 2010 to 2020 in the South Branch. The reduced tidal damping in the South
Branch from 1990 to 2010 is controlled by sediment decline which induces an increase in
water depth (erosion). In the mouth zone, tidal damping is enhanced from 1997 to 2010
and weakened after 2010. The change in tidal damping in the mouth zone is not as pro-
nounced as that in the South Branch, and the effect of morphological changes is limited.
We applied a two-dimensional (2D) barotropic numerical model to explore the effect of

xi
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bed friction. The model suggests a 60% increase in the effective bottom roughness from
1990 to 2010 in the South Branch, which is probably caused by the observed 80% de-
crease in suspended sediment concentration (SSC). This effect enhances tidal damping,
which counteracts the contribution of water depth increase on amplifying tides between
1990 and 2010 and may dominate the stronger tidal damping from 2010 to 2020. In the
mouth zone, the effective bottom roughness mainly becomes larger due to engineering
works but may be counterbalanced by the opposite role of fluid mud formation. The
influence of fluid mud may become progressively larger, leading to a decrease in friction
after 2010. Overall, we have identified that the strong effects of SSC influence tidal dy-
namics through its impact on bed level and effective bottom roughness. The changes in
tides in the South Branch are controlled by the sediment decline whereas the changes in
tides in the mouth zone are still dominated by the local engineering works.

To obtain insight into the density-induced effects of SSC on hydro- and sediment
dynamics in highly turbid estuaries, we set up and calibrated a three-dimensional (3D)
baroclinic sediment transport model for the Yangtze Estuary. In this model, sediment
transport is supply-limited implying that sediment is prescribed at the model bound-
aries and not as an initial condition. The computed estuarine turbidity maximum (ETM)
therefore results from converging sediment transport pathways and not from local bed
erosion, representing equilibrium conditions. Model results suggest that the horizontal
and vertical sediment-induced density gradients have an opposite effect: the horizon-
tal sediment-induced density gradients lead to the dispersion of the ETM and the verti-
cal sediment-induced density gradients promote sediment trapping. Vertical sediment-
induced density gradients influence trapping directly by reducing vertical mixing but
also by indirectly through its effect on water levels, velocities and salinities. Furthermore,
comparisons between the dry and wet seasons indicate that horizontal and vertical SSC
density gradients are relatively more important under weaker and stronger salinity strat-
ification conditions, respectively.

The effect of sediment-induced density gradients is also influenced by tidal asymme-
tries. To evaluate this effect, we set up a schematized model and carried out simulations
with a symmetric tide and asymmetric tide prescribed at the open sea boundary. De-
pending on the type of tidal asymmetry (represented by the relative phase lag between
semi-diurnal and quarter-diurnal tides), sediment-induced density effects strengthen
or weaken the ETM due to enhanced or weakened landward tidal pumping, respectively.
Higher near-bed sediment concentrations as a result of water-bed exchange processes
strengthen the effect of estuarine circulation and therefore promote ETM formation, but
simultaneously strengthen the divergence of sediment by tidal pumping.

We finally explore the importance of sediment-induced density effects on saltwa-
ter intrusion in the Yangtze Estuary for conditions representing climate change and hu-
man interventions (changes in river discharge, sediment supply and sea-level rise (SLR)).
Changes in river discharge and SLR affect sediment trapping efficiency and ETM loca-
tion, thereby influencing saltwater intrusion. Therefore the impact of future changes is
influenced by the turbidity of the estuary. For realistic future scenarios, the period in
which sufficient freshwater is available at a major freshwater intake (Qingcaosha reser-
voir), decreases by several days for sediment concentrations below∼2 kg/m3 but may ex-
ceed a month for sediment concentrations exceeding 10-30 kg/m3. A 70% decline in the
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Yangtze sediment load leads to reduced sediment concentrations in the estuary, which
leads to a seaward migration of the salt wedge of ∼3 km and an extension of freshwa-
ter supply period for over 2 months. A reduction in the sediment load of the Yangtze
therefore mitigates saltwater intrusion and water shortage issues.

Concluding, the morphology and tides have been regulated by various human in-
terventions in the Yangtze Estuary. The Yangtze Estuary response to human interven-
tions varies spatially: the changes in tides, SSC, and morphology in the South Branch
and mouth zone are controlled by the riverine sediment decline and local engineering
works, respectively. Temporally, the short-term effects of local engineering works mask
the long-term effects of riverine sediment decline (time lag effects). The response of tur-
bid estuaries to interventions is influenced by sediment-induced density effects, intro-
ducing feedback mechanisms coupling changes in the hydrodynamics (saltwater intru-
sion) and sediment dynamics (ETM formation). A better understanding of the estuarine
sediment dynamics in response to riverine sediment decline requires detailed monitor-
ing and integrated studies relating the observed changes to sediment-induced feedback
mechanisms controlling hydrodynamics and sediment transport.





SAMENVATTING

E STUARIENE sediment dynamica wordt gestuurd door de waterbeweging, het sedi-
menttransport en de morfologie, en hebben een grote invloed op estuariene ecosys-

temen en duurzaamheid. In het huidige geologische tijdperk, het Anthropoceen, oefent
menselijk handelen op meerdere schaalniveaus een steeds grotere invloed uit op haar
omgeving en heeft een grote invloed op de waterbeweging, het sedimenttransport, en
de morfologie in vergelijking met natuurlijke processen. Duurzaam gebruik van deze
beïnvloedde estuaria vereist dat menselijk handelen een onderdeel is van, of wordt ge-
compenseerd door, estuarien sedimentbeheer. Sedimentbeheer moet gebaseerd zijn op
gedetailleerde kennis van de natuurlijke sedimenttransport processen, en de invloed van
menselijk handelen daarop. Het Yangtze estuarium is een systeem wat sterk beïnvloed
wordt door menselijke ingrepen in zowel het bovenstroomse stroomgebied als in het
estuarium. De huidige studie heeft als doel om de veranderingen in morfologie en wa-
terbeweging in het Yangtze estuarium in de afgelopen decaden te onderzoeken. Hierbij
wordt specifiek ingegaan op de rol van de waterbouwkundige constructies in de vaar-
weg van het estuarium, van de afnemende sedimenttoevoer uit het stroomgebied als
gevolg van menselijke ingrepen, en de invloed van sediment op de waterbeweging en
sedimentdynamica in troebele estuaria.

Gebruik makend van historische kaarten over de periode tussen 1953 en 2016, wor-
den de morfologische veranderingen in het mondingsgebied van het Yangze estuarium
onderzocht. De twee platen in dit mondingsgebied (Hengsha en Jiuduansha) groeien
aan tot aan ∼2010, waarna erosie optreedt. Hengsha plaat groeide langzamer aan dan
Jiuduansha plaat. De aangroei van Hengsha plaat is sterk beïnvloed door landaanwin-
ningen terwijl Jiuduansha plaat aangroeide door de introductie van kweldervegetatie.
De erosie na 2010 wordt toegeschreven aan de afname in sedimenttransport ten gevolge
van de constructie van reservoirs in het bovenstroomse stroomgebied. Het mondings-
gebied erodeert vanaf 2007. Deze erosiefase wordt initieel toegeschreven aan lokale in-
grepen, gevolgd door een fase waarin de afname in het bovenstroomse sedimentaanbod
tot erosie leidt. Onze studie laat ook zien dat 50% van de erosie in het mondingsge-
bied in de periode na 2010 bestaat uit gebaggerd sediment, waardoor het betrekken van
gebaggerde sedimentvolumes cruciaal is voor de analyse van bodemveranderingen. De
volumeanalyse suggereert ook dat het mondingsgebied een vertragingstijd heeft van on-
geveer 30 jaar om te reageren op de afname van de sedimenttoevoer vanuit de rivier.

De veranderingen in het getij worden onderzocht met waterstandsmetingen nabij
Xuliujing en Yanglin in 1990-1991, 2009-2010 en 2019-2020, en met jaarlijks gemiddelde
hoog- en laagwaters in 7 benedenstroomse stations over de periode 1996 – 2011. Deze
data laten een sterke afname in getijdemping in de South Branch zien tussen 1990 en
2010, gevolgd door een beperkte toename in getijdemping tussen 2010 en 2020. De af-
name in de periode 1990 – 2010 is het gevolg van een afname in de sedimenttoevoer, wat
tot erosie en daardoor een grotere waterdiepte leidt. In het mondingsgebied wordt getij-

xv
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demping versterkt in de periode 1997 – 2010, maar neemt weer af na 2010. Getijdemping
veranderd veel minder in het mondingsgebied dan in de South Branch, en morfologische
veranderingen hier zijn beperkt. We gebruiken een barotroop twee-dimensionaal (2D)
waterbewegingsmodel om het effect van bodemwrijving te onderzoeken. Dit model sug-
gereert dat de bodemwrijving 60% is toegenomen in de South Branch in de periode 1990
– 2010, wat waarschijnlijk wordt veroorzaakt door de waargenomen afname van 80% in
de sedimentconcentratie. Deze toename in bodemwrijving versterkt getijdemping, en is
daarmee tegengesteld aan het effect van verdieping door erosie op getijdemping. Tus-
sen 1990 en 2010 is het effect van verdieping dominant, maar na 2010 lijkt de afnemende
sedimentconcentratie te domineren en wordt het getij gedempt. In het mondingsge-
bied wordt de bodemruwheid vooral groter door lokale waterbouwkundige constructies,
maar deze toename wordt tegengewerkt door de vorming van fluid mud. De steeds ster-
kere bijdrage van fluid mud heeft waarschijnlijk geleid tot een afname in de schijnbare
bodemruwheid na 2010. In het hele estuarium zien we een aanzienlijk effect van se-
diment op getij via de invloed op de bodemruwheid en de bodemligging. In de South
Branch domineert de afname van de sedimentconcentratie, terwijl het mondingsgebied
nog steeds wordt gedomineerd door lokale waterbouwkundige constructies.

Om meer inzicht te krijgen in de dichtheidseffecten van de sedimentconcentratie op
de waterbeweging en het sedimenttransport, is een drie-dimensionaal (3D) baroclien se-
dimenttransport model voor het Yangtze estuarium opgezet en gekalibreerd. In dit mo-
del komt sediment binnen door opgelegde sedimentconcentratie aan de randen, en niet
via een initiële sedimentverdeling op de bodem. Het berekende estuariene troebelheids-
maximum (ETM) wordt daarom bepaald door convergentie van sedimenttransport en
niet door lokale erosie, waardoor dit model representatief is voor evenwichtscondities.
Modelresultaten suggereren dat horizontale en verticale dichtheidsgradiënten tegenge-
stelde effecten hebben: horizontale dichtheidsgradiënten leiden tot dispersie van het
ETM terwijl verticale dichtheidseffecten juist tot versterking van het ETM leiden. Verti-
cale dichtheidseffecten beïnvloeden invang van sediment rechtstreeks door een afname
van verticale menging, maar ook indirect door effecten op waterstanden, stroomsnel-
heden en zoutverdeling. Een vergelijking tussen het natte seizoen en het droge seizoen
laten zien dat horizontale en verticale dichtheidseffecten belangrijker zijn voor respec-
tievelijk zwakkere en sterkere zout-gelaagde toestanden.

Sediment-gedreven dichtheidseffecten worden beïnvloed door asymmetriëen in het
getij. Om dit effect te onderzoeken is een geschematiseerd model opgezet, waarbij zowel
een symmetrisch als een asymmetrisch getij op de rand wordt voorgeschreven. Afhan-
kelijk van het type asymmetrie (gerepresenteerd door het faseverschil tussen het M2 ge-
tij en het M4 getij) versterken of verzwakken sediment-gedreven dichtheidseffecten het
ETM door respectievelijk versterking of verzwakking van het getij-gedreven transport.
Hogere sediment concentraties aan de bodem ten gevolge van water-bodem uitwisse-
lingsprocessen versterken het effect van estuariene circulatie en daarmee ETM vorming,
maar leiden tegelijkertijd door meer divergentie door getij-gedreven sedimenttransport.

Tenslotte wordt het belang van sediment-gedreven dichtheidseffecten op zoutin-
dringing onderzocht voor omstandigheden representatief voor klimaatverandering en
menselijke ingrepen (veranderingen in de rivierafvoer en sedimenttoevoer, en zeespie-
gelstijging (ZSS)). Veranderingen in rivierafvoer en ZSS beïnvloeden sediment conver-
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gentie en ETM locatie, en daardoor zoutindringing. Hierdoor wordt het effect van toe-
komstige veranderingen beïnvloed door de troebelheid van het estuarium. Voor realis-
tische toekomstige scenario’s neemt de periode met voldoende drinkwaterbeschikbaar-
heid in een belangrijk innamepunt (Qingcaosha reservoir) af met enkele dagen bij sedi-
mentconcentraties lager dan ∼2 kg/m3, maar dit verschil kan oplopen tot meer dan een
maand voor sedimentconcentraties hoger dan 10-30 kg/m3. Een afname van de sedi-
menttoevoer van de Yangtze rivier van 70% leidt tot een afname van de sedimentcon-
centratie in het estuarium, wat vervolgens leidt tot een zeewaartse verplaatsing van de
zouttong met 3 km en een verlenging van de periode met voldoende drinkwaterbeschik-
baarheid met 2 maanden. Een afname in de sedimenttoevoer van de Yangtze mitigeert
daarom zoutindringing en drinkwatertekorten.

Samenvattend kan gesteld worden dat de morfologie en het getij van het Yangtze es-
tuarium beïnvloed zijn door diverse menselijke ingrepen. Het effect van deze ingrepen
verschilt ruimtelijk: veranderingen in de sedimentconcentratie, het getij en de morfo-
logie in de South Branch en de mondingszone worden gestuurd door, respectievelijk,
een afname in de sedimenttoevoer en lokale waterbouwkundige constructies. Het ef-
fect van deze constructies maskeert tijdelijk het lange-termijn effect van een afname in
de sedimenttoevoer. De reactie van troebele estuaria op menselijke ingrepen worden
beïnvloed door sediment-gedreven dichtheidseffecten, welke een terugkoppelingsme-
chanisme introduceren waardoor de waterbeweging (zoutindringing) gekoppeld is aan
het sedimenttransport (ETM vorming). Meer inzicht in het effect van een afname van de
sedimenttoevoer vanuit de rivier op estuariene sedimentdynamica vereist nauwkeurige
monitoring, en geïntegreerde studies waarin deze gemeten veranderingen gerelateerd
worden aan sediment-gedreven terugkoppelingsmechanismen welke de waterbeweging
en sedimenttransport aansturen.

This samenvatting is translated by D.S. van Maren.





摘要

河口是陆海相互作用和人类生产生活高度密集的关键带，在全球变化环境下，

其水沙动力及地貌演变过程受到人类活动的强势影响，包括流域水库群等引

起的持续减沙、河口港口航道开发、围垦和生态治理等工程影响，导致河口动力-泥

沙-地貌耦合系统的多重调整和适应过程，由此影响河口保护和开发利用，亟需研究

河口动力地貌调整过程及作用机制。

本研究聚焦长江河口这一大型高浊度河口系统，回答河口最大浑浊带的水沙动

力地貌过程对人类驱动的响应机制问题，由此丰富动力-泥沙-地貌耦合系统的理论，

为河口未来的可持续发展提供科技支撑。拟拟拟解解解决决决的的的关关关键键键科科科学学学问问问题题题是是是人人人类类类活活活动动动影影影响响响

下下下河河河口口口水水水沙沙沙动动动力力力地地地貌貌貌响响响应应应特特特征征征及及及相相相互互互作作作用用用机机机制制制。。。主主主要要要研研研究究究内内内容容容包包包括括括：：：1）））人人人类类类驱驱驱

动动动的的的长长长江江江河河河口口口水水水沙沙沙动动动力力力及及及地地地貌貌貌响响响应应应和和和转转转型型型特特特征征征；；；2）））认认认识识识泥泥泥沙沙沙对对对水水水动动动力力力和和和最最最大大大浑浑浑

浊浊浊带带带发发发育育育的的的反反反馈馈馈机机机制制制及及及人人人类类类活活活动动动的的的重重重要要要作作作用用用。。。

1.人人人类类类驱驱驱动动动的的的长长长江江江河河河口口口水水水沙沙沙动动动力力力及及及地地地貌貌貌响响响应应应和和和转转转型型型特特特征征征

河河河口口口地地地貌貌貌响响响应应应对对对减减减沙沙沙具具具有有有缓缓缓冲冲冲能能能力力力，，，拦拦拦门门门沙沙沙淤淤淤蚀蚀蚀转转转变变变滞滞滞后后后于于于流流流域域域减减减沙沙沙约约约30年年年。。。

河流减沙影响的河口地貌响应变化是研究热点，但对其中地貌响应的非线性、非瞬

时特征认识还很欠缺。基于长江口1953-2016年实测地形资料及近30年遥感影像，对

比分析了横沙东滩和九段沙两个大型沙体年代际演变过程。发现两个沙体均维持淤

涨态势至2010年，九段沙的淤涨速率高于横沙两倍以上，且九段沙呈现“长高不长

大”，横沙呈现“长大不长高”的淤涨特征，两个沙体不同的淤涨速率和发育特征

一方面受径流、潮流、风浪等动力差异和泥沙特性条件影响，另一方面植被引种工

程和围垦工程分别对九段沙和横沙的淤涨起到了重要作用。2010-2016期间两个沙体

出现冲刷态势，低潮滩的侵蚀与航道疏浚工程密切相关，高潮滩的侵蚀部分反映了

对流域来沙级配的调整。长江口拦门沙对流域减沙的地貌响应存在明显时间滞后效

应，且局部人类活动是引起侵蚀的重要原因。以横沙东滩、九段沙和北槽为整体，

分析最大浑浊带冲淤变化，研究表明其在1997和2007年前后经历了从淤积向侵蚀的

迅速转变，该转变主要由航道疏浚工程导致。2010年以后持续侵蚀，该侵蚀由流域

减沙和航道工程共同导致。其中，航道疏浚的泥沙量对最大浑浊带2010年以后的侵

蚀贡献了约50%。

河河河口口口潮潮潮汐汐汐存存存在在在对对对地地地形形形、、、工工工程程程和和和悬悬悬沙沙沙浓浓浓度度度等等等变变变化化化的的的复复复杂杂杂响响响应应应关关关系系系，，，体体体现现现河河河口口口动动动

力力力与与与地地地貌貌貌之之之间间间的的的耦耦耦合合合调调调整整整过过过程程程。。。潮汐是河口的主要驱动力之一，潮汐变化可以反

映河口动力地貌的调整特征。基于长江口南支及以下河段1990年以来的潮汐数据认

xix
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识到，1990-2010年徐六泾-杨林河段潮汐衰减减弱，水头差减小，2010-2020年期间

潮汐衰减略有增强，水头差略有增大；1996-2011年间，南港（石洞口-横沙）的潮

汐衰减先减弱后增强，北槽口外（牛皮礁-绿华）的潮汐衰减经历了增强-减弱-增强

的变化，而最大浑浊带（横沙-牛皮礁）2010年以前潮汐衰减增强，之后有减弱的趋

势。结合潮动力数值模型，发现流域减沙对南支潮汐演变的控制作用，主要包括南

支侵蚀使得水深增大，主导了1990-2010年间的潮汐衰减减弱；南支含沙量减小幅度

高达70%，其引起的床面阻力增大约60%，在1990-2010年间削弱了约75%由水深增

大引起的潮汐衰减减弱，且对2010-2020年潮汐衰减增强起主导作用。阻力变化控制

了最大浑浊带潮汐演变，主要包括1997-2010年间，航道工程建设期间导堤丁坝引起

的形态阻力增大阻力约40%，导致期间潮汐衰减增强；2010年以后阻力有减小的趋

势，这主要与浮泥形成引起的减阻效应有关，使得潮汐衰减减弱。但近两年（2019-

2020）实测最大浑浊带含沙量有明显减小的趋势，这导致床面阻力增大，该作用与

浮泥发育减阻作用相反，将共同影响近期潮汐演变。

2.泥泥泥沙沙沙对对对水水水动动动力力力和和和最最最大大大浑浑浑浊浊浊带带带发发发育育育的的的反反反馈馈馈机机机制制制及及及人人人类类类活活活动动动的的的影影影响响响

揭揭揭示示示了了了高高高含含含沙沙沙水水水体体体密密密度度度效效效应应应与与与最最最大大大浑浑浑浊浊浊带带带之之之间间间的的的互互互馈馈馈作作作用用用。。。河口高含沙水体中

的泥沙会改变水体密度及其空间梯度，叠加盐度引起的密度梯度，导致更复杂的水

动力结构特征，但以往对泥沙的密度梯度效应认识不足。为此基于三维水沙动力模

型，研究表明含沙量密度梯度或盐度密度梯度均能抑制紊动、减小阻力，增大潮差，

但单一含沙量密度梯度引起的斜压力较小，难以形成最大浑浊带。单一盐度密度梯

度能产生较大的斜压力，形成表层向海、底层向陆的垂向环流，促进口内泥沙净输

运，利于最大浑浊带的形成。含沙量和盐度密度梯度之间的相互作用下，产生较强

的纵向及垂向含沙量密度梯度。纵向含沙量密度梯度使最大浑浊带近陆区域的斜压

力增大，促进泥沙净输运向陆，使最大浑浊带近海区域的斜压力减小，促进泥沙净

输运向海，抑制最大浑浊带的发育。垂向含沙量密度梯度一方面由于泥沙沉降增大

底部含沙量，增大垂线含沙量密度梯度，另一方面促进垂向环流和盐度层化，增大

潮差和盐度，促进盐水入侵，并增大盐度密度梯度的作用，进一步促进泥沙捕集，

与水动力形成正反馈作用，促进最大浑浊带的发育。

阐阐阐明明明了了了泥泥泥沙沙沙特特特性性性、、、潮潮潮汐汐汐不不不对对对称称称和和和床床床面面面泥泥泥沙沙沙交交交换换换对对对含含含沙沙沙量量量密密密度度度作作作用用用的的的影影影响响响。。。通

过三维水沙动力概化模型，采用悬沙机制分解法，解析了口内泥沙净输运的主要控

制机制。阐明泥沙粒径通过影响沉降速度影响最大浑浊带的位置，床面临界切应力

主要影响最大浑浊带含沙量的量级。发现含沙量密度梯度通过改变河口环流和潮泵

效应的相对大小，影响最大浑浊带。主要表现为含沙量密度梯度增强河口环流对口

内泥沙净输运的贡献，促进最大浑浊带核心区向口内移动，当泥沙为细颗粒时，该

作用涨憩时间占优较涨潮流速占优更为显著；其对潮泵效应的改变受潮汐不对称影

响，并控制最大浑浊带的发育；当潮泵效应被削弱时，核心区含沙量量级减小，抑

制最大浑浊带的发育，反之则促进最大浑浊带发育。床面交换引起的底部含沙量浓
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度升高，进一步增强含沙量密度梯度作用，使得河口环流强于潮泵效应，主导口内

泥沙净输运。

分分分析析析了了了人人人类类类活活活动动动和和和气气气候候候变变变化化化影影影响响响下下下，，，含含含沙沙沙水水水体体体密密密度度度效效效应应应对对对盐盐盐水水水入入入侵侵侵的的的重重重要要要作作作

用用用。。。人类活动和气候变化改变流域水沙和海域潮汐特征，影响盐水入侵，其中泥

沙起到了重要的桥梁作用。上述结果表明，含沙量密度梯度作用促进盐水入侵，本

文进而考虑径潮流相互作用对含沙量密度梯度的影响，模型结果表明，洪季，垂

向含沙量密度梯度起主导作用，其控制最大浑浊带含沙量量级；枯季，纵向含沙量

密度梯度起主导作用，其控制最大浑浊带范围。针对最大浑浊带含沙量量级与盐水

入侵的关系问题，发现泥沙密度效应影响加剧盐水入侵的强度：最大浑浊带底部含

沙量约2 kg/m3时，盐水入侵基本不受泥沙密度影响，底部含沙量增大至高于20-30

kg/m3后，盐水入侵加剧明显，年取水天数可缩短数月。因此，人类活动和气候变

化通过改变来水来沙条件调节最大浑浊带的发育，不同程度地影响盐水入侵；流域

减沙70%使河口含沙量降低的同时，有缓解盐水入侵的作用。

综上所述，人类驱动的长江河口潮汐、含沙量和地貌，对流域减沙具有空间分段

响应的特征，且最大浑浊带含沙量和地貌响应表现出明显的时间滞后。通过数学模

型深入研究了动力-泥沙-地貌的耦合作用机制，包括含沙量对水动力和最大浑浊带

发育的反馈机制和影响条件，分析了不同人类活动，特别是流域减沙影响下最大浑

浊带的发育对盐水入侵的作用，加深了对人类驱动的河口水沙动力及地貌演变规律

和控制机制的认识，对河口可持续发展具有重要意义。本文模型研究简化了床沙供

给、泥沙组分、风浪和沿岸流等因素，未来还需关注这些因素以及河口不同区域和

整体的演变特征及差异性；加强观测，确定河口演变的短期波动和长期趋势。

关关关键键键词词词：：：动力地貌，水沙相互作用，潮汐演变，最大浑浊带，长江口，流域减沙，
数学模型
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1987: Yangtze Estuary, China

A journey of thousands of miles may not be achieved
through accumulation of each single step,

just as the enormous ocean may not be formed
gathering every brook or stream.

不积跬步，无以至千里
不积小流，无以成江海

Xun Zi (Confucian, 313 B.C.-238 B.C.)
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2 1. INTRODUCTION

1.1. ESTUARINE SEDIMENT DYNAMICS

1.1.1. GENERAL DESCRIPTION OF ESTUARY, ETM AND MOUTH BAR

E STUARIES are dynamic and vulnerable regions where rivers meet the sea and where
freshwater and saltwater interact. The definition of an estuary, probably the most

widely recognized, is ‘a semi-enclosed coastal body of water, which has a free connec-
tion with the open sea, and within which sea water is measurably diluted with freshwater
derived from land drainage’ (Pritchard, 1967). Typically, the term defined by Pritchard
(1967) is called a tidal estuary excluding the tidal river which is tidally influenced but the
water is entirely fresh (Fairbridge, 1980). This thesis works with the upstream limit of
tidal penetration, not salt penetration and adopts the following definition (Wolanski and
McLusky, 2011):

an estuary is an inlet of the sea reaching into a river valley as far as the upper limit of
tidal rise, usually being divisible into three sectors: (1) a marine or lower estuary, in free
connection with the open sea; (2) a middle estuary subject to strong salt and freshwater
mixing; and (3) an upper or fluvial estuary, characterized by freshwater but subject to

strong tidal action. The limits between these sectors are variable and subject to constant
changes in the river discharges.

Estuaries can be classified as: 1) micro-tidal (0-2 m), meso-tidal (2-4 m) and macro-
tidal (>4 m) based on the tidal range (Davis, 1964; Hayes, 1975); 2) river-dominated,
tide-dominated and wave-dominated in terms of dominant hydrodynamic process (Gal-
loway, 1975) and 3) stratified, partially mixed, and well-mixed regarding the vertical
structure concerning the mixing between the saltwater and the freshwater (Prichard,
1955; Dyer, 1997). This thesis focuses on meso-tidal, combined river and tide-dominated,
and partially-mixed estuaries characterized by strong river and tidal forcing.

Sediment in the estuary originates either from the river or the sea, transported into
the estuary by the unidirectional or bidirectional current. The sediment comes into es-
tuaries in varying grain size from gravel (>2 mm) and coarse sand to clay (<2 µm) and is
filtered into the estuary (Schubel and Carter, 1984). Sediment transport can be distin-
guished as bedload transport and suspended load transport (Dyer, 1986; Van Rijn, 1993).
In the first case, the particle stays in contact with the bed at most of the time and its mo-
tion is conducted by rolling, sliding and saltating over the bed within a thin boundary
layer. In the second case, a sediment particle is maintained in suspension by turbulence
in the flowing water for a considerable period of time without contacting the bed. Sedi-
ment starts moving when the bed shear stress exceeds a critical threshold (erosion) and
settles down to the bottom under the influence of the gravitational force (deposition).
Due to advective and diffusive processes, the initial location and the deposition loca-
tion of an individual sediment particle are usually different, resulting in net sediment
transport in estuaries. Various mechanisms are responsible for the landward sediment
transport (elaborated below) balancing the seaward river flow, leading to sediment ac-
cumulated in specific regions, called estuarine turbidity maximum (ETM) (Figure 1.1).
An ETM is defined as a region along an estuary with a localized maximum in tidally and
cross-sectionally averaged SSC (Burchard et al., 2018). The elevated suspended sediment
in the ETM deposits on the bed of the estuary, resulting in high accumulation rates and
therefore siltation and formation of mouth bars (Figure 1.1).
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Figure 1.1: Sketch of the estuary, estuarine turbidity maximum (ETM) and mouth bar. SSC: suspended sedi-
ment concentration.

Understanding estuarine sediment dynamics is extremely important because of the
impact on light penetration and thereby primary production, pathways for adsorbed
contaminants, and rates of accretion and erosion and associated bathymetric evolution.
More importantly, natural and human-driven forcing have been changing throughout
the world, which may inevitably influence the estuarine sediment dynamics, leading to
possible regime shift. Therefore, understanding estuarine sediment dynamics is of criti-
cal importance on its social, economic and ecological values and implications.

1.1.2. CHARACTERISTICS OF SUSPENDED SEDIMENT

Suspended sediment concentration (SSC) varies from several mg/l to over 100 g/l.
The large range of SSC exerts different behavior of the sediment-fluid mixture (Figure
1.2). For low sediment concentrations (<1 g/l), fine sediments can form flocs under si-
multaneous aggregation and breakup processes known as flocculation. Flocs tend to
have larger settling velocities, influencing the vertical distribution of SSC. For very high
sediment concentrations (>100 g/l), sediments form a space-filling network, called gelling.
A typical value of the gelling concentration for clay-dominated suspensions is 100 kg/m3.
At or above the gelling concentration, the suspension starts to behave more like a solid.

For sediment concentrations of the order of 100 mg/l-100 g/l, sediments significantly
affect the density of the suspension. High concentration mud suspensions (HCMS) is a
suspension of cohesive sediment at a concentration of a few 100 to a few 1,000 mg/l
(Winterwerp, 1999; Winterwerp and Van Kesteren, 2004). The suspension behaves New-
tonian and, most importantly, the suspension interacts with turbulent flow, i.e. the ver-
tical concentration gradients affect the flow motion through the suppression of turbu-
lence, leading to less friction experienced by the flow and less mixing of the water col-
umn. Another important feature of HCMS is hindered settling, leading to a reduction
of effective settling velocity (Richardson and Zaki, 1954). Hindered settling is caused by
the influence of neighboring particles on the settling velocity of an individual particle
within suspension under high concentrations. Fluid mud (in the order of several 10 to
100 g/l) is a term that is not unambiguous, but differently from HCMS, as it exhibits non-
Newtonian behavior and is either stationary or moving. This thesis focuses on HCMS
(although including low concentrations as well).
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Figure 1.3: Range of sediment concentrations with names and characterising physical processes
of four intervals.

(2014) for an introduction. Sediment flocs have a larger velocity with which they settle
to the bed than primary particles, thus affecting the distribution of the sediment in the
water column. This in turn is essential to the net transport of sediment by the flow.

Secondly, if sediment concentrations are of the order of 100 mg/l or higher, they signifi-
cantly affect the density of the suspension. Such suspensions are sometimes called high
concentration mud suspensions (HCMS) (Winterwerp and Van Kesteren, 2004). In a typ-
ical vertical sediment distribution, the concentration decreases as one moves further up
in the water column, leading to a negative vertical density gradient. Such density gradi-
ents affect the water motion through the suppression of turbulent eddies, leading to less
friction experienced by the flow and less mixing of the water column.

Thirdly, at even higher concentrations of the order of 10-100 g/l, sediment particles and
flocs settle in each others wake, leading to a reduction in their effective settling velocity,
called hindered settling (Richardson and Zaki, 1954). The water motion is also affected
by the sediment, as the dense network of sediment particles increases the apparent fric-
tion. This results in an apparent viscosity of the suspension that is higher than that of
clear-water. Also, pore-water pressure may build up and the response of the suspension
to stresses depends on whether it was initially at rest or moving; i.e. non-Newtonian
behaviour starts to play a role.

Finally, for concentrations of the order of 100 g/l, the sediments may start to form a
space-filling network, called gelling. At and above the gelling concentration, the suspen-
sion starts to behave more like a solid. For example, sediment particles no longer settle
in the suspension but consolidate, i.e. they press water out of the suspension, and build
up shear strength. Nevertheless, when the stress exerted on the mud by the flow exceeds
this shear strength, the suspension liquefies and behaves like a fluid.

A term that is often used to characterise sediment suspensions with high concentrations
is fluid mud. Introduced by Inglis and Allen (1957) and Krone (1962), this term never
got an unambiguous definition. Some authors include suspensions with concentration
above the gelling concentration in their definition (e.g. Winterwerp and Van Kesteren,

Figure 1.2: Range of sediment concentration with names and characterizing physical processes of four inter-
vals, from Dijkstra (2019). HCMS: high concentration mud suspensions.

1.1.3. HYDRO-MORPHODYNAMIC INTERACTIONS

Estuarine sediment dynamics involves a series of hydro-morphodynamic interac-
tions between river and tidal currents, SSC, salinity and morphology (Figure 1.3). Cur-
rents suspend sediments ( 1 ), influencing the morphology through deposition ( 2 ). The
morphology in turn influences the flow velocity ( 3 ). These three processes ( 1 2 3 )
form a morphodynamic feedback loop. In estuarine systems, the current modifies salin-
ity ( 4 ) whereas salinity in turn influences currents through damping of turbulence ( 5 ).
In this thesis, we explore additional interactions. Sediments influence the current through
damping of turbulence – although building on previous work, this thesis provides vari-
ous novel contributions to this topic ( 6 ). We also explore large-scale impacts of water-
bed exchange processes on ETM dynamics, particularly focusing on sediment deposi-
tion ( 2 ) which is a topic that has received very little scientific attention. And finally,
this thesis explores the impact of sediments on saltwater intrusion ( 7 ), which has not
yet been described in literature. More subtle interactions not addressed in this thesis
are the effect of salinity on SSC through flocculation ( 8 ) and on morphology through
biochemical processes related to biota ( 9 ).

1.1.4. SEDIMENT TRAPPING

Sediment trapping is often associated with the formation of an ETM characterized
by elevated near-bed SSC. An ETM results from sediment convergence, with especially
the up-estuary transport component resulting from a range of mechanisms (see recent
overviews by e.g. Winterwerp, 2011; Burchard et al., 2018; Dijkstra, 2019). The main up-
estuary transport mechanisms are elaborated in more detail below:

ESTUARINE CIRCULATION

Classically, estuarine circulation has been attributed to gravitational circulation (Festa
and Hansen, 1978). However, they are not identical (Burchard and Hetland, 2010; Cheng
et al., 2011; Burchard et al., 2011; Geyer and MacCready, 2014). Gravitational circula-
tion (or exchange flow) is related to the along-channel salinity gradients generating a
landward residual current near the bottom and a seaward current near the surface. This
two-layer circulation is also known as baroclinic circulation and results in upstream sed-
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Figure 1.3: Sketch of physical processes describing the interactions between current, suspended sediment
concentration (SSC), salinity and morphology. The interactions in black indicate processes which are used
but not improved, the grey interactions are ignored, whereas this thesis advances our knowledge on the red
interactions. The dashed line indicates the impact of SSC on salinity through current.

iment transport as the sediment concentration is usually larger near the bed. Other
processes which cause net landward transport and are strongly related to salinity (re-
garded as classical processes in Dijkstra, 2019) are classified as estuarine circulation in
this thesis: 1) the effect of turbulence damping by salinity gradients further concentrates
sediments near the bed, leading to stronger transport by gravitational circulation and a
more intense ETM Geyer (1993); 2) tidal variations in salinity stratification and therefore
variations in turbulence, known as strain-induced periodic stratification (SIPS) or tidal
straining (Simpson et al., 1990), amplify the gravitational circulation (Jay and Musiak,
1994); 3) the strong vertical mixing asymmetry between ebb and flood resulting from
tidal straining also strengthens gravitational circulation (Jay and Musiak, 1994, 1996).

Note that the estuarine circulation can be also caused by other processes (e.g. wind-
induced tidal straining); however, they are not necessary to cause net landward sediment
transport and thus are excluded or classified as other processes. In addition, lateral es-
tuarine circulation associated with lateral depth variations, curvature, density gradients,
winds, Coriolis may be also important but its magnitude is often smaller than that in the
longitudinal direction.

TIDAL PUMPING

Tidal pumping is an ambiguous term that has been used to describe a variety of tide-
influenced residual transport processes. The description and classification proposed by
Dijkstra (2019) are adopted here: tidal pumping is the tidal covariance of the flow velocity
and sediment concentration which can be subdivided into two main contributions:

• Temporal asymmetries (i.e., differences during ebb and flood)

– Temporal asymmetries in flow velocity and water level: tidal asymmetry (see
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Friedrichs, 2011).

– Tidal asymmetries in sediment concentration: tidal variation in the settling
velocity; sediment mixing asymmetry due to tidal straining (Burchard and
Baumert, 1998; Scully and Friedrichs, 2003); tidally variations in sediment
stratification or mud-induced periodic stratification (MIPS, Becker et al., 2018);
asymmetry in the availability of erodible sediment, known as scour lag (Dyer,
1997).

– Effect of inertia on the SSC: temporal settling lag (Groen, 1967).

• Spatial gradients in flow velocity, water level, SSC and sediment availability: spatial
settling lag (Postma, 1954; Van Straaten and Kuenen, 1957).

OTHER PROCESSES

A variety of additional processes have been identified which may also contribute to
net landward sediment transport, such as wind-induced tidal straining (Scully et al.,
2005; Burchard and Hetland, 2010), along-channel non-linear advective processes (Li
and O’Donnell, 2005), flow generated by channel curvature (Chant, 2002), flow gen-
erated by Earth’s rotation (Huijts et al., 2006), sediment-induced density effect (Win-
terwerp, 1999; Talke et al., 2009b), eddy viscosity-shear covariance (ESCO) circulation
(Burchard et al., 2013; Dijkstra et al., 2017) and along-channel differences in sediment
properties (e.g. settling velocity) (Donker and de Swart, 2013).

1.2. ESTUARINE RESPONSE: CHALLENGES

1.2.1. HUMAN INTERVENTIONS

E STUARIES are some of the most dynamic sedimentary environments. They are of
special concern because the associated deltas support large populations with large

growing cities. However, estuarines are vulnerable to human interventions and global
changes, e.g. sediment decline, deepening and sea level rise, which may potentially in-
fluence estuarine sediment dynamics in recent and future development (Renaud et al.,
2013; Wang et al., 2015).

Sediments in an estuary largely depend on a permanent supply of sediments in or-
der to maintain ETM, delta shoreline position and to balance subsidence. However, over
70% of the world’s deltas had experienced a reduction in fluvial sediment discharge (Fig-
ure 1.4). More recently, sediment supply in some estuaries has further shifted from a
surplus to a shortage, e.g., the Parana, Limpopo, Vistula and Fly Estuary, or the sedi-
ment decline has accelerated, e.g., the Yangtze Estuary (Yang et al., 2020). Although the
present-day sediment discharge has increased in several estuaries, sediment decline is
still a worldwide issue (see reviews on changes in fluvial sediment supply by e.g. Syvitski
et al., 2009; Dunn et al., 2019; Besset et al., 2019; Li et al., 2020a; Yang et al., 2020).

Deepening projects and associated dredging and dumping activities also take place
in many estuaries in the past decades to centuries to accommodate larger ships, which
may subsequently influence estuarine sediment dynamics. A positive feedback between
deepening and higher SSC has been hypothesised (Figure 1.4, Winterwerp and Wang,
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Figure 1.4: Map and graph showing the percentages of loss of fluvial sediment load between the pre-1970
period and the period 1970-2014 in 54 deltas, from Besset et al. (2019).

2013). According to the hypothesis, deepening leads to tidal amplification, which ben-
efits sediment trapping, causing higher SSC. The higher SSC induces a reduction of hy-
draulic drag, further resulting in tidal amplification. Therefore, a positive feedback oc-
curs and may lead to a regime shift into hyperturbid conditions. It is noted that this
feedback can work as a snowball effect and may occur already at SSC of several 100 mg/l
(Winterwerp et al., 2009).

1.2.2. IS THERE A REGIME SHIFT IN THE YANGTZE ESTUARY?
Regime shift is a term that has not yet reached a common definition but has been

described in lots of research. For instance, a ‘regime’ implies a characteristic behavior
of a natural phenomenon (sea level pressure, recruitment, etc.) over time; a ‘shift’ sug-
gests an abrupt change, in relation to the duration of a regime, from one characteristic
behavior to another (Hare and Mantua, 2000). It can be described as a smooth, abrupt
and discontinuous function of changing external conditions and can indicate changes
abruptly from one stable state to another that might be difficult to reverse (Scheffer et al.,
2001; Scheffer and Carpenter, 2003; Scheffer et al., 2009). Lees et al. (2006) highlighted
that a ‘standard’ definition of a regime shift should include sudden, high-amplitude, in-
frequent events, which are detectable in multiple aspects of the physical and biological
components and on large spatial scales. Regime shifts are abrupt, substantial and per-
sistent changes in the state of natural systems (Reid et al., 2016).

It should be noted that regime shifts have been mainly identified in climate change
and ecology and less documented in estuarine sediment dynamics (Table 1.1). This the-
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the ingredients required for the analysis and interpretation of
the data in Part II are derived and summarized. Our main tool
in this is the analytical solution of the linearized water
movement equations. Though not new, the solution is
formulated in a form that can be used easily to compare the
evolution of the various rivers.

Our analysis of the analytical solution itself suggests that,
after loss of intertidal area, ongoing deepening may enhance
flood dominancy, while decreasing the river’s flushing
capacity. As discussed in Part II, loss of intertidal area has
been considerably in the nineteenth century, reclaiming
intertidal areas and embanking rivers. Thus, conditions may
be induced favorable for the generation of a secondary
turbidity maximum, referred to as ETM2. Then, if large
amounts of fine sediments would accumulate in the river, the
effective hydraulic drag decreases, enhancing the tidal
asymmetry further. It is noted that this feed-back may occur
already at SPM concentrations of several 100 mg/l
(Winterwerp et al. 2009). However, the suspended matter
should be spread over a considerable length of the river to
induce a measurable reduction in drag. As the accumulation of
fines takes time, the time-scale for a regime shift towards
hyper-turbid conditions is expected to take considerable time
after “favorable” conditions for such a regime shift have been
established (the tipping point). When SPM concentrations

continue to increase, entrainment processes re-fluidize the
mud every accelerating tide, preventing consolidation of the
sediment–water mixture. Thus, the ETM2 conditions become
self-maintaining, as the hyper-turbid state is favorable from an
energy point of view as well (e.g., Section 2). These ETM2
conditions can therefore be considered as an alternative state
in relation to the ETM1 state, common in most “normal”
estuaries. This positive feed-back loop is sketched in
Fig. 14, depicting the proposed snowball effect leading to
hyper-turbid conditions.

As high SPM concentrations in the water column are a
necessary condition for the feed-back between tidal
amplif icat ion and reduction in hydraulic drag,
accommodation of fines on intertidal areas may prevent a
regime shift in tidal rivers. Thus, intertidal area has two
functions:

& With sufficient intertidal area, tidal conditions remain ebb-
dominant, preventing the formation of ETM2 conditions.
However, a considerable intertidal area is required,
estimated at least 50 % of the width of the flow-carrying
cross-section (see also Friedrichs and Aubrey 1988).

& Intertidal area can however also accommodate large
amounts of fine sediments, preventing their accumulation
in the water column. The area required to prevent a regime
shift towards hyper-turbid conditions is site-specific, but
likely much smaller than the intertidal areas required to
affect tidal asymmetry.

It is finally noted that in the current paper three important
effects are not being treated (in detail):

& The tidal evolution may be affected by the construction of
a weir, limiting the effective length of the river. The
reflections of the tidal wave are felt over increasing
lengths of the estuary when the effective hydraulic drag
decreases. The underlying increase in roughness length is
not only the result of a decrease in friction coefficient, but
also by the increase in the celerity of the tidal wave.

& Tidal asymmetry in an estuary is not only generated
internally, but may also be “imported” from the estuaries

tidal asymmetry as a function of water depth
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Fig. 14 Conceptual positive feedback loop inducing hyper-concentrated
conditions in tidal rivers after intertidal area has been lost, which
happened for many rivers in the late nineteenth century
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Figure 1.5: Conceptual positive feedback loop in the case of channel deepening, from Winterwerp and Wang
(2013).

sis focuses on estuarine sediment dynamics, therefore regime shifts are described as ‘a
shift from one dynamic regime (morphodynamic equilibrium state) to another, which
is influenced by global environmental changes and human interferences’ and ‘is char-
acterized by a tipping point in the forcing factors beyond which the estuary loses its
natural characteristics, thereby endangering the environmental sustainability. In some
cases, such a change becomes irreversible if a tipping point is exceeded’ (Wang et al.,
2015). Morphodynamic equilibrium is a common concept in the field of morphody-
namics describing specific conditions of the system mass balance that lead to no net
sedimentation or erosion. Various types of morphodynamic equilibrium exist, as re-
cently reviewed by Zhou et al. (2017): 1) static equilibrium (no sediment is transported);
2) dynamic equilibrium of type I (sediment is transported but the bed level locally does
not change) and 3) dynamic equilibrium of type II (whilst the bed may adjust locally to
accommodate the changing conditions, there is no net change when considered in the
relevant frame of reference and integrated over a suitable timescale). A tipping point is
defined as a breakpoint between two regimes or states which is reached when major and
controlling variables of a system no longer support the prevailing system and the entire
system shifts to a different state which is distinct from the previous state and recogniz-
able with specific characteristics (Renaud et al., 2013).

The Yangtze Estuary is a typical large-scale estuary characterized by a high sediment
concentration in the ETM with extensive deepening within the estuary. These human
interventions may trigger a regime shift (in sediment concentration) to a high turbidity
with strong tidal amplification; however, the reduced sediment supply may also induce
a shift to a low turbid and weakly amplifying tidal system opposite to the former case.
Moreover, the reduced sediment supply has resulted in erosion in the inner estuary (e.g.
Luan et al., 2016) and the subaqueous delta (e.g. Yang et al., 2011) but not in the mouth
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zone. Whether the regime shift (in morphology) towards to a new morphodynamic equi-
librium occurs in the mouth zone is also unknown. As a consequence, the estuarine sed-
iment dynamics in the Yangtze Estuary in general, but especially the impact of human
interventions therein needs to be better understood.
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1.3. OBJECTIVES AND RESEARCH QUESTIONS

F OLLOWING from section 1.1 and section 1.2, two important challenges in the Yangtze
estuary are related to the complex role of sediments on hydrodynamics (and result-

ingly on salinity and morphology), and the role of human interventions on sediment
dynamics (and to what extent this may lead to a regime shift). These challenges are ad-
dressed in this thesis through two main aims:

• To identify if human interventions have triggered regime shifts in the Yangtze
Estuary

• To understand the effect of SSC on hydrodynamics (including saltwater intru-
sion) under current and future conditions

To achieve these aims, a number of research questions are formulated:

(1) What are the decadal morphological changes in the mouth zone of the Yangtze Es-
tuary in response to a reduced sediment supply?

Understanding the morphological time scales of the response of the mouth zone
to reduced sediment supply is of critical importance. However, this assessment
is complex because estuarine morphological development is simultaneously im-
pacted by local engineering works including dredging and dumping activities, land
reclamation and salt marsh introduction. Based on measured data, we aim to ex-
amine and understand morphological changes of the mouth zone in response to
these various mechanisms and identify time scales of the response to these inter-
ventions.

(2) What is the tidal evolution in response to morphological and sedimentary changes
in the Yangtze Estuary?

Tidal evolution is influenced by both bathymetric and sedimentary changes and
human interventions simultaneously alter tide, sediments and morphology. In
addition, they interact with each other from the interplay identified earlier (Fig-
ure 1.3). Using a numerical model, we investigate the effect of morphological
changes as well as sediment-related changes in hydraulic friction to understand
how changes in sediment loads and human interventions have influenced tidal
dynamics in the Yangtze Estuary.

(3) How does the high suspended sediment concentration interact with hydrodynamics
and in turn influence the estuarine turbidity maximum?

High SSC influences tidal amplification through reduced hydraulic drag and thereby
influences the formation of an ETM. However, how the small-scale interaction
processes between sediment and hydrodynamics influence large-scale ETM be-
havior still remains insufficiently understood. Particularly, high SSC may induce
strong density gradients (comparable to the salinity-induced density gradients),
generating mechanisms that profoundly influence large-scale ETM dynamics.

(4) What are the roles of tidal asymmetry and sediment-induced density effects on the
formation of the estuarine turbidity maximum?
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Though the effects of tidal asymmetry on the formation of an ETM are well-known,
sediment-induced effects are rarely explored. For instance, sediment properties
and sediment-induced density effects, and water-bed exchange processes may
play different roles in the formation of ETM. It is therefore important to system-
atically explore the sediment-induced effects combined with tidal asymmetries to
understand their relative contribution.

(5) How do sediment-induced density effects influence the predicted impact of global
change?

Sediments influence ETM dynamics. Climate change may drive a change in river
discharge, sediment load as well as sea-level rise, which also impacts sediment dy-
namics. Properly addressing the effect of climate change on the Yangtze Estuary
requires a methodology accounting for these sediment effects. We therefore use
a three-dimensional (3D) model accounting for these sediment effects to explore
scenarios with varying river and sediment discharges and sea-level rise on estuar-
ine sediment dynamics and salt intrusion.

1.4. OUTLINE OF THIS THESIS
The thesis has seven chapters (Figure 1.6). Chapter 1 and Chapter 7 are introduction

and conclusions, respectively. Chapter 1 presents an overview of estuarine sediment dy-
namics, the challenges of understanding estuarine response due to human-driven forc-
ing and research questions. Chapter 7 provides conclusions and suggestions for future
research. The main body includes two parts:

(1) Observations in the Yangtze Estuary (Chapters 2 & 3)

This part aims to identify if human interventions have triggered regime shifts
in the Yangtze Estuary based on observed morphological changes, SSC, and tidal
water levels. Decadal morphological changes, interpreted from bathymetry maps
which are easier accessible than SSC, affect the decadal changes in tidal water
levels ( 3 , see Figure 1.3) and thereby the SSC ( 1 ). Therefore, we firstly exam-
ine the decadal morphological changes in the mouth zone in response to reduced
sediment supply and local engineering works in Chapter 2 (research question 1).
Then, Chapter 3 deals with the decadal tidal changes using tidal water levels. The
mechanisms responsible for the decadal tidal changes are explored in terms of the
effects of morphological changes ( 3 ) and sedimentary changes ( 6 ) with a two-
dimensional (2D) model (research question 2). The 2D model accounts for the
sedimentary changes including the density effects and bed characteristics etc. via
the effective bottom roughness. The sediment-induced density effects on hydro-
dynamics ( 6 ) are further explored using 3D models in the second part.

(2) Estuarine sediment dynamics (Chapters 4, 5 and 6)

The second part aims to understand the effect of SSC on hydrodynamics (includ-
ing saltwater intrusion) under current and future conditions. Chapter 4 & 5 look
into the effect of sediment-induced density gradients on hydrodynamics including
velocity, water level and salinity ( 6 4 ) and the processes concerning the relative
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contribution of estuarine circulation and tidal pumping, respectively. In Chapter
4, we evaluate the effects of the longitudinal and vertical density gradients on ETM
formation using a 3D model of the Yangtze Estuary (research question 3). Chapter
5 is about different roles of tidal asymmetry ( 1 ) and sediment-induced effects,
i.e., sediment-induced density effect ( 6 ) and water-bed exchange processes ( 2 ),
on the formation of ETM based on a schematized 3D model (research question
4). Chapter 6 evaluates future conditions for the effects of the changes in river dis-
charge, sediment supply and sea-level rise on saltwater intrusion ( 7 ), particularly
focusing on the importance of sediment dynamics (research question 5).

Anthropogentic effects on estuarine
sediment dynamics (theme, Chapter 1)

(Chapter 4)

reduced sediment
supply vs. local

engineering works 

Conclusions

(Chapter 5)

data analysis & 2D modeldata analysis

decadal morphological
changes of mouth bar

(Chapter 6)

(Chapter 7)

tidal asymmetry

decadal changes in
tidal amplification

morphological
changes vs.

sedimentary changes

predicted impact
of global change 

(Chapter 3)(Chapter 2)

observations in the Yangtze Estuary

estuarine sediment dynamics (3D models)

sediment-induced
density gradients

vertical promotion  
vs. longitudinal

dispersion 

tidal pumping vs.
estuarine circulation 

reduced sediment
supply vs. other

human-driven effects 

Figure 1.6: An overview of the content and structure of this thesis.
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Knowledge obtained on the papers always feel shallow,
must know this thing to practice.

纸上得来终觉浅
绝知此事要躬行

Lu You (Poet, 1125-1210)

This chapter focuses on the content in red and is largely based on the publication:
Zhu, C., Guo, L., van Maren, D.S., Tian, B., Wang, X., He, Q. and Wang, Z.B., 2019. Decadal morphological evo-
lution of the mouth zone of the Yangtze Estuary in response to human interventions. Earth Surface Processes
and Landforms. 44(12), pp.2319-2332.
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The morphology of the Yangtze Estuary has changed substantially at decadal time scales
in response to natural processes, local human interference and reduced sediment supply.
Due to its high sediment load, the morphodynamic response time of the estuary is short,
providing a valuable semi-natural system to evaluate large-scale estuarine morphody-
namic responses to interference. Previous studies primarily addressed local morphologic
changes within the estuary, but since an overall sediment balance is missing, it remains
unclear whether the estuary as a whole has shifted from sedimentation to erosion in re-
sponse to reduced riverine sediment supply (resulting from, e.g., construction of the Three
Gorges Dam). In this work, we examine the morphological changes of two large shoals
in the mouth zone (i.e., the Hengsha flat and the Jiuduan shoal) using bathymetric data
collected between 1953 and 2016 and a series of satellite images. We observe that the two
shoals accreted at different rates before 2010 but reverted to erosion thereafter. Human ac-
tivities such as dredging and dumping contribute to erosion, masking the impacts of sed-
iment source reduction. The morphodynamic response time of the mouth zone to riverine
sediment decrease is further suggested to be ∼30 years (starting from the mid-1980s). Ac-
counting for the different adaptation time scales of various human activities is essential
when interpreting morphodynamic changes in large-scale estuaries and deltas.

¯

¯ ¯

¯

¯ ¯

¯

2020: Ems Estuary, the Netherlands
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2.1. INTRODUCTION

M ANY river deltas are densely populated and connected to the sea by tidal chan-
nels, which are progressively deepened to provide access to increasingly larger ves-

sels. Sustainable management of such systems (maintaining ecological and recreational
functions while allowing economic development) requires in-depth understanding of
estuarine and deltaic morphological changes, especially in view of projected sea level
rise. Riverine sediment supply plays an important role in controlling the morphological
evolution of many estuaries. The suspended sediment load of rivers has globally de-
clined due to dam construction and soil conservation (Vörösmarty et al., 2003; Syvitski
and Saito, 2007; Walling, 2009). Simultaneously, local engineering works (e.g., construc-
tion of training walls and jetties; dredging and dumping activities) influence channel
and shoal morphology (Sherwood et al., 1990; Thomas et al., 2002; Lane, 2004; Blott et
al., 2006; De Vriend et al., 2011; Wang et al., 2015). Since many of these human activi-
ties take place concurrently, isolating the morphodynamic impacts of individual human
interventions (including sediment supply reduction) from natural morphological evolu-
tion is challenging.

The Yangtze Estuary (YE) in China is a large-scale alluvial system whose morphol-
ogy is influenced by a significant reduction in sediment supply and extensive local hu-
man activities. River-borne sediment discharges initially decreased gradually since the
mid-1980s but accelerated to the present-day amount of ∼70% due to the Three Gorges
Dam (constructed in 2003; (Yang et al., 2015; Luan et al., 2016; Zhao et al., 2018). Fine
sands and silts are mainly trapped in the upstream reservoirs, whereas clay particles are
flushed downstream (van Maren et al., 2013). Such a reduced sediment supply is ex-
pected to decrease deposition rates and possibly even lead to erosion along the sand-
dominated riverbed and in the silt-dominated estuary. Previous work (Table S2.1 and
Figure S2.1) suggests that the inner estuary has indeed eroded in the past decade. The
inner estuary includes the South Branch, South Channel and North Channel (Figure 2.1),
which is mainly controlled by upstream river and sediment discharge (e.g. Luan et al.,
2016; Zhao et al., 2018). Erosion has also been observed in the subaqueous delta (e.g.
Yang et al., 2003, 2011, 2018). In contrast, investigating a larger part of the subaqueous
delta, Dai et al. (2014) concluded that the delta was still depositional (at least until 2009).
This discrepancy probably results from the definition of the study area: Yang et al. (2011)
investigated the delta front (depths from 5-10 m to 15-30 m) and prodelta (depths > 15-
30 m), whereas Dai et al. (2014) also included the delta plain (depths < 5-10 m), which
lies in the mouth zone. The mouth zone is a region under combined river and tidal forc-
ing, where accretion continued for a long time (Wang et al., 2013; Luan et al., 2016; Zhao
et al., 2018). Interestingly, erosion of the mouth zone has been detected very recently
(Zhao et al., 2018), suggesting that the subaqueous delta as a whole may indeed revert to
erosion. These studies highlight the need for further study of the mouth zone, where the
morphological response time may be much longer than those in the inner estuary and
subaqueous delta.

At a smaller spatial scale, the shoals and tidal flats in the mouth zone are accreting,
including the eastern Chongming flat (Yang et al., 2008), Nanhui shoal (Wei et al., 2017;
Fan et al., 2017), Jiuduan shoal (Gao et al., 2010; Wei et al., 2015; Li et al., 2016a) and
Hengsha flat (Wei et al., 2015). Although the accretion rates of some shoals and tidal flats
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typically decrease (Yang et al., 2008; Wei et al., 2015), erosion has not yet been observed.
As a result, it remains unclear whether the mouth zone is presently eroding or deposition
still prevails.

Additionally, the mechanisms controlling bathymetric evolution remain unclear. Ero-
sion in the subaqueous delta has been attributed to a reduction in riverine sediment sup-
ply (Yang et al., 2003, 2011). In addition, the subaqueous delta of the YE has a transition
from the gentle delta plain to the steep delta front at depths of 12-15 m, which is called
a rollover point (Hori et al., 2002; Eidam et al., 2017). Such a rollover depth along with
waves may also contribute to subaqueous erosion, resulting in coarsening of sediment
in the subaqueous delta (Luo et al., 2017; Yang et al., 2018).

Local human activities additionally drive morphological changes in the YE (see e.g.
Wang et al., 2015). A major intervention was engineering work in the North Passage (NP),
involving the construction of a nearly 50 km-long double training wall with groins (see
Figure 2.1). The jetties and groins in the NP are so large that they may induce severe
erosion in the mouth of the NP and in the region to the east of Hengsha flat (Zhu et al.,
2016). The jetties partially block regional horizontal circulation (Zhu et al., 2016), possi-
bly leading to sediment deposition and accretion over the surrounding flats. In addition,
intense dredging and dumping activities take place in the NP. Despite the large dredging
effort (∼70 million m3/year; Wang et al., 2015), this sediment mass is not accounted for
in previous estimates of the estuarine sediment balance.

Overall, it therefore remains unclear (1) whether the mouth zone of the YE is still ac-
creting or has become erosive and (2) what the impacts of local human interventions
and reduced sediment supply are and at what time scales they operate. We perform an
in-depth analysis of bathymetric changes in the mouth zone using all high-quality bed
level data available (covering a period of ∼60 years until 2016) and relate these observa-
tions to changes in sediment supply, regional engineering works and salt marsh growth.
The eastern Chongming flat, which lacks data in its northern part (see Figure S2.2) and
has a long history of reclamation (since the early 1960s), is omitted from this study. Our
study area includes the Hengsha flat, the Jiuduan shoal and the NP landward of the 10 m
isobaths in 1997, constituting a total area of approximately 1,740 km2 (Figure 2.1). The
data, including bathymetric maps (1953-2016), are used to provide an overview of the
erosion and deposition patterns as well as the long-term hypsometry changes. Satellite
images (1985-2016) are employed to study the evolution of the tidal flats and the inter-
actions between morphology and vegetation.

2.2. DATA AND METHODS

2.2.1. STUDY AREA

T HE Yangtze River is one of the largest rivers in the world in terms of its length (∼6,300
km) and catchment area (∼1.9 million km2). The Datong station, ∼640 km land-

ward of the river mouth, is the tidal wave limit in the dry seasons. Here, the mean river
discharge is 28,200 m3/s, and the annual suspended sediment load is 364 million tons
per year from 1951 to 2016. The river-supplied sediment has stimulated rapid infilling
of the pre-incised river valley and build-up of the delta since the mid-Holocene (since
∼7,500 years ago). In the past 60 years, the river discharge at Datong has remained sta-
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(A)

(B)

p1

p2

p3
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Figure 2.1: (A) Map of the Yangtze Estuary (YE) with the bathymetry in 2013 referencing the TLWL and (B)
details of the area of interest, including the Hengsha flat and Jiuduan shoal. The white areas are the reclaimed
regions in the landward part of the Hengsha flat and the vegetated super-tidal flats of the Jiuduan shoal. NB, SB,
NC, SC, NP, and SP indicate the North Branch, South Branch, North Channel, South Channel, North Passage,
and South Passage, respectively. ECMF indicates the eastern Chongming flat, which is located to the east of
Chongming Island. The red box in (A) indicates the area used to estimate sand volumes and hypsometry.
TLWL: theoretical lowest water level.

ble, whereas the suspended sediment load has gradually decreased since the mid-1980s
(Guo et al., 2018a) (Figure 2.2). The decrease in suspended sediment loads is mainly due
to soil conservation strategies and dam construction (e.g. Yang et al., 2015). Suspended
sediment load reduction is more dramatic (∼70%) since 2003, when the Three Gorges
Dam (TGD) began operation (Figure 2.2). Since then, erosion has been detected in the
1200-km river reach between Yichang (approximately 40 km downstream of TGD) and
Datong (resulting in a downstream increase in suspended sediment load; see Figure 2.2).
On decadal time scales, the sedimentation rate (1-3 cm/year; Jia et al., 2018) in the study
area is an order of magnitude larger than the rate of sea level rise in the recent century (3
mm/year from 1980 to 2015; SOA, 2015).

At its seaward side, the YE is forced by tides with a mean range of 2.7 m and a max-
imum spring tidal range of 5.5 m (Yun, 2004). Wave energy is moderate at the mouth
with a mean wave height of 0.9 m, although wave heights can reach 6.2 m during storm
conditions (Yang et al., 2001). Under combined river and tidal forcing, the mouth zone
of the YE is a partially mixed environment with strong density currents and lateral cir-
culations due to water exchange between different branches (Wu et al., 2010; Zhu et al.,



2

20
2. DECADAL MORPHOLOGICAL EVOLUTION OF THE MOUTH ZONE OF THE YANGTZE

ESTUARY IN RESPONSE TO HUMAN INTERVENTIONS

1950 1960 1970 1980 1990 2000 2010
Year

0

200

400

600

800

1000

1200

1400

D
is

ch
ar

ge
 (

 1
09

 m
3
)

0

100

200

300

400

500

600

700

800

Se
di

m
en

t l
oa

d 
(M

t)

TGD

river discharge
sediment load (Yichang)
sediment load (Datong)

Figure 2.2: Annual river discharge and suspended sediment load measured at Datong (the most downstream
gauging station) and suspended sediment load measured at Yichang (the gauging station immediately down-
stream of the Three Gorges Dam) between 1950 and 2016.

2017). These lateral circulations, however, are presently decreasing because of elevated
tidal flats and the blocking effects of the jetties discussed in the next paragraphs (Zhu et
al., 2017).

Morphologically, the YE maintains a configuration with four outlets, i.e., the North
Branch, the North Channel, the NP and the South Passage, discharging south-eastward
into the sea (Figure 2.1). This bifurcating and branching pattern develops at centennial
to millennial time scales, as suggested by a bar migration model (Chen et al., 1985). The
mouth zone (coinciding with the maximum turbidity zone) is a morphologically active
region where horizontal and vertical circulations play substantial roles in water and sed-
iment transport (Shen et al., 1988; Wu et al., 2010). Tidal currents during flood or ebb
peaks are up to 3 m/s, and strong resuspension causes near-bed suspended sediment
concentrations as high as 10 kg/m3 (Li and Zhang, 1998; Chen et al., 2006; Liu et al.,
2010).

The largest local human intervention in the mouth zone is the Deep Channel Navi-
gation Project (DCNP) constructed in the North Passage (Figure 2.3a). The elevation of
the jetties is approximately 2.0 m above the theoretical lowest water level (TLWL), and
the elevation of the groins decreases from 2.0 m at the attachment point to 0 m at the
groin head. This elevation suggests that water and sediment are exchanged between the
NP and its surrounding shoals only during spring tide high water. The DCNP was con-
structed between 1998 and 2008, during which the channel depth was increased from 6-9
m to 12.5 m. On average, 72 million m3 of sediment was dredged annually from the NP
between 2007 and 2016 (Figure 2.3). The dredging material was disposed of partly in the
shallow areas between the groins and partly offshore (Figure 2.3a). Some of the sediment
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disposed between the groins was later transported to the landward part of the Hengsha
flat to reclaim land (Figure 2.3b). Submerged dykes have been built on the landward part
of the Hengsha flat, forming an area of∼115 km2, which has trapped sediment since 2003
(Figure 2.3a). Moreover, Spartina alterniflora and Phragmites were artificially introduced
to the Jiuduan shoal in 1997 to create a reserve for endangered birds and other species.
These measures have significantly influenced the morphological evolution of the mouth
zone and are analysed in more detail hereafter.

Figure 2.3: (a) Main human activities in the study area: land reclamation, salt marsh introduction and the Deep
Channel Navigation Project (DCNP); #1, #2, #3 and #4 are disposal stations where sediment is pumped to the
flat. (b) Annual dredging volume and the volume of sediment disposed on the flats in the North Passage.
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2.2.2. DATA AND METHODS

R IVER discharge and suspended sediment load data were obtained at Datong and
Yichang stations from 1950 to 2016 (Changjiang Water Resources Commission, the

Ministry of Water Resources of China). Bathymetric data from 1953 to 1997 were dig-
itized from marine charts, which record historical measurements with an accuracy of
±0.2 m (Table 2.1). The data after 1997 are measured with echo sounders with a ver-
tical accuracy of ±0.1 m. The data accuracy is acceptable for calculation of accretion
and erosion volumes on decadal time scales (especially given the relatively large volume
changes).

The marine charts were digitized into depth points using the ArcGIS and Surfer soft-
ware packages. The depth points were interpolated to a digital elevation model (DEM)
with a uniform 200 × 200 m grid resolution using kriging techniques. All bathymetric
data derived from marine charts and sounding measurements were converted to TLWL
(other than for 1953). The difference between the TLWL and the mean water level de-
creases in the landward direction due to landward decreasing tidal range. All depths used
in this study (if not otherwise specified) are positive downward and relative to TLWL.

Table 2.1: Information about the bathymetric data used in this study.

No. Year Datum Sources Scale
Survey
month

1 1953 Approximate lowest low water Shanghai
Dredging

Corporation,
Ministry of

Transport of
China

1:100,000 -

2 1958

Lowest normal low water

1:25,000 8-10
3 1965 1:100,000 4-11

4 1973
1:50,000

3∼11
5 1978 3∼7
6 1986 5∼9

7 1997 The Navigation
Guarantee

Department
of the

Chinese Navy
Headquarters

1:25,000

12
8 2002 10∼11
9 2007 8

10 2010 8
11 2013 8
12 2016 8

Bed level data became unavailable at the Jiuduan shoal (because of vegetation de-
velopment at bed levels exceeding TLWL) and the landward part of the Hengsha flat (be-
cause of land reclamations). To compute volume changes for the complete study area
and period, we assumed that (1) the volumes of the Jiuduan shoal above TLWL and (2)
the reclaimed region in the landward part of the Hengsha flat did not change after 1997.

We also collected Landsat satellite images of the mouth zone (http://glovis.usgs.
gov/) to examine changes in the salt marsh between 1985 and 2016. Salt marshes are
mainly present in the supratidal flats and the upper parts of the intertidal flats, whereas
the lower parts and the subtidal flats are bare. The interface between bare flats and salt

http://glovis.usgs.gov/
http://glovis.usgs.gov/
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Table 2.2: A summary of the satellite images used in this study. The tidal height references the Wusong datum,
which is nearly at the lowest tidal water level. The tidal gauge station Beicaozhong is located in the middle
section of the North Passage.

No. Sensor Acquisition date Mapping time (GMT)
Tidal height at

Beicaozhong (m)

1 Landsat 5 TM 1989-08-11 01:51:48.2890000Z 2.50
2 Landsat 5 TM 1995-08-12 01:28:34.6590130Z 3.96
3 Landsat 7 ETM + 2000-08-01 02:16:10.7049124Z 3.35
4 Landsat 7 ETM + 2005-08-15 02:14:20.1657199Z 1.91
5 Landsat 5 TM 2009-07-17 02:13:52.5920500Z 2.34
6 Landsat 8 OLI 2013-08-29 02:27:03.2951292Z 2.75
7 Landsat 8 OLI 2016-07-21 02:24:59.1270480Z 3.38

marshes is identified using the normalized difference vegetation index (NDVI) method
used in Gao and Zhang (2006) and Li et al. (2016a). The satellite images are georeferenced
and corrected for tidal variations (Table 2.2). Since the salt marsh-bare flat interface is
clear and above the water level in all images, the interface is independent of tidal eleva-
tions. To sustain data consistency and accuracy, only the images obtained in summer
seasons (when vegetation is most evident) are selected. Positive NDVIs indicate inter-
tidal wetlands and marshes occupied by vegetation. To differentiate between vegetation
and non-vegetation, a threshold of 0.1 (NDVI>0.1) is chosen to calculate the vegetated
area.

2.3. RESULTS

2.3.1. PHENOMENOLOGICAL DESCRIPTION

I N 1953, disconnected flood and ebb channels with slightly different channel align-
ments developed over a large shoal (Tongsha shoal) in the mouth zone (Figure 2.4a).

The flood and ebb channels were connected in 1958, initiating a new bifurcation and
formation of the NP that split Tongsha shoal into the Hengsha flat (the northern part)
and the Jiuduan shoal (the southern part) (Figure 2.4b). The changes between 1953 and
1958 are largely the result of a major river flood occurring in 1954 (with a peak discharge
of 92,000 m3/s at Datong), which connected the existing ebb and flood channels (Yun,
2004). Morphologically, the main channels in the mouth zone are very wide and shal-
low, having width-to-depth ratios >1000. The sand bars, e.g., the Jiuduan shoal, present
large spatial scales with a typical width of ∼10 km and length of ∼50 km. The wide and
shallow features of the YE mouth zone are different from other tide-dominated estuaries
(e.g., the Fly Estuary), and the mechanisms responsible for these large dimensions re-
main poorly known. The morphological evolution of the Hengsha flat and Jiuduan shoal
since 1958 is characterized by fast accretion following their separation. In the period be-
tween 1973 and 1986, the northern part of the Hengsha flat grew rapidly (Figure 2.4d and
e). The Jiuduan shoal also grew rapidly after merging with a sand bar from the landward
side in 1997 (Figure 2.4e and f).
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The DCNP in the NP significantly disturbed the morphological evolution processes
in the mouth zone. The NP narrowed greatly, and its axial alignment was fixed due to
the jetties and groins. Lateral water and sediment exchange with adjacent channels were
partially blocked, resulting in fast accretion between the groins and over the surrounding
flats. Later, the landward part of the Hengsha flat was reclaimed, and the higher part of
the Jiuduan shoal (the white area in Figure 2.4h) became a supra-tidal flat with limited
tidal inundation. Overall, the recent development of the Hengsha flat and the Jiuduan
shoal has been strongly influenced by extensive human interference.

2.3.2. QUANTITATIVE BATHYMETRIC CHANGE

T HE erosion and deposition patterns exhibit strong spatial variations (Figure 2.5). Ero-
sion and deposition are greatest in the channel-shoal system, reflecting lateral mi-

gration of the channels and sand bars. Most net accretion occurs on the Hengsha flat and
Jiuduan shoal. The mouth zone displays erosion and deposition alternating in time. As
an example, deposition prevailed east of the Hengsha flat in the periods from 1958-1973,
1973-1978, and 1986-1997, whereas erosion dominated in the intervals from 1978-1986,
1997-2007, 2007-2010 and 2010-2016 (Figure 2.5a-g). In the four decades between 1958
and 1997, the Jiuduan shoal accreted continuously. Heavy deposition also occurred in
the region to the east of the Hengsha flat and Jiuduan shoal (approximately along the 10-
20 m isobaths) (Figure 2.5h). In contrast, severe erosion was observed there from 1997 to
2016 (Figure 2.5i). The sheltered regions between the groins within the NP were rapidly
filled from 1997 to 2016 (Figure 2.5e-g). Deepening along the main waterway was the
result of scouring and dredging; their relative importance is evaluated hereafter.

When considering the water volume of the whole study area (Figure 2.6a), we observe
that the water volume below TLWL showed a slight increase between 1997 and 2002 but
was followed by an overall decrease from 2002 to 2007. Since 2007, however, the wa-
ter volume below TLWL has increased, indicating recent erosion of the study area as a
whole. The long-term accretion rates on the Jiuduan shoal are faster than those on the
Hengsha flat from 1958 to 2007-2010, followed by erosion until the most recent survey
in 2016 (Figure 2.6b). Specifically, the sediment volume of the Jiuduan shoal (defined
as the sand body with a surface depth <6 m, which approximately corresponds to the
mean depth of the main channels in the mouth zone), increased continuously by 1269.8
million m3 between 1958 and 2007 (26 million m3/year) and decreased by 132 million
m3 until 2016. The sediment volume of the Hengsha flat did not continuously increase.
It decreased slightly between 1958 and 1986, except for a temporary increase between
1973 and 1978. The increase was attributed to deposition of sediment flushed through
the North Channel (Yun, 2004). The sediment volume increased slightly (a net volume
increase of 109 million m3) between 1986 and 1997. The sediment volume of the sea-
ward part of the Hengsha flat increased continuously (by 489 million m3 between 1958
and 2010 except for a decrease from 1997 to 2002) but then decreased by 37 million m3

between 2010 and 2016. In summary, the volume changes of the channel and the Heng-
sha flat and Jiuduan shoal indicate a shift from deposition to erosion in approximately
2010.
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Tongsha shoal
(m)

Figure 2.4: Bathymetric changes of the Jiuduan shoal and the Hengsha flat between 1953 and 2013.
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Unit (m)

Figure 2.5: Erosion and deposition patterns (negative bed level changes (in m) indicate erosion and positive
values, deposition) in the study area between 1958 and 2016. The 5 (dot-dashed) and 10 (dashed) m contour
lines based on the bathymetry at the end of each period are included for position reference.
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Figure 2.6: Volume changes of (a) channels below TLWL (in the study area defined in Figure 1) and (b) the
Jiuduan shoal and the Hengsha flat (the sediment volume of the area with elevation higher than 6 m below
TLWL) between 1958 and 2016. TLWL: theoretical lowest water level.

2.3.3. HYPSOMETRY CHANGES

T HE morphodynamic evolution of the shoals is analysed in more detail with hypso-
metric curves, providing areal changes over a continuum of depth classes (Figure

2.7). The Jiuduan shoal grew fastest at depths below 2 m between 1958 and 1986, fol-
lowed by rapid accretion at greater depths (>6 m; see Figure 2.7a). Since 1997, erosion
has occurred at depths below 6 m, which is mainly ascribed to deepening of the NP. As
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Figure 2.7: Hypsometry of (a) the Jiuduan shoal, (b) the entire Hengsha flat, (c) the seaward part of the Hengsha
flat, and (d) the Jiuduan shoal and Hengsha flat.

a result, the subtidal slope of the Jiuduan shoal became steeper. From 1958 to 1997, the
area enclosed by the 6 m isobath increased by 61.5% (from 293.6 km2 to 474.3 km2). A
major increase occurred in the period between 1978 and 1986 due to merging with a
sand bar (Figure 2.8b). Since 1997, the areal growth rate of the flat with a depth smaller
than 6 m has decreased, whereas the growth rate of the region with a depth smaller than
0 m continued until 2007 (Figure 2.8). Therefore, up to 1997, the Jiuduan shoal sustained
its profile shape, but after 1997, the profile steepened due to deposition in the upper part
and erosion in the lower part.

Because of the partial reclamation of the Hengsha flat, hypsometric curves are pro-
vided for the whole flat and for the seaward part only. The hypsometric curves indicate
that the shallow parts of the entire Hengsha flat eroded slightly, whereas fast accretion
occurred in the deep region between 1958 and 1978. In contrast, the shallow region
accreted, whereas the deep region eroded between 1978 and 1997 (Figure 2.7b). The
seaward part of the Hengsha flat developed similarly to the entire Hengsha flat before
1997 and to the Jiuduan shoal after 1997. Specifically, erosion occurred in the regions
with depths <3 m (accretion in the deeper zone) during 1958 and 1978, whereas ero-
sion occurred in the regions with depths >8 m (accretion in the shallower zone) between
1997 and 2010 (Figure 2.7c). The depth at which deposition switches to erosion (or vice
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Figure 2.8: Evolution of the flat area encircled by the (a) 0 m and (b) 6 m isobaths for the Jiuduan shoal and the
Hengsha flat between 1958 and 2016.

versa) was approximately 3-5 m for the Hengsha flat before 1997. For both the Heng-
sha flat and Jiuduan shoal, this transitional depth was approximately 8 m from 1997 to
2010. The larger depth threshold is partially explained by the dredging activities in the
NP influencing both the Hengsha flat and Jiuduan shoal. In recent years (2010-2016),
the seaward part of the Hengsha flat has been characterized by erosion in the subtidal
region at depths >2 m (Figure 2.7c). The flat area at the 0 m isobath was stable at approx-
imately 50 km2 before 1997 (Figure 2.8a). However, the flat area at 6 m increased until
2010, although at a lower rate than the Jiuduan shoal (Figure 2.8b).

2.3.4. SALT MARSH CHANGES

S ALT marshes were first observed on the Jiuduan shoal in the late 1980s (Yun, 2004;
Shen et al., 2006). Scirpus mariqueter was a native pioneer species growing in the

lower parts of intertidal zones, while a Phragmites Australis community dominated the
higher parts of the intertidal zone (Li et al., 2016a). Plant growth rates rapidly increased
after Spartina alterniflora, an invasive species, was artificially introduced on the Jiuduan
shoal. The salt marsh area increased by 3.0 and 3.9 km2/year in the periods from 1995-
2000 and 2000-2016, respectively (Figure 2.9). Most growth (∼91%) occurred between
2000 and 2005 (Figure 2.10). Currently, Phragmites australis, Scirpus mariqueter, and
Spartina alterniflora are distributed over the Jiuduan shoal, and Spartina alterniflora
has developed as the dominant species.

The Hengsha flat was sparsely vegetated before 2009 (Figure 2.9 and Figure 2.10) be-
cause of its low elevation. In 2016, the salt marsh area was 71.62 km2 and was mainly
found on the landward part of the Hengsha flat. This growth was the result of the dump-
ing of dredged sediment in the embanked area, sufficiently increasing tidal flat elevation
to allow salt marsh growth (Figure 2.9d). Salt marsh is absent to date in the seaward part
of the Hengsha flat because of insufficient elevation. Overall, the different salt marsh
growth patterns and temporal behaviours between the Hengsha flat and Jiuduan shoal
are in line with their morphological evolution patterns (Figure 2.10). The expansion of
salt marshes on the Jiuduan shoal has been continuous since the mid-1990s, whereas
salt marshes expanded rapidly on the landward Hengsha flat after 2007.
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2.4. DISCUSSION

2.4.1. DIFFERENCES BETWEEN HENGSHA FLAT AND JIUDUAN SHOAL

T HE morphodynamic evolutions of the Hengsha flat and Jiuduan shoal are notably
different even though they are geographically close. The Jiuduan shoal accreted at

an overall much higher rate than the seaward part of the Hengsha flat in the period from
1958 to 2007-2010. The hypsometric curves of the Jiuduan shoal are more linear, while
those of the Hengsha flat are generally S-shaped (see Figure 2.7). The flat area of the
Hengsha flat at the 6 m depth contour increased more than that at 0 m, whereas the
flat area of the Jiuduan shoal increased more at the 0 m than at the 6 m isobath (see
Figure 2.8). In other words, the morphodynamic evolution of the Hengsha flat is more
prominent in area (horizontal expansion) but less by volume (vertical accretion) (see
Figure 2.7 and Figure 2.8). Similar results were found by Liu et al. (2010) and Jiang et al.
(2012). On its eastern side, the Hengsha flat has a steeper bed slope (i.e., ∼1/1200) than
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Figure 2.10: The salt marsh wetland areas of the Jiuduan shoal and Hengsha flat between 1995 and 2016.

the Jiuduan shoal (i.e., <1/4000) (Figure 2.11). The differences between the two shoals
regarding vegetation and the DCNP are discussed later (see section 2.4.2).

We ascribe the differences in the morphodynamic development of the Hengsha flat
and Jiuduan shoal to multiple mechanisms. The shape of the tidal flat is strongly in-
fluenced by local hydrodynamics (Kirby, 2000; Le Hir et al., 2000; Roberts et al., 2000).
Wave-induced resuspension leads to a landward increase in the sediment concentra-
tion. The cross-sectional diffusion of this horizontal concentration gradient by oscillat-
ing tidal currents leads to an offshore-directed sediment flux. In the absence of waves,
the tidal current favours net sediment transport by settling and scour lags (Van Straaten
and Kuenen, 1957; Postma, 1961). As a result, a dominance of wave-induced resuspen-
sion produces a concave-up profile, whereas a convex-up tidal flat shape is favoured
by the dominance of tidal currents (Friedrichs and Aubrey, 1996; Kirby, 2000; Le Hir et
al., 2000; Roberts et al., 2000). The Hengsha flat is exposed to stronger north-westerly
winds in winter, while the Jiuduan shoal is exposed to weaker south-easterly winds pre-
vailing in summer. As a result, the Hengsha flat should have a more concave-up shape
than the Jiuduan shoal (Figure 2.11). The cross-shore profile shape further depends on
the sediment grain size, with muddier sediment tending to generate a more convex pro-
file (Kirby, 2000; Friedrichs, 2011; Zhou et al., 2015). The Jiuduan shoal is muddier than
the Hengsha flat (Figure S2.3), which would further suggest a more convex-up profile.
However, the Jiuduan shoal is not convex-upwards, particularly in 1958 (Figure 2.11c).
In 1958, the Jiuduan shoal had not yet been merged, so the convex shapes located at 0
m and 10 m represent two sand bars (see Figure 2.4). Since 1997, after the merging of
these sand bars, the convex shape of the intertidal zone corresponds to the hydrody-
namics and sediment type. The alternating convex and concave shape of the subtidal
zone suggests that the profile shape may be influenced by additional factors, likely re-
lated to human interventions. The branching system distributing water and sediment to
the various outlets is another factor contributing to the differences. The ebb tidal parti-
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tion ratio of the North Channel is much larger than those of the South or North Passages
(Chen et al., 1988). In the past, deposition prevailed in the channel and surrounding
flats of a branch that received the largest proportion (>50%) of water and sediment (Yun,
2004). In contrast, erosion occurred in the branch that received less sediment (Dai et al.,
2014). The branching dynamics are evidenced by the evolution of the Hengsha flat and
Jiuduan shoal during the late 1970s (see Figure 2.8). Specifically, the fast accretion of the
Hengsha flat in the late 1970s is attributed to deposition of a larger amount of sediment
flushed through the North Channel than through the South Channel, while in the mean-
time, the Jiuduan shoal eroded slightly (Yun, 2004). As deposition occurred in the North
Channel, the cross-sectional area decreased, leading to a decreasing water volume and
sediment supply. This situation provides a negative morphodynamic feedback mecha-
nism, eventually stabilizing the system. Seaward sediment flushing and associated sand
bar movements have been observed since 1997 in the North Channel and South Passage
but at much smaller rates, as the channel-shoal pattern has developed towards an equi-
librium state (Wang et al., 2013). Similar phenomena are also observed in other tidal
estuaries or river deltas with branching channel networks (Sassi et al., 2011; Buschman
et al., 2013).

2.4.2. EFFECT OF HUMAN INTERVENTIONS

R IVERINE sediment supply has been decreasing since the mid-1980s, especially in re-
sponse to the Three Gorges Dam operation since 2003. The Hengsha flat and the

Jiuduan shoal sustained accretion until 2007-2010 (Figure 2.12). A major question there-
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fore is to what extent flat erosion is the result of sediment decline (with a certain time lag)
or of local engineering works and/or vegetation changes. Therefore, the various impacts
and system responses are summarized in Figure 2.12.

EFFECT OF SEDIMENT DECLINE

Silt and sand are deposited in the Three Gorges Dam reservoir, while most of the
clay is flushed seaward. The seaward sediment flux from the Yangtze partly recovers be-
cause of along-river erosion between Yichang and Datong (Figure 2.2, Yang et al., 2011)
and downstream of Datong, e.g., the 600 km river reach between Datong and the mouth
zone (Wang et al., 2009; Zhao et al., 2018). Since the riverbed downstream of Yichang is
dominantly sandy, the sand fraction achieves a new equilibrium concentration from bed
exchange, whereas the silt fraction does not. The clay fraction is relatively little impacted
because it is partly flushed through the reservoirs. Therefore, a reduction in the supply
of clay is small; the reduction in silt is large and occurs within a relatively short time pe-
riod (10-20 years with an assumption of 10% silt content in the riverbed; van Maren et
al., 2013, whereas the sand supply has a much longer response time (decades to possibly
even centuries, although this estimate is highly speculative at this point).

Erosion has been observed in the subaqueous delta of the YE (e.g. Yang et al., 2011),
even though the sediment being deposited there is fine (and therefore not trapped by
reservoirs). Even more, the depocenter of the Yangtze subaqueous delta, a mud belt
with high sediment exchange, maintains a high deposition rate (Dai et al., 2014). This
result suggests that sufficient fine sediment is still supplied from the estuary to maintain
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the subaqueous delta.
The Hengsha flat and Jiuduan shoal are composed of sand and silt (Figure S2.3) and

therefore respond to suspended sediment load reduction within one to several decades.
At present, the sediment concentration appears to have changed little in the study area
(Dai et al., 2013b; Zhu et al., 2015). However, if the study area reacts to a reduction in
the suspended sediment load, such a response would be gradual, leading to a gradual
decrease in deposition (possibly followed by a gradual increase in erosion rates). This
situation is not observed in the bed level changes, as discussed hereafter. We further
investigate the impacts of human interventions: salt marsh introduction and the DCNP.

POTENTIAL IMPACTS OF SALT MARSHES

Salt marshes influence morphodynamics by attenuating incoming short waves, trap-
ping fine sediment, and stabilizing the bed. All these impacts promote sediment de-
position and flat accretion, which is important for coastal restoration and protection.
Accretion is further enhanced by the accumulation of biomass in salt marshes (Mor-
ris et al., 2002). The introduction of S. alterniflora in 1997 most likely facilitated salt
marsh growth on the Jiuduan shoal since S. alterniflora expands more rapidly than na-
tive species (Huang and Zhang, 2007). The seaward Hengsha flat has only limited veg-
etation (Figure 2.9), and as a result, the Jiuduan shoal accretes faster than the seaward
Hengsha flat.

THE IMPACT OF THE DEEP CHANNEL NAVIGATION PROJECT

After the construction of the DCNP started in 1997, severe sedimentation occurred
during 2002-2007 following a rapid decrease in accretion. The DCNP can promote accre-
tion by sheltering and sediment trapping effects induced by deepening. The two jetties
along the NP largely reduce horizontal water and sediment circulations among the North
Channel, the NP and the South Passage in the mouth zone, thereby enhancing accretion
of the surrounding flats (Jiang et al., 2012; Li et al., 2016a). The embankment of the land-
ward Hengsha flat and the associated dumping there resulted in a rapid increase in the
flat elevation. On the other hand, deepening may increase the tidal range (Kerner, 2007;
van Maren et al., 2015b), salt intrusion (Zhu et al., 2006; Hu and Ding, 2009), and estuar-
ine circulation (Ge et al., 2010; van Maren et al., 2015a) and alter regional hydrodynam-
ics (Jiang et al., 2012) and therefore residual sediment transport. All of these changes are
likely to increase sediment concentrations, which is found in many estuaries, e.g., the
Ems (Winterwerp et al., 2013; de Jonge et al., 2014), the Elbe (Kerner, 2007; Winterwerp
et al., 2013), the Weser (Schrottke et al., 2006), and the Loire (Winterwerp et al., 2013).
Additionally, a positive feedback effect between high sediment concentration and tidal
amplification further enhances near-bottom sediment trapping (Winterwerp et al., 2009,
2013; van Maren et al., 2015b).

On the other hand, the DCNP can affect morphological changes by regulating the
diversion ratio of water and sediment discharge through the NP and South Passage (SP)
(Jiang et al., 2012). Before the construction of the DCNP, the NP discharged more water
(∼60%) than the SP, but at present, the SP discharges ∼60% of the water volume (Kuang
et al., 2014; Wang et al., 2015). Moreover, the sediment discharged through the NP de-
creased from ∼45% to ∼30%, whereas sediment discharging through the SP increased by
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15% from 1998-2009 (Kuang et al., 2014). Jiang et al. (2012) reported downstream sed-
imentation in the SP, but erosion can also be expected due to southward dispersion by
northerly winds and waves in winter and the longshore current. As a result, the chang-
ing water and sediment diversion ratio between the NP and SP influence erosion and
sedimentation in the study area.

DREDGING

Dredging volumes along the main waterway in the NP are so large (Figure 2.3) that
they also influence estuarine morphodynamics. Approximately 30% of the dredged sed-
iment has been brought to land since 2003, and this part of the sediment volume needs
to be accounted for when interpreting volume changes (Table 2.3 and Figure 2.13). Al-
lowing for some errors, we calculated dredging volumes corresponding to the periods
for which chart data are available. When interpreting the bathymetric changes, we de-
fine a ‘dredging-induced’ volume (the volume actually taken out) and a ‘natural’ volume
(the observed changes compensated by dredging volumes). Approximately 35%, 63%,
and 47% of the erosion volumes in the periods 2007-2010, 2010-2013 and 2013-2016 (re-
spectively, on average ∼50% during 2007-2016) are the result of sediment extraction for
land reclamations (dredging-induced). This result highlights the importance of includ-
ing dredging volumes in the analysis of bed level changes. Particularly after 2010, the
natural development and bathymetric observations (dashed lines in Figure 2.13) were
erosional, suggesting the time lag effects of sediment decline that are discussed later.

It is noted that the dredged and disposed sediment volumes provided here refer to
the undisturbed sediment with a dry density estimated as ∼1200 kg/m3 and not to hop-
per densities that are more commonly available (see e.g. van Maren et al., 2016). This
approach allows a direct comparison of volumes without conversion to sediment mass.

2.4.3. SYNTHESIS

T HE response of the Yangtze Estuary to human interventions is complicated by time
lag effects; the system is so large that time is required for a reduction in sediment

supply to take effect. Local engineering works and (human-induced) salt marsh devel-
opment take place concurrently, probably with much smaller (or even no) time lag ef-
fects.

A crucial difference between the impacts of sediment supply and local interventions
is the type of system response. A gradual decrease in sediment supply leads to a gradual
change in accretion (potentially leading to erosion). A local intervention typically has
immediate effects, with a response that rapidly changes with time. Figure 2.13 reveals a
very rapid change from erosion to deposition in approximately 2002 and from deposi-
tion to erosion in approximately 2007. The accretion is mainly caused by the deposition
due to sheltering effects in jetties and groins whereas the erosion occurred in the deep
channel below 6-7 m (see Figure 2.7) corresponds to the dredging activities. This obser-
vation strongly supports the interpretation that local interventions were responsible for
the major changes that took place in the mouth zone in the period 1997-2010.

The observation that volume changes were approximately 50 million m3/year from
1958 to 1997 (Figure 2.13) suggests that net volume changes (without local interventions)
are fairly constant and not much affected by a reduction in sediment supply (which
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Figure 2.13: Annual net deposition/erosion of natural development, human-induced development due to
dredging and yearly average suspended sediment load changes during different periods. The bars with dashed
lines are the volumes quantified by bathymetric data.

started around 1985). It is unlikely that the rapid changes in the period 1997-2007 can
be attributed to these gradual changes. However, it may be that the rapid changes by
local human interventions masked the effect of the sediment decline. After 2010, the
mouth zone became erosional with a sediment loss of approximately -25 and -50 million
m3/year (respectively). This strongly suggests that sediment decline becomes effective
after 2010. However, the continuous erosion may also be attributed to the hydrodynamic
conditions in the mouth zone resulting from the local human interventions.

In general, the effects of local human interventions on an estuary are rapid and tem-
porary, leading to local redistribution of sediments. Because sediment decline is more
permanent in nature, erosion of the estuary mouth lasts much longer (until a new equi-
librium between marine erosion and fluvial supply is achieved). Based on our analysis
in Figure 2.13, it is more likely that the erosion during 1997-2010 was temporary and
therefore mainly caused by local human interventions whereas the longer-term erosion
afterwards was attributed to sediment decline. Therefore, we suggest that the morpho-
logical adaptation time scale of the mouth zone in response to riverine sediment decline
is ∼30 years (starting from the mid-1980s).
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2.5. CONCLUSIONS

B EHAVING as a sink of river-supplied sediment, the mouth zone of the YE and its mor-
phological variability are strongly influenced by sediment supply and local human

activities. In this study, we use a long time series of bathymetric data and a series of
satellite images to examine the 63-year (1953-2016) morphological changes of two large
shoals in the YE, the Hengsha flat and the Jiuduan shoal. We conclude that the two shoals
sustained accretion until ∼2010, followed by erosion. Local human activities are impor-
tant for morphodynamic changes on the two shoals. The morphodynamic evolution
in the pre-1997 period is largely naturally controlled, while the post-1997 evolution is
dominantly anthropogenically driven. In particular, in the period 2002-2010, salt marsh
introduction and the DCNP stimulated fast accretion of surrounding flats. We also find
that the Hengsha flat and the Jiuduan shoal exhibit different morphological behaviours,
which can be explained by upstream water and sediment partition, local tidal dynamics
and bio-physical interactions.

For the whole study area, a sudden shift from accretion to erosion occurred in 1997
and 2007, corresponding to the deep channel erosion in the Hengsha flat and Jiuduan
shoal. The nearly instantaneous impact is mainly explained by local human interven-
tions. Specifically, the DCNP initially led to erosion with heavy sedimentation occurred
later, followed by years of significant erosion. Further analyses reveal that the disposed
volume accounts for ∼50% of the volume changes as quantified by bathymetric data and
therefore needs to be an integral part of the interpretation of erosional and depositional
changes.

Although future monitoring is still needed to confirm the results, our data suggest a
lagging morphological response of the mouth zone in response to the reduction in sedi-
ment supply at a time scale of ∼30 years. Local human interventions play an important
role in masking the gradual effect. Our results provide further insight into interpreting
morphodynamic changes in large-scale estuaries and deltas under different human ac-
tivities.
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2.A. APPENDIX: SUPPLYMENTARY TABLES AND FIGURES

Table S2.1: Study periods and study areas in some literatures.

Study period
Study area

Reference
Region1 Name

1958-2010 a inner estuary & mouth zone Luan et al., 2016
1958-2016 a inner estuary & mouth zone Zhao et al., 2018
1958-1997 b subaqueous delta Yang et al., 2003
1958-2007 c subaqueous delta Yang et al., 2011
1958-2009 d subaqueous delta Dai et al., 2014
1979-2011 e subaqueous delta Yang et al., 2018
1998-2011 f North Passage Dai et al., 2013a
1958-2005 g Jiuduan shoal Gao et al., 2010
1958-2009 g & h Hengsha flat & Jiuduan shoal Wei et al., 2015
1998-2014 g Jiuduan shoal Wei et al., 2016
1986-2013 g Jiuduan shoal Li et al., 2016a
1958-2012 i Nanhui shoal Wei et al., 2015
1998-2013 part of i Nanhui shoal Wei et al., 2017
1842-2004 i Nanhui shoal Fan et al., 2017

1953-2016 black line with dots
mouth zone (including

Hengsha flat &
Jiuduan shoal)

this study

1 regions labelling from a to i are shown in Figure S2.1
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Figure S2.1: Study area of previous studies (see Table S2.1) and this study based on bathymetry in 2013.

Figure S2.2: Bathymetric data points used in this study (scale 1:3,000,000) corresponding to Table 2.1.
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Figure S2.3: Spatial distribution of medium grain size (a), contents of clay (b), silt (c) and sand (d) in bed
sediment. Reference position is shown by 5-m (dashed line) contour line. Sum of content of clay, silt and sand
is 100%. More details about the data refer to (Liu et al., 2010).
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In fact, there is no road on the ground,
and there are more people to go,

and it will become a road.
其实地上本没有路，

走的人多了，
也便成了路。

Lu Xun (Litterateur, 1881-1936)

This chapter focuses on the content in red and has been published in:
Zhu, C., Guo, L., van Maren, D.S., Wang, Z.B. and He, Q., 2021. Exploration of decadal tidal evolution in re-
sponse to morphological and sedimentary changes in the Yangtze Estuary. Journal of Geophysical Research-
Oceans, p.e2020JC017019.
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Estuarine tidal dynamics are influenced by changes in morphology and friction. In this
work, we quantified changes in tidal damping in the Yangtze Estuary and explored the
impact of morphology and friction using a numerical model. In-depth analyses of tidal
data reveal a strong reduction in tidal damping from 1990 to 2010, followed by a slightly
enhanced damping from 2010 to 2020 in the South Branch. The reduced tidal damp-
ing in the South Branch from 1990 to 2010 is controlled by sediment decline which in-
duces an increase in water depth (erosion), thereby strongly amplifying tides. However,
the effective bottom roughness (Manning coefficient) is increased by 60%, which is prob-
ably related to the ∼80% decrease in the suspended sediment concentration (SSC). Such
an effect may enhance tidal damping, which counteracts the contribution of water depth
increase on amplifying tides by ∼75%. From 2010 to 2020, the tides in the South Branch
became more damped, suggesting a dominance of the decrease in SSC over the morpholog-
ical changes. In the mouth zone, tidal dissipation is enhanced from 1997 to 2010, which
is mainly caused by an overall increase in effective bottom roughness. Local structures
dominate the increase in effective bottom roughness; however, fluid mud formation may
contribute to a decrease after 2010. Overall we argue that estuarine morphological and
sedimentary changes in response to riverine sediment decline and local engineering works
control the tidal evolution in the Yangtze Estuary, which is important for evaluation of
human activities and estuarine management.

¯

¯ ¯

¯

¯ ¯

¯

2021: Loire Estuary, France
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3.1. INTRODUCTION

A NTHROPOGENIC activities may strongly influence the morphology in varying coastal
environments, particularly in tidal estuaries where hydro-morphodynamic feedback

processes are important. Human interventions potentially influence tidal dynamics, in
terms of tidal range, amplitudes, and wave shape, resulting in tidal amplification/damping,
and deformation. These modifications in turn influence the intertidal area, salinity and
freshwater availability, as well as the navigational depth. A thorough understanding of
changes in tidal amplification/damping is therefore crucial for sustainable coastal man-
agement.

Tidal amplitudes and ranges have been observed to increase in many estuaries owing
to channel deepening related to dredging (Woodworth, 2010; Talke and Jay, 2020). For
instance, on the U.S. East Coast, the mean tidal range in the Cape Fear River Estuary in
Wilmington (NC) had doubled to 1.55 m since the 1880s (Familkhalili and Talke, 2016).
In Ria de Aveiro, Spain, an averaged increase of 0.245 m in the M2 amplitude and an av-
eraged 17.4◦ decrease in the M2 phase were detected over 16 years (1987-2004) (Araújo et
al., 2008). The amplitudes of the major tidal constituents exhibited a significant increase
over the last century in the Venice Lagoon (Ferrarin et al., 2015). The tidal range in the
upstream reaches of the Hudson River had more than doubled over 150 years (Ralston et
al., 2019). Interestingly, decreases in tidal amplitudes are less documented, except in a
few studies such as in Norfolk, Virginia; Washington DC; and Providence, Rhode Island
where the mean tidal range has decreased by 8-9% since the mid-nineteenth century
(Talke and Jay, 2020). Moreover, a decrease in tidal amplitude is found in the Yangshan
Harbour and Yalu river estuary due to the dams and land reclamation (Guo et al., 2018b;
Cheng et al., 2020).

Tidal amplitudes and ranges are strongly dependent on morphology, particularly on
changes in water depth and channel width. Increasing water depth reduces the effects
of bottom friction, causing a reduction in the effective hydraulic drag, resulting in an
increase in amplitude and propagation speed of tidal waves (Ralston et al., 2019). The
increase in tidal amplitude in many estuaries is found to be caused by the increase in
water depth, some of which are caused by natural morphological changes (Jalón-Rojas
et al., 2018) while others are associated with human-induced dredging activities, such
as in the Rhine-Meuse Delta (Vellinga et al., 2014), Tampa Bay (Zhu et al., 2014); Elbe
Estuary, Ems Estuary, and Loire Estuary (Winterwerp et al., 2013), upper Scheldt estuary
(Wang et al., 2019b), Columbia Estuary (Jay et al., 2011) and Cape Fear River Estuary
(Familkhalili and Talke, 2016).

The deepening of tidal channels usually results in a modification of both vertical and
horizontal tides. Enlarged tidal currents lead to an increase in SSCs (de Jonge et al., 2014;
Dijkstra et al., 2019b). High SSCs cause a reduction in the effective hydraulic drag due to
buoyancy destruction (Winterwerp et al., 2009), which in turn cause a stronger tidal am-
plification in estuaries (Gabioux et al., 2005; Winterwerp and Wang, 2013; Winterwerp
et al., 2013; Wang et al., 2014; Jalón-Rojas et al., 2016; Jalón-Rojas et al., 2018). A pos-
itive feedback was identified between channel deepening, increase in SSCs, reduction
in bottom drag, and enhanced tidal amplification, which increases sediment trapping
and SSC, and potentially induce a regime shift to hyper-turbid conditions (Winterwerp,
2011; Winterwerp and Wang, 2013; van Maren et al., 2015b; Dijkstra et al., 2019b,a). This
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phenomenon has been documented for the Ems (de Jonge et al., 2014; Dijkstra et al.,
2019b,a), and Loire estuaries (Winterwerp et al., 2013). In contrast, a decline in SSC ow-
ing to a reduction in sediment availability from the upstream river basin may increase
bottom drag and affect tidal dynamics, which is probably the case of the Yangtze Estuary.

The Yangtze Estuary is a large-scale alluvial system undergoing changes within the
estuary and at the boundary, driven by intensive human activities. The estuary is a highly
turbid system with near-bottom SSC up to 100 kg/m3, forming near-bed fluid mud in the
mouth zone (Wan et al., 2014b). The high SSC has a damping effect on the turbulence
and thereby decreases the effective bed roughness (Geyer, 1993; Winterwerp et al., 2009).
As a result, a very low friction parameter (e.g. a Manning coefficient n of 0.012 s/m1/3,
Hu et al., 2009) is needed to correctly simulate tidal wave propagation in the Yangtze Es-
tuary. It is likely, however, that the effect of sediment on the bed roughness is changing
over time. On the one hand, an increase in fluid mud thickness has been observed in
the North Passage of the Yangtze Estuary (Liu et al., 2011; Song et al., 2013; Wan et al.,
2014b), owing to enhanced stratification after the construction of the jetties and groins.
This change potentially reduces the regional bed roughness. On the other hand, dam
construction in the river basin causes a drastic decline in river-borne sediment supply
since 2003 (Yang et al., 2011; Luan et al., 2016; Zhao et al., 2018; Guo et al., 2018a). As a
result, the SSC in the Yangtze Estuary decreases accordingly in recent decades, although
the degree of this reduction varies spatially (Liu, 2009; Zhu et al., 2015). Vertical SSC gra-
dients dampen vertical mixing, leading to a hydraulically smoother bed (Winterwerp,
2001; Winterwerp et al., 2009; van Maren et al., 2015b). Therefore, a reduction in SSC is
expected to strengthen bottom friction and subsequently deform the tidal wave. Addi-
tionally, the morphology of the Yangtze Estuary is changing as well. The construction
of long jetties and a series of groins to regulate the navigational waterway, together with
intensive dredging and land reclamation, has modified the estuarine morphology sub-
stantially. These human interventions influence the hydrodynamics (e.g Hu and Ding,
2009; Zhu et al., 2017) in the short term and morphological changes in the long term
(e.g Jiang et al., 2012; Zhao et al., 2018; Zhu et al., 2019). Our understanding of the tidal
dynamics in the Yangtze Estuary is progressively increasing in recent years concerning
the temporal and spatial variations of tidal dynamics (Fu, 2013; Wan et al., 2014a; Lu et
al., 2015) and river-tide interactions (Cai et al., 2014; Guo et al., 2015). However, to what
degree the tides in the Yangtze Estuary have changed in response to the various human
interventions remains insufficiently known.

In this contribution, we aim to examine the decadal changes in the tidal dynamics
of the Yangtze Estuary using observational data and subsequently unravel the role of
changes in morphology, sediment concentration and human interventions using a nu-
merical model. The structure of this paper is as follows. The study area is described first,
followed by an overview of available data and setup of the model and model scenarios.
In the results section, we introduce the observed and computed tidal evolution, whereas
the mechanisms contributing to this tidal evolution are interpreted in the discussion.
We finalize with conclusions.
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3.2. STUDY AREA

T HE Yangtze River is one of the largest rivers in the world in terms of its river length
(∼6,300 km) and catchment area (∼1.9 million km2). Datong station, ∼490 km up-

stream of Xuliujing, is the tidal wave limit in the dry seasons. The yearly mean river
discharge monitored at Datong is 28,200 m3/s (1951-2016), but monthly averaged values
fluctuate between 10,000 and 80,000 m3/s. The annual suspended sediment load has
declined from 424 million tons per year (1951-2002) to 134 million tons per year (2003-
2018). The river flows south-eastward into the East China Sea via its four outlets in the
Yangtze Estuary, i.e., the North Branch, the North Channel, the North Passage, and the
South Passage (Figure 3.1). In this work, we mainly focus on the inner South Branch and
the seaward mouth zone including the North Channel, North Passage, and its seaward
area. Xuliujing station, the bifurcation point between the North Branch and the South
Branch, is defined as the origin (x=0 km) of the axis. Tides in the Yangtze Estuary have a
predominantly semi-diurnal regime with a form factor (AO1+AK1)/(AM2+AS2) ranging be-
tween 0.15 and 0.25 (Yun, 2004; Lu et al., 2015) and the oceanic tides show no long-term
changes other than the nodal tidal variations. In the landward direction, tidal waves
are first slightly amplified from offshore to the nearshore (up to Niupijiao) owing to de-
creased water depth, and then predominantly damped further inside the estuary owing
to the combined effect of bed friction and river discharge (Guo et al., 2015). The sea-
sonal variations in tidal amplitude in the region upstream of Xuliujing are dominantly
controlled by highly non-stationary river discharge.

In the past 60 years, both the reduction in riverine sediment input and large-scale
human interventions influence the hydro-morphodynamics in the Yangtze Estuary. The
annual river discharge at Datong has remained stable since 1954, but its seasonal varia-
tions are regulated by hydropower dams, i.e., increased river discharges in the dry season
and reduced peak river discharges in the wet season (Guo et al., 2018a). The suspended
sediment load has gradually decreased since the mid-1980s, and this reduction has ac-
celerated since 2003 when the TGD began operation (Yang et al., 2011; Luan et al., 2016;
Zhao et al., 2018; Guo et al., 2018a). Within the estuary, the Deep Channel Navigation
Project (DCNP) was implemented in the North Passage from 1997 to 2010 with three
phases (Figure 3.2). Phase I of the project (1998–2001) involved the construction of di-
version works at the bifurcation between the North and South Passage, of the northern
training jetty and groins (N1–N5), and the southern training jetty and groins (S1–S5). The
navigation channel was deepened to 8.5 m with a 300 m width. Phase II of the project
was undertaken between 2002 and 2005, including the extension of the two training jet-
ties and construction of the groins N6–N10 and S6–S9. The navigational channel was
deepened, reaching a depth of 10 m and a width of 300–400 m. Phase III of the project
was carried out from 2006 to 2010, during which the navigational channel was deepened
to 12.5 m with the construction of a 21-km long sediment- retention jetty and lengthen-
ing of the groins. Between 2007 and 2016, an average of 72 million m3 of sediment was
annually dredged along the North Passage, of which approximately 30% was disposed on
Hengsha flat to create land, and the remaining parts were disposed partly in the shallow
areas between the groins and partly offshore (Zhu et al., 2019).
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Figure 3.1: (a) The Yangtze Estuary and (b) the study area and the tidal gauge stations. The figures in brackets
are distances downstream of Xuliujing (x=0 km). DCNP: Deep Channel Navigation Project. NB: North Branch;
SB: South Branch; NC: North Channel; SC: South Channel; NP: North Passage; SP: South Passage.

3.3. MATERIAL AND METHODS

3.3.1. DATA

L ONG time series of river discharges, sediment loads, and water levels in the Yangtze
Estuary were provided by the Bureau of Hydrology, Changjiang Water Resources Com-

mission (CWRC) for detailed analysis. Daily river discharges between 1958 and 2020 and
annual sediment loads between 1951 and 2019 were collected at Datong. Hourly tidal
water levels were provided for 1990-1991, 2009-2010, and 2019-2020 at Xuliujing and
Yanglin (x=40 km) to reveal the tidal evolution in the South Branch. In addition, the
yearly-averaged tidal ranges are obtained from the yearly-averaged high and low water
levels from 1996 to 2011 (Fu, 2013) at seven stations, i.e. Shidongkou (x=60 km), Wu-
song (x=70 km), Changxing, Hengsha (x=105 km), Beicaozhong (x=122 km), Niupijiao
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Figure 3.2: The three phases of the Deep Channel Navigation Project (DCNP), reclamation areas and the re-
gions A, B, C, D and E in the Yangtze Estuary.

(except in 1996-2001) and Lvhua to quantify the decadal tidal evolution in the mouth
zone. Time series of hourly water levels are available at Xuliujing and Wusong between
2006 and 2015.

Bathymetric data are available for 1986, 1997, 2002, 2007, 2010, and 2016; see Zhu
et al. (2019) for details of the digitalization, accuracy, and description of the bathymetry
maps. These bathymetries are further used to explore the effect of morphological changes
using a numerical model.

3.3.2. DATA ANALYSIS
Tidal evolution is evaluated by changes in tidal amplitudes and ranges, phases, and

tidal damping factors. The amplitudes and phases of the main tidal constituents are de-
termined by harmonic tidal analysis with nodal corrections, by using the t-tide function
(Pawlowicz et al., 2002). To evaluate the effect of seasonal river discharge variations, we
also employed an enhanced harmonic analysis for non-stationary tides using the s-tide
function to resolve the main tidal constituents (Pan et al., 2018; Wang et al., 2020).

To eliminate natural tidal amplitude variations over time (e.g. the spring-neap vari-
ations), we define a damping factor per section of the estuary to quantify the amplifica-
tion/damping rate of the tidal waves. A damping factor is the ratio of tidal range in the
landward station to a more seaward station, equivalent to the amplification factor (see
Wang et al., 2014, 2019b; Jalón-Rojas et al., 2018). The tidal ranges are estimated similar
to Kukulka and Jay (2003) and Matte et al. (2013), by high-pass filtering the hourly water
levels to remove variations at subtidal frequencies, interpolating the data to 6 min inter-
vals, and determining the minimum and maximum heights using a 25 h moving window
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with a 1 h time step (Guo et al., 2015). We additionally compute the hydraulic head,
which strongly depends on the river discharge but provides indications for changes in
morphology (e.g., the water depth, storage width, and hydraulic drag, see Wang et al.,
2019b). For a given time series of water levels, e.g., at Xuliujing and Yanglin, the hydraulic
head is determined as the difference between the subtidal water levels at Xuliujing and
Yanglin.

3.3.3. NUMERICAL MODELLING

MODEL SETUP

Since both morphology and SSC affect tidal amplification, it is technically difficult
to identify the different controlling variables based on observations only. In numeri-
cal models, the contribution of morphological changes can be evaluated from simula-
tions using historic bathymetries under the same forcing conditions (Lopes et al., 2013;
Grasso and Le Hir, 2019). The effect of SSC changes on the tides on a decadal scale can be
evaluated by varying bed roughness, e.g. the Manning coefficient n (Wang et al., 2014;
van Maren et al., 2015b). Note that the bed roughness in numerical models is a com-
bined result of bedforms, subgrid-scale morphology, near-bed turbulence, bed proper-
ties, and vegetation, etc. For instance, the apparent bed roughness is smaller in three-
dimensional (3D) baroclinic models than two-dimensional (2D) models in case of sup-
pression of turbulence near the bed resulting from steep concentrations or vertical salin-
ity gradients induced by salinity or sediments (Winterwerp et al., 2009). Therefore, we
developed a 2D barotropic model in which salinity but especially the role of sediments
is parameterized in the bed roughness. The contribution of morphology, construction
of structures, and bed roughness can then be evaluated individually. The required mod-
ifications in the bed roughness are subsequently interpreted in terms of changes in SSC
and fluid mud occurrences.

In addition, the Yangtze Estuary is such a large estuary that patterns of tidal amplifi-
cation/damping (and underlying mechanisms leading to these tidal changes) may vary
spatially. Therefore, in this study, we quantify the decadal tidal evolution with the damp-
ing factor in different parts of the estuary based on water level data since the 1990s. The
numerical model is subsequently applied to interpret the physical mechanisms respon-
sible for the observed changes using historic bathymetries in 1986, 1997, 2002, 2007,
2010, and 2016.

The model was set up using the Delft3D model system (Lesser et al., 2004), which
simulates flow, sediment transport, and morphological changes. The 2D model is simu-
lated for a full year in 2006 to reach equilibrium and another full year in 2007 for further
study with realistic forcing of river discharges measured at Datong. The jetties and groins
in the North Passage (since 1998) are numerically implemented as structures completely
blocking through- or overflow. The effect of the hydraulic drag is expressed in terms of
the Manning coefficient n (s/m1/3) which is initially converted from existing values of
the Nikuradse roughness length varying from 0.002 to 0.008 m (Zhu et al., 2016) and the
water depth:

n = h
1
6 /

[
18log

(
12h

ks

)]
(3.1)
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Where h is the water depth (m), ks is the Nikuradse roughness length (m). The result-
ing Manning coefficient n (s/m1/3) is then calibrated ranging from 0.013 to 0.022. Note
that the Manning coefficient n is so frequently used in this paper that the unit is here-
after omitted. The Manning coefficient n (the reference n in Table 3.1) is relatively small
in the estuary (0.013∼0.018) and high in the river upstream of x=0 km (0.018∼0.022) as
well as seaward of x=195 km (0.018∼0.02).

MODEL CALIBRATION

The model is calibrated against measured water levels for the whole year of 2007. The
computed water level at the 8 stations agrees well with the measured data exemplified
with August-September 2007 (see Figure S3.1). Both the modelled M2 amplitude and
tidal range are consistent with the observations from 15 August 2007 to 15 September
2007 (Figure 3.3a and b). From the mouth (Lvhua) to its upstream, the tides are amplified
by 8% to x=148 km and then damped by 30% further upstream. For the M2 constituent,
the difference between the computed and measured amplitudes is less than 5%. Simi-
larly, the difference between observed and modelled tidal ranges in the same period is
also less than 5%. For a whole year, we computed tidal ranges at 9 stations (see Fig-
ure 3.1), to compare with the measurements (Figure 3.3c). We also calibrated damping
factors in the reaches Xuliujing-Yanglin, Shidongkou-Hengsha, Hengsha-Beicaozhong,
Beicaozhong-Niupijiao, Hengsha-Niupijiao, Niupijiao-Lvhua, and Hengsha-Lvhua (Fig-
ure 3.3d). The differences between the modelled and observed yearly-averaged tidal
ranges as well as damping factors are less than 5%. This calibration suggests a high-
performance level of the numerical tidal model which is subsequently used to study the
impact of changing boundary conditions.

MODEL SCENARIOS

Three groups of simulations were executed (Table 3.1), based on the changes in to-
pography (hindcast scenarios) and friction coefficients (as a sensitivity test and for de-
tailed calibration):

(1) Historic scenarios (‘tpg1’- ‘tpg6’) are executed for the years 1986, 1997, 2002, 2007,
2010, and 2016 with different phases of jetties and groins constructed in 2002 (phase
I), 2007 (phase I and II), 2010 (phase I and II) and 2016 (phase I and II). This group
accounts for the effect of topography (including the morphological changes and
the simulated engineering structures) on tidal evolution. To reveal the effect of
bathymetry (and also roughness hereafter), all scenarios are run with the same
river discharge, using the hydrograph of the year 2007. The sensitivity of tidal
damping to the river discharged will be evaluated in more detail in the discussion.

(2) The sensitivity of tidal dynamics to effective bottom roughness is explored with
runs ‘rgh0’– ‘rgh5’. The effective bottom roughness is lowered to estimate the ef-
fect of fluid mud formation in the North Passage (following e.g., Winterwerp et al.,
2013; Wang et al., 2014; van Maren et al., 2015b). We use a reduction of 10% to ac-
count for a reduced sediment supply (which is less than the 15-50% change intro-
duced by the studies mentioned above). The effect of a 10% decrease in Manning
coefficient n was evaluated for regions A, B, C, D, and E (see Figure 3.2), named
‘0.9A’, ‘0.9B’, ‘0.9C’, ‘0.9D’, and ‘0.9E’, respectively.
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Figure 3.3: Comparison between observed and modelled (a) M2 amplitude (aζM2) during 15 August – 15
September 2007; (b) tidal range during 15 August-15 September 2007; (c) yearly-averaged tidal range in 2007;
and (d) yearly-averaged damping factor in the reaches Xuliujing-Yanglin (0-40 km), Shidongkou-Hengsha (60-
105 km), Hengsha-Beicaozhong (105-122 km), Beicaozhong-Niupijiao (122-148 km), Hengsha-Niupijiao (105-
148 km), Niupijiao-Lvhua (148-195 km), and Hengsha-Lvhua (105-195 km) in 2007.

(3) The last group was calibrated to observed amplification/damping by changing the
bed roughness in the historic scenarios, with (‘cal_tpg1’- ‘cal_tpg6’) and without
(‘cal_mor1’- ‘cal_mor6’) the effect of local structures. This calibration was exe-
cuted by iteratively modifying the roughness in parts of the model domain (using
the ‘rgh’ series as an initial estimate) to fit modelled tidal damping factors to the
observed tidal damping factors. The comparison between the simulations with
and without local structures also indicates the effect of local structures on the cal-
ibrated roughness changes.

3.4. RESULTS

3.4.1. OBSERVED DECADAL TIDAL EVOLUTION

I N the South Branch, the 2-year averaged amplitude of M2 tide from x=40 km to x=0 km
is reduced by 12% in 1990-1991 whereas the reduction is only 3% in the periods 2009-

2010 and 2019-2020 (Table S3.1). Conversely, the 2-year averaged amplitude of the M4

overtide decreases by 1% from x=40 km to x=0 km in 1990-1991 and 14% in the periods
2009-2010 and 2019-2020. As a result, the AM4/AM2 amplitude ratio increased from 0.195
(x=40 km) to 0.219 (x=0 km) in 1990-1991 and decreased from 0.213 (x=40 km) to 0.189
(x=0 km) in 2009-2010. In 2019-2020, the AM4/AM2 amplitude ratio decreased from 0.193
(x=40 km) to 0.171 (x=0 km). An increase and decrease in the AM4/AM2 amplitude ratio
implies more and less tidal distortion, respectively.
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Table 3.1: List of scenarios implemented in the model. Local structures of phase I include jetties and groins
(N1-N5, S1-S5) whereas phases I & II include N1-N10 and S1-S9 (see Figure 3.2). ‘0.9A’, ‘0.9B’, ‘0.9C’, ‘0.9D’, and
‘0.9E’ represent a 10% decrease in the Manning coefficient n in the regions A, B, C, D, and E, respectively (see
Figure 3.2) compared with the reference roughness in the calibrated case, similarly for the roughness in the
other series.

Aim Cases Depth
Local structures
(phase)

Roughness Note

Sensitivity to
topography

tgp1 1986 - reference -
tgp2 1997 - reference -
tgp3 2002 I reference -
tgp4 2007 I & II reference calibrated
tgp5 2010 I & II reference -
tgp6 2016 I & II reference -

Sensitivity to
roughness

rgh0 2007 I & II reference calibrated
rgh1 2007 I & II 0.9A -
rgh2 2007 I & II 0.9B -
rgh3 2007 I & II 0.9C -
rgh4 2007 I & II 0.9D -
rgh5 2007 I & II 0.9E -

Optimize
roughness

cal_tgp1 1986 - 0.75A recalibrated
cal_tgp2 1997 - 1.1B0.75(CDE) recalibrated
cal_tgp3 2002 I 1.2B0.8D0.7E recalibrated
cal_tgp4 2007 I & II reference calibrated
cal_tgp5 2010 I & II 1.2(ABC)0.7E recalibrated
cal_tgp6 2016 I & II 1.25A recalibrated
cal_mor1 1986 - 0.75A recalibrated
cal_mor2 1997 - 1.1B0.75(CDE) recalibrated
cal_mor3 2002 - 1.2B1.3C0.8D0.7E recalibrated
cal_mor4 2007 - 1.1C0.9D0.9E recalibrated
cal_mor5 2010 - 1.2(AB)1.3C0.9D0.7E recalibrated
cal_mor6 2016 - 1.25A recalibrated

The damping factors and hydraulic head between x=0 and x=40 km are calculated
for the three periods (1990-1991, 2009-2010, and 2019-2020, see Figure 3.4). The damp-
ing factors were overall smaller than 1, indicating predominantly landward damping.
The mean damping factor was approximately 0.1 larger in the period 2009-2010 than
1990-1991 whereas the mean damping factor slightly decreased again from 2009-2010 to
2019-2020. Seasonal variations indicate a smaller damping factor under higher river dis-
charge, which is more pronounced in 1990-1991 than the other two periods. Specifically,
the damping factor in the dry season is ∼0.08 higher than in the wet season in 1990-1991.
The hydraulic head also suggests significant seasonal variations in the three periods, i.e.
a larger hydraulic head under higher river discharge. From 1990-1991 to 2009-2010, the
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hydraulic head from x=0 km to x=40 km decreased, with an abrupt increase at the end of
2009 which is attributed to an increase in river discharge. From 2009-2010 to 2019-2020,
the hydraulic head slightly increased.

Figure 3.4: Variations of (a) river discharge at Datong, (b) damping factor and (c) hydraulic head between
Xuliujing (x=0 km) and Yanglin (x=40 km) during 1990-1991, 2009-2010 and 2019-2020.

The observed yearly averaged damping factors in the lower estuary (sections for x>60
km) since 1997 are also provided per section (lines in Figure 3.5b and c). Unlike the
weaker tidal damping in the South Branch (0-40 km), the damping factor in the South
Channel (60-105 km) increased to 0.93 in 2004 and then decreased to 0.86 in 2011. In the
North Passage (105-148 km), the observed damping was stronger from 1997 to ∼2005
followed by weakened damping afterwards. Seaward of the North Passage (148-195 km),
the damping factor (>1, tidal amplification) show similar variations as the North Passage
with the lowest damping factor of 1.05 observed in 2006; although the damping factor
decreased after 2010.

3.4.2. COMPUTED TIDAL EVOLUTION
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Figure 3.5: The yearly averaged (a) river discharge at Datong, (b) observed (solid lines for all years, crosses for
years evaluated with the model) and computed (‘tpg’ series, circles) damping factors in the reaches Xuliujing-
Yanglin (0-40 km), Shidongkou-Hengsha (60-105 km), Hengsha-Beicaozhong (105-122 km), Beicaozhong-
Niupijiao (122-148 km), Hengsha-Niupijiao (105-148 km), Niupijiao-Lvhua (148-195 km) and Hengsha-Lvhua
(105-195 km), and (c) same as (b) but the computed damping factors are from ‘cal_tpg’ series with optimized
roughness. Colours refer to the reach.

HISTORIC SCENARIOS

The modelled tidal evolution (‘tpg’ series) over time is represented by the damping
factors in different reaches in 1990, 1997, 2002, 2007, 2010, and 2020 (Figure 3.5b). In the
South Branch (0-40 km), both the model results and observations suggest a decrease in
tidal damping (∼18% increase in the damping factor) from 1990 to 2010. However, the
simulated change in tidal damping is ∼13% larger than observations. In the lower estu-
ary (all transects for x>60 km), the simulated damping factor varies much less than the
observed damping factors from 1997 to 2010. This suggests that tidal damping is less in-
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fluenced by the topography, and therefore exemplified with more detailed comparisons
of sections. In the South Channel (60-105 km), the modelled tidal damping is much
lower than the observed damping. In the lower North Passage (122-148 km) and sea-
ward of the North Passage (148-195 km), the modelled tidal damping is much stronger
than the observed tidal damping.

Overall, in the South Branch, the observed and modelled tidal damping reasonably
agree (reduced tidal damping), which is therefore primarily the result of topographic
changes. Seaward of the South Branch, the observed and modelled changes disagree,
implying that the tidal changes are less influenced by topographic changes. In the next
section, we will explore the role of processes impacting the bed roughness (SSC, fluid
mud) on tidal damping in more detail by varying the bed roughness in the model.

CHANGES IN BED ROUGHNESS

A local adjustment of the bed roughness only influences the regional damping factor
(Figure 3.6a). A local 10% roughness reduction influences the damping factor more in
regions A (2.1%) and B (2.5%) than in other regions (∼1.7%). This sensitivity was used
to develop a time- and spatial- varying roughness field with which we recalibrated the
numerical model (Figure 3.5c, Figure 3.6c and d). The effect of local structures on the
roughness change is estimated by comparing the differences in calibrated effective bot-
tom roughness between simulations with local structures (‘cal_tpg’ series) and without
local structures (‘cal_mor’ series) (Figure 3.6b). Specifically, the local structures mainly
increase the roughness in the period of the construction, i.e., a 30% increase in the
roughness in region B from 1997 to 2002 and an 11% increase in regions D and E from
2002 to 2007. After 2002 in region C and after 2007 in regions D and E, the roughness
decreased or remained relatively stable, which implies that the effects of the local struc-
tures are short-term. In region A, the effective bottom roughness shows a strong increase
from 1990 to 2010 followed by a slight increase until 2020 (Figure 3.6c). Further seaward,
the bed roughness varies more strongly over time (Figure 3.6d). The effective bottom
roughness decreased by 6.7% in region E but increased by 60%, 9%, 60% and 25% in re-
gions A, B, C, and D, respectively from the 1990s to 2010. From 2010 to 2020, the effective
bottom roughness slightly increased by 5% in region A.

3.5. DISCUSSION

3.5.1. MODEL LIMITATIONS: EFFECT OF RIVER DISCHARGE

G IVEN the changes in river discharge of the recent 30 years are limited, we assumed
that variations in tidal damping are mainly attributed to changes in topography

(morphology and local structures) and effective bottom roughness, but not to inter-
annual river discharge changes. Note that the river discharge has changed at the sea-
sonal time scales owing to dam constructions (Guo et al., 2018a). To evaluate the effect of
river discharge magnitude, we resolved the damping factors based on the M2 amplitude
using the s-tide function. The damping factors are further averaged during the periods
when the river discharge is from 5,000 to 60,000 m3/s with an increment of 5,000 m3/s,
e.g., between 5,000 and 10,000 m3/s, between 10,000 and 15,000 m3/s. We see that the
damping factor decreases with increasing river discharge in the reaches 0-40 km and 60-
105 km (Figure 3.7a, b), but has negligible influence seaward of x=105 km (Figure 3.7c, d).
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Figure 3.6: Modifications of the Manning coefficient n: (a) Model sensitivity to a 10% decrease in roughness
(‘rgh’ series in Table 3.1) in the five regions-A, B, C, D, and E (see Figure 3.2), (b) the effect of simulated local
structures on increasing the roughness, and changes in the effective bottom roughness in region A (c) and
regions B, C, D, and E (d).

In the reach 0-40 km (South Branch), for equal river discharge, the damping factor in the
period 1990-1991 is markedly lower than for the periods 2009-2010 and 2019-2020. This
suggests that the impact of inter-annual changes in river discharge is much less impor-
tant compared with the changes in morphology and bed roughness. The effect of river
discharge is evaluated by rerunning the reference simulations with the river discharge
of that particular year instead of using the 2007 hydrograph (as in the reference simula-
tions). In the reaches 60-105 km, 105-148 km and 148-195 km, no significant changes in
damping factors are detected under the changes in seasonal variations among the years
1997, 2002, and 2010 compared to the year 2007. Therefore, it can be concluded that
the dependence of the damping factor on river discharge is limited in the downstream
reaches but more pronounced in the upper reaches. However, changes in morphology
still dominate tidal damping in the reach 0-40 km.

3.5.2. EFFECT OF MORPHOLOGICAL CHANGES

The morphological changes play a more important role in tidal damping in the reach
0-40 km (South Branch) than downstream of x=40 km (Figure 3.5b). Therefore, we mainly
explore the effect of morphological changes in the South Branch. The longitudinal vari-
ation in width and water depth is derived from bathymetries of the years 1986, 1997,
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Figure 3.7: Observed damping factors (computed with non-stationary harmonic analysis) in the reach
Xuliujing-Yanglin (0-40 km) with the river discharges measured at Datong during 1990-1991, 2009-2010 and
2019-2020 (a) and modelled damping factor in the reaches (b) Shidongkou-Hengsha (60-105 km), (c) Hengsha-
Niupijiao (105-148 km) and (d) Niupijiao-Lvhua (148-195 km) with river discharges measured at Datong in
1997, 2002, 2007 and 2010 in the reference scenarios (see Table 3.1).

2002, 2007 2010 and 2016 (Figure 3.8). The longitudinal change in width is defined by
the cross-sectionally averaged width under the high and low water levels. Note that the
high water level (1.37 m) and low water level (-1.32 m) for all years is based on Niupijiao
station (x=148 km) in the year 2007. The longitudinal changes of the water depth are
defined as the cross-sectionally averaged depths below mean sea level (0 m).

From 1986 to 2010, the channel width decreased whereas the water depth increased.
The increase in the water depth is primarily associated with the channel scouring caused
by reduced riverine sediment supply since the mid-1980s (Wang et al., 2013). The de-
crease in channel width may be ascribed to deposition in shallow areas and land recla-
mations (see Figure 3.2). Typically, both the decrease in width (strengthening the es-
tuarine funnel shape) and increase in water depth weaken tidal damping (Jay, 1991;
Friedrichs and Aubrey, 1988, 1994; Dyer, 1997; Savenije, 2006). However, the decrease
in the hydraulic head cannot be explained by the decrease in the storage width, but only
by the increase in depth. As a result, the reduced tidal damping in the South Branch
(0-40 km) from 1990 to 2010 is primarily the result of the water depth increase. From
2010 to 2020, both the channel width and depth do not significantly change (Figure 3.8)
and the modelled damping induced by the topography could not explain the slight de-
creasing damping factor (Figure 3.5). The decrease after 2010 is therefore more strongly
influenced by the bed roughness, which will be discussed in the next section.
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Figure 3.8: Longitudinal changes of (a) cross-sectional averaged width between high and low water levels and
(b) cross-sectional averaged water depth in 1986, 1997, 2002, 2007 2010 and 2016. The ‘branching’ indicates
the location where the bifurcation between the North Branch and South Branch starts.

3.5.3. MECHANISMS RESPONSIBLE FOR CHANGES IN BED ROUGHNESS
We hypothesize that 4 factors may potentially influence the bed roughness, either

through an increase (+), decrease (-) or both (see Table S3.2):

• The construction of local structures (+)

• The effect of the reduced riverine SSCs (+)

• The formation of fluid mud (-)

• The change of grain size of sediment (+) (-)

Firstly, the construction of jetties and groins in the DCNP may increase hydraulic
friction. These frictional effects are at least partly incorporated in the model (accounting
for energy losses resulting from jetties and groins). However, local structures generate
strong shear and vortices which enhance turbulence mixing (Ma et al., 2011). These
small-scale hydrodynamic effects may not be well simulated in a model with mesh sizes
not sufficiently small to represent these phenomena but can cause important frictional
effects which require an increase in the prescribed bed roughness.

Secondly, the changing roughness over time may be related to the changes in SSC, i.e.
reduced hydraulic drag caused by the increase in the SSC (Winterwerp et al., 2009; Wang
et al., 2014). The riverine SSC has been decreasing since the mid-1980s and even more
pronounced after 2003 (Yang et al., 2011; Luan et al., 2016; Zhao et al., 2018; Guo et al.,



3

58
3. EXPLORATION OF DECADAL TIDAL EVOLUTION IN RESPONSE TO MORPHOLOGICAL AND

SEDIMENTARY CHANGES IN THE YANGTZE ESTUARY

2018a; Zhu et al., 2019). However, the changes of SSC in response to the reduced riverine
SSC in the Yangtze Estuary are complex. Previous studies suggest that SSC has been de-
creasing in the South Branch since 2009 (Zhu et al., 2015) but remained unchanged in the
South Channel and mouth zone (Dai et al., 2013b; Zhu et al., 2015). Liu (2009) concluded
that SSC in the South Branch and South Channel decreased and remained the same in
the mouth zone but the assessment was based on 2-year observations only. We use five
datasets of measured SSCs collected over similar periods (a spring-neap tidal cycle dur-
ing the wet season), sampling methods, and locations in 2003, 2007, 2013, 2019, and
2020 (Figure 3.9). The observed tidally- and depth-averaged SSC confirms a significant
decreasing trend in the South Branch and South Channel from 2003 to 2013 and in the
South Passage from 2003 to 2020, i.e., reduced by 84%, 64% and 63%, respectively. The
SSC does not show a clear trend until 2013 in the North Channel, North Passage and the
seaward areas whereas a 24% and 51% decrease in SSC was observed between 2013 and
2020 in the North Channel and North Passage, respectively. Seaward of the channels,
the decrease in SSC is only pronounced in the two most recent years (2019-2020) with
an average of reduction 46% among the three branches. Therefore, the reduced SSC is
likely to cause an increase in effective bottom roughness in the South Branch and South
Channel. However, within and seaward of the North Passage, the reduction in SSC was
not large enough over the investigated period and therefore insufficiently to induce the
changes in effective bottom roughness from 1997 to 2010. However, it is expected that
the continued reduction in SSC will progressively more influence tidal propagation.

Figure 3.9: Tidal and depth-averaged suspended sediment concentrations (SSC) during the wet season in 2003,
2007, 2013, 2019 and 2020.
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Thirdly, the formation of fluid mud, which is a layer of near-bed high SSC, is ex-
tremely important in the suppression of turbulence, reducing roughness and strength-
ening tidal amplification (Allen et al., 1980; Gabioux et al., 2005). Fluid mud with a thick-
ness of up to 1 m has been detected within and seaward of the North Passage since the
1970s (Li et al., 2001). After the construction of the DCNP, the thickness of the fluid mud
in the North Passage was 1-5 m and was more frequently observed as a result of rein-
forced stratification in the narrowed and deepened channels (Liu et al., 2011; Song et al.,
2013; Wan et al., 2014b; Lin et al., 2021). This is also consistent with the high siltation rate
and large dredging demand in the regulated North Passage, triggering research on con-
trolling mechanisms of the fluid mud (Liu et al., 2011; Wu et al., 2012; Jiang et al., 2013a;
Kuang et al., 2014). Therefore, enhanced fluid mud formation within and seaward of the
North Passage has likely reduced the effective roughness.

Lastly, due to the upstream dam construction, the grain size of sediment may have
changed in the Yangtze Estuary. The grain size of the suspended sediment has been re-
ported to decrease, although varying with channels as well as hydrodynamic conditions
(see Figure S3.2 adapted from Chen et al., 2016b, 2019; Yang et al., 2016). The effect of the
grain size of suspended sediment on roughness may be complex since the relationship
between the two may be non-linear (van Maren, 2007). Very fine sediments are uni-
formly distributed over the water column and therefore have limited sediment-induced
density effects (and therefore tidal dynamics). Similarly, very coarse sediment remains
close to the bed, therefore also having a minor impact on sediment-induced density
effects. Median grained sediment has the most pronounced effect on vertical stratifi-
cation and through its impact on the vertical exchange of turbulent momentum and
viscous dissipation on the apparent hydraulic roughness. It is likely that over decadal
timescales, dams primarily reduce the flux of these medium-grained sediments to the
Yangtze Estuary (van Maren et al., 2013). Additionally, the grain size of bed sediments
affects roughness through skin friction, but even more through its impact on estuarine
bed forms (form friction). The combined relationship between grain size and apparent
roughness is therefore very complex. After the operation of the TGD in 2003, the grain
size of bed sediments did not significantly change in the South Branch, South Channel
and North Passage (Luo et al., 2012; Qiao, 2019), whereas coarsening of bed sediments
was observed seaward of the North Passage (Luo et al., 2012, 2017; Yang et al., 2018; Zhan
et al., 2020): the averaged median grain size of the bed sediments in the seaward area
coarsened from 8.0 µm in 1982 to 15.4 µm in 2012 (Yang et al., 2018). Although we still
insufficiently understand the effect of sediment grain size on roughness, observations
suggest a change in grain size of the bed sediment and the suspended load, which may
contribute to the changes in roughness.

The changes in effective bottom roughness and the potential effects of the various
factors are illustrated in different regions (Figure 3.10). Note that we derive the changes
in effective bottom roughness in the reaches for x>40 km after 2010 based on the changes
in damping factor from 2010 to 2011. In the South Branch, the 60% increase in roughness
from 1990 to 2010 is mainly attributed to the strongly reduced SSC; the 5% increase after
2010 results from minor changes in SSC thereafter. Although the local structures were
constructed in the North Passage, they may play a role in increasing the effective bottom
roughness not only in the North Passage but also in its upstream (South Channel) and
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seaward area. The effect of local structures on raising the effective bottom roughness is
also short-term (see the pronounced elevated bed roughness in the year 2002 in Figure
3.6b) and therefore such an effect may be limited after 2010. Moreover, the formation of
fluid mud has been accelerated by the DCNP, which may play an increasing role in de-
creasing the effective bottom roughness in the North Passage and its seaward area. This
effect may not strong enough to lead to a decrease in the effective bottom roughness in
the North Passage during the DCNP construction (1997-2010) but may contribute to the
decrease in the effective bottom roughness after 2010. The grain size of suspended and
bed sediments is influenced by the dam constructions and engineering works, which
may either increase or decrease the roughness throughout the estuary.

Figure 3.10: Sketch of the changing roughness (blue lines) in the (a) South Branch (region A), (b) South Channel
(region B), (c) North Passage (regions C and D), and (d) seaward of the North Passage (region E) and the effects
of the factors (red lines) on increasing (+) or decreasing (-) roughness. The factors include the reduction of
suspended sediment concentrations (SSC), the construction of local structures from 1997 to 2010, and the
increasing role of the fluid mud formation induced by the engineering works. The dashed blue lines indicate
the increasing or decreasing trend of the roughness changes after 2010.

3.5.4. IMPLICATIONS FOR OTHER ESTUARIES

Deepening and narrowing have resulted in profound tidal amplification in many es-
tuaries (Woodworth, 2010; Winterwerp et al., 2013; Talke and Jay, 2020). In the South
Branch of the Yangtze Estuary, changes in tides are mainly ascribed to riverine sedi-
ment decline rather than local engineering works, which is confirmed with the gradual
changes in the damping factor from 2006 to 2015 (Figure S3.3). The reduced sediment
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supply may have two effects: 1) channel scouring (weakening tidal damping) and 2) re-
ducing SSC and therefore increasing roughness (enhancing tidal damping). Sediment
decline is a concern for the management of global deltas (e.g. Syvitski et al., 2009). In the
South Branch, deepening and narrowing from 1990 to 2010 resulted in a predicted ∼20%
increase in the damping factor whereas the observed damping factor only increased
∼5%. The ∼75% contribution of deepening and narrowing on amplifying tides, i.e. ∼15%
increase in damping factor, was therefore counteracted by the increase in the effective
bottom roughness due to reduced SSC. Specifically, our model suggests a 60% increase
in the effective bottom roughness in the South Branch from 1990 to 2010, which may
correspond to the observed ∼80% decrease in the SSC from 2003 to 2013. The effect of
sediment decline on tidal damping is so large that it may be relevant for other highly
concentrated estuaries as well. However, most estuaries in which tidal amplification has
been well documented have concentrations that are either too low to significantly in-
fluence tidal dynamics (such as in the Venice Lagoon, see Ferrarin et al., 2015 and Cape
Fear River estuary, see Familkhalili and Talke, 2016); or are declining, but at a rate in-
sufficient to counterbalance deepening effects (the Hudson river estuary, see Ralston et
al., 2019) or are increasing (Elbe, Ems and Loire estuaries, see Winterwerp et al., 2013).
In the Elbe, Ems, and Loir estuaries, a reduction in hydraulic roughness in response to
increasing sediment concentrations was also observed in response to deepening, lead-
ing to tidal amplification (Winterwerp et al., 2013; van Maren et al., 2015b; Jalón-Rojas
et al., 2016; Dijkstra et al., 2019b,a). Moreover, a positive feedback between tidal am-
plification and an increase in SSC may occur in these estuaries (Winterwerp and Wang,
2013; Winterwerp et al., 2013). However, these western European estuaries are examples
of systems with a primarily marine source of sediment. Therefore, the change of tidal
damping in the South Branch with a fluvial sediment source does not influence the SSC.

On the other hand, the tidal evolution in the mouth zone is controlled by the local
engineering works which initially led to an increase in the effective bottom roughness,
but later to a decrease as they also strengthened fluid mud formation. The fluid mud is
likely to decrease the effective bottom roughness after 2010, resulting in less tidal damp-
ing, which is similar to the Elbe, Ems, and Loir estuaries. However, the changes in tides
in the mouth zone were overall small in magnitude, which may not be strong enough
to induce changes in SSC, particularly considering that the riverine sediment decline is
prone to reduce the SSC. Such an effect in the mouth zone of the Yangtze Estuary may
need future research.

3.6. CONCLUSIONS

T HE tides in many estuaries are changing in response to natural and human factors
operating concurrently. In this work, we analysed the tidal evolution in the Yangtze

Estuary from the 1990s to 2020 using damping factors. Data analysis in the South Branch
suggests a strong decrease in landward tidal damping from 1990 to 2010, but a minor
increase in landward tidal damping from 2010 to 2020. Tidal damping increased in the
mouth zone from 1997 to 2010.

A calibrated 2D hydrodynamic model is then used to investigate the effects of mor-
phological changes, local structures and roughness. We found that reduced sediment
supply controls the reduced tidal damping in the South Branch. Specifically, the tides
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are amplified primarily due to the increase in water depth (channel scouring). How-
ever, we also estimate that the ∼80% reduction in SSC has increased the effective bot-
tom roughness (represented with a Manning coefficient) by 60%. This enhanced bed
roughness reduces tidal damping, counteracting the impact of scouring by a reduced
sediment supply on tidal amplification by ∼75%. In the mouth zone, the effective bot-
tom roughness overall increased until 2010, which is mainly attributed to the effects of
local structures and partly counteracted by fluid mud formation. Fluid mud decreases
the effective bed roughness, therefore weakening tidal damping after 2010. However,
around the same period, the SSC declined, generating an opposite effect on apparent
bed roughness and tidal damping. The changes in sediment grain size may also influ-
ence to some extent, either increasing or decreasing the apparent hydraulic roughness,
adapting to both reduced sediment supply and local engineering works.

In conclusion, the tides in the Yangtze estuary responded to various human interven-
tions on a local scale (fairway construction, land reclamations) and a larger scale (sedi-
ment load reduction). These interventions have influenced tidal dynamics through the
impact on morphology (deepening) and roughness (involving complex feedback mech-
anism between hydrodynamics, sediment concentration and grain size, and fluid mud
formation). As a result of the large number of mechanisms involved in spatial- and
temporal-varying tidal damping, understanding the impact of such mechanisms on decadal
tidal evolution is important for the management of turbid estuaries in general, exempli-
fied in this study with the Yangtze Estuary.
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3.A. APPENDIX: SUPPLYMENTARY TABLES AND FIGURES

Figure S3.1: Model/data comparisons of water level variations at (a) Baimao, (b) Shidongkou, (c) Wusong, (d)
Changxing, (e) Hengsha, (f) Beicaozhong, (g) Niupijiao and (h) Lvhua (see Figure 3.1 for the locations).
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Figure S3.2: Variations of the depth-averaged median grain size of the suspended sediment averaged over
spring and neap tides during (a, b) dry season and (c, b) wet season at (a, c) Xuliujing (x=0 km) and (b, d)
downstream of x=0 km including the South Branch, South Channel, North Passage and its seaward area. Data
are collected from Chen et al. (2016b, 2019); Yang et al. (2016).

Figure S3.3: Variations of (a) river discharge at Datong between 2006 and 2016, (b) damping factor (blue) and
(c) hydraulic head (blue) between Xuliujing (x=0 km) and Wusong (x=70 km) from 2006 to 2015. The red lines
in (b) and (c) are yearly averaged.
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3. EXPLORATION OF DECADAL TIDAL EVOLUTION IN RESPONSE TO MORPHOLOGICAL AND

SEDIMENTARY CHANGES IN THE YANGTZE ESTUARY

Table S3.2: The percentage of relative increase in Manning roughness (n) in different periods in regions A, B,
C, D, and E (roughness changes based on Figure 3.6, regions see Figure 3.2) and the main causes.

Region Period
Roughness (n)
changes

Main causes

South Branch A
1990-2010 +60% SSC decreasing

changes in
sediment
grain size

2010-2020 +5% SSC decreasing

South Channel B
1997-2002 +9% local structure
2002-2007 -17% ?
2007-2010 +20% local structure

North Passage

C
1997-2002 +33% local structure
2002-2007 0 fluid mud
2007-2010 +20% local structure

D
1997-2002 +7% local structure
2002-2007 +25% local structure
2007-2010 stable -

Seaward of
North Passage

E
1997-2002 -7% fluid mud
2002-2007 +43% local structure
2007-2010 -30% fluid mud
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There is no such thing as failure.
Failure is just life trying to move us in another direction.

Oprah Winfrey
Commencement address

at Harvard University (30 May 2013)
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Zhu, C., van Maren, D.S., Guo, L., Lin, J., He, Q. and Wang, Z.B., 2021. Effects of sediment-induced density
gradients on the estuarine turbidity maximum in the Yangtze Estuary. Journal of Geophysical Research-Oceans,
doi: 10.1029/2020JC016927.
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An estuarine turbidity maximum (ETM) is a region of elevated suspended sediment con-
centration (SSC) resulting from residual transport mechanisms driven by river flow, tides,
and salinity-induced density gradients (SalDG). However, in energetic and highly turbid
environments such as the Yangtze Estuary, sediment-induced density gradients (SedDG)
may also substantially contribute to the formation and maintenance of the ETM. Since
this mechanism is relatively poorly understood, we develop a three-dimensional model to
explore the effect of SedDG on tidal dynamics and sediment transport. By running sen-
sitivity simulations considering SalDG and/or SedDG, we conclude that the longitudinal
SedDG leads to degeneration and landward movement of the ETM. Moreover, two effects of
the vertical SedDG are identified to be responsible for sediment trapping: one by enhanc-
ing the vertical sediment concentration gradients, and another by additionally affecting
hydrodynamics including the water levels, velocities and salinities. The longitudinal and
vertical SedDG leads to seasonal and spring-neap variations of upstream migration of the
salt wedge: vertical SedDG is more pronounced at neap tides in the wet season due to
stronger stratification effects, whereas longitudinal SedDG is more pronounced at inter-
mediate tides in the dry season due to weaker mixing and limited deposition. These find-
ings imply that the SedDG contributes substantially to channel siltation and salt intrusion
in highly turbid systems, and need to be accounted for when numerically modelling such
phenomena.

¯

¯ ¯

¯

¯ ¯

¯

2021: Gironde Estuary, France
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4.1. INTRODUCTION

M ANY estuaries have regions with locally elevated suspended sediment concentra-
tion (SSC), which are referred to as an Estuarine Turbidity Maximum (ETM) (Schubel,

1968; Dyer, 1986). ETMs are areas with a convergence of sediment transport, often cor-
responding to the landward limit of salt intrusion. With high SSCs, the ETMs lead to
dynamic bed behavior and may influence tidal propagation through damping of turbu-
lence (Geyer, 1993; Burchard and Baumert, 1998; Talke and Jay, 2020). Understanding
the dynamics of ETMs is important for the management of navigation channels, fresh-
water resources and ecosystem services.

ETMs reflect trapping of sediment in the longitudinal direction, often as a result of
(at least one of) two main mechanisms: tidal asymmetry and estuarine circulation. Tidal
asymmetry is the distortion of the tidal wave resulting from non-linear interactions be-
tween the tide and channel morphology (Uncles et al., 1985; Dyer, 1988; Friedrichs and
Aubrey, 1988; Brenon and Le Hir, 1999; Yu et al., 2014). Tidal wave distortion leads to
stronger but shorter flood currents than ebb currents, resulting in a net transport of sed-
iment in the landward direction. Estuarine circulation is characterized as a landward-
directed bottom flow and a seaward directed surface flow, resulting from the baroclinic
pressure gradient generated by longitudinal salinity differences (Festa and Hansen, 1978;
Dyer, 1988; Burchard and Baumert, 1998; Geyer and MacCready, 2014). Sediment is
transported seaward in the surface layer, gradually settling from suspension towards the
bottom layer, which transports sediment back in the landward direction. This two-layer
flow exists seaward of the salt-fresh water interface, and therefore a resultant ETM will
develop in the tip of the salt wedge. Moreover, internal tidal asymmetry due to the flood-
ebb asymmetry in turbulent mixing is typically stronger during flood than ebb tides (Jay
and Musiak, 1994, 1996). The reduction of tidal mixing during ebb tide results in in-
ternal tidal asymmetry that generates a two-layer tidally-averaged residual circulation,
which also contributes to estuarine circulation (Jay and Musiak, 1994, 1996). And fi-
nally, strain-induced tidal straining results from differential advection of a longitudinal
density gradient (Simpson et al., 1990). During ebb tides, the water column is strati-
fied via the straining of the density field which creates a vertically sheared velocity pro-
file. During flood tides, this straining is reversed and the bottom water column becomes
more mixed, intensifying the currents near the bottom. This asymmetric mixing leads
to a residual flow strengthening the estuarine circulation (Jay and Musiak, 1994, 1996;
Geyer and MacCready, 2014). Other than the above-mentioned mechanisms in induc-
ing residual circulation in estuaries, in highly turbid estuaries, high SSC may result in
extra density differences sufficiently large to dampen turbulent mixing, and therefore
lead to rapid settling of suspended sediment, influencing the horizontal velocity struc-
ture (Winterwerp, 2001). Compared to the effect of salinity, the dynamics resulting from
sediment-induced density differences have received much less scientific attention.

Sediment-induced density gradients (SedDG) may operate in both longitudinal and
vertical directions and influence sediment trapping. Upstream of the location of the
maximum SSC in the ETM, longitudinal salinity- and sediment-induced density gradi-
ents act together to enhance tidally-averaged circulation (Talke et al., 2009b). However,
downstream of the maximum SSC in the ETM, the SedDG and salinity-induced den-
sity gradient (SalDG) may act in the opposite directions, leading to a three-layer circu-
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lation with near-bed seaward flow and therefore weakened residual currents (Talke et
al., 2009b). Additionally, SedDG promotes settling, resulting in larger gradients in the
vertical SSC profile and more concentrated residual transport by depth-varying residual
flows. And finally, vertical density gradients would suppress turbulence, reduce the ap-
parent hydraulic roughness and lead to more amplified tides and enhanced tidal strength
(Gabioux et al., 2005; Winterwerp et al., 2009; Wang et al., 2014), which in turn influence
the ETM. Such a positive feedback may lead to an increase in SSC as a result of deep-
ening and narrowing of navigation waterways in estuaries (Winterwerp, 2011; Winter-
werp and Wang, 2013; Winterwerp et al., 2013; de Jonge et al., 2014; van Maren et al.,
2015b). Moreover, the effect of sediment on the density causes variations in turbulence,
and thereby mud-induced periodic stratification (Becker et al., 2018), leading to net up-
stream sediment transport, which is similar to the strain-induced periodic stratification
(Simpson et al., 1990). Despite increasing phenomenological insight into the importance
of sediment-induced effects, an integral study on the effects of the longitudinal and ver-
tical SedDG on mixing, residual flows, and tidal propagation is still missing.

The Yangtze Estuary provides a case study in which all the above-mentioned dy-
namic processes play a role. It is an energetic and highly turbid estuary under strong flu-
vial and tidal forcing. An ETM stretching about 60 km in the mouth zone of the Yangtze
Estuary occupies the region of the North and South Passages where bottom SSC can
be >10 kg/m3 (Lin et al., 2019). The dynamics controlling the formation of ETM in the
Yangtze have been extensively studied based on field observations (Li and Zhang, 1998;
Wu et al., 2012; Song et al., 2013) and numerical models (Chu et al.; Song and Wang, 2013;
Wan and Wang, 2017). Figure 1 provides an example of high near-bottom SSC of ∼30
kg/m3 (∼1 m thick) lasting for 3-4 h in the middle of the North Passage (NP) (see Figure
4.2). The dynamics of these high concentration layers are regulated by the tidal varia-
tion in vertical mixing and horizontal advection, but their relative contribution remains
poorly known. Even more, the impact of high near-bottom SSC on the hydrodynam-
ics themselves (through its effect on the density, as elaborated above) remains poorly
known. Earlier works suggest that the SedDG enhances stratification and strengthens
the ETM (Song and Wang, 2013; Wan and Wang, 2017; Li et al., 2018b) and leads to a
lower apparent roughness (Winterwerp et al., 2009). However, these studies do not ac-
count for longitudinal SedDG which may behave differently than the vertical SedDG.
The interactions between sediments, salinity, mixing and residual flows require further
detailed analysis.

In this contribution, we aim at identifying the contribution of longitudinal and ver-
tical SedDG and SalDG on ETM dynamics. A three-dimensional (3D) model is used to
account for the effects of SalDG and SedDG individually as well as the interactions be-
tween the sediments and salinity. We systematically analyze the changes in the estuarine
hydrodynamics, e.g., the tidal propagation, residual flows, and stratification which con-
tribute to the formation of the ETM. The setup of the model is described in section 4.2,
and model results are presented in section 4.3. The model limitations, the effects of lon-
gitudinal and vertical SedDG, and the implications for other estuaries are discussed in
section 4.4. Conclusions are drawn in section 4.5.
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Figure 4.1: Observed variations of (a) longitudinal velocity u; (b) salinity and (c) suspended sediment concen-
tration (SSC) in the middle of the North Passage (see Figure 4.2 during 14-15 July, 2014. Positive u indicates the
flood direction. See Lin et al. (2019) for details.

4.2. METHODOLOGY

4.2.1. STUDY AREA

T HE Yangtze Estuary is a meso-tidal estuary (a mean tidal range of 2.6 m at the mouth
but with spring tidal range up to 5.9 m) originating at Xuliujing (the estuary head,

defined as km-0) with four main outlets called the North Branch, the North Channel,
the NP and the South Passage (Figure 4.2). It has a predominantly semi-diurnal tidal
regime with M2 as the most important component, followed by S2, O1, and K1. The M2

tidal amplitude increases in the first 50 km of the estuary due to the decreasing water
depth and the convergent channel geometry. Further inside the estuary, the M2 tidal
amplitude decreases due to the damping effect of bottom friction and river discharge.
The river discharge is high (monthly averaged value varying between 10,000-80,000 m3/s
at the tidal limit (Datong station, 640 km upstream of the mouth). Wind and waves are of
secondary importance compared to the river and tidal forcing. The river also supplies a
huge amount of sediment (364 million tons per year during 1950-2016, Zhu et al., 2019)
to the estuary. The river-borne sediment is fine, with a median grain size of 4–11 µm
(Guo and He, 2011), whereas the bottom sediment in the estuary is relatively coarser,
with a median grain size of 8–120 µm (Hu et al., 2009). The ETM in the Yangtze Estuary
encompasses the region of the NP, South Passage and the seaward segment of the North
Channel (Li and Zhang, 1998; Jiang et al., 2013b). Generally, the spatial extent of ETM
varies with the river discharge (Doxaran et al., 2009) and sediment input (Jiang et al.,
2013b).
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The NP, where the ETM of the Yangtze Estuary is most pronounced, typically has a
surface SSC of 0.1-0.3 kg/m3 and a near-bottom SSC of 0.4-4 kg/m3 varying with spring
and neap tides as well as over wet and dry seasons (Shi, 2004; Liu et al., 2011; Li et al.,
2016b). The near-bottom SSC, however, may exceed 10 kg/m3 (see Figure 4.1, Lin et al.,
2019) and even reach 100 kg/m3 (Wan et al., 2014b). Mixing and stratification period-
ically varies with the strength of river flow and tidal flow, leading to flood-ebb, spring-
neap and seasonal variations (Shi, 2004; Wu et al., 2012; Song et al., 2013; Pu et al., 2015;
Li et al., 2016b, 2018b). From 1998 to 2010, the NP was deepened and narrowed as part of
the Deep Channel Navigation Project (DCNP) to accommodate larger ships. The DCNP
was implemented with two long jetties and 19 groins to increase current velocity and
mitigate sediment deposition in the main navigation channel. The main navigation
channel was 350-400 m wide and 12.5 m, requiring an annual dredging volume of ∼50-
60 million m3 (Zhu et al., 2019). The high maintenance dredging costs fuels research on
determining mechanisms controlling sediment trapping and siltation (Liu et al., 2011;
Wu et al., 2012; Jiang et al., 2013a; Kuang et al., 2014). In this study, we focus on tidal
propagation and sediment dynamics along the South Branch-South Channel-NP (see
red dashed line in Figure 4.2).

4.2.2. MODEL SETUP

A 3D model was set up using the Delft3D model system, which simulates flow, sed-
iment transport and morphological changes. The model solves the three-dimensional
shallow water equations under the hydrostatic pressure assumption – see Lesser et al.
(2004) for details. Vertical mixing is computed with a k-ε turbulence model. The model
application domain is about 700 km long and 400 km wide, covering the entire tidal re-
gion of the Yangtze River, the Hangzhou Bay and a part of the adjacent Yellow Sea and
East China Sea (Figure 4.2). The model has 1173×374 cells with a high resolution in the
estuary (down to ∼300 m in the NP) and coarsening towards the river and the open sea
(up to 10 km). Ten equidistant σ layers are prescribed over the vertical. The model is
set up with a bathymetry measured in 2010 and calibrated with data collected in 2007,
assuming that the bathymetry did not significantly change between 2007 and 2010. This
assumption is reasonable as the impact of the DCNP construction (1997-2010) was most
pronounced in the period 1997-2007 (see Zhu et al., 2019). Here we briefly describe the
setup of the model: more details on the governing equations and the calibration are in
the Supporting information (SI).

HYDRODYNAMIC BOUNDARY CONDITIONS

The upstream boundary is at Datong where a daily river discharge is prescribed with
strong seasonal variations. A constant discharge of 1,000 m3/s was defined at the head
of Hangzhou Bay. At the seaward side, water levels are prescribed with 13 astronomic
tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, MF, M4, MS4, MN4) derived from the
TPXO 7.2 Global Inverse Tide Model (Egbert et al., 1994; Egbert and Erofeeva, 2002) as
a non-reflective open boundary. The tidal waves can across the open sea boundary
unhampered and without reflections. The shallow water equations are solved by the
steady-state solution which means the specified water level boundary acts as a nodal
point. The salinity at the sea boundary is set constant and equal to 34 psu, whereas fresh
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Figure 4.2: (a) Model domain; (b) highest grid resolution in the mouth zone of the Yangtze Estuary; (c) ge-
ometry and bathymetry of the Yangtze Estuary in 2010 and stations in the longitudinal direction (red dashed
line). Seaward of the blue dashed line in (a) and (c) is prescribed as offshore settlings. The white areas are the
reclaimed regions. DCNP: Deep Channel Navigation Project. NB: North Branch; SB: South Branch; NC: North
Channel; SC: South Channel; NP: North Passage; SP: South Passage.

water is prescribed at the upstream boundary. Although the Yangtze discharges a large
amount of fresh water into the coastal seas, the model boundaries are sufficiently far
away from the river mouth to allow a constant salinity value representing marine con-
ditions. The model was first run for one year (2006) as a spin-up period, while the sec-
ond year (2007) was used for calibration and detailed analysis. The 3D baroclinic model
was calibrated with spatially varying Manning’s n coefficient. The initial Manning’s n
[s/m-1/3] was based on the roughness height in a calibrated hydrodynamic model (Zhu
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Table 4.1: Parameter settings in the model (details refer to the Supporting information)

Parameter Description Value

∆t (min) Time step 0.5
n (s/m−1/3) Manning coefficient 0.01 ∼ 0.025 with spatial variation
ωs,0 (mm/s) Settling velocity 0.5
csoi l (kg/m3) Reference density for hindered settling 200
ρs (kg/m3) Specific density for cohesive sediment 2650
τcr (N/m2) Critical erosion stress 0.1
M (kg/m2/s) Erosion parameter 0.001

et al., 2016), which is subsequently optimized through calibration. In 2010, jetties and
groins were constructed in the DCNP. These jetties and groins are numerically imple-
mented as structures completely blocking through- or overflow. The calibrated parame-
ters are summarized in Table 4.1.

SEDIMENT TRANSPORT

The measured daily SSC, varying between 0.01 and 1 kg/m3, was prescribed as a sed-
iment transport boundary condition at Datong. The sediment concentration at the head
of Hangzhou Bay is prescribed as zero. This is justified as the river sediment input here
is negligible compared to the Yangtze River and seldom reaches the Yangtze Estuary (Hu
et al., 2000). The sediment is represented by a single cohesive sediment fraction with a
settling velocity of 0.5 mm/s (Yun, 2004). Sediment is modelled as supply-limited: the
model is not initialized with sediment on the bed, but sediment is transported into the
model through the open boundaries. The model is run until the computed SSC is in
dynamic equilibrium (i.e. the computed SSC remains constant if it is averaged over rel-
evant hydrodynamic timescales such as spring-neap tidal cycles). The modelled ETM is
therefore resulting from sediment transport convergence computed by the model, and
the strength and location of the ETM are the results of subtle variations in the hydrody-
namics. This will be discussed in more detail in section 4.3. The erosion flux E of cohe-
sive sediment (< 64µm) are calculated with Partheniades-Krone equation (Partheniades,
1965) and deposition D as a bed shear stress independent flux (Winterwerp, 2007):

E = M

(
τ

τcr
−1

)
(4.1)

D =αωs c (4.2)

Where M is the erosion parameter (kg/m2/s), τ is the bed shear stress, τcr is the crit-
ical bed shear stress for erosion, ωs is the settling velocity, c is the SSC, and α is the
‘reduced deposition’ factor used to approximate complex and poorly understood physi-
cal processes that occur near the bed and become stronger at high SSC (see van Maren
et al., 2020). These processes include hindered settling (reducing the rate at which par-
ticles settle on the bed), floc destruction in the bed boundary layer (leading to lower
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settling velocities), and consolidation (the critical shear stress for erosion is not attained
instantaneously, but a particle only gradually gains strength through consolidation after
deposition and therefore they are easily immediately re-entrained). All these processes
lead to reduced sediment deposition rates at high SSCs. We use a spatially varying α
to account for different physical processes which are poorly represented in the model
for various reasons. Specifically, α = 0.1 is prescribed in the estuary to represent a re-
duced sediment flux into the bed (resulting from simplification of the consolidation and
erosion processes at high concentrations, for instance, as elaborated above), leading to
higher near-bottom SSCs; α= 0 in the groin field to imply additional sediment availabil-
ity from the groin field (no deposition, to account for lateral gravity flows and dredging
works), and α = 1 in the offshore (seaward of the dashed blue line in Figure 4.2a and
c) where the majority of sediment supplied to the coastal zone deposits on the inner
shelf. The critical shear stresses for erosion is prescribed as 0.1 N/m2 in the estuary,
following earlier sediment transport models developed for the Yangtze Estuary (Chu et
al.; Wan and Wang, 2017) and as 0.5 N/m2 offshore. The small critical shear stress for
erosion is characteristic of non-consolidated sediments, which can be easily eroded and
re-suspended.

MODEL CALIBRATION AND SCENARIOS SETUP

The model is calibrated in fully baroclinic mode, a standard scenario called Full,
which includes both salinity- and sediment-induced density effects (see SI for details).
The modelled averaged salinity and SSC show a similar pattern (magnitude and location
of the ETM) as observation (Figure 4.3). The simulated depth-averaged and near-bottom
SSC in the ETM reach 1.5 and 5 kg/m3, respectively, which can sufficiently influence the
density of the suspension to reduce vertical mixing rates and corresponding sediment-
induced density effects (Winterwerp, 2001). A sensitivity study on the effect of the set-
tling velocity (see SI) reveals that lower settling velocity results in a less pronounced ETM
whereas higher settling velocity does not reproduce seasonal variations of SSC. A com-
parison of the effect of turbulence model parameterizations (see also SI) shows that a k-L
turbulence model or additional background vertical viscosity and diffusivity in the k-ε
turbulence model could induce more mixing effects, which underestimates the effects of
the vertical density gradients on suppressing turbulence. The standard model therefore
better represents the seasonal and spatial distributions of the SSC.

We set up four scenarios to investigate the impact of SalDG and SedDG on tidal dy-
namics and sediment transport (Table 4.2). Three other scenarios are set up stepwise
excluding the SalDG and SedDG, with scenarios defined as Sal (salinity density effect
only), Sed (sediment density effect only), and Barot (neither salinity nor sediment den-
sity effect, in other words, a barotropic model). Note that the Sal and Barot scenarios
exclude the SedDG by excluding the effect of SSC in calculating the density of water (see
SI). The differences in the estuarine dynamics between these four scenarios provide the
individual effects of salinity and sediment on the ETM.

4.2.3. DENSITY PARAMETERS

The effect of density differences on hydrodynamics is evaluated by computing the
residual flow and the pressure gradient. In the longitudinal momentum equation, the
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Figure 4.3: Comparison between modelled (lines) and observed (dots) longitudinal distribution of depth-
averaged and bottom suspended sediment concentration (SSC, red) and depth-averaged salinity (blue). The
observed data are tidal period and depth-averaged during 12-16 August 2007 from Wan et al. (2014a). The
modelled salinity and SSC are averaged during the wet season (May-October). The estuary head is at Xuliujing
(see Figure 4.2).

Table 4.2: Overview of model scenarios. SalDG: salinity-induced density gradient; SedDG: sediment-induced
density gradient. * indicates the fully baroclinic scenario based on which the model is calibrated.

No. Scenarios SalDG SedDG

1 Full* Yes Yes
2 Sal Yes No
3 Sed No Yes
4 Barot No No

pressure is a function of the barotropic and baroclinic pressure gradient terms:

∂p

∂x
= gρ0

∂ξ

∂x
+ g

(∫ ξ

z

∂ρ

∂x
d z ′

)
(4.3)

Where x is the along-channel direction, ξ is water surface elevation, ρ0 is the depth-
averaged density, ρ is the density of saltwater containing suspended sediments, g is the
gravitational acceleration, and p is the fluid pressure. The first term on the right side is
the barotropic pressure gradient and the second term on the right side is the baroclinic
pressure gradient F . The baroclinic pressure gradient F , which is estimated from the
longitudinal density gradient, is closely related to the residual flow induced by the SalDG
and SedDG.

The vertical density effects are expressed using three parameters: the vertical salinity
difference, the vertical SSC difference, and the gradient Richardson number. The vertical
salinity difference ∆s is a simple measure for stratification and is defined as the differ-
ence between the bottom and surface salinities (∆s = sbottom − ssurface ). Similarly, the
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vertical SSC difference ∆c is obtained from the difference between the bottom and sur-
face SSCs (∆c = cbottom −csurface ). The gradient Richardson number Rig is a dimension-
less ratio of buoyancy and velocity shear, expressing the stability of the water column:

Rig = g ∂ρ
∂z

ρ
(
∂u
∂z

)2 (4.4)

Where ∂ρ
∂z and ∂u

∂z are the vertical gradient of density and horizontal velocity, respec-
tively. Miles (1961) suggest the existence of a critical Rig value of 0.25 above which a
stable salinity stratification tends to occur, while below which the stratification tends to
be unstable and hence tidal mixing is likely to occur. In this work, we calculated the in-
stantaneous Rig in which the maximum value over the water column is focused on to
indicate the most pronounced changes. The median and interquartile range of the max-
imum Rig over a year in different scenarios are then compared to suggest the changes in
stratification.

4.3. RESULTS

4.3.1. TIDAL DYNAMICS

T HE tidal propagation is evaluated by analyzing changes in the M2 amplitude, M4

to M2 amplitude ratio and the phase difference between M2 and M4 (Figure 4.4).
The M2 amplitude landward of km-150 is approximately 0.08, 0.06 and 0.01 m larger in
the Full, Sal and Sed scenarios compared to the Barot scenario (representing the com-
bined density effects, and individual SalDG and SedDG effect on tidal amplification, re-
spectively). SalDG (Sal scenario) therefore contributes more to tidal amplification than
SedDG (Sed scenario). However, the difference in tidal amplification in the combined
scenario (Full scenario) is larger than the sum of the individual effects of SalDG and
SedDG, indicating a feedback mechanism between salinity and sediments. Similarly,
the effect of SedDG is also stronger on tidal asymmetry (the M4 to M2 amplitude ratio
and phase difference) when combined with salinity, compared to the individual SedDG
(Sed scenario). Specifically, both the amplitude ratio and the phase difference computed
with the Sed scenario are very similar to the Barot scenario but strongly differ between
the Full and the Sal scenario. It suggests that the effect of the interaction between salin-
ity and sediments is also pronounced in tidal asymmetry. The M4 to M2 amplitude ra-
tio and phase difference of scenarios with salinity (Full and Sal) are smaller than in the
barotropic scenario (Barot) landward of km-150 (but larger seaward of this point for the
phase difference). This suggests that the salinity gradients decrease the degree of tidal
wave deformation and behave differently in the regions upstream and downstream of
km-150 whereas individual SedDG (Sed scenario) limitedly influences tidal asymmetry.
Overall, both SalDG and SedDG lead to slightly larger tidal amplification and deforma-
tion; however, the effect of SedDG is only pronounced with the consideration of salinity
gradients. It also indicates that salt intrusion, partly as a result of tidal amplification,
may be influenced by the effect of SedDG as elaborated later.

The effect of the density gradients on changing flow fields is illustrated with the ve-
locity amplitude of the M2 tide (Figure 4.5). The SalDG strongly modifies the flow field,
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Figure 4.4: Modelled longitudinal variations (red dashed line in Figure 4.2) of (a) water level amplitude M2
aξM2, (b) amplitude ratio of M4 to M2 (aζM4/aζM2) and (c) phase difference between M2 and M4 for water
levels (2φζM2 −φζM4) in scenarios- Full, Sal, Sed, and Barot (see Table 4.2). The estuary head is at Xuliujing
(see also Figure 4.2).

i.e., enlarging the flow velocity in the upper water column up to 30% relative to the
barotropic scenario (particularly in the ETM), whereas the SedDG does not substantially
influence the flow field. This implies that the effect of the SedDG on flow velocities is lim-
ited. Again, the differences between the Full and Sal scenarios (representing the effect
of sediment in combination) are larger than the effect of sediment alone (the difference
between Sed and Barot), allowing us to identify the baroclinic effect of the SedDG in the
following sections.

4.3.2. ETM LOCATION AND EXTENSION

The location and extension of the ETM vary in the four scenarios (Figure 4.6). No sig-
nificant ETM develops in the Barot scenario, and both surface and bottom along-estuary
SSCs are <0.5 kg/m3 as insufficient sediment trapping mechanisms exist counterbalanc-
ing seaward sediment transport by river flow. The Sed scenario exhibits relatively higher
bottom SSC at km-90. In the Sal scenario, a significant ETM with maximum bottom SSC
<1 kg/m3 is obtained and the maximum SSC in the ETM occurs between km-100 and km-
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Figure 4.5: Modelled M2 amplitude of the longitudinal velocity during a year in the scenarios of (a) Barot, (b)
Sed, (c) Sal, and (d) Full (see Table 4.2). The estuary head is at Xuliujing (see Figure 4.2).

150 which is in agreement with observations (see SI). This suggests the important role of
the salinity-induced gravitational circulation on sediment trapping in the Yangtze Estu-
ary. When adding sediment-induced density effects, the near-bottom SSC in the ETM
becomes an order of magnitude larger and the extension of the ETM is much wider into
the landward side in the Full scenario. The ETM extends further upstream than the ob-
served ETM region identified by Li and Zhang (1998). This longitudinal extent may be
the result of the constant settling velocity prescribed in our model whereas in reality the
settling velocity is spatially varying, with higher settling velocities in the ETM resulting
from salinity effects and high concentrations. Additionally, the salinity is more vertically
stratified and the salt front propagates further upstream, i.e., an upstream shift of the
near-bed 1 and 5 psu isohalines of ∼15 and ∼2 km, respectively.

4.3.3. DENSITY GRADIENTS

LONGITUDINAL DENSITY GRADIENTS

The effects of yearly-averaged longitudinal density gradients are analyzed by depict-
ing the longitudinal baroclinic pressure gradient (Figure 4.7a) and residual current (Fig-
ure 4.8). In the Barot scenario, the longitudinal density gradients are zero as no den-
sity effects are considered. In the Sed scenario, the longitudinal density gradients are
small and show alternatingly positive and negative values, implying irregularly directed
sediment transport. In the Full and Sal scenarios, the baroclinic pressure gradients are
always positive seaward of km-90 because of salinity effects, leading to significant land-
ward sediment transport. Interestingly, the baroclinic pressure gradients increase up-
stream of km-120 and decrease downstream of km-120 in the Full scenario compared
with the Sal scenario (interpreted as the effect of sediment in combination with salinity).
This suggests that the combined density effects by salt and sediment (Full scenario) are
not a sum of the individual effect of the SalDG (Sal scenario) and SedDG (Sed scenario).
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Figure 4.6: Modelled longitudinal distribution (red dashed line in Figure 4.2) of salinity (black contour lines)
and SSC (color shading) of the scenarios of (a) Barot, (b) Sed, (c) Sal, and (d) Full (see Table 4.2) averaged from
1 Jan 2007 to 1 Jan 2008. The estuary head is at Xuliujing (see also Figure 4.2).

This is caused by the interaction between salinity and sediments: the distributions of
SSC (and therefore the effect of the SedDG) are completely different with and without
SalDG (see Figure 4.6). In other words, when sediment interacts with salinity, the SedDG
enhances or strengthens the SalDG in the region landward and seaward of km-120, re-
spectively. This will be discussed in more detail hereafter.

Without density effects, the barotropic residual currents are persistently directed
seaward due to the large river flow with a magnitude decreasing from 0.4 m/s at km-0
to 0.2 m/s at km-150 (Figure 4.8a). Therefore, the density-induced residual current pat-
terns are obtained by subtracting the residual current in the Barot scenario from the Sed,
Sal, and Full scenarios (Figure 4.8b, c, d). The residual currents induced by SedDG are
small and mostly directed seaward except the South Branch landward of km-50 (Figure
4.8b). Salinity drives a classical residual flow downstream of km-100, with a landward
flow (0-0.13 m/s) near the bottom and seaward flow (0-0.23 m/s) near the surface (Figure
4.8c). Such a residual circulation causes a net landward sediment transport as sediment
concentrations are higher near the bed, suggesting that the SalDG is important for the
convergence of sediment. Landward of km-100, the residual current in the deep chan-
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Figure 4.7: Modelled longitudinal changes (red dashed line in Figure 4.2) of yearly-averaged (a) baroclinic
pressure gradient F , (b) vertical suspended sediment concentration (SSC) difference ∆c (logarithmic scale),
and (c) vertical salinity difference∆s in the scenarios-Full, Sal, Sed, and Barot (see Table 4.2). The estuary head
is at Xuliujing (see also Figure 4.2).

nel is directed landward (0-0.02 m/s) relative to the barotropic flow in the Sal scenario.
This landward flow in the South Channel is compensated by stronger seaward flow in
the North Channel (Figure 4.9a, c). Further seaward, in the NP, salinity drives a more
classical salinity-induced circulation cell with near-bed inflow and near-surface outflow
(Figure 4.9b, d), as also evident in Figure 4.8c.

Also in the fully baroclinic scenario (Full, also including sediments), a residual cir-
culation exists between km-100 and km-150 (Figure 4.8d). However, the near-surface
outflow velocity is approximately 0.01-0.03 m/s stronger whereas the near-bed inflow
increases by 0.01-0.05 m/s (relative to the Sal scenario) between km-100 and km-140.
The differences correspond to the changes in surface and bottom residual flow in the
South Channel and NP (Figure 4.9). Moreover, in the South Channel, sediment leads to
a reduction of the landward flow in the main channel (as also visible in Figure 4.8c, d)
accompanied by more landward flow over shallow areas. This landward flow is compen-
sated by a seaward flow in the North Channel, especially near- surface.

The spatial patterns of residual flow in Figure 4.9 illustrate that salinity and sediment
not only drive the longitudinal and vertical flows but also lateral flows. However, in the
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Figure 4.8: Modelled longitudinal distribution (red dashed line in Figure 4.2) of yearly-averaged residual cur-
rents in the scenarios of the barotropic simulation (a, Barot) and differences of the various baroclinic model
runs with the barotropic model (b-d). The sediment-only barotropic run is provided in (b) Sed, salinity-only
in (c) Sal, and fully baroclinic model in (d) Full (see Table 4.2) Positive and negative indicates flood (landward)
and ebb (seaward) direction, respectively. The estuary head is at Xuliujing (see also Figure 4.2).

remainder of this paper, we will primarily address the vertical and longitudinal density
effects as we consider these to be the main drivers of sediment transport convergence
and divergence which are influenced by sediments. The lateral density effects need to
be addressed in greater detail as part of future work.

VERTICAL DENSITY GRADIENTS

We interpret the vertical density gradients first using the vertical SSC difference (Fig-
ure 4.7b) and the vertical salinity difference (Figure 4.7c). The vertical SSC difference is
smaller than 1 kg/m3 in all the scenarios except the Full scenario. The maximum vertical
SSC difference (0.3 kg/m3) is at km-80 in the Sed scenario, which may be considered an
ETM location resulting from sediment-induced transport processes. On the other hand,
the maximum vertical SSC difference (0.4 kg/m3) locates near the landward limit of the
salt wedge in the Sal scenario, corresponding to the role of the SalDG in trapping sed-
iment due to the landward near-bed residual current (see Figure 4.8c). Similar to the
longitudinal density gradients, the effect of SedDG plays an important role only in com-
bination with salinity effects, leading to a pronounced higher near-bed SSC in the Full
scenario (in the area in-between the Sal ETM and the Sed ETM). Interestingly, the verti-
cal salinity gradient in the Full scenario is ∼1.5 psu larger than that in the Sal scenario
downstream of km-90, suggesting that SedDG strengthens the vertical salinity gradient.

We subsequently interpret the vertical density gradients with the maximum gradient
Richardson number, quantifying the stability of the water column (Figure 4.10). The wa-
ter column is stably stratified for Rig > 0.25, whereas mixing prevails for Rig < 0.25. The
whole channel is stably stratified in the Sed scenario with the largest values upstream
of km-120. Mixing prevails upstream of km-120 in the Sal scenario, but stratified condi-
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Figure 4.9: Comparison of the modelled yearly-averaged (a, b) surface and (c, d) bottom residual currents
(relative to the barotropic model) in the (a, c) South Channel and (b, d) North Passage between the Sal and Full
scenarios (see Table 4.2).

tions prevail further seaward. The Rig in the Full scenario is close to a superposition of
the Rig values in the Sed and Sal scenarios. However, Rig in the Full scenarios is over 2
times stronger than the value in the Sed scenario downstream of km-60 and the strongest
stratification takes place slightly upstream of the Rig peak in the Sal scenario.

4.3.4. SEASONAL AND SPRING-NEAP VARIATIONS

The effect of the SedDG on sediment transport and salt intrusion displays strong sea-
sonal and spring-neap variations owing to changes in river discharge and tidal strength
(Figure 4.11). The seasonal variation of the tidal range offshore varies only 10% between
the wet and dry season at Niupijiao (see Guo et al., 2015), and therefore the seasonal
variability is only evaluated for river discharge. In both the Sal and Full scenarios, the
SSC is the largest at intermediate tides during the dry season (Figure 4.111c, e) whereas
the SSC is the largest at neap tides during the wet season (Figure 4.11d, f). In the Sal
scenario, the location of the maximum SSC in the ETM is more landward in the dry sea-
son than in the wet season. Interestingly, the movement of the ETM does not entirely
follow the salt front in the Full scenario during the dry season, suggesting an impact of
sediment-induced effects on ETM location (superimposed on salinity effects). Further-
more, the SSC in the upper estuary (landward of km-100) is larger during the wet season
than dry season due to the larger sediment input.

The spring-neap variation of the vertical salinity gradient is more pronounced when
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Figure 4.10: Modelled longitudinal changes (red dashed line in Figure 4.2) of the median and interquartile
range (IQR) of the maximum gradient Richardson number Rig over the water column from 1 Jan 2007 to 1 Jan
2008 in the scenarios of Barot (purple), Sed (yellow), Sal (blue), and Full (red) (scenarios see Table 4.2). The
values over 0.25 (grey solid line) suggest more stratification effect. The estuary head is at Xuliujing (see also
Figure 4.2).

including sediment-induced density effects, and stronger during the wet season than
during the dry season (Figure 4.11g, h). During the wet season, the effect of sediment on
salinity gradients is most pronounced during neap tide whereas it is strong at both neap
and spring tides during the dry season. This suggests different controlling mechanisms
in the dry season compared with the wet season.

The salt front intrudes further landward movement under the influence of SedDG
(Figure 4.11i, j), moving up to 20 km landward in the Full scenario compared with the
Sal scenario. During the wet season, the salt intrusion moves 5-15 km more landward
during neap tides and 0-10 km during spring tides due to the SedDG. During the dry
season, the salt intrusion moves farthest landward (10-20 km) at intermediate tides and
<5 km (or even seaward) during spring and neap tides due to the SedDG. In addition,
the landward movement of the salt wedge due to the SedDG strongly varies with tidal
cycles, for instance, the high water and low water can also lead to a maximum of 20 km
movement of the salt front induced by the SedDG.

4.4. DISCUSSION

4.4.1. MODEL LIMITATIONS

T HE sediment transport dynamics in the Yangtze Estuary have been extensively stud-
ied using numerical models (Hu et al., 2009; Chu et al.; Pang et al., 2010; Song and

Wang, 2013). The suspended transport in these models was largely determined by bed
erosion and sediment suspension, with highest sediment concentrations occurring in
areas with highest flow velocities. This so-called erosion-limited approach (or local sed-
iment source approach, see Brouwer et al., 2018; Dijkstra et al., 2018; van Maren et al.,
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Figure 4.11: Time evolution of the modelled (a, b) tidal water level at Niupijiao; bottom suspended sediment
concentration (SSC) in the scenarios of (c, d) Sal, and (e, f) Full; (g, h) difference of the vertical salinity gradi-
ents between the Sal and Full scenarios (Full- Sal) and (i, j) difference of the instantaneous (thin light blue) and
tidally averaged (thick dark blue) salt front locations (Full- Sal) in a spring-neap cycle during (a, c, e, g, i) dry
season and (b, d, f, h, j) wet season. The blue and red lines in (c, d) and (e, f) represent the tidally-averaged
salinity front location which is defined as the 3-psu bottom salinity limit, in the Sal and Full scenarios, respec-
tively (scenarios refer to Table 4.2).

2020) leads to a strong relation between bed shear stress and turbidity and is less sensi-
tive to variations of residual flows, and therefore altering sediment convergence zones.
Instead, we assume that the ETM results from density-driven processes and thus the
ETM is more dynamic (supply-limited approach, or reduced deposition approach, availability-
limited state; see Brouwer et al., 2018; Dijkstra et al., 2018; Hesse et al., 2019; van Maren
et al., 2020). The sediment dynamics following a supply-limited approach are sensitive
to the subtle variations in the hydrodynamic forcing. Using a supply-limited approach
(as adopted for our study) allows detailed investigations on the formation of the ETM
in response to residual sediment transport processes, such as estuarine circulation and
tidal asymmetries (van Maren et al., 2011; Hesse et al., 2019). The supply-limited ap-
proach has been used in several cases and can result in equilibrium transport for sedi-
ment trapping (van Maren et al., 2015b; Brouwer et al., 2018; Dijkstra et al., 2018; Hesse
et al., 2019). One limitation of this approach is the difficulty in calibrating the large-scale
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model against observations, particularly for the near-bed SSC. Seaward of the NP, the de-
pocenter of the Yangtze subaqueous delta (a ∼40 m thick mud belt, Liu et al., 2007, main-
tains a high deposition rate (10 cm/yr during 1958-2009, Dai et al., 2014) probably as a
result of the alongshore current. The simulated ETM formation is also influenced by the
deposition zone seaward of the NP (see SI). Moreover, the simulated near-bed SSC and
salt intrusion are difficult to be well reproduced simultaneously considering the identi-
fied interaction between SSC and salinity; however, it does not negate the main findings
in this work.

The modelled depth-averaged SSC corresponds well with data (Figure 4.3), and the
near-bed SSC is substantially larger than averaged over depth (see also Figure 4.3). How-
ever, if we compare the computed near-bed SSC in Figure 4.3) with an alternative dataset
(Figure 4.1), the model seems to underestimate the high concentrations occurring close
to the bed (>10 kg/m3). We attribute this underestimation to (1) flocculation: the settling
velocity varies over time and space resulting from flocculation processes influenced by
hydrodynamic shear, salinity, and the sediment concentration, which is not numerically
accounted for; (2) high SSCs occur as thin layers very close to the bed. The thickness of
the near-bed layers is too large (1 m) to resolve such fluid mud layers. These layers result
in high SSC concentration gradients, which in turn dampen turbulent mixing, strength-
ening sediment concentration gradients; (3) consolidation processes are not accounted
for which may result in spatially and temporally varying critical bed shear stress. Ad-
ditionally, the sediment within and seaward of the NP is finer, with lower critical shear
stress for erosion. Both consolidation and spatial segregation of sediments may lead to
discrepancies of observed and modelled sediment convergence; and (4) The jetties and
groins are implemented as blocked thin dams which limit the water and sediment ex-
changes (Zhu et al., 2017) whereas in reality, the jetties overflow around high water. As a
result, the model underestimates lateral inflow of suspended sediment, especially under
high tides and storm events when water levels and SSC are high.

Despite the near-bed SSC underestimation in the ETM, the model does differentiate
the effects of longitudinal and vertical SedDG. In reality, the relative effect of the SedDG
is expected to be more pronounced, resulting in more pronounced effects on sediment
transport and tidal propagation.

4.4.2. ETM DEVELOPMENT BY SEDDG
EFFECT OF THE SEDDG

The effect of the SedDG is completely different with and without salinity effects.
Without salinity, no ETM develops and the effect of SedDG is limited. With salinity ef-
fects, a pronounced ETM develops with a shape, strength and location strongly influ-
enced by the SedDG. This dependence implies a nonlinear interaction between salinity
and SSC, which we address by analyzing the differences between the Sal and Full sce-
narios. In the following analysis, we differentiate the longitudinal and vertical sediment-
induced density effects.

Longitudinal salinity-induced effects trap sediment and therefore generate a pro-
nounced ETM (Figure 4.6 and Figure 4.7). In contrast, the longitudinal sediment-induced
effects lead to divergence of sediment (I in Figure 4.12) with sediment transport directed
from the middle of the ETM to both the landward and seaward direction. This implies
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that the longitudinal SedDG strengthens the longitudinal SalDG landward of the ETM,
but weakens the longitudinal SalDG seaward of the ETM (corresponding to the increased
and decreased baroclinic pressure gradients in the Full scenario compared to the Sal
scenario in upstream and downstream of km-120, respectively, see Figure 4.7). There-
fore, the ETM extends further upstream and the longitudinal distribution of SSC is more
asymmetric when accounting for sediment-induced density effects (see Figure 4.6).

Salinity stratification reduces vertical mixing rates and therefore mitigating tidal damp-
ing. This effect is reflected in increasing tidal amplitudes from simulations with salinity
(Figure 4.4). Vertical SedDG influences ETM in two ways. The first (IIa in Figure 4.12) ex-
cludes interaction with the large-scale hydrodynamics (only local turbulent mixing), in
which the SedDG increases the vertical concentration gradient (lower surface SSCs and
higher bottom SSCs) because of the reduced vertical mixing. These sediment-induced
effects become stronger at higher sediment concentrations, leading to progressive sed-
iment trapping in high concentration areas. Even more, strong vertical SSC gradients
strengthen the effect of salinity-driven residual circulation on ETM formation. Secondly,
this vertical distribution also influences the large-scale hydrodynamics (water levels, ve-
locities and salinities, see IIb in Figure 4.12). The vertical SedDG has the same effect as
the SalDG on amplifying and deforming tides as vertical density gradients reduce the ef-
fective hydraulic drag due to buoyancy destruction (Winterwerp et al., 2009). The drag
reduction will subsequently strengthen tidal amplification (Gabioux et al., 2005; Winter-
werp and Wang, 2013; Wang et al., 2014) and tidal deformation (van Maren et al., 2015b).
The tides are deformed as friction transfers energy among tidal frequencies and changes
the propagation speed at high and low water levels (Parker, 1984; Friedrichs and Aubrey,
1994; Savenije, 2006). More importantly, our work demonstrates that the vertical salinity
and sediment effects strengthen each other, introducing a positive feedback mechanism
promoting ETM formation.

Overall, this work demonstrates that the longitudinal SedDG leads to sediment trans-
port divergence. This is an important confirmation of the analytical model results of
Talke et al. (2009b) but also the first time the vertical and longitudinal sediment-induced
density effects are differentiated in a complex numerical modelling environment. Par-
ticularly the interaction between salinity and SSC indicates that the effect of the vertical
SedDG is even more complicated than mechanisms identified earlier (focusing on the
individual contribution of sediment), such as sediment-induced damping of turbulence
(Winterwerp, 2001), reduction of hydraulic drag (Winterwerp et al., 2009), and tidal de-
formation (van Maren et al., 2015b).

FLUVIAL AND TIDAL EFFECTS

The effect of the vertical SedDG is closely related to the seasonal and spring-neap
variations of stratification and mixing. Typically, a higher river discharge leads to more
stratification compared to a lower discharge, and stronger tidal flow leads to stronger
mixing (Dyer, 1986); the river discharge itself leads to tidal damping (Horrevoets et al.,
2004) As a result, the SedDG most strongly influences the vertical distribution of the sed-
iment concentration and salinity at neap tides during the wet season, corresponding to
the spring-neap variations of the migration of the salt wedge (Figure 4.11h, j). In con-
trast, in the dry season, the spring-neap variations of the migration of the salt wedge
induced by the SedDG are much less related to the enhanced vertical salinity gradients
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Figure 4.12: Schematic effects of the longitudinal and vertical sediment- induced density gradients (SedDG)
on sediment trapping. I: effect of the longitudinal SedDG; II(a): effect of the vertical SedDG with changes only
in suspended sediment concentration (SSC) (no sediment-induced changes on hydrodynamics); II(b): effect
of the vertical SedDG with changes including hydrodynamics, i.e. water level, velocity and salinity. Solid and
dashed lines are the situation without and with the effect of the SedDG, respectively.

(Figure 4.11g, i). This is probably caused by the spring-neap variation in mixing and
deposition which additionally modulates the SSC variation: during the dry season, the
near-bed SSC of the salinity-driven ETM (Figure 4.11c) is smaller at spring tides due to
stronger tidal mixing. At neap tides, however, the bottom sediments tend to deposit into
the bed, resulting in the lower bottom SSC (as for spring tides, but for a different reason).
As a result, vertical SSC differences are low around spring tides and neap tides, but more
pronounced in-between.

The strength of the longitudinal SedDG depends on the trapping efficiency as ex-
plained above and therefore the expansion of the ETM is most pronounced at inter-
mediate tides during the dry season. Similarly, the strongest effect of the longitudinal
SedDG occurs at neap tides during the wet season; however, the divergence of the ETM
is not significant. Note that, although the vertical convergence of the ETM is stronger
during the wet season than during the dry season, the near-bed SSC is higher during the
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dry season. Probably, the high river discharge also leads to stronger seaward flushing of
sediment, which is more efficiently trapped during the dry season.

4.4.3. IMPLICATIONS FOR OTHER ESTUARIES

ETM DEVELOPMENT

Our work reveals that the SedDG promotes the formation and longitudinal disper-
sion of the ETM of the Yangtze. These findings are probably relevant for ETM dynamics
in other systems as well. ETMs can be classified into three types with respect to their
location relative to the salt wedge controlled by different mechanisms (Table 4.3): near
the landward limit of the salt wedge, far into the freshwater zone, and within the estu-
arine salinity gradient (Burchard et al., 2018). An ETM may switch location due to river
discharges and tide-induced sediment transport. In particular, sediment may play im-
portant roles in highly turbid systems. In the Ems estuary, for example, successive chan-
nel deepening resulted in the upstream movement of the ETM into the freshwater zone
(Chernetsky et al., 2010; de Jonge et al., 2014), which was attributed to positive feedback
mechanisms triggered by high SSCs in response to deepening (Winterwerp, 2011; Win-
terwerp and Wang, 2013; van Maren et al., 2015b; Dijkstra et al., 2019b,a). In addition
to these vertical sediment-induced density effects, Talke et al. (2009b) suggested longi-
tudinal sediment-induced density effects to generate up-estuary sediment transport in
the Ems. In the river-dominated systems, although the ETM is rarely observed to mi-
grate into the freshwater region, ETM dispersion still occurs. For instance, the ETM is
weakened from neap tides to spring tides in the Amazon Estuary, which was primar-
ily ascribed to the tidally varying vertical stratification in salinity and sediment (Geyer,
1993). Moreover, the expansion of the ETM is more pronounced in the dry season than
the wet season in the Mekong Estuary, which was attributed to the seasonal variation in
erosion and deposition processes (Wolanski et al., 1996, 1998). However, the role of sed-
iments in ETM dynamics has received little scientific attention and we believe that the
SedDG may be also important for ETM dispersion in other systems.

SALT INTRUSION

The landward migration of the salt intrusion induced by SedDG is important for
freshwater intake. Approximately 70% of the freshwater supply in Shanghai is taken from
the Yangtze Estuary, which is endangered by salinity intrusion (Zhu et al., 2018). Analyt-
ical solutions (Savenije, 1993; Kuijper and Van Rijn, 2011; Zhang et al., 2011; Cai et al.,
2015) and numerical models (Xue et al., 2009; Gong and Shen, 2011) are often used to
predict salt intrusion in estuaries. However, these models do not consider sediment-
induced effects on salt intrusion. Our model suggests a 5-km yearly-averaged (0-20 km
considering seasonal and spring-neap variations) landward movement of the salt intru-
sion as a result of the SedDG. Note that as our model under-predicts the near-bed SSC,
the impact of sediment on salt intrusion may be even larger in reality.

The effect of sediments on salinity is important since the SSC has been changing
in many estuaries worldwide. A decrease in riverine sediment flux has been widely re-
ported in many large river deltas due to dam construction and soil conservation (Vörös-
marty et al., 2003; Syvitski and Saito, 2007; Walling, 2009). Although the response time of
an estuary to such a riverine sediment decline may be slow (and is often not known), a
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Table 4.3: Examples of estuarine turbidity maximums (ETM) with the main formation mechanisms. ETM1,
ETM2, and ETM3 refer to the ETMs locating within the estuarine salinity gradient, near the landward tip of the
salt wedge, and far into the freshwater zone, respectively.

Type Main formation mechanisms Estuaries

ETM1
• topographic trapping
(e.g., transition of topography)
• under certain conditions
(e.g., high river flow)

USA: Chesapeake Bay (North and Houde, 2001;
Fugate et al., 2007),
Columbia River estuary (Jay and Musiak, 1994;
Fain et al., 2001; Hudson et al., 2017),
Delaware estuary (Sommerfield and Wong, 2011),
Hudson estuary (Geyer et al., 2001;
Ralston et al., 2012),
San Francisco Bay (Schoellhamer, 2000),
York River estuary (Lin and Kuo, 2001)
Germany: Elbe estuary
(Kappenberg and Grabemann, 2001)
UK: Humber estuary (Mitchell et al., 1998;
Uncles et al., 2006)

ETM2

• gravitational circulation
(salinity-driven transport)
• tide-induced sediment
transport

USA: Chesapeake Bay (Schubel, 1968;
Sanford et al., 2001),
Columbia River estuary (Jay and Smith, 1990;
Jay and Musiak, 1994),
Delaware estuary (Sommerfield and Wong, 2011),
York River estuary (Lin and Kuo, 2001)
Germany: Elbe estuary (Postma, 1961),
Weser estuary (Grabemann et al., 1997)
France: Gironde estuary (Allen et al., 1980),
Seine estuary (Avoine, 1987;
Grasso et al., 2018;
Grasso and Le Hir, 2019)
UK: Humber estuary (Uncles et al., 2006),
Tamar estuary (Grabemann et al., 1997)
Brazil: Amazon Estuary (Geyer, 1993)
Vietnam: Mekong Estuary
(Wolanski et al., 1996, 1998)
China: Yangtze Estuary (Li and Zhang, 1998;
Shi, 2004; Wu et al., 2012; Li et al., 2016b)

ETM3
• tide-induced sediment
transport
• under certain conditions
(e.g., low river flow)

Netherlands: Ems estuary (Talke et al., 2009b;
Chernetsky et al., 2010; de Jonge et al., 2014)
France: Gironde estuary (Allen et al., 1980;
Castaing and Allen, 1981)
UK: Humber estuary (Mitchell et al., 1998;
Uncles et al., 2006),
Tamar estuary (Grabemann et al., 1997)

Note: Talke et al. (2009b) and this study focuses on the sediment-driven transport in
the Ems and the Yangtze Estuary, respectively.
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future decrease in SSC in the estuary may prevent salt intrusion (for instance, resulting
from a reduction in river discharge or deepening). However, other estuaries experience
an increase in SSC due to local human interventions, such as narrowing and deepening,
dredging and dumping activities etc. (Winterwerp, 2011; Winterwerp et al., 2013; Win-
terwerp and Wang, 2013; van Maren et al., 2015a,b). Such an effect, which may be more
profound in small estuaries where marine sediment supply dominates the ETMs, could
strengthen salt intrusion. Our results on sediment-induced density effects are impor-
tant for sediment management and management of freshwater supply in turbid estuar-
ies. These findings stress the importance of understanding the effect of human activities
within the estuary, in the upstream basin, or through global climate change on estuarine
SSC. A change in SSC does not only negatively impact maintenance dredging or estuar-
ine ecology, but also influences salt intrusion through sediment-induced density effects
and therefore threatens freshwater availability.

4.5. CONCLUSIONS

M ANY estuaries are characterized by ETMs generated by salinity-induced density
currents and tide-induced transport mechanisms. In this work, we reveal that

high sediment concentrations also influence the stability and position of the ETM. The
strength and position of ETMs are investigated using a model accounting for the effects
of sediment and salinity on longitudinal variations of tidal propagation and sediment
transport. Using the Yangtze Estuary as a case study, the model shows that the density
effects of salinity and sediment cause ∼0.1 m increase in tidal amplitudes. Salinity- and
sediment-induced density gradients play different roles in the distribution of SSC along
the estuary. Salinity-induced density gradients are the primary drivers for ETM forma-
tion leading to the pronounced sediment convergence whereas longitudinal sediment-
induced density gradients lead to sediment transport divergence (although depending
on the strength of the ETM, which depends on the strength of salinity-driven residual
currents). Vertical sediment-induced density gradients introduce a behavior opposite
to the longitudinal sediment-induced density gradients on two levels: they 1) enhance
the vertical SSC gradients, leading to more efficient salinity-driven residual transport
and 2) additionally influence the tidal amplitude, salinity structure, and therefore resid-
ual flows, generating a positive feedback mechanism for ETM formation. Summarizing,
the strength of the ETM depends on the convergence of the salinity-driven sediment
transport, enhanced by the effects of vertical sediment-induced density gradients but
weakened by the divergence of sediment resulting from longitudinal sediment-induced
density gradients.

We further conclude that sediment-induced density effects vary seasonally and through-
out the spring-neap tidal cycles. During the wet season, the vertical salinity gradient is
stronger, and therefore the impact of sediment on salt intrusion and ETM formation is
more pronounced. The impact is the strongest at neap tides, as during these conditions
the water column is more salinity-stratified. During the dry season, in contrast, salt in-
trusion and ETM displacement are the largest at intermediate tides. This is probably the
result of higher near-bed sediment concentrations during that period, resulting from
weak vertical mixing while sediment deposition remains limited.

In conclusion, sediment-induced density effects are important for longitudinal tidal
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propagation, sediment transport, and salt intrusion and should therefore be accounted
for in the management of salt intrusion and mitigation of sediment deposition in highly
turbid estuaries.



4.A. APPENDIX: PARAMETERS IN THE SEDIMENT TRANSPORT MODEL

4

93

4.A. APPENDIX: PARAMETERS IN THE SEDIMENT TRANSPORT

MODEL
The governing equation to solve suspended sediment concentration (SSC) is the 3D

advection-diffusion (mass-balance) equation:
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(S4.1)

Here, t is the time; u, v and ω are the x, y and z components of velocity, respec-
tively; c is the SSC; h = h0 + ζ is the water depth, where h0 is the bottom topography
(water depth at reference level) and ζ is the surface elevation; εx , εy and εz are the sedi-
ment diffusion coefficients in the horizontal x and y directions and vertical z direction,
respectively. ωs is the settling velocity. In high concentration mixtures, the settling ve-
locity of a single particle is reduced due to the presence of other particles. In order to
account for this hindered settling effect, we follow Richardson and Zaki (1954) and de-
termine the settling velocity in a fluid-sediment mixture as a function of the sediment
concentration and the non-hindered settling fall velocity:

ωs =ωs,0

(
1− c

csoil

)5

(S4.2)

Where csoi l is the reference density for hindered settling, and ωs,0 is the settling ve-
locity for a sediment particle. The interaction of sediment, turbulence and hydrodynam-
ics is modelled by including the effect of sediment on water density, which subsequently
reduces turbulence mixing through the k-ε model:

ρ = ρw +
(
1− ρw

ρs

)
c (S4.3)

Where ρw is the clear sea-water density, and ρs is the sediment density.

4.B. APPENDIX: MODEL CALIBRATION FOR HYDRODYNAMICS

AND SEDIMENT TRANSPORT
The fully baroclinic model (or the Full scenario) was validated against measured tidal

water levels at 8 tidal stations- Baimao, Shidongkou, Wusong, Changxing, Hengsha, Be-
icaozhong, Niupijiao and Lvhua (see Figure S4.1 and Table S4.1 for the locations). The
model results at the 8 stations agree well with the measured data in August-September
2007 (Figure S4.2). The amplitudes and phases of three main tidal constituents (M2, S2

and M4) were also calculated to compare with the observations using t-tide harmonic
analysis (Pawlowicz et al., 2002), see Figure S4.3. From the seaward station (Lvhua) to
the up-estuary station shown here (Baimao), the tides (observed as well as computed)
are amplified by 8% at the location of the ETM and then decrease 30% in the upstream
direction. For the dominant M2 constituent, the differences between the computed and
measured values are less than 5% in amplitude and less than 10 degrees in phase. The
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largest error between the model and observations occurs at Baimao station for the am-
plitude of S2 constituent, but the error is less than 15%. The amplitude of M4 increases
from Lvhua to Wusong and then decreases to Baimao, which is consistent with the ob-
served data.

The model was further validated against flow velocity measured at six levels (sur-
face, 0.2h, 0.4h, 0.6h, 0.8h and bottom) on 14-18 August, 2007. The modelled depth-
averaged flow velocity was compared with observations at selected mooring stations
(see Figure S4.1 and Table S4.1 for the locations) in August 2007 (Figure S4.4). The model
performance is quantitatively evaluated against observed data by computing Root Mean
Square Error (RMSE), Correlation Coefficient (CC) and Skill Score (SS) at different layers
(Figure S4.5). The averaged RMSE of the magnitude of depth-averaged flow velocity is
0.34 m/s whereas that of CC and SS are 0.98 and 0.9, respectively. For reference concern-
ing SS, an evaluation of a hydrodynamic and ecosystem model in the southern North Sea
categorized an SS>0.65 as excellent, 0.5–0.65 as very good, 0.2–0.5 as good, and <0.2 as
poor (Allen et al., 2007). The model performs thus well. Moreover, the simulated salinity
is plotted together with observations in Figure S4.6. Despite some discrepancies in the
South Passage and relative lower simulated salinity in the North Passage, the model can
be utilized to investigate the effect of density gradients.

Seasonal variations of river discharge have a large impact on salt intrusion and sed-
iment trapping. The model is also run for 2009 to validate the model against the mea-
surements of surface SSC in 2009 (Figure S4.7). In 2009, the mean river discharge during
the flood season (May-October) is 33,498 m3/s, which is 2 times that during dry season
(November-April). At Hengsha, the surface SSC is smaller during flood season than that
during dry season, whereas the surface SSC is larger during flood season than that during
dry season at Xuliujing. Note that the measurements are sampled twice a day at Xuliujing
and Hengsha (Li et al., 2012) and the modelled results are in an interval of 1 hour. There-
fore, the magnitude of modelled time series of SSC is larger than the observed times se-
ries of SSC. Overall, the model is suitable for modelling seasonal variations of sediment
transport.

4.C. APPENDIX: SENSITIVITY STUDIES ON ETM FORMATION
The model is calibrated in fully baroclinic mode and the effects of the deposition

zone, turbulence model and sediment settling velocities are evaluated from scenarios
‘R1’-‘R5’ (see Table S4.2 and Figure S4.8). R1 only limitedly allow deposition offshore by
specifying reduced deposition efficiency α of 0.1 and critical bed shear stress for erosion
0.1 N/m2. Therefore, a second ETM is identified offshore (seaward of km-150). In ad-
dition, the sediments are accumulated more in the R1 scenario than the Full scenario
as the Full scenario reduces the offshore sediment supply compared with the R1 sce-
nario. For very fine sediments (settling velocity of 0.1 mm/s, R2), less sediments can
be trapped in the estuary and most of the fine sediments are flushed into the sea. For
coarser sediments (settling velocity of 2 mm/s, R3), strong accumulation is found in the
ETM; however, sediments are less influenced by the river and tide forcing. Specifically,
the surface sediments at Hengsha during the dry season in the R3 scenario are fairly low
and the seasonal variations are even opposite to the Full scenario (Figure S4.9). In the R3
and R4 scenarios, we tested the behavior of the turbulence closure model, i.e., additional
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background vertical eddy viscosity 0.001 m2/s and background vertical eddy diffusivity
0.001 m2/s in the k-ε model (R3), and the k-L model (R4). Both the two scenarios sug-
gest stronger mixing effect and less effect on the convergence of the sediments than our
calibrated model.

Figure S4.1: Stations for validation of water level, current, salinity and suspended sediment concentration
(SSC). Names of stations are shown in Table S4.1. DCNP: Deep Channel Navigation Project. NB: North Branch;
SB: South Branch; NC: North Channel; SC: South Channel; NP: North Passage; SP: South Passage.

Table S4.1: Name of stations for validation in Figure S4.1.

Stations for water level Stations for current, salinity and SSC

No. Name No. Name No. Name

a Xuliujing 1 NGN1 10 CS0
b Baimao 2 NGN2 11 CS1
c Shidongkou 3 NGN3 12 CB2
d Wusong 4 NGN4 13 CS2
e Changxing 5 NG3 14 CS6
f Hengsha 6 NC1 15 CSW
g Beicaozhong 7 NC2 16 CS3
h Niupijiao 8 NC4 17 CS7
i Lvhua 9 CB1 18 CS4
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Figure S4.2: Model-data comparisons for water level variations at (a) Baimao, (b) Shidongkou, (c) Wusong, (d)
Changxing, (e) Hengsha, (f) Beicaozhong, (g) Niupijiao and (h) Lvhua (see Figure S4.1 and Table S4.1 for the
locations).
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Figure S4.3: Comparison between the modelled (solid line) and observed (dots) results in terms of tidal ampli-
tude and (upper panel) phases (lower panel) of M2 (a, d) S2 (b, e) and M4 (c, f) along the estuary (see Figure
S4.1 for the locations). The estuary head is at Xuliujing (see also Figure S4.1 and Table S4.1).

Table S4.2: Overview of model scenarios for sensitivity study. SalDG: salinity-induced density gradient; SedDG:
sediment-induced density gradient.

Case No.
Settling
velocity
(mm/s)

SalDG SedDG
Mixing
model

Note

Full 0.5 Yes Yes k-ε calibrated
R1 0.5 Yes Yes k-ε limited deposition offshore
R2 0.1 Yes Yes k-ε -
R3 2 Yes Yes k-ε -

R4 0.5 Yes Yes k-ε

background vertical eddy
viscosity 0.001 m2/s;
background vertical eddy
diffusivity 0.001 m2/s

R5 0.5 Yes Yes k-L -
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Figure S4.4: Model-data comparisons of depth-averaged along estuary velocity at 18 stations in 2007 (see Fig-
ure S4.1 and Table S4.1 for the locations), positive value indicates landward direction.
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Figure S4.5: Root Mean Square Error (RMSE), Correlation Coefficient (CC) and Skill Score (SS) of the magnitude
of flow velocity at 18 mooring stations (see Figure S4.1 and Table S4.1 for the locations). The surf, H02, H04
H06, H08, bottom and avg represent the layers at surface, 0.2h, 0.4h, 0.6h, 0.8h, bottom and depth-averaged,
respectively.
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Figure S4.6: Model-data comparisons of salinity variations at 18 stations in 2007 (see Figure S4.1 and Table S4.1
for the locations).
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Figure S4.7: Variations of (a) measured water discharge at Datong in 2009 and modelled (blue) and observed
(red) surface suspended sediment concentration (SSC) at (b) Hengsha and (c) Xuliujing in 2009. Data of ob-
served surface SSC is from Li et al. (2012). Locations of Hengsha and Xuliujing refer to Figure S4.1 and Table
S4.1.
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Figure S4.8: Modelled longitudinal distribution of salinity (black contour lines) and SSC (color shading) in the
scenarios of (a) Full, (b) R1, (c) R2, (d) R3, (e) R4, and (f) R5 (scenarios see Table S4.2) averaged from 1 Jan, 2007
to 1 Jan, 2008. The estuary head is at Xuliujing (see also Figure S4.1 and Table S4.1).
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Figure S4.9: Variations of (a) measured water discharge at Datong in 2007 and comparisons between the mod-
elled surface suspended sediment concentration (SSC) with settling velocity ωs of 0.5 mm/s (scenario-Full)
and 2 mm/s (scenario-R3, scenarios see Table S4.2) at (b) Hengsha and (c) Xuliujing in 2007. Locations of
Hengsha and Xuliujing refer to Figure S4.1 and Table S4.1.
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God does not care about our mathematical difficulities.
He integrates empirically.

Albert Einstein (Mathematician, Physicist 1879-1955)
In L. Infield. Quest

This chapter focuses on the content in red and has been under review in:
Zhu, C., van Maren, D.S., Guo, L., Lin, J., He, Q. and Wang, Z.B., Feedback effects of sediment suspension on
transport mechanisms in estuarine turbidity maximum. Journal of Geophysical Research-Oceans.
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The mechanisms controlling the formation of an estuarine turbidity maximum (ETM) in
estuaries have been extensively investigated, but one aspect that has received much less
scientific attention is the feedback role of sediment suspensions themselves on ETM for-
mation. Particularly in highly turbid estuaries, sediment suspensions influence ETM de-
velopment through a combination of horizontal sediment-induced density currents, re-
duction in turbulent mixing, and water-bed exchange processes. In this study, we de-
veloped a schematic model resembling the Yangtze Estuary where the ETM is controlled
by tidal pumping, estuarine circulation, and advection operating simultaneously. Model
results suggest that without sediment-induced density effects, stronger flood tidal domi-
nance leads to more pronounced sediment trapping through tidal pumping. Depending
on the type of tidal asymmetry, sediment-induced density effects lead to ETM strength-
ening or ETM dispersion due to enhanced or weakened landward tidal pumping, respec-
tively. Higher near-bed sediment concentrations as a result of water-bed exchange pro-
cesses, in turn, strengthen the effect of estuarine circulation but simultaneously strengthen
the divergence of sediment by tidal pumping. Overall, the contribution of sediment-induced
effects is comparable to the contribution of tidal asymmetry for ETM formation and should
be properly accounted for in studies on ETM dynamics in turbid estuaries.

¯

¯ ¯

¯

¯ ¯

¯

2020: Humber Estuary, UK
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5.1. INTRODUCTION

M ANY estuaries trap sediments in regions called the Estuarine Turbidity Maximum
(ETM), resulting in locally elevated suspended sediment concentrations (SSC) (Schubel,

1968). ETM dynamics have been extensively studied through in-situ measurements (e.g.
Fettweis et al., 1998; Mitchell et al., 2017; Jalón-Rojas et al., 2015, 2016) and numerical
modelling (e.g. Festa and Hansen, 1978; Geyer, 1993; Brenon and Le Hir, 1999; Yu et al.,
2014; Kumar et al., 2017; Grasso et al., 2018). ETMs are the result of converging sediment
transport, where the seaward directed transport in the upper estuary (predominantly
driven by fluvial processes) is balanced by landward directed transport components of
marine origin. The most important landward transport components are 1) tidal asym-
metry, commonly by a stronger but shorter flood velocity and weaker but longer ebb
velocity (Uncles et al., 1985; Dyer, 1988; Friedrichs and Aubrey, 1988; Brenon and Le Hir,
1999; Yu et al., 2014) and 2) gravitational circulation, with longitudinal salinity gradients
generating a landward residual flow close to the bed (Festa and Hansen, 1978; Dyer, 1988;
Burchard and Baumert, 1998; Geyer and MacCready, 2014). Other mechanisms such as
internal tidal asymmetry (Jay and Musiak, 1994, 1996) and tidal straining (Simpson et al.,
1990) strengthen the sediment trapping effect as well.

Other factors such as sediment properties, sediment-induced density effects, and
water-bed exchange processes additionally influence the ETM formation. Asymmetries
in sediment properties (settling velocity, critical shear stress for erosion) generate set-
tling and scour lags (Van Straaten and Kuenen, 1957; Postma, 1961; Friedrichs, 2011),
which in combination with spatial or temporal hydrodynamic asymmetries contribute
to sediment trapping. The settling lag and scour lag lead to net sediment transport in the
direction of decreasing current velocity or water depth. Coarser (fast-settling) particles
are more sensitive to maximum flow asymmetry (a difference in maximum ebb and flood
flow velocities) whereas finer (slow-settling) particles are more sensitive to an asymme-
try in the slack tidal period (the difference between the duration of high and low wa-
ter slack, at which the flow velocity is below a critical velocity threshold, see Friedrichs,
2011).

Especially for relatively high SSC, the presence of suspended sediments influences
hydrodynamics (and therefore residual transport) through sediment-induced density
effects (SedDE) in two ways. First, horizontal sediment-induced density gradients en-
hance (weaken) estuarine circulation upstream (downstream) of the maximum SSC in
the ETM. As a result, the SedDE leads to a divergence of sediment (Talke et al., 2009b).
Secondly, vertical SedDE leads to the suppression of turbulence and therefore promote
settling of sediments (Winterwerp, 2001), resulting in sediment trapping (Winterwerp
and van Kessel, 2003; van Maren et al., 2020) but also in a reduction of the hydraulic
drag (Winterwerp et al., 2009). Smoothening of the bed leads to tidal amplification in
estuaries (Gabioux et al., 2005; Wang et al., 2014; Jalón-Rojas et al., 2016; Jalón-Rojas et
al., 2018), resulting in a positive feedback mechanism with progressively more sediment
trapping and potentially a regime shift towards hyper-turbid conditions (Winterwerp,
2011; Winterwerp and Wang, 2013; van Maren et al., 2015b; Dijkstra et al., 2019b,a). Al-
though these sediment effects have been addressed individually, and partly combined
(e.g., the effect of tidal asymmetry and settling lag by Chernetsky et al., 2010 and the ef-
fect of asymmetry in the water motion and SSC by Kumar et al., 2017); few have explored
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the effect of asymmetry in tides and sediment properties together with the SedDE on the
formation of the ETM.

The near-bed sediment concentration is influenced by water-bed exchange processes
related to 1) settling flux of sediment onto the bed by suppression of turbulence (as elab-
orated above) and the settling velocity of the particles, and 2) resuspension processes re-
lated to the critical shear stress for erosion of freshly deposited sediments. In sediment-
laden flows, the near-bed sediment concentration is larger due to the reduced deposition
flux and stronger resuspension processes for the following reasons (see van Maren et al.,
2020 for more details). The deposition flux is damped as the settling velocity is reduced
by floc breakup in the highly sheared near-bed region (Hill et al., 2001) and by hindered
settling. At high SSC, flocs are larger (and hence the floc breakup mechanism more im-
portant), and therefore the near-bed reduction in settling velocity is more prominent at
high concentrations. Hindered settling leads to an overall reduction in the settling ve-
locity at high SSC. In addition, the net deposition of sediments is reduced at high SSC by
erosion/consolidation processes. Consolidation scales quadratically with the thickness
of the consolidating layer, and therefore particles depositing at high SSC only slowly con-
solidate and consequently only slowly attain critical shear stress for erosion. This means
that particles transported at high concentrations in a decelerating tidal flow are kept
in suspension (close to the bed) for a longer time. These water-bed exchange processes
lead to relatively high near-bed sediment concentrations, which influence hydrodynam-
ics and also directly influence the relative role of residual flows (as estuarine circulation)
or resuspension processes (such as tidal asymmetry) on residual transport.

As a result of the large variation range of hydrodynamic and sedimentary processes,
the location of the ETM may greatly vary; an estuary may even have multiple ETMs re-
flecting the range in transport mechanisms. Depending on the relative contribution of
the various transport processes, the ETM may be located near the landward limit of the
salt wedge, far into the freshwater zone, and within the estuarine salinity gradient (Bur-
chard et al., 2018). The location of the ETM may also shift in time (e.g. due to human
interventions). For instance, the ETM of the Ems estuary moved from the landward limit
of the salt wedge (resulting from the classic salinity-induced circulation) upstream into
the freshwater zone due to stronger tidal asymmetry in response to deepening (Chernet-
sky et al., 2010) and stronger horizontal sediment-induced density gradients (Talke et al.,
2009b).

The great variability in hydrodynamic and sedimentary processes and the resulting
range in ETM locations fuels the need for a systematic study determining the contri-
bution of transport processes on sediment trapping and ETM location. For this pur-
pose, we develop a schematized model reflecting the hydrodynamics and sediment dy-
namics of the Yangtze Estuary, providing a well-studied example of an estuary where all
the above mentioned hydrodynamic and sedimentary processes play a role (e.g. Li and
Zhang, 1998; Liu et al., 2011; Song et al., 2013; Li et al., 2018b). Our goal here is not to pro-
vide a realistic simulation for this particular estuary, but rather to gain insights into the
roles of tidal asymmetries, sediment properties, sediment-induced density effects, and
higher near-bed SSCs on ETM dynamics. The model setup, effects of sediments, and the
methods for decomposing the net sediment flux are described in section 5.2. Model re-
sults in terms of the distribution of SSC and ETM locations are presented in section 5.3.



5.2. METHODS

5

109

Transport mechanisms are discussed in section 5.4 and conclusions drawn in section
5.5.

5.2. METHODS

5.2.1. BASIC MODEL SETUP

W E construct a schematized three-dimensional (3D) estuarine model based on the
open-source Delft3D code (Lesser et al., 2004). This modelling system simulates

hydrodynamics and sediment transport and has been widely validated and used in vary-
ing estuarine and coastal environments. The generation, transport, and dissipation of
turbulence are resolved with a k-ε model, in which turbulent mixing is modified by
sediment-induced buoyancy effects through the equation of state.

The model has a planform geometry comparable to that of the Yangtze Estuary in
which the origin of the axis is defined at the river boundary (km-0) (Figure 5.1). It consists
of a 560-km long basin with a width diverging from 3 km at the landward limit to 50 km at
the mouth. The basin has a deep channel and shallow areas with a width accounting for
one-third and two-thirds of each cross-sectional width, respectively. The channel depth
increases linearly from 20 m at the landward head (km-0) to 25 m at the mouth, after
which the depth increases more rapidly to 50 m at the seaward boundary (km-710). The
depth of the shallow areas increases linearly from 5 m at the origin to 10 m at the mouth.
The banks of the estuary are non-erodible.

TideRiver

20 m

5 m

50 m

180 km380 km
50 km

10 m
15 m

I
I

3 km

Figure 5.1: The planform and bathymetry of the schematic model. The x-axis is defined in the longitudinal
seaward direction starting from the river boundary (km-0).

The model is forced with a simplified river discharge and tidal elevation. River dis-
charge is prescribed with a constant value of 30,000 m3/s, which is the approximate an-
nual mean river discharge of the Yangtze River. Tidal water level constituents (M2, S2,
M4, and MS4) are prescribed at the seaward boundary (amplitudes of 1.5, 1, 0.15 and 0.15
m, respectively) with different water level phase relations to explore the effect of tidal
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asymmetry: (1) symmetric tide (no M4 and MS4 component); (2) asymmetric tide with
water level phase differences of 90◦ (with 2φζM2 −φζM4 = 90◦ and 2φζS2 −φζMS4 = 90◦);
(3) asymmetric tide with water level phase differences of 180◦ (with 2φζM2−φζM4 = 180◦,
2φζS2 −φζMS4 = 180◦).

Figure 5.2: Tidal propagation in the scenarios with the symmetric tide (no M4 and MS4), asymmetric tide with
phase differences of 90◦ and 180◦, respectively: (a) water level amplitude of M2 (aζM2), (b) amplitude ratio
of M4 to M2 (aζM2/aζM4), (c) phase difference between M2 and M4 for water levels (2φζM2 −φζM4), and (d)
phase difference between M2 and M4 for depth-averaged flow velocity (2φuM2 −φuM4).

Note that the type of tidal asymmetry varies throughout the estuary by deformation
of the landward propagating tide (Figure 5.2). The type of tidal asymmetry is deter-
mined by the phase lag in the velocity of M2 and M4 components (θu = 2φuM2 −φuM4)
For θu = −90◦ ∼ 90◦, the peak flood flow velocity is larger than the peak ebb flow ve-
locity (with maximum flood-dominance at θu = 0◦), see Friedrichs and Aubrey, 1988),
which leads to landward transport. For θu = 0◦ ∼ 180◦ (maximal at flood-dominance at
θu = 90◦), the duration of high water (HW) slack is longer than that of low water (LW)
slack. Sediment transported landward during flood therefore has a longer period to set-
tle at HW slack tide than at LW slack tide, resulting in net landward transport (Dronkers,
1986). The computed velocity phase difference θu for offshore water level phase dif-
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ferences of 90◦ is approximately -30◦ at km-560, and therefore the tide at the mouth is
mainly flood dominant due to peak flow asymmetry with an additional minor LW slack
tide asymmetry. Similarly, for an offshore water level phase difference of 180◦, θu = 45◦
at the mouth and therefore the tide is flood dominant because of peak flow asymmetry
with a bit HW slack tide asymmetry.

The sediment dynamics are computed using the Partheniades equation (Partheni-
ades, 1965) for erosion E , and a permanent deposition flux D (Sanford and Halka, 1993):

E = M

(
τ

τcr
−1

)
(5.1)

D =αωs c (5.2)

Where M is the erosion rate (kg/m2/s), τ is the bed shear stress, τcr the critical bed
shear stress for erosion, ωs the settling velocity (m/s), c the SSC (kg/m3), and α is a re-
duced deposition factor introduced by Van Kessel and Vanlede (2010) to approximate
complex and poorly understood water-bed exchange processes but are not part of the
model setup or formulations (see more details hereafter).

Finally, the model is initialised without sediment on the bed and no morphologi-
cal changes. All sediment enters the domain through the upstream river boundary, and
the model is run until the computed SSC reaches dynamic equilibrium (i.e., a condition
where the SSC only varies over the tidal and spring-neap tidal cycle but does no longer
display a trend).

5.2.2. EFFECTS OF SEDIMENTS
Sediments influence the hydrodynamics by damping of turbulence (computed with

a k-ε model) and through horizontal density gradients driving longitudinal and lateral
flows. Both result from the contribution of sediment to the water density which is com-
puted as:

ρ = ρw +
(
1− ρw

ρs

)
c (5.3)

Where ρw is the clear sea-water density, and ρs is the sediment density. The effect of
sediment on density is evaluated by comparing model simulations with (scenario ‘Full’)
and without (scenario ‘Sal’) the sediment density coupling. To separate the interaction
with salinity, we additionally run a completely barotropic simulation (‘Barot’, without
salinity effects and sediment effects) and a sediment-only scenario (‘Sed’, with sediment-
induced density effects but without salinity-induced effects).

The sediment concentration itself also introduces several feedback mechanisms re-
lated to the settling and erosion of sediments, influencing the exchange of sediments
between the water column and bed. At high sediment concentrations, the following pro-
cesses become increasingly important (van Maren et al., 2020, see also section 5.1): (1)
hindered settling reduces the rate at which the particles settle on the bed; (2) the re-
duction in settling velocity by floc breakup in the sheared near-bed layer, and (3) slow
consolidation of deposited sediment results in easily erodible sediments. The water-bed
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exchange processes described above lead to higher near-bed SSC at high sediment con-
centrations. However, they are either not sufficiently understood from a physical point
of view (floc destruction in the near-bed boundary layer, strength development of soils
at short time scales) or cannot be represented in large-scale numerical models from a
computational point of view (a sufficiently high vertical resolution to account for the
hindered settling effects, floc destruction in the near-bed boundary layer). Note that the
hindered settling effect is accounted for by prescribing a reference density (200 kg/m3)
above which the settling velocity is reduced following Richardson and Zaki (1954) but ad-
ditional effects may still occur due to the water-bed exchange processes. The combined
effect of these processes is parameterized by the reduced deposition factorα introduced
earlier (Van Kessel and Vanlede, 2010; van Maren et al., 2020).

With the current state of knowledge, it is not clear which mechanism is more im-
portant. However, their combined effect is a reduced sediment flux into the bed and/or
increased resuspension, leading to higher near-bed sediment concentrations which are
more pronounced at high SSC environments, e.g. ETMs. The combined effect of these
water-bed exchange processes is evaluated through scenarios in which the deposition
efficiency is varied (using α = 1, 0.5, 0.3, and 0.1 representing no to strongly reduced
deposition).

5.2.3. NET SEDIMENT FLUX
To explore the relative importance of various physical processes, the net sediment

flux averaged over a tidal cycle at the specified stations can be quantified as follows
(Dyer, 1988, 1997):

F = 1
T

∫ T
0

∫ 1
0 hucd zd t

= h0ū0c̄0︸ ︷︷ ︸
F 1

+c0 〈ht ūt 〉︸ ︷︷ ︸
F 2

+u0 〈ht c̄t 〉︸ ︷︷ ︸
F 3

+h0 〈ūt c̄t 〉︸ ︷︷ ︸
F 4

+〈
ht ut ct

〉︸ ︷︷ ︸
F 5

+h0u′
0c ′0︸ ︷︷ ︸

F 6

+h0

〈
u′

t c ′t
)

︸ ︷︷ ︸
F 7

(5.4)

Where h is the water depth; z is relative depth, 0 ≤ z ≤ 1; c is the SSC, u is the current
velocity, T is the tidal period, the subscript 0 means tidally averaged, the subscript t
denotes tidally fluctuating and the quotation marks denote a depth-depending term.
Angled brackets (〈〉) and overbars (¯) signify the means over the tidal cycles and the
depth, respectively.

Each decomposed term represents a particular contribution related to a certain phys-
ical process. The first term (F 1) is the non-tidal drift, called the Eulerian flux whereas the
second term (F 2) is the flux induced by the Stokes’ drift. The two terms (F 1+F 2) repre-
sent the residual flow of water and the tidally and vertically averaged SSC to provide the
advective sediment flux (the Lagrangian flux). The terms F 3, F 4 and F 5 are produced
by the tidal phase differences between the depth-averaged SSC, the depth-averaged ve-
locity and the tidal elevation. Term F 6 indicates the tidally averaged vertical circulation,
which can be interpreted as density-driven estuarine circulation; Term F 7 arises from
the changing forms in the vertical distribution of velocity and SSC. Typically, the terms
F 3, F 4 and F 5 are tidal pumping terms (Dyer, 1988); however, term F 7 is also regarded
as tidal pumping in some studies (Burchard et al., 2018; Dijkstra et al., 2019a). Burchard
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et al. (2018) described tidal pumping as tidal covariance transport due to the correlation
between SSC and current velocities, e.g., up-estuarine transport due to higher depth-
mean SSC during flood than during ebb. Term F 7 represents the combined vertical and
temporal covariance transport which may result from internal asymmetries in mixing
and settling velocity (Burchard et al., 2018). In this study, we adopt the tidal pumping
terms as the sum of the terms F 3, F 4, F 5 and F 7 to clarify the mechanisms. The decom-
position method has been applied widely to the study of sediment flux patterns (Uncles
et al., 1985; Uncles and Stephens, 1993; Li and Zhang, 1998; Liu et al., 2011; Li et al.,
2018b). By comparing the values of the decomposed terms, the relative importance of
different processes can be accessed, which is helpful to understand the formation mech-
anism of ETM.

5.3. RESULTS

5.3.1. IMPACT OF SEDIMENT PROPERTIES

T HE location and strength of the ETM are influenced by sediment properties, tidal
asymmetry and sediment-induced effects. The effect of sediment properties is ex-

emplified using an asymmetric tide with phase differences of 180◦, including sediment-
induced effects. These simulations reveal that the location of the ETM is mainly influ-
enced by the settling velocity whereas the strength of the ETM (the SSC) is primarily reg-
ulated by the critical bed shear stress (Figure 5.3). Low critical shear stress for erosion re-
sults in higher resuspension rates, and therefore higher SSC in the ETM. Sediment with a
large settling velocity (2 mm/s) is more efficiently transported up-estuary just landward
of the tip of the salt wedge, whereas the ETM remains confined within the salt wedge for
sediment with a small settling velocity (0.1 mm/s). The ETM of the Yangtze Estuary is lo-
cated at the tip of the salt wedge (as forωs = 2 mm/s) with a peak SSC of several kg/m3 (as
for τcr = 0.1 Pa) (e.g. Liu et al., 2011; Lin et al., 2019). To reproduce the basic ETM dynam-
ics in the Yangtze Estuary, we will therefore prescribe sediment with τcr = 0.1 Pa and ωs

= 2 mm/s for further analysis of sediment-induced density effects and tidal asymmetry.

5.3.2. LONGITUDINAL SSC DISTRIBUTION

Reduced deposition, in combination with sediment-induced density effects (SedDE),
leads to a pronounced increase in SSC, especially in combination with tidal asymmetry
(both types of asymmetry, see Figure 5.4). The effect of SedDE is limited without reduced
deposition (α= 1) but may lead to a 10-fold increase in near-bed SSC for conditions with
a strongly reduced deposition (α = 0.1). This is because reduced deposition increases
vertical SSC gradients, which suppress turbulence mixing, leading to further settling of
sediments. As these sediments only limitedly deposit on the bed because of reduced de-
position, the near-bed SSC becomes very high. The SedDE without reduced deposition
(α = 1) also leads to an increase and decrease in SSC in the ETM for asymmetric tides
with phase differences of 90◦ and 180◦, respectively, suggesting different SedDE under
different types of tidal asymmetry. The location of the ETM appears to migrate landward
at decreasing αmostly pronounced for phase differences of 180◦ and seaward in absence
of offshore tidal asymmetry - this will be explored in the next section.
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Figure 5.3: Modelled longitudinal distribution of mean near-bed suspended sediment concentration (SSC, red)
and salinity (blue) over a spring-neap tidal cycle with settling velocity ωs of (a) 0.1 mm/s; (b) 0.5 mm/s; (c) 2
mm/s and bed sediment with critical shear stress for erosion τcr of 0.1 Pa (dotted line), 0.5 Pa (dashed lined)
and 1 Pa (solid line). The model is prescribed with water level phase differences of 180◦ with the sediment-
induced density gradient.

5.3.3. ETM LOCATION
An important metric resulting from the model simulations is the longitudinal loca-

tion of the ETM. Here we define the ETM position as the location where the 90th per-
centile of the longitudinal near-bed SSC is the highest (Figure 5.5). Without sediment
effects (no SedDE and α = 1), the most landward and seaward ETM positions occur ∼2
days before spring and neap tides, respectively for all types of tidal asymmetry (Figure
5.5d-f). The time lags between the occurring time of maximum seaward (landward) loca-
tion and neap (spring) tides may be ascribed to the spring-neap variations of the strength
of flood-dominance. With the SedDE, the ETM location for asymmetric tides with phases
differences of 90◦ moves ∼20 km landward (Figure 5.5e). In contrast, the ETM migrates
∼40 km landward when applying SedDE for phase differences of 180◦ and reaches its
maximum seaward location near the neap tide (Figure 5.5f), implying that the effect of
sediment-induced density gradient depends on the type of tidal asymmetry. With de-
creasing α, the ETM location for symmetric tides and for asymmetric tides with phases
differences of 90◦ becomes less dependent on SedDE (Figure 5.5g, j, m and Figure 5.5h,k,
n). Only for asymmetric tides with phase differences of 180◦, both the ETM location and
the spring-neap variability strongly differ for simulations with and without SedDE.

The combined impact of tidal asymmetry, SedDE and reduced deposition on ETM
location becomes more clear when averaging over a spring-neap tidal cycle (Figure 5.6).
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Figure 5.4: Comparison between the modelled longitudinal distribution of suspended sediment concentration
(SSC) and salinity with (Full, solid line) and without (Sal, dashed line) sediment-induced density effect (SedDE)
averaged over a spring-neap tidal cycle. Left, middle and right panels refer to scenarios with the symmetric
tide (no M4 and MS4), asymmetric tide with water level phase differences of 90◦ and 180◦, respectively. Top to
bottom panels are scenarios with reduced deposition factor of 1 (a-c), 0.5 (d-f), 0.3 (g-i), and 0.1 (j-l). Note that
the horizontal axes have different scales as in Figure 5.3.

For symmetric tides without the SedDE, reduced deposition leads to landward move-
ment of the ETM. However, accounting for the SedDE, reduced deposition leads to ∼20
km seaward movement. For asymmetric tides, the SedDE mainly leads to a landward mi-
gration of the ETM (with the largest landward migration of ∼35 km for phase differences
of 180◦ when α = 1). This landward migration is also strengthened by reduced deposi-
tion, particularly under the strongest reduced deposition (α= 0.1) with a distance of ∼15
km.

5.4. DISCUSSION

5.4.1. EFFECT OF TIDAL ASYMMETRY

T O analyse and explain the computed ETM dynamics, the residual sediment trans-
port is decomposed into the contribution of advection, tidal pumping, and estuarine

circulation (following the procedure described in section 5.2.3). In shallow areas, both
with and without the SedDE, seaward advective transport is balanced by landward tidal
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Figure 5.5: Comparison between modelled instantaneous (light colour, with dark colour daily averaged) loca-
tions of the ETM with (red) and without (blue) sediment-induced density effect (SedDE) over a spring-neap
tidal cycle (a-c). Left, middle and right panels refer to scenarios with the symmetric tide (no M4 and MS4),
asymmetric tide with phase differences of 90◦ and 180◦, respectively. Top to bottom panels are scenarios with
reduced deposition factor of 1 (d-f), 0.5 (g-i), 0.3 (j-l), and 0.1 (m-o).

pumping whereas estuarine circulation is less important (Figure 5.7). In addition, the
residual sediment flux in shallow areas is an order of magnitude smaller than that in the
deep channel, suggesting that sediment transport mainly takes place in the deep chan-
nel. The weak residual sediment flux and the strong influence of tidal pumping in the
shallow areas are consistent with earlier observations by Sommerfield and Wong (2011).
Therefore, unless explicitly mentioned otherwise, in the following section we elaborate
on the effects of tidal asymmetry, SedDE and reduced deposition in the deep channel.

Without the SedDE, estuarine circulation leads to landward sediment transport in
the channel (Figure 5.7a), typical for an estuary with a pronounced longitudinal salin-
ity gradient and vertical concentration gradient. The contribution of the tidal pumping
term varies with the type of tidal asymmetry, i.e., symmetric tide and asymmetry tide
with phase differences of 90◦ lead to seaward sediment transport but asymmetric tides
with phase differences of 180◦ lead to landward sediment transport. The internally gen-
erated tidal asymmetry for the offshore symmetric tide is flood dominant (θu = 20◦) but
very weak (see Figure 5.2) and therefore not able to transport sediment landward. Sim-
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Figure 5.6: Modelled location of the ETM averaged during a spring-neap tidal cycle (see Figure 5.4) influenced
by the reduced deposition with the symmetric tide (no M4 and MS4) and asymmetric tide with phase differ-
ences of 90◦ and 180◦, and with (Full, solid line) / without (Sal, dashed line) sediment-induced density effect
(SedDE).

ulations with phase differences of 90◦ are flood dominant in terms of peak flow velocity,
but slightly ebb-asymmetric in terms of slack tide asymmetry. Apparently, the slack tide
asymmetry contributes more to residual transport than the peak flow asymmetry.

Whether slack tide asymmetry or peak flow asymmetry contributes more to trans-
port depends on the type of transported sediment. Rapidly settling sediment with a
large critical shear stress for erosion (sand), especially when available in great quanti-
ties, is very susceptible to peak flow asymmetry. However, sediment transported in our
Yangtze river prototype is more susceptible to slack tide asymmetry. We prescribe sed-
iments with a low critical shear stress for erosion, and with ωs = 2 mm/s (typically for a
grain size of 50 µm, corresponding to 7.2 m/hour). This means that for a short slack tidal
period (∼0.5 hrs) only a small amount of sediment settles, whereas the majority of sedi-
ment settles for a long slack tidal period (∼1.5 hrs). The conditions in the deep channel
therefore favour a seaward and landward sediment transport for the asymmetric tides
with phase differences of 90◦ (little LW slack tide dominant) and 180◦ (little HW slack
tide dominant), respectively.

The largest impact of adding sediment-induced effects (Figure 5.7b) is a much stronger
contribution of estuarine circulation to landward sediment transport. Also, the asym-
metric tides with 90◦ phase differences now lead to up-estuary transport. The mecha-
nism responsible for these patterns will be evaluated in more detail hereafter.

5.4.2. EFFECT OF SEDIMENT: SEDIMENT-INDUCED DENSITY EFFECTS

Horizontal SedDE leads to dispersion of the ETM whereas vertical SedDE promotes
ETM formation (Zhu et al., 2021). In this study, we further elaborate on density effects
through its interaction with tidal asymmetry. Without density gradients (Barot scenario),
sediment converges at the mouth (km-540) for asymmetric tides with phase differences
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Figure 5.7: Total decomposed residual sediment flux (kg/m/s) along the estuary in the scenarios without re-
duced deposition (α= 1) in the (a, b) deep channel and (c, d) shallow shoals (a, c) without (Sal) and (b, d) with
(Full) the sediment-induced density effect (SedDE) induced by advective transport, tidal pumping, estuarine
circulation and the total contribution. Positive values indicate the ebb direction and negative values indicate
the flood direction.

of 180◦ probably because of the stronger tidal asymmetry at the mouth (peak flow asym-
metry in combination with HW slack tide asymmetry) compared to the other two types.
In this scenario, the convergence of sediment is mainly due to the landward sediment
transport by tidal pumping (Figure 5.8). The individual SedDE (Sed scenario) leads to
dispersion of the barotropic ETM for asymmetric tides with phase differences of 180◦
whereas sediments are transported to seaward of km-560 in the other two. With salinity-
induced density gradients (Sal scenario), an ETM is formed landward of km-560 due to
the tidal processes in transporting sediments upstream for all types of tidal asymme-
try. The combined effect of salinity and sediment-induced density effects (Full scenario)
lead to a more pronounced ETM (50% higher SSC for symmetric tides and asymmetric
tides with phase differences of 90◦ – see Figure 5.8a, b) or landward shift (asymmetric
tides with phase differences of 180◦, see Figure 5.8c).

Including the SedDE, both the effects of tidal pumping and estuarine circulation on
landward sediment transport are enhanced for asymmetric tides with phase differences
of 90◦ (Figure 5.8h and k), which primarily result in the strengthening of the ETM. For
asymmetric tides with phase differences of 180◦, the effect of tidal pumping is reduced
whereas that of estuarine circulation is slightly increased (Figure 5.8i and l), leading to a
dispersion of ETM. This suggests that the peak flow asymmetry in combination with HW
slack tide asymmetry leads to the most pronounced ETM mainly for conditions with-
out the SedDE (see also section 5.4.1). In addition, with the SedDE, the ETM promotion
and dispersion mainly result from the enhanced and weakened tidal pumping, respec-
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tively (Figure 5.7 and Figure 5.8), which depends on the types of tidal asymmetry. It also
implies that the vertical SedDE on ETM promotion and horizontal SedDE on ETM dis-
persion are associated with the types of tidal asymmetry, i.e. pronounced for asymmetric
tides with phase differences of 90◦ and 180◦, respectively.

Figure 5.8: Modelled longitudinal distribution of (a, b, c) suspended sediment concentration (SSC) and de-
composed residual sediment flux (kg/m/s) for cases without both salinity- and sediment-induced density ef-
fect (Barot), with only sediment-induced density effect (SedDE) (Sed), with only salinity-induced density effect
(Sal) and with both (Full). The residual sediment flux is decomposed into (d, e, f) advective transport, (g, h,
i) tidal pumping, and (j, k, l) estuarine circulation. Left, middle and right panels refer to scenarios with the
symmetric tide (no M4 and MS4), asymmetric tide with water level phase differences of 90◦ and 180◦, respec-
tively. Positive values indicate the ebb direction and negative values indicate the flood direction. The reduced
deposition in these scenarios is not considered.

5.4.3. EFFECT OF SEDIMENT: WATER-BED EXCHANGE
Water-bed exchange processes regarding reduced deposition and higher suspension

lead to higher near-bed SSC, which to a large extent increases the contribution of SedDE
(see the ETM formation and migration in Figure 5.4 and Figure 5.6). For symmetric
tides, the contribution of advective term migrates seaward (Figure 5.9), controlling the
seaward shift of ETM (Figure 5.6) whereas landward sediment transport driven by tidal
pumping and estuarine circulation becomes important for asymmetry tides. For asym-
metric tides, the most important impact of the higher near-bed SSC due to water-bed
exchange processes is (1) strengthening and upstream migration of the ETM, and (2) a
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progressively larger contribution of the landward transport component driven by estuar-
ine circulation (Figure 5.9). The large contribution of estuarine circulation is the result of
high near-bed concentrations, which are most sensitive to the landward current near the
bed generated by the longitudinal salinity gradients. It also reflects the positive feedback
between sediment and salinity as identified in Zhu et al. (2021): the higher near-bed SSC
and SedDE increase the vertical SSC gradient which influences the velocity and salinity
distribution and leads to stronger salt intrusion, which further promotes sediment trap-
ping. Therefore, estuarine circulation becomes progressively more important for ETM
dynamics with higher near-bed SSC. Particularly for asymmetric tide with phase differ-
ences of 180◦, when α > 0.5, the contribution of tidal pumping to up-estuary transport
exceeds that of estuarine circulation, whereas the contribution of estuarine circulation
is greater than that of tidal pumping α< 0.5 (Figure 5.10).

Figure 5.9: Decomposed residual sediment flux (kg/m/s) in scenarios with the sediment-induced density effect
(SedDE) induced by advective transport, tidal pumping and estuarine circulation. Left, middle and right panels
refer to scenarios with the symmetric tide (no M4 and MS4), asymmetric tide with water level phase differences
of 90◦ and 180◦, respectively. Top to bottom panels are scenarios with reduced deposition factor of 1, 0.5, 0.3,
and 0.1, respectively. The vertical dashed lines indicate the location of the ETM (see Figure 5.4). Positive values
indicate the ebb direction and negative values indicate the flood direction. The relative contribution of the
four mechanisms in panel j are not visible to keep scaling consistent with panels k and l, but the longitudinal
patterns are comparable with panels k and l.

Interestingly, with the increased contribution of estuarine circulation dominating the
up-estuary sediment transport (for all types of tidal asymmetry), tidal pumping may re-
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sult in lateral spreading near the concentration peaks in the ETM (evident as a transport
flux changing direction in the along-estuary direction, Figure 5.9). Correspondingly, a
weakened contribution of tidal pumping could be identified with reduced deposition
(Figure 5.10). Moreover, the contributions of advection and estuarine circulation with
the highest near-bed SSC (α= 0.1, near-bed SSC of ∼50 kg/m3 in Figure 5.4k) for asym-
metric tide with phase differences of 90◦ are quite large probably because fluid mud is
formed in which non-Newtonian behaviour may play a role.

Figure 5.10: Total decomposed residual sediment flux (kg/m/s) along the estuary in scenarios with the
sediment-induced density effect (SedDE) induced by advective transport, tidal pumping and estuarine circu-
lation with reduced deposition factor (a) α= 1; (b) α= 0.5; (c) α= 0.3 and (d) α= 0.1. Positive values indicate
the ebb direction and negative values indicate the flood direction..

5.4.4. A SYNTHESIS

ETMs are the result of various trapping mechanisms working simultaneously as in-
troduced earlier. To clarify the relative roles of mechanisms more clearly, we group them
into three main mechanisms summarized and modified from Dijkstra (2019): estuar-
ine circulation, tidal pumping and other processes (Table 5.1). Estuarine circulation
refers to classical processes due to different effects of salinity with ETMs firstly found
near the limit of the salt intrusion. Tidal pumping is a more general term that includes
multiple mechanisms associated with the interaction between current and sediments.
Interestingly, the above-mentioned sediment-induced effects (SedDE and water-bed ex-
change processes) is important for understanding the relative roles of estuarine circula-
tion and tidal pumping (especially with estuarine circulation becoming more important



5

122
5. FEEDBACK EFFECTS OF SEDIMENT SUSPENSION ON TRANSPORT MECHANISMS IN

ESTUARINE TURBIDITY MAXIMUM

at stronger SedDE) and is therefore elaborated in more detail below.

The location of ETM influenced by estuarine circulation is constrained by the salt
limit; however, tidal pumping may lead to more variable changes in the location. Our
results suggest that the variability in the location also depends on sediment concentra-
tion effects, either resulting from the SedDE or higher near-bed SSC due to water-bed
exchange processes. The SedDE and higher near-bed SSC lead to landward movement
of the ETM, especially for asymmetric tide with phase differences of 180◦ (Figure 5.8).
The increase of SSC within the ETM as a result of sediment-related transport processes
introduce positive feedback mechanisms which may lead to a progressive increase in
SSC and tidal amplification over time. As such positive feedback mechanisms including
SSC take time (Winterwerp and Wang, 2013; Wang et al., 2015), the ETM movement in-
duced by the SedDE and tidal asymmetries may lead to different locations of ETM with
regards to the salt intrusion (Figure 5.4).

The role of sediment-induced density effects on ETM dynamics through horizontal
density-driven currents was first explored by Talke et al. (2009b); the role of sediment-
induced density effects on both horizontal flows and vertical mixing was elaborated in
greater detail by Zhu et al. (2021). In this study, we further extend their analysis by also
including near-bed sediment effects (reduced deposition) and systematically explore the
role of hydrodynamic asymmetries. These results can subsequently be used to interpret
earlier observations. For instance, in the Ems estuary, the ETM was observed to migrate
in the landward direction, into the freshwater zone (Talke et al., 2009b). The water level
phase difference is 170◦ at the mouth in the upper Ems estuary, suggesting mainly HW
slack tide dominance (Chernetsky et al., 2010; van Maren et al., 2015b); an asymmetry
where stronger sediment-induced effects lead to a landward migration of the ETM (Fig-
ure 5.4). In the Yangtze Estuary, the water level phase difference at the mouth is 80◦ (Guo
et al., 2015; Lu et al., 2015). Our results suggest that for such an asymmetry, sediment-
induced effects lead to an increasing SSC within the ETM, rather than an upstream mi-
gration in the ETM (Figure 5.4). This may be the reason that siltation rates in the Yangtze
Estuary navigation channel are so strong, and the ETM remains stationary (Liu et al.,
2011; Jiang et al., 2013a).

The predominance of estuarine circulation or tidal pumping as the main up-estuary
transport component is often considered to be related to the magnitude of the tidal
range compared to the freshwater flow (Dyer, 1986). In some estuaries with a high tidal
range, tidal pumping is widely accepted to dominate sediment trapping, such as in the
Gironde Estuary (Allen et al., 1980), Seine Estuary (Brenon and Le Hir, 1999; Le Hir et
al., 2001; Grasso et al., 2018), and Hudson River Estuary (Geyer et al., 2001). However,
for some estuaries, the dominant trapping mechanisms remain under discussion with
both estuarine circulation and tidal pumping identified as the main up-estuary trans-
port component. A typical example of such a system is the upper Chesapeake Bay. Based
on field observations, estuarine circulation was first identified as the dominant mecha-
nism favouring landward sediment transport (Schubel, 1968), Sanford et al. (2001) later
concluded tidal pumping to be dominant. Observational data in the Yangtze Estuary al-
ternatingly suggest tidal pumping (Li and Zhang, 1998; Wu et al., 2012; Song et al., 2013)
or estuarine circulation (Liu et al., 2011; Jiang et al., 2013a; Pu et al., 2015; Li et al., 2016b,
2018b) be the dominant transport mechanisms. These inconsistent findings from mea-



5.4. DISCUSSION

5

123

surements may be caused by different methods, spatial and temporal scales.

Table 5.1: Classification of the main mechanisms summarized and modified from Dijkstra (2019).

Main
mechanisms

Names or processes References

Estuarine
circulation

gravitational circulation Festa and Hansen, 1978
turbulence damping by salinity gradients Geyer, 1993

strain-induced stratification or SIPS
Simpson et al., 1990;
Burchard and Baumert, 1998;
Scully and Friedrichs, 2003

Tidal
pumping

tidal asymmetry Friedrichs, 2011
flocculation Winterwerp, 2011
mixing asymmetry/ internal
tidal asymmetry

Jay and Musiak, 1994, 1996

mud-induced periodic stratification
or MIPS

Becker et al., 2018

scour lag Dyer, 1997

spatial settling lag
Postma, 1954;
Van Straaten and Kuenen, 1957

temporal settling lag Groen, 1967

Other
processes

wind-induced tidal straining
Scully et al., 2005;
Burchard and Hetland, 2010

along-channel non-linear advective
processes

Li and O’Donnell, 2005

flow generated by channel curvature
Chant and Stoner, 2001;
Chant, 2002

flow generated by Earth’s rotation Huijts et al., 2006

sediment-induced density effect
Winterwerp, 1999;
Talke et al., 2009b;
Zhu et al., 2021

eddy viscosity-shear covariance (ESCO)
circulation

Burchard et al., 2013;
Dijkstra et al., 2017

along-channel differences in sediment
properties (e.g., settling velocity)

Donker and de Swart, 2013

Numerical models additionally suggest the different dominant roles of estuarine cir-
culation and tidal pumping in the Chesapeake Bay under different river flow conditions
(Park et al., 2008) and the Yangtze Estuary under different tidal conditions (Song and
Wang, 2013; Wan and Wang, 2017). However, numerical models introduce additional
uncertainties influencing the dominant transport term, such as the role of sediments
(through water-bed exchange processes and density effects), input parameters (such as
the critical shear stress for erosion and settling velocity, influencing the relative role of
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tidal pumping and estuarine circulation) and vertical discretisation (a high vertical reso-
lution will lead to larger vertical gradients, and hence the effect of sediments; van Maren
et al., 2020). Our results suggest that water-bed exchange processes influence the rela-
tive contribution of estuarine circulation and tidal pumping on ETM formation, which is
important in interpreting the numerical results. Such an effect has also been identified
by Yu et al. (2014) who observed that ETM formation mechanisms may be erroneously
interpreted if the effects of advection induced by the horizontal SSC gradient and fine
bed sediment supply are ignored.

Despite its geometric simplicity, our model provides a useful instrument to anal-
yse ETM formation processes in response to tidal asymmetries in combination with
sediment-induced effects (related to the turbulent mixing, horizontal density gradients,
and near-bed effects). Especially the applied formulations for the near-bed exchange
processes are strongly simplified and need to be further investigated as part of future
research. Nevertheless, our results do reveal that the uncertainties in the near-bed ex-
change process have a major impact on ETM dynamics.

5.5. CONCLUSIONS

U SING a schematized model reflecting the dynamics of the Yangtze Estuary, we ex-
plored the roles of tidal asymmetries, sediment properties (critical shear stress and

settling velocity), sediment-induced density effects and high near-bed SSC due to water-
bed exchange processes on ETM dynamics. The critical shear stress for erosion mainly
influences the magnitude of the maximum SSC of the ETM, whereas the settling velocity
influences the location of the ETM. Without sediment-induced density effects, estuarine
circulation leads to an up-estuary sediment transport for all types of tidal asymmetry
whereas the net landward sediment transport due to tidal pumping is controlled by the
strength of flood tidal dominance. With sediment-induced density effects, tidal asym-
metry leads to a progressively larger contribution of estuarine circulation. Sediment-
induced density effects also lead to pronounced high SSC and landward migration mainly
due to the contribution of enhanced and weakened tidal pumping, respectively, which
depends on the type of tidal asymmetry. Higher near-bed SSC due to water-bed ex-
change processes additionally increases the sediment-induced density gradients due to
the enhanced vertical SSC gradients and strongly influences the relative contribution of
tidal pumping and estuarine circulation. Higher near-bed SSC increases the effect of es-
tuarine circulation on landward sediment transport and the tidal pumping term could
even become a diffusive term leading to a longitudinal divergence of sediment. The en-
hanced estuarine circulation is closely related to the positive feedback between sedi-
ments and salinity. Our study therefore suggests that sediment-induced effects (density
effects and water-bed exchange processes) interacting with tidal asymmetries strongly
influence ETM dynamics, which is essential for understanding and interpreting ETM
formation mechanisms in future studies.
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Saltwater intrusion in estuaries threatens freshwater supply in coastal regions. In highly-
turbid estuaries, saltwater intrusion is not only controlled by the primary river and tidal
forcing conditions but probably also by sediment dynamic owing to the interaction and
feedback mechanisms between hydro- and sediment dynamics, which is, however, insuf-
ficiently understood. In this work, we explore the variations of saltwater intrusion in the
Yangtze Estuary in response to changes in river discharge (and the associated change in
riverine sediment supply) and sea-level rise (SLR) utilizing a well-calibrated hydrodynam-
ics and sediment transport model. We found that the changes in river discharge and SLR
affect sediment trapping efficiency and location, influencing saltwater intrusion. Higher
sediment trapping efficiency leads to larger effects of sediment, which enhances salinity-
induced stratification and saltwater intrusion. Model results suggest that the period of
possible freshwater intake for the Qingcaosha reservoir is shortened due to the effect of
sediments. The decrease is days if sediment concentration is low (∼2 kg/m3) and months
if sediment concentration is high (>10-30 kg/m3). A 70% decline of sediment input leads
to a seaward shift of saltwater intrusion of ∼3 km and an extension of possible freshwa-
ter intake at Qingcaosha Reservoir for over 2 months. This work highlights the impor-
tance of considering sediment transport dynamics in predicting saltwater intrusion under
changing river and oceanic forcing and has broad implications for freshwater resources
management in estuaries.

¯

¯ ¯

¯

¯ ¯

¯

2020: Mekong Estuary, Vietnam
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6.1. INTRODUCTION

S Altwater intrusion is influenced by tidal forcing and river flow and strongly depen-
dent on geometry and bathymetry. The degree of saltwater intrusion directly influ-

ences estuarine ecology (Watanabe et al., 2014) and freshwater supply to densely pop-
ulated deltas, but also indirectly through its impact on sediment dynamics (Wolanski et
al., 1996; Wan and Zhao, 2017; van Maanen and Sottolichio, 2018). Sediment dynamics
additionally influence the ecological state of the estuary through its impact on the light
climate (Talke et al., 2009a), but also drives siltation in tidal channels, often resulting
in dredging requirements in urbanized delta systems (Hossain et al., 2004; Jeuken and
Wang, 2010; van Maren et al., 2015a; Wu et al., 2016).

Saltwater intrusion is mainly controlled by river discharge, tide, wind, sea-level rise
(SLR), and morphological changes. A high river discharge results in a reduced saltwater
intrusion. The relationship between saltwater intrusion length and river discharge fol-
lows a power law with an exponent coefficient varying in different estuaries (Monismith
et al., 2002; Banas et al., 2004). The effect of tides on saltwater intrusion is closely re-
lated to the degree of tidal mixing. For a well-mixed or salt wedge estuary, salt intrudes
more landward during spring tides than during neap tides (Uncles and Stephens, 1996;
Brockway et al., 2006; Xue et al., 2009; Ralston et al., 2010), whereas in partially mixed es-
tuaries, the upstream salt flux is largest during neap tides (Monismith et al., 2002; Banas
et al., 2004; Ralston et al., 2008; Lerczak et al., 2009). SLR increases water depth and ben-
efits inland tidal propagation, which may strengthen estuarine circulation (Chua and Xu,
2014) and enhance saltwater intrusion (Rice et al., 2012; Prandle and Lane, 2015; Robins
et al., 2016). Persistent northerly wind may enhance saltwater intrusion in the Yangtze
Estuary by landward Ekman currents (Xue et al., 2009; Wu et al., 2010; Li et al., 2020b).
Strong wind events may also induce water level setup, an increase in flood current ve-
locity, and a decrease in ebb-directed current velocity and freshwater inflow, enhancing
saltwater intrusion (Zhang et al., 2019). Moreover, various human interventions have in-
fluenced the degree of saltwater intrusion, especially morphological changes resulting
from channel deepening (Wu et al., 2016) or modifications in river discharge (Gong and
Shen, 2011) or bed load transport (Eslami et al., 2019). In the future, such anthropogenic
influences will become more pronounced as a result of climatic change-induced shifts
in precipitation patterns and SLR (Rice et al., 2012; Chen et al., 2016a; van Maanen and
Sottolichio, 2018; Talke and Jay, 2020), river discharge changes (Alfieri et al., 2015; Robins
et al., 2016; Talke and Jay, 2020) and tidal channel deepening (Wu et al., 2016; van Maren
et al., 2015b).

Sediment transport dynamics are controlled by hydrodynamics and sediment dy-
namics may also exert feedback to the hydrodynamics, thus probably affecting salt-
water intrusion, particularly in highly turbid estuaries. High sediment concentrations
would suppress turbulence mixing, reduce hydraulic drag and then affect tidal prop-
agation. Many estuaries have regions of elevated suspended sediment concentrations
(a so-called Estuarine Turbidity Maximum or ETM) resulting from converging sediment
transport (Dyer, 1997). The residual sediment transport is strongly influenced by the
salinity-induced density gradient (Festa and Hansen, 1978) and tidally varying stratifica-
tion (Simpson et al., 1990). Therefore, ETMs are often located at the landward limit of
saltwater intrusion. In turn, sediments also influence saltwater intrusion due to feed-
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back between suspended sediment concentration (SSC), velocity, water level, salinity,
and tidal amplification (Zhu et al., 2021) with higher SSC leading to stronger saltwater
intrusion. Many rivers have experienced a decline in their sediment load resulting from
the construction of upstream reservoirs (Syvitski et al., 2009; Dunn et al., 2019; Besset
et al., 2019; Li et al., 2020a), which probably causes a reduction in sediment concentra-
tion in estuaries, and then influence saltwater intrusion. However, the role of sediment
dynamics on salinity intrusion has so far remained unexplored.

The Yangtze Estuary is a strongly engineered system with altered river flow, sediment
loads, and local geometry. Saltwater intrusion in the Yangtze Estuary has been modelled
both analytically (Zhang et al., 2011; Cai et al., 2015; Zhang et al., 2019) and numeri-
cally (Xue et al., 2009; Wu et al., 2010; Chen et al., 2016a; Zhu et al., 2018). Moreover,
saltwater intrusion in the Yangtze Estuary has been studied for natural effects and cli-
mate change, i.e., the effect of wind (Xue et al., 2009; Wu et al., 2010; Zhu et al., 2018;
Zhang et al., 2019; Li et al., 2020b) and SLR (Chen et al., 2016a) a as well as human inter-
ventions, i.e., Three Gorges Dam (TGD), Deep Channel Navigation Project (DCNP) and
Water Diversion Project (WDP), see Zhu et al. (2018). However, the contribution of sed-
iment dynamics on the impact of such interventions on saltwater intrusion has not yet
been investigated. This study aims to numerically explore the effect of the changes in
river discharge and sediment supply as well as SLR on altering the sediment dynamics
and saltwater intrusion in the Yangtze Estuary.

6.2. STUDY AREA

T HE Yangtze Estuary is a 650 km long estuary conveying large river discharge and sedi-
ment load supplied by the Yangtze River. The river discharge and sediment transport

of the Yangtze River are highly variable, with river discharge ranging from 8300 to over
90000 m3/s and SSC ranging from 0.01 to >3 kg/m3. In the Yangtze River basin, two large
projects regulate the river discharge and sediment load into the estuary: the TGD and
WDP (Figure 6.1a). The TGD was constructed between 1993 and 2009 and put into op-
eration in 2003 to store and flush water seasonally (Guo et al., 2018a). Apart from the
TGD, thousands of hydropower dams were built in the Yangtze River basin, altering the
river flow regime and decreasing sediment supply. Specifically, the high river discharge
in the wet season decreases profoundly by ∼30% while the low river discharge in the dry
season slightly increases by ∼10% due to the regulation whereas the sediment discharge
is reduced by 70% (Guo et al., 2018a). The ongoing South-to-North WDP is a strategic
project to mitigate water shortage in northern China. It includes three water transfer
plans: the western, middle, and eastern route project. Since 2014, the WDP annually
withdraws 18.3 billion m3 of surface water from the Yangtze River basin, but when com-
pleted the total diversion capacity will be 44.8 billion m3 per year (approximately 5% of
the annual mean Yangtze river discharge) (Guo et al., 2018a). Moreover, extremely high
flood occurred in 1954 (92,600 m3/s), 1998 (82,300 m3/s) and 2020 (84,500 m3/s), over
∼30% higher than the peak high river discharge in normal years. Relatively low river
discharges are approximately 6,500-10,000 m3/s, e.g., in 1972 (7,060 m3/s), 1979 (6,470
m3/s), and 2006 (9,660 m3/s), 10%∼40% lower than the average low river discharge.

The Yangtze Estuary has three orders of bifurcation and four outlets into the sea. Ap-
proximately 5% of river discharge is flushed through the North Branch and the other
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major portion of river flow is discharged in the South Branch and the seaward channels
(Figure 6.1b). The Yangtze River supplies freshwater to Shanghai through three reser-
voirs, i.e., Dongfengxisha Reservoir, Chenhang Reservoir, and Qingcaosha Reservoir. The
Qingcaosha Reservoir was built in 2010 along northwestern Changxing Island (Figure
6.1c), which is the largest one supplying more than 70% of the freshwater for the 13 mil-
lion inhabitants of Shanghai. The salinity in the Yangtze Estuary near the intake of Qing-
caosha Reservoir is therefore crucial for freshwater availability and used in this study as
a metric to evaluate the impact of sediment dynamics on saltwater intrusion. Saltwater
intrusion in the North Channel can affect water intake of the Qingcaosha Reservoir from
the seaside, while salt spillover in the North Branch adds additional influence from the
landward side (Chen et al., 2016a; Zhu et al., 2018).

Figure 6.1: Map of (a) China, (b) South to North Water Diversion Project (WDP) and the Three Gorges Dam
(TGD) in the Yangtze River basin (shade in blue), and (c) location of the freshwater reservoirs and saltwater
intrusion paths in the Yangtze Estuary. DCNP: Deep Channel Navigation Project.



6

130
6. FUTURE CHANGES IN SALTWATER INTRUSION IN THE YANGTZE ESTUARY: THE

IMPORTANCE OF SEDIMENT DYNAMICS

6.3. METHODS

S ALTWATER intrusion is typically predicted using analytical and numerical models. An-
alytical models have been used to predict saltwater intrusion length and longitudinal

salinity distribution in estuaries. Such analytical models are sufficient for simplified es-
tuaries with prismatic and convergent channels (Prandle, 2004; Savenije, 2006) and can
also account for tidal mixing under river and tidal forcing (Nguyen et al., 2012; Cai et
al., 2015). More in-depth understanding of the mechanisms underlying saltwater intru-
sion in realistic geometries is obtained from three-dimensional (3D) numerical models
(Jeong et al., 2010; Ralston et al., 2010; Gong and Shen, 2011; Cheng et al., 2012; Wang
et al., 2019a). In this study, we use a well-calibrated 3D numerical model accounting for
sediment-induced effects in a turbid system, the Yangtze Estuary.

The 3D sediment transport model is set up using the Delft3D model system (Lesser
et al., 2004). The model application consists of hydrodynamic and sediment transport
modules (see Figure 4.2, Zhu et al., 2021). The hydrodynamics are computed for one
full year (2007) with a realistic river discharge hydrograph and tidal forcing to capture
the convergence of sediment. The sediment transport module is supply-limited, with an
ETM arising from sediment supplied from the model boundaries rather than initial bed
conditions (see van Maren et al., 2011; Brouwer et al., 2018; Dijkstra et al., 2018; Hesse et
al., 2019; van Maren et al., 2020). This approach allows the establishment of equilibrium
sediment response to subtle variations in hydrodynamic conditions (in contrasts with
an alluvial bed approach, where the amount and location of bed sediment dominated
ETM dynamics and location). The model keeps track of erosion and deposition rates
through sediment availability, but to focus on the impact of hydrodynamic processes
on residual transport the model is run in morphostatic mode. The sediment concentra-
tion contributes to the water density through the equation of state, thereby generating
sediment-induced density effects (SedDE). The main SedDE results from horizontal den-
sity gradients (leading to a gravitational circulation comparable to that of salt) and sup-
pression of turbulence mixing by vertical concentration gradients (see Zhu et al., 2021
for details). The SedDE can be optionally switched off, as will be done to understand the
effect of sediments.

To eliminate the impact of the variability in river and sediment discharges, we im-
pose simplified river discharge and sediment hydrographs, based on typical river dis-
charge and sediment load observations (Figure 6.2). We assume that 1) there is only one
significant flood peak each year and the hydrograph is symmetric and 2) there is a linear
relationship between the river discharge and SSC and therefore the seasonal variation of
the SSC is the same to that of the river discharge. We simplify two hydrographs with the
same annual fluxes (878 billion m3 of total river discharge) representing the pre-TGD
(‘QA’) and post-TGD situations (‘QB’). The post-TGD (‘QB’) accounts for the effect of
dam constructions on reducing the seasonal variability of the river discharge compared
to the pre-TGD (‘QA’). i.e., the peak high river discharge is reduced by 30%, and the peak
low river discharge is increased by 10%. Two types of hydrographs for sediment with
the annual sediment loads of 486 Mt yr−1 and 146 Mt yr−1 (70% reduction) respectively
represent the sediment supply in the pre-TGD (‘SA’) and post-TGD (‘SB’) periods.

To explore the effect of changes in river discharge, SLR, and sediment supply on salt-
water intrusion, the various boundary conditions are combined into a series of scenarios
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Figure 6.2: Simplified hydrographs of (a) river discharge (QA, QB, QA20) and (b) suspended sediment con-
centration (SSC) (SA, SB) at Datong according to the measurement in the pre-TGD (1950-2003) and post-TGD
(2004-2015) periods. The blue and red lines are the mean values of the pre- and post-TGD periods whereas the
shades indicate the variation range.

(Table 6.1). Additional modification of the ‘QA’ hydrograph with an increase/decrease in
the total river discharge is represented by a scenario with a reduction in 20% river dis-
charge proportional to QA (‘QA20’). A 1-m SLR is included to evaluate the effect of SLR
in the future. Note that using the same SSC hydrograph for different annual discharge
distribution leads to variable annual sediment loads while keeping the same annual sed-
iment loads requires a new SSC hydrograph derived from the river discharge hydrograph.
However, a sensitivity analysis on this effect revealed that this variability negligibly af-
fected model results, and therefore the former approach is used to simplify the analysis.

The saltwater intrusion in winter threatens the freshwater supply to the city of Shang-
hai. Typically, a salinity level of 0.25 psu is the limit for freshwater intake (Li and Chen,
2019). Observed data suggested ∼68 days without freshwater supply at Chenhang Reser-
voir in 2007 (Tang et al., 2011) whereas a well-calibrated numerical model indicated 54
maximum continuous days without freshwater supply at Qingcaosha Reservoir in 2008
(Zhu et al., 2013). Note that only >4 hours in a day with salinity lower than the limit is
suitable for water intake (Zhu et al., 2013). Using a critical salinity level of 0.75 psu, our
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Table 6.1: List of model scenarios. Hydrographs for river discharge (QA, QB, and QA20) and suspended sedi-
ment concentrations (SSC) (SA and SB) refer to Figure 6.2. ‘QA20’ represents a 20% reduction in river discharge
proportional to hydrograph ‘QA’. SedDE: sediment-induced density effect. SLR: sea-level rise.

No. Cases
River
discharge
hydrograph

SSC
hydrograph

SLR (m) SedDE

Reference Ref QA SA 0 Y

Changes
in boundary
conditions

Q1030 QB SA 0 Y
Q20 QA20 SA 0 Y
SLR1m QA SA 1 Y
S70 QA SB 0 Y

Without
sediment
effects

Ref-hydro QA SA 0 N
Q1030-hydro QB SA 0 N
Q20-hydro QA20 SA 0 N
SLR1m-hydro QA SA 1 N
S70-hydro QA SB 0 N

model (scenario Ref) reproduces the observed number of days with sufficient freshwa-
ter. Using 0.75 psu, the model predicts 71 days without freshwater supply at Chenhang
Reservoir and 54 continuous days without freshwater supply at Qingcaosha Reservoir in
2007.

6.4. RESULTS

6.4.1. RESPONSES OF SSC AND SALINITY
The changes in river flow, SLR, and sediment supply alter the sediment trapping and

saltwater intrusion (Figure 6.3). For all scenarios, the highest bottom SSC of the ETM
locates at approximately km-120 (originating at Xuliujing, defined at km-0), correspond-
ing to the landward limit of saltwater intrusion. Under equal annual river discharge and
sediment load, the seasonal variations of river discharge strongly influence the longitu-
dinal distribution of salinity. Model results suggest that the strongest saltwater intrusion
occurs for a reduction in river discharge (‘QA20’ hydrograph) and the weakest for the sce-
nario with reduced seasonal variability of the river discharge (‘QB’ hydrograph). The two
scenarios with the change in river discharge result in a landward and seaward migration
of saltwater intrusion by ∼5 km compared to the reference scenario, respectively. Among
all the scenarios, a SLR of 1 m results in the most pronounced saltwater intrusion, with
a landward migration of approximately 10 km (compared to the reference scenario). On
the other hand, a reduced sediment supply leads to less saltwater intrusion and lower
near-bed SSC. Specifically, a 70% reduced sediment load leads to a seaward migration of
saltwater intrusion of ∼3 km compared to the reference scenario. Moreover, sediment
trapping is constrained near-bed and between km-90 and km-140.

The longitudinal variations of bottom SSC and depth-averaged salinity also indicate
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Figure 6.3: Modelled longitudinal distribution of salinity (black contour lines) and SSC (color shading) in sce-
narios (a) Ref, (b) Q1030, (c) Q20; (d) SLR1m, and (e) S70 (see Table 6.1).

strong differences between the dry and wet seasons (Figure 6.4). The changes in river
discharge and SLR lead to more pronounced changes in both the magnitude and loca-
tion of the maximum SSC in the dry season, whereas in the wet season only the mag-
nitude changes. In the dry season, the discharge redisbution (‘QB’) leads to seaward
movement of the ETM (relative to the reference) whereas a discharge reduction (‘QA20’)
and SLR lead to landward movement of the ETM (Figure 6.4a). In the wet season, the
changes in river discharge (‘QB’ and ‘QA20’) as well as SLR enhance sediment trapping,
with strongest sediment trapping occurring for SLR of 1 m with a maximum SSC of >30
kg/m3 (Figure 6.4b). A 70% reduced sediment supply (‘SB’ hydrograph) results in an or-
der of magnitude of lower SSC trapped in the ETM, and the maximum SSC in the ETM is
slightly larger in the dry season (∼2 kg/m3) than in the wet season (∼1 kg/m3).

Considering the changes in river discharge, stronger saltwater intrusion corresponds
to the lower river discharges, i.e. the ‘QA’, ‘QB’ and ‘QA20’ hydrographs have an average
discharge of 13,934, 20,221, 11,148 m3/s in the dry season, resulting in the weakest salt-
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water intrusion for ‘QB’ and the strongest for ‘QA20’ (Figure 6.4c). Similarly, the ‘QA’, ‘QB’
and ‘QA20’ hydrographs have an average river discharge of 41,697, 35,444, 33,358 m3/s in
the wet season with the strongest saltwater intrusion for ‘QA20’ (Figure 6.4d). However,
the effect of the changes in river discharge on saltwater intrusion is not as pronounced
as that in the dry season. Moreover, SLR of 1-m leads to stronger saltwater intrusion
than the changes in river discharge in both the dry and wet seasons. A 70% reduction in
sediment supply causes weaker saltwater intrusion than the changes in river discharge
mainly in the wet season.

Figure 6.4: Modelled longitudinal variations of the (a, b) bottom suspended sediment concentration (SSC) and
(c, d) depth-averaged salinity in the scenarios with the effects of sediment (scenarios see Table 6.1) averaged
over the year 2007. The distance indicates the locations along the South Branch-South Channel-North Passage
originating at Xuliujing defined as km-0 (see red dashed line in Figure 4.2) if not otherwise specified.

6.4.2. EFFECT OF SEDIMENTS
To evaluate the effect of sediments, various model scenarios have been executed

without feedback between sediments and hydrodynamics (the SedDE). We then explored
the variations of surface and bottom salinity induced by changes in boundary conditions
by subtracting the salinities in the scenarios without the SedDE from those considering
the effects of sediment (Figure 6.5). The effects of sediments on the role of changing
river discharge, SLR and sediment supply vary in the surface and bottom salinity. In
the dry season, the surface salinity increases upstream of km-110 and downstream of
km-160 (and decreases in between) by including the effect of sediments (Figure 6.5c).
The increase in surface salinity driven by the changes in boundary conditions is largest
when sediment trapping is the most pronounced. Specifically, the surface salinity in-
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creases up to ∼0.5 psu upstream of km-110 for the ‘QA20’ hydrograph and SLR of 1-m
where the maximum SSC is the largest with >30 kg/m3. The weakest increase in sur-
face salinity by ∼0.1 psu occurs for the 70% reduced sediment supply (‘SB’ hydrograph)
with a maximum SSC in the ETM of ∼2 kg/m3. However, the decrease in surface salin-
ity between km-110 and km-160 does not show a close relationship with the sediment
trapping efficiency. Such a larger influence on the surface salinity by the effects of sed-
iment plays an important role in the freshwater intake as elaborated later. In the wet
season, the effects of sediment on changing the surface salinity is limited upstream of
km-110 and varies downstream of km-110 (Figure 6.5d). The decrease in surface salin-
ity downstream of km-110 is more pronounced with stronger sediment trapping (e.g.,
for SLR of 1-m) whereas the increase in surface salinity downstream of km-110 is more
pronounced with less sediment trapping (e.g., reduced sediment supply with ‘SB’ hy-
drograph). In contrast, the bottom surface is overall increased throughout the estuary
with the maximum increase at km-110 in the dry season and km-140 in the wet season
(Figure 6.5e, f). In the dry season, the increase in bottom salinity is up to ∼2 psu with
‘QA’ hydrograph and 1-m SLR whereas ‘SB’ hydrograph with a 70% reduction in sedi-
ment supply leads to the smallest increase in bottom salinity, i.e. the most pronounced
increase occurs at km-110 by ∼1 psu. The increase in salinity induced by the SedDE is
stronger downstream of km-90 in the wet season than the dry season, probably because
of the landward movement of the sediment trapping location in the wet season com-
pared to the dry season. The maximum increase in bottom salinity is ∼3 psu with ‘QA’
hydrograph and 1-m SLR.

The different response of the surface and bottom salinity induced by the SedDE sug-
gest an impact on stratification, which is illustrated by the changes in the salinity thresh-
old of 0.75 psu and its variability (Figure 6.6). Under equal annual river discharge and
sediment supply, with the effects of sediment, the ‘QA’, ‘QB’ and ‘QA20’ hydrographs lead
to seaward movement of the median isohaline by ∼2-3 km in the surface and landward
movement of the median isohaline by∼4 km in the bottom in the dry season (Figure 6.6a,
c, e). In the wet season, only landward movement of the median isohaline in the bottom
induced by the SedDE is pronounced in the wet season, by ∼8 km with the ‘QA’, ‘QB’ and
‘QA20’ hydrographs (Figure 6.6b, d, f). It therefore suggests that salinity-induced strat-
ification is enhanced by the effect of sediments under changes in rive discharge both
in the dry and wet seasons. Similarly, SLR of 1-m enhances stratification with a larger
landward shift of the bottom isohaline with ∼8 km in both the dry and wet season (Fig-
ure 6.6g, h). Note that increase in stratification due to the SedDE is closely related to
the sediment trapping efficiency, and therefore the landward movement of the bottom
isohaline is larger than the surface isohaline considering the higher near-bed SSC in the
ETM in all the scenarios. For 70% reduced sediment supply (‘SB’ hydrograph) with the
same river and tidal conditions, the sediment trapping is significantly reduced with a
maximum SSC an order of magnitude smaller (∼2 kg/m3). Consequently, the landward
movement of the bottom isohaline due to the effects of sediment is only ∼1 km in the
dry and wet season, which is much smaller than for the other scenarios (Figure 6.6i, j).
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Figure 6.5: Modelled longitudinal variations of the bottom suspended sediment concentration (SSC) with in-
fluence of sediment on hydrodynamics (a, b) and salinity differences (c-f) between the scenarios including
and excluding the sediment-induced density effects (SedDE) in the surface (c, d) and bottom (e, f) layers in the
dry (left) and wet (right) seasons (scenarios see Table 6.1). Positive value indicates an increase in salinity with
the effects of sediment than without.

6.4.3. EFFECT ON FRESHWATER SUPPLY

The changes in spatial and seasonal variations of the surface salinity due to the changes
in boundary conditions (with the effect of sediments) are further explored comparing
it with the reference scenario (Figure 6.7). Typically, a higher river discharge leads to
a decrease in salinity, weakening saltwater intrusion. Specifically, before April 26 and
after September 6, the ‘QB’ hydrograph has a lower river discharge the reference sce-
nario with ‘QA’ hydrograph, resulting in the increase in salinity in this period. Moreover,
the increase in salinity in this period upstream of km-110 indicates strong spring-neap
variations. The reduced river discharge of ‘QA20’ hydrograph has similar spring-neap
variations except an increase in salinity throughout the year. Note that although the
river and sediment hydrographs are symmetric in the year, the tidal boundary condi-
tions are not. Thus the increase in salinity under the changes in river discharge are not
symmetric, particularly considering the non-linear interactions between river and tides,
and between hydrodynamics and sediment transport. On the other hand, the 1-m SLR
scenario leads to an overall increase in the surface salinity and enhances saltwater intru-
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Figure 6.6: Comparison of the modelled vertical variation of the median location and variability of the salt
limit (defined as the intersection of the 0.75 psu isohaline from the surface to bottom) between the scenarios
without the sediment effects (in blue) and with the sediment effects (in bed) in the dry (left) and wet season
(right). Scenarios include (a, b) Ref, (c, d) Q1030, (e, f) Q20, (g, h) SLR1m, and (i, j) S70 (see Table 6.1). The
shades indicate the interquartile range of the location. The range in distance displayed here is different from
the other figures to indicate the clear changes in stratification.

sion under lower river discharges. Under higher river discharges, the saltwater intrusion
enhanced by SLR is constrained downstream of km-150 with pronounced spring-neap
variations, i.e., an increase of >1 psu during spring tides and a decrease of >1 psu during
neap tides. The effect of reduced sediment supply also results in different responses in
the longitudinal direction of the channel and in the seasonal variation. Specifically, an
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increase in surface salinity occurs in the ETM in spring tides in the dry season whereas
the decrease in surface salinity is pronounced in other areas and periods. This suggests
that the effect of changes in sediment supply on surface salinity needs to be carefully
considered especially in the ETM. However, with reduced sediment supply (‘SB’ hydro-
graph) compared with ‘SA’ hydrograph, the bottom salinity is overall reduced the there-
fore the saltwater intrusion is weakened (see Figure 6.5) and more sufficient freshwater
is available considering the surface salinity upstream of the ETM.

Figure 6.7: Time evolution of the modelled difference of surface salinity in the scenarios of (a) Q1030, (b) Q20;
(c) SLR1m, and (d) S70 compared to the reference case (see Table 6.1). The dashed black lines represent the
tidally-averaged location of surface salinity of 0.75 psu throughout the year. The days in brackets indicate the
increased freshwater supply days in a year at Qingcaosha Reservoir (km-75, see Figure 6.1) compared to the
reference case.

To quantify the effect of sediments on the roles of changes in boundary conditions
on freshwater supply, we analyzed freshwater supply days based on surface salinity of
<0.75 psu at km-75 (see section 6.3) under the changes in river discharge, SLR, and sedi-
ment supply (Table 6.2). Note that without the effect of sediments, scenarios ‘Ref-hydro’
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Table 6.2: Comparisons between averaged surface salinity at Qingcaosha Reservoir (km-75) during the wet
season, dry season, and a full year, and the freshwater supply days in a series of scenarios (see Table 6.1).
Negative freshwater supply days in brackets are the difference between scenarios with and without sediment
effects.

Category Scenarios
Salinity at km-75 (psu) Freshwater

supply days
Days relative to
the referenceWet Dry Year

With
sediment
effects

Ref 0.009 0.718 0.365 275 (-79) ——
Q1030 0.002 0.356 0.180 352 (-13) 77
Q20 0.054 1.051 0.554 238 (-60) -37
SLR 0.036 1.317 0.678 240 (-43) -35
S70 0.001 0.397 0.200 351 (-3) 76

Without
sediment
effects

Ref-hydro 0.001 0.320 0.161 354 ——
Q1030-hydro 0.001 0.320 0.161 365 11
Q20-hydro 0.011 0.545 0.279 298 -56
SLR-hydro 0.012 0.688 0.351 283 -71
S70-hydro 0.001 0.320 0.161 354 0

and ‘S70-hydro’ are the same. Without the effect of sediments, a redistribution in river
discharge (‘QB’ hydrograph) increases the number of days with freshwater supply by 11
days whereas ‘QA20’ hydrograph and 1-m SLR decrease the number of days with suffi-
cient freshwater by approximately two months (56 and 71 days, respectively). With the
SedDE, the freshwater supply days are shortened by 79, 13, 60, 43, and 3 days (the dif-
ference of freshwater supply days between with and without sediment effects) in the
scenarios ‘Ref’, ‘Q1030’, ‘Q20’, ‘SLR’, and ‘S70’, respectively. Moreover, compared to the
reference scenario (Ref), the freshwater supply days are decreased by approximately one
month in scenarios considering reduced river flow (scenario Q20) and SLR (scenario
SLR1m). In contrast, the 70% reduced sediment supply strongly alleviate saltwater in-
trusion with over 2 months more freshwater supply.

6.5. DISCUSSION
Throughout the world, estuaries are impacted by the consequence of climate change,

upstream dam construction, and the deepening of waterways. These interventions in-
fluence the river discharge (average as well as seasonal variability), tidal dynamics, and
the sediment load, which modifies estuarine sediment dynamics and in turn have an
impact on saltwater intrusion and therefore freshwater supply (Figure 6.8). The effect of
changes in river discharge, tides, water levels and sediments are discussed below.

CHANGING RIVER DISCHARGE

The changes in river discharge determine freshwater supply primarily through a crit-
ical river discharge above which the saltwater is unable to intrude into a particular lo-
cation in the estuary. This critical freshwater discharge is closely associated with the
geometry of the estuary and tidal water levels, which can be estimated from analytical
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Figure 6.8: Sketch of the average isohalines for various scenarios. Sea-level rise, deepening, and discharge re-
duction lead to a landward migration of the saltwater intrusion (red line) whereas a reduction in seasonal vari-
ability of river discharge leads to a seaward migration of comparable magnitude (within our scenario space). A
70% reduction in suspended sediment concentration (SSC), however, leads to a much more pronounced sea-
ward migration of the saltwater intrusion.

solutions (Cai et al., 2015). However, the changes in river discharge alter the trapping lo-
cations mainly in the dry season and the trapping efficiency mainly in the wet season. In
the dry season, river discharges lead to more upstream sediment trapping, additionally
enhancing saltwater intrusion by the effect of sediment. In the wet season, river dis-
charges lead to larger trapping efficiency, additionally strengthening saltwater intrusion
by the effect of sediments. Therefore, the lower river discharge enhances saltwater in-
trusion not only from the hydrodynamic effect itself but also by the additional feedback
effect of sediment on hydrodynamics. The feedback effect of sediment dynamics is also
reflected by the critical freshwater discharge. For instance, in this study, the critical river
discharges, defined as the minimum river discharge allowing saline water of 0.75 psu to
reach the Qingcaosha Reservoir are approximately 16,010, and 13,323 m3/s in scenar-
ios Ref and S70, respectively under the same river discharge. The ∼3,000 m3/s decrease
in the critical river discharge is caused by the reduced sediment trapping efficiency (an
order of magnitude lower near-bed SSC) under 70% reduction in sediment supply.

In the future, changes in the river discharge are not only influenced by human in-
terventions, e.g., dam construction and water diversions, but also by climate change-
induced modifications in precipitation which are not uniform across regions. For in-
stance, precipitation is predicted to increase 4.4-11.1% in most regions of China when
global temperature increase by 1.5◦C (Li et al., 2018a). It may therefore to some degree
alleviate saltwater intrusion. In contrast, the mean river discharge of many European
rivers is projected to decrease (Alfieri et al., 2015). In these systems, saltwater intrusion
may therefore be more pronounced when accounting for the effects of sediment.

CHANGING TIDES AND WATER LEVELS

SLR causes inundation of land and loss of wetlands, affecting the geometries of estu-
aries and altering tidal properties (Talke and Jay, 2020). Recent probabilistic assessments
suggest a global sea-level rise of 0.45-0.82 m by 2100 for very high anthropogenic green-
house gas emissions (IPCC, 2014), much larger than the rise of approximately 0.14–0.19
m during the 20th century (Church and White, 2011; Hay et al., 2015). According to
our model results, a SLR of 1 m strengthens saltwater intrusion even more when ac-
counting for the effect of sediments. Specifically, the changes in residual current indi-
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cates that SLR increases the seaward surface current and landward bottom current by
∼1 m/s, enhancing gravitational circulation (see Figure 6.9). The increase in gravita-
tion circulation therefore leads to stronger salinity-induced stratification (Chua and Xu,
2014; Chen et al., 2016a). Moreover, the icnrease in gravitational circulation leads to
more sediment trapping (Festa and Hansen, 1978; Burchard and Baumert, 1998; Geyer
and MacCready, 2014), further increasing the SedDE and therefore strengthening salt-
water intrusion (Zhu et al., 2021, as elaborated later).

Figure 6.9: Difference of the residual current in the scenario ‘SLR1m’ compared to the reference case ‘Ref’
(scenarios see Table 6.1) in the surface (a) and bottom (b). Color in shading represents the magnitude and
arrows indicate the direction.

In addition to SLR, many estuaries are deepened and narrowed, such as in the Rhine-
Meuse Delta (Vellinga et al., 2014), Tampa Bay (Zhu et al., 2014), Elbe Estuary, Ems Es-
tuary, and Loire Estuary (Winterwerp et al., 2013), upper Scheldt estuary (Wang et al.,
2019b), Columbia Estuary (Jay et al., 2011) and Cape Fear River Estuary (Familkhalili and
Talke, 2016), leading to tidal amplification (Ralston and Geyer, 2019; Zhang et al., 2021).
The tidal amplification is more likely to enhance saltwater intrusion as a result of en-
hanced stratification in partially-mixed estuaries (Monismith et al., 2002; Lerczak et al.,
2009; Eslami et al., 2019) but may also alleviate saltwater intrusion due to the stronger
mixing effect (Uncles and Stephens, 1996; Brockway et al., 2006; Ralston et al., 2010) in
the future.

CHANGING SEDIMENT

Reduced sediment supply has been widely reported in major deltas and estuaries
(Syvitski et al., 2009; Dunn et al., 2019; Besset et al., 2019; Li et al., 2020a). Although
reduced sediment supply raises concern for delta erosion and coastline recession, our
results suggest that a 70% reduction in sediment load leads to a seaward migration of
the saltwater intrusion by ∼3 km over a full year, a decrease in surface salinity of 0.32
psu at Qingcaosha Reservoir (km-75) in the dry season and a lengthened period with
sufficient freshwater availability by over 2 months (76 days). This impact of sediment is
so large because of positive feedbacks between sediment-induced stratification (due to
the SedDE), salinity-induced stratification, and tidal dynamics.
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As demonstrated by Zhu et al. (2021), the SedDE has contrasting vertical and horizon-
tal density effects. On the one hand, it increases vertical sediment concentration gradi-
ents due to reduced vertical mixing. On the other hand, the SedDE increases salinity-
induced stratification and amplifies and deforms tides, enhancing ETM formation and
saltwater intrusion which in turn leads to stronger SedDE. Moreover, a positive feedback
also exists between SSC and tidal amplification due to the effect of high near-bed SSC
on reducing the apparent hydraulic roughness (Winterwerp and Wang, 2013). Predict-
ing the impact of upstream interventions, changes in local geometry, or SLR in estuaries
with high SSC therefore requires a 3D model properly accounting for the SedDE. Such an
effect may reduce freshwater availability from days to months, depending on sediment
trapping. For instance, the SedDE decreases the freshwater supply months in scenarios
Ref, Q1030, Q20, and SLR1m with a near-bed SSC over 10-30 kg/m3 and only days in the
scenario S70 with the near-bed SSC in the ETM an order of magnitude smaller (Table
6.2). Typically, more sediment trapping efficiency leads to stronger SedDE on enhancing
saltwater intrusion and thereby decreasing freshwater supply days. However, sediment
trapping location is also influenced by the divergence of horizontal SedDE (Zhu et al.,
2021), which may also play a role in the migration of saltwater intrusion. The positive
feedbacks introduced above are, however, only valid for fine-grained sediment (as eval-
uated in the current work). When the sediment load is primarily composed of sandy
sediment, the most prominent impact of a sediment load reduction may be an erosion
of the river bed. This effectively deepens the river bed, promoting saltwater intrusion
and amplifying the tides. This has been observed, for instance, in the Mekong river (Es-
lami et al., 2019).

The changes in the fraction of sediment may also change sediment trapping and
stratification, influencing saltwater intrusion. Typically, very fine sediments are easily
flushed out to the sea, and because of their vertically uniform SSC distribution only limit-
edly influence vertical mixing (and hence do not set in motion positive feedback mecha-
nisms strengthening saltwater intrusion and tidal amplification). Very coarse sediments
tend to deposit rapidly, and therefore also generate minor sediment-induced density ef-
fects. The intermediate grain size of sediments (mainly silt and fine sand) has the most
pronounced SedDE and sediment trapping. In the Yangtze Estuary, the TGD mostly traps
sand and silt whereas clay is flushed through the reservoir. The shortage of sand may
be partly compensated by the bed erosion downstream of the Yangtze River (Luo et al.,
2012; Yang et al., 2014) and therefore it is especially the intermediate silt fraction that is
reduced in the estuary (van Maren and Winterwerp, 2013). Since especially silt promotes
the SedDE and then promotes saltwater intrusion, the shortage of silt resulting from the
upstream dams reduces saltwater intrusion.

6.6. CONCLUSIONS
Using a numerical model, we explored the effect of changes in river discharge, SLR,

and sediment supply on saltwater intrusion in the Yangtze Estuary, particularly focus-
ing on the role of sediment dynamics. Reduced seasonal variability of river discharge
reduces saltwater intrusion in the dry season but enhances in the wet season whereas
reduced river discharge and SLR strengthen saltwater intrusion. These changes in river
discharge and SLR also lead to stronger sediment trapping over the year and migration
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mainly in the dry season. On the other hand, reduced sediment supply reduces sediment
concentrations and alleviates saltwater intrusion. Concerning the simulated scenarios
including reduced seasonal variability of the river discharge (‘QB’ hydrograph), 20% re-
duced river discharge (‘QA20’ hydrograph), 1-m SLR, and 70% reduced sediment sup-
ply (‘SB’ hydrograph), the saltwater intrusion moves approximately -5, 5, 10, and -3 km
landward respectively over a full year. The movement of saltwater intrusion correspond
to an increase in freshwater supply (salinity level of <0.75 psu at Qingcaosha Reservoir
comparable to observations) by 77, -37, -35 and 76 days, respectively. These effects are
influenced by the sediment-induced density effects which enhance saltwater intrusion
by decreasing freshwater supply from days if sediment concentration is low (∼2 kg/m3)
to months if sediment concentration is high (>10-30 kg/m3). Future changes in precip-
itation will alter the total river discharge and its seasonal distribution, influencing salt-
water intrusion and the response is further complicated by local human interventions,
global sea level rise, and changes in the sediment load and sediment grain size. Partic-
ularly saltwater intrusion may be enhanced by deepening as a result of its interactions
with tidal amplification and sediment trapping but may also be counteracted by the de-
creasing sediment supply.

Overall, we conclude that although saltwater intrusion is influenced by a large num-
ber of potential future scenarios influencing the hydrodynamics (SLR, changes in total
discharge and variability by precipitation changes and reservoirs, as well as local inter-
vention), a previously overlooked aspect that is crucial for turbid estuaries is the role of
sediments. Sediments influence saltwater intrusion through complex feedback mecha-
nisms, making future saltwater intrusion even more difficult to predict. But even more,
the biggest projected impact on saltwater intrusion is a reduction in fluvial sediment
supply. In turbid estuaries, studies on (changes in) saltwater intrusion should adequately
address the effect of sediment concentration, and it is advised to closely monitor estuar-
ine suspended sediment concentrations.
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Long, long had been my road and far, far was the journey;
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T HIS dissertation aims to identify if human-driven regime shifts have occurred in the
Yangtze Estuary and to understand how SSC-related effects influence on hydrody-

namics, sediment dynamics, and saltwater intrusion in the past and in the future. First,
the five research questions formulated in Chapter 1 are answered (section 7.1). Then, an
evaluation is given how the two overarching goals are achieved (section 7.2). We finalise
with recommendations for further research (section 7.3).

7.1. ANSWERS TO THE RESEARCH QUESTIONS
(1) What are the decadal morphological changes in the mouth zone of the Yangtze Es-

tuary in response to a reduced sediment supply?

Although sediment supply has been decreasing since the mid-1980s, two shoals
in the mouth zone, i.e. Hengsha flat and Jiuduan shoal, accreted at different rates
until 2010 followed by erosion. The Hengsha flat expanded more horizontally than
it accreted vertically whereas the Jiuduan shoal accreted more vertically than it ex-
panded horizontally. This different behavior can be explained by upstream water
and sediment partition, local tidal dynamics and bio-physical interactions. Accre-
tion and expansion of the two shoals until 2010 are closely related to local human
intervention, such as salt marsh introduction, land reclamation and the construc-
tion of a navigation channel. The erosion of both shoals since 2010 is attributed
to dredging activities and a shortage of sediments due to upstream dam construc-
tion. For the two shoals and the North Passage as a whole in the mouth zone, a
sudden shift from accretion to erosion occurred in 1997 and 2007. The short-term
erosion is mainly explained by the local navigation project and may not be fully
explained by impacts of fluvial sediment decline. Specifically, the disposed vol-
ume, used for land reclamation from dredging activities, accounts for ∼50% of the
volume changes (interpreted as erosion) as quantified by bathymetric data. Con-
sidering the continuous erosion after 2010 during which local interventions may
still play a role, we identified a morphodynamic response time lag of ∼30 years in
the mouth zone to riverine sediment decrease (Chapter 2).

(2) What is the tidal evolution in response to morphological and sedimentary changes
in the Yangtze Estuary?

Tidal evolution in the Yangtze Estuary exhibits spatial variations (Chapter 3). Data
analysis in the South Branch suggests a strongly reduced tidal damping during
1990-2010 and a slightly weakened tidal damping during 2010-2020. The yearly
averaged tidal ranges in the mouth zone show an overall stronger tidal damping
from 1997 to 2010. A calibrated 2D hydrodynamic model further suggests that the
reduced damping in the South Branch is controlled by sediment decline which
results in an increase in water depth and a 70% reduced SSC. The reduced SSC in-
duces a 60% increase in the effective bottom roughness, counteracting over 50% of
the reduced tidal damping from the water depth increase during 1990-2010. Dur-
ing 2010-2020, the effect of morphological changes is limited and the decreasing
SSC increased effective bottom roughness by ∼5% which controls the slightly en-
hanced tidal damping in the South Branch. Moreover, in the mouth zone, an over-
all increase in effective bottom roughness dominates the increased tidal damping
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from 1997 to 2010. The increase in effective bottom roughness is mainly caused
by local structures and partly counteracted by the enhanced fluid mud. The en-
hanced fluid mud may decrease the roughness after 2010; however, the SSC is de-
creasing recently (2019-2020) which may increase the roughness. Therefore, fu-
ture changes in fluid mud and sediments influenced by the combined effect of
sediment decline and local engineering works need close monitoring.

(3) How does high suspended sediment concentration interact with hydrodynamics and
in trun influence the estuarine turbidity maximum?

A calibrated 3D sediment transport model in the Yangtze Estuary reveals that high
sediment concentrations influence the stability and position of the ETM (Chapter
4). Salinity-induced vertical density effects are the primary drivers for ETM forma-
tion, leading to a pronounced sediment convergence whereas longitudinal sediment-
induced density effects lead to sediment transport divergence. Vertical sediment-
induced density effects introduce a behavior opposite to the longitudinal sediment-
induced density effects on two levels: 1) they enhance the vertical SSC gradients,
leading to more efficient salinity-driven residual transport and 2) they addition-
ally amplify tides, increase salinity-induced stratification, and therefore increase
residual flow, favoring net landward sediment transport and generating a positive
feedback mechanism to promote ETM formation.

(4) What are the roles of tidal asymmetry and sediment-induced density effects on the
formation of estuarine turbidity maximum?

The roles of tidal asymmetry and sediment-induced effects (density effects and
high near-bed SSC due to water-bed exchange processes) are reflected from a schematic
model with different types of offshore tidal asymmetry and strength of sediment-
induced effects (Chapter 5). Sediment properties in terms of the critical shear
stress for erosion mainly influences the magnitude of the maximum SSC of the
ETM, whereas the settling velocity influences the location of the ETM. Sediment-
induced density effects in combination with tidal asymmetry lead to a progres-
sively larger contribution of estuarine circulation; however, they may lead to ei-
ther pronounced ETM promotion or pronounced ETM dispersion due to the con-
tribution of tidal pumping. Higher near-bed SSC due to water-bed exchange pro-
cesses additionally increases the sediment-induced density effects due to the en-
hanced vertical SSC gradients and strongly influences the relative contribution of
tidal pumping and estuarine circulation. Higher near-bed SSC increases the effect
of estuarine circulation on landward sediment transport and the tidal pumping
term could even become a diffusive term leading to a longitudinal divergence of
sediment.

(5) How do sediment-induced density effects influence the predicted impact of global
change?

Sediment-induced effects play an important role in the formation of an ETM, but
also on saltwater intrusion. With a 3D hydrodynamics and sediment transport
model, we found that sediment-induced density effects vary seasonally and through-
out the spring-neap tidal cycles (Chapter 4). During the wet season, the verti-
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cal salinity gradient is stronger, and therefore the ETM formation is more pro-
nounced, enhancing saltwater intrusion. During the dry season, the effect of lon-
gitudinal sediment gradient is more pronounced, resulting in the ETM dispersion
and enhancing saltwater intrusion. Natural and human interventions alter the
ETM strength and location, influencing saltwater intrusion which is especially im-
portant for freshwater resources (Chapter 6). The saltwater intrusion is limitedly
influenced when near-bed sediment concentration is ∼2 kg/m3 whereas the salt-
water intrusion is strongly enhanced when near-bed sediment concentration is
over 20-30 kg/m3, i.e., the freshwater availability is decreased by months. Particu-
larly, when the sediment load declines by 70%, estuarine sediment concentration
is largely reduced, thereby mitigating saltwater intrusion. Overall, the effects of
sediment dynamics are of critical importance for understanding and predicting
saltwater intrusion in the future.

7.2. GENERAL CONCLUSIONS

F URTHER summarizing the results of this thesis, the general conclusion is formulated
in answer to the main aims of this thesis, which are

• To identify if human interventions have triggered regime shifts in the Yangtze
Estuary

In Chapter 1, regime shifts are described as ‘a shift from one dynamic regime (mor-
phodynamic equilibrium state) to another, which is influenced by global environ-
mental changes and human interferences’ and ‘is characterized by a tipping point
in the forcing factors beyond which the estuary loses its natural characteristics,
thereby endangering the environmental sustainability’. Specifically, regime shifts
are evidenced by 1) a shift in morphology to a new morphodynamic equilibrium,
and 2) a shift in sediment concentration to a low-turbidity conditions with weak
tidal amplification due to declined fluvial sediment load.

Based on the observations of water levels, sediment concentrations and morpho-
logical changes, we have identified human-driven changes in the Yangtze Estu-
ary. In this section we evaluate to what extend these changes can be considered a
regime shift. Data suggest strong spatial variations, i.e. response of tidal evolution
and sediment concentrations to reduced sediment supply in the South Branch is
relatively faster than those in the mouth zone.

In the South Branch, depths became deeper and sediment concentrations became
lower (bed becomes rougher) after decline in fluvial sediment load; and tides be-
came less damped during 1990-2010 and slightly more damped during 2010-2020.
These changes in morphology, sediment concentrations and tides in the South
Branch are mainly caused by reduced sediment supply (Chapter 2 and 3). The
South Branch has altered from net sedimentation to net erosion since 1958 due
to reduced sediment load and the net erosion maintained at 50 million m3/year
in volume and 50 mm/year in thickness after 1986 (Wang et al., 2013; Luan et al.,
2016; Zhao et al., 2018). Almost no net change has been detected since 1986, which
can be referred as dynamic equilibrium of type II (see section 1.2.2). Therefore, the
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regime shift in morphology has been identified in the South Branch. Considering
the regime shift in sediment concentration, the positive feedback between the sed-
iment concentration and tidal damping (less turbid with less tidal amplification)
seems not to occur during 1990-2010. Although a less turbid with less tidal ampli-
fication condition occurred from 2010 to 2020 (Chapter 3), the SSC is controlled
by riverine sediment supply. The changes in tides will not trigger further decrease
of SSC and therefore is not considered a regime shift in the South Branch.

In the mouth zone, morphology evolves from accretion to erosion (Chapter 2),
sediment concentrations maintain unchanged for a long time except for a decreas-
ing trend in recent years (2019-2020), and tides are more damped in the period
1997-2010 with a trend of less tidal damping after 2010 (Chapter 3). We have iden-
tified the strong effect of local engineering works and a ∼30 years of morphologi-
cal response time lag to riverine sediment decline (Chapter 2). However, whether
the morphological changes in the mouth zone reach a new equilibrium state is
still unknown. On the other hand, although the sediment concentrations do not
significantly change for a relatively long time, the near-bed SSC (fluid mud) was
increased due to local engineering works, partly counteracting the effect of lo-
cal structures on increasing the effective roughness and thereby enhancing tidal
damping. However, the positive feedback between sediment concentrations and
tidal damping still cannot be sufficiently built during 1997-2010. Specifically, the
effect of enhanced near-bed SSC does not lead to less tidal damping but more tidal
damping due to local structures. After 2010, tides are less damped with probably
higher near-bed SSC. However, the depth-averaged SSC has decreased in recent
years. Therefore, we are still not able to identify the regime shift in the mouth zone
of the Yangtze Estuary yet and whether a potential regime shift occurs needs to be
investigated by close monitoring on the changes in tides, SSC and morphology.

• To understand the effect of SSC on hydrodynamics (including saltwater intru-
sion) under current and future conditions

Understanding the feedbacks between SSC and hydrodynamics (including saltwa-
ter intrusion), and ETM development is important for turbid estuaries worldwide.
The main findings of the SSC-related effects in this thesis are summarized as fol-
lows:

– Effects of SSC-induced density gradients strengthen salinity-induced stratifi-
cation and the longitudinal and vertical SSC-induced density gradients have
opposite effects on the ETM formation (Chapter 4).

⋄ Effects of SSC-induced longitudinal density gradients cause longitudinal
dispersion of the salinity-induced turbidity maximum.

⋄ Effects of SSC-induced vertical density gradients strengthen salinity strat-
ification and thereby the salinity-induced horizontal density currents and
associated sediment trapping.

⋄ Effects of longitudinal SSC density gradients are more pronounced un-
der weak salinity stratification conditions, and those of vertical SSC den-
sity gradients under strong salinity stratification conditions.
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– Effects of SSC-induced density gradients are influenced by tidal asymmetry
and influence the mechanisms controlling sediment trapping (Chapter 5).

⋄ Without sediment-induced density effects, sediment trapping is primar-
ily controlled by the strength of flood dominance.

⋄ Sediment-induced density effects lead to strengthening or dispersion of
the ETM, depending on the type of tidal asymmetry.

⋄ Higher near-bed sediment concentrations strengthen the role of estuar-
ine circulation and thereby sediment trapping.

– Effects of SSC-induced density gradients influence saltwater intrusion, and
future changes in sediment loads are therefore crucial for predicting saltwa-
ter intrusion (Chapter 6).

⋄ Sediment dynamics influence the effect of river discharge changes and
sea-level rise on saltwater intrusion.

⋄ The decline in riverine sediment supply may weaken sediment-induced
effects, thereby reducing saltwater intrusion.

7.3. RECOMMENDATIONS FOR FUTURE RESEARCH

Monitoring and tracking estuarine changes Estuarine responses times are long and
influenced by multiple drivers operating on different scales and time periods. Under-
standing estuarine response therefore requires long-term monitoring of hydrodynam-
ics, sediments and morphology. Our findings indicate that the Yangtze Estuary has not
moved to a new dynamic equilibrium (particularly in the mouth zone) and is likely still
under transition. It is thus essential to keep monitoring and tracking the data to un-
derstand how and why the changes in the hydrodynamics, SSC and morphology in this
stage. For instance, in the mouth zone, the tidal data should be gathered at a higher
frequency to identify more convincing trend changes. Moreover, although the depth-
averaged SSC was detected to decrease in 2019-2020, the changes in near-bed SSC which
comes at high cost has been limited explored. The recent morphological evolution using
latest bathymetric maps should be evaluated for whether the local effects of engineering
works has been finished.

Effects of other human interventions Various human interventions occur within estu-
aries, such as water diversion, dredging and dumping activities, saltmarsh introduction,
land reclamation etc. These human interventions have been widely studied for their
local effects but have been seldom evaluated for the effects on the development of the
large-scale estuary. For instance, in the Yangtze Estuary, channels bifurcate and inter-
connect in the branching channel network. Therefore, water and sediment exchanges
occur between channel and shoals. The diversion of water and sediment discharges may
also have different effects in branching channels. To what extent the human interven-
tions within an estuary influence tides, sediment transport and morphology in a large
spatial scale also needs to be addressed.

Sediment effects on lateral processes This thesis has limitedly evaluated the sediment
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effects on lateral circulation. However, lateral circulation and sediment transport also in-
teract with those in the longitudinal direction (Lerczak and Rockwell Geyer, 2004; Huijts
et al., 2006; Zhu et al., 2017; Zhou et al., 2019, 2021). Moreover, the lateral processes may
be influenced by blocking jetties and groins, dredging and dumping activities. Therefore,
the sediment effects on lateral processes and probably the interaction with longitudinal
processes may be essential as well. Further research is required to understand the in-
teractions between hydrodynamics and sediments in the lateral direction and to what
extend the lateral processes due to sediment effects affect the longitudinal processes
should also be addressed.

The impact of sediment composition The models used in this thesis consider a sin-
gle sediment fraction but our sensitivity scenarios suggest different behavior of different
types of sediments on forming ETM and influencing saltwater intrusion (Chapter 4 and
5). Moreover, the sediment grain size distribution has changed due to the dam con-
struction in the river basin. Previous studies have documented the effect of grain size on
shaping tidal flats (van Maren et al., 2013; Zhou et al., 2015). We have also identified that
two shoals in the mouth zone eroded after ∼2010 which is probably due to the shortage
of the silt sediments (Chapter 2). In addition, the sediment grain size may either in-
crease or decrease the effective bottom roughness, which is essential for understanding
sediment effects. These effects need to be further investigated.

Water-bed exchange processes An ETM may result from density-driven processes
(supply-limited) and local resuspension (erosion-limited). This thesis has mainly fo-
cused on the density-driven processes. However, the water-bed exchanges processes are
essential to understand delta responses in terms of tides, SSC and morphology. More-
over, the effect of complex near-bed exchange was explored with the ‘reduced deposi-
tion’ concept. Strong ‘reduced deposition’ leads to higher near-bed sediment concen-
trations, strengthening the effect of sediment-induced density gradients and influenc-
ing the relative role of estuarine circulation and tidal pumping on importing sediments
(Chapter 5). Therefore, the water-bed exchange processes relevant for the ‘reduced de-
position’ concept are important. However, this concept integrates a number of insuf-
ficiently known processes into one model parameter, and more in-depth research on
these processes is recommended.
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