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Abstract

Estuarine Turbidity Maximums (ETMSs) represent zones where suspended particulate matter
(SPM) concentrations are significantly elevated, occurring at the interface between riverine and
marine environments. This has a profound influence on the biogeochemistry and biology of
the estuary. The formation and maintenance mechanisms of ETMs depend on the river
discharge, sediment load, tides, and estuarine morphology. In the Pearl River Estuary (PRE),
hydrodynamics (river discharge, tides, and coastal current) interact with seasonal sediment load
and estuarine topography to influence the sediment dynamics. The PRE is a highly variable,
complex estuary. In temporal terms, it has undergone significant human-induced changes in its
morphology over time, and its sea level has been rising at a rate greater than the global average.
In spatial terms, various topographic units have collectively shaped the PRE. This study
elucidates the physical mechanism of ETM formation and its response to the historical
development and future scenarios. Investigation on the variation of stratification provides the
mechanism of hydrodynamic response to morphological changes and climatic changes.
Numerical modeling studies on the formation of three ETMs provide insights into different
domain mechanisms. Reconstruction of past morphology and simulations under future
scenarios shed light on the historical evolution and potential challenges (e.g. sea level rise,
coastline change due to land reclamation or natural processes of erosion and deposition,
bathymetry change due to dredging etc.) facing the PRE. The thesis aims to provide a basis for
the knowledge needed by decision makers to establish science-based management strategies for

estuaries under climate change and rapid coastal development.

The estuarine circulation in the PRE is driven by several factors, including the seasonal river
discharge, tides, and coastal currents. The hydrological environment of the Pearl River Estuary
is notable for its stratification, a characteristic that places it within the category of partially
stratified estuaries. The intensity and location of stratification in this estuary respond not only
to the aforementioned factors affecting the estuarine circulation, but also to the morphology of
the PRE and the relative sea level. The impact of these changes on stratification can be
summarized as follows: (1) Morphological changes in the Lingding Bay (the main estuary of
the PRE) from 1970s to 2010s resulted in a bay-scale enhancement of stratification by up to a
factor of four, with maximum local enhancement (up to a factor of seven) at the western shoal
of the bay. (2) Stratification in the PRE has become more sensitive to tidal forcing and river
runoff impact after the morphological change. The variation is greatly amplified by the spring-

neap tidal cycle. The maximum enhancement in stratification occurs in the transition period
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from neap to spring tides due to the increase of advection of vertical salinity variance in water
volume. (3) The relationship between depth changes and salt fluxes is nonlinear and varies
among different morphological units. In the PRE, the eastern channel and the western shoal
experience the greatest enhancement in both strength and stability of stratification caused by
the morphological change. (4) Compared to an overwhelming impact of human-induced
morphological change in the past few decades, future change of stratification driven by sea
level rise will be further strengthened but to a much lesser extent. The maximum enhancement
associated with sea level rise occurs during spring tides due to the increased vertical straining

value.

The formation and maintenance mechanisms of ETMs in the Pearl River Estuary are influenced
by the complex hydrological environment and topography, exhibiting a high degree of diversity.
Three ETMs have been observed in the PRE and are reproduced by the numerical model: the
west shoal, middle shoal, and west channel ETMs. In the two ETMs located at the west shoal
and middle shoal, advection dominates the sediment transport flux, whilst tidal pumping plays
a crucial role in maintaining those ETM. A sharp bathymetric gradient leads to an entrapment
of sediment within the bottom layer in the west channel ETM, a phenomenon referred to as
topographical trapping. Model analysis shows that the ETMs are interconnected, with sediment
transport between the ETMs varying seasonally, which is attributed to the variation of

stratification driven by the monsoon-mediated river runoff.

To facilitate a more accurate reference point for sediment management, an investigation was
conducted into the historical evolution and future development scenarios of the PRE. The
morphological changes and relative sea level rise (rSLR) resulting from climate change and
human activities were identified as the principal driving forces in the evolutionary development
of PRE. Based on the morphology, river discharge, sediment load, and sea level of 1970s, a
validated model result from the 1970s was employed to investigate the hydrodynamics and
sediment dynamics of that period. Additionally, this study reconstructed the distribution of
estuarine bed sediment during the 1970s and demonstrated that the composition of estuarine
bed sediments is a critical factor influencing the distribution and extension of ETMs. The
remaining findings are listed as follows: (1) The morphological changes that occurred between
the 1970s and 2010s resulted in a transition of the ETMs in PRE from a river-dominated system
to one that is multi-factor dominated. (2) The rSLR between the 2010s and 2100s has the effect
of increasing the depth of the water column, which, in general, results in a decrease in the
concentration of SPM at the bottom layer, as well as a reduction in the concentration and
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intensity of ETMs. This is attributable to an increase in stratification and a decrease in bottom
shear stress. (3) In light of the potential impact of wind shifts on future outcomes, our findings
indicate that a projected 40° anticlockwise rotation in wind direction and a reduction in wind
speed are associated with an increase in the concentration of bottom layer SPM in the
southwestern portion of West Shoal. (4) Upon activating the wave model in the simulation, it
was observed that the wave effect exerted the most significant influence on SPM concentration
at the bottom layer during the 1970s. As morphological alterations and water depth increased,
the wave effect was observed to reduce the intensification effect on bottom SPM concentration,
with an increase observed only in the western shoal. As rSLR occurred, the wave effect on
bottom SPM concentration was observed to further diminish, with only a slight increase in
bottom SPM concentration noted in the western shoal.

The findings presented in this thesis represent the inaugural demonstration of the evolutionary
trajectory of ETMs in the PRE. This serves as a point of reference for the sustainable
management of estuarine sediments, with implications for the future development of the PRE

and other estuaries.



Zusammenfassung

Astuarine Trilbungsmaxima (ETM) sind Zonen, in denen die Konzentration von Schwebstoffen
(SPM) an der Schnittstelle zwischen Fluss- und Meeresumwelt deutlich erhoht ist. Dies hat
einen tiefgreifenden Einfluss auf die Biogeochemie und Biologie des Astuars. Die Entstehungs-
und Erhaltungsmechanismen von ETMs hangen von der Abflussmenge des Flusses, der
Sedimentfracht, den Gezeiten und der Morphologie des Astuars ab. Im Astuar des Perlflusses
(PRE) beeinflussen die Hydrodynamik (Flussabfluss, Gezeiten und Kistenstromung) in
Wechselwirkung mit der saisonalen Sedimentbelastung und der Astuartopographie die
Sedimentdynamik. Das PRE ist ein duRerst variables, komplexes Astuar. In zeitlicher Hinsicht
hat sich seine Morphologie im Laufe der Zeit durch den Menschen erheblich verandert, und der
Meeresspiegel ist schneller gestiegen als im globalen Durchschnitt. In rdumlicher Hinsicht
haben verschiedene topografische Einheiten den PRE gemeinsam geformt. In dieser Studie
wird der physikalische Mechanismus der ETM-Bildung und seine Reaktion auf die historische
Entwicklung und kunftige Szenarien erlautert. Die Untersuchung der Variation der Schichtung
liefert den Mechanismus der hydrodynamischen Reaktion auf morphologische Veranderungen
und Kklimatische Veranderungen. Numerische Modellierungsstudien zur Bildung von drei
ETMs geben Einblicke in verschiedene Domé&nenmechanismen.  Die Rekonstruktion der
Morphologie der Vergangenheit und Simulationen von Zukunftsszenarien geben Aufschluss
Uber die historische Entwicklung und potenzielle Herausforderungen (z. B. Anstieg des
Meeresspiegels, Veranderung der Kdiistenlinie durch Landgewinnung oder natrliche Erosions-
und Ablagerungsprozesse, Veranderung der Bathymetrie durch Ausbaggerung usw.), denen
sich die PRE gegenubersieht. Ziel der Arbeit ist es, eine Grundlage fur das Wissen zu schaffen,
das die Entscheidungstrédger benétigen, um wissenschaftlich fundierte Managementstrategien
fir Astuare unter den Bedingungen des Klimawandels und der raschen Kiistenentwicklung zu
entwickeln.

Die Astuarzirkulation in der PRE wird von mehreren Faktoren bestimmt, darunter der saisonale
Flussabfluss, die Gezeiten und die Kistenstromungen. Das hydrologische Umfeld des
Perlflussastuars zeichnet sich durch seine Schichtung aus, ein Merkmal, das es in die Kategorie
der teilweise geschichteten Astuare einordnet. Die Intensitat und die Lage der Schichtung in
diesem Astuar hangen nicht nur von den oben genannten Faktoren ab, die die
Mindungszirkulation beeinflussen, sondern auch von der Morphologie des PRE und dem
relativen Meeresspiegel. Die Auswirkungen dieser Veranderungen auf die Schichtung lassen
sich wie folgt zusammenfassen: (1) Morphologische Veranderungen in der Lingding-Bucht
(dem Hauptmiindungsgebiet der PRE) von den 1970er bis 2010er Jahren fuhrten zu einer
buchtweiten Verstarkung der Schichtung um einen Faktor von bis zu vier, mit einer maximalen
lokalen Verstarkung (bis zu einem Faktor von sieben) an der westlichen Untiefe der Bucht. (2)
Die Schichtung in der PRE ist nach der morphologischen Verdnderung empfindlicher
gegenliber den Gezeiten und den Auswirkungen des Flussabflusses geworden. Die
Schwankungen werden durch den Gezeitenzyklus im Frihjahr und im Winter stark verstarkt.
Die maximale Verstiarkung der Schichtung tritt in der Ubergangszeit zwischen Nipp- und
Springflut auf, was auf die Zunahme der Advektion der vertikalen Salzgehaltsschwankungen
im Wasservolumen zuriickzufuhren ist. (3) Die Beziehung zwischen Tiefendnderungen und
Salzflissen ist nichtlinear und variiert zwischen den verschiedenen morphologischen Einheiten.
In der PRE erfahren die 6stliche Rinne und die westliche Untiefe die grofiite Verstarkung sowohl
der Stérke als auch der Stabilitat der Schichtung durch die morphologische Verénderung. (4)
Im Vergleich zu den Uberwadltigenden Auswirkungen der vom Menschen verursachten
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morphologischen Veranderungen in den letzten Jahrzehnten werden die zukinftigen
Veranderungen der Schichtung durch den Anstieg des Meeresspiegels zwar weiter verstérkt,
aber in einem viel geringeren AusmaR. Die maximale Verstarkung im Zusammenhang mit dem
Meeresspiegelanstieg tritt wahrend der Springfluten auf, da der Wert der vertikalen Belastung
steigt.

Die Entstehungs- und Erhaltungsmechanismen von ETMs im Perlflussmiindungsgebiet werden
durch die komplexe hydrologische Umgebung und die Topographie beeinflusst und weisen eine
grole Vielfalt auf. In der PRE wurden drei ETMs beobachtet, die durch das numerische Modell
reproduziert werden: das westliche Untief, das mittlere Untief und das westliche Kanal-ETM.
In den beiden ETMs an der westlichen Untiefe und der mittleren Untiefe dominiert die
Advektion den Sedimenttransport, wéhrend das Pumpen durch die Gezeiten eine entscheidende
Rolle bei der Aufrechterhaltung dieser ETMs spielt. Ein starkes bathymetrisches Gefalle fihrt
zu einem Einschluss von Sedimenten in der Bodenschicht im ETM der westlichen Rinne, ein
Phénomen, das als topographischer Einschluss bezeichnet wird. Die Modellanalyse zeigt, dass
die ETMs miteinander verbunden sind, wobei der Sedimenttransport zwischen den ETMs
saisonal schwankt, was auf die durch den monsunbedingten Flussabfluss bedingte Variation der
Schichtung zuruickzufihren ist.

Um einen genaueren Bezugspunkt fiir das Sedimentmanagement zu erhalten, wurde eine
Untersuchung der historischen Entwicklung und der zukinftigen Entwicklungsszenarien der
PRE durchgefuhrt. Die morphologischen Veranderungen und der relative Meeresspiegelanstieg
(rSLR) infolge des Klimawandels und menschlicher Aktivitaten wurden als die wichtigsten
treibenden Krafte fir die evolutionare Entwicklung des PRE identifiziert. Auf der Grundlage
der Morphologie, des Flussabflusses, der Sedimentfracht und des Meeresspiegels in den 1970er
Jahren wurde ein validiertes Modell aus den 1970er Jahren verwendet, um die Hydrodynamik
und die Sedimentdynamik in diesem Zeitraum zu untersuchen. Dariiber hinaus wurde in dieser
Studie die Verteilung der Astuarsedimente in den 1970er Jahren rekonstruiert und gezeigt, dass
die Zusammensetzung der Astuarsedimente ein entscheidender Faktor ist, der die Verteilung
und Ausdehnung der ETMs beeinflusst. Die tbrigen Ergebnisse sind im Folgenden aufgefihrt:
(1) Die morphologischen Veranderungen, die zwischen den 1970er und 2010er Jahren
stattfanden, filhrten zu einem Ubergang der ETM in PRE von einem flussdominierten System
zu einem multifaktoriell dominierten System. (2) Die rSLR zwischen den 2010er und 2100er
Jahren hat zur Folge, dass sich die Tiefe der Wassersaule vergroRert, was im Allgemeinen zu
einer Abnahme der Konzentration von SPM in der unteren Schicht sowie zu einer Verringerung
der Konzentration und Intensitat von ETMs fuhrt. Dies ist auf eine Zunahme der Schichtung
und eine Abnahme der Bodenschubspannung zuruickzufihren. (3) In Anbetracht der méglichen
Auswirkungen von Windverschiebungen auf kinftige Ergebnisse deuten unsere Ergebnisse
darauf hin, dass eine projizierte Drehung der Windrichtung um 40° gegen den Uhrzeigersinn
und eine Verringerung der Windgeschwindigkeit mit einer Zunahme der Konzentration von
SPM in der Bodenschicht im sudwestlichen Teil von West Shoal verbunden sind. (4) Nach
Aktivierung des Wellenmodells in der Simulation wurde festgestellt, dass der Welleneffekt in
den 1970er Jahren den grofiten Einfluss auf die SPM-Konzentration in der Bodenschicht
ausuibte. Als die morphologischen Verdnderungen und die Wassertiefe zunahmen, wurde
beobachtet, dass der Welleneffekt den Verstarkungseffekt auf die SPM-Konzentration am
Boden verringerte, wobei nur in der westlichen Untiefe ein Anstieg beobachtet wurde. Als rSLR
auftrat, wurde beobachtet, dass der Welleneffekt auf die SPM-Konzentration am Boden weiter



abnahm, wobei nur ein leichter Anstieg der SPM-Konzentration am Boden in der westlichen
Untiefe festgestellt wurde.

Die in dieser Arbeit vorgestellten Ergebnisse stellen den ersten Nachweis des
Entwicklungsverlaufs von ETM in der PRE dar. Sie dienen als Bezugspunkt fir die nachhaltige
Bewirtschaftung von Astuarsedimenten und haben Auswirkungen auf die zukiinftige
Entwicklung der PRE und anderer Astuare.



List of publications
Publication related to this dissertation:
Appendix A

Ma, M., Zhang, W., Chen, W., Deng, J. and Schrum, C., 2023. Impacts of morphological change
and sea-level rise on stratification in the Pearl River Estuary. Frontiers in Marine Science, 10,
p.1072080. DOI: 10.3389/fmars.2023.1072080

Appendix B

Ma, M., Porz, L., Schrum, C. and Zhang, W., 2024. Physical mechanisms, dynamics and
interconnections of multiple estuarine turbidity maximum in the Pearl River estuary. Frontiers
in Marine Science, 11, p.1385382. DOI: 10.3389/fmars.2024.1385382

Appendix C

Ma, M., Zhang, W., Porz, L., and Schrum, C., 2024. Evolution of Estuarine Turbidity Maximum

in the Pearl River Estuary: historical development and future scenarios. (to be submitted)


http://dx.doi.org/10.3389/fmars.2023.1072080
http://dx.doi.org/10.3389/fmars.2024.1385382

Contents

Sediment dynamics in the Pearl River Estuary: evolution of estuarine turbidity maximum.....0
AADSIIACT ...t 2
ZUSAMMENTASSUNG ...ttt ettt st et e st e st e e e e s se e taeseesbeesteeneesse e teeneesneeneeaneenrens 5
TS o] il 01U o] [ToF: 4 o] OSSPSR 8
Lo INEFOAUCTION ..ot 10
1.1 Variation Of StratifICatION ...........ccoiiiiiiiiiiiieee e 11
1.2 Mechanisms of ETM FOrMALtION ...........ccooiiiiiiiiieecres e 12
1.3 Fast-paced Changes aCr0SS ESTUAIIES...........cuuierieierieitestesie st 15
1.4 IMIOTIVATION ...ttt b ettt 18
2. Characterizing the Pearl RIVEr ESTUAIY .........ccooviieiieiiiiiesie s 20
2.1 Historical evolution OF PRE ..o 20
2.2 Current issues and solution approaches ..........ccccvcvviieiecie s 23
2.3 ETM SEUAIES IN PRE ...ttt 24
3. Synthesis: Hydrodynamics and sediment dynamics of the Pearl River Estuary................... 26
3.1 Hydrodynamics: variation of stratification ...............ccccceiiiiiii i, 27
3.2 Sediment dynamics: formation and dynamics 0f ETMS .........cccccceovveviiii v, 28
3.3 Historical development and future scenarios: evolution of ETMS...........ccccceeveieiieenen, 29
4. DiSCUSSION aN0 OULIOOK .......cuviiiiiiiiiitiiteie e 32
AAPPEINTICES ...ttt bbbttt bbb bbbt b bbb bbbt 35
AAPPENTIX A ettt bbb bRttt b bbbt neas 36
APPENTIX B ..ottt 51
APPENTIX C bbb bbbkttt bbbttt 70
RETEIBNCES ...ttt bbbttt b e bbbttt 112
ACKNOWIEAGEIMENTS ... bbb bbb 129
Eidesstattliche Versicherung | Declaration on Oath............ccccooiiiiiiiiinnne e 130



1. Introduction

This thesis aims to investigate the impact of various factors on the formation and maintenance
of ETMs in the PRE and to explore some potential factors that impact the evolution of ETMs.
The various factors that affect the ETMSs in PRE include river discharge, sediment load, tides,
coastal current, morphology, sediment components on estuarine bed, and sea level. Collectively,
these factors contribute to making PRE a typical complex hydrodynamics and sediment

dynamics estuary system.

The first documented occurrence of ETMs was in the Gironde estuary, France, by Glangeaud
(1938). This observation led to the realization that ETMs are pervasive characteristics of
estuarine environments. A number of studies have demonstrated the significance of ETMs in
estuarine ecosystems. (1) Light attenuation. In many estuaries light attenuation by suspended
sediment confines the photic zone to a small fraction of the water column, such that light
limitation is a major control on phytoplankton production and turnover rate. Spatial and
temporal variability of phytoplankton biomass or productivity in estuaries can be explained by
variations in the ratio of photic depth (turbidity) to mixed depth (Campbell and Spinrad, 1987;
Cloern, 1987; Gameiro et al., 2011). In Chesapeake Bay, benthic diatoms cannot inhabit the
deep shipping channel due to high concentration of SPM (D Y Lee et al., 2012), the impediment
is worsened in ETMs zone, which causes rapid light attenuation (Barosst, 1994). (2)
Aggregation and sedimentation. ETMs plays an important role in aggregation and
sedimentation of fine cohesive sediment particles. In an ETM, the flocculation-associated
increase in particle settling velocity is enhanced by tidal asymmetry, which in turn increases
the trapping of sediment in the ETM, and the rapid bottom sediment accumulation at the ETM
results in the much larger bed thickness (Xu et al., 2010). It also significantly affects the
chemical behaviors of heavy metal elements and organic materials as well as their fate and
transport in the water body(Wai et al., 2004). As the fine sediment is incorporated into ETM
aggregate and /or the estuarine bed. Thus contaminant trapping is a frequent occurrence in ETM
(Jay et al., 2015). (3) Oxygen depletion. Oxygen depletion due to the degradation of organic
matter that is associated with the suspended sediment aggregates. A minimum of dissolved
oxygen (DO) occurs near the ETM in Ems estuary, which results from the interaction of
nutrients and algae and their residence time, and constant sediment oxygen demand drives
oxygen depletion (Talke et al., 2009). Cui et al. (2022) suggest that particle resuspension plays
a vital role in maintaining the DO level of bottom hypoxia, as their observations indicate a

profound correlation between bottom hypoxia and ETM in PRE. The role of ETM in the
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aforementioned process is of significant consequence, and the study of ETM is therefore key to
the advancement of sustainable estuarine ecosystems. For instance, an understanding of ETM
may assist in the elucidation of harmful algal blooms or the development of hypoxia zones in
the estuary, thereby enabling the development of an effective management method for the

estuary.

1.1 Variation of stratification

The sediment distribution is consequence of estuarine hydrodynamic. The estuarine
hydrodynamics affect the transportation of sediments, contaminants, nutrients, and larvae, as
well as the condition of the estuarine species. Sediment plays a pivotal role in determining
several key environmental variables, including the availability of nutrients, light penetration,
turbidity, deposition/erosion processes, and the residual current (Iglesias et al., 2024). From
this perspective, an exact comprehension of the hydrodynamic patterns that characterise
estuaries is of vital importance for the effective management and preservation of sediment
management in the context of the current emergence of anthropogenic pressures and climate

changes.

Stratification represents a fundamental hydrodynamic attribute of estuaries, which emerges as
a consequence of the convergence of freshwater and saltwater. Geyer and MacCready (2014)
defined estuarine parameter space based on freshwater Froude number! and mixing number? as:
salt wedge, time-dependent salt wedge, strongly stratified, partially mixed, strain-induced
periodic stratification (SIPS), well mixed. The stratification or mixing level of estuary depends
on the tide, the river flow, the current induced by density gradients, the morphology and the
climatic conditions (MacCready, 1999). In the PRE, the interaction of the longitudinal straining,
lateral current shear, Coriolis force, and morphology contribute to the tidal, seasonal, and
geographically varying stratification(Lu and Gan, 2015; Qian et al., 2022; F Yang et al., 2022a).

The morphological changes resulting from land reclamation and dredging, in addition to sea-
level rise (SLR) caused by climate change, have the effect of influencing the variation of
estuarine stratification. The channel deepening results in enhanced saltwater intrusion was

reported across a range of rivers (Hudson River, Ralston and Geyer (2019); Missippi River, F

! Froude number F,; = U,/ (BgSoH)'? represents the ratio of the mean river velocity (U,) to the gravitationally
driven exchange flow that is scaled with the water depth H. Here, S, is the background ocean salinity and g =
7.7 x 10™* is the coefficient of saline contraction.

2 Mixing number M = [C,UZ/wNyH?]'/? represents the ratio between the tidal timescale and the timescale of
vertical turbulent mixing. In, N, = (8gS,/H)*/? is the buoyancy frequency for maximum top to bottom salinity
variation in an estuary, where o is the tidal frequency, U, is the amplitude of the depth-averaged tidal
velocity, C, is the drag coefficient.
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C Wang (1988); Ems and Elbe, van Rijn and Grasmeijer (2018); Changjiang River estuary, (S
Wu et al., 2016a)), including the PRE (S Lin et al., 2021; Y-H Wang et al., 2021b; W Zhang et
al., 2015a). The impact of SLR on estuarine dynamics was reviewed by Khojasteh et al. (2021),
it was concluded that SLR affects a range of estuarine processes or/and parameters, including
tidal parameters, mixing and circulation, salt water intrusion, stratification, and sediment

dynamics.

The evolution of the PRE is characterized by active morphodynamical changes and continued
rSLR. In light of the inherent complexity of the PRE, it becomes necessary to pose the following

research question:

Q1: How do human activities and climate changes impact the stratification of Pearl River

Estuary?

1.2 Mechanisms of ETM formation

The mechanisms of formation of ETM are complex. In general, convergence at the salt front of
landward sediment flux by the gravitational circulation and seaward sediment flux by the river
flow is considered a fundamental mechanism contributing to ETM formation (Postma, 1967).
In most of estuaries, a spatially limited pool of resuspendable particles is present in the vicinity
of the salt front (Megina et al., 2023; Sanford et al., 2001; Xu et al., 2010). Tidal resuspension
has been identified as a critical process in maintaining elevated SPM concentrations(Sanford et
al., 1991; Shenliang et al., 2003). While tidal asymmetry also contributes to the ETM
formation(Burchard and Baumert, 1998; Q Yu et al., 2014). ETM formation is usually driven
by one or a combination of the following drivers: 1 tidal asymmetry (tidal pumping), 2.
Topographical trapping, 3. Convergence of current. The details of those driver and associated

processes are outlined subsequently.

Tidal asymmetry in turbulent mixing due to tidal straining has been documented, with higher
values of eddy viscosity occurring during the less stratified flood tide. As a result of this
asymmetry, more sediment is resuspended during the flood phase of the tide resulting in up-
estuary pumping of sediment in York River Estuary (Scully and Friedrichs, 2007). The
upstream net transport of suspended sediment resulting from strong tidal asymmetry in
stratification and flow field was also found in the Columbia River Estuary by Jay and Musiak
(1994). Geyer (1993) show that the suppression of turbulence by density stratification tends to
keep the particle near bed at the convergence zone. Tidal asymmetry refers to the distortion of

tidal wave, which is defined as difference in the magnitude between maximum ebb and flood
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velocities and/or difference in the duration of slack water. This distortion is a result of the
interaction between tidal components and the geometry and bathymetry. In instances when the
flood period unequal to the ebb period, it may generate residual sediment transport, if the period
of water level rise is shorter than the period of water level fall, the tide is called flood-dominant
and in the opposite case it is called ebb-dominant (Z B Wang et al., 1999). The various factors
that cause tidal asymmetry are not independent of one another. For example, Jay and Musiak
(1994) describe the process of tidal velocity asymmetry in which the convective instability
during the flood tide produces a bottom intensified velocity profile and convectively stable
transport during the ebb yields increased shear and reduced near-bottom currents. This results
with net upstream bottom currents, and because sediment concentrations increase near the bed,

a net upstream transport of suspended material is generated.

Topographical trapping also plays a significant role in the formation of ETMSs. A review paper
by Burchard et al. (2018b) indicated that observations in numerous estuaries have found that
ETMs are not necessarily associated with the limit of salinity or tidal propagation, but rather
are spatially fixed and associated with bathymetric transition. Three simultaneous ETMs have
been observed in the Columbia River estuary. The two landward ETMs are situated in proximity
to the upstream limits of salinity intrusion in the two main channels and are predominantly
sustained by internal tidal asymmetry. The more seaward of these ETMs, which are associated
with topographic convergence, were documented by Jay and Musiak (1994). In San Francisco
Bay, bottom topography controlling the location of ETMs in channels, especially sills in the
channels. The location of ETMs is related to bottom topography because salinity stratification
and gravitational circulation are enhanced seaward of sills (Schoellhamer, 2000). In a multi-
ETM estuary, the PRE, the more seaward ETM is also fixed to the topography of the west
channel (Ma et al., 2024).

The lateral transport and trapping of SPM are inherently connected to longitudinal processes
(Burchard et al., 2018b). Examples of lateral trapping include: (1) Lateral depth variation
resulting in lateral variations in bottom stress and lateral gradients in stratification, which in
turn leads to the formation of a coarser bed in the deeper part of the channel and an accumulation
of fines on the shoal. This phenomenon also serves to suppress the transport of materials
between the channel and the shoal (Geyer et al., 2001; Ralston et al., 2012). (2) Differential
advection of along-estuary salinity gradient, creating lateral salinity gradients that transport
near-bed sediment out the channel towards to the shoal (Kappenberg et al., 1995; A Sottolichio

et al., 2000; Zhu et al., 2021). The trapping of sediment by lateral circulation affects the lateral
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distribution of bed sediment and thus is fundamentally connected to the along-estuary SPM
transport (Burchard et al., 2018b).

River discharge is associated with gravitational circulation, in addition to the geographical
configuration of estuaries. River discharge may be identified as a contributing factor in the
seasonal variation of the ETM (Y Yu et al., 2013; M Zhang et al., 2014). The convergence of
riverine flow and saltwater intrusion results in the formation of ETM, which is typically
regarded as a consequence of tidal pumping (Scully and Friedrichs, 2007; Q Yu et al., 2014).
When the river discharge exhibits seasonal variation, the ETM assumes seasonal characteristics.
In PRE, the suspended sediment concentration is enhanced and ETM is intensified during dry
season with low riverine flow, whereas the center of the ETM moves upstream by a distance of
10 km during wet season with high riverine flow(R Liu et al., 2016). In Changjiang River
Estuary, the ETM was further upstream in dry seasons than wet seasons due to the decrease of
river discharge (Hua et al., 2020). In the upper Humber and Ouse Estuary, the monthly average
runoff and tide were found to account for 88% of the variation in ETM locations. Following a
period of high winter runoff, the ETM was observed to be situated downstream of the ETM in
summer drought conditions, at a distance of approximately 50 km (Uncles et al., 2006). The
extent of the ETM is also influenced by river discharge, as evidenced by observations in the
Elbe. During the winter time, the ETM zone is approximately twice as long (30 km) as it is

during the summer (Papenmeier et al., 2014).

The seasonal sediment load is dependent on the river discharge, and the effect of seasonal
sediment load on ETM varies between rivers. The ETM occurs in the low salinity upper reaches
of estuary. This phenomenon is primarily caused by local resuspension bed sediment, in which
the effect of sediment load is largely limited (Hesse et al., 2019; Uncles et al., 1994; Uncles
and Stephens, 2010; Woodruff et al., 2001). In the study conducted by Ma et al. (2024), the
riverine sediment components in the upstream ETMs were quantified. The results indicated that
the sediment load in the ETMs of PRE consisted of approximately 10%-30% SPM, inclusive

the effect of the seasonal fluctuations in sediment load.

It is noteworthy that the seasonal variation of ETM is also reflected in the seasonal variation of
SPM settling velocity. Seasonal variation in settling velocity can drive variations in the location
of the ETM and its trapping efficiency. Sanford et al. (2001) found that particles bypassed the
ETM zone of Chesapeake during winter but were effectively trapped during the autumn; this
was attributed to an order of magnitude decrease in the median settling velocity from 0.3 (winter)
to 3 mm/s (autumn). This change may be attributed to biogenic alterations in the stickiness of
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the packaging materials surrounding the aggregates (Fettweis and Baeye, 2015). The hindered
settling due to high SPM concentration, larger than a few kg/m*® (Dankers and Winterwerp,
2007), is ignored in this study.

The development of ETM is also influenced by other factors, including wave and wind
conditions, which impact the estuarine circulation and increase the resuspension of sediment
from the bed (N Chen et al., 2018; Kessarkar et al., 2009; North et al., 2004). In the Seine
Estuary, it is found that the suspended mass in the ETM caused by energetic wave conditions
is three times higher that is caused by mean tides (Grasso et al., 2018). Christie et al. (1999)
reported that wave activity maintains elevated SSC over high water level. This suspended
sediment was transported offshore during ebb tides in stormy conditions in the Humber Estuary.
Wave effects in sediment transport can be significantly influenced by typhoon(Y Chen et al.,
2019), and morphological change (Tonis et al., 2002). In the PRE, modeled SSC is elevated by
1.3~1.5 times with inclusion of wave-enhanced bottom shear stress compared to that without
wave effect during a typhoon landfall (Yun Yang et al., 2022b). As reported by S Lin et al.
(2022), the narrowing of the PRE estuary due to land reclamation has resulted in a general
increase in wave-induced bottom stress in the estuary leading an increase in the area of SSC
greater than 100 mgL* by 183.4%.

The aforementioned drivers of ETM formation can lead to multiple ETMs within one estuary.
Multiple ETMs were identified in many estuaries over the world, including York River (J Lin
and Kuo, 2001), Delaware estuary (Biggs et al., 1983), Cam-Nam Trieu estuary (Duy Vinh et
al., 2018), the Ems river (de Jonge et al., 2014),the PRE (Ma et al., 2024). The existence of
multiple ETMs within an estuary can be attributed to a number of different factors. For instance,
in York River, the upstream ETM was found to be in close vicinity to the head of salt intrusion,
whereas the downstream ETM was typically situated in the transition zone between upstream
well-mixed and downstream more stratified water columns. This suggests that the occurrence
and location of downstream ETM are closely associated with the stratification patterns observed
in the York River (J Lin and Kuo, 2001). Additionally, topographical trapping can facilitate
independent ETM from the limits of salinity or tidal propagation (Burchard et al., 2018a).

1.3 Fast-paced changes across estuaries

The ETM is the result of complex estuarine dynamics, and thus, is susceptible to alteration as
a consequence of the modification of the estuary. Estuaries are of significant social and
economic importance, yet they are vulnerable to human activities and climate change. The

factors that shape the estuarine hydrodynamic and sediment dynamics are constantly
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undergoing modification due to shifting natural forces and anthropogenic impact. Common
pressures from human activities include alterations to land use and hydrology, land reclamation,
sand mining, harbor dredging, pollution and eutrophication, and overexploitation such as
overfishing, all in the context of climate change (Cloern et al., 2016). The multitude of
anthropogenic and climate change impacts can be summarized into several categories in the
future. These are as follows: 1. Morphological changes due to land reclamation and dredging.
2. Variation of riverine sediment load due to dam construction. 3. Relative sea level rise due to
climate change and human activities. 4 shifting of wind conditions due to climate change.

Details of these factors are presented below.

Morphological changes resulting from land reclamation, sand mining, dredging, and other
activities were documented in numerous estuaries. Land reclamation in an estuary can change
an estuary from a sink to a source, such as in the Yalu River Estuary, where the expansion of
an inner island in the Yalu River Estuary by approximately 80 km? was observed to result in a
reduction in landward sediment flux, which could potentially lead to the estuary becoming a
sediment source rather than a sink if further land reclamation occurs in the future (Cheng et al.,
2020), or vice versa, as in Jiaozhou Bay, a potential trend of transition from erosion to siltation
as a result of loss of tidal flats due to land reclamation has been reported by Gao et al. (2018).
Dredging in the estuary to serve navigation has a profound effect on the distribution of SPM
in the estuary. Channel deepening combined with land reclamation can often lead to a
combination of tidal amplification, increased estuarine circulation, and increased flood
dominance of tidal asymmetry (Winterwerp, 2011), which increases up-estuary sediment
transport. As a result of increased up-estuary sediment transport, SPM concentrations have
increased significantly in most estuarine systems. Some examples are the Ems (Pein et al.,
2014), the Elbe(M Li et al., 2014), and the Seine estuary (Grasso and Le Hir, 2019).

The sediment load is dependent upon the river discharge, and is also modified by the presence
of artificial constructions (Walling, 2008). Globally, an estimated 50% of the gross sediment
flux has been trapped in reservoirs (Nilsson et al., 2005). A marked reduction in the volume
and concentration of sediment transported in runoff following the construction of dams was
observed to result in a corresponding decline in ETM levels. Such observations were made in
the Changjiang Estuary(Yunping Yang et al., 2014), the PRE (S Zhang et al., 2008), and the
Danube Estuary (Panin and Jipa, 2002).

Most of the examples of changes in estuary introduced above are related to specific
anthropogenic impacts. However, climate change is also a pervasive pressure affecting the
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estuarine systems. Changes in estuary by anthropogenic impacts could, for example, be
superimposed on changes associated with variation of sea level rise and/or the Southern
Oscillation Index, which would like to reduce the clarity of the signal generated by human
impact (Walling, 2008).

Relative sea level rise (rSLR) can be attributed to a combination of factors, including sea level
rise due to climate change and vertical land motion. According to the IPCC report (Kikstra et
al., 2022), on the global scale, mean sea level change over the 20" century, which is dominated
by glacier (52%) and Greenland Ice Sheet mass loss (29%) and the effect of ocean thermal
expansion (32%), with a negative contribution from the land water storage (LWS) changes (-
14%). The projections by SROCC (Special Report on Ocean and Cryosphere in a Changing
Climate, Holland et al. (2022)), the global mean sea level will rise between 0.4 (0.26-0.56,
likely range) m (RCP2.6) and 0.81 (0.58-1.07m, likely range) m (RCP 8.5) by 2100 relative to
1995-2014. In coastal regions, Bindoff and McDougall (2000) reached the statistically
significant conclusion that the majority of these regions will experience changes in tidal
amplitudes through the 21st century as a result of rSLR (Haigh et al., 2020). Tidal dynamics,
as a primary driver of estuarine sediment dynamics has been identified as a crucial factor
influenced by rSLR, as evidenced by studies. The rSLR can shift the tidal wave asymmetry,
which is significant for sediment dynamics and net transport (Passeri et al., 2015), in the Tagus
estuary (Valentim et al., 2013), in the Tamar estuary (Palmer et al., 2019), in the Gironde

estuary (van Maanen and Sottolichio, 2018).

Regional wind situation responses to climate change may also influence the dynamics of
estuarine sedimentation. Different trends in wind speed and direction may emerge in the future
(Kulkarni et al., 2013). For example, weakened summer south Asian monsoon circulation
results in overall suppression of summer precipitation (Swapna et al., 2017). A pronounced
increase in the mean wind speed by 0.5 m/s in the northern part of the Baltic Sea and a notable
decline in the Mediterranean by 2.0 m/s by 2070 to 2099 have been projected (Walter et al.,
2006). A study by De Winter et al. (2013) suggested a shift in wind direction, with more extreme
wind from the west, in the North Sea during 2050-2100. Even a small change in winds may
exert a remarkable influence on sediment transport in coastal environments by altering the
residual circulation and waves (Barnard et al., 2013; Green and Coco, 2014; King et al., 2019).
As a consequence of climate change, the regional frequency of extreme events variation has
been documented by Wigley (2009), in which storm events exert a significant influence on
coastal sediment transport. In German Wadden Sea, the typical ebb-dominance occurring
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during fair-weather conditions was temporarily neutralized and even reversed to a flood-
dominated situation (Bartholoma et al., 2009). In the Changjiang Estuary, the winter storm
resulted in a notable increase in wind and wave activity, leading to a substantial rise in the SPM
concentration to 3 g/L. This is a significant deviation from the typical range, exceeding the

concentration by more than threefold (Tang et al., 2019).

1.4 Motivation

The formation of ETM is the result of complex estuarine dynamics, which are highly variable
in time and space and differ substantially among estuaries. Furthermore, human activities and
climate change have introduced increasing environmental pressures to the estuarine system.
These pressures cause coastal/estuarine erosion and subsidence, flooding, freshwater shortage,
pollution, and loss of biodiversity (Xiong et al., 2024). For example, the extent and intensity of
estuarine hypoxia are reported to be increasing in the PRE (X Li et al., 2020). Studies on the
summertime hypoxia of PRE demonstrated that particle-attached bacteria are more prevalent
than free-living bacteria (J-L Li et al., 2018a; Y Liu et al., 2020; Y Wang et al., 2020). It is
therefore important to investigate the role of particle resuspension in the dissolved oxygen
budget in order to gain a more accurate understanding of the estuarine hypoxia. Thus, particle
resuspension has gain growing interest, given it is highly associated with oxygen dynamic (Cui
et al., 2022). In another example, the estuary turbidity controls the phytoplankton biomass and
productivity significantly. The drastic decline (~70%) in sediment load from the Changjiang
River reduced turbidity in the Changjiang Estuary and contribute to the increase frequency of
harmful algal blooms in the buoyant discharge plume, the Chl a concentration in 2002-2003
was at least twice as high as that in the 1980s (B Wang et al., 2016). Therefore, understanding
the estuarine sediment dynamic, especially the formation and maintenance of the ETM in
estuaries is essential for dealing with the estuary environment problems and preparing for the
potential impacts of future changes.

The spatial and temporal variations of ETMs in the PRE are the result of a complex interplay
of processes, including those involved in the formation and evolution of ETM in the PRE.
Previous studies have concentrated on the formation mechanism of a single ETM (described in
Chapter 2). However, in a complex, large, stratified estuary, multiple ETMs exist for various
reasons, and the interconnection between these ETMs is rarely investigated, and the role of
stratification in those processes remains uncertain. It is crucial to investigate the ETMs as a
holistic system, based on a well understanding of hydrodynamic. Furthermore, human activities

and climate change have been shown to have a significant impact on hydrodynamic and
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sediment dynamics. Consequently, it is important to investigate the influence of human
activities and climate change on ETM formation and evolution. Given the complex
hydrodynamic environment, coupled with the effects of active human activities and climate
change in the PRE, research focusing on the prototypical Pearl River Estuary (PRE) is
conducted in this thesis. In order to gain an understanding of the sediment dynamic response to
morphological change and sea level rise, it is first necessary to investigate the formation
mechanism of ETM in the PRE. Further, It would be an oversight to disregard the
interconnectivity between ETMs within the estuary, which often exhibits multiple ETMs,

leading to the second and third research question:
Q2: what is the formation of mechanism of ETM in the PRE?

Q3: Is there interconnection between ETMs? If so, what determines the pathway of SPM
between ETMs in estuaries with multiple ETMs?

As outlined in section 1.3, estuaries exhibit clear evidence of morphological change and rSLR
resulting from human activities and climate change. Yet, a holistic approach to examining the
role of estuarine evolution in sediment dynamics has not been undertaken. In view of this, the

present research was designed with the specific aim of answering the following question:
Q4: How is the ETM evolving, from its formative history to its projected future, in the PRE?

This thesis investigates the formation and evolution of ETM as a holistic system. Model
simulations are employed to illustrate the variation of stratification and formation mechanism
of ETMs and examine the impact of human activity and climate change-related factors on the
stratification and evolution of ETMs. This thesis can serve as a reference for the sustainable

management of sediments in estuaries.

Balancing the need for development with the need to protect the estuary's natural resources is a
major challenge and will require careful planning and management, and accurate forecasting to
ensure that the estuary remains a healthy and sustainable ecosystem. Future solutions should be
based on the new pattern of changes in the PRE, focusing on estuary evolution and management
of water quality. However, very little research has been conducted on how the estuary has
responded and will respond to changes. Key scientific issues related to spatiotemporal changes

in estuaries driven by intense human activities are therefore investigated in this thesis.

This thesis is structured as follows: Chapter 2 gives an account of current knowledge and

background information on the PRE. Chapter 3 summarizes the results of the studies conducted
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in the context of this dissertation, and Chapter 4 discusses the results in the context of estuarine

management and gives an outlook toward directions of future research.

2. Characterizing the Pearl River Estuary

2.1 Historical evolution of PRE

The Pearl River Delta (PRD), situated in the south of China, hosts several megacities
(Guangzhou, Shenzhen and Hong Kong) with a total population of 83.01 million by 2020 (Q
Zhang et al., 2021b) (Figure 1). The Pearl River is one of the world’s 25" largest rivers with an
average annual discharge of 336x10° m? and an annual mean sediment load of approximately
30 million tons, with over 90% discharged during the wet season in summer. Approximately
80% of the deposited sediment is found within the estuary (Wai et al., 2004). The Pearl River
Estuary is fed by eight tributaries (Humen, Jiaomen, Honggili, Hengmen, Modaomen, Jitimen,
Hutiaomen, and Yamen). The estuary's topography is divided into three sections by two
channels (east channel and west channel): the east shoal, the middle shoal, and the west shoal.
The west shoal is directly connected to the four tributaries (Humen, Jiaomen, Hongqili,
Hengmen), which together receive 65% of the pearl river discharge and 56.8% of the Pearl
River sediment load annually(G Zhang et al., 2019). The estuary is host to several islands,
though most of these are located in the outer reaches of the estuary. Tides are mainly semi-
diurnal (M2) and diurnal (K1) inside the PRE, the average tidal range in the PRE increases
gradually from the offshore region to the estuary, reaching a maximum at the head of the PRE
(Humen) due to the bell-shape of estuary(Mao et al., 2004). The interaction between river
discharge and tides produces a seasonal and tidal variation in the stratification of the estuary(Zu
and Gan, 2015). Beside the tidal forcing and buoyancy from river discharge, the estuarine
circulation is also forced by the winds, and it interacts with the coastal current. Under the impact
of East Asian Monsoonal circulation, about 80% of the rainfall comes in the period of April-
September(Weng, 2007). During the East Asia summer monsoon, coastal upwelling with the
northeastward along-shore currents is formed along the coast off PRE (Ou et al., 2009). The
seasonal circulation and associated forcing in the PRE and coastal current can be summarized
based on the research conducted by (Weng, 2007; Wong et al., 2003; Zu and Gan, 2015), as
illustrated in Figure 1.
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Figure 1 The location, the topographical characteristics, the monsoon and coastal current of PRE. The red box in (a)indicates
the location of PRE. The red box in (b) indicates the location of Lingding Bay. (depth unit: m).

Before the 1980s, the evolution of the PRE was mainly dominated by natural processes because
human activities based on the agricultural industry had a little impact on the drainage basin and
estuary. However, with the implementation of the national reform and opening policy in the
1980s, the population (increased from approximately 10 million in 1978 to 83 million by 2020)
and economy of the Pearl River Basin began to develop rapidly(Weng, 2007). The rapid
urbanization is very distinct when comparing satellite images (USGS) from 1973 and today

(Figure 2d), in many areas vegetation has been replaced by urbanized area.

Human activities, including dam construction in the river basin, land reclamation, channel
dredging, and sand extraction in the estuary, have greatly accelerated in the Pearl River Basin
and the PRE. Consequently, the sediment load from the river and morphological evolution of
the estuary have been severely disturbed. The sediment load rate was 71.9 million tons/yr in the
1950s, dropping to 23.7 million tons/yr in the 2010s. It is noteworthy that the water discharge
during the past seven decades fluctuated narrowly between 260 and 300 billion m3/yr, a trend
that is clearly different from the one of the sediment load (Wei et al., 2020). The average
advancing rate of coastline of PRE to the sea from 1972 to 2017 reached approximately
64.8m/year (Wei et al., 2021). The subaqueous decreased by ~170km? from 1955 to 2010, and
the water volume of PRE decreased by 615 x 10°m3 (ZY Wu et al., 2016b). The bathymetric
data show that the main change occurred in the west coast move seaward, and the deepening of
channels in Lingding Bay (Figure 2 a, c). The combined influences of channel dredging, sand

mining, and sediment load reduction caused by dam construction have contributed to those
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changes. A negative liner regression relationship between annual sediment load and cumulative
storage capacity was described by C Wu et al. (2019). The number of dam construction and
river discharge and sediment load show in the Figure 2.
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Figure 2 Historical development of PRE. (a) Morphological change in the Lingding Bay from 1970s to 2010s. Black polygons
refer to the land reclaimed during this period. Negative values (in green color) indicate a deepening of the bathymetry in 2010s
compared to 1970s, vice versa. (b)Time series of annual basin-wide precipitation (black solid line) in the Pearl River basin,
and water discharge (blue solid line) and sediment load (green solid line) into the sea from 19854 t02018. The data modified
from Wei et al. (2020). (c) Temporal changes in the cumulative storage capacity of major dams in the Pearl River basin. The
data modified from F Liu et al. (2018). (d) Landsat images of PRE in 1973 and 2017, image source: USGS (U.S. Geological

Survey).

Since the PRE is a hotspot for human activities, it is important to explore the combined effects
of climatic and human stressors in the PRE as a typical coastal system. For example, the relative
rise in sea level caused by climate change and land subsidence caused by over-extraction of
groundwater pose serious threats (flooding, saltwater intrusion) to coastal cities such as
Guangzhou in China (Du et al., 2020), Shanghai in China (Yun Zhang et al., 2015b), and
Semarang in Indonesia(Abidin et al., 2013). Therefore, whether studying the development of
ETM or exploring appropriate sediment management methods, the effects of climate change
should be taken into account. In the PRE, the most notable consequences of climate change are
sea level rise (Hong et al., 2020), ocean warming and precipitation (Zeng et al., 2019), and
shifts in wind condition (Hong et al., 2022). Details are given below.
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Tidal gauge data analysis has shown that the rate of sea level rise in the Hongkong coastal area
was 31 mm/decade from 1954 to 2023 (Figure 3 a), and this rate is increasing, under the
intermediate (SSP2-4.5) and very high (SSP5-8.5) greenhouse gas emissions scenarios, the
annual mean sea level in Hong Kong in 2100 is likely to rise by 0.37-0.82m and 0.57-1.08
respectively (Figure 3 b). Figure 3 a illustrates a notable surge in sea level during the 1990s.
This phenomenon may be attributed to land subsidence, a documented occurrence in numerous
PRD studies by satellite and on-site observations (Ren et al., 2024; H Wang et al., 2012; Jun
Wang et al., 2021a; Ziyin Wu et al., 2018). In study of Ziyin Wu et al. (2018), a land subsidence
of approximately 250mm was assumed for the 1850-2015 period in order to account for
geomorphological changes in PRD. InSAR data from 2007 to 2010 show that the average
subsidence within 500m of the coast is about 2.5 mm/yr, and maximum is up to 6 mm/yr (H
Wang et al., 2012). The recently published study, which is based on INSAR data spanning the
period from 2016 to 2021, by Ren et al. (2024) has reached the conclusion that the coastal area
of PRE is experiencing prolonged and intense subsidence. The relative sea level rise, including
land subsidence, throughout the PRD region is therefore of critical importance for the conduct
of risk assessments, given the current global rate of sea level rise of approximately 2 —

3mm/yr.

The annual mean sea surface temperature recorded at Hong Kong Observatory showed an
increasing trend (rate: 0.18°C/decade) during 1975-2023. Under the intermediate (SSP2-4.5)
and very high (SSP5-8.5) greenhouse gas emissions scenarios, the annual mean temperature in
Hong Kong by 2100 is projected to increase by approximately 2.0°C and 3.6°C respectively, in
comparison to the average temperature over the period 1995-2014; the annual rainfall in Hong
Kong by 2100 is projected to increase by about 7.0% and 9.0% respectively, compared to the
average by 1995-2014 (J-Y Lee et al., 2021). As a consequence of the weakening of the East
Asian monsoon, there have been notable alterations in the wind conditions prevailing in PRE.
Based on the monthly mean wind data recorded at Macau airport and ERAS5 data, (Hong et al.,
2022) concluded that summer wind direction in the PRE shift anticlockwise at a rate of
—0.36°/yr, reduction rate on wind speed is —0.025m /s over the period 1979-2020, the mean
wind direction in July shift and is predicted as 142.1° by 2100. The shift of wind conditions

will exert a significant impact on the estuarine circulation of the PRE.

2.2 Current issues and solution approaches
In response to the current pressures exerted by human activities and climate change, local

administrations have put forth a series of measures. For example, engineering measures (such
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as sluice construction) and non-engineering measures (such as reservoir operation and
administrative regulation) are used for prevention of saltwater intrusion (B Liu et al., 2019),
floods, and storm surges (Chan et al., 2021). In the meanwhile, under the combined influence
of human activities and global climate change, riverine ecosystems and environments have
undergone significant transformations over the past half century (Giosan et al., 2014). In the
ecological monitoring area of the PRE, there has been an increase in nitrogen-to-phosphorus-
ratio (N/P), hypoxia, acidification, and alterations in biodiversity (Dai et al., 2023; Niu et al.,
2021). These are characterized by unstable planktonic community structures and frequent
occurrences of harmful algal blooms (Bi et al., 2022). In order to achieve an environment-
friendly sustainable development situation, a wide range of industries have relocated from the
PRD metropolitan area to the neighboring prefectures or other inland provinces. The regulation
of sand mining and dredging in estuarine bays and rivers is strictly implemented in order to

prevent the resuspension of contaminants from sediments (Miu, 2005; Xiong et al., 2024).

The current suite of management measures exhibits inconsistencies. For instance, the use of
interconnected enclosures and sluices, in combination with reservoirs, has proven effective in
the prevention of upstream flood disasters (Xiong et al., 2020). However, the deployment of
these structures has the effect of impeding the natural exchange of water and material
(sediments) between the inner river and the outer distributaries or estuary. This, in turn, has the
consequence of undermining the hydrodynamic conditions of the estuary and its capacity for
self-purification with regards to water pollution, affecting water quality and leading to the

occurrence of environmental issues in the estuary (Chakraborty, 2021).

2.3 ETM studies in PRE

The sequence of PRE management was proposed in Xiong et al. (2024) as follows: "estuary
change mechanism and trends—management targets—technology research and development—
application demonstration." In order to establish a more effective management target and reduce
inconsistencies, it is essential to gain a comprehensive understanding of the estuary change

mechanism and trends.

The estuarine hydrodynamic and sedimentary dynamics represent the physical setting of the
estuarine system and serve as a primary factor in understanding ongoing changes within the
PRE. Sediment serves as a carrier of a variety of pollutants, marine protists, and bacterial
communities(R Li et al., 2018b; Mai et al., 2018; Sun et al., 2011). Furthermore, water turbidity
has direct impacts on phytoplankton growth. A strong correlation between SPM and Chl a was

identified in the PRE (G Wang et al., 2010; Jinkun Yang and Chen, 2007). Therefore, taking
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PRE as example, this thesis analyzes and studies the sediment dynamic and evolution of ETM
based on a solid understanding of the hydrodynamic processes within the estuary. The PRE
exhibits the typical topographic and dynamic settling, and its complexity renders it a

prototypical case study in sedimentary dynamics research.
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Figure 3 Sea level situations. (a) Annual mean sea level at Hong Kong from 1954 to 2023, data source: Hong Kong Observatory.
(b) Projected change in annual mean sea level in Hong Kong relative to the average of 1995-2014. Colored solid curves show
median projections under 5 emissions scenarios. Colored bars indicate likely ranges in 2100 under 5 emissions scenarios.
Image modified from Hong Kong Observatory. Data source: IPCC ARG6.

In the PRE, it has been reported that the formation of ETM is influenced by a combined effect
of tides, river discharge, and topography, wherein sediment resuspension is the dominant factor
influencing the variation of ETM (H Li et al., 2022; R Liu et al., 2016; Ma et al., 2024; Wai et
al., 2004). As evidenced by existing observations, multiple ETMs are present in both the upper

and lower regions of the PRE. The presence of ETMs in the upper estuary was observed
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between Qi'ao Island and Neilingding Island. The intensity and extent of the ETMs were found
to be weaker during the wet season than during the dry season, which can be attributed to
variations in stratification. Additionally, the center of the ETMs was observed to move
upstream in conjunction with the movement of the salt wedge by a distance of approximately
10 km during the wet season (R Liu et al., 2016). Based on analysis of observation data, Wai et
al. (2004) proposed that gravitational circulation and tidal pumping are the principal formation
mechanisms of the ETMs in PRE. In the lower estuary, an ETM was observed close to the west
channel, situated to the west of Lantau Island, during the wet season (Cui et al., 2022). The
occurrence of elevated SPM concentrations of ETM is primarily observed in the bottom water,
which is a consequence of the strong stratification of salinity distribution during the wet season.
During the dry season, when there is a weak stratification, the high SPM concentration is
observed in the entire water column and at the same location. The occurrence of ETM is a result
of tidal pumping, as evidenced by [Liu, et al. 2016], However, the role of stratification in this

process remains unclear, particularly when the examination is extended to the entire estuary.

A time series investigation of total suspended soil (TSS) concentration during 1987-2015 based
on remote sensing data in PRE revealed a significant decreasing trend in TSS concentrations in
shoals and channels of PRE, primarily due to the construction of the dam. The average annual
TSS concentration decreased by 5.7-10.1 mg/l in the wet season from 1988 to 2015 (Chongyang
Wang et al., 2018). By employing long-term hydrographic survey data, Jiangping; Yang and
Liu (2015) demonstrate that a northeast-southwest large turbidity zone has undergone a process
of evolution into multiple independent ETMs, as a consequence of morphological changes that
have occurred since the 1970s to the 2010s. Jiaxi Wang and Hong (2021) examined the
correlation between water turbidity and various factors including sediment load, wind speed,
tidal range, and sea level. Their analysis highlighted that SLR could lead to both longitudinal
and lateral landward retreat of ETMs, directly contributing to the decline of water turbidity.

3. Synthesis: Hydrodynamics and sediment dynamics of the Pearl

River Estuary

This chapter summarizes the research findings on the aforementioned questions (Q1, Q2, Q3,
and Q4). This chapter illustrates the hydrodynamic processes through an examination of the
variation in stratification in 3.1. The formation of ETMs as a consequence of hydrodynamic

and sediment dynamics is described in sections 3.2 and 3.3. Section 3.2 is dedicated to an
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analysis of the formation mechanisms of ETMs, while Section 3.3 presents an investigation of

the impact of human activities and climate change on these ETMs.

3.1 Hydrodynamics: variation of stratification

The essence of this study is to quantify each of the influencing factors in order to ascertain the
dominant factors under different conditions and the interactions between the factors, and in
order to make sure that sediment dynamic model is reliable. For this purpose, the study I° in
this thesis presents a series of hydrodynamic simulations based on varying morphologies and
sea levels of the PRE. A high-resolution 3-D hydrodynamic model was used to investigate the
impact of mainly human-induced morphological change (from 1970s till 2010s) and climate-
induced sea level rise (from 1970s till 2050s) on the stratification in the PRE. The answers of
QL1 are detailed study I:

1) Morphological change in the Lingding Bay (the main estuary of the PRE) from 1970s
to 2010s results in a bay-scale enhancement of stratification by up to four times, with
maximum enhancement (up to seven times) at the western shoal of the bay.

2) Stratification in the PRE becomes more sensitive to tidal and river runoff impact after
the morphological change. The variation is greatly amplified by the spring-neap tidal
cycle. The maximum enhancement in stratification occurs in the transition period from
neap to spring tides due to the increase of advection of salinity variance.

3) The relationship between depth changes and salt fluxes is nonlinear and varies among
different morphological units. In the PRE, the eastern channel and the western shoal
experience the greatest enhancement in both strength and stability of stratification
caused by the morphological change.

4) Compared to an overwhelming impact of human-induced morphological change in the
past few decades, future change of stratification driven by sea level rise would be further
strengthened but to a much less extent. The maximum enhancement associated with sea

level rise occurs in spring tides due to the increased negative straining.

The results suggest a highly amplified and irreversible impact of human-induced morphological
change on estuarine environments in terms of stratification, which should be taken into account
in future planning of estuaries. The results of our research might have potential implications for

the estuarine management, in particular, human intervention such as the planning of land

% See appendix A: Ma, M., Zhang, W., Chen, W., Deng, J. and Schrum, C., 2023. Impacts of morphological change
and sea-level rise on stratification in the Pearl River Estuary. Frontiers in Marine Science, 10, p.1072080.
DOI: 10.3389/fmars.2023.1072080
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reclamation or sand mining in Lingding Bay, etc. As the human intervention is the main driving

factor of variations of the hydrodynamic environment in PRE.

3.2 Sediment dynamics: formation and dynamics of ETMs
The influence of human activities and climate change on hydrodynamics of the PRE are well
investigated by Ma et al. (2023).

To answer the Q2 and Q3, in study II*, a sediment dynamics model was constructed based on
the hydrodynamics model developed in study I inorder to explain ETM formation in the PRE.
In summary, the ETM is the result of a combination of gravitational circulation and tidal
pumping, with additional contributions from topographic trapping and wave effects.
Resuspended sediment represents the primary component of the ETM. The concentration of
SPM in the ETM zone can be several or more than tenfold higher than in other areas within an
estuary, with a considerable quantity of SPM being retained within the ETM zone.

Three sediment classes are applied in the model to represent clay, silt and sand. The
classification of sediment is further distinguished by the addition of the labels "riverine
sediment” and "resuspended sediment,” which serve to differentiate between the sources of
SPM. The wave module is active in discussing the impact of waves on sediment dynamics. This
study explores the flocculation effect on sediment dynamics based on the flocculation module
developed by P Arlinghaus et al. (2022). Based on the simulation results that are confirmed by
observation, the relative contribution of specific physical mechanisms for the formation of the
ETMs, the temporal and spatial dynamics of the ETMs as well as their interconnections were

investigated. The following main conclusions are drawn from the study:

1) Three ETMs exist in the Lingding Bay of the PRE, and they are formed by different
physical mechanisms. The two upstream ETMs (TM_shoalw and TM_shoalm) situated
on the shoals are a result of convergence of residual flow and sediment transport
associated with tidal pumping. The downstream ETM located in the west channel
(TM_channel) is formed mainly by topographical trapping.

2) All three ETMs exhibit distinct seasonal and spatial variations. Advection and tidal
pumping are the main processes mediating the sediment flux of the ETMs. These factors
are largely influenced by river runoff and stratification dynamics. The TM_shoalw

4 See appendix B. Ma, M., Porz, L., Schrum, C. and Zhang, W., 2024. Physical mechanisms, dynamics and
interconnections of multiple estuarine turbidity maximum in the Pearl River estuary. Frontiers in Marine
Science, 11, p.1385382. DOI: 10.3389/fmars.2024.1385382.
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exhibits spatial extension in wet seasons and shrinks in dry seasons, whereas
TM_channel and TM_shoalm show an opposite pattern.

3) The ETMs are interconnected through sediment exchange. In the wet season, a
“TM_channel-TM_shoalm-TM_shoalw’ sediment transport pathway across the three
ETMs and a ‘TM_channel-TM_shoalw’ pathway between two ETMs are prominent. In
the dry season, these transport pathways become less stringent, and sediment exchange
between TM_channel and TM_shoalm becomes more active.

4) Discussion of the flocculation effect and the wave effect. The comparable distribution
pattern of ETMs between simulations with and without flocculation in the PRE indicates
that flocculation influences SSC in the ETMs, yet it is not the primary mechanism
responsible for the formation of ETMs. A notable rise in SSC can be attributed to the
wave effect within the estuary. In the simulations with and without the wave effect, the

core of the three ETMs remained unaltered.

3.3 Historical development and future scenarios: evolution of ETMs

The evolution of the coast is the result of morphodynamic processes that occur in response to
changes in external conditions. Coastal morphodynamics can be defined as the ‘mutual
adjustment of topography and fluid dynamics involving sediment transport’ (Wright and Thom,
1977). However, human impacts upon coastal zones have increased dramatically through the
last half of twentieth century. This is partly driven by increasing population pressure and
utilization of coastal regions, and by the ongoing sea level rise. The impacts of these changes
are acutely felt in estuarine areas, underscoring the urgent need for a comprehensive

examination of the intricate issues inherent to estuary management.

The answer to Q4 is addressed in study III°. This study examines the impact of morphological
changes and rSLR on ETMs in PRE. The morphological changes and rSLR resulting from
climate change and human activities were identified as the principal driving forces in the
evolutionary development of PRE. From the 1970s to the 2010s, the Pearl River estuary
experienced significant alterations in its morphological characteristics in conjunction with the
economic growth and development of the region. These changes included a narrowing of the

estuary due to land reclamation from the sea and an increase in the depth of the channel resulting

5 See appendix C. Ma, M., Zhang, W., Porz, L., and Schrum, C., 2024. Evolution of Estuarine Turbidity Maximum

in the Pearl River Estuary: historical development and future scenarios. (to be submitted)
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from sand dredging and other human activities. In order to ensure the sustainable development
of the PRE, large-scale reclamation and sand dredging are prohibited. Consequently, it can be
assumed that the primary factor influencing the future development of the Pearl River Estuary
is the rSLR. The rSLR between the 2010s and 2100s was determined by employing a
methodology that integrated the findings of the IPCC report with the insights gleaned from
recent observational data, taking into account the impacts of climatic sea level rise and land
subsidence. The rSLR will result in a notable change in the water depth of the Pearl River
Estuary.

In this study, I set up 13 simulations (8 simulations for the evolution of PRE, 2 simulations for
the wind shifting effect, and 3 simualtions for the wave effect) to investigate the response of
ETMs to the aforementioned factors in the PRE.

1. An ETM with a relatively large spatial extent between the river mouth of Humen and
the Qi’ao island (>30 km in length) existed in 1970s according to both observation and
our model results. This ETM evolved into several locally confined but interconnected
ETMs in 2010s. Human-induced morphological change mainly associated with land
reclamation and deepening of bathymetry by channel dredging and sand mining is the
main driver behind such change.

2. Sediment composition in the estuarine bed has also been altered significantly during the
past decades. Clay content has largely been depleted since 1970s and the present-day
estuarine bed is dominated by silts. The SSC in the PRE is enhanced by a change from
clay-dominance to silt-dominance in the estuarine bed, sustaining the multiple ETMs.
The most significant change occurs in the channel, where the ETM becomes not only
larger but also persistent throughout the year.

3. Aremarkable reduction in riverine sediment load from 1970s to 2010s leads to a notable
decrease in the spatial extent of ETMs in the wet season. However, it has minor effect
on the dynamics of ETMs in the dry season. Our results also show that the PRE has
become increasingly starved in SPM along with the morphological change and this
trend will likely remain with an accelerated rSLR.

4. The rSLR during the past decades leads to a mild reduction of the spatial extent of the
ETMs from 1970s to 2010s. In the forthcoming decades, an accelerated rSLR will likely
result in a substantial reduction of SSC in the PRE, particularly on the shoals, with a

maximum reduction by up to ~ 3 times larger than the impact of a rSLR following the
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same rate in the past decades and thereby greatly reduce the spatial extent of ETMs in
the PRE.

5. A gradual shift in the mean wind direction and reduction in wind speed in summer
during the past decades have a minor influence on ETMs when compared to the effect
of morphological change. However, in future scenarios, a continuous change of wind
direction and speed would jointly lead to a lower bottom SSC in the northern part of the
western shoal and higher bottom SSC in the southern part of the shoal and the channels,
which consequently affect the spatial extent of the ETMs.

6. Wind waves exert a considerable impact on SSC in the 1970s and sustain the ETM on
the shoal. An increase of the mean water depth of the PRE from 1970s to 2010s by
human activities leads to a weakening of the wave effect in a vast part of the estuary

except for the western shoal. The same pattern is projected in future scenarios.

The study provides a diagnosis of the historical and current status of ETM, as well as an analysis
of the potential factors that may influence it in the future. This will facilitate the sustainable

management of the estuary.
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4. Discussion and outlook

This thesis endeavor thereby seeks to contribute to estuary management by advancing our
understanding of hydrodynamics and sediment dynamics. Study I aims to identify the physical
drivers of stratification. This includes river discharge, tides, and topography, which interact
with each other to influence the location and intensity of stratification. This study also
highlights the response of stratification to morphological changes and SLR. Study II elucidates
the formation mechanisms of ETMs and provided the inaugural analysis of the interconnection
between ETMs in the PRE, emphasizing the role of stratification in the formation, variation,
and interconnection of ETMs. Study III illustrates the evolution of ETMs from historical
development to future scenarios. Additionally, the study evaluates the impact of morphological
change-related and climate change-related factors on the evolution of ETMs. This thesis
provides evidence that climate change and human activities exert a profound impact on
estuarine sediment dynamics, particularly with regard to the formation and distribution of
ETMs.

To reproduce the observational data presented in (Cui et al., 2022; Jiangping; Yang and Liu,
2015; Ying Zhang et al., 2021c), three classes of sediments (clay, silt, and sand) were defined
in PRE. The fraction of sediments in bed and the riverine sediment load varies with decades.
Given the lack of certainty regarding the available sediment data, the bed sediment fraction
from the 1970s was calculated based on the conditions observed in other estuaries that have
been less affected by human activities. Morphological changes represent the primary factor in
the patchy evolution of ETM, while changes in the sediment fraction can be considered the
secondary factor in the formation of current (2010s) verifiable ETMs. This finding aligns with
the observation by Cui et al. (2022) that the resuspended sediment primarily composes the ETM
in the PRE. Accordingly, when using models to study the ETM, it is important to set up
appropriate sediment fractions in the estuaries, as sediment resuspension is the important source
of SPM in the ETM, for example, in the Weser Estuary (Kosters et al., 2014), the Seina Estuary
(Schulz et al., 2018). The occurrence of resuspension is more pronounced when the proportion
of silt in the sediment fraction is elevated (Te Slaa et al., 2013) Human activities such as
dredging, dumping, as well as changes in sediment load, may result in changes to the sediment
fraction (Chakrapani, 2005; Torres et al., 2009). Consequently, the management of these

activities should take into account their potential impact on ETM.

The absence of flocculation effects in the model simulations may result in an overestimation of
the SPM concentration in the channel area. This is because, with the flocculation effect,
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deposition caused by turbulence is significant in the channel area. However, the flocculation is
not a factor that can affect the existence of ETMs in PRE (Ma et al., 2024). In addition to the
effects of turbulent mixing on flocculation, the concentration of SPM, salinity, and biological
process also impact the flocculation process (Eisma, 1986). These factors should therefore be
considered in future model explorations. However, their selection should be guided by the main

characteristics of the estuary, given the inherent limitations of computing resources.

The incorporation of wind wave effects into the simulations results in a change in the
distribution of SPM, although this change is insufficient to alter the characteristics of ETM.
The most significant impact is on the western shoal. The wind wave effects increase the SPM
concentration in the western shoal, due to two main factors. Firstly, the enhanced westward
residual transport increases the SPM concentration. Secondly, the wind waves effect enhances
the resuspension on shallow west shoal. This same pattern has been identified by (G Zhang et
al., 2021a). However, the wind wave effect will weaken with the increase of relative depth (Ma
etal., 2024).

By demonstrating the validity and importance of various drivers of ETM, this study not only
provides a qualitative analysis of the effects, but also a quantitative calculation of the effects,
which may contribute to sediment management in estuaries to achieve more standardized
construction and ecological objectives, or sustainable development. For example, the rSLR and
reduction in riverine sediment load may result in a decrease in estuarine turbidity, which could
potentially give rise to environmental concerns, as turbidity as a control on phytoplankton
biomass and productivity in estuaries (Cloern, 1987). In the PRE, The alterations in
hydrodynamics and sediment load resulting from human activities exert a more pronounced
influence on phytoplankton chlorophyll than the effects of nutrients and temperature in long-
term (Niu et al., 2020). The findings of our study indicate that the shrinking of ETMs could
potentially result in a more pronounced phytoplankton bloom. In accordance with the
projections by (Scown et al., 2023), 49 estuaries across the globe are estimated to experience a
26~37% decline in riverine sediment load by 2100, due to the prevailing socio-economic
pressures (fisheries, navigation, etc.). Consequently, it is imperative to direct global attention
towards the adverse effects of shrinking of ETM.

The findings in this thesis suggest that the sediment transport between the west shoal and west
channel will be diminished in response to the rSLR. This is due to the rSLR's ability to weaken
the wave effect, which in turn reduces the enhanced sediment transport between the shoal and
channel(Ma et al., 2024). This phenomenon has also been identified in the study of ideal
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channel-shoal system embayment (Elmilady et al., 2022) and in the Hudson River Estuary
(Geyer et al., 2001). The resuspension of sediment may be suppressed by the increased
stratification [Appendix C], and the increased stratification may promote or inhibit the sediment
transport between ETMs (Ma et al., 2024). These changes have a significant impact on the
sediment redistribution in the estuary, particularly in consequence of a reduction in SPM and
extension of ETMs. The decline in ETMs indicates a reduction in resuspension, which may
necessitate an increase in dredging activities within the PRE. The quantitative examination of
the factors involved in the formation and maintenance of ETMs provides the possibility of
manipulating currents and tides with deflecting walls. A reduction in suspended sediment may
be caused by a decrease in convergence flow (Heininger et al., 2015). Furthermore, the
enhancement of ebb tide can result in the flushing out of more sediment from the estuary. The
same method was proposed by (Colby et al., 2010) to moving a lagoon towards a self-flushing
mode through a program of strategic dredging by manipulating the natural tidal asymmetry. It
is essential to conduct a detailed examination of the specific relationships between currents,
tides, topography and sediment dynamics before any alterations can be made to the system in a
beneficial manner. Furthermore, the impact of human activities and climate change should be

considered on these processes.

The investigation conducted in this thesis has revealed the significance of rSLR, which involves
the relatively deepening of the channel in an estuary, as an independent effect apart from the
deepening impact of regular dredging. The rSLR will exert considerable pressure on coastal
areas, as river channels are required to deal with higher water levels and the associated flood
safety concerns. However, it could be argued that rSLR may also result in a reduction in the
intensity of dredging efforts (Cox et al., 2022). Further research is required to gain a holistic
understanding of the impact of sea level rise on sedimentation. The findings of this thesis
indicate that sea level rise will also increase sediment deposition due to the enhancement of
stratification, and future research should therefore consider whether there is a balance between

channel deepening and siltation caused by rSLR.

From a global perspective, changes in land-ocean sediment transfer will result in changes in the
global biogeochemical cycle, since sediment is important in the flux of many key elements and
nutrients. Equally this transfer will also reflect the intensity of soil erosion and land degradation
and thus the longer-term sustainability of the global soil resource (Walling, 2008). In light of
this necessity, model studies must incorporate the interconnection between sediment dynamics

and ecological dynamics. It is imperative that considerations be given not only to coastal
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engineering projects such as dam construction and dredging, but also to ecosystem function-
based research and exploration. Coastal ecosystems like salt marshes, mangroves, seagrass
meadows, beaches, dunes, coral, and shellfish or oyster reefs provide benefits and support
beneficial processes for Water, Nature and People alike (Chowdhury et al., 2021; Forrester et
al., 2024; Jordan and Frohle, 2022). The functions of certain species can be employed to
stabilize or destabilize the bed, thereby facilitating the trapping, settling, or resuspension of
sediment (Gutiérrez et al., 2011). For example, the mussel beds which can grow on stable
artificial structures can result in the mitigation of wave and storm surges, a reduction in current
velocities, the trapping of sediment particles, and the processes of bioaccumulation (P P
Arlinghaus et al., 2023; Borsje et al., 2011). In this context, with the notable increase in the
implementation of ecological engineering for coastal protection and the corresponding lack of
knowledge regarding its long-term effects, it is imperative to adopt a long-term model study.
To avoid the limitations of short-term consequences, model studies should assess the long-term

effects of these solutions.

A diachronic analysis of an estuary is a crucial undertaking to predict its future fates. In the
industrial age, when human activities flourish, the effects of climate change and human impact
on estuaries are becoming increasingly pronounced. This is leading to significant alterations in
the factors that maintain estuary hydrodynamic and sediment dynamic(Grasso and Le Hir, 2019;
Hutton et al., 2017; Aldo Sottolichio et al., 2013). Each estuary exhibits unique natural
geographical conditions. However, the modifications implemented by humans are broadly
similar, including activities such as dredging, damming and land reclamation. On the other hand,
climate change occurs globally. The joint effect of climate change and human activities has led
to similar response of estuaries during the past decades (Cloern et al., 2016; Talke and de Swart,
2006; Chenglong Wang et al., 2017) and likely similar fates in future. Successful examples in
mitigation of climate change and anthropogenic impact in some estuaries thus have global
implications. Our work presents an effort towards a comprehensive understanding of the
evolution of ETMs and may contribute to development of guidelines for mitigation in one of

the largest estuaries worldwide.

Appendices
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Appendix A

Impacts of morphological change and sea-level rise on stratification in the Pearl River Estuary
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The Pearl River Delta (PRD), where several megacities are located, has undergone
drastic morphological changes caused by anthropogenic impact during the past
few decades. In its main estuary, the water area has been reduced by 21% whilst the
average water depth has increased by 2.24 m from 1970s to 2010s. The mainly
human-induced morphological change together with sea level rise has jointly led
to a remarkable change in the water stratification. However, the spatial and
temporal variability of stratification in the estuary and associated driving
mechanisms remain less understood. In this study, stratification in the Pearl River
Estuary (PRE) in response to morphological change and external forcing is
investigated by 3-dimensional numerical modeling. Simulation results indicate
that stratification in the PRE exhibits distinct spatial and temporal variabilities. At a
tidal-to-monthly time scale, variation of stratification is mainly driven by advection
and straining through tidal forcing. At a monthly-to-seasonal scale, monsoon-
driven river runoff and associated plume and fronts dominate the variation of
stratification. Human-induced morphological change leads to an enhancement of
stratification by up to four times in the PRE. Compared to an overwhelming human
impact in the past few decades, future sea level rise would further enhance
stratification, but to a much lesser extent than past human impacts. In addition,
stratification in different areas of the estuary also responds differently to the driving
factors. The western shoal of the estuary is most sensitive to changes in
morphology and sea level due to its shallowness, followed by the channels and
other parts of the estuary, which are less sensitive.

KEYWORDS

stratification, salinity variation, morphological change, sea level rise, scenario

1 Introduction

Water column stratification is an essential characteristic of estuaries. Conventionally,
according to stratification or vertical salinity structure, estuaries can be classified as salt
wedge, strongly stratified, weakly stratified and well mixed types (Pritchard, 1955; Cameron
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and Pritchard, 1963). In tidal estuaries, stratification is normally
determined by salinity gradients which result from a balance
between the stratifying tendency of estuarine circulation and
mixing by tides, with additional but short-term impacts generated
by energetic weather events (Zhang et al., 2018). Stratification has
important consequences for estuarine ecology and matter transport
(Li et al., 2018a; Zhang et al., 2020; Zhang et al,, 2021b) and
environmental hazards such as hypoxia or anoxia may be triggered
by a persistently stable stratification (Cui et al., 2019).

Estuaries and coastal seas are transition areas between land and
ocean with profound changes exerted by human activities and climate
change (Wu et al., 2016; Ralston and Geyer, 2019; Deng et al.,, 2020).
Numerous observational and modeling studies have confirmed a
significant modification in estuarine stratification by morphological
changes and sea level rise. For example, the dredging of shipping
channels results in enhanced estuary circulation and salinity intrusion
in many estuaries (Kennish, 2003). Chant et al. (2018) demonstrated that
a relatively small (15%) increase in depth by dredging in a short reach of
an estuary may double the exchange of salt flux and remarkably increase
stratification in the estuary. In contrast, Ralston and Geyer (2019)
showed that channel deepening due to dredging may result in an
increase in salinity intrusion but almost no change in the estuarine
circulation, suggesting that the impact of channel dredging on
stratification is nonlinear and site dependent. Sea level rise also
influences the stratification of estuaries. Gong and Shen (2011)
simulated the hydrodynamics of Chesapeake Bay in response to the
projected sea level rise scenarios in the 21% century. Their results show
that the bay-scale averaged stratification would strengthen along with a
sea level rise and characterized by obvious seasonal and inter-annual
variations. Through scenario simulation Chua and Xu (2014) found that
sea level rise would increase the strength of gravitational circulation,
resulting in higher vertical stratification by increasing the strength of
salinity gradient and reducing the bottom-generated turbulence.

FIGURE 1

113

Location maps. (A) The location of the Pearl River Estuary in south China. (B) The model domain. Squares represent sites for salinity validation; triangles
represent sites for temperature validation; the black dot is the location of the tidal gauge. (C) Bathymetric change from the 1970s to 2010s. The black
frame indicates the Lingding Bay. The orange line refers to the shoreline in the 1970s. (D) Bathymetry (unit: m) of the PRE in 2010s, the marksed areas
are: Zone 1 (Lingding Bay), Zone 2(channels), Zone 3 (west shoal), and Zone 4 (river plume dominated area). The four red triangles indicate the selected
sites which are used to assess the stability of stratification. The five-pointed star indicates the location of Victoria harbor. The four-pointed star indicates
the location of Waglan Island. (E) An example of computational grid around small island.
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The Pearl River, located in the south of China, with an annual
mean discharge of 336x10°m> (Zhang et al., 2009), is one of the world
largest rivers in terms of river discharge (Figure 1A). The Pearl River
Estuary (PRE) is featured by a complex channel network through its
delta that hosts several megacities (Guangzhou, Shenzhen and Hong
Kong) with a total population of 63.01 million (Zhang et al., 2021a). A
major portion (~61%) of river discharge from the Pearl River to the
continental shelf of the South China Sea is delivered through Lingding
Bay (Figure 1C) (Han et al, 2021), where is subject to intense
morphological changes by human activities (Wu et al., 2016). Since
1970s, frequent dredging in the two main shipping channels (i.e., east
and west channels) have deepened the mean channel depth by more
than 15% till 2010s. Meanwhile, the water area of Lingding Bay has
decreased by ~170 km? (8.1% of the total Lingding Bay water area in
1970s) due to land reclamation, and sediment input to the bay has
been reduced by 70% by human activities at the catchment like river
damming (Dai et al., 2007). A joint accumulative effect of land
reclamation, channel dredging, river damming and sand excavation
resulted in a decrease of water areas and a deepening of the mean
water depth by 2.24 m from 1970s to 2010s over the entire Lingding

+ 5m/yr (Wu

Bay, with annual variation at local sites up to
et al., 2016).

The mean sea level at the mouth of PRE rose at a rate of 3.1 mm/
yr during 1954-2021 (https://www.hko.gov.hk/en/climate_change/
obs_hk_sea_levelLhtm), and exhibits an accelerating trend in recent
decades (Wong et al.,, 2003; Masson-Delmotte et al., 2021). Existing
studies show that the impact of sea level rise on the estuarine
circulation and stratification in the PRE is through a modification
of tides and estuarine circulation. Based on three-dimensional
hydrodynamic modeling, Hong et al. (2020) found that the salinity,
stratification and tidal range all increase as sea-level rises and are
characterized by clear spatial and seasonal variations. By calculating
the water flux, Yuan et al. (2015) found that the upstream salinity
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intrusion increased linearly in the main channel (Modaomen) of the
estuary with sea level rise, meanwhile the isohaline of 0.45 (which is
the salinity standard for drinking water) moved offshore in other two
smaller channels Jiaomen and Honggimen.

Previous studies of stratification in the PRE mainly focused on the
extent of saltwater intrusion. The spatial and temporal variation of
stratification in the PRE in response to decadal-scale morphological
change and sea-level rise remains largely unknown. As the PRE is a
bell-shaped estuary, the tidal range and current in response to the
morphological change and sea-level rise are highly nonlinear (Hong
et al., 2020; Valentim et al., 2013). In the short term, the stratification
strength varies from days to seasons, with a prominent variation in
the tidal cycle (Luo et al, 2009). In the longer term, how the
interaction between tides and river runoff responds to
morphological change and sea-level rise and consequent impact on
stratification are yet to be explored (Hong et al., 2020). The aim of this
study is to contribute to addressing this question and quantify the role
of morphological change and sea level rise in driving the variation of
stratification in the PRD at multi-temporal and spatial scales by high-
resolution 3-dimensional numerical modeling.

2 Data and methods

We used a 3-D model to simulate three scenarios, namely one
historical scenario based on the morphology (bathymetry and
coastline configuration) in 1970s, one present day scenario based
on the morphology in 2010s and one future scenario for 2050s based
on the present day morphology superposed by a moderate sea level
rise of 20cm, which are represented by Run_1970s, Run_2010s and
Run_2050s, respectively. Data for model setup and performance
assessment as well as methods for result analysis are described in
following sections.

2.1 Data

Several observational datasets obtained via field surveys and
gauge stations in the study area as well as global hydrographic
datasets and projections were used to initialize and validate the
model. The topographic data used in this study primarily consist of
historical bathymetrical maps of Lingding Bay (Deng et al., 2020).
Two topographic datasets of Lingding Bay derived from the 1970s and
2010s were used for modeling in this study. Another two topographic
datasets from 1980s and 1990s were additionally used for the analysis
of morphological change during the period of 1970s - 2010s.

Compared to dominance by the human-induced morphological
change between 1970s and 2010s, future change of stratification in the
PRE would be mainly driven by climate change especially the sea-level
rise because of a legal prohibition of land reclamation and sand
excavation initiated in recent years (Zhao et al., 2015).

The historical mean sea level recorded at the estuary mouth
(Vitoria Harbor at Hong Kong, https://www.hko.gov.hk/en/climate_
change/proj_hk_mslL.htm) was used in the simulation of the scenarios
1970s and 2010s. A sea level rise by 20 cm from present day level was
used to study the sensitivity of stratification to a moderate sea level
rise for a futures scenario corresponding to 2050. Recorded data from
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the Hong Kong Observatory indicate that the mean sea level in the
station Victoria Harbour rose at a rate of ~3 mm/year during 1954-
2021 (https://www.hko.gov.hk/en/climate_change/obs_hk_sea_level.
htm). However, it is expected that future sea-level rise rate would
be accelerated. The scenario simulation for 2050s in this paper is
based on SSP2-4.5 from IPCC AP6, showing that the mean sea level of
the world sea would rise at a mean rate of 5 mm/year in the future,
which means that the sea level would rise by 20 cm until 2050s
compared to that in 2010s. The SSP2-4.5 scenario considers
intermediate greenhouse gas emissions, in which CO2 emissions
around current level until 2050, then falling but not reaching zero
by 2100. The probability for likely range of SSP2-4.5 to cover the
outcome is at least 66% (IPCC, 2021). Thermal expansion of a
warming ocean makes up 21-43% of the total global mean sea level
rise in the scenario SSP2. The melting of land ice (glaciers and ice
sheets) adds mass to the ocean (as freshwater), and makes up most of
the remainder of global mean sea level rise (Couldrey et al., 2022).

Monthly river discharge data are available from the China
Sediment Report (http://www.mwr.gov.cn/sj/tjgb/zghlnsgb/). Daily
river discharge from July to September 2017 was collected from
existing publications (Liu and Gan, 2020) to assess model
performance against observations. In addition, historical data from
the eight main outlets of the PRE (Liu and Gan, 2020; Yu et al,, 2021)
were collected to calculate the proportion of river tributary discharge.

The Copernicus Marine Environment Monitoring Service
(CMEMS) data were used to specify the initial fields of temperature
and salinity as well as to provide open boundary conditions in the
study area (Shen et al, 2018). The CMEMS data is a reanalysis
product of the global ocean eddy-resolving model (with 1/12 degree
horizontal resolution and 50 vertical levels). Cruise data for surface
water temperature and salinity during the period of July to September
2017 were collected from existing publications (Liu and Gan, 2020) to
assess model performance.

Atmospheric forcing driven by monsoons was included in open
boundary (CMEMS data) and interpolated into our model grid using
wind, air pressure, precipitation, and net solar radiation obtained from
European Centre for Medium Range Weather (ECMWF) ERA-interim
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
single-levels?tab=overview). The spatial resolution of ERA-interim data
is 0.25° x 0.25° and the temporal resolution is 1 day.

Eight primary tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1)
were specified at the open boundary. The tidal data were extracted from
the global TPXO9-atlas (https://www.tpxo.net/global/tpxo9-atlas). In
addition, daily data of water level, salinity, temperature, and currents (u,
v) from 1th June 2017 to 1th June 2018 obtained from CMEMS were
specified at the open boundary. At the upstream river boundaries, a
constant salinity of 3 psu was specified with a daily varying temperature
extracted from the Himawari-8 satellite product (http://www.data.jma.
go.jp/mscweb/en/index html) from 1th June 2017 to 1th June 2018.

2.2 Methods

2.2.1 Hydrodynamic model and setup for
the study area

The hydrodynamic model used in this study is the Semi-implicit
Cross-scale hydroscience Integrated system Model (Zhang et al., 2016).
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SCHISM is developed from the SELFE model and includes new features
that ensure its robustness in application to estuarine and coastal areas
with complex coastline and morphology. In particular, SCHISM
includes (1) a new advection scheme for the momentum equation
which includes an iterative smoother to reduce excess mass produced
by higher-order kriging method, (2) a new viscosity formulation to
work robustly for generic unstructured grids and effectively filter out
spurious modes without introducing excessive dissipation, and (3) a
new higher-order implicit advection scheme for transport (TVD?) to
effectively handle a wide range of Courant number as commonly found
in typical cross-scale applications. In addition, the model shows a good
performance in the eddying regime, which represents the last missing
link for cross-scale modeling (Zhang et al., 2016).

The model domain covers the PRE and its eight river outlets
spanning from 21 to 23°N in latitude and 112.4 to 115.25°E in
longitude (Figure 1B), with a high grid resolution (~50 m) in the
Lingding Bay and coarsening resolution (till ~1000 m) toward the
open boundary at the shelf of the South China Sea. In particular,
sparsely distributed islands in the PRE are resolved by a high-
resolution grid so that their impact on hydrodynamics is included
(Figure 1E). Three scenarios, namely Run_1970s, Run_2010s and
Run_2050, were designed. The morphological data of 1970s and
2010s were used in the Run_1970s and Run_2010s, respectively.
Land reclamation and sand excavation in the PRE were officially
banned during the past decade (Tang et al., 2016). Therefore, it is
expected that future morphological change until 2050 would not be as
dramatic as the historical change between 1970s and 2010s. Dredging
in the two main shipping channels is expected to continue to maintain
the depth. Based on this, the Run_2050s adopted the morphology in
2010s but superposed by a 20 cm higher sea level compared to that of
2010s. The 3D hydrodynamic model time step was 60 seconds and the
simulation period was one year (starting from 1st June 2017) in each
scenario and adopted the same atmospheric forcing from 1st June
2017 to 6th July 2018. The simulation results of Run_2010s are
assessed by observation data from 2017. Further details of model
setup are provided in the Supplementary Material
(Supplementary Table 1).

2.2.2 Potential energy anomaly
In this study, potential energy anomaly (PEA) ¢ (Simpson and
Bowers, 1981) is used as a measure for stratification:

n
o= [ o~ pgac 1)

Where p is the vertical density profile over the water column of
depth H, given by H = 1 + h, 1 is the free surface, h is the bed level, p
is the depth average density, z is the vertical coordinate, and g is the
gravitational acceleration. The value of ¢ indicates the work required
per unit of volume to cause a complete vertical mixing of the
water column.

The water column is considered as stratified when ¢ exceeds the
threshold 10 J/m® (Chegini et al.,, 2020). Based on the scenario
Run_2010s, the average value of q)>10]/m3 covers 89% of the time
over the entire simulation in a major part of the study area. In order to
distinguish strong stratification, another threshold ¢>50]/ m® is used,
above which the water column is highly stratified.
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2.2.3 Gradient Richardson number
To evaluate the stability of vertical stratification, the gradient
Richardson number R; is computed by:

R; = Z;—j (2)
with the definition of buoyancy frequency
N=(-£ 300, 3)
and the vertical shear
Ve=[(24)2 4+ (32)7):. ()

The water column is considered stably stratified when logl0
(Ri)=1 (Chen, 2018).

2.2.4 Salinity variance balance

MacCready et al. (2018) introduced the concept of salinity
variance to understand the budget change of salinity. Salinity
variance is given by s 2 = (s — 5)?, where s is the in-situ salinity, 5 is
the salinity averaged over the entire water body of the estuary.
According to Wang et al. (2017), the total salinity variance of an
estuary can be calculated by:

SVAR = [l ,s*dv, ©)

where V indicates the whole estuarine water volume. Li et al.
(2018b) separated the total salinity variance into two parts
corresponding to the horizontal and the vertical components:

[T ?av = [ (s)?dv + [[f (s,)%dV, (6)

where (s’h)2 represents the horizontal salinity variance and (s,)?
represent the vertical salinity variance.

In this study, we focus on vertical density stratification. For this
reason, only the vertical salinity variance is considered. Based on the
conservation of vertical salinity variance (s;,)z, Li et al. (2018)
proposed a dynamic equation to describe the temporal change of
the vertical salinity variance integrated over the entire water column:

9 [ (S))’dz
/\2 /o < aS 2
———+V, [ US)dz= | -2u,S,-VS,dz— [ 2K, (=—)dz,
ot 0z
(7)

where S, is the vertically averaged salinity, V,, is the horizontal
gradient operator, Uy, is the horizontal velocity vector, and K., is the
vertical eddy diffusivity. In a physical process-based understanding,
Equation (7) can be expressed as Tendency + advection = straining
+ dissipation.

By using the above equations, Li et al. (2018b) quantified the influence
of straining and mixing on stratification in the Yangtze estuary. Their
research indicated that the salinity variance method could be used as a
useful approach for examining the spatial and temporal variability of
stratification in estuaries and coastal environments.

2.2.5 Sub-division of the study area for process
understanding

To better understand the spatial variation in stratification, the
study area is divided into four zones, as shown in Figure 1D, taking
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into account their distinct features in hydrodynamic conditions and
morphology. Zone 1 covers the entire Lingding Bay. Zone 2 covers the
channel area in the Lingding Bay, including two channels and the area
in between. Zone 3 covers the west shoal of the Lingding Bay and
Zone 4 covers the coastal area dominated by the river plume.

3 Results

3.1 Model validation

To assess the model performance, simulation results of the
scenario Run_2010s were compared to observation data (salinity
and temperature) collected in a cruise from 11" to 21™ of July
2017 (Yu et al., 2021) as well as water level recorded at a fixed gauge
station (Waglan Island, Figure 1B).

The comparison demonstrates a general satisfactory model
performance in capturing both spatial and temporal variations of
water level, salinity and temperature (Figure 2). The recorded tidal
amplitude is ~2 m at the gauge station (Waglan Island) and the Root
Mean Square Error (RMSE) of the simulated water level is 0.15 m,
corresponding to 7.5% deviation from observation. The data show a
dominance of semi-diurnal tides with a distinct spring-neap cycle in
the study area. Salinity constantly changes under the effect of tides
(Figure 2B). The correlation coefficient between the simulated surface
water salinity and field data is 0.93, and the RMSE is 2.7 psu. The
Taylor diagram of the simulated sea surface temperature compared to
field data indicates a high correlation coefficient between 0.95 and
0.99, and a RMSE within 1°C. Based on the satisfactory agreement

10.3389/fmars.2023.1072080

between observation and simulation for the surface water, and the
understanding that surface water dynamics in the estuary, especially
temporal and spatial variation of temperature and salinity, is jointly
controlled by interaction between freshwater discharge and bottom
saline water, we therefore believe that the model also reliably captures
the bottom water dynamics which is not covered by existing
observation data. The overall good model performance allows for
using the extended simulation results (for 400 days in each scenario)
to derive insights into the impact of morphological change and sea-
level rise on variation of stratification in the PRD at multi-temporal
and spatial scales.

3.2 Variability of stratification and
driving factors

The morphology of the PRE changed considerably from 1970s to
2010s, especially in the Lingding Bay (Figure 1C). The average depth
of Lingding Bay (Zone 1) increased by 2.24 m. The most significant
deepening occurred in the channels (Zone 2) due to dredging, with a
mean depth increase of 4.85 m and local maximum of 12 m in the
southern Lingding Bay, close to the Lantau island. Depth of the
western shoal area (Zone 3) was increased by approximately 1 m on
average (the calculation is based on the water area of 2010s), whilst
the area close to the west bank became shallower and the coastline
extend to the sea due to land reclamation. The total water area of the
Lingding Bay decreased by approximately 170 km> because of land
reclamation, accounting for 8.1% of the total water area in the 1970s.
Most reduction of water area occurred in west shoal (Zone 3), with
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FIGURE 2
Comparison between model result and field data of (A) water level at the gauge station Waglan Island and (B) surface salinity collected during a research
survey in July 2017 by Yu et al. (2021). In addition, simulated temporal variation of surface salinity within a tidal cycle at each measuring station is
indicated by the bar crossing the measured value. Location of the stations is shown in Figure 1B. (C) Taylor diagram showing the standard deviation, the
correlation coefficient, and the RMSE of simulated surface temperature against field data at 23 stations. Location of the stations is shown in Figure 1B by
red dots.
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14.32% of its total water area in the 1970s transformed to land till
2010s by artificial reclamation. The overall trend of changes in the
Lingding Bay was narrowing and deepening from 1970s to 2010s.

River runoff in the PRE has a remarkable seasonality driven by
monsoon. A direct comparison of the spatial distribution of
stratification among the three scenarios can be seen in the salinity
difference between the bottom and surface water averaged in two
representative seasons (Figure 3). The wet season from 1Ist July to Ist
September is characterized by a mean river runoff of 2.5x10"m/s,
while the dry season from 1st October to 1st December has a much
reduced mean river runoff of 0.75x10*m°/s. Model results indicate a
salinity increase in the bottom water of Lingding Bay by about 70%
during the wet season and about 50% during the dry season from
1970s to 2010s. In contrast, the increase of salinity in the bottom
water of the Lingding Bay from the 2010s to 2050s is 3.5% and 2.1% in
the wet and dry seasons, respectively.

The salinity difference of 12 psu between the bottom and surface
water can be used as a simple indicator for stratification (depicted by
the brown line in Figure 3) as proposed by Li et al. (2017). As shown
in Figure 3, the morphological change from 1970s to 2010s has
notably changed the spatial distribution of stratification in the
Lingding Bay. In the simulation result of 1970s, we found that the
7-m isobaths (described by the black lines in Figure 3) roughly
describe the northern edge of stratification in the wet season.
Stratification is mainly located in the outer the Lingding Bay and
the river plume dominated area (Zone 4). Whilst in the 2010s,
although the northern edge of stratification is still mostly limited by
the 7-m isobaths in the wet season, stratification extends to the
interior the Lingding Bay along the two channels (Zone 2) and
appears in the western shoal (Zone 3) and further expands in Zone
4 due to the morphological change. Compared to the wet season,
stratification in the dry season is weaker but with a different spatial
pattern (Figure 3). Due to decrease in river runoff, stratification
appears in the upper part of the Lingding Bay and extends into the
rivers. Stratification in the Run_2050s shows very minor difference
with the Run_2010s in both wet and dry seasons, suggesting a minor

Wet season

Dry season

113

Run_1970s

FIGURE 3

of coastline in 2010s. (Unit: psu).

114
Run_2010s

The salinity difference from bottom to surface in wet and dry season of Run_1970s, run_2010s and Run_2050s, areas with salinity difference values
greater than 12 psu is surrounded by brown lines. The black line indicates the 7-m isobath. The white dashed line in the Run_1970s refers to the location
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role of sea level rise (by 20 cm) in controlling the spatial pattern of
salinity difference between bottom and surface water in the study area.

3.2.1 Variation caused by morphological change

To further understand the spatial and temporal variation of
stratification and driving processes behind, the potential energy
anomaly (@) the four terms in Equation 4 are quantified for each
sub-region for each scenario and compared accordingly. A variation
index O, calculated by G,,=020105/P1970s Where @010 and Q9705
represent the potential energy anomaly in the Run_2010s and
Run_1970s, respectively, is used to indicate the change of
stratification induced by the morphological change between the
1970s and 2010s, while G=(20505/P2010s is used to indicate the
change of stratification induced by sea-level rise.

The daily value of ¢ for each sub-region in the three scenarios is
shown in Figure 4. The results cover the period of simulation, which
includes variation in wet and dry season. Results of both wet season
and dry season were shown. There exists a persistently strong
stratification (¢=50J/m>) in the PRE during the wet season in all
scenarios (Run_1970s, Run_2010s and Run_2050s), due to the large
river runoff. Morphological changes mainly occurred in the Lingding
Bay (Zone 1). Consequently, enhancement of stratification also
mainly occurs in the Lingding Bay. In the channel area (Zone 2),
stratification is always strong in the wet season, whilst in the dry
season the strength of stratification becomes much weaker with @
normally ranging between 10 and 30 J/m’ in all three scenarios
(Run_1970s, Run_2010s and Run_2050s). In the west shoal area
(Zone 3), strong stratification does not occur before the
morphological change (Run_1970s), but occasionally occurs after
the morphological change (Run_2010s and Run_2050s) in the wet
season. Stratification in the river plume dominated area (Zone 4)
exhibits similar change to that in Zone 3 in the wet season, but in the
dry season the value of @ is almost the same in all scenarios in Zone 4
whilst periodic enhancement in @ is seen in Zone 3.

The enhancement of stratification due to morphological change
in the entire PRE is most significant in the wet season. In the wet

113 114
Run_2050s
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FIGURE 4
Time series of daily-averaged potential energy anomaly (¢) in the entire PRE and different sub-regions in the three scenarios (Run_1970s, Run_2010s and
Run_2050s). The light blue and yellow rectangles indicate the wet season (July and August) and dry season (October, November and December), respectively.

season, the strength of stratification averaged over the Zone 1 and 2 is
up to 4 times and in Zone 3 even up to 7 times stronger in the
Run_2010s than that in the Run_1970s, while in the dry season the
enhancement of stratification by morphological change becomes less
prominent (Table 1). Besides a general strengthening of stratification
in the wet season, the enhancement also exhibits some obvious
periodic cycles (Figure 4). Figure 5 indicates that this periodic
enhancement is caused by the spring-neap tidal cycle. These results
indicate that the stratification of the Lingding Bay becomes much
more sensitive to tidal and river runoff impact after the
morphological change.

Tides affect stratification in the PRE mainly at short time scales
from hours extending to spring-neap cycle. Tidal signals are clearly
seen in the time series of ¢ at each sub-region (Figure 5). Spectral
analysis of @ in the Run_2010s shows that the tide-driven fluctuation
of ¢ is mainly at M4, M2, and K1 cycles, which is consistent with field
observation (Mao et al.,, 2004). According to the simulation results,
morphological change in the Lingding Bay (Zone 1) from 1970s to
2010s results in an increase intidal in this region, the increase range

gradually decreases from north to south, and the maximum increase
can reach 0.5 m in the northern of the Lingding Bay near the
coastline. The increase of tidal amplitude caused by the changes of
coastline (Shen et al., 2018); and the deepening of the channels area
(Zone 2) makes stronger tidal flow than before(Run_1970s) in the
Lingding Bay, which leads to stronger salt water intrusion. Both the
increase of tidal amplitude and the intensification of tidal flow lead to
a nonlinear response of stratification.

Before the morphological change (i.e. in the Run_1970s), @ 19705
in the Lingding Bay (Zone 1) fluctuates mildly around 25 J m™ in the
wet season and slightly higher than 15 J m™ in the dry season. The
impact of spring-neap tidal cycle is hardly visible. By contrast, @ 50;0s
exhibits a positive correlation with the tidal cycle, and fluctuates
between 25 to 100 ] m™ during the spring-neap tidal cycle (Figures 4,
5). The enhancement of stratification caused by the morphologic
change G,,. ranges between 1 and 4 depending on the tidal phase. The
peaks of G,,. appear normally before the peak of spring tides, and the
troughs appear after the spring peaks but before the neap tides.
Advection is primarily responsible for this phenomenon (Figure 6), as

TABLE 1 The factor by which the stratification is enhanced due to morphological changes and sea-level rise in different areas.

Wet season Dry season
Morphologic change SLR (0sc) Morphologic change
(Omc) (Omc)

1. Entire PRE 1-14 1.02-1.04 1-2 1.04-1.1
2.Lingding Bay(Zone 1) 1-4 1.05-1.2 1-3.5 1.05-1.13
3.Channels(Zone 2) 1-4 1-1.1 0.8-3 0.95-1.15
4. West shoal(Zone 3) 0-7 1.1-2.5 0-3 1-1.5

5.River plume dominated area 1-2.5 1.05-1.25 0.8-1.2 1-1.15

(Zone4)
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orange rectangle.

the advection term (Equation 4) increases by about three times during
the transition from neap tides to spring tides. It can be seen in
Figure 6 that the advection of the horizontal gradient of salinity
variance is the main contributor to stratification. During the
advection process, the vertical salinity variance (S,)* increases
significantly (by about 200% on average) with a strong saltwater
intrusion from the bottom, resulting in an import of salinity variance
to the Lingding Bay.

In the channels of the Lingding Bay (Zone 2), stratification is
more significant than in other sub-regions, which is attributed to a
strong saltwater intrusion, similar to many other estuarine channels
(Xu et al, 2008; Ralston and Geyer, 2019). The response of
stratification to morphological deepening in the channels is similar
to that in the entire Lingding Bay (Zone 1) as seen in Figures 4, 5 as
well as Table 1. Advection is the main controlling process for
variation of stratification in the channels. In the west shoal area
(Zone 3), @1970s fluctuates mildly around 10 J m~ without obvious
seasonal variation. This means that water is between well mixed and
weakly stratified in this area before the morphological change
(Run_1970s). By contrast, a clear fluctuation related to the spring-
neap tidal cycle is seen in @,4;¢s, Which can reach up to 70 J m™ in the
wet season during the transition from the neap tides to spring tides,
approximately 7 times larger than that in the Run_1970s. This result
indicates that the morphological change alters the west shoal (Zone 3)
from a well mixed/weakly stratified environment in 1970s to
periodically strongly stratified environment in 2010s.

Compared to the sub-regions Zone 1-3, the river plume
dominated area (Zone 4) appears to be less affected by the
morphological change (Figures 4, 5; Table 1). In the dry season,
stratification is only slightly enhanced by morphological change (up
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to 1.2 times) and sea level rise (up to 1.15 times), while in the wet
season, stratification is persistently enhanced by morphological
change (up to 2.5 times) and sea level rise (up to 1.25 times) and
can exceed the threshold of strong stratification (¢=50 ] m>)
episodically during neap tides and transition to spring tides.

Short-term extreme events such as typhoons also impact the
stratification in the PRE. Three typhoons (Roke on 23rd July, Hato on
22-23rd August, Pakhar on 26-27th August, www.hko.gov.hk)
occurred in 2017 and were included in the simulations. Impact of
the typhoon Roke (23rd July) was shown in Figure 5. In the
Run_1970s, there is no obvious response to the typhoon in the
channels (Zone 1 and 2) and the shoal area (Zone 3). The
reduction in stratification occurs only in the river plume-dominated
area (Zone 4). After the morphological change, stratification is
significantly reduced by the typhoon in every sub-region in the
Run_2010s and 2050s. This is caused by a higher landward
advection of salt water induced by the typhoon, as well as higher
straining and dissipation (Figure 6). However, typhoons impact
stratification in the PRE only for a short-term and the system
rapidly (in 2 days after the typhoon Roke) restores to a tide-driven
status after the typhoon passage.

At a monthly-to-seasonal scale, monsoon-driven river runoff
dominates the variation of stratification (Figure 4). The location of
stratification is bounded by the estuarine fronts. The fronts in the PRE
are formed by salinity gradient between the riverine water and saline
shelf waters (Wong et al., 2004).

To identify the location of the fronts, the horizontal salinity
gradient in surface and bottom water is calculated respectively in
the three scenarios with peak values (>0.0015 psu/m) indicating the
fronts (Figure 7). Results show that in the surface water (Figure 7A),
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the front is dominated by the river runoff, and is mostly located in the
outer estuary and the estuarine plume area (Zone 4) in the wet season
of all three scenarios. As river runoff decreases, the surface front
moves landward in the dry season. In the Run_1970s, the surface
front is located in the middle of the Lingding Bay, exhibiting a belt-
like shape. After the morphological change (Run_2010s), the surface
front is located in the inner part of the Lingding Bay and close to the
river outlets. This is also the case in the Run_2050s. In the bottom
water (Figure 7B), result of the Run_1970s shows that the front is
roughly limited by the 7m isobath of the Lingding Bay in the wet
season, whilst in the Run_2010s and Run_2050s, the front is located
along both sides of the two shipping channels, on the shoal between
the channels and the western shoal (Zone 3). These results indicate
that the shoals have become the place for the frontogenesis (in the wet
season) after the morphological change. In the dry season, the bottom
front in the Run_1970s is located quite close to the surface front,
indicating a vertically homogeneous but horizontally stratified state.
After the morphological change, the fronts retreat onshore and are
located close to the river outlets (Run_2010s and Run_2050s).

3.2.2 Variation caused by sea-level rise

Sea level rise is one of the main drivers of the variation in future
scenarios. As seen in Figures 4, 5; Table 1, the enhancement of
stratification due to sea-level rise (Run_2050s) is minor compared
with that caused by morphological change, but it varies among the
sub-regions. The strongest enhancement of stratification due to sea-
level rise occurs in the west shoal (Zone 3) in both wet and dry
seasons. In Zone 3, stratification is enhanced up to 2.5 times in the wet
season while 1.5 times in the dry season by a sea-level rise of 20 cm
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(Run_2050s). In other sub-regions, stratification is enhanced by
maximum of 1.25 times in the wet season and 1.15 times in the dry
season by the sea level rise.

The study of Chua and Xu (2014) mentioned that sea-level rise
results in a stronger baroclinic pressure gradient proportional to the
water depth, indicating an increase in the strength of gravitational
circulation, thereby resulting in higher vertical stratification. The
enhancement of stratification is through a tidal straining of the
density field (Cheng et al, 2011). In Equation (7), the straining
term — ZuLS; - VS describes a transformation of horizontal salinity
gradient to vertical salinity gradient. A positive value of the straining
term means destruction of stratification (destratification), while a
negative value refers to enhancement of stratification. The temporal
variation of the straining term (Figure 8) shows amplified negative
straining during spring tides, which means that stratification is
enhanced during the spring tides, as the negative straining leads to
increased salinity variance. The peaks of enhancement of stratification
caused by sea level rise also appear during spring tides (Figure 8). This
result means that the sea level rise would cause a transformation of
horizontal salinity gradient to vertical salinity gradient, with most
significant effect in spring tides caused by negative straining, thereby
increasing the vertical stratification. Thus, the impact of sea level rise
on stratification is different from the morphological change, as the
morphological change mainly alters the advection process as
described previously.

3.2.3 Variation of stability in stratification
To further assess the impact of morphological change and sea
level rise on stratification in the PRE, stability of stratification in the
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Run_2050s

four selected sites (Figure 1D) is calculated based on the gradient
Richardson number R;. As already indicated by results from previous
sections (3.2.1), stratification is most significant in the wet season.
Therefore, the analysis of the stability of stratification is focused on
the wet season.

Figure 9 shows one-month variation of the vertical distribution of
the gradient Richardson number R; at the four sites in the wet season.
In the Run_1970s, stratification does not exist in the eastern channel
(S1), where water depth is around 3 m. Stable stratification (log10(Ri)
>1) frequently occurs in the western channel (depth > 7 m, S2) and
the river plume-dominated area (depth is around 3.5 m, S4). By
contrast, stable stratification in the shallow western shoal (Zone 3)
mainly appears during neap tides and is absent for the rest of the time.
In the Run_2010s, stability of stratification is enhanced at all four
sites, with most significant change in the eastern channel (SI,
Table 2), where the channel depth is increased by ~ 3 m. Similar to
the strength of stratification represented by ¢, stability of the
stratification also presents fluctuations following the spring-neap
tidal cycle. The strongest enhancement of R; occurs during neap
tides and their transition to spring tides, whilst is weakened or
completely destroyed by strong mixing during spring tides.

The stability of stratification at the two channels and the west
shoal exhibits similar temporal variation in response to the spring-
neap tidal cycle, meanwhile is characterized by a vertical variation in
its maximum value (Figure 9). Maximum R; migrates downward to
the deeper part of the water column during a transition from spring to
neap tides, and then starts to rebound towards surface during the
transition from neap to spring tides. However, such pattern is not
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observed at S4 located in the river plume-dominated area (Zone 4).
The reason is attributed to the spatial variation of the river plume and
its front. During neap tides, the river plume and its front reach their
maximum extent in Zone 4. The site S4 is mainly dominated by well
mixed fresh water which greatly dampens stratification. During the
transition from neap to spring tides, the river plume and its fronts
retreat to the inner shore, and stratification at S4 becomes
more stable.

It is worth to note that typhoons exert only short-term
perturbations to the stability of stratification. As can be seen in
Figure 5, it takes around two days for the stratification to restore to
a tide-driven state after the typhoon passage. The stability of
stratification exhibits similarly (Figures 9, 10). Further, our
simulation results show that the instability of stratification is
controlled by a joint impact of spring-neap tidal cycle and
typhoons (Figure 10). Stratification is quite unstable and relatively
weak during the typhoon period overlapping with the transition from
spring tide to neap tides. However, stratification rapidly restores with
a significantly enhanced stability after the typhoon passage and
during the transition from neap tides to spring tides. In addition,
morphological change results in a delay of the restoration by half a
day as seen by a comparison between the Run_1970s and Run_2010s,
whilst the impact of sea level rise is hardly seen.

Sea-level rise also increases the stability of stratification in the
PRE, although the extent is much weaker than that caused by the
morphological change (Figure 9; Table 2). The extent also varies
among the sites, with maximum increase (by ~15%) at S1 (Zone 2)
and S3 (Zone 3), and minimum increase at S4 (Zone 4).
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4 Discussion

Geyer and MacCready (2014) provided a quantitative means of
classification of estuaries in terms of stratification, which are based on
two dimensionless parameters. The first parameter, i.e., the
Freshwater Froude number F,f:UO/(ﬁgSOH)” 2 represents the ratio
of the mean river velocity (Uj) to the gravitationally driven exchange
flow that is scaled with the water depth H. Here, S, is the background
ocean salinity and B=7.7x10* is the coefficient of saline contraction.
The second is the mixing parameter M = [C;U?/@N,H?]"/?, which
measures the ratio between the tidal timescale and the timescale of

vertical turbulent mixing. In, Noz(ﬁgSO/H)”2

is the buoyancy
frequency for maximum top to bottom salinity variation in an
estuary, where o is the tidal frequency, U, is the amplitude of the
depth-averaged tidal velocity, C,2(1-2.5)x107 is the drag coefficient.

Estuaries can be classified into different stratification conditions
based on the freshwater Froude number F,rand the mixing number M
(Figure 11). The range of M is calculated from the variation of tidal
current velocities and water depth in a spring-neap cycle, whereas the
range of F,yis estimated by the variation of the monthly mean river
runoff within a year. Many estuaries, including the Puget sound, the
Chesapeake Bay, the Pearl River Estuary and the Yangtze River, are
characterized by a broad range of M not only due to the variation of
spring-neap tides but also owing to the signification variation of water
depth (Geyer and MacCready, 2014; Chen, 2018). Data from these
estuaries show that M decreases along with an increase in the average
water depth, which is evidenced by a decrease of M for the Lingding
Bay from the 1970s to the 2010s (Figure 11). Compared to the
Yangtze Estuary which mainly falls into the type of salt wedge
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because of its large F,; stratification in the PRE in 2010s is more
variable and encompasses three types (salt wedge, strongly stratified
and partially mixed) in the wet season, and two types (strongly
stratified and partially mixed) in the dry season (Chen, 2018).
However, F,f of the PRE seems to be underestimated in our
simulation, since salt wedge intrusion in the area has been reported
by several studies (Mao et al., 2004; Cui et al., 2019) both during the
wet and dry seasons. The main reason for underestimation is likely
caused by an exclusion of tributaries on the western coast of the bay in
our model, therefore Uy is underestimated in our results.

The morphological change in the Lingding Bay between 1970s
and 2010s not only causes a remarkable decrease of M but also a mild
decrease of Fy. According to the simulation results in the Run_1970s,
stratification in the PRE mainly encompasses three types (salt wedge,
strongly stratified and partially mixed) in the wet season, whilst in the
dry season salt wedge is replaced by strain-induced periodic
stratification (SIPS) (Figure 11). In the Run_2010s, SIPS does not
exist in the dry season anymore, and the whole system is shifted
toward strongly stratified conditions. By contrast, a sea level rise of
20 cm (Run_2050s) only shows a minor impact on M and F,r when
comparing with the Run_2010s scenario. The range of M shifts
slightly to the left due to a sea level rise-induced decrease in
mixing. The range of F,; remains unchanged, suggesting that a 20
cm-sea level rise alone would not affect river flows in the study area.

The PRE shows both similarity (e.g. decrease of M along with an
increase of depth) and difference with other estuaries which have also
experienced human-induced deepening. In the Hudson estuary,
modification for navigation since the late 1800s has increased the
channel depth by 10-30%, which results in a strong salinity intrusion
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but almost no change in the estuarine circulation according to the
study by Ralston and Geyer (2019), which argued that the import of
salt by estuarine circulation is balanced by the export of salt by the
mean advection due to river discharge. Our results demonstrated that
both the import of salt and the estuarine circulation are enhanced by
the morphological change. The difference is likely to be attributed to
that (a) the Lingding Bay experienced not only deepening but also
reduction in water area by 8.1%, which have consequent impact on
tidal velocity and amplitude (Shen et al., 2018), and (b) an exclusion
of the effect of tidal mixing in the estimate by Ralston and
Geyer (2019).

The relationship between depth change and salt fluxes is
nonlinear in estuaries. Chant et al. (2018) found that a relatively
small (15%) increase in depth by dredging in a short reach of an
estuary may double the exchange salt flux and remarkably increase
stratification in the estuary. Ralston and Geyer (2019) found that
channel deepening by 10%-30% in the Hudson estuary increases
salinity intrusion by 30% and enhanced stratification during neap
tides. In the PRE, the channels (Zone 2) were deepened by 49%
(4.85m) from 1970s to 2010s, and the salt fluxes are increased by 78%,
resulting in an increase of stratification by max. 400% in the channel
area. Meanwhile, the west shoal was deepened by 28% along with a
significant reduction in its water area, leading to an increase of
stratification by max. 700%. These results suggest a highly amplified

TABLE 2 Index of stability of stratification at the four sites in the wet season.

and irreversible impact of human-induced morphological change on
estuarine environments in terms of stratification. It is worth noting
that although direct human interventions including sand mining and
land reclamation have been banned, other human activities which
may also affect morphological change of the estuary, such as channel
dredging and river damming, will still continue in future (Liu et al.,
2018). An exclusion of potential morphological change caused by
reduced sediment input from rivers due to damming or by extreme
events (e.g. floods, typhoons) in the future scenario Run_2050s would
lead to uncertainties of our estimation. To what extent these natural
and anthropogenic drivers would lead to morphological change and
consequence on estuarine circulation and stratification in future
remains to be explored.

Our simulations show a minor impact of sea level rise (by 20 cm
from 2010s to 2050s) on the stratification and circulation in the PRE.
However, climate change impacts not only the sea level but also other
environmental variables such as temperature and precipitation which
have not been taken into account in this study so far. Climate change
also seems to cause more frequent occurrence of extreme events such
as cyclones (storms) and marine heat waves. The former may strongly
affect the stratification at a short-term (as shown in our results), while
the latter could cause higher temperature in the surface water, thus
enhancing a thermal induced stratification [e.g., the southern North
Sea, Chen et al. (2022)]. However, in typical estuarine environments

Run_2010s (ref. to 1970s)

Run_2050s (ref. to 2010s)

Station Run_1970s
S1 17
S2 1611
S3 208
S4 1045

1475(+8576.47%) 1683(+14.10%)
2238(+38.92%) 2384(+6.52%)
285(+37.02%) 330(+15.79%)

1517(+45.17%) 1560(+2.83%)

The value represents the number of the time steps in the simulation when the maxium gradient Richardson number log10(Ri)>=1.
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such as the PRE where stratification is caused mainly by salinity
gradient, we hypothesized that a change in temperature gradient by
marine heat waves and enhanced solar radiation would not
significantly affect the stratification. To test the impact of sea
surface temperature increase on the stratification of PRE, a scenario
with an increase of surface water temperature (above the pycnocline)
at the open boundary by 2°C and enhanced atmospheric radiation
over the entire model domain in summer (July and August). These
results confirms our hypothesis and shows that the change in surface
water temperature has only minor impact on stratification of the PRE,

100

Salt wedge
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characterized by a change of the PEA within 5% from the reference
level (Supplementary Table 1; Supplementary Figure 2).

Future climate change might affect stratification in the PRE
mainly through modified river runoff. Hong et al. (2020) found that
the rate of increase in stratification in response to the sea-level rise is
higher during the high-flow conditions than that during the low-flow
conditions. This might be related to the stability of the stratification,
which shows a weaker vertical stratification with lower stability
during dry season, and opposite in the wet season. Since river
runoff is the main driving factor for monthly-to-seasonal variation
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Estuarine parameter space with the freshwater Froude number (F,) and mixing number (M). The red solid line calculated from o™ ZF,}I *M? = 1, in which
a=3.4, which divides the estuarine parameter space into estuaries that always remain stratified and those that experience boundary-generated mixing
during a tidal cycle. The location of PRE in different ages and different seasons are indicated in the figure. The yellow rectangle is the location of North
passage Yangtze River according to Chen (2018); the green rectangle represent the Hudson River according to Geyer and Maccready (2014). SIPS is
Strain-Induced Periodic Stratification. Modified from Geyer and Maccready (2014).
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of stratification in the PRE, how future climate change would affect
monsoon intensity and associated river runoff and consequent impact
on estuarine stratification remains to be further explored.

5 Conclusion

A high-resolution 3-D hydrodynamic model was used to
investigate the impact of mainly human-induced morphological
change (from 1970s till 2010s) and climate-induced sea level rise
(from 1970s till 2050s) on the stratification in the PRE. The following
conclusions are drawn from the simulation results.

1. Morphological change in the Lingding Bay (the main estuary
of the PRE) from 1970s to 2010s results in a bay-scale
enhancement of stratification by up to four times, with
maximum enhancement (up to seven times) at the western
shoal of the bay;

. Stratification in the PRE becomes more sensitive to tidal and
river runoff impact after the morphological change. The
variation is greatly amplified by the spring-neap tidal cycle.
The maximum enhancement in stratification occurs in the
transition period from neap to spring tides due to the increase
of advection of salinity variance;

. The relationship between depth change and salt fluxes is
nonlinear and varies among different morphological units. In
the PRE, the eastern channel and the western shoal
experience the greatest enhancement in both strength and
stability of stratification caused by the morphological change;

. Compared to an overwhelming impact of human-induced
morphological change in the past few decades, future change
of stratification driven by sea level rise would be further
strengthened but to a much less extent. The maximum
enhancement associated with sea level rise occurs in spring
tides due to the increased negative straining;

Our results suggest a highly amplified and irreversible impact of
human-induced morphological change on estuarine environments in
terms of stratification, which should be taken into account in future
planning of estuaries. The results of our researches might have
potential implications for the estuarine management, in particular,
human intervention such as the planning of land reclamation or sand
mining in Lingding Bay, etc. As the human intervention is the main
driving factor of variations of the hydrodynamic environment in PRE.
With the deepening of channels as well as the average depth of
Lingding Bay, the stratification becomes more stable and extends in
space. Cui et al. (2019) found that the spatial distribution of coastal
hypoxia can be well predicted by the overlapping zone between river
plume and salt wedge. Therefore, the distribution of stratification is
highly relevant to the occurrence of hypoxia in the PRE. Our model is
suitable for further scenario studies to assess the impact of climate
change and human intervention on estuaries.
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The formation and dynamics of individual estuarine turbidity maximum (ETM) in
the Pearl River estuary (PRE) have been investigated but the temporal variability of
the ETMs and interconnections among them remain poorly understood. To
address these open questions, the distribution and transport of suspended
particulate matter (SPM) in the PRE for the period of 2017-2020 are
investigated by numerical modeling. The simulated sediment transport flux is
decomposed into several major components associated with specific physical
processes. Then, the relative contribution of each component to the formation
of the ETMs is evaluated. Results suggest the coexistence of three prominent
ETMs in the Lingding Bay of the PRE. They are formed by different physical
mechanisms and characterized by remarkable seasonality in the spatial
extension. In the two ETMs located at the west shoal and middle shoal,
advection dominates the sediment transport flux, whilst tidal pumping plays a
crucial role in maintaining the ETMs. A sharp bathymetric gradient leads to an
entrapment of sediment flux within the bottom layer in the west channel ETM, a
phenomenon referred to as topographical trapping. The interconnection analysis
shows that the sediment transport between the ETMs varies with seasons, which
is attributed to the variation of stratification driven by the monsoon-mediated
river runoff. Our results provide new insights into the physical dynamics and
interconnections of the ETMs in the PRE, which can serve as scientific base for
estuarine sediment management and engineering.

KEYWORDS

estuarine turbidity maximum, advection, tidal pumping, interconnection,
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1 Introduction

Estuaries, as part of the transition zone between land and ocean,
are highly dynamic in terms of physical transport and
biogeochemical cycling. They serve as transient or long-term
sinks of sediments delivered by river runoff and tidal currents.
Estuarine turbidity maxima (ETMs) are zones of elevated
concentration of suspended sediments that often occur in
estuaries, and exert a significant influence on the morphological
development, biogeochemical cycling, and contaminant
redistribution of estuaries (Wai et al., 2004; Etcheber et al., 2007;
Cheng et al., 2013; Zhang et al.,, 2020; Moriarty et al., 2021).

ETMs are often located near the head of the salt intrusion where
the suspended sediment concentration (SSC) is higher than that in
the upstream and downstream sides of the estuary (Dyer, 1988).
However, the SPM dynamics in the ETMs exhibit significant
differences among estuaries, depending on local topography,
fluvial, and tidal forcing. The formation of ETMs can be
attributed to estuarine gravitational circulation, tidal pumping
and straining, sediment resuspension and settling, river discharge,
and topographical trapping (Burchard et al, 2018). Among all
driving factors, tidal pumping is often reported as the dominant
factor for ETM formation, which has been reported in well-mixed
macrotidal estuaries (Yu et al, 2014), partially stratified estuaries
(Scully and Friedrichs, 2007) and highly stratified estuaries (Garel
et al,, 2009). Tidal pumping denotes the barotropic, tide-induced
transport of suspended sediment. It is considered to be mainly
caused by tidal current asymmetry between the ebb and flood phase,
and sediment lag effects (Uncles and Stephens, 1989; Brenon and Le
Hir, 1999; Scully and Friedrichs, 2007). The latter refers to the phase
lag between the velocity and the variation of SSC during the flood
and ebb phase (Sommerfield and Wong, 2011). Tidal trapping
occurs when the cross-sectionally averaged velocity and SPM
signals are out of quadrature (MacVean and Stacey, 2011).

In estuaries with distinct seasonal variations in river runoff,
variation of the ETM is also characterized by seasonality. For
instance, in the Changjiang River, the ETM is located further
upstream and with higher concentration in the dry season than in
the wet season since the relative impact of tide currents is more
significant in the dry season due to reduced river runoff (Hua et al.,
2020). Seasonal enhancement of stratification due to increased river
runoff can influence the concentration of the ETM by suppressing
turbulence, which leads to a rapid accumulation of sediment near
the bottom, as reported by Geyer (1993). In addition, seasonal
change of wind-induced currents can also cause a landward or
seaward shift of the ETM (Rao et al, 2011). In an idealized
convergent partially mixed estuary investigated by Gong et al.
(2023), it was demonstrated that the down-estuary wind enhances
estuarine circulation and salt intrusion, thereby shifting the ETM
landward and increasing SSC through an increase in bottom stress.
Existing observations in numerous estuaries demonstrate that
ETMs are not necessarily correlated with the limits of
stratification or tidal propagation. Some ETMs appear to be
spatially locked and are associated with bathymetric transitions
(Burchard et al., 2018). Examples are seen in the Chesapeake Bay
(North and Houde, 2001) and the Danshui River (Chen et al., 2015).
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Formation of ETMs due to topography-induced sediment
convergence and enhanced deposition are also noted in the San
Francisco Bay (Schoellhamer, 2000) and the Hudson River Estuary
(Ralston et al., 2012).

In estuaries characterized by multiple ETMs, the response to a
change in river runoff, tidal forcing, temperature, and salinity
change may vary among the ETMs. For instance, a double ETM
structure in the Nam Trieu estuary was found by Vinh and Ouillon
(2021), with the downstream part of the double ETM resulting from
gravitational circulation and the upstream part driven by
tidal pumping.

The Pearl River Estuary (PRE) is the second largest river in
terms of water discharge and the third largest river in terms of
sediment loading in China (Liu et al., 2018). A rapid development of
the economy and associated human activities, such as channel
dredging, sand mining, and land reclamation, have caused an
irreversible change in the estuarine circulation, stratification, and
morphological change of the PRE during the past few decades (Ma
et al., 2023). In the PRE, it has been reported that the formation of
ETM is influenced by a combined effect of tides, river discharge, and
topography, wherein sediment resuspension dominates the
variation of ETM (Liu et al., 2016; Cui et al., 2022). According to
existing observations, multiple ETMs are found in the upper and
lower parts of the PRE (Wai et al., 2004; Yang and Liu, 2015b; Liu
et al, 2016; Cui et al, 2022). ETMs in the upper estuary were
observed between Qi’ao Island and Neilingding Island (Figure 1).
The intensity and extent of the ETMs are weaker during the wet
season than during the dry season as a result of variation of
stratification, and the center of the ETMs moves upstream
following the movement of salt wedge by a distance of ~10 km
during wet seasons (Liu et al., 2016). Based on the analysis of
observation data, Wai et al. (2004) proposed that gravitational
circulation and tidal pumping are the principal formation
mechanisms of the ETMs. However, a model study conducted by
Liu et al. (2016) argued that sediment resuspension and vertical
circulation are the major controlling factors of the ETMs in the
upper estuary. In the lower estuary, an ETM was observed close to
the west channel, in the west of Lantau island, in the wet season
(Cui et al,, 2022). In this ETM, particle resuspension induced by
tidal pumping and straining significantly increases the
concentration of SPM in the bottom layer.

In addition to the gravitational circulation and tides, complex
geographical and topographical features of many estuaries exert a
non-negligible influence on the dynamics of ETMs, including the
sediment exchange between different geographical units (Leuven
etal., 2019; Zhang et al., 2021a; Teng et al., 2022; Wang et al., 2022).
The PRE is featured by a channel-shoal system superposed by
various obstacles such as outcrops and islands (Figure 1). It has
been reported that the lateral sediment flux from the channel to the
west shoal leads to a large depositional rate (3.0-5.0 cm yr™') at the
western part of the estuary, together with the formation of an ETM
(Zhang et al., 2021a). However, according to our knowledge, there is
no study investigating the dynamics of the ETMs across multiple
time scales (from tides to multiple years) and potential
interconnections between the ETMs in the PRE. Given the large
natural topographic variation that is further complicated by
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FIGURE 1

(A) The study area. The red box indicates the range of the Lingding
Bay. The topographical features of the Lingding Bay are shown in
(B), the red box indicates the focus area in this study. The sediment
map shows the spatial distribution of clay (C), silt (D), and sand (E),
respectively. Sediment data stem from Zhang et al. (2019) for the
Lingding Bay and from Wang and Li (2014) for the outer estuary and
shelf area.

intensive human activities and sea level rise (Yuan et al., 2015; Wu
et al., 2016; Lin et al,, 2021), a comprehensive understanding of the
spatio-temporal dynamics of ETMs becomes increasingly vital.

In this study, we aim to fill the knowledge gap in understanding
the spatio-temporal dynamics of ETMs across multiple time scales
from tides, to multiple years and potential interconnections
between the ETMs in the PRE. We applied a high-resolution 3-
dimensional hydrodynamics-sediment transport model to
investigate the sediment transport and dynamics of ETMs in the
PRE from 2017 to 2020. Based on model validation by observation,
we decomposed the simulated sediment transport into major
components associated with specific physical mechanisms to
identify the relative contribution and variability of the drivers.
We then investigated the stability/variability of the ETMs and
their future fates associated with climate change. The derived
conclusions may help to inform coastal and estuarine spatial
planning strategies in the context of climate change mitigation.
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2 Study area

The PRE, with its major part located in the Lingding Bay, is
situated in the south of China, connecting to the South China Sea
(Figure 1). Morphology of the Lingding Bay is generally characterized
by three distinct shoals separated by two navigation channels, namely
the east channel and the west channel. The west shoal has the most
extensive area and is proximate to the trio of Pearl River outlets,
designated as Jiaomen, Hongqimen, and Hengmen, arrayed from
north to south, respectively. The suspended sediment in the PRE has
a mean concentration of ~200 mg L' and an annual flux of about 30
million tons, of which more than 90% is discharged during the wet
season. About 80% of the discharged sediment is deposited within the
estuary, and the rest is transported offshore to the continental shelf
(Wai et al., 2004).

The characteristics of suspended sediment in terms of particle
size and settling velocity spread over a wide spectrum in the PRE.
The median grain size of suspended sediments is reported to vary
between 10 and 100 umand the settling velocity is between 0.001
and 0.02 cm s™ (Xia et al., 2004). Sediment distribution map shows
that the abundance of clay (diameter< 2 um) is generally low in
most areas except near the northeast and southwest coasts, while silt
(diameter between 2 and 63 um) is abundant in the whole PRE
except for the waterways and channels, where the bottom is mostly
(>70%) covered by sands (Figures 1D, E).

The tides in the PRE are of asymmetric, semi-diurnal and
partially mixed type in which the tidal fluctuations between two
consecutive tides may have different amplitudes. The tidal range is
between 1.0 and 1.7 m in a major part of the estuary, with
maximum value up to 3.7 m in some local parts (Mao et al,
2004). A gradual increase in the flood-to-ebb duration ratio is
observed downstream and eastward, with a notable dependency of
tidal duration asymmetry on river discharge rates. A substantially
increased river discharge amplifies the ebb duration during the wet
seasons (Mao et al., 2004).

3 Methods and data
3.1 Numerical model

3.1.1 Hydrodynamic setup

We applied the Semi-implicit Cross-scale Hydrodynamic
Integrated System Model (SCHISIM) (Zhang et al., 2016).
SCHISM solves the Reynolds averaged Navier-Stokes equations
using unstructured grids, which allow us to adequately account
for coastal dynamics over the complex topography with fine spatial
resolution. Effect of wind-waves is included in SCHISM though a
coupling to the third-generation, unstructured-grid Wind Wave
Model IIT (WWM II).

The model domain covers the PRE and its eight river outlets
spanning from 21 to 23°N in latitude and 112.4 to 115.25°E in
longitude (Figure 1A). The grid resolution is ~50 m in the Lingding
Bay and gradually coarsens to approximately 1000 at the open
boundary on the South China Sea shelf. The vertical plane is divided
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into 26 maximum layers. A terrain-following grid is employed near
the bottom of the model domain. The number of vertical layers is
different between shallow and deep water. In shallow water, the
number of vertical layers is reduced, for instance, to a single layer in
areas with depth less than 0.4 m. Whilst the number of layers
becomes increasingly larger in deeper water, until reaching 26 layers
in the deepest cell (~100 m) of the model domain. To ensure a high-
resolution modeling for the bottom transport, the vertical grid has
been designed with a resolution of approximately 0.5 m for the
bottom-most layer throughout the entire model domain. The open
boundary is forced by 8 major tidal constituents (M2, S2, N2, K2,
K1, O1, P1, Q1) superposed by the regional circulation provided by
the CMEMS product (doi.org/10.48670/moi-00021). Monthly
discharge rates were specified at each of the river outlets. The
ECMWEF ERAS5 reanalysis was used as atmospheric forcing. The
model was used to reproduce hydrodynamics and sediment
transport from July 2017 to September 2020. A detailed model
configuration for hydrodynamics is provided in Ma et al. (2023),
including the validation of water level variation and velocity field.

3.1.2 Sediment setup

The sediment model (SED3D) integrated into SCHISM,
described in detail in Pinto et al. (2012), is adapted from the
Community Sediment Transport Model (Warner et al, 2008).
The sediment model calculates erosion, deposition, suspended
load, and bed load transport of multiple sediment classes. Classes
of suspended sediment are represented by tracer concentration
values with sinking velocities dependent on grain size. The
transport of these particles is managed by the implicit schemes of
the hydrodynamic core. In this study, the critical shields parameter
from Soulsby (1997) was used to specify the threshold for erosion of
each sediment class. Bed load transport is neglected since it does not
contribute to the dynamics of SPM and the formation of ETMs.

We implemented three sediment classes, namely clay, silt, and
fine sands (Table 1), according to the sediment map from Zhang
et al. (2019) for the Lingding Bay and that from Wang et al. (2014)
for the outer estuary and shelf area. The initial fraction of each
sediment class (Figures 1C-E) in the seabed was specified according
to the compiled sediment map.

At the river boundary, the monthly sediment loading data
obtained from the Sediment Report of China (http://
www.mwr.gov.cn/sj/tjgb/zghlnsgb/) were implemented. In order
to distinguish the source of SPM in the model domain, six
sediment classes were defined in the simulation. These included
three classes (clay, silt, and fine sand) explicitly delivered by river

TABLE 1 Configuration of sediment classes in the model.

Sediment

Settling velocity (mm

Erosion rate (s m™)

10.3389/fmars.2024.1385382

discharge during the simulation period, and three classes (clay, silt,
and fine sand) initially from the local seabed in the study area.

with the intention of exploring the interconnections between
the ETMs in the PRE, an additional dedicated model experiment
was performed in which erodible silt (Table 1) is placed at the
seabed of three sites where the nucleus of the three ETMs are
located, as illustrated in Figure 2. Meanwhile, other parts of the
seabed are specified as hard bottom and sediment input from the
rivers, and the open boundary is set to zero, ensuring that there are
no other sediment sources for the ETMs. The silt placed at each site
is classified as an independent sediment class (e.g. silt from the
TM_shoalw is labeled as Silt_TM_shoalw) despite that the same
physical properties (Table 1) are used so that the transport of each
class can be traced individually and their relative contribution to the
ETMs can be quantified. The simulation period also covers the time
from July 2017 to September 2020.

3.2 Data

Observation data provide important means for
parameterization, initialization, calibration and validation of
the model.

In General, fine-grained sediment can be classified into three-
grain size classes, namely clay (0-0.004 mm), silt (0.004-0.063 mm),
and sand (0.063-2 mm) according to Shepard (1954). In this study,
the exact grain size of each class is configured (Table 1) based on
observations from Xia et al. (2004) and Zhang et al. (2019). The
settling velocity and erosion rate for each class are obtained from
Xia et al. (2004) and Arlinghaus et al. (2022). For the erosion rate
and critical shear stress of each class, the general formula by
Winterwerp et al. (2012) are applied.

Data from Zhang et al. (2019) show that the area exhibits low clay
abundance, with exceptions near the northeast and southeast
coastlines. The sediment map exhibits a high abundance of silt,
which is present throughout the PRE, with the exception of the
channels, which are dominated by sand. The sand content exceeds
70% in channels.

The time series observation of SPM on 25-26 August 2018 at a site
on the west shoal (Zhang et al, 2020) was used to calibrate the
sediment model. The available data for the validation of the location
of ETMs were obtained from a number of sources (Yang and Liu,
2015a; Liu et al,, 2016; Cui et al., 2022). The distribution of SPM and
salinity of a transect was utilized to validate the model result, which was
derived from Cui et al. (2022). A full list of data sources is provided
in Table 2.

Critical shear stress for

class s resuspension (Pa)
Clay 0.00184 0.0082 ‘ 2.15x10-* 0.4
Silt 0.0317 0.2 ‘ 8.15x10-" 0.11
Sand 0.303 25 ‘ 3x10-° 9.9
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FIGURE 2
Location of the sites where erodible silt is placed in the experiment
for analysis of interconnections between the ETMs.

3.3 Decomposition of sediment transport

Based on the analytical method of mass transport flux proposed
by Dyer (1974), and using the relative depth as a vertical coordinate
instead of absolute depth, Jilan and Kangshan (1986) decomposed
cross-sectional currents for analysis of respective forcing. The same
method was applied by (Wai et al., 2004) to investigate tidally
averaged sediment transport, the sediment transport was
decomposed into non-tidal drift, stokes drift, tidal pumping,
vertical gravitational circulation, and a term resulting from
scouring and settling activities.

Utilizing the aforementioned decomposition methodology, the
terms derived from the model results were reassessed in terms of
their actual contribution to sediment transport. This re-evaluation
process ensures a more accurate understanding of each term’s role

10.3389/fmars.2024.1385382

within the sediment transport. We made the decomposition of
sediment transportation as follows:
Sediment transport flux at each grid cell is calculated by:

f= [: ucdz, (1)

Where f is the sediment flux, & is the local water depth, 1 is the
sea surface elevation, z is the vertical coordinate with zero at the
mean sea level, u(z) is the current velocity with a vertical structure
and ¢(z) is the SSC which also varies vertically.

h is composed of a tidally averaged value (h,) and its deviation

hy(1):
h(t) = hy+h(t). 2)

The current velocity u is composed of a vertical averaged value
() and its deviation (u,(2)):

u(z) = i+ u,(z), (3)

where u varies with time (e.g., tides). Thus % is composed of a
tidally averaged value u, and its deviation u(t).

u(t) =t + u,(t) (4)

Thus, the combination of Equations 3, 4 allows for the
decomposition of current velocity to be expressed as follows:

u =Ty + u(t) + u,(z, t) (5)

Following the method for velocity decomposition, the
concentration of sediment can also be decomposed into similar
terms:

c=cg+¢(t)+c(zt) (6)

TABLE 2 Data sources used for model initialization (Init.), setup parameterization (Param.), forcing (Forc.), and model validation (Valid.).

Type Use Time Description Source/provider
Sediment fraction  Init. 1999-2007 Percentage of clay, silt, and sand at 240 sites sampled in July 1999 and (Zhang et al., 2019)

106 sites sampled in August 2007
Sediment fraction | Init. 2007 Surface sediment map of the PRE (Zhang et al., 2021a)
Sediment classes Param. | January and Particle size and settling velocity of SPM (Xia et al., 2004)

July 1999
Sediment classes Param. | - Setting velocity of clay (Arlinghaus et al., 2022)
sediment Param. | 2002/2003 and Model parameterization for erosion rates (Porz et al., 2021)
model parameter 2014/2015
Sediment loading Forc. 2017-2020 Monthly sediment loading from the river outlets Sediment report of China http://
www.mwr.gov.cn/sj/tjgb/zghlnsgb/

Hydrodynamics Forc. 2017-2020 Model setup for tides, river discharge, open boundary forcing, and (Ma et al., 2023)

atmospheric forcing
ETMs Valid. 1978-2012 Spatial distribution of ETMs in the upper part of the PRE based (Yang and Liu, 2015b)

on observation
ETMs Valid. - Distribution of ETMs in the upper part of the PRE based on (Liu et al., 2016)

model study
ETMs Valid August 2019 Observed vertical SPM distribution (Zhang et al., 2021b)
ETMs Valid. July 2020 ETM in the lower part of the PRE based on observation (Cui et al., 2022)
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The instantaneous sediment transport flux is calculated based
on the decomposition of depth (Equation 2), current velocity
(Equation 5), and SPM concentration (Equation 6). The resulting
equation is as follow:

f=(ho + b)) (@ + u,(6) + u, (2, 0)(G + (D) + ¢(z,1) . (7)

A complete decomposition of f (Equation 7) over a tidal cycle (f)
is approximated by seven major flux terms:

(f ) = hotigCq + ¢ { by ) + Ug ( By ) + b (UC; )
+(hne ) + ho (6, ) + (hyiiye, )

=T+ T+ T3+ Ty +T5+Tg+ Ty, (8)

In Equation 8, the brackets ( ) indicate the tidally averaged value,
while the over bar symbol denotes the vertical average value. T refers
to the mean advective flux, T, accounts for the transport by stokes’ drift
related to tides wave, and T3, T, Ts are the tidal pumping terms that
arise from the phase lag between variables related to the tidal cycle, with
negative values corresponding to the phase lag between variables
beyond /2, Ty and T, refer to the vertical gravitational circulation
related to the estuarine exchange flow and the change of water depth
partly caused by sediment scouring and settling, respectively.

The sediment transport in a single model layer (assuming h = 1)
in which both current velocity and sediment concentration are
vertically uniform, Equation 1 is simplified as:

fo=uc )

Following the aforementioned decomposition methodology, f,
(Equation 9) in a single layer can be decomposed into:

fo = tgcy + o () + u(£)cy + u, () (1) . (10)

The terms wuyc,(t)and u,(f)cyare much smaller than the other
three terms after being averaged over the tidal cycles, and therefore
Equation 10 can be further simplified as:

(11)

We computed the transport flux and its major terms in the

(fo) = oo + (uecy ) -

bottom-most model layer. The Equation 11 can be rewritten as follows:

(fo) = Toa + Ty, (12)

where subscript b denotes the bottom layer, T}, represents the
mean advective transport, Ty, is the tidal pumping term
corresponding to the phase lag transport between velocity and
sediment concentration associated with sediment resuspension
and settling. These terms collectively govern the sediment
transport dynamics in the bottom layer, in which the nucleus of
the ETMs is located.

4 Results
4.1 Model validation

The hydrodynamic model has been validated in terms of water
level, salinity, and temperature by Ma et al. (2023). In this study, the
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simulated suspended sediment distribution and associated
hydrodynamic parameters are compared to observations.

4.1.1 Location of ETMs

In accordance with previous studies (Wai et al., 2004; Cui et al.,
2022), the areas where the SSC surpasses 100 mg L™ near the
bottom are designated as ETMs. Our model result shows three
ETMs in Lingding Bay in the wet season (Figure 3). One of them is
located on the West shoal to the northeast of Qi’ao Isl (named
TM_shoalw hereafter) and one on the Middle shoal to the east of
Neilingding Isl (named TM_shoalm hereafter). These two ETMs
have been observed and described by Yang and Liu (2015b); Liu
etal. (2016), and Zhang et al. (2021b), and confirmed by our model
results. The modeled concentration of SPM in the TM_shoalw is
generally greater than in the TM_shoalm, which has also been
reported by existing literature. In addition to the two ETMs on the
shoals, a third ETM is located in the western channel (named
TM_channel hereafter, Figure 3). This ETM had not been reported
until the observation by (Cui et al., 2022).

Our simulation results are able to capture all three ETMs in the
PRE that have been observed in the wet seasons in terms of spatial
location and SSC level (Figure 3).

4.1.2 SPM dynamics

The assessment of simulated SPM dynamics is based on a
comparison with observation data. Existing observations in the
study area indicate that the distribution of SPM is constrained by
salinity-induced stratification (Zhang et al., 2021b; Cui et al., 2022).
The observation data shown in Figure 4A depicts the vertical profile
of SPM along the transect, which exhibited a high concentration up
to 300 mg L™ in the bottom layer. The high concentration was
observed at the salinity front. As illustrated in Figures 4B, C, the
model output during the same period exhibited a similar
distribution of salinity and SPM. The comparison between the
modeled and observed distributions of salinity and SPM indicates
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FIGURE 3

The spatial distribution of SSC in the bottom-most model layer in
the wet season shows three ETMs in the study area in consistency
with existing field observations. The blue line refers to the
observation transect in Cui et al. (2022), and the red dot indicates
the location of the site (S) where a lander was deployed in that
study. Observation data from the transect and from site S were used
to assess the model result.
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FIGURE 4
The distribution of sanility and SPM concentration along a transect
in Lingding Bay. (A) Observed distribution of SPM concentration
along the transect (during July 2020) by Cui et al,, (2022). (B) and
(C) snapshots of model results during a tidal cycle in the same day.
The contour line of salinity of 25 psu and SPM concentration of 110
mg L™ was marked by the black line in respective plots.

that the model reproduced the observations with a reasonable
degree of accuracy.

The time series of current velocity demonstrates the dominance
of tidal cycles at the observation site S. The variation of salinity and
SSC exhibit a strong connection with tidal cycles and additionally
controlled by the two-layer flow (low-salinity fresh water above
saline water), as evidenced by both model results and observations
(Figure 5). Besides a background concentration of 50-100 mg L™,
enhanced near-bottom SPM concentration (150-200 mg LY
appearing in pulses are induced exclusively by strong tidal
currents during the flooding phase at site S. This variation is also
captured by our simulation results. Model results indicate an
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elevated bed shear stress during the flooding phase (Figure 5G),
suggesting a tidal pumping effect at this site.

4.2 Formation mechanisms and dynamics
of the ETMs

The physical mechanisms and dynamics of the ETMs are
featured by distinct seasonality in the PRE. To provide a clearer
depiction of the variation of the ETMs, the contour line of 100 mg
L is defined as the boundary of an ETM.

4.2.1 Spatial distribution

Our simulation results show that the physical mechanisms for
the formation of the TM_shoalw and TM_shoalm show high
similarity (Supplementary Figures S2, S3). These two ETMs are
both formed by the convergence of SPM delivered by fresh riverine
water and saline oceanic water. The formation of the TM_channel is
driven by a different mechanism compared to the other two. The
location of the nucleus of the ETMs remains relatively stable,
despite that they exhibit different extension and SSC between wet
and dry seasons. To avoid redundant process descriptions, we focus
on the elucidation of the TM_shoalw (which shares similarity with
the TM_shoalm) and the TM_channel.

In the TM_shoalw, the spatial average SSC exceeds 170 mg L™
in the wet season, with a reduced level in the dry season. Notably,
the spatial extent of the ETM is more pronounced during the wet
season, whilst the location of its nucleus remains unchanged
(Figures 6C, D). This stability in the nucleus location is attributed
to the confluence of fresh riverine water and saline oceanic water,
forming a distinct salinity front along the western shoal in both
seasons, as illustrated in (Figures 6A, B). The estuarine front traps
SPM, primarily due to the suppression of turbulence by
stratification (Geyer, 1993; Largier, 1993). TM_shoalw is
consistently located to the shoreward side of the front (Ma et al.,
2023), effectively trapping SPM from both riverine and oceanic
sources. The higher concentration of TM_shoalw in the wet season
results from the larger river flow and sediment loading, given that
the wet season accounts for approximately 70% of river flow and
85% of the sediment load annually.

In the TM_channel, the average SSC is 120 mg L' and 133 mg
L™ during the wet and dry seasons, respectively. The lower SSC in
the TM_channel than in the TM_shoalw is due to the smaller
fraction of silt in the channel which serves as the main source of
SPM. An enhanced stratification occurs in the channel area in the
wet season (Figure 6), which is induced by the extensive river plume
that suppresses the saline water to the channel (Ma et al., 2023). The
stratification reduces turbulence greatly, resulting in lower SSC in
the TM_channel in the wet season compared to the dry season
(Figure 6). The stratification also affects the spatial extent of the
TM_channel. In the wet season, the TM_channel is mainly
restricted to the deeper channel, whereas it extends upstream and
to the shoals during the dry season. This pattern is clearly different
from the TM_shoalw, which shrinks in the dry season.
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FIGURE 5
Vertical distribution of (A, B) eastward velocity u, (C, D) northward velocity v, (E, F) salinity, (G, H) SPM concentration at S site. The left panel is model
result, and the right panel is observation data derived from (Cui et al., 2022). The solid line in (G) indicates simulated bed shear stress with axis on the
right (unit: Pa).
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FIGURE 6

(A, B) Horizontal bottom water salinity gradient in the wet and dry seasons, respectively. The green line depicts the estuarine front according to
Ma et al. (2023), and the green line marks the 7-m isobaths. (C, D) Seasonal average SSC in the bottom layer in the wet and dry seasons,
respectively. The yellow lines mark the 100mg L™* contours, and the dashed black line marks the transect which is plotted in (E=H). (E, G) show
the distribution of salinity and SSC along the transect in the wet season, respectively. (F, H) are for the same parameters but for the dry season.

Frontiers in Marine Science 08 frontiersin.org


https://doi.org/10.3389/fmars.2024.1385382
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Ma et al.

4.2.2 Residual current and sediment flux

A comparison between the residual current and the residual
sediment flux provides insight into the physical mechanisms for the
formation of the ETMs. The simulated residual current and
sediment flux in the bottom and surface layers in the wet and dry
seasons are depicted in Figure 7. In the surface layer, the residual
current predominantly exhibits a seaward direction in both the wet
and dry seasons. In the lower reach of the estuary, the current is
primarily influenced by the large-scale coastal current that is driven
by the monsoon, that is, northeastward in the wet season and
southwestward in the dry season (Zu and Gan, 2015). SPM in the
surface water layer is mainly from the riverine sediment load and
the residual transport direction generally follows the surface
residual current, with elevated values in regions characterized by
pronounced resuspension (Figures 7A, B).

The residual current and residual sediment flux in the bottom
layer is significantly modulated by the estuarine morphology and
tides (Figures 7C, D). The saline water intrudes into the estuary via
the channel in the bottom layer, and the extension is much further
upstream in the dry season than in the wet season. This significantly
modifies the residual current and sediment transport flux at a
seasonal scale. The bottom residual current on the west shoal is
directed to the northwest, which results from a shear front between
the west channel and the west shoal that is consistent with a
previous study (Zhang et al., 2021a). The residual sediment flux
follows the direction of the residual current within the channel.
However, large discrepancies in their directions occur on the west
shoal. This is due to the tidal asymmetry of SSC. In a major part of
the west shoal, the bottom residual current points to the right
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relative to the residual sediment transport direction, indicating that
the SSC is elevated during the ebbing phase compared to the
flooding phase.

The formation of the TM_shoalw mainly results from a
convergence of the residual transport. During the wet season,
there is a notable convergence of residual current and sediment
flux in both the surface and bottom layers. However, during the dry
season, the convergence is weakened in the surface layer, leading to
lower SSC than in the wet season.

In the TM_channel, the residual current and sediment transport
are directed seaward in the surface layer, whereas landward
transport occurs at the bottom. At the boundary between the west
shoal and the west channel, an entrainment of SPM is induced by
the counteracting surface and bottom residual transport, marking
the boundary of the TM_channel. Along the west channel, a
relatively sharp gradient in the bathymetry of Lantau Island on
both landward and seaward sides creates a hole-like topography in
the channel (Figure 1). Baroclinic circulation and stratification are
locally intensified in this area (Figure 6), and hinder the landward
SPM transport. This specific sediment trapping mechanism leading
to the formation of ETM that is locked at topographic transitions
independent of salinity is termed topographic trapping (Burchard
et al., 2018).

4.2.3 Sediment sources

According to previous studies, a major portion of the riverine
sediment is initially deposited in the estuary (Wai et al., 2004) and
therefore contributes to the formation of the seabed in modern
times. In this study, we distinguish the source of SPM in the ETMs

residual sediment flux (mg/mzls)

-
(=}
IS

residual sediment flux (mg/mzls)

-
o
w

Dry season

Residual current direction (blue arrows) and sediment transport flux (direction indicated by black arrows and magnitude indicated by the color) in the
surface (A, B) and bottom layers (C, D). (A, C) are for the wet season, whilst (B, D) are for the dry season. ETMs are indicated by the yellow lines in

the bottom layer. The white line refers to the 7 m-isobaths.
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between the sediment directly delivered by the river plume and local
resuspension, despite that locally resuspended sediment may also
have a terrestrial origin. The modeled fractions of SPM in the ETMs
from these two sources are shown in Figure 6.

Our results show that local resuspension contributes to a major
part of the SPM in all ETMs. In the wet season, SPM delivered
directly by the river plume is also important for maintaining the two
ETMs in the upper part of the estuary (Figure 8), whereas the ETM in
the lower part of the estuary (TM_channel) is almost exclusively
maintained by resuspended sediment. In the dry season, there is an
enhanced contribution of local resuspension across all three ETMs,
with the most pronounced observed in the TM_shoalm. In the
TM_channel, local resuspended sediment almost entirely dominates.

4.3 Processes of SPM transport in the ETMs

The relative contribution of various sediment transport
processes to the ETMs was quantified through a decomposition of
the sediment transport flux (section 3.2).

4.3.1 Temporal variation

The time series of sediment transport terms averaged over the
area of the TM_shoalw and TM_channel respectively, are shown in
Figure 9. Results show that the sediment flux is largely modulated
by river discharge and sediment loading. High water discharge and
high river sediment loads occur in the wet season, whilst lower
water discharge and river sediment loads occur in the dry season.
During the simulation period, the wet season of 2018 experienced
the lowest water discharge and sediment loading compared to the
wet seasons of other years. This seasonal signal is clearly reflected in
the advection and resuspension terms.

In the TM_shoalw, which is located close to the river outlets,
sediment transport is featured by a generally southward-directed
(i.e, seaward) net transport in the wet season and northward-
directed (landward) net transport in the dry season jointly caused
by the mean advection and tidal oscillations. At an hourly scale, the
tidal oscillation-induced sediment flux can reach several times

10.3389/fmars.2024.1385382

larger than the advective transport in magnitude. However, the
tidal transport is largely balanced between landward and seaward
transport when averaged weekly (7-day moving average)
(Supplementary Figure S2). The mean advective transport is
largely modulated by the river runoff and exhibits a distinct
seasonality, featured by prominent seaward transport in wet
seasons and landward transport in dry seasons (Figure 9E). The
tidal pumping T}, contributes to a significant fraction of sediment
transport flux in the TM_shoalw, which is attributed to the large
fraction of suspended fine-grained particles (e.g. clay)
(Supplementary Figure S1). Ty, is generally positive (northward-
directed) in the dry seasons and negative in the wet seasons,
suggesting a different seasonal response of SSC to current
velocity. Particularly, negative values of Ty, (Figure 9G) indicate a
long phase lag between flow velocity and SSC which are in opposite
phases, resulting mainly from a small settling velocity of clay. Two
factors contribute to the significant presence of clay around Qi’so
Island during the wet season. Firstly, Qi’ao Island’s proximity to the
outlet allowing it to receive substantial quantities of clay directly
delivered by the river runoff. Secondly, SPM from the riverine
runoft is trapped in this place due to a flow convergence (Figure 7).

In the TM_channel, the magnitude of sediment flux is larger
than the TM_shoalw. In contrast to the TM_shoalw, the mean
advective transport in the bottom layer of TM_channel is mostly
northward (i.e., landward) driven by the gravitational circulation in
the wet season. In the dry season, despite a higher SSC level
(Figure 4) caused by enhanced mixing, the gravitational
circulation is suppressed, leading to reduced mean advective
sediment transport compared to the wet season Figure 9F. During
the period of low river discharge, the advective sediment transport
may even turn to a seaward direction. On a weekly scale (7-day
moving average), the tidal pumping transport Ty, is generally
positive and shows elevated values when river discharge is high,
indicating a synchronized response of SSC and the current velocity
that are with a small phase difference.

In each ETM zone, hourly-to-daily fluctuations of sediment flux
are predominantly driven by tidal oscillations. However, at a longer
time scale (weekly to yearly), variations in the net sediment flux
patterns are primarily influenced by advection and tidal pumping.

[ resuspended [ riverine

100% r
Wet Dry Wet Dry Wet Dry
80% - season | season season | season season | season
60% -
40%
20%
5 [ |
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FIGURE 8

Fractions of SPM in the ETMs from the two sources (local resuspension and river plume) distinguished between wet and dry seasons according to

the simulation results.
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transport direction in (C—H).

4.3.2 Spatial variation

The spatial distribution of seasonal averaged bottom sediment
flux, integrated over three months of the wet and dry seasons,
respectively, is calculated to examine their roles in the ETMs across
distinct geographical units. The seasonal averaged terms were
derived using the following equation:

t
T =1 | Tt (13)
tJo

In the Equation 13, T, represents f;, Ty, and Ty, from Equation
12. These terms are averaged over the wet and dry seasons,
respectively, yielding fy;,, Tpain and Ty, for each grid cell over
the PRE.

Results shown in Figures 10, 11 indicate that bottom sediment
flux (fy;,) and all three terms (T, Typin) are most pronounced in
the west channel and influenced by bathymetrical gradients. The
bottom sediment flux shows f;;, convergence in TM_ shoalw and
strong advective transport in the west channel. The sharp depth
gradient between 22.2N° and 22.3°N (Figures 6E-H) results in a
decrease of northward transport, leading to topographic trapping of
sediment in the channel. This effect is responsible for the formation
of TM_channel (Figure 6). Despite a difference in the strength of the
terms, their transport direction remains stable between the wet and
dry seasons.

Compared to a consistent transport direction of each term in
the western channel, the shoal area is featured by convergence and
divergence in these terms, along with reduced strength (Figures 10,
11). The advective transport term Tj,;,, shows convergence in the
TM_shoalw both axially and laterally in in both wet and dry
seasons. The divergence within the TM_shoalw is attributed to
Typin» which shows tidally forced oscillation of the spatial extension
of TM_shoalw.

Results in Figures 10, 11 indicate that the upstream of
TM_shoalw is characterized by a landward sediment flux whereas
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the downstream of TM_shoalw is associated with a seaward
sediment flux due to tidal pumping. Tidal pumping contributes to
a net divergence of sediment flux. The same pattern was found in
Yu et al. (2014). Upon the establishment of the ETM, tidal pumping
predominantly dictates its mobility, aligning the ETM’s movement
with the flood and ebb tides. The pronounced value of Ty, in the
west shoal is located between 22.35N° and 22.45N° as shown in
Figure 10, which is consistent with the swing of the ETM over a tidal
cycle reported by Dong et al. (2020). The minimum value of Ty, is
located in the center of TM_shoalw. As proposed by Dyer (1995),
the tidal pumping terms are likely to be a minimum at the locations
near the peak of turbidity maximum, which is mainly associated
with the asymmetry in the tidal flow (for details of the relationship
between tidal asymmetry and tidal pumping, please refer to
Supplementary Material).

4.4 Interconnections between ETMs

ETMs are spatially distributed across various morphological
units within the PRE, yet exhibit interconnections, which are
revealed by the experiments described in 3.1.

Results (Figure 12) show that on TM_shoalw, the sediment
input from TM_channel and from TM_shoalm are comparable.
This remote transport is markedly more pronounced in the wet
seasons, approximately fivefold compared to the dry seasons. Two
transport pathways exist from the west channel (TM_channel) to
the west shoal (TM_shoalw): one follows the ‘TM_channel-
TM_shoalm-TM_shoalw’” route across the middle shoal, and the
other is the direct “TM_channel-TM_shoalw’ route. The former is
influenced by the anti-clockwise circulation within the PRE
(Figure 7). The latter can be attributed to lateral circulation,
moving sediment from the west channel to the southern part of
the west shoal, eventually reaching TM_shoalw (Figure 7).
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FIGURE 10

Spatial distribution of fy, Thain and Ty, in the bottom water layer in the wet (left column) and dry seasons (unit: m-mg - s7tLL). Positive (red color)
and negative (blue color) values indicate northward and southward transport, respectively. The green lines indicate the 7-m isobaths, and the black
polygons indicate the boundary of ETMs where SSC exceeds 100 mg L. The red boxes indicate the focus area of this study.

Regarding TM_channel, sediment input from TM_shoalw is
quite limited. This can be attributed to two primary factors. Firstly,
the convergence effect results in sediment being predominantly
trapped in TM_shoalw. Secondly, sediment transported out of the
west shoal tends to settle in its southern part, as explained in section
4.2.2. Sediment transport from TM_shoalm to TM_channel is more
pronounced during the dry seasons. This transport pattern is
influenced by the seasonal stratification dynamics (Figure 12E).
Intense stratification during the wet season impedes sediment
movement from TM_shoalm to TM_channel. However, with the
weakening of stratification in the wet season, this transport pathway
becomes more active.

For TM_shoalm located in the middle shoal, sediment input
from TM_shoalw is minor, primarily because the transport
direction between the middle shoal and the west shoal is
westward (as shown in Figure 7). The sediment movement from
TM_channel to TM_shoalm is influenced by multiple factors.
Firstly, salt intrusion at the bottom during the wet season
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amplifies this transport. Secondly, the enhanced river discharge
from May to July causes the saltwater front to recede seaward,
preventing sediment from reaching TM_shoalm. This suggests that
sediment transport from TM_channel to TM_shoalm is contingent
upon the establishment of stratification during the wet season and
the location of the estuarine front.

Peaks in sediment transport arise from extreme short-term
weather events. For instance, our results suggest that a tropical
storm leads to significant sediment transport from TM_channel to
TM_ shoalm (Figures 12D, F).

In summary, during the wet season, the presence of
stratification and the anti-clockwise circulation of the PRE
promotes a ‘TM_channel-TM_shoalm-TM_shoalw’ sediment
transport pathway across the three ETMs and a ‘TM_channel-
TM_shoalw’ pathway between two ETMs. In the dry season, as
stratification diminishes, these transport pathways become less
stringent, and sediment exchange between TM_channel and
TM_shoalm becomes more active (Figure 13).
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FIGURE 11

Spatial distribution of = s, Thanand Tppiy in the bottom water layer in the wet (left column) and dry seasons (unit: m - mg - s, Positive (red
color) and negative (blue color) values indicate eastward and westward transport, respectively. The green lines indicate the 7-m isobaths, and the
black polygons indicate the boundary of ETMs where SSC exceeds 100 mg L. The red boxes indicate the focus area of this study.

5 Discussion

5.1 Impact of morphology on ETM

Our modeling outcomes underscore the pivotal influence of
morphological characteristics on the spatial distribution of ETMs
within the PRE. Specifically, the two upstream ETMs (TM_shoalw
and TM_shoalm) are situated in the west shoal and middle shoal,
respectively, while the downstream ETM (TM_channel) is centered
in the west channel, with an extension towards the west shoal.
While prior research has identified ETM zones, the majority have
been singularly focused on individual zones (Geyer et al, 2001;
Sommerfield and Wong, 2011; Hua et al, 2020). Our model
captures all three ETMs in the PRE, offering an opportunity for
deepening the understanding of SPM distribution shaped by the
interplay between morphological features and the estuarine
circulation as well as interconnections among ETMs.

Tidal pumping-induced residual flow and sediment transport
are pivotal in maintaining the ETM at the head of saltwater
intrusion (Sommerfield and Wong, 2011; Li et al., 2014; Yu et al,,
2014; Wan and Zhao, 2017). Moreover, ETMs are also observed at
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bathymetric transition zones (Schoellhamer, 2000; Geyer et al,
2001; Chen et al, 2015). The genesis of such ETMs can be
attributed to topographical trapping (Burchard et al., 2018). Both
formation mechanisms mentioned are manifested in this study. The
two ETMs developed on the shoals, namely TM_shoalw and
TM_shoalm, are sustained at the salinity fronts where residual
transport from offshore and onshore directions converge (Figure 5).
Despite that the formation of these two ETMs is caused by transport
convergence, local resuspension contributes to a major portion of
SPM in the ETMs (Figure 6). Interestingly, both ETMs are located
on the eastern side of the islands, and the enhanced tidal currents in
the island proximity are responsible for maintaining a high level of
SSC in the two ETMS. Because these two ETMs are formed by the
transport convergence at the front, their size variation is largely
controlled by the movement of the salinity front between dry and
wet seasons. By contrast, the ETM in the channel (TM_channel) is
formed by topographic trapping and exhibits an extension towards
the west shoal (Figure 4) during dry seasons whereas a shrinks in
wet seasons. The extension of TM_channel results from lateral
circulation driven by the baroclinic pressure gradient (Zhang et al.,
2021a; Gong et al, 2022). The inversely co-varying dynamics
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FIGURE 12

Interconnections between the ETMs as revealed from the simulation result of July 2019 - September 2020. (A) Monthly river discharge for the
period of July 2019 — September 2020. (B—D) Temporal variation of local and non-local SPM components in each ETM zone; black, red, and blue
denote the components of SPM originating from TM_shoalw, TM_channel, and TM_shoalm, respectively; The calculated potential energy anomaly
(PEA) of site 3 is depicted in (E). In the subplot (F), the left y-axis represents the frequency of wind direction in 10 days, with blue indicating
southwestward wind and red indicating northeastward wind. The right y-axis denotes the wind speed in meters per second(m/s). The black box
indicates the passage of tropical storm Sinlaku from 31 July to 2 August 2020 (https://www.hko.gov.hk/en/publica/tc/tc2020/section3_2rpt.html).

between the ETMs in the upstream (TM_shoalw and TM_shoalm)
and the ETM in the downstream promote an active exchange of
sediment among the ETMs as shown in our simulation results.

5.2 Effect of stratification on ETMs and
their interconnections

As described in section 4, the spatial variation of the ETMs and
their interconnections are largely affected by stratification. While
SPM transport from TM_shoalm to TM_shoalw and from
TM_channel to TM_shoalw both intensify during the wet season,

their transport pathways differ. The SPM transport from
TM_shoalm to TM_shoalw is facilitated by the bay-wide anti-
clockwise circulation (Xu et al., 2021). In contrast, the
TM_channel to TM_shoalw transport route is not straightforward
but via lateral circulation which is dependent on the salinity
gradient. Despite the distinct transport pathways, the anti-
clockwise circulation and the lateral circulation between the
channel and the shoal are both amplified by enhanced
stratification (Mao et al., 2004).

Remarkably, SPM transport from TM_shoalm to TM_channel
intensifies during the dry season, which is associated with reduced
river runoff. This enhanced transport is attributed to the diminished
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stratification during the dry season, leading to a dissolution of the
front (Ma et al., 2023) which acts as a barrier between TM_shoalm
and TM_channel, thereby augmenting SPM transport.

The SPM transport from TM_channel to TM_shoalm is not
merely governed by the intensity of stratification. It is also
associated with the latitudinal oscillation of the stratification. As
shown in Figure 10, elevated river runoff in May and June (right
after the dry season) results in pronounced stratification and
diminishes the SPM transport from TM_channel to TM_shoalm.
This phenomenon is attributed to the significant river runoff
advancing the salinity front between TM_channel and
TM_shoalm toward offshore, impeding the SPM transport from
TM_channel to TM_shoalm.

In summary, the interconnections among the ETMs hinge not just
on the intensity of stratification but also on the latitudinal oscillation
of the estuarine front. Amid alterations in stratification, attributed to
driving factors such as sea level rise, dredging, land reclamation
(Schoellhamer, 2000; Wang et al,, 2021; Cox et al., 2022; Ma et al.,
2023), and/or deltaic land subsidence (Wang et al., 2017; Cao et al.,
2021), it is also important to conder not only the effects of stratification
intensity on ETMs (Geyer, 1993) but also the ramifications of shifts in
stratification position and oscillation patterns.

The investigation of the interconnection of ETMs reveals that
when multiple ETMs exist in an estuary, sediment management in
the estuary must consider not only the formation mechanism and
sediment source of a single ETM but also the dynamic mechanism
that links various ETMs to each other.

5.3 Effect of flocculation on ETMs

Cohesive sediment, which typically ranges in size from 0.98 to
63 um (Hjulstrom, 1935), is composed of particulate matter that is
susceptible to aggregation, breakup, deposition, and erosion
processes (Maggi, 2005; Manning et al., 2010). Turbulent mixing
of the fluid causes the suspended aggregates to come in contact,
inducing further aggregation and causing the growth of large
aggregates. The frequency with which particles collide, grow, and
break up is largely dependent on the intensity of turbulence
(Malcherek, 1995; Maggi, 2005). To assess the effect of
flocculation on the ETMs, we adopted the formulation (Equation
14) by Arlinghaus et al. (2022), which links the settling velocity of
cohesive sediment to turbulence:

3 1+mG

w=0—->, 14
e (14)

where @, is a reference settling velocity in still water (Table 1)
depending on the particle grain size, mand nare empirical constants,
and G is the turbulence shear.

Results are compared with the reference simulation (Figure 6)
presented in previous parts of our study. The comparison indicates that
in the dry season, with inclusion of the flocculation effect in the
simulation, the spatial distribution of all three ETMs is quite similar to
the reference simulation, only with a slight decrease of SSC in the
channel (Figure 14). In the wet season, SSC in two ETMs (TM_shoalw
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and TM_shoalm) exhibits similar pattern with the reference result,
whilst SSC in the TM_channel is lower than the threshold level (100
mg L") for an ETM, albeit with locally elevated SSC in the same
location. The similar distribution pattern of ETMs between simulations
with and without flocculation in the PRE demonstrates that
flocculation affects SSC in the ETMs, but it is not the driving
mechanism for formation of ETMs. This result is consistent with
studies in other estuaries (Manning et al., 2010; Xu et al., 2010).

5.4 Effect of wind-waves on ETMs

Surface wind-waves may alter the residual flow, water mixing
and bottom stress, which in turn affects the transport and
distribution of sediment in estuaries (Uncles and Stephens, 1997;
Gong et al,, 2022, 2023). A comparison between model results with
and without wind-wave effect revealed that the overall SSC on the
west shoal and in the west channel is enhanced by wave effect in
both wet and dry seasons (Figure 14). This increase is believed to be
attributed to the elevated bed shear stress, as shown in
Supplementary Figure S11. In the simulation with wave effect, the
bed shear stress exhibited a notable increase on the west shoal,
resulting in an elevated SSC. A notable increase in SSC is also seen
in the area between the west channel and west shoal, which is
consistent with the findings of Zhang et al. (2021a) that waves
enhance the sediment exchange between the shoal and the channel
by eroding sediment on the side bank of west channel. The eroded
sediment is subsequently transported toward the west shoal by tidal
pumping. It is worthy of note that despite the notable increase in
SSC within the estuary, the nucleus of the three ETMs remained the
same in the simulations with and without wave effect.

5.5 Future scenarios of the ETMs in
the PRE

According to a previous study by the authors (Ma et al., 2023), a
dramatic historical change in the morphology of the PRE caused by
human activities (land reclamation, channel dredging, and
dumping, sand excavation) from the 1970s to 2010s has resulted
in a bay-wide enhancement of stratification by up to four times,
with maximum enhancement (up to seven times) on the western
shoal of the Lingding Bay where TM_shoalw is located. In recent
years, extensive human interventions including sand excavation
and land reclamation have been banned. However, other local-scale
human activities such as channel maintenance by dredging and
indirect interventions such as reduced sediment discharge by river
damming are likely to continue in the future (Liu et al., 2018). In
this context, future change of stratification is likely to be driven
mainly by sea level rise, land subsidence of the Pearl River delta as
well as river runoff associated with monsoon intensity. The
stratification is projected to be further strengthened albeit to a
less extent than in past decades (Ma et al., 2023). The projected
future enhancement of stratification would possibly lead to an
enhancement of the bay-wide anti-clockwise circulation and the
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SSC in the bottom layer during the wet (top panel) and dry seasons in the sensitivity simulations. (A, C) SSC in the simulation with flocculation
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lateral circulation, promoting SPM transport between the ETMs
and their interconnections.

Besides the impact of stratification, the largely reduced
sediment input from rivers may also impact the ETMs to a
considerable extent. Despite that sediment directly delivered by
the river plumes contributes to only a small portion of the SPM in
the ETMs (Figure 6), locally resuspended sediment in the ETMs
may also have a terrestrial origin due to the fact that more than 80%
of riverine sediment is initially deposited within the estuary. The
reduction of riverine sediment supply would possibly lead to a
deterioration of the deltaic deposit (Wu et al., 2016) and
consequently impact the sediment source for the ETMs.

The elevated wave energy near the coast due to sea level rise and
the narrowing of the estuary (Wei et al., 2021) indicate the potential
for an increased influence of wave effect on sediment transport and
distribution. Despite the numerous studies that have demonstrated
the significant impact of wave effect on sediment transport (Madsen
and Grant, 1976a; 1976b; Green and Coco, 2014; Chen et al., 2019)
and the influence of flocculation on sediment distribution (Xu,
2009; Manning et al., 2010; Xu et al., 2010), impact of interactions
between various factors, such as tides, wind-waves and flocculation,
on the fate of ETMs has yet to be understood. Because of a
nonlinear response of ETMs to changes in hydrodynamics and
sediment supply, to what extent these climatic and anthropogenic
drivers would lead to spatial and temporal variation of ETMs in the
future remains to be explored.

Frontiers in Marine Science

6 Summary and conclusion

A high-resolution 3-dimensional hydrodynamics-sediment
transport model was applied to investigate the sediment transport
and dynamics of ETMs in the PRE from 2017 to 2020. Based on the
simulation results that are confirmed by observation, the relative
contribution of specific physical mechanisms for the formation of
the ETMs, the temporal and spatial dynamics of the ETMs as well as
their interconnections were investigated. The following main
conclusions are drawn from the study:

1. Three ETMs exist in the Lingding Bay of the PRE, and they
are formed by different physical mechanisms. The two
upstream ETMs (TM_shoalw and TM_shoalm) situated
on the shoals are a result of convergence of residual flow
and sediment transport associated with tidal pumping. The
downstream ETM located in the west channel
(TM_channel) is formed mainly by topographical trapping.

2. All three ETMs exhibit distinct seasonal and spatial
variations. Advection and tidal pumping are the main
processes mediating the sediment flux of the ETMs.
These factors are largely influenced by river runoff and
stratification dynamics. The TM_shoalw exhibits spatial
extension in wet seasons and shrinks in dry seasons,
whereas TM_channel and TM_shoalm show an
opposite pattern.
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3. The ETMs are interconnected through sediment exchange.
In the wet season, a ‘TM_channel-TM_shoalm-
TM_shoalw’ sediment transport pathway across the three
ETMs and a ‘TM_channel-TM_shoalw’ pathway between
two ETMs are prominent. In the dry season, these transport
pathways become less stringent, and sediment exchange
between TM_channel and TM_shoalm becomes

more active.

In the context of evolving estuarine dynamics, it is imperative to
underscore the profound influence of both climate change and
human activities on estuarine geomorphology and ecological
systems. The ETM emerges as a salient component within this
framework. Our findings elucidate that alterations in estuarine
stratification, driven by climate changes and human activities,
directly impact the formation of ETM, encompassing its spatial
distribution, SPM concentration, and compositional attributes. It is
paramount for future research endeavors to evaluate the
multifaceted response of ETM to both climatic and
anthropogenic challenges.
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Abstract

Estuarine hydrodynamics and morphodynamics are highly sensitive to both anthropogenic and
climatic impacts. The Pearl River Delta (PRD), which encompasses several megacities, has
experienced pronounced land-use change over the past century. In the Pearl River Estuary (PRE),
the predominant human-induced morphological development, coupled with climate drivers such
as sea level and temperature rise, have collectively caused a notable change in the hydrodynamics
and sediment dynamics. This resulted in notable modifications to the Estuarine Turbidity
Maximum (ETM) which remain underexplored. Our study investigates how ETMs in the PRE
evolved in response to various anthropogenic and climatic drivers during the past decades and their
likely fates in the forthcoming decades by three-dimensional hydro-morphodynamic modeling.
Our results demonstrate that the ETMs have evolved remarkably from a single and massive ETM
in 1970s to several locally confined but interconnected ETMs in 2010s. Such change was mainly
driven by human-induced morphological change associated with land-reclamation, river damming,
sand mining, channel dredging and dumping. In the forthcoming decades, climate change will
likely play a more important role in driving the change of ETMs due to an official cessation of
land-reclamation and sand mining. The relative sea level rise resulting from global warming and
land subsidence will likely decrease the concentration of suspended particulate matter (SPM) in
the ETMs through enhanced stratification and reduced wind-wave resuspension of sediments,

leading to a patchier distribution of ETMs with dynamics increasingly driven by baroclinicity.
Plain Language Summary

The Pearl River Estuary (PRE) has become narrower and deeper compared to its state 50 years
ago. Human activities contributed to the morphological changes mostly. The coastline developed
seaward due to land reclamation. The channel is dragged deeper to meet navigation needs. In future
scenarios, the impact of sea level rise, land subsidence, potential changes in riverine sediment load
and shifting wind conditions will also affect the sediment dynamics, thereby altering the situation

of estuarine turbidity zones that are of critical importance for ecological functioning of estuaries.

Our study investigates decadal changes in the sediment dynamics and evolution of estuarine
turbidity maxima (ETMSs) in the PRE, employing a 3D hydrodynamic and sediment dynamic
model to explore the driving mechanisms of the development of ETMSs. Our results suggest that

the estuarine morphology, sediment composition in the estuarine bed, relative sea level rise, and
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riverine sediment load are the primary factors influencing the evolution of ETMs in the PRE. Our
findings might provide guidance for sediment management in strongly engineered estuaries such
as the PRE.

1 Introduction

An Estuarine Turbidity Maximum (ETM) refers to a zone in an estuary where highest
concentration of suspended particulate matter (SPM) occurs. The formation of ETMs is a result of
hydrodynamic and sediment dynamic processes, influenced by topography, fluvial and tidal forces,
as well as SPM composition (Burchard et al, 2018; Geyer et al, 2001; Jay & Musiak, 1994; Yu et
al, 2014). ETMs constitute an important ecological function of the estuary since high suspended
sediment concentration (SSC) is often associated with oxygen deficiency and heavy metal
accumulation (Cui et al, 2019; Gavhane et al, 2021; Niu et al, 2021; Song et al, 2021; Zhuang &
Zhou, 2021).

Estuaries have undergone remarkable physical modifications in recent decades by human
interventions, among which construction of dams upstream for hydroelectric power generation,
dredging of channels for navigation, sand mining and large-scale land reclamation exert most
prominent impacts on ETMs (Day et al, 2013). Impacts of several of the above-mentioned
interventions have been extensively studied. For instance, the construction of dams modifies ETMs
by reducing the amount of suspended sediment load (Walling, 2008) and altering the composition
of suspended sediment (Luo et al, 2012). It is reported that in the Yangtze Estuary, the spatial
extent of the ETM has decreased by 22% and the ETM center have migrated landward by 7 km
during the flood season after the construction of the Three Gorges Dam (Zhao et al, 2023).
Sediment dredging may not only alter the location of ETMs but also provide additional source for
SPM. It is found that extensive dredging in the lower part of Ems Estuary has induced a removal
of a consolidated sediment layer in the surface riverbed and consequently created a new sediment
source to sustain high SSC in the ETM (Jonge, 1983). A numerical modeling study of the Ems
estuary showed that the deepening of tidal channels during the period of 1965 - 2005 have also
induced a reduction in hydraulic drag which is most likely responsible for a landward shift of the
ETM (de Jonge et al, 2014). In contrast to the impact of dredging, land reclamation reduces
sediment supply from land and may lead to a significant decline in the SSC and seaward migration

of ETM, as is the case in the north channel of the Yangtze Estuary (Teng et al, 2021).
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Apart from human interventions, relative sea level rise (rSLR) also significantly influences the
development of ETMs through modification of tides-river runoff interactions and bed shear stress
(Burchard et al, 2018; Geyer et al, 2001; Yu et al, 2014). In the Rhine-Meuse-Scheldt delta, the
rSLR-induced shift in tidal asymmetry, from a mixed regime of ebb and flood dominance to ebb
dominance, alters the direction of the residual sediment transport, thereby favoring sediment
export (Jiang et al, 2020). Under high greenhouse gas emission scenarios, the climate change-
induced (eustatic) sea level is predicted to reach between 0.6 and 1.0 m by 2100 above present
day’s level (Oppenheimer et al, 2019). The impact of rSLR is even more critical in regions
characterized by land subsidence. For example, a land subsidence reaching up to 22 cm yr?
between 2007 and 2009 has been reported for the western Indonesia (Chaussard et al, 2013), which
is much larger than the eustatic SLR rate. Large river deltas are especially vulnerable to the joint
impact of climate change-induced and land subsidence-induced SLR. It has been evidenced that
land subsidence and eustatic sea-level rise have exerted an influence on the reduction of delta
growth over the past decades based on an analysis of 86% of the world's deltaic regions (Nienhuis
& van de Wal, 2021). However, how estuaries and ETMs would respond to an accelerated rSLR
in the forthcoming decades remain largely elusive (Weisscher et al, 2023).

Another impact of climate change on estuarine sediment dynamics is through modification in
atmospheric forcing. Global warming may alter wind speed and direction at both global and reginal
levels. At the regional scale, different trends in wind speed and direction may emerge in the future
(Kulkarni et al, 2013). For example, a pronounced increase in the mean wind speed by 0.5 m/s in
the northern part of the Baltic Sea and a notable decline in the Mediterranean by 2.0 m/s have been
projected (Walter et al, 2006). A study by De Winter et al (2013) suggested a shift in wind direction,
with more extreme wind from the west, in the North Sea during 2050-2100. Even a small change
in winds may exert a remarkable influence on sediment transport in coastal environments by
altering the residual circulation and waves (Bauer et al, 2012; Weisse et al., 2021).

Estuaries with large, densely populated river deltas are particularly vulnerable to the impact
of both climatic and anthropogenic stressors. To mitigate negative impacts for a sustainable
management of estuaries, it is thus important to understand how estuaries respond to drivers of
contemporary and future changes. This study aims to explore plausible future scenarios of
estuarine hydro-morphodynamics, sediment transport and ETMs associated with a densely

populated large river delta, namely the Pear River Delta (PRD), that has been increasingly stressed
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by climate change and anthropogenic activities. To this end, we firstly investigated the historical
development of ETMs in the Pear River Estuary (PRE) from 1970s till 2010s and quantified the
impact of individual driving factors as well as their combined effect based on 3-dimensional
numerical modeling. We then projected future development of the ETMs till 2050s in a set of
scenarios representing plausible change in the rSLR and other important climate driving factors
(intensity and direction of the East Asian monsoon) for the region. The derived outcomes may help
to inform coastal and estuarine spatial planning strategies in the context of climate change

mitigation.

2 Study area and previous research

The Pearl River Estuary (PRE) is situated in southern China (Figure 1a), encompassing several
megacities, including Guangzhou, Shenzhen, Zhuhai, and Hong Kong. The PRE is a semi-enclosed,
bell-shaped estuary that connects the Pearl River with the South China Sea. Two deep channels
(the west and the east channels) divide the estuary into three shallow shoals (the west shoal, the
middle shoal, and the east shoal). Freshwater is discharged into the estuary via eight river outlets,
namely Humen, Jiaomen, Honggimen, Hengmen, Modaomen, Jitimen, Hutiaomen, and Yamen.
The total river discharge of all outlets reaches 40,000 m?® s during the summer months (June —
August, so-called the wet season), with a notable decline to 4,000 m* s during the winter months
(December — February, so-called the dry season) (Li et al, 2024; Tang et al, 2009). Approximately
40% of the Pearl River's total discharge and suspended sediment load is transported through the
Hengmen, Honggimen, and Jiaomen outlets into the west shoal (Ou et al, 2019). Hydrodynamics
and sediment dynamic in the PRE are influenced by two alternating monsoons: the southwesterly
monsoon during the summer and the northeasterly monsoon during the winter. The estuarine
circulation in the PRE is primarily influenced by tidal movements. M2 and K1 are two dominant
tidal constituents, followed by O1 and S2. This results in a semi-diurnal mixed tidal regime in the
PRE (Mao et al, 2004). During both the wet and dry seasons, waves propagating from the open
sea are significantly attenuated upon entering the PRE, with their energy dissipated by a large
number of islands in the outer estuary and the shallow water depth along the propagation (Liu &
Cai, 2019).



136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166

manuscript submitted to JGR Ocean

Dramatic changes that occurred throughout the estuary and its delta due to residential and
industrial complexes being built at a breakneck speed have greatly altered the morphological,
hydrological, hydrodynamical and biogeochemical environments in the past decades (Wei et al,
2023). The time series of annual riverine freshwater discharge from 1954 to 2020 show minor
fluctuations around a stable level without a visible trend (Liu et al, 2018; Wu et al, 2016). By
contrast, the riverine sediment load in the PRE experienced a notable decreasing trend from 1980s
to 2020s. In the 1970s, the annual mean riverine sediment load was ~94 Mt yr? (Niu et al,
2020).The annual mean riverine sediment loading dropped to ~34 Mt yr? in 2010s. This dramatic
reduction of sediment loading results from dam construction in the upper river from 1970s to 2010s
(Lin et al, 2022; Wu et al, 2016). As consequence, reservoirs in the Pearl River basin are heavily
silted by sediments, with approximately 70% of the total sediment load from upstream trapped by
reservoirs in the West River basin (Wang & Hong, 2021). A combined effect of reduction in
sediment load, sand mining, channel dredging, and land reclamation has led to a remarkable
morphological change of PRE in the past few decades (Ma et al, 2023; Wu et al, 2016).

Along with a morphological change, the types of sediment in the estuarine bed have also undergone
remarkable change, with clay dominance in 1970s altered to silt dominance in 2010s (Figure 1).
The historical change in morphology and sedimentary types in the PRE is mainly driven by human
activities, and to a certain extent by climate change. Tide gauge records show that the annual mean

rSLR was at a rate of 3.1 mm yr! for the period of 1954-2023 (www.hko.gov.hk). This rate has

been corrected for land settlement (Wong et al, 2003). The average land subsidence rate in the
Pearl River Delta is ~2.5 mm yr~! with maximum up to 6 mm yr~! based on the InSAR data
from 2007 to 2010 (Wang et al, 2012).

SPM distribution in the PRE is constrained by topographic features (channels, islands, shoals), as
well as by tides, river runoff and monsoon. Existing studies have identified two prominent ETMs
(defined as zones with SSC > 100 mg L) in the upper part of the estuary, one located adjacent to
the northern Qi’ao Island and one adjacent to the northeastern Neilingding Island, which are
generated by flow convergence (Liu et al, 2016; Yang & Liu, 2015). In recent years, another ETM
in the lower part of the estuary, located in the channel adjacent to the Lantau Island, has been
identified (Cui et al, 2022; Ma et al, 2024). Existing literature indicate that gravitational circulation
and tidal pumping are the principal mechanisms of the formation of the upstream ETMs (Wai et

al, 2004), whilst topographical trapping is mainly responsible for the formation of the ETM in the
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downstream (Ma et al, 2024). A combined effect of climate change and human activities has also
greatly altered the ETMs in the past decades. Long-term observations show that a northeast-
southwest large turbidity zone has evolved into multiple independent ETMs due to the
morphological changes since 1970s (Yang & Liu, 2015). Wang et al (2021) examined the
correlation between water turbidity and various factors including sediment load, wind speed, tidal
range, and sea level. Their analysis highlighted that SLR could lead to both longitudinal and lateral
landward retreat of ETMs, directly contributing to the decline of water turbidity. An interplay of
multiple processes influences the spatial and temporal variations of ETMs in the PRE. However,
disentangling the impact of individual process on the historical and plausible future development

of ETMs remains a challenge.

22.5

1 1 35 1 1 4 0 Dj1 0:2 03 04 05 06 07 08 09 1

Figure 1 Maps of the study area. (a) Location of the PRE in south China. The red box indicates the range of the Lingiding Bay as
the focus of this study. (b) Topographic features of the Lingding Bay. (c) Morphological change in the Lingding Bay from 1970s to
2010s. Black polygons refer to the land reclaimed during this period. Negative values (in green color) indicates a deepening of
the bathymetry in 2010s compared to 1970s, vice versa. The seabed sediment maps in (d)-(f) indicate the fractions of clay, silt, and
sand in 1970s, respectively. Slightly modified sediment maps based on those for 1970s used for the simulation scenario 2010s_bed

are shown in (g)-(i), respectively. Sediment maps based on field measurements in 2010s are shown in (j)-(I), respectively.
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3 Numerical model and analysis methods

3.1 Numerical model and setup

The numerical model used in this study is the Semi-implicit Cross-scale hydroscience Integrated
system model SCHISM (Zhang et al, 2016). SCHISM addresses the Reynolds-averaged Navier-
Stokes equation using a semi-implicit Galerkin finite element method on an unstructured
horizontal grid. Vertical velocities and transport are computed with a finite volume method
approach for a flexible number of vertical layers. This feature is particularly advantageous for
modeling transitions between areas of varying depth and resolution. Effect of wind-waves is
included in SCHISM though a coupling to the third-generation, unstructured-grid Wind Wave
Model 111 (WWM I11, Roland (2008)). The SCHISM framework also includes a sediment module
SED3D (Pinto et al, 2012). Sediment is divided into multiple classes, each defined by specific
parameters including grain size, density, settling velocity, erosion rate and critical shear stress for
erosion. The model differentiates between cohesive and non-cohesive sediment. Non-cohesive
sediments (sands) can be transported in both suspension and bedload depending on the shear stress
and settling velocity, while cohesive sediment (clay and silt) is transported in suspension. The
transport of each predefined sediment class is computed independently.

3.1.1 Data for numerical modeling

Several observational datasets obtained via field surveys and gauge stations in the study area as
well as regional and global hydrographic and atmospheric datasets and projections were used for
model setup, calibration and assessment of performance. A summary of these datasets is given in
Table 1.

Table 1. Data sources used for model initialization (Init.), parameterization (Param.), forcing
(Forc.), and model validation (Valid).

type use | time description Source
Morpholog | Init. | 1970s | Nautical charts of 1970s (Deng et al,
y of 1970s 2020)

Discharge | Forc | 1954— | Annual runoff and sediments load of Boluo | (Luo et al, 2020)

& Riverine | . 2018 gauging station in the Pearl River basin
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sediments
loading
Sediment Forc | 2017- | Monthly sediment loading from the river | Sediment report
loading 2020 outlets of China
Hydrodyna | Forc | 2017- | Model setup for tides, river discharge, open | (Ma et al, 2023)
mics 2020 boundary forcing and atmospheric forcing
Hydrodyna | Forc | 2017- | Model set up for boundary current forcing | CMEMS
mics 2020
Atmospher | Forc | 2017- | Model set up for atmospheric forcing ERA-interim
ic forcing 2020
Tides Forc | 2017- | Model set up for boundary tidal forcing TPXO

2020
Sediments | Init. | 1999- | Percentage of clay, silt, and sand at 240 sites | (Zhang et al,
fraction 2007 sampled in July 1999 and 106 sites sampled | 2019)

in August 2007

Sediment | para | January | Particle size and settling velocity of SPM (Xia et al, 2004)
classes m and

July

1999
Sediment | para Setting velocity of clay (Arlinghaus et al,
classes m 2022)
seiment Para | 2002/2 | Model parameterization for erosion rates (Porz et al, 2021)
model m. 003 and
parameter 2014/2

015
ETMs of | Vail | Wet Spatial distribution of ETMs in the PRE | (Yang & Liu,
1970s d. season | based on observation 2015)

of 1978
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Sea level | Forc | 1954- | Annual variations in sea level rise Hong Kong
rise rate in | . 2023 Observatory

the past

Sea level | Forc | - In the IPCC Sixth Assessment Report, the | (Tong et al,
rise rate in | . latest monitoring and simulation results | 2022)

future indicate that the current rate of sea level rise

is accelerating (3.7 mm/a) and will continue

to rise in the future

Land Forc | 2015- | The subsidence rate obtained through | (Wang et al,
subsidence | . 2018 INSAR, with an average of approximately | 2012)
rate 2.5 mm per year and a maximum of up to 6

mm per year.

3.1.2 Model configuration - hydrodynamics

The model domain spans roughly from 21 to 23°N in latitude and 112.4 to 115.25°E in longitude
(Figure 1 a), with a high grid resolution (~50 m) in the Lingding Bay and coarsening resolution
(till ~1000 m) toward the open boundary on the outer shelf of the South China Sea. A terrain-
following grid is utilized and the vertical plane is subdivided into a maximum of 26 layers. The
number of vertical layers decreases from deep water (~100 m water depth) toward shallow water,
until to a single layer in areas with a depth of less than 0.4 m. To guarantee a high-resolution
modelling of the bottom transport, a thickness of 0.5 m for the bottom-most layer is configured for
the entire model domain. Eight primary tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1) were
specified at the open boundary, with tidal data extracted from the TPXO-atlas (Egbert & Erofeeva,
2002). Additionally, daily-averaged data of water level, current (u, v), salinity, and temperature
obtained from the Copernicus Marine Environment Monitoring Service (CMEMS,
doi.org/10.48670/moi-00021) were specified at the open boundary.

The river boundary was forced by monthly freshwater discharge and sediment load at the eight
major outlets obtained from the China Sediment Report (http://www.mwr.gov.cn, see also
Supporting Information Figure S1). This dataset has been widely used in studies of the PRE (Liu
et al, 2018; Liu et al, 2022; Wu et al, 2016).
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Atmospheric forcing for our model includes hourly wind, air pressure, precipitation, and net solar
radiation obtained from the European Centre for Medium Range Weather (ECMWF) ERA-interim
(Hersbach et al, 2018). This dataset is proven to be consistent with the wind speeds and wind
directions measured in Macau Airport (Hong et al, 2022).

3.1.3 Model configuration - sediment

We implemented three sediment classes, namely clay, silt, and fine sands, according to field
measurements (Li & Li, 2018; Ma et al, 2024; Xia et al, 2004; Zhang et al, 2019). The sediment
fraction of each class for 1970s and 2010s are depicted in Figure 1 with data sources listed in Table
1. The observed time series of SSC from Zhang et al (2020) were utilized to calibrate the sediment

model, as detailed in our previous study (Ma et al., 2024).

3.1.4 Scenarios design

To disentangle the impact of individual driving factors and their joint effect for historical as well
as plausible future development of the ETMs in the PRE, a set of scenarios for simulation (Table
2) was designed and explained below:

1) Two scenarios, namely 1970s_REF and 1970s_SED, were designed for 1970s. The
scenario 1970s_REF is based on historical data of seabed sediment composition, coastline,
bathymetry, and riverine sediment load from the 1970s. Its simulation result, namely the
location and spatial extent of ETMs, was assessed against historical data. Therefore, this
scenario serves as a reference for the 1970s. The scenario 1970s_SED is used to quantify
the impact of a reduction in riverine sediment loading on ETMs. The sediment loading
measured in 2010s (reduced by 2/3 compared to that in 1970s) was used in this scenario.
All other model settings remained the same as the 1970s_REF.

2) Two scenarios, namely 2010s_REF and 2010s_BED, were designed for 2010s. Similar to
1970s_REF, the scenario 2010s_REF is based on measurement data from 2010s and serves
as a reference for 2010s. The scenario 2010s_BED is used to quantify the impact of a
change in the seabed sediment composition on the ETMs. The bed sediment maps in 1970s,
which shows a much larger fraction of clay content and smaller fraction of silt content than
those in 2010s (Figure 1), were used in this scenario. All other settings remained the same
as the 2010s_REF.
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Four scenarios, namely 2100s SLR30, 2100s SLR100, 2100s SLR100_SEDO.5,
2100 _SLR100_SED1.5, were designed for future projections. We consider two trajectories
of rSLR, namely 2100s_SLR30 and 2100s_SLR100, corresponding to the SSP1-2.6 (2.0°C
warming) and SSP5-8.5 (5.0°C warming) sea level rise scenarios presented in the IPCC
Sixth Assessment Report (Ruane, 2024). The rSLR of +100 cm incorporates land
subsidence which has been estimated as 2-3 mm yr in the PRD (Wang et al, 2012). The
pure impact of rSLR was investigated in 2100s_SLR30 and 2100s_SLR100. In these two
scenarios, the mean sea level was increased by 30 cm (2100s_SLR30) and 100 cm
(2100s_SLR100), respectively, whilst other settings remained the same as the 2010s_REF.
In addition to a rSLR by 100 cm, two scenarios, namely 2100s_SLR100_SEDO0.5 and
2100s_SLR100_SEDL1.5, were designed to test the sensitivity of ETMs to a change in the
riverine sediment load. The scenario 2100s_SLR100_SEDO.5 assumed a further reduction
of the sediment load by 50% compared to the present-day level, whereas an increase by
50% (compared to the present-day level) was adopted in the scenario 2100s_
SLR100_SED1.5.

Two additional scenarios, 2100s SLR100 WD and 2100s_SLR100_WDWS, are
employed to examine the influence of fluctuating wind conditions on ETMs. A study by
Hong et al. (2022) shows that the mean wind direction in the PRE in summer (June, July
and August) over the period of 1979 - 2020 experienced an anticlockwise rotation by 0.36°
per year, along with a decrease in the mean wind speed by 0.03 m yrt. To test the sensitivity
of ETMs to a potential future change in the wind direction and speed, two scenarios
(2100s_SLR100_WD and 2100s_SLR100_WDWS) were designed. 2100s_SLR100_WD
assumed an anticlockwise rotation by 40° in the mean wind direction in summer months
(June, July and August) compared to present-day conditions, whilst
2100s_SLR100_WDWS additionally included a decrease in the mean wind speed by 70%
in summer months. All other settings in these two scenarios remained the same as the
2100s_SLR100. Wind rose plot for the wind shifting are available in Figure S2.

In the last three scenarios, the impact of wave effects on ETMs in the 1970s, 2010s, and
2100s is assessed. In accordance with the scenarios designated as 1970s_REF, 2010s_REF,

and 2100s_SLR100, the wave model was activated within the aforementioned scenarios.
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2100s_SLR100_wave, respectively.

2010s_REF_wave, and

Table 2. Model scenarios with configuration in the initial morphology (Mor.), riverine sediment

load (Sed. load), seabed sediment composition (Sed. Comp.), mean sea level (SL), wind condition

(wind cond.) which involve wind direction (WD) and wind speed (WS), wave model (activate:

No/Yes) designed for this study.

Scenarios Mor.  Sed. load Sed. SL Wind Wave
Comp. cond. model
1970s REF 1970s  1970s 1970s  1970s 2010s No
1970s SED 1970s 2010s 1970s  1970s 2010s No
2010s_BED 2010s 2010s 1970s  2010s 2010s No
2010s_REF 2010s 2010s 2010s  2010s 2010s No
2100s_SLR30 2010s 2010s 2010s  2010s+30cm  2010s No
2100s_SLR100 2010s 2010s 2010s  2010st100cm 2010s No
2100s SLR100 SED0.5 | 2010s 2010s*0.5 2010s  2010s+100cm 2010s No
2100s SLRI00 SEDI.5 | 2010s 2010s*1.5 2010s  2010s+100cm 2010s No
2100s_SLRI100 _ 2010s  2010s 2010s  2010s+100cm 2010s No
WD —40° WD
2100s_SLRI100_ 2010s 2010s 2010s  2010s+100cm 2010s No
WDWS —40°WD
40% WS

1970s REF wave 1970s 1970s 1970s  1970s 2010s Yes
2010s_REF wave 2010s 2010s 2010s  2010s 2010s Yes
2100s_SLRI100 wave 2010s 2010s 2010s  2010s+100cm 2010s Yes
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3.2 Analysis method

3.2.1 Potential energy anomaly
In this study, the potential anergy anomaly (PEA) ¢ (Simpson & Bowers, 1981) is employed as a

metric of stratification. The value of ¢ is calculated by:

¢ =" (p—p)gzdz. (1)
The vertical density profile over the water column of depth H = n + h, where 1 is the free surface,
h is the bed level, p is the depth-average density, z is the vertical coordinate, and g is the
gravitational acceleration. The value of ¢ indicates the work required per unit of volume to achieve

complete vertical mixing of the water column.

3.2.2 Sediment flux decomposition
Based on the analytical method of mass transport flux proposed by Dyer (1974), and using the
relative depth as a vertical coordinate instead of absolute depth, Jilan & Kangshan (1986)
decomposed cross-sectional currents for analysis of respective forcing. The same method was
applied by (Wai et al, 2004) to investigate tidally averaged sediment transport. The sediment
transport was decomposed into terms related to non-tidal drift, stokes drift, tidal pumping, vertical
gravitational circulation, and a term resulting from scouring and settling.
By interpolating the model result into fixed depths in the vertical plane, the sediment transport flux
in each vertical layer was decomposed into (Gong et al, 2014):

uc ~ (u)(¢) + uccy, )
where u is the current velocity along the major axis in that layer, c is the sediment concentration
in the same layer, and the over bar represents the time average over a 25-hour period in this study.
The subscript t denotes tidal variations, ut and c; refer to tidal variations of current velocity and
sediment concentration, respectively. uc signifies the total net sediment transport flux. ()(¢)
represents the mean advective sediment flux, and w,c; represents the flux associated with tidal
pumping. The application of this equation to the bottom layer can be used to identify the major
driving mechanism for formation of ETM as elucidated by (Ma et al, 2024).
In this study, we applied Eq. (2) to calculate the sediment flux in the bottom layer of the PRE. This

is expressed by:
fo = Tpa + Top, 3)
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where f;, is the sediment flux (uc) in the bottom layer, T}, represents the mean advective sediment
flux component ((%) () in the bottom layer, and T;,, represents the sediment flux associated with

tidal pumping (u;c;) in the bottom layer.
4 Results

4.1 Model validation

The hydrodynamic model has been validated in terms of water level, salinity, and temperature for
the reference simulation for 2010s (2010s_ref) by Ma et al (2023). Simulated SPM dynamics,
location of ETMs and their spatial extent in 2010s in the PRE have also been validated against
measurement data by Ma et al. (2024). The results of the reference simulation for 2010s (2010s_ref)
indicate the presence of three ETMSs during the wet season. Two of them are situated in the upper
part of the PRE, with the ETM on the west shoal designated as TM_shoalw and the ETM on the
middle shoal designated as TM_shoalm (Figure 2c). The ETM located in the west channel is
designated as TM_channel. The presence of TM_shoalw and TM_shoalm ETMs has been
confirmed by several field studies (Liu et al, 2016; Yang & Liu, 2015; Zhang et al, 2021b). The
TM_channel was firstly identified by Wai et al (2004) and further confirmed by Cui et al (2022).
In this study, model assessment is focused on the spatial extent of ETMs and SSC in 1970s.

A sketch map made by Yang & Liu (2015) based on field measurements in 1978 summer shows a
turbidity zone located between the river mouth of Humen and the Qi’ao island (Figure 2b) with
SSC between 80 and 300 mg L. The location of the nucleus (>160 mg L) of the ETM is located
adjacent to the northern tip of the Qi’ao island. The area of the turbidity zone (>80 mg L) and the
nucleus of the ETM are generally reproduced by our reference simulation result (1970s_ref) for
1970s (Figure 2), albeit the turbidity zone in the model result exhibits a larger extent than in the

observation.
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Figure 2 (a) Distribution of bottom SSC in the wet season of the scenario 1970s_REF. The magenta polygons represent the nucleus
of ETMs (SSC >160 mg L™1). (b)Map of the observed turbidity zone in the wet season in 1978 derived from Yang & Liu (2015). The
magenta line delineates the ETM nucleus (>160 mg L), and the brown lines indicate the turbidity zone where observed SSC is
between 80 and 300 mg L (c) Distribution of bottom SSC in the wet season of the scenario 2010s_ref. The yellow polygons
represent the boundary of ETMs (bottom SSC =100 mg L™1).

4.2 Historical development of the ETMSs: 1970s - 2010s

The scenarios 1970s_REF, 1970s_SED, 2010s BED, 2010s_REF, and 2100s_SLR30 were
designed to understand the historical evolution of ETMs in the PRE. The influencing factors
include changes in the coastline and riverine sediment load, transformation in the bed sediment
from clay-dominance to silt-dominance, and relative sea level rise. Simulated SSC in the bottom
layer of each of these scenarios is illustrated in Figure 3. A comparison between the results
indicates remarkable changes of bottom SSC and ETMs from 1970s to 2010s.
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Figure 3. Simulated bottom SSC distribution in the wet season (left column) and dry season in the 1970s_REF, 1970s_SED,
2010s_BED, 2010s_REF, and 2100s_SLR30 scenario. The contour lines of 100 mg L and 160 mg L™ are marked by yellow and

whi ze color, respectively. The distribution of sediments across different classes is illustrated in Figure S3.

4.2.1 Impact of sediment load reduction

From 1970s to 2010s, there was a notable decline in the quantity of sediment discharged into the
Pearl River. A comparison between the scenario 1970s_REF (Figure 3a, b) and 1970s_SED
(Figure 3c, d) reveals the impact of the sediment load reduction on ETMs. In the wet season, the
reduction in sediment load results in a notable decrease in the spatial extent of ETM. For instance,
the nucleus of the ETM where bottom SSC >160 mg L™ declines by approximately 50% in the
reduced sediment load scenario (1970s_SED) compared to the reference scenario (1970s_REF).
A natural seasonal reduction in sediment load from the wet season to the dry season results in a
notable change of the ETM, which is characterized by a shrink along the N-S axis and expansion
toward the east. Such change is seen in both scenarios, indicating that the long-term reduction of
annual riverine sediment load has minor effect on the seasonal variation of ETM. The nucleus of
the ETM (SSC > 160 mg L) also exhibits a spatial migration from the wet season to the dry

season, which is not affected by the long-term reduction of riverine sediment load.

4.2.2 Impact of morphological change

From the 1970s to the 2010s, the PRE experienced a continuous shrink in its water area due to
land reclamation and a deepening of the channels due to dredging (Figure 1). Adopting the same
configuration in seabed sediment distribution, riverine loading and external forcing but with
different morphology, the difference between the scenario 1970s_SED and 2010s_BED reveals
the impact of morphological change on the ETMs (Figure 3 c-f).

The comparison between the two scenarios indicates that the morphological change has the largest
impact on the bottom SSC and ETMs among all driving factors. Bottom SSC is significantly
reduced, and the massive spatial extent of the ETM in 1970s has diminished and evolved into
several much smaller ETMs in 2010s. The comparison of sediment residual flux between
1970s_SED and 2010s_BED in the wet season (Figure 4 a, c) reveals a shrinking trend of the ETM
on the west shoal. The ETM in the 1970s (Figure 4 a) covered the northern part of the west shoal
and extended east of the Neilingding Island. However, following the morphological change, the
ETM has experienced a significant reduction, resulting in a smaller ETM on the west shoal (i.e.

TM_shoalw) in 2010s (Figure 4 c). The deepening of bathymetry has resulted in a significant
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increase in saltwater intrusion, which has led to an intensification of convergence on the west shoal,
as well as an enhanced stratification which suppress the resuspension of sediment. This is the
primary reason for the shrinking of the ETM on the west shoal. Additionally, changes in the
coastline have influenced the distribution of SSC. The seaward extension of land and the narrowing
of tributary outlets have facilitated the transportation of riverine sediment away from the tributary
outlets. Similarly, during the dry season, the same shrinking pattern is confirmed on the west shoal
(Figure 4 b, d). It is noteworthy that an ETM occurs at the junction between the west shoal and
west channel during the dry season in the scenario 2010s_BED (Figure 4 d). The underlying reason
for this occurrence is the existence of a shear gradient between the channel and the shoal, which
gives rise to a residual sediment transport from the channel to the shoal. This residual sediment
transport converges with the southward directed residual sediment transport on the shoal, forming
the ETM between the west shoal and west channel. Overall, the morphological change resulted in
a more concentrated distribution of ETM on the west shoal, accompanied by a notable reduction
in SSC in the PRE. Nevertheless, this is not responsible for the formation of ETM in the west

channel.



manuscript submitted to JGR Ocean

Wet season Dry season

1970s_SED
N
N
(@)

2010s_BED

2
3 4 5 Mg/m=/s
10 10 10

407
408 Figure 4 Residual sediment flux of 1970s_SED and 2010s_BED. The first row (a, b) show the residual sediment flux rate and
409 direction of 1970s_SED; the second row (c, d) show the residual sediment flux rate and direction of 2010s_BED. The black arrow
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4.2.3 Impact of change in sediment type

In addition to a reduction in riverine sediment load, human activities (sand mining, channel
dredging and dumping) have also affected the composition of sediments on the estuarine bed. Clay
content has largely been depleted since 1970s and the present-day estuarine bed is dominated by
silts (Figure 1). Adopting the same configuration in the model setting except for the sediment
composition in the estuarine bed, the difference between the scenario 2010s_BED and 2010s_REF
reveals the impact of a change in sediment composition on the ETMs. A comparison between the
results of these two scenarios indicates that SSC in the PRE is enhanced by a change from clay-
dominance to silt-dominance in the estuarine bed, leading to a larger spatial extent of ETMs
(Figure 3e-h). The most significant change occurs in the channel, where the ETM becomes not
only larger but also persistent throughout the year. In the clay-dominance scenario (2010s_BED),
this ETM appears only in the dry season. Therefore, the confluence of morphological change and

change in sediment type on riverine bed yielded a verifiable ETM distribution pattern for the 2010s.

4.2.4 Impact of relative Sea level rise

The relative sea level rise (rSLR) in the PRE is affected by both eustatic SLR and regional land
subsidence. The impact of rSLR on the historical development of ETMs from 1970s to 2010s is
assessed by comparing the scenarios 2010s_REF and 2100s_SLR30, in which all model settings
are the same except for a rSLR of 30 cm in the latter. A comparison between the results in these
two scenarios indicate that the bottom SSC is decreased due to the rSLR, leading to reduced spatial
extent of the ETMs (Figure 3 g-j). The ETM on the middle shoal (TM_Shoalm) is no longer
persistent throughout the year but appears only in the dry season. The reason for the change is that
the rSLR enhances the stratification, which in turn reduces the SSC on the shoal (Figure 5). During
the wet season, stratification is significantly enhanced in the upper part of the PRE, particularly in
the vicinity of the Humen outlet. Consequently, the reduction in bottom SSC is more pronounced
in the two ETMs located in this region (TM_shoalw and TM_shoalm). In the dry season, the
change in stratification caused by the rSLR is relatively mild due to greatly reduced freshwater
discharge from the rivers leading to enhanced vertical mixing by tides. In the lower part of the
PRE, a slight reduction in stratification by the rSLR occurs in the channel area during the wet
season. Such reduction in stratification does not impact the ETM (TM_channel) in the channel. In
the dry season, the reduction in stratification is further enhanced in the channel and extended

further upstream. This leads to a notable decrease of the extent of the TM_channel. The reason for
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this is that the rSLR causes a weakening of stratification in the channel and in the meanwhile also
reduces bottom shear stress there. The impact of reduced resuspension due to lower bottom shear
stress prevails the impact of enhanced mixing related to weaker stratification, leading to a decline
of SSC in the TM_channel, particularly in its northwest part (Supporting Information Figure S4).

Wet season Dry season

22.5

22.2

-30 20 10 0 10 20 30 J/m?

Figure 5 The depth average PEA difference between 2010s_REF and 2100S_SLR30 in the wet (left panel) and dry seasons.

Positive and negative values indicate enhancement and weakening of stratification by the rSLR, respectively.

4.3 Future scenarios

In the future projections, impact of accelerated rSLR, change in riverine sediment loading and

monsoon are assessed.

4.3.1 Impact of accelerated relative sea level rise

The rSLR is expected to continue and accelerated in the forthcoming decades due to global
warming. A comparison between the scenarios 2100s_SLR30, 2100s_SLR100 with reference to
2010s_REF (Figure 6) helps to unravel the impact of the accelerated rSLR. Results suggest that
the accelerated rSLR (2100s_SLR100) results in a substantial reduction of SSC, particularly on
the shoals (TM_shoalm and TM_shaolw), with a maximum reduction up to ~60 mgL™? in the
bottom SSC compared to the reference scenario 2010s_REF. This reduction is ~ 3 times higher

compared to the impact of a rSLR following the same rate in the past decades (2100s_SLR30,
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Figure 6 a). The increasing of SSC in Honggilimen in the wet season (Figure 6 ¢) may be attributed
to the landward movement of stratification, which resulted in a convergence of sediment flux in
Honggilimen. As the rSLR the ETMs exhibit a shrinking trend in extent and a decreasing trend in
SSC in both the wet sea and the dry season(Figure 6). The area of TM_shoalm exhibited a notable
decline of approximately 50% under the rSLR of 30 cm during the wet season, and a more modest
reduction of approximately 25% during the dry season. Conversely, the area of TM_channel
demonstrated a relatively minor change in both seasons (Figure 6 a, b). Under a rSLR of 100 cm,
more than 90% area of TM_shoalw disappears in the wet season (Figure 6 c), while the reduction
percentage is 80% in the dry season (Figure 6 d). The reduction of area of TM_channel becomes
more prominent than that with a rSLR of 30cm (Figure 6 c, d). Especially in the dry season, the
area of TM_channel decreases by ~80% with a rSLR of 100cm (Figure 6 d). Similarly, the
TM_shaolm almost disappears with a rSLR of 100 cm.

Wet season Dry season

2100s_SLR30-2010s_REF

2100s_SLR100-2010s_REF
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Figure 6 The SSC difference and change of ETMs between scenario 2100s_SLR30 and 2010s_REF, 2100s_SLR100 and 2010s_REF.
(a, b) 2100s_SLR30-2010s_REF in wet season and dry season; (c, d) 2100s_SLR100-2010s_REF in wet season and dry season.
The yellow line indicates 100 mg L in 2010s_REF, the black line indicates 100 mg Lt in 2100s_SLR30, and the magenta line
indicates 100 mg L in 2100s_SLR100. The blue color indicates a reeducation on SSC, while the red indicates an increase in the

colorbar.

4.3.2 Impact of varying sediment loading under rSLR

As explained in section 4.2.1, a reduction in sediment loading results in a general decline in SSC
over the entire PRE for the period of 1970s-2010s. The impact of riverine sediment loading on
future development of the ETMs is assessed here in the context of accelerated rSLR. Results of
the two scenarios, namely 2100s_SLR100_0.5SED which assumes a further reduction in sediment
load by 50% and 2100s_SLR100_1.5SED which assumes an increase in sediment load by 50%
compared to the 2100s SLR100, the differences between 2100s SLR100 and
2100s_SLR100 _0.5SED, as well as 2100s_SLR100 and 2100s_SLR100_1.5SED are presented in
Figure 7. The compare between 2100s_SLR100 and 2100s SLR100 0.5SED show that the
decrease of sediment load lead to reduction on bottom SSC, and this reduction effect gradually
decreases away from the tributary outlets, moreover the reduction effect is more obviously in the
wet season than it in the dry season (Figure 7 a,b). In the wet season, the reduction of bottom SSC
in the TM_shoalw zone is about 7%, 6.57% in the TM_shoalm zone, and 0.73% in the TM_channel
zone.The increase of sediment load by 50% result in an increase on bottom SSC, and show the
same pattern as the reduction in Figure 6 a,b. In the wet season, the increasing of bottom SSC in
the TM_shoalw zone is about 7%, 6% in the TM_shoalm zone, and 0.73% in the TM_channel
zone. The comparison between the 2100s_SLR100 0.5SED and the 2100s_SLR100 1.5SED
scenarios reveals an elevation on bottom SSC resulting from the increase of sediment load (Figure
7 e, ). An increase in sediment load to three times of the present-day value has a notable impact
on bottom SSC, with SSC values increased by approximately 15% in the TM_shoalw zone, 14%
in the TM_shoalm zone, and 1.47% in the TM_channel zone. However, this is only slightly higher
than the impact of a ~67% decrease in sediment load on bottom SSC during the 1970s, with the
decreasing value of bottom SSC being 11% in the TM_shoalw zone, 9.8% in the TM_shoalm, and
2.65% in the TM_channel zone (Figure 3, a-c ). When this comparison is extended to the entire
Lingding Bay, the large increase in sediment load leads to a 39.56% increase of bottom SSC in the
2100s, while the increase in the 1970s is 14.7%. This indicates that the PRE may become
increasingly starved in the SPM following the morphological change and rSLR.



505
506
507
508
509
510
511

manuscript submitted to JGR Ocean

Wet season Dry season

2100s_SLR100_0.5SED-2100s_SLR100

| 2100s_SLR100_1.5SED-2100s_SLR100

2100s_SLR100_1.5SED-2100s_SLR100_0.5SED

Figure 7 The differences between bottom SSC distribution in the wet season and dry season of the 2100s_SLR100,
2100s_SLR100_0.5SED and 2100s_SLR100_1.5SED scenarios. (a, b) is the difference of bottom SSC between
2100s_SLR100_0.5SED and 2100s_SLR100. (c, d) is the difference of bottom SSC between 2100s_SLR100_1.5SED and
2100s_SLR100. (e, f) is the difference of bottom SSC between 2100s_SLR100_1.5SED and 2100s_SLR100_0.5SED. The left column
presents the results of the wet season; the right column presents the results of the dry season. The black line represent the location
of ETMs in 2100s_SLR100..
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4.3.3 Impact of change in the monsoon

Impact of potential change in the summer monsoon can be identified by comparing the results
from the scenarios 2100s_SLR100 WD and 2100s_SLR100 WDWS with reference to
2100s_SLR100. The impact of an anticlockwise rotation by 40° in the mean wind direction in
summer months (June, July and August) is seen by the difference between 2100s_SLR100 WD
and 2100s_SLR100 (Figure 8 d). A shift in the mean wind direction from southwest to southeast
in summer period results in a general increase in bottom SSC in the PRE, except for the western
region of the Lantau Island where the TM_channel is situated. The reason is that the southeasterly
wind counteracts the riverine outflow and associated sediment export from the outlets, resulting in
a longer residual time in the PRE. This promotes settling of fine-grained sediments including clay
and silt inside the Lingding Bay. Meanwhile, long distance transport of sediment to the
TM_channel area is weakened due to changed circulation pattern, resulting in a reduction of SSC
in the TM_channel (Figure 8 g). As a result, the spatial extent of TM_shoalw has increased, while
the TM_channel has diminished (Figure 8 a, b ,c) under the impact of a change in the mean wind
direction in summer months (June, July and August).

The impact of reduced wind speed in summer on the distribution of bottom SSC is seen by
comparing the results from 2100s_SLR100 WD and 2100s_SLR100 WDWS (Figure 8 e). A
reduction in wind speed by 60% results in a decline of bottom SSC by up to 15 mg L in the
northern part of the western shoal and an increase of bottom SSC by up to 10 mg L™ in the southern
part of the shoalln the middle shoal, bottom SSC is generally decreased. By contrast, bottom SSC
in the channels is increased. The most remarkable increase of bottom SSC occurs in the
TM_channel adjacent to the Lantao Island by up to 15 mg L. The spatial extent of TM_shoalw
has diminished, which is likely due to the reduction in wind speed resulting in diminished
resuspension on west shoal. The elevated SSC in the southern part of west shoal suggests that the
diminished SPM in the northern part has been transported to the southern of the shoal. The spatial
extent of the TM_channel increased as a consequence of the reduction in wind speed. This can be
attributed to the fact that the formation mechanism of the TM_channel is driven by topographic
trapping(Ma et al, 2023). The reduced wind speed resulted in an enhanced residual sediment flux
in the west channel (Figure 8 h), which resulting from the decreased shear stress between west

channel and west shoal.
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The combined effect of wind direction rotation and wind speed reduction is seen by comparing the
result of 2100s_ SLR100_WDWS and 2100s_SLR100 (Figure 8 f, i). The change of wind direction
and speed jointly lead to a lower bottom SSC in the northern part of the western shoal and higher
bottom SSC in the southern part of the shoal. Bottom SSC is generally increased on the middle
shoal and in the channels. The increase of bottom SSC in the TM_channel by a reduction of wind
speed prevails the decrease by changed wind direction there. The reduction in wind speed results
in a decrease in shear stress on the bank at the edge of the channel, which reduces lateral transport
of SPM between the channel and the west shoal and thereby allowing a greater proportion of SPM
to remain within the channel.

The impact of changes in the summer monsoon can be further explained by the residual sediment
transport flux (Figure 8). The direction of the residual sediment transport flux on the west shoal
exhibits an eastward shift following a change in the wind direction (Figure 8 f). This indicates that
the landward sediment transport was enhanced on the west shoal, resulting in elevated SSCs in
this area due to convergence with the seaward sediment transport from the river mouths. A
reduction in wind speed leads to a decrease of the residual sediment transport flux in the vicinity
of the outlets. By contrast, residual sediment transport flux in the southern part of the west shoal
as well as in the channel adjacent to the Lantao Island where TM_channel is located experiences
a remarkable increase (Figure 8 g). The joint effect of changes in wind direction and speed leads
to similar changes of the residual sediment transport flux to the impact of wind speed reduction
(Figure 8 h), with further enhanced landward transport on the southern part of the west shoal,

inside the channels and on a vast part of the middle shoal.
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Figure 8 Change of ETMs, difference of bottom SSC, and difference of residual current between scenarios of wind condition shifting
in the wet season. The bottom SSC of 2100s_SLR100 is shown in (a), with the zoom-in of TM_shaolw in (b), and (c) shows the zoom
in of TM_channel. (d) Bottom SSC difference between 2100s_SLR100 and 2100s_SLR100_WD; (e) bottom SSC difference between
2100s_SLR100_WDWS and 2100s_SLR100_WD. (f) bottom SSC difference between 2100s_SLR100_WDWS and 2100s_SLR100.
(9) the sediment residual flux difference between 2100S_SLR100 and 2100s_SLR100_WD, the green arrow is the direction of
sediment residual flux in 2100s_SLR100_WD. (h) the sediment residual flux difference between 2100s_SLR100_WDWS and
2100s_SLR100_WD, the magenta arrow is the direction of sediment residual flux in 2100s_SLR100_WDWS. (i) the sediment
residual flux difference between 2100s_SLR100_WDWS and 2100s_SLR100.

5 Discussion

5.1 Impact of the changing tides

The variation of tides can exert a considerable influence on estuarine hydrodynamics and the
importance of tidal asymmetry in sediment transport has been quantified in various studies
(Burchard et al, 2018; Scully & Friedrichs, 2007; Zhang et al, 2019). As reported by Dijkstra et al
(2019) the channel deepening in the Ems River estuary between the 1960s and early 2000s
occurred concurrently with an increase in the SSC, which rose from moderate levels (~1 kg/m?) to
high levels (>10 kg/m?3). Model analysis demonstrates that the deepening of the channel and the
sediment-induced damping of turbulence near the bottom increase the M2 and M4 tidal asymmetry,
which consequently results in an increase in the magnitude of sediment import with enhanced flood
levels (Winterwerp & Wang, 2013). In the Tagus estuary in Portugal, the strong ebb-dominance
of this estuary will decrease significantly due to the decrease of intertidal area resulting from the
SLR (Bertin et al, 2015). In estuaries, the flood-dominated area normally promotes net landward
sediment transport, whereas the ebb-dominated area promotes net seaward sediment transport
(Guo et al, 2019). The alteration in tidal asymmetry will consequently affect the sedimentation,
which in turn will alter the geomorphology of the estuary over a long-time scale. This may result
in further changes in tidal dynamics through a feedback loop.

In our previous study (Ma et al (2024), tidal pumping due to tidal asymmetry is found to play a
pivotal role in the formation of ETMs in the PRE. This study illustrates the tidal pumping effect
of the bottom sediment flux in two scenarios, namely the 1970s_SED and 2010s_REF, under the
impact of morphological change. The impact of rSLR on tidal pumping is analyzed by comparing
another two scenarios, namely 2100S_SLR30 and 2100S_SLR100. In scenario 1970s_SED
(Figure 8 a e 1), the sediment flux was predominantly advective. The sediment flux on the West

Shoal exhibits a southward direction, while the sediment flux in the West Channel demonstrates a
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northward movement, driven by both advection and tidal pumping. Following morphological
changes in 21010s_REF, the convergence due to tidal pumping on the West Shoal (eastern north
of Qi'ao Island) becomes evident where the TM_shoalw is situated (Figure 9 j). The effect of tidal
pumping is diminished with rSLR in scenarios 2100s_SLR30 and 2100s_SLR100 (Figure 9 k 1),
corresponding with the observed reduction in TM_shoalw. The tidal dynamic changes can be seen
by the tidal ellipse in Figure 10. Morphological changes cause an increase in tidal ellipticity, a
reduction of peak velocity (Figure 10 b) during the tidal cycle, as well as spatial differences in the
orientation of tidal ellipse (Figure 10 d) in the upper part of the PRE. As the primary tidal ellipse
typically aligns with the coastline, the clockwise orientation of the ellipse is consistent with the
clockwise rotation of the west coastline (Figure 1 ¢, Supporting Information Figure_S9).

The modified tidal dynamics resulting from morphological changes and rSLR can influence the
transport of sediments, leading to variations in the concentration and/or location of ETMs, as well
as alterations in SPM distribution. The altered tidal asymmetry may also affect the long-term
sedimentary patterns of the estuary. These sediment transport patterns will, over time, affect the
estuary shape (Khojasteh et al, 2022; Masselink et al, 2007; Zarzuelo et al, 2019).
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Figure 9 Spatial distribution of tidal pumping (Tbpin)in the bottom water layer of scenarios: 1970s_SED, 2010s_REF,
2100s_SLR30, 2100s_SLR100 in the wet (unit: m-mg-s~/L~"'.). Positive (red color) and negative (blue color) values indicate

northward and southward transport, respectively. The black line indicates the location of ETMs in different scenarios.
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616
617 Figure 10 Tidal ellipse of scenarios 1970s_SED, 2010s_REF, 2100s_SLR30 and 2100s_SLR100 in wet season.

618 5.2 Impact of waves

619  Wind waves can significantly impact ETMS through sediment resuspension. In the Seine Estuary,
620 itis found that the suspended mass in the ETM caused by energetic wave conditions is three times
621  higher that is caused by mean tides (Grasso et al., 2018). Christie et al (1999) reported that wave
622 activity maintains elevated SSC over high water level. This suspended sediment was transported
623  offshore during ebb tides in stormy conditions in the Humber Estuary. Wave effects in sediment
624  transport can be significantly influenced by typhoon(Chen et al, 2019), and morphological change
625 (Tonis etal, 2002). In the PRE, modeled SSC is elevated by 1.3~1.5 times with inclusion of wave-
626  enhanced bottom shear stress compared to that without wave effect during a typhoon landfall
627  (Yang et al, 2022). As reported by Lin et al (2022), the narrowing of the PRE estuary due to land
628  reclamation has resulted in a general increase in wave-induced bottom stress in the estuary leading
629  an increase in the area of SSC greater than 100 mgL™ by 183.4%.

630  To assess the impact of wave effect in different time periods, the results of scenarios with and
631  without wave effect are compared (Figure 11). The discrepancy in the bottom SSC between
632 1970s_SED and 2010s_REF reveals the impact of morphological change (from 1970s to 2010s)
633  on the wave effect and the discrepancy in the bottom layer SSC between 2100s_SLR30 and
634  2100s_SLR100 reveals the impact of rSLR on wave effect.
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The comparisons indicate that the location of the ETMs is not affected by waves. A minor
expansion of ETM during the wet season of 1970s is seen with wave effect included. The most
significant wave effect is a modification of the SPM distribution in the bottom water. In the
scenario 1970s_SED, wave-induced enhancement of bottom shear stress elevates the bottom SSC
over the entire PRE in the wet season (Figure 11 a). During the dry season, wind waves result in a
notable increase of bottom SSC on the west shoal by ~7 mg/L but a slight reduction of bottom
SSC on the middle and east shoals (Figure 11 b). In comparison to 1970s_sed, the increase of SSC
by waves in 2010s_ref is relatively modest. The wave-induced increase of SSC is less than 5 mg/L
on the west shoal. In the scenario with a rising sea level, the impact of waves on SSC is further
reduced. In the scenario 2100s_SLR100, the wave-induced SSC increase is 3.5 mg/L. During the
dry season when winds are blowing from the land to the sea, wave effects are weakened compared
to the wet season (Figure 11 b, d, f).

The wave-induced increase of bottom SSC on the west shoal is consistent with the findings of the
study by Zhang et al (2021a). Their study suggests that waves exert a considerably stronger
influence on bottom shear stress on the shoal than in the channels. Concurrently, waves enhance
the westward lateral flow, thereby driving sediment from the channel to the west shoal. This is

also demonstrated in our model results shown in Figure 11.
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Figure 11 illustrates the difference between scenarios with and without a wave effect. The left column depicts the wet season, while
the right column depicts the dry season. The first panel (a, b) depicts scenario 1970s_SED, the second panel (c, d) depicts scenario
2010s_REF, and the third panel (e, f) depicts scenario 2100s_SLR100. Each panel compares the scenario with and without wave
effect. The yellow line indicates the location of ETMs without wave effect. The blue line indicates the locations of ETMs with wave

effect.

5.3 Implications of results

A diachronic analysis of an estuary is a crucial undertaking to predict its future fates. In the
industrial age, when human activities flourish, the effects of climate change and human impact on
estuaries are becoming increasingly pronounced. This is leading to significant alterations in the
factors that maintain estuary hydrodynamic and sediment dynamic(Grasso & Le Hir, 2019; Hutton
et al, 2017; Sottolichio et al, 2013). Each estuary exhibits unique natural geographical conditions.
However, the modifications implemented by humans are broadly similar, including activities such

as dredging, damming and land reclamation. On the other hand, climate change occurs globally.
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The joint effect of climate change and human activities has led to similar response of estuaries
during the past decades (Cloern et al, 2016; Talke & de Swart, 2006; Wang et al, 2017) and likely
similar fates in future. Successful examples in mitigation of climate change and anthropogenic
impact in some estuaries thus have global implications. Our work presents an effort towards a
comprehensive understanding of the evolution of ETMs and may contribute to development of
guidelines for mitigation in one of the largest estuaries worldwide.

The study by Cui et al. (2022) shows that resuspension is a main process for controlling the SSC
in the bottom water. In present-day conditions, medium silts are found to dominate the suspended
sediments in the PRE (Wei et al, 2021; Xia et al, 2004).Our results show that a change from clay-
dominance to silt-dominance in the estuarine bed from 1970s to 2010s results in enhanced SSC
which sustain the ETMs. Therefore, we propose that the main sediment source of the ETMs in the
PRE has shifted from a direct riverine sediment discharge in 1970s to erosion of local estuarine
bed in 2010s and future. Such shift of sediment source has also been reported in various estuaries,
such as the Ems River estuary (Talke & de Swart, 2006) and the Changjiang River estuary (Sun et
al, 2019), as a consequence of river damming and other human activities. This shift is likely to
alter both sedimentation and biogeochemical environments of estuaries in a profound manner in
near future(Cloern et al, 2016).

6 Conclusions

This study examines the impact of anthropogenic and climatic drivers on historical development
as well as possible future fates of ETMs in the PRE. Since 1970s, the Pearl River Delta and its
estuary (PRE) have experienced significant changes in its morphology in conjunction with a rapid
economic growth and land use change. The most considerable changes during the past decades
include a continuous narrowing of the estuary by massive land reclamation, increase in the depth
of the navigation channels by dredging, reduction of riverine sediment load by damming, sand
mining on the shoals, and enhanced land subsidence due to extraction of ground water. In 2010s,
an official cessation of land-reclamation and sand mining has been implemented. It is expected
that climate change will likely play a more important role in driving the change of hydro-
morphodynamics and evolution of ETMs in the forthcoming decades.
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In this study, based on validated hydro-morphodynamic model results for 1970s and 2010s, we

have designed in total 13 scenarios to investigate the response of ETMs to the aforementioned

influencing factors in the PRE. Main outcomes are listed below:

1.

An ETM with a relatively large spatial extent between the river mouth of Humen and the
Qi’ao island (>30 km in length) existed in 1970s according to both observation and our
model results. This ETM evolved into several locally confined but interconnected ETMs
in 2010s. Human-induced morphological change mainly associated with land reclamation
and deepening of bathymetry by channel dredging and sand mining is the main driver
behind such change.

Sediment composition in the estuarine bed has also been altered significantly during the
past decades. Clay content has largely been depleted since 1970s and the present-day
estuarine bed is dominated by silts. The SSC in the PRE is enhanced by a change from
clay-dominance to silt-dominance in the estuarine bed, sustaining the multiple ETMSs. The
most significant change occurs in the channel, where the ETM becomes not only larger but
also persistent throughout the year.

A remarkable reduction in riverine sediment load from 1970s to 2010s leads to a notable
decrease in the spatial extent of ETMs in the wet season. However, it has minor effect on
the dynamics of ETMs in the dry season. Our results also show that the PRE has become
increasingly starved in SPM along with the morphological change and this trend will likely
remain with an accelerated rSLR.

The rSLR during the past decades leads to a mild reduction of the spatial extent of the
ETMs from 1970s to 2010s. In the forthcoming decades, an accelerated rSLR will likely
result in a substantial reduction of SSC in the PRE, particularly on the shoals, with a
maximum reduction by up to ~ 3 times larger than the impact of a rSLR following the same
rate in the past decades and thereby greatly reduce the spatial extent of ETMs in the PRE.
A gradual shift in the mean wind direction and reduction in wind speed in summer during
the past decades have a minor influence on ETMs when compared to the effect of
morphological change. However, in future scenarios, a continuous change of wind
direction and speed would jointly lead to a lower bottom SSC in the northern part of the
western shoal and higher bottom SSC in the southern part of the shoal and the channels,

which consequently affect the spatial extent of the ETMs.
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6. Wind waves exert a considerable impact on SSC in the 1970s and sustain the ETM on the
shoal. An increase of the mean water depth of the PRE from 1970s to 2010s by human
activities leads to a weakening of the wave effect in a vast part of the estuary except for the
western shoal. The same pattern is projected in future scenarios.
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Figure S1 monthly freshwater discharge and sediment load at the eight major outlets obtained from
the China Sediment Report (http://www.mwr.gov.cn)

Figure S2 the wind rose of data from ECWMF and the wind data after -40 rotation and wind speed
decreased by 70%.

Figure S3 the clay, silt, and sand distribution of scenarios (1970s_REF, 1970s_SED, 2010s_BED,
2010s_REF, and 2100s_SLR30) in the wet season and dry season.

Figure S4 the difference of stratification and bottom shear stress between 2010s_REF and
2100S_SLR30 in the wet season and the dry season.
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Figure S5 monthly freshwater discharge and sediment load at the eight major outlets obtained from

the China Sediment Report (http://www.mwr.gov.cn)
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Figure S6 the wind rose of data from ECWMF and the wind data after -40 rotation and wind speed

decreased by 70%.
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Figure S7 the clay, silt, and sand distribution of scenarios (1970s_REF, 1970s_SED, 2010s_BED,
2010s_REF, and 2100s_SLR30) in the wet season and dry season.
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