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Summary

Mangroves are an interesting species of vegetation, surviving and thriving at the inter-
face of land and water, in the inter tidal brackish coastal waters between the mean sea
level and mean high water. Mangroves are a highly productive and complex ecosys-
tem, providing numerous services and goods to people and marine environment. Man-
groves are home to a large variety of underwater animals. Mangrove wood is valuable
because it is resistant to rot and insects and can be harvested for pulp or charcoal pro-
duction. Most importantly, complex roots, stems and canopies of mangroves provide
effective protective means for coastal and estuarine regions. Waves and tidal flows are
significantly slowed down as they make their way into and through the roots, stems and
canopies of the mangrove forest. Nutrients and sediments can be deposited, providing
necessary conditions for a sustainable development of the mangrove ecological system
in particular and a stable coastal area in general. However, despite the important role
of mangroves along the Mekong delta estuary, a large part of the mangrove forests has
been converted into fish farms. In many regions, only a narrow strip of mangroves re-
mained and, as a consequence, mangrove forests degraded and banks and shorelines
experience severe erosion. Although numerous attempts were implemented to restore
the mangroves and to enhance the river bank stability, these were not really successful.
A possible explanation may be that knowledge about the hydrodynamics and exchange
processes in and around the mangrove forest vegetation area is still not yet rigorously
researched. In order to understand the dynamics of mangroves, the remaining width of
mangrove forests and erosion (accretion) rate were observed, collected and analysed in
terms of a morphological perspective. It is found that the river bank erosion appears
to relate to the width of mangrove forest. The larger the width of the mangroves, the
less erosion of the river bank and vice versa. In this context, the concept “Squeeze Phe-
nomenon,” explaining the degradation of mangroves together with the erosion of the
river bank, is introduced. Based on a schematised numerical model, changes in hydro-
dynamics and exchange processes caused by the limited width of the forest are proposed
to be the fundamental reason for the “Squeeze Phenomenon.”

It is noted that estuarine channels in the Mekong Delta usually include mangroves,
dominating floodplain regions, transition areas with very a gentle slope of about 1:10,
and a main channel. As such, hydrodynamics of estuarine mangroves appear similar
to those of a vegetated compound channel. Therefore, a detailed laboratory study of
a vegetated compound channel was conducted in a flume at the Water Laboratory of
TU Delft. The experimental results theoretically clarified the fundamental role of hy-
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x SUMMARY

drodynamic processes, especially Large Horizontal Coherent Structures (LHCSs), which
are turbulent vortex structures at the channel-vegetation interface in relation to vegeta-
tion regions and vice versa. It is shown that in a compound vegetated channel with a
gentle transverse slope, the shear layer properties are dominated by the presence of veg-
etation, rather than by the water depth difference. The vegetation significantly increases
the gradient of the mean streamwise velocity, drawing more exchange toward the vegeta-
tion edge and pushing more flow into the floodplain region. The vegetation is also very
effective in damping and shielding the flow within the mangrove forest from external
boundary conditions. Furthermore, the presence of vegetation does enhance the occur-
rence of LHCSs as a dominant factor in forcing the exchange mechanism at the vegeta-
tion interface. The presence of LHCSs, which is much more pronounced in cases with
vegetation, is the major factor contributing to the momentum exchange between the
vegetated floodplain regions and the adjacent open channel. The experimental results
also reveal that the region affected by the LHCSs, where large transverse fluctuations can
occur, is much larger than the region of transverse momentum exchange which is con-
nected to the penetration of the LHCSs into the vegetated floodplain region. The moving
of the LHCSs along the vegetation interface is associated with the sweeps and ejections,
as well as the stagnant and the reverse flows forming a so called cycloid motion. While
the sweeps and ejections dominate the momentum exchange region and appear to link
to the import and export mechanism of nutrients and sediments, the stagnant and re-
verse flows appear to dominate the region further inside the vegetation and are impor-
tant for the deposition processes. It is important to note that, although the vegetation
is very effective in damping and protecting the hydrodynamic conditions within the for-
est, the “squeeze effect” makes this protection much less successful. Reducing the forest
width does influence the hydrodynamics in and around the cylinder arrays, especially
the shear layer at the vegetation interface. Furthermore, the mean flow velocity needs
a certain space to reach its uniform value inside the floodplain area and the vegetated
region, affected by the LHCSs, can be even larger than the region into which the mix-
ing layer can penetrate. Hence, a too narrow floodplain may diminish the affected area
directly and makes it impossible for the flow field inside the vegetation to be able to
reach its equilibrium state. As a result, the LHCSs in a “squeeze” condition occur more
frequently but less regularly and the transverse exchange processes, induced by these
LHCSs, can be strongly disturbed. The momentum fluxes are larger and the time and
space for the sediment to be deposited is restricted. These conditions are hypothesized
to be unfavorable for the nutrient and/or sediment deposition within the mangrove for-
est. It is also seen that the denser the vegetation, the less sensitive the mangrove forest is
to the squeeze effects. This again shows the importance of the function of the vegetation
in the protection of the river banks.

A quadrant analysis of the Reynolds shear stresses has been applied, showing the
connection between the flow events and the LHCSs and their contribution to the trans-
verse momentum exchange. It is suggested that local variability leads to differences in
the transverse exchange of mass and momentum. Moreover, it is noted that although
various exchange models have been developed, their applicability in different circum-
stances is still unclear as their validity is usually restricted to a narrowly ranging experi-
mental data set. A proper model for this exchange of momentum in a compound chan-
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nel geometry, with or without vegetation, is still lacking, especially in the context of the
presence of the Large Horizontal Coherent Structures (LHCSs). In this context, the ex-
perimental data were used to verify state-of-the-art momentum exchange models. As
the limitations of those models were analysed, for the first time a hybrid eddy viscos-
ity model, based on the occurrence of LHCSs and on the presence of vegetation, was
proposed and verification, using a variety of experimental data sets including a non-
vegetated compound channel, a vegetated compound channel and a partially vegetated
channel. The results show that, by varying only a coefficient of proportionalityβwhich is
related to the transverse slope between the main channel and the floodplain, the trans-
verse momentum exchange can be well reproduced with the new eddy viscosity model
for quite a range of different set-ups and scenarios.

Finally, as the generic applicability of the viscosity estimation has been demonstrated,
it was consecutively used as a turbulence model representing the large scale structures
in numerical simulations of compound channel flow. It is noted, that most knowledge
obtained so far is primarily based on laboratory studies. Numerical models that can well
reproduce the physics, cost high computational time in terms of practical engineering.
Although depth averaged numerical models (2DH models) have widely been applied to
model quasi-steady depth averaged flow patterns in rivers, estuaries and coasts, the ap-
plicability of a 2DH model in the context of the presence of the LHCSs has yet to be
determined. Therefore, the capability of 2DH models in modelling the shallow flows
in a compound vegetated channel was examined. The shallow water solver of Delft3D
was used, and based on that a 2DH numerical model mimicking a physical model of a
compound vegetated channel was constructed. The model results were then compared
with the experimental results, showing the limitation of the 2DH models. Subsequently,
the new hybrid eddy viscosity model was prescribed in the 2DH numerical simulations
of vegetated compound channels to improve the prediction capability of the model in
terms of the mean streamwise velocity and the transverse shear stresses. In this context,
the utilization of the 2DH model for real-time scenarios of a vegetated compound chan-
nel was examined. The phenomena and lessons, learned at small-scale experiments, are
important in the discussion on a larger real-time scale and its application by means of a
scaled up numerical model.





Samenvatting

Mangroven zijn een interessante vegetatie, groeiend en bloeiend tussen land en water in
de brakke kustwateren van het getij en tussen het gemiddelde niveau van het zeewater
en het hoogwater. Mangroven zijn een zeer complex ecosysteem en voorzien in talrijke
behoeftes van de mens en de maritieme omgeving. Mangroven vormen een thuisba-
sis voor een grote verscheidenheid aan onderwaterleven. Mangrovehout is waardevol
omdat het is bestand tegen verrotting en insecten en het voor de productie van pulp of
houtskool geoogst kan worden. Het belangrijkste aspect van mangroven zijn de com-
plexe wortels, stengels en bladerdak welke een effectieve bescherming biedt aan kust en
riviermondingen. Golven en getijde stroming worden aanzienlijk vertraagd op weg in en
door de wortels, stengels en boomkronen van het mangrovebos. Voeding en sediment
kunnen worden gedeponeerd; noodzakelijke voorwaarden voor een duurzame ontwik-
keling van het ecologisch mangrove systeem in het bijzonder en een stabiel kustgebied
in het algemeen. Echter, ondanks de belangrijke rol van de mangroven in de riviermon-
dingen van de Mekong-delta, is een groot deel van de mangrovebossen omgebouwd tot
viskwekerijen. In vele regio’s is slechts een smalle strook van mangroves over gebleven
en zijn mangrovebossen dientengevolge gedegradeerd en zijn de rivieroevers en de kust
aan ernstige erosie onderhevig. Hoewel vele pogingen zijn ondernomen om de mangro-
ven te herstellen en de stabiliteit van de rivieroevers te verbeteren, waren deze niet echt
succesvol. Een mogelijke verklaring kan zijn dat de kennis over de hydrodynamica en
uitwisselingsprocessen in en rond mangroven vegetatie nog niet grondig is onderzocht.
Om de dynamiek van de mangroven te begrijpen, werd de mate van erosie (accretie)
in relatie tot de resterende breedte van mangrovebossen geobserveerd en verzameld, en
geanalyseerd in termen van een morfologische perspectief. Onmiskenbaar lijkt de erosie
van de rivieroever gerelateerd te zijn tot de breedte van mangrovebossen. Hoe breder de
strook van mangroven, hoe minder erosie van de rivieroever en vice versa. In deze con-
text introduceren wij het concept ‘Squeeze Fenomeen,’ dat de afbraak van de mangroven
in relatie tot de erosie van de rivieroever verklaart. Op basis van een geschematiseerd
numeriek model, worden de veranderingen in de hydrodynamica en uitwisselingspro-
cessen voorgesteld als de fundamentele reden voor het “Squeeze Fenomeen”.

Opgemerkt moet worden dat de riviermondingskanalen van de Mekong Delta een to-
taliteit vormen van mangrovebegroeiing, vlaktes waar overstromingen domineren, over-
gangsgebieden met een zeer lichte helling van ongeveer 1:10 en een hoofdkanaal. In
deze conditie lijkt de hydrodynamica van mangroven in de riviermonding vergelijkbaar
met die van een begroeid, gesegmenteerd kanaal (Engels:‘compound channel’). Een ge-
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xiv SAMENVATTING

detailleerde laboratoriumstudie van een begroeid, gesegmenteerd kanaal (‘compound
channel’) is uitgevoerd in het Waterlaboratorium van de TU Delft. De experimentele re-
sultaten gaven een theoretisch inzicht in de fundamentele rol van de hydrodynamische
processen, met name de ‘grote horizontale coherente structuren’ (Engels: LHCSs), die
de turbulente vortexstructuren vormen op het grensvlak van vegetatie in relatie tot be-
groeide gebieden, en omgekeerd. Aangetoond werd dat, in een begroeid kanaal (‘com-
pound channel’) met een milde dwarshelling, de eigenschappen van de oevers vooral
worden bepaald door de aanwezigheid van vegetatie en niet zozeer door het verschil in
waterdiepte. De vegetatie verhoogt de gradiënt van de gemiddelde stroomsnelheid aan-
zienlijk, waardoor er toenemende uitwisseling plaatsvindt naar de rand van de vegetatie
en de stroming meer naar de uiterwaarden wordt gestuwd. De vegetatie van het man-
grovebos is ook zeer effectief in de demping van de externe stroming. Bovendien worden
‘LHCSs’ door de aanwezigheid van vegetatie een dominante factor in het uitwisselings-
mechanisme op het niveau van de vegetatie. De aanwezigheid van ‘LHCSs’ is vooral
bepalend in situaties met vegetatie en dit is de belangrijkste factor die bijdraagt aan de
momentumuitwisseling tussen de begroeide uiterwaarden en het aangrenzende, open
kanaal. De experimentele resultaten lieten ook zien, dat het gebied waar grote trans-
versale fluctuaties kunnen optreden onder invloed van ‘LHCSs’, veel groter is dan het
gebied van transversale momentumuitwisseling gerelateerd met het binnendringen van
‘LHCSs’ in het begroeide overstromingsgebied. De ‘LHCSs’ in het grensgebied van de ve-
getatie worden geassocieerd met zwaai- en werpbewegingen en vormen, samen met de
stagnering en tegenstroming, een zogenaamde cycloïde beweging. Terwijl de zwaai- en
werpbewegingen het gebied van momentumuitwisseling domineren en een verbinding
ontstaat met het import- en exportmechanisme van voeding en sediment, lijken de stag-
nering en tegenstroming het gebied binnen de vegetatie te domineren en dit is belangrijk
voor de depositie processen. Het is relevant om op te merken dat, hoewel de vegetatie
zeer effectief is in het dempen en beschermen van de hydrodynamische omstandighe-
den in het bos, het "knijpeffect"(Engels: Squeeze Phenomenon) deze bescherming veel
minder succesvol maakt. Het verkleinen van de breedte van het bos heeft invloed op
de hydrodynamica in en rond de cilindermatrices, vooral op de oever op het niveau van
de vegetatie. Verder heeft de gemiddelde stroomsnelheid een bepaalde ruimte nodig om
zijn uniforme waarde binnen het gebied van de uiterwaarden te bereiken en het is moge-
lijk dat het begroeide gebied, beïnvloed door de ‘LHCSs,’ groter is dan het gebied waarin
de gemengde laag kan doordringen. Vandaar dat een te smalle overstromingsstrook het
aangetaste gebied nog verder kan verkleinen en het bereik van de stroming binnen de
vegetatie onmogelijk is om een evenwichtstoestand te creëren. Dientengevolge komen
de ‘LHCSs’ in ‘knijp’-toestand vaker, maar minder regelmatig voor en de transversale
uitwisselingsprocessen, geïnduceerd door deze ‘LHCSs’, kunnen hierdoor worden ver-
stoord. De momentumfluxen zijn groter en de tijd en ruimte voor het afzetten van sedi-
ment is beperkt. De vooronderstelling is, dat deze omstandigheden ongunstige zijn voor
de afzetting van voeding en/of sediment in het mangrovebos. We zien, dat hoe dich-
ter de vegetatie, hoe minder gevoelig het mangrovebos is voor knijpeffecten. Dit toont
opnieuw het belang en de functie van vegetatie aan bij de bescherming van rivieroevers.

Een kwadrant-analyse van de Reynolds afschuifspanningen is toegepast, die de ver-
binding van de stromingsgebeurtenissen en de ‘LHCSs,’ en hun aandeel aan de dwarse
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momentumuitwisseling, aantoont. De suggestie is, dat lokale variabiliteit tot verschillen
in de transversale uitwisseling van massa en momentum leidt. Bovendien wordt opge-
merkt dat hoewel diverse uitwisselingsmodellen zijn ontwikkeld, hun toepasbaarheid in
verschillende omstandigheden nog steeds onduidelijk is, aangezien hun geldigheid ge-
woonlijk beperkt is tot een beperkte set van experimentele gegevens. Een goed model
voor deze uitwisseling van momentum in een samengestelde kanaalgeometrie, met of
zonder vegetatie, ontbreekt nog steeds; vooral in de context van de aanwezigheid van
de ‘LHCSs’. In deze context werden de experimentele gegevens gebruikt om de ‘state-of-
the-art’ momentumuitwisselingsmodellen te verifiëren. De analyse van de beperkingen
van modellen, leidden tot het eerste hybride wervel-viscositeitsmodel dat is gebaseerd
op het voorkomen van ‘LHCSs’ en op de aanwezigheid van vegetatie, en voorgesteld
en gevalideerd met behulp van een verscheidenheid aan experimentele gegevens: een
niet-begroeid kanaal, een begroeide samengesteld kanaal en een gedeeltelijk begroeid
kanaal. De resultaten tonen aan dat, door slechts een proportionaliteitscoëfficiënt β
te variëren, gerelateerd aan de transversale helling tussen het hoofdkanaal en de uiter-
waarden, de transversale momentumwisseling goed gemodelleerd kan worden met het
nieuwe wervelstromings-viscositeitsmodel voor een redelijk aantal verschillende ‘set-
ups’ en scenario’s.

Ten slotte, aangezien de generieke toepasbaarheid van de viscositeitsschatting is aan-
getoond, werd deze achtereenvolgens gebruikt als een turbulentie model dat de groot-
schalige structuren representeert in numerieke simulaties van de stroming van het sa-
mengestelde kanaal. Opgemerkt moet worden dat de meeste tot nu toe verkregen kennis
voornamelijk gebaseerd is op laboratoriumonderzoeken. Numerieke modellen die de fy-
sica goed kunnen reproduceren, kosten veel computertijd in termen van praktische en-
gineering. Hoewel modelgemiddelde numerieke modellen (2DH-modellen) alom wor-
den toegepast voor het modelleren van quasi-stabiele dieptegemiddelde stroompatro-
nen in rivieren, estuaria en kusten, moet de toepasbaarheid van een 2DH-model in de
context van de aanwezigheid van de ‘LHCSs’ nog worden bepaald. Daarom werd het
vermogen van 2DH-modellen in het modelleren van de ondiepe stromingen in een sa-
mengesteld begroeide kanaal onderzocht. De “ondiep wateroplosser” van Delft3D werd
gebruikt, op basis van een 2DH numeriek model dat een fysiek model nabootst van een
samengesteld begroeide kanaal. De modelresultaten werden vervolgens vergeleken met
de experimentele resultaten, die de beperking van de 2DH-modellen tonen. Vervolgens
werd het nieuwe hybride wervelviscositeitsmodel voorgeschreven in de 2DH numerieke
simulaties van begroeide kanalen om het voorspellingsvermogen van het model te ver-
beteren in termen van de gemiddelde stroomsnelheid en de transversale schuifspannin-
gen. In deze context werd het gebruik van het 2DH model voor real-time scenario’s van
een begroeid samengesteld kanaal onderzocht. De verschijnselen en lessen, geleerd in
kleinschalige experimenten, zijn belangrijk in de discussie over grotere real-time schaal
toepassineng door middel van een opgeschaald numeriek model.





Chapter 1

Introduction

Mangrove trees live up to 100 years;
It only takes 1 day to destroy a whole forest.

USA – Graphic Artist Carly Hoover

Figure 1.1: Mangrove at the edge of land and water. Photo taken by Ethan Daniels, 2013.
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2 1. INTRODUCTION

The main purpose of this chapter is to present the problem, the research questions and
the research methodology. Additionally, it is intended to provide an introduction to read-
ers, who may not be familiar with the scientific knowledge.

1.1 Research context

T His thesis is a story about the degradation of mangrove forests due to the changes
in hydrodynamics induced by human intervention. The focus is on the process of

momentum exchange between the flow in the vegetation area and in the adjacent main
river channel.

Mangroves are a group of trees and shrubs which usually live near the sea, in the in-
tertidal areas such as along shores, rivers, and estuaries (Duke and Schmitt, 2016). Man-
groves can not withstand cool temperature (about 10°C-20.6°C), so they develop mainly
in the tropical and sub-tropical regions (Alongi, 2009). Mangrove forests can be well rec-
ognized by their dense tangle of roots wriggling out of the muddy soil (Figure 1.2) (Chap-
man, 1976). The complex system of the tangle of roots not only enables mangroves to
adapt the sinusoidal changes of tidal water level, but also makes mangrove forests be-
come an attractive home of many precious and distinctive aquatic organisms (Hong and
San, 1993). Furthermore, by inhibiting and slowing down the tidal flow, the intricate root
system of the mangrove forest can enable fine sediment to deposit and raise the muddy
bottom (Kathiresan, 2003). In this way, mangrove forests can increase the stability and
reduce the erosion of the along shore river bank and coastline by currents, waves and
tides .

Figure 1.2: The complex system of roots, stems and canopy of the mangrove forest in the Mekong Delta, Viet-
nam. Photo taken by Marcel Stive, 2015.
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However, mangrove forests are among the most threatened ecosystems of the world
(Gilman et al., 2008). About 35% of the mangrove forests already disappeared, while
in Vietnam this figure is as high as 50% (Makowski and Finkl, 2018). Human interven-
tions, both direct and indirect, are considered to be the main reason of this degrada-
tion of mangrove forests all around the world. For instance,a mangrove forest is usually
cleared for agriculture and infrastructure and over harvested to make construction wood
or charcoal production (Larson, 2004; Makowski and Finkl, 2018; Polidoro et al., 2010).
In addition, industrial waste, fertilizers and toxic chemicals dumped into the water re-
sources can kill animals living in mangrove forests, and threaten the long-term survival
of the whole mangrove eco-system (Starr, 2007) .

All changes and impacts from human intervention at first affect the hydrodynamics
of the ecosystem i.e. the motion of fluid in and around the ecosystem in general and
mangrove forest in particular (Elias, 2006; Nikora Vladimir, 2009; Van Andel and Aron-
son, 2006; Yu and Zhang, 2011). However, knowledge about this topic is incomplete, es-
pecially the existence of large turbulence structures formed in the mixing layer has been
only recognized recently (Nakagawa and Nezu, 1993).

In general, the flow of water in coasts, river and estuaries is turbulent, which means
that the fluid at those locations undergoes irregular fluctuating motions. The velocity of
the fluid keeps changing in both magnitude and direction. For example, tidal flows in
oceans and coastal areas, river flows and channel flows are turbulent. Initially, turbu-
lence was believed to be an irregular, random, chaotic, and unpredictable phenomenon
and only could be understood through statistical approaches (Pope, 2000). Thereafter,
turbulence was viewed as a combination of small scale and large scale motion within
the flow (Nikora, 2007). The former account for the dissipation of the turbulent energy,
and the latter are determined by the geometry of the flow (Venditti et al., 2013). This
view of turbulent flow implies that the turbulent energy is transferred from the mean
flow to large-scale turbulent motions, which may develop in the flow, but eventually will
resolve to smaller scales. In other words, although the motion of fluid in turbulent flow
experiences chaotic changes in pressure and velocities, it contains periodical fluctuating
motions, a circular character which are usually called “eddies”, “vortices”, “turbulence
structure”or “coherent structure ”, at different time and space scales. The small-scale
disorganised fluctuation of the motion of fluid can occur in larger organised patterns.
This is a deterministic approach to understanding turbulent flows.

Since 1970s, the presence of self-organizing flow structures within the fluid has been
recognized (Cantwell, 1981; Katul and Vidakovic, 1996; Townsend, 1976). These funda-
mental structures are “ coherent flow structures” arising from the internal flow instabil-
ity and are considered to govern the structure of turbulent flows. These coherent flow
structures can involve a wide range of vortex length scales, from micro-scale eddies to
macro-scale horizontal coherent structures with horizontal length scales larger than the
water depth. The existence of these large horizontal coherent structures (LHCSs) has
been found to be a fundamental and typical characteristic of the shallow flow. For in-
stance, the presence of such large horizontal coherent structures was well observed in
cases of flow past river groynes, the confluence of more than two rivers, in the wakes of
inslands, along the edge of vegetated channels, or at the interface of compound chan-
nels (Chen and Jirka, 1997; Nezu et al., 1999; Talstra, 2011; Uijttewaal and Booij, 2000;
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Van Prooijen, 2004; van Prooijen et al., 2005; White and Nepf, 2007). They usually appear
in the mixing layer, where there is a large difference in horizontal velocities of the shallow
flow field. The presence of the large horizontal coherent structures increase the momen-
tum exchange from “fast” regions to “slow” regions, which definitely plays an important
factor from the environmental engineering aspects.

The story of this thesis involves a wide range of disciplines, from relative general sub-
jects of ecology and environment to a very narrow, specific and fundamental subject of
turbulence structure in fluid mechanics. The study therefore also required a wide range
of approaches. The most fundamental key issue in this study is to understand the pe-
culiar effects of the LHCSs on the shallow flow field of vegetated compound channels,
which mimics the flow in mangrove forests along estuarine river channels.

1.2 Research motivation

E Stuarine and coastal ecosystems are being seriously threatened from both landside
and waterside. People tend to want to live close to the water, in the coastal region,

next to the beach or by the riverside. Nowadays it is known that about 80 percent of
the world’s population lives within 60 miles of the coastline of an ocean, lake, or river
(Cromwell et al., 2007). For example, over half of the American population lives within
50 miles of the coast, and more than a billion people live in low-lying coastal regions
(Neumann et al., 2015). From the environmental perspective, this means that these peo-
ple strongly depend on the coastal and marine ecosystems, habitats and resources for
the essential things of life, such as fertile lands, food etc., as a consequence, the in-
creasing amount of garbage, sewage and toxic wastes are dumped in these areas. This
unquestionably damages the whole ecosystem, destroying the habitat and causing the
extinction of many species. Besides, the warming climate since the mid-20th century
causes the seawater to expand and the melting of ice over land, resulting in sea level rise
(Riebeek, 2011). This water level rising induced by climate change has put more pres-
sure on the ecological system at the interface region between land and water, which are
already damaged due to intensive human activities.

The damaged ecosystem next to the water under the pressure of human activity and
sea level rise means that there are more regions of forest degradation and inundation.
Coastline and river bank erosion, as well as saltmarshes and mangrove disappearance,
are visible consequences (Erlandson, 2008; Valiela et al., 2009; Zhang et al., 2004). People
have been forced to find ways of coping with these threatens. From the practical engi-
neering perspective, hard solutions, referring to the construction of protective concrete
structures, are usually considered. However, as far as the environmental values are con-
cerned, whether or not this is a long-term and sustainable approach is still controversial
(Nordstrom, 2014). It is noted that the natural ecosystem has its own capability to deal
with relative sea-level rise by retreating landward. However, the human intervention
such as the construction often blocks this capability, making the situation sometimes
even worse (Doody, 2004; Phan et al., 2015; Torio and Chmura, 2013).

Specifically, when travelling along the Mekong Delta estuaries, it is observed that in
many regions, estuarine mangroves have degraded into a narrow strip and river banks at
those locations are also usually observed to be suffering from strong erosion with a rate
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of 2 to 4 m per year (SIWRR, 2010). The increasing demand of creating more space for
local fish-farming is believed to be the main reason for this devastation of the mangrove
system (Renaud and Kuenzer, 2012). There exist several attempts to restore the degraded
mangrove system, both in the coastal and estuarine area. However, understanding the
mutual interactions between the (fish-farm) constructions, the motion of the fluid and
estuarine mangrove ecosystem is still poorly known. As a result, the general result of
restoration campaigns is very limited. Thousands of mangrove trees have been planted,
but most of the replanted mangrove forest cannot remain sustainable growth and usu-
ally drop after some seasons (Marchand, 2008; Seto and Fragkias, 2007). It is also noted
that a mangrove forest may be able to be restored in some regions, but only through the
recovery of monocultures of easy and fast-growing species such as Sonneratia, Avicenna
or Rhizophora, other rare species and the whole mangrove ecosystems cannot be fully
restored (Polidoro et al., 2010). More over, it is noticed that coastal mangroves and estu-
arine mangroves are forced differently. While coastal mangroves are controlled by wave
attenuation, estuaries mangroves are governing by the lateral flow as the influences of
waves in estuarine region are small and often neglected. The attention for the loss of
mangroves are mainly focused on the coastal mangrove (Truong et al., 2017). As a re-
sult, understanding the hydrodynamics in the context of the protective role of estuarine
mangroves is less well acknowledged.

Previous studies of the hydrodynamics of mangroves in general and mangroves in
the Mekong Delta Estuaries in particular (Aucan and Ridd, 2000; Furukawa et al., 1997;
Horstman, 2014; Mazda et al., 1995; Wattayakorn et al., 1990; Wolanski et al., 1980, 1990),
are mostly based on a particular field setting. Moreover, these studies only considered a
healthy riverine mangrove forest where mangrove width is not limited and is much larger
than the lateral over-bank flow region. In reality, along the Mekong Delta Estuaries, only
a very narrow strip of mangroves of about 50 m is often left (Phan et al., 2015; Truong
et al., 2017). In this condition, the hydrodynamics of mangroves are similar to that of a
vegetated channel. The presence of large vortex structures, which are termed large hor-
izontal coherence structures (LHCSs), has never been taken into account in studies of
hydrodynamics of estuarine mangrove forest. The exchange of mangrove seeds, nutri-
ents and fine suspended sediments through this kind of structure can play an important
part in the sustainable growth of the ecological system (White and Nepf, 2007).

In summary, the incomplete knowledge about mangroves in general and estuarine
mangroves in particular make it difficult to understand their state and threats. Without
such understanding, sustainable long term management strategies cannot be achieved.
In this context, various common questions can be raised : (1) are the mangrove really
dying and why they are death? (2) are there any hydrodynamic reasons cause the death
of mangrove forests ?, (3) why regions with degraded mangrove are usually suffered from
more erosion ?, (4) what can be done to recover the damaged mangrove forest ?, etc.
These questions are indeed the original inspirations of this research trying to answer
some of them by studying the mangrove ecosystem from the hydrodynamic scientific
perspective, examine the possible physics lying behind and translate them to feasible
engineering solutions.
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1.3 Reserach questions

A S indicated in the previous section, there are scientific knowledge gaps in (1) under-
standing the mangrove classification based on their hydrodynamic forces ; (2) the

hydrodynamic of the estuarine mangrove system which is defined to be the mutual in-
teraction between fish-farm constructions, motions of fluid and a mangrove forest ; and
(3) the exchange processes (momentum and mass) between a mangrove forest and an
adjacent open channel. In order to fill these knowledge gaps, in this section of the chap-
ter, they will be translated into research questions which enables to study these one by
one clearly and separately as much as possible.

According to this approach, the main research question of the research can be stated
as follows: “How does the hydrodynamic processes occur in the squeezed estuarine
mangroves ?”. The term hydrodynamic processes refers to the motion of the fluid and the
exchange processes induced by the large vortex structures, the term squeeze is related to
the restricted width of the forest due to the construction of fish-farms land ward and the
term estuarine mangrove is related to the type of vegetation and the typical geometry of
the river channel. The estuarine river channel consisting of floodplains, transition slopes
and an open main channel is usually termed a vegetated compound channel . Based on
the main research question, several key and sub-key questions can be formulated.

Key question 1: “What are the characteristics of estuarine mangroves?” (Chapter 2)

• What are the differences between coastal and estuarine mangroves ?

• What are the hydrodynamic forces on estuarine mangroves ?

Key 2: “Why and how do estuarine mangrove forests degrade ?” (Chapter 2)

• What is the squeeze phenomenon ?

• What can be the explanation in terms of hydrodynamics for the squeeze effects ?

Key 3: “How does flow field in and around estuarine mangrove river channel occur ?”
(Chapter 3)

• What is the effect of vegetation on the flow field ?

• What is the effect of the large horizontal coherent structures (LHCSs) on the flow
field ?

• What is the effect of the squeeze phenomenon and hydrodynamics of a vegetated
compound channel in general and on the LHCSs in particular ?

Key 4: “How does the transverse momentum occur in the compound channel flow ?
”(Chapter 4)
Key 5 : “How and to what extent can the knowledge obtained be applied in reality ?”
(Chapter 5)
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1.4 Research methodology and outline

A Variety of methods was applied to collect, observe and analyse the data in order to
answer the research questions.
To begin with, mangrove settings in general and in the Mekong delta in particular has

been studied through literature. The differences between coastal and estuarine man-
groves were recognized and analysed. Then, a hypothesis of the squeeze phenomenon
was proposed based on the empirical relationship between the width of mangrove and
the erosion/accretion data collected through local investigation. The initial explanations
were given based on the results of a schematised model, constructed with the state-of-
the-art Delft 3D vegetation model.(Chapter 2)

Subsequently, in order to investigate the possible physics lying behind in more detail,
a unique physical laboratory experiment mimicking the hydrodynamic of the estuarine
mangrove in the Mekong Delta was conducted. The experimental data (the depth av-
eraged mean streamwise velocity, instantaneous shallow flow field) were collected and
analysed.(Chapter 3)

Governing equations of the vegetated compound channel were derived. Then, the
transverse momentum exchange was studied in more detail. A quadrant analysis of the
Reynold shear stress was applied to understand the flow events and their corresponding
contribution to the lateral momentum exchange. Most state-of-the-art transverse mo-
mentum exchange models were analysed. Based on that, a new hybrid eddy viscosity
model is proposed and validated using different experiment data sets (Chapter 4).

Furthermore, a numerical model mimicking the experiment was constructed, pre-
scribed by different models of background eddy viscosity (Chapter 5). The knowledge
derived was imposed again to the schematised model of Tieu estuary and the philoso-
phies obtained on a small scale were discussed on a larger real scale. Finally, the effects
of estuarine mangroves and river bank stability were considered in the context of the
squeeze phenomenon. Conclusions were derived and recommendations were formu-
lated.(Chapter 6)
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Chapter 2

Estuarine mangrove squeeze
hypothesis

If you want different results;
do not do the same things

Albert Einstein

Along the Mekong estuaries, mangroves have rapidly been destroyed. In many regions,
estuarine mangroves have degraded into a narrow strip of less than 50 m. River banks at
those locations are usually observed to be suffering from erosion with a rate of 2 to 4 m
per year. The main reason of this “estuarine mangrove squeeze” phenomenon is due to the
increasing demand of creating more space for local fish-farming. Hence, “squeeze” is used
in a broader sense than in the context of sea-level rise impact alone. The hypothesis is that
there is a critical minimum width for an estuarine mangrove forest strip to maintain its
ability to survive. The analysis of available data, both from literature and from satellite
observations, supports the hypothesis: an average critical width of approximately 80 m is
found for the Mekong estuaries as the critical width. In order to obtain an insight into the
efficiency of a mangrove forest in reducing the impact of alongshore flow, the state-of-the-
art Delft3D model has been applied. The model results show that the penetration length
scale of the shear layer into the mangrove forest requires a certain minimum space to fully
develop. It is hypothesized that the minimum width of the mangrove forest, which equals
this maximum penetration length scale, plays a crucial role for the health of a mangrove
system.

This chapter have been published in Journal of Coastal Research, Volume 33, Issue 4, pages 747–763. Truong,
S. H., Ye, Q., and Stive, M. J. (2017). Estuarine mangrove squeeze in the mekong delta, Vietnam.
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In this chapter of the thesis the squeeze phenomenon is approached based on the obser-
vations of the mangrove degradation from the satellite images and the data collection of
river bank evolution. A hypothesis of the existence of a critical minimum width for the
mangrove forests in particular and for the ecosystem in general is proposed. Then the
numerical model was applied to initially examine the hydrodynamic of the mangrove
forests.

2.1 Introduction

T He Mekong Deltaic River System in Vietnam, located in the southern part of the
country, covers an area of 39000km2. Near its outlet to the sea, but still in Cam-

bodia, as part of the Mekong delta plain, the Mekong River divides into two branches,
the Mekong (Tien River) and the Bassac (Hau River). Before reaching the sea, the Tien
River and the Hau River then divide again into nine branches, which flow into nine es-
tuaries of which presently only eight estuaries are left (Tri, 2012). These estuaries with
a complex multi-channel system, reach the South China Sea at the eastern zone of the
Mekong Delta coast from the Tien Giang province to the Soc Trang province.This estuar-
ine environment is the Study Area (Figure 2.1).

Figure 2.1: (a) Location of the Study Area in South-East Asia. (b) Map of the Mekong Estuarine System captured
from a Landsat image showing the major distribution of mangroves, fish farms, fruit and paddy cultures in
2015. Mangroves are mainly located along the river banks and the coastal fringes. The locations numbered
from 1 to 17 were chosen to analyse the estuarine river bank evolution trend in relation to the mangrove width
(specified in Table 2.1).
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The Mekong Delta region in Vietnam is a tropical monsoon region. The dry season
is from November to April and the wet season is from May to October. The total mean
river discharge of the Mekong is about 15000 m3 s−1 (Lu and Siew, 2005). The mean high
discharge during the flood season is 25000 m3 s−1 and the mean low discharge during
the dry season is 5000 m3 s−1.

According to the report of the Road and Hydraulic Engineering Institute (DWW, 2004)
, it is suggested by the local population that the erosion problems have increased from
the 1990s in the Mekong Delta in general and in the Mekong Estuarine System (MES)
in particular. There are several explanations for the accelerated erosion problems: (1)
increasing sea level (Alongi, 2008; Webb et al., 2013), (2) increasing reduced sediment
influx as a result of the construction of dams upstream of the Mekong River and sand
mining, (3) increasing human induced subsidence and ground water extraction (IUCN,
2011), (4) the clearance of mangrove forests in the 1990s (Gebhardt et al., 2012) and (5)
“squeeze” of the coastal mangrove forests. These are the reasons given for accelerated
erosion along the coastal region (Phan et al., 2015) and estuarine mangroves probably
suffer from the same causes. Together with the accelerated erosion, in many regions
along the MES, mangrove have degraded into a narrow strip of less than 50 m. River
banks at those locations are usually observed to be suffering from erosion with a rate of
2 myr−1 to 4 myr−1 (Figure 5.1).

Figure 2.2: Mangrove degradation along a straight part of Dinh An estuary, An Thanh province (location 14 ).
The red area illustrates the area loss of mangrove from 2006 to 2014. Fish farms constructed close to the water
boundary push the mangrove into a narrow fringe zone. This area is suffering from erosion with a rate of about
2.5 myr−1.

During floods, the Mekong Delta carries a large sediment load. The total annual sed-
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iment discharge of the whole Mekong Delta river was estimated about 160 Mtyr−1 in
1995 (Milliman, J.D. and Ren, M.E., 1995) and about 110 Mtyr−1 in 2011 (Milliman and
Farnsworth, 2013) . However, the amount of sediment which finally reaches the South
China Sea is less than the total sediment carried by the Mekong river (Kummu and Varis,
2007). Only around 60 % of the total sediment load enters the lower Mekong regions
(Manh et al., 2014). This means that the annual amount of sediment entering the lower
Mekong basin is about 96 Mtyr−1 and 66 Mtyr−1 in 1995 and 2011 respectively. An alter-
native estimation is based on the average Suspended Sediment Concentrations (SSC),
reaching approximately 50 mgL−1 and 80 mgL−1 from 1993 to 2000 at Can Tho and My
Thuan station, respectively (Lu and Siew, 2005). From the total mean discharge and the
SSC, the total annual suspended sediment in the Mekong river can be estimated at about
38 Mt. For a sand- bed river, the bed load fraction may be assumed to be around 30-50 %
(Turowski et al., 2010). The total sediment available for the lower Mekong regions, there-
fore, can range from 54 Mt to 76 Mt. This is almost in line with the estimation of Lu et al.
(2014), which is about 50 Mtyr−1.

Although only part of the above estimated total load of sediment is available for the
mangrove forest, it still seems to be enough for the estuarine mangroves. To keep up with
the subsidence rate of about 2 cmyr−1 in the MES (Anthony et al., 2015), the amount of
sediment needed for the 16000 ha of estuarine mangrove (100 m width, 200 km length,
eight branches) is estimated at only around 8.5 Mt (about 10% of the total, available sed-
iment load). In fact, that amount is probably smaller because the width of mangrove
tends to reduce toward the upstream and some branches merge around 30 to 100 km.
Hence, the deficiency of sediment sources is not considered as a primary reason for the
degradation of estuarine mangrove forest. This study, therefore, focused on the degrada-
tion of the estuarine mangrove due to the “squeeze” issue, i.e. a limited mangrove width
because of the extension of fish farms.

The term “squeeze” was introduced by Doody (2004) in recognition of the threat to
the existence of coastal mangroves or tidal wetland habitats caused by the compound
impacts of sea-level rise and human activities. The term has since been widely used since
(Gilman et al., 2007; Torio and Chmura, 2013). Gilman et al. (2007) noted that, when rela-
tive sea-level is rising, a mangrove forest tends to retreat landward. However, the spatial
blocking induced by human activities such as urbanization, agriculture, and aquacul-
ture prevents the ecosystem from retreating, pushing the mangroves into narrower and
narrower fringes and, finally, to disappear entirely (Feagin et al., 2010). A certain space,
therefore, is needed for the ecosystem to be able to retreat to when sea-level rise af-
fects the coast. Phan et al. (2015) adopted the term squeeze to determine a “minimum
width” required for coastal mangroves to be able to develop sustainably. Nevertheless, in
the MES, the situation is even more serious. Mangroves have regularly been cleared for
conversion into aquaculture. Fish farms have been constructed intensively, extending
toward the foreshore, pushing mangrove to narrow strips. This squeeze phenomenon
is a threat to the existence of the mangroves, even when the availability of sediment is
not an issue. While sea-level rise is a threat from the water boundary, the destruction of
mangroves for conversion to aquaculture is a threat from the land boundary. The latter
usually happens in a shorter period and with a larger order of magnitude than the for-
mer. Natural sand-dune coasts, salt marsh coasts and mangrove coasts are ecosystems
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that form a transition between the open water and the land. There are both abiotic and
biotic arguments suggesting that a certain minimal width is required by these ecosys-
tems, and that remains true for fringing estuarine mangroves, as well. Space is required
for energetic conditions to be absorbed, and vegetation needs to be able to follow a cyclic
evolution. This means that a “minimum width” is required for the survival of the ecosys-
tem, whether the impacts come from relative sea-level rise or from human activities.

2.2 Method

T He study area and the mangrove forests in their local and international context are
described, followed by an analysis of the observations of estuarine mangrove widths

and estuarine bank morphology. Next, to increase understanding about the hydrody-
namic forcing in a mangrove forest, a numerical model was applied to study the pene-
tration of flow from the main river channel into the mangrove forest. It was hypothesized
that a link existed between “estuarine mangrove squeeze” and the maximum distance in
which flow penetration occurs. This hypothesis has not been considered in the interna-
tional literature.

2.2.1 Study Site in Global and Regional Context

B Ased on the continental borders, mangroves can be distinguished into six tropical
regions: western America, eastern America, western Africa, eastern Africa, Indo-

Malaysia and Australia (Duke, 1992). Mangroves in Vietnam belong to the Indo-Malaysian
class, the class with the greatest biodiversity (Alongi, 2002). Lugo and Snedaker (1974),
based on a functional classification of mangrove forests, categorized mangrove into six
classes, namely, fringing, riverine, over wash, basin, scrub and hammock mangroves.
Cintron and Novelli (1984) studying topographic landforms, simplified that classifica-
tion into three main classes: fringing, riverine and basin mangrove. Woodroffe (1992),
studying the important role of two physical processes for mangrove forests, namely,the
unidirectional river flows and the bidirectional tidal flows, proposed a general classifi-
cation by referring to mangrove habitats as occupying a broad continuum between tide-
dominated mangroves, river-dominated mangroves and those mangrove forests that are
isolated from either of those processes, as interior mangrove. Ewel et al. (1998) proposed
a hybrid of these systems, combining the classification system of Lugo and Snedaker
(1974) with the general system of Woodroffe (1992). Their simplified classification sys-
tem refers to tide-dominated mangroves as fringe mangroves, river-dominated man-
groves as riverine mangroves and interior mangrove as basin mangroves. Riverine man-
groves or river-dominated mangroves are flooded by river water as well as by tides. They
usually dominate in the river-dominated deltas and are mostly exposed to uni-directional
water flows during flood tides. Fringing or tide-dominated mangroves usually dominate
low-gradient, intertidal areas of a sheltered coastline. They are usually inundated by
daily tides and exposed to strong bidirectional tidal flow. Fringing mangroves facing the
open sea (coastal mangrove) can also be exposed to waves. Interior mangroves usually
dominate in inland depressions, where they are least exposed to waves and tidal motions
(Ewel et al., 1998; Lugo and Snedaker, 1974; Woodroffe, 1992).
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All the above state-of-the-art classification systems consider only tides and river flow
as the major hydrodynamic indicators, and wave action were not considered. Although
the role of mangroves in dissipating wave energy and protecting coastal regions has been
well recognized, little attention has been given to the reverse effects of waves on man-
groves. Waves have a role in the resuspension of bottom sediments (Wolanski, 2001).
There is also a difference in the impact of short waves and long waves on mangroves
(Phan et al., 2015).

Neglecting the waves factor makes it more difficult to understand the differences in
the setting of coastal mangroves and estuarine mangroves, which is particularly true for
the MES. The Mekong Delta is classified as both a wave-influenced and a tide-dominated
delta, according to the ternary diagram of Galloway (1975) (Ta et al., 2002). The tide in
the region has a semi-diurnal character. The mean tidal range is 2.6 m (Gagliano and
McIntire, 1968), whereas the maximum tidal range is 3.2 m to 3.8 m (Nguyen et al., 2000;
Wolanski et al., 1996). The average depth of the estuarine branches is typically 5 m to
10 m in the regions between the river mouth and up to 140 km upstream (Wolanski et al.,
1996). Because of the relative low elevation and gentle slope of the delta, tide and salt
water can intrude deeply into the floodplain through the estuaries of the Mekong and
Bassac River (Tri, 2012). In the dry season, tidal variation can be observed as far as Tan
Chau and Chau Doc, 228 km upstream from the river mouth (Wolanski et al., 1996). Be-
cause of these specific features, mangrove forests in the Mekong Delta dominate a wide
range of areas from the coastal to estuary and further upstream. Those differences in
the regions where mangrove dominate implies implies differences in the hydrodynamic
forces affecting mangrove population Figure 2.3. Although coastal mangroves are dis-
tributed alongshore and are often exposed to waves, estuarine mangroves are much less
exposed to sea waves and storms. Estuarine mangroves usually dominate in floodplains,
which have gently sloping substrates (2-3%), that are exposed at low tide and flooded
at high tide. They can also be flooded by river water. Salinity varies during the differ-
ent flood and dry seasons. Therefore, the mangrove setting is different from that found
in coastal to estuarine areas. This was confirmed in the observations of Hong and San
(1993). In the coastal area, dense forests are usually found, with trees 15−25 m tall, com-
posed Rhizophora, Sonneratia and Avicennia species. Coastal mangrove forest width is
usually larger than 100 m, with the complex tidal creek systems. In estuarine areas, Son-
neratia community dominates, along with a mixed community of Avicennia alba, Nypa
fruticans and Derris trifoliata. Further inland, along the river, mostly Avicennia species
and Nypa fruticans develop with Derris trifoliata. The mangrove forest width along the
river is usually less than 50 m.

The simplification of state-of-art classification systems can be challenged. Based
on observations of mangrove forest in the Mekong Delta, a new classification is pro-
posed, with three main categories: fringing coastal mangroves (FCs), fringing estuarine
mangroves (FEs) and the interior mangrove (I). FCs are the mangrove forests dominat-
ing coastal regions, and are primarily exposed to waves and tide. FEs are the mangrove
forests dominating in estuarine regions, primarily controlled by tidal forces and the ge-
ometric features of the river. The influence of tidal flow, river flow and lateral flow are
important for FE mangrove forests. Those mangroves that are protected and least ex-
posed to the forces of waves and tides can be classifeid as I mangroves. In this study,
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only FE mangroves were analysed.

Figure 2.3: Mangroves at Tieu estuary; hydrodynamic forces differ between the river and the sea environment.
Coastal mangroves are often exposed to sea waves and storms. Estuarine mangroves are much less exposed to
sea waves and storms; these are rather influenced by lateral flow and geometric features of the river (meander-
ing or straight).

The mangrove area in the Mekong Delta, Vietnam, accounts for about 70% of the en-
tire mangrove habitat in Vietnam, about 109000 ha in 2005 (FAO, 2007). Recently, many
changes have been observed in the mangrove forests of the Mekong Delta. During the
Vietnam War (1962–71), nearly 40% of the mangrove forests in the region were destroyed
(Hong and San, 1993) .Mangrove forests started to recover around 1975 because of natu-
ral generation and manual planting. In the 1980s and early 1990s, the mangrove forests
were heavily affected by timber overexploitation and the conversion of forest land into
aquaculture–fishery farming systems (Christensen et al., 2008). Forest felling bans were
imposed by the mid-1990s, but then ceased in 1999. Since then, many mangrove forests
have been cleared to create areas for shrimp farming. Currently, many of the eight es-
tuaries of the Mekong Delta are degraded, and the destruction of mangrove forests have
been observed. In those regions, only narrows trips of about 10 to 50 m of mangrove
forest remain in front of fish farms.

The literature has focused considerably more attention on the loss of coastal man-
groves. The effects of wave action are usually blamed as the important cause of man-
grove degradation. Anthony and Gratiot (2012), based on an analysis of the impact of
land use on coastal mangroves in Guyana, found that the loss of mangroves reduced
wave dissipation and promoted net erosion within the mangrove area. According to
Winterwerp et al. (2013), there are two main reasons for the unsuccessful rehabilitation
of coastal mangrove systems: the reduction in the onshore, fine-sediment flux because
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of a decrease in onshore water flux, and local scour in front of structures because of a
local increase in wave height due to reflection caused by the implementation of struc-
tures within the mangrove forests. In observations of the coastal area of the Mekong
Delta, Phan et al. (2015) proposed a relationship between coastal evolution and man-
grove width and suggested the important role of long-wave penetration in the sustain-
ability of mangroves.

However, as mentioned, coastal mangroves and estuarine mangroves have different
hydrodynamic forces. Whereas coastal mangroves are controlled by wave attenuation,
estuarine mangroves are controlled by lateral flow, at least on the bank close to the river.
The effects of waves are small in estuarine mangroves. Furthermore, in estuarine re-
gions, several other hydrodynamic factors can lead to the erosion of riverbanks, such as
meandering effects and circulation flow. Therefore, the squeeze relationship between
mangrove forest width and evolution rate developed for coastal areas cannot readily be
applied to mangroves in estuarine regions.

This study focused on the straight part of the estuaries to eliminate the meandering
effect. The fundamental hypothesis was that there must be a critical minimum width
for an estuarine mangrove forest fringe to exist sustainably exist or, once surpassing the
minimum width, to favor sedimentation. The flow penetration into the mangrove for-
est needs a certain distance to reach an equilibrium-damping value. If the width of the
forest is larger than that distance, there will be enough space to absorb the parallel flow
energy and to promote sediment deposition, offering a successful environment for both
propagules and sedimentation. If the width of the forest is smaller than that distance,
the flow energy inside the forest will not have decreased to a reasonable level. Seeds and
propagules cannot survive, and sediment cannot be accumulated. A mangrove forest in
such a state will degrade, and the riverbank will suffer from more erosion.

2.2.2 Observations of Mangrove Width and River Bank Evolution

I N this section, the estuarine squeeze hypothesis,i.e. whenever fish farms or dikes are
constructed too close to the nonvegetated foreshore,suggests that erosion trends will

dominate and,consequently, the health of the mangrove forest will be threatened.
Optical satellite observations confirm the fact that human intervention, especially

the construction of fish-farms, has disturbed mangrove forests in all branches of MES
Figure 2.4 shows a part of Tieu estuary with existing mangrove forest. This situation
reflects a typical situation of estuarine mangroves in the MES, reflecting a typical situa-
tion for the estuarine mangroves in the MES. The fish ponds were extended toward the
foreshore. Few mangroves can be observed in front of hard structures, such as dikes.
The remaining width of a mangrove forest depends principally on the extent of the fish
farms.

In the MES, fish farms have expanded continuously toward the foreshore Figure 2.5.
In Figure 2.5, the green line represents the landward boundary in 2006, and the orange
line represents the landward boundary in 2010. Between 2006 and 2010, the fish farms
extended, with a resulting degradation of the mangrove forest.

In the estuarine regions, at meandering locations, sedimentation can occur on the
inner bank of the river, whereas on the outer bank, erosion occurs, and mangroves col-
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Figure 2.4: Mangroves at Tieu estuary; hydrodynamic forces differ between the river and the sea environment.
Coastal mangroves are often exposed to sea waves and storms. Estuarine mangroves are much less exposed to
sea waves and storms; these are rather influenced by lateral flow and geometric features of the river (meander-
ing or straight).

lapse if their foundations are eroded. Thus, the meandering locations are more complex,
where both natural and human-induced impacts occur. That will be a topic for further
study. In this study, to eliminate the meandering effect, observations are focused only
on the straight parts of the estuaries. Eight estuaries were reviewed; of which, three were
disregarded. In Ba Lai Estuary, the construction of the Ba Lai dam created morphology
changes that are different from other branches of the MES, and the resolution of satellite
images captured for the Co Chien and Cung Hau estuaries were too low to be used to
measure mangrove width. Tieu, Dai, Ham Luong, Dinh An, and Tran De branches of-
fered the most favorable observations, with clear and high-resolution images available.
At selected locations, the mangrove width could be measured, the fish ponds could be
clearly identified, and data on evolutionary rate were available.

The following assumptions are applied to the observations.Firstly, the area of inter-
est was the area from the landward boundary of the fish ponds to the nonvegetated fore-
shore. It was assumed that the mangrove width of that area was a representative man-
grove width for the entire cross section. Secondly, the mangroves, because of conditions
necessary for their survival, usually develop as entire forests, not as individual plants;
therefore, the mangrove observations focused on the entire mangrove forest.

An investigation report from the Southern Institute of Water Resources Research (SI-
WRR, 2010) indicated locations suffering from erosion and accretion. For this study, the
mangroves width observed in those areas are represented with minimum widths, max-
imum widths (mangroves width range), and representative mangroves widths. The ob-
servations were taken at different locations that had experienced either erosion or sed-
imentation on the Tieu, Dai, Ham Luong, Dinh An, and Tran De branches (chosen lo-
cations are numbered 1–17 in Figure 2.1; location names can be found in Table 2.1. Ac-
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Figure 2.5: Google Earth images showing a typical example of mangrove change between 2006 (a) and 2010 (b)
at the Dai estuary due to extended fish farms. Converted mangrove areas play a role as a blocked area, resulting
in re-distribution of sediments, the area of unhealthy mangroves seems to increase.

cording to scale classifications of shores and shoreline variability presented by Stive et al.
(2002), this study was interested in evolutionary trends based on a timescale of years to
decades, with a space scale of 1–10 km. Mangrove widths for each location observed
were measured from Google Earth for the year 2006 and are presented in Table 2.1. The
rate of riverbank evolution in 2006 is presented in Table 2.1.

The suggested relationship between mangrove width and estuarine-bank evolution
is shown in Figure 2.6, which presents the average evolutionary rate as a function of man-
grove width in 2006. The uncertainty bars were applied in both vertical and horizontal
directions. The uncertainty in the width variability was not due to ground-referencing
errors (the location of the primary dike was not influenced by water levels, for instance),
but rather, the uncertainty was the result of alongshore variability over the stretches
considered and included in the data presentation. The vertical bars indicate the esti-
mated uncertainty in the evolutionary rate given by SIWRR (2010), which, on average,
was 0.5 myr−1. A power trend line was fitted that included the 90% confidence interval.
Although interpretation of results can be somewhat subjective, from Figure 2.6, it can
be deduced that the riverbank will remain stable in the presence of a mangroves width
range of approximately 50–150 m, with a representative value of about 80 m. A larger
width would lead to a healthier fringe and higher sedimentation potentials. The data set
was limited to those locations in which sediment availability was not expected to be a
constraint. In general, riverbank evolution depends on many factors, such as local sed-
iment supply, local hydraulic conditions (flow, wave, wind, current), local bathymetry,
etc. Hence, no unique critical mangrove-width value can be set for all estuarine regions.
The quantitative relationship provided, therefore, is only applicable to the Mekong and
Bassac estuaries of the Mekong Delta, although the general principle will apply to many
other estuarine mangrove regions.
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Table 2.1: Average river bank evolution rates reported in 2006 (SIWRR, 2010) and Google-Earth based estimated
mangrove widths in 2006 in the MES at different branches.

No Location Length Situation
River bank

evolution rate
Mangrove Width

range
Representative Mangrove

width

(km) (myr−1) (m) (m)

1 Middle of Tan Hoa –End of Tan Hoa 3 Accretion 1.5 35-60 50
2 Phu Dong 7 Stable 0 100-190 140
3 Phu Tan 5 Accretion 4.5 550-700 600
4 Middle of Phu Thanh to Phu Dong - Accretion 2.5 110-290 250
5 Middle of Phu Dong 3 Erosion -1.5 20-110 85
6 Dinh Trung-Binh Thoi 5 Erosion -2.5 0-40 25
7 Binh Thoi commune - Erosion -1.5 0-30 20
8 Binh Thang commune 2.5 Accretion 1 45-75 50
9 An Hiep to An Duc - Erosion -2.5 0-60 50
10 An Duc- An Hoa Tay - Stable 0 30-170 90
11 An Thanh 4 Accretion 1 50-120 85
12 An Dien 5 Accretion 4 350-600 500
13 Tra Cu Province – Ham Giang 8 Erosion -3.5 0-75 40
14 An Thanh 2- An Thanh 3 8 Erosion -2.5 20-120 55
15 Dai An 1 7 Erosion -1.5 10-60 35
16 Co Tron River -Sea 2.5 Stable 0 50-90 75
17 Dai An 2 - Erosion -1.5 20-70 30

Figure 2.6: Relationship between mangroves width and river bank evolution in the Mekong Delta Estuaries
(assuming sediment availability is no constraint; see text)

2.2.3 Flow Attenuation in the Mangrove Forest

T O study how far the flow from the river’s main channel penetrated into the mangrove
forest, and even more specific, the effectiveness of mangroves to attenuate flow en-
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ergy as a function of mangrove width, were assessed. A state-of-the-art Delft3D-Flow
model with a rigid vegetation simulation was applied. A schematized geometry based
on the dimension of the Tieu estuary was used.

Hydrodynamics of Estuarine Mangrove Forest

A S mentioned, although the primary hydrodynamic impacts on mangroves in a coastal
area are waves, mangroves in estuaries are primarily affected by flow, i.e. flow caused

by tidal action and by river discharge. Previous studies of the hydrodynamics of man-
grove, in general, and in the Mekong Delta Estuaries, in particular, were based on par-
ticular field settings. Those studies investigated flow routing i.e. the flow in and out of a
mangrove swamp. Flooding of the mangrove forest was discovered to have caused by a
combination of over-bank flow and creek flow, and ebbing occurred primarily through
creek flow (Aucan and Ridd, 2000). The distinction of creek-flow stage and over-bank
flow stage was confirmed by comparing the results of a numerical model with data col-
lected from field observations (Horstman, 2014). Flow routing was directly related to
hydrodynamic routing of waterborne particles, such as mangrove seeds, nutrients, and
fine, suspended sediments through the mangrove systems, which is thought to have
an important role in supplying sediment and nutrients to mangrovesn(Furukawa et al.,
1997; Mazda et al., 1995; Wolanski et al., 1980, 1990). The significant friction induced
by mangroves causes the deceleration of the tidal currents and a delayed discharge into
the mangrove forest, resulting in a net input of sediments into the mangrove forest (Wat-
tayakorn et al., 1990). This is known as the tidal asymmetry of tidal currents in both the
tidal creeks and mangrove swamps.

That research was implemented principally within healthy riverine mangrove forests,
in which mangrove width was not limited and was much larger than the region of the
lateral overbank flow. However, in the MES, only a narrow strip of mangrove forest
is left because of the human impacts. The mangrove width observed in the MES (ap-
proximately 50–600 m ) is small when compared with the main estuarine channel width
of 1000–2000 m m. Few transversal tidal creeks were observed in the study area. The
flow routing in a mangrove forest without tidal creeks is different from that in forests
with tidal creeks. By collecting the flow-velocity data along a cross section through a
smoothly sloping riverine mangrove fringe without creeks, flow velocities were observed
to be parallel to the river at the forest fringe but gradually turned perpendicular to the
river further into the forest (Kobashi and Mazda, 2005). That finding accentuates the
important role of lateral exchanges in a mangrove forest without creeks. In this sense,
the mangrove forests in the MES are similar to vegetated floodplains, which have been
explored by several researchers, primarily in laboratory setting. These studies of vege-
tated floodplains, including a one-dimensional model (Helmiö, 2004; Ikeda et al., 1991;
Vionnet et al., 2004) and a two-dimensional model (Pasche and G., 1985), focused on
the momentum-exchange mechanism, the distribution of the total discharge, and the
distribution of the averaged flow velocity between the main channel and the vegetated
floodplain.

In the literature, the similarity in flow hydrodynamics between mangroves and veg-
etated floodplains has been recognized (Mazda et al., 1997). The shear-layer vortices
caused by the Kelvin-Helmholtz instability formed at the interface of the vegetated re-
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gions has a significant role in the lateral momentum exchange (Nadaoka and Yagi, 1998;
Nezu and Onitsuka, 2001; Tamai et al., 1986; van Prooijen et al., 2005; White and Nepf,
2007, 2008; Xiaohui and Li, 2002; Zong and Nepf, 2010). Nevertheless, those realizations
have not been integrated into studies of the hydrodynamics of mangroves. White and
Nepf (2007) proposed a model for the vortex-included exchange and the penetration of
momentum into a vegetated floodplain. However, that model was based on only one
set of flume experiments with rigid, circular cylinders, so whether that result was valid
generically has yet to be determined (Nepf, 2012). The exchange of mangrove seeds, nu-
trients, and fine, suspended sediments through this mechanism can be fundamental for
a sustainable mangrove forest.

In summary, because of an estuarine squeeze, the mangrove width in the MES is usu-
ally very narrow. In this situation, the hydrodynamics of the mangrove forest is similar
to that of a vegetated floodplain. Lateral tidal creeks can be disregarded. The main in-
teraction is the lateral-momentum exchange through the shear-layer vortices between
the main river channel and the floodplain region with the mangroves. This momen-
tum exchange is considered to have an important role in the sustainable development of
the mangrove forest. The maximum penetration length into the mangrove forest of that
momentum exchange during periods of high river discharge were estimated through a
depth-averaged velocity profile predicted by a schematized model constructed in Delft3D.

Estuarine Mangrove Distribution

T O construct the schematized model for the mangroves in the MES, it was necessary
to increase the detail on the mangrove types available within these estuarine regions.

Mangroves grow mainly between mean sea level and highest spring tide (Alongi, 2009;
Hogarth, 2015) because, below mean sea level, the mangrove seedlings cannot settle,
and above the highest spring tide levels, the mangroves cannot compete with the other
plants (Schiereck and Booij, 1995). The succession form of the mangrove forest system in
the MES, including the mangrove species that dominate land edges and those that dom-
inate water edges, can be described as experiencing the following main stages (Hong
and San, 1993). The Pioneer Stage is usually found on tidal flats flooded by the mean
tide. Mangrove species, such as Sonneratia and Avicennia, are able to tolerate the exten-
sive flooding and high salinity. They have the same biological characteristics of pneu-
matophores roots, which can rapidly establish themselves in the substrate. The Transi-
tion Stage is a stage in which the pneumatophore system of Sonneratia and Avicennia
species trap and hold soil and alluvium. After a short time, the mudflats are elevated,
i.e. when sediment is available as a source. Seedlings of other land edge species, such
as Nypa fruticans, Cryptocoryne ciliata, and Acanthus ilicifolius are carried to the flats
by tidal water and trapped by the pneumatophore system. The final stage is a Multi-
species Community. Because the land is continuously elevated by alluvial deposition, it
is usually only flooded at high tide and more land-edge mangrove species, such as Derris
trifoliate, Wedelia biflora, and Acanthus, ilicifolius are able to develop.

In contrast to coastal mangroves, estuarine mangroves consist of a variety of mixed
types that are able to adapt to a wide range of salinities, such as Sonneratia Alba, and
Acanthus ilicifolius, Nypa fruticans, Cryptocoryne ciliata, etc. In the Mekong Delta Es-
tuaries, the presence of Rhizophora is not often observed, except in the Ba Lai Estuary
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(Hong and San, 1993). In the schematized model, the estuarine mangrove forest was
considered to consist only of Sonneratia species. This type of mangrove is known by its
pneumatophores, which are erect, lateral branches of horizontal cable roots that grow
underground (De Vos, 2004).

Schematized Model, Different Scenarios and Input Parameters

To obtain insight into the efficiency of a mangrove forest in reducing the impact of along-
shore flow, as well as the penetration scale of the shear layer into the forest, a schema-
tized model of mangroves in the Tieu Estuary was constructed in Delft3D. The model
covered the first 2 km from the river mouth and half of the estuarine width (1100 m). De-
fault settings in Delft 3D were used as much as possible. Specific settings are explained
below and are related to bathymetry, hydraulic boundary conditions, vegetation proper-
ties, and numerical choices.

Table 2.2: Vegetation parameters (Ranasinghe et al., 2010).

Parameters S. Alba

Stem Diameter (m) 0.3
Root Diameter (m) 0.02
Canopy Diameter (m) 0.5
Stem Height (m) 6
Root Height (m) 0.5
Canopy Height (m) 2
Density variations Spare Average Dense
Stem density (m−2) 0.5 0.7 1.7
Root density (m−2) 25 50 100
Canopy density (m−2) 50 100 100

Table 2.3: Different scenario for Tieu Schematised model in Delft 3D- Flow

Schematised
model

Floodplain width mangrove width Q H
(m) (m) (m3 s−1) (m)

Tieu Estuary 300 300 2848 0.48
i = 1/5000 200 200 2848 0.48
i f = 1/10 50 50 2848 0.48
L = 2km, B = 1.15km 300, 200, 50 No mangrove 2848 0.48

The bathymetry and the hydrodynamics were schematized to provide input into the
Delft3D-FLOW vegetation model. The model includes a main river and a floodplain in
the form of a trapezium-shaped channel. The bathymetry and the slope of the estuary
were estimated using topographic maps from the SIWRR (2010) report . Because of the
gentle slope of the substrate in a mangrove forest, a mangrove forest slope was not at-
tempted but was taken as being horizontal. Figure 2.7
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Figure 2.7: Tieu - 3D schematised model. The model includes a main river and a floodplain. It covers the first
two kilometers length from the river mouth, and half of the estuarine width.

Hydraulic boundary conditions of the model consisted of river discharge upstream
and water level downstream. Because the study area was located in a region of tidal in-
fluences, an upstream boundary condition was needed for the model. This was created
by extending the model 200 km upstream to the Vam Nao channel, where the tide influ-
ence is negligible during the flood season. A constant discharge value could be applied
to that location. The water level downstream was recorded by an acoustic Doppler cur-
rent profiler on 15–30 September 2009. In this extended model, the discharge at 2 km
from the river mouth was extracted and applied as the upstream boundary condition for
the smaller, nested model. Subsequently, the nested model with a constant boundary
condition was set up by considering only a representative time during which the depth
averaged velocity in the main river channel was largest because the largest penetration
of the flow into the mangrove forest was expected to occur when the depth-averaged ve-
locity in the main river reached its maximum value and was accompanied by the great-
est difference between the depth-averaged velocity in the main channel and that in the
mangrove forest. A representative moment in time was chosen at 0500 on 20 September
2009 Figure 2.8, when the water level recorded at the river mouth equaled 0.48 m, and
the discharge value was 2848 m3 s−1.

As mentioned, only one type of mangrove Sonneratia sp. was considered. The char-
acteristics of the Sonneratia sp. are described with nine parameters and three different
layers by Ranasinghe et al. (2010) for the mangroves in India. The similarities between
the mangrove species in the Mekong Delta and those in India were the argument for
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Figure 2.8: Water level and velocity at the Tieu Estuary and a representative moment in time chosen for a
constant boundary condition.

using those parameters in the current model (Table 2).
Several mangrove widths, from 50 m to 300 m, were considered. For each case, three

scenarios of mangrove density (spare density, average density, and dense density) were
examined. The basic setup with the scenarios is presented in Table 3.

To estimate the penetration-length scale of the shear-layer vortices into the man-
grove forest, the results focused on the depth-averaged velocity in the middle cross sec-
tion of the model (the high-resolution area in Figure 2.7), where a fully developed region
with stable flow conditions of uniform velocity across the mangrove forest and the main
river channel existed.

2.3 Results

The impacts of extending fish farms toward the nonvegetated foreshore were studied
by reducing the mangrove width toward the floodplain edge (at x=600 m). The depth-
averaged velocity distribution and its reduction trend across the estuary from the main
channel to the mangrove forest were examined for no, spare, average, and dense veg-
etation scenarios. The overall model results are presented in Figure 2.9, showing the
reduction trend of the depth-averaged flow velocity from the main channel to inside the
mangrove forest. The depth-averaged velocity profiles in the case without mangroves are
presented in Figure 2.10. The reduction level in the depth-averaged velocity for different
vegetation densities is shown in Figure 2.11. Figure 2.12 focuses on the overall decelera-
tion of the depth-averaged velocity in the region around the last 200 m of the floodplain
area (from 450 m to 650 m).
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2.3.1 General results

I N general, the model results indicated that the depth averaged velocity in the main
channel with mangroves was faster than it was without mangroves, and the depth-

averaged velocity in a floodplain area with mangroves was much slower than it was
without mangroves (Figure 2.9). In other words, the velocity gradient between the main
channel and the floodplain increased with the presence of vegetation. This corresponds
with the presence of vegetation in the floodplain inducing drag forces, thus reducing the
overall flow velocity.

In the case with mangroves, the depth-averaged velocity in the main channel was
on the order of magnitude of 0.9 ms−1, which quickly reduces to an order of magnitude
of 0.015 ms−1 inside the mangrove forest (uchannel /umang r ove = 35), in line with that
measured in previous studies (Anthony, 2004; Horstman, 2014; Van Santen et al., 2007).
The velocity gradient between the main channel of the river and mangrove forest was
about four times larger than that between the adjacent tidal creeks (0.1 ms−1) and the
mangrove swamp (ucr eeks /umang r ove = 10). This difference in the velocity gradient again
emphasizes the important role of the lateral exchange between the main river channel
and mangrove swamp.

Figure 2.9: Depth averaged velocity along the cross section of Tieu schematised model (a) and corresponding
profile with 300 m, 200 m and 50 m width of floodplain (b) (from equilibrium profiles).
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2.3.2 No Mangrove

I N the cases without mangrove forests, the magnitude of the velocity within the flood-
plain region varied with the changes in the floodplain width (Figure 2.10). The smaller

the floodplain was, the larger the depth-averaged flow velocity within the floodplain
area was. The depth-averaged velocity at the beginning of the floodplain (x=600 m) was
about 0.35 ms−1. In the cases of 300 m and 200 m floodplain widths, the depth-averaged
velocity reduced and achieved a uniform value of about 0.15 ms−1 (43% of that at the
start of the floodplain water edge) after about 150 m. With a 50 m floodplain width, the
depth-averaged velocity reduced to about 0.3 ms−1 (86%) after 50 m. This implies that
the depth-averaged flow velocity needs a certain distance from the floodplain edge to
achieve a uniform value.

Figure 2.10: Depth averaged velocity along the cross section of Tieu schematised model in case of 50, 200 and
300 m floodplain without mangroves.

2.3.3 Mangroves with different density

T He uniform depth averaged flow velocity within the mangrove forest for Tieu estu-
ary model is anticipated to reach around 0.015 ms−1 and this value slightly reduces

when the density of mangrove increases Figure 2.11. Another observation in Figure 2.11
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is that together with the increasing vegetation density, the depth averaged velocity pro-
files around the mangrove edge is steeper and requires a shorter distance from the man-
grove edge (x=600 m) to achieve uniform values within the mangrove forest. This re-
sult implies that if the mangrove forest width is not restricted, the penetration of the ex-
change into the vegetation regions caused by velocity gradient between the main chan-
nel and the vegetated area is principally dependent on the vegetation characteristics.

Figure 2.11: Depth averaged velocity with different scenarios of vegetation density at Tieu estuary. The result
is zoomed in on the floodplain region.

2.3.4 Mangrove with different width

T He trend toward reduced distance from the main channel to the inside of the man-
grove forest by the depth-averaged flow velocity was quite similar in cases of 300 m

mangrove widths, 200 m mangrove widths, or 50 m mangrove widths for the Tieu Es-
tuary (Figure 2.9). By looking inmore detail into the region around the last 150 m of
mangrove edge (from x=450 m to x=600 m) (Figure 2.12), the model indicated that the
depth-averaged velocity required about 60 to 80 m to reach a fully uniform value within
the mangrove forest (about 0.015 ms−1). That depth-averaged velocity was about 20% of
that at the start of the forest (0.08 ms−1). This implies that the length scale of the pene-
trating shear layer into the mangrove forest was 60–80 m. In other words, the minimum
distance from the mangrove edge at which the velocity in the mangrove forest reached
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a uniform value of about 0.015 ms−1 was about 60−80 m. Therefore, when floodplain
widths were less than 60−80 m, the depth-averaged velocity profile in the mangrove for-
est would not reach a uniform value because the penetration length of the mixing layer
was larger than the width of the mangrove forest.

In conclusion, these results show that, as long as the riverine mangrove forest width
in the MES is larger than approximately 60−80 m, the uniform depth-averaged flow ve-
locity within the mangrove forest is dependent on mangrove characteristics, rather than
on the characteristics of bathymetry and hydraulic conditions in the adjacent main river
channel. However, when the riverine mangrove forest width is less than 60−80 m, the
uniform depth-averaged velocity within the mangrove forest is affected by the flow in
the main river channel. This is in agreement with the observations that confirm the hy-
pothesis of the existence of a link between critical mangrove width in the estuarine man-
grove forest and the maximum penetration of the flow into the forest. An averaged value
of 80 m is the minimum width at which the mangrove forest can be maintained, and at
that width the forest is sustainable if the construction of fish farms does not reduce that
width.

Figure 2.12: Depth averaged velocity in the floodplain region, Tieu estuarine model.
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2.4 Discussion

In this section, the physical meaning of a critical mangrove width can be discussed within
the context of sedimentation and forest restoration capacity.

2.4.1 Critical mangrove width and sedimentation

T He requirements for a sustainable mangrove forest are very strict. Significant changes
in the sediment dynamics within a mangrove forest can do damage to the entire sys-

tem. Too much sedimentation may bury the mangrove propagules, leading to the death
of the aerial mangrove root system of the pioneer species, such as Sonneratia and Avi-
cenna. However, too little sedimentation may lead to the destabilization of the mangrove
trees. The mangrove propagules have a length of 25−30 cm, so a sediment thickness of
around 30 cm is necessary to provide a suitable environment for mangrove aerial roots
(Linh, 2012). Nevertheless, only 10 cm of root burial can make Avicennia trees die (El-
lison, 1999), and 8 cm of sediment burial can reduce growth and increase mortality of
Rhizophora seedlings (Terrados et al., 1997). In addition, because mangrove roots an-
chor in only about 0.5 m of the soil, a few decimeters of erosion is sufficient to destabilize
a mangrove tree (Winterwerp et al., 2013).

Once fish ponds are constructed too far into the mangrove forest, insufficient man-
grove width remains for a proper lateral exchange between the main river channel and
the adjacent mangrove forest; this critical width is estimated to be, on average, about
80 m. Widths less than that directly disturb the hydrodynamic conditions, leading to
changes in sediment source as well as the available space for sedimentation, reducing
the total capacity of the mangrove forest to trap sediment. If there is no accommodation
space available, sediment will bypass those sites and be transported to an area in which
accommodation space allows the sediment to be deposited (Coe, 2003). Similarly, sed-
iment that cannot be deposited in converted mangrove areas will be transported and
deposited in adjacent area, where it may bury mangrove propagules. Therefore, the
readjustment of the sedimentation system will have a negative impact on the adaptive
capacity of the mangrove system. The loss of mangroves will again reduce the sediment-
trapping capacity, resulting in more erosion of the riverbank.

2.4.2 Critical mangrove width and restoration capability

M Angrove forests affected by human intervention landward can sometimes be re-
stored, but only by monocultures of fast growing species, such as Sonneratia, Avi-

cenna, or Rhizophora;rarer species and entire mangrove ecosystems cannot be fully re-
stored. This phenomenon of unsuccessful restoration of mangrove ecosystems, espe-
cially that of rare land-edge species, was recently reported by Polidoro et al. (2010).

The reasons for this phenomenon may be explained by the hypothesis about the con-
nection between critical mangrove width and the width of the earlier-stage mangrove
species. As mentioned, the primary threats to mangroves are landward human interven-
tions and waterborne sea-level rise. Although human interventions directly affect the
mangrove species at the land edges—those established in the final successional stage,
the effects of sea-level rise threatens the mangrove species at the water edges—those
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Figure 2.13: Impact of different level of fish farm expansion on the successive stages of mangrove in the MES
(after Phan and Hoang, 1990) (a) and estuarine mangrove squeeze issues in Mekong Delta Estuaries (b).

established in the pioneer stage. However, those mangrove species establishing in the
later stages are more vulnerable to sea-level rise than are mangrove species that are es-
tablished at earlier stages because the later-stage mangroves grow slower, have greater
difficulty with dispersal, and reproduce slower than do the mangrove species at ear-
lier stages, such as Sonneratia and Avicennia species (Polidoro et al., 2010). Mangrove
species at the water edges of a mangrove forest can be considered a "pioneer protec-
tion layer" for land-edge mangrove forests because they cope better with changes at the
open-water side, such as sea-level rise, than do the inner mangrove species. Any changes
in the open water side first affect the protection layer, and the inner layer has more time
to respond to those changes (such as landward retreat). That protection is necessary to
the sustainability of the entire mangrove forest ecosystem. The rules for the transition
from pioneer species to the species associated with transitional and climax stages are
unknown. It was, therefore, hypothesized that there is a link between the critical mini-
mum width and the width of the protection layer for the later stages of mangrove species.
In other words, the critical minimum width is also the width that the pioneer mangrove
species need for the succession of in the forest to further stages. Once, the human in-
tervention on the land side block mangrove forest reaches and exceeds that width, all
the later-stage mangrove species are destroyed (if they already exist) or they do not have
space to develop (if they do not already exist) (Figure 2.13), preventing the mangrove
forest from reaching its successive stages.
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Figure 2.14: Force level required to absorb per meter width of mangrove in cases of different mangrove forest
width (Tieu estuary model ).

Flow kinetic energy is proportional to the velocity squared. Therefore, the forces ab-
sorbed (Fabsor b) per meter of mangrove forest width can be modeled as followed:

Fabsor b ∼ Knomang r ove −Kmang r ove

wi d th
⇔ Fabsor b ∼ U 2

nomang r ove −U 2
mang r ove

wi d th
(2.1)

The forces absorbed per meter of mangrove forest width for various different widths
are estimated in Figure 2.14. According to that estimation, when reducing from 200−300 m
to 50−55 m of mangrove width, the magnitude of the forces absorbed per meter of width
increases on an order of ten. That means that, for every meter of width, a 50 m mangrove
forest absorbs forces that are about ten times greater than those absorbed by every me-
ter of 200 m or 300 m forests to reduce the average velocity to a value suitable for the
development of mangroves. Therefore, when a mangrove forest is reduced from 300 m
to 50 m, the force per unit meter that the mangrove forest needs to absorb increases
about ten times. Under those new conditions, only the pioneer mangrove species can
survive and develop. However, many fish farms and other human interventions have
been constructed within forests in which the mangrove species are in their final succes-
sional stages, which means they are weaker, more vulnerable, and will likely die.

These results mean that if, for some reason, the entire 50 m or 300 m of estuarine
mangroves were to be destroyed and the propagules of mangrove species were replanted
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in those regions, the force the forest would need to absorb would be ten times greater for
the 50 m forest. This implies that the larger the width of a mangrove forest, the easier it
is for that forest to recover, especially for the land-edge mangrove species.

2.5 Conclusions

I N this study, mangrove forest degradation and the trends in riverbank evolution af-
fected by the extent of fish farms in the MES were analyzed by adopting a broader

definition of the term estuarine squeeze. In that context, a minimum width was derived
that the estuarine mangrove ecosystem needs for healthy, cyclic evolution. If mangrove
forest widths are less than 80 m in the MES, the riverbank will be less stable and the
estuarine mangroves will be more vulnerable. The results were estimated based on an
empirical relationship between mangrove forest width and riverbank evolution. Based
on the similarity between the hydrodynamics of a narrow mangrove forest and that of a
vegetated floodplain channel, the exchange mechanism between the main river chan-
nel and the vegetated floodplain could be identified. That mechanism controls such
fundamental factors as the transport and deposition of sediment, the supply of nutri-
ents, and the significance of organic outwelling from a mangrove forest. This occurs
because of the penetration of shear-layer vortices caused by the velocity gradient and
the presence of mangroves on the floodplain. Results from the Delft3D-flow vegetation
model for the Tieu Estuary showed the penetration length scale of the shear layer into the
mangrove forest. The depth-averaged flow velocity from the main channel was reduced
to a uniform value on an order of magnitude of 0.015 ms−1 within 60−80 m inside the
mangrove forest. The agreement between field observations and the schematized model
confirmed the existence of and estuarine mangrove squeeze and the hypothesis of a crit-
ical width linked to the maximum penetration of the flow into the mangrove forest.

Unsuccessful mangrove restoration attempts at the land edge of the forest, which
usually contains more rare and vulnerable species compared with pioneer species, can
be explained by assuming a link between the critical minimum width and the minimum
width of the mangroves at a pioneer stage. The difficulty in the recovering mangrove
species in their final stages (the land edge of the mangrove forest) can also be understood
from an energetic standpoint.
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Chapter 3

Exchange processes in vegetated
compound channels

All of physics is either impossible or trivial;
It is impossible until you understand it, and then it becomes trivial.

Ernest Rutherford

The impact of vegetation on the hydrodynamics of channels with vegetated floodplains
has been well recognised. The occurrence of large horizontal coherent structures at the
channel-vegetation interface is of primary importance regarding the flow and catchment
of sediment and nutrients in the vegetation. However, in a compound channel, the pres-
ence of vegetation, coherent structures, their interactions and effects on the exchange pro-
cesses between the open channel and the adjacent floodplain is still not well examined.
A unique laboratory experiment of a vegetated compound channel mimicking estuarine
mangroves has been conducted. The results show that in a compound vegetated chan-
nel with a very gentle slope, the vegetated shear-layer dynamics resembled that associated
with vegetation rather than that associated with a depth differential. Furthermore, the
flow field under the effect of the large horizontal coherent structures (LHCSs) shows a spa-
tially and temporally cycloid motion. Sweeping flows induced by LHCSs penetrate into the
vegetation region, interact with the cylinder arrays, disturb the slow flow region, signifi-
cantly decelerate and even become stagnant and reverse, before ejecting from the cylinder
arrays at the end of the cycle. Consequently, the coherent structures can have an influence
on a broader area than the vegetation area into which the eddy structures can penetrate.
In terms of the exchange processes, the momentum transfer and the intensity of trans-
verse fluctuations induced by the LHCSs can be related to this phenomenon. It is shown
that decreasing the floodplain width can significantly affect the pattern of the LHCSs and
thereby changing the shear-layer, creating unfavourable conditions for sedimentation in-
side forests and for river bank stability.

A modified version of this chapter is under review as Truong, S.H., Uijttewaal, W.S.J., and Stive, M.J. Exchange
processes induced by large horizontal coherent structures in floodplain vegetated channels.Water Resource
Research. (2018).
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In this chapter of the thesis, a physical modeling of the compound channel, with and
without vegetation, mimicking the estuarine mangrove at the MES was conducted. The
experimental results were analyzed, revealing the physical aspect of the squeeze hypoth-
esis.

3.1 Introduction

A Long the Mekong estuaries, mangroves have rapidly been destroyed, largely due to
conversion into fishponds. The mangrove areas remaining have been squeezed into

narrow strips often as small as 50 m. Riverbanks at those locations are usually suffer-
ing from erosion with an average rate of 3 myr−1. Phan et al. (2015) and Truong et al.
(2017) recently strengthened the hypothesized correlation between coastal and estuar-
ine mangrove squeeze and shore or bank erosion respectively for the Mekong Delta with
the explicit condition that they considered regions where sediment availability is not
a restriction. It is hypothesized that a critical minimum width of the mangrove areas
is required for the survival of the ecosystem, whether the impacts come from natural
causes, such as increasing relative sea-level rise or from human activities, such as spatial
squeeze, these causes are highly similar in terms of impact. In a physical sense, active
energetic processes require physical space to be able to absorb erosive forces and subse-
quently restore the impact. Mangroves need these conditions as well to be able to follow
a bio-cyclic evolution.

In the estuarine mangrove squeeze areas, the forest width is usually observed to be
between about 50 and 600 m, which is small compared to the width of the main channel
(about 1000 to 2000 m). Under these conditions, the presence of lateral tidal creeks in
those areas is hardly observed and can be ignored. The main interaction is the lateral
exchange through the mixing layer between the main river channel and the vegetated
floodplain region. In this sense, the hydrodynamics of a mangrove forest is similar to
that of a vegetated channel (Mazda et al., 1997; Truong et al., 2017).

Many researchers have studied the flow field and exchange mechanisms in straight
and meandering, vegetated and non-vegetated channels, with or without the consider-
ation of a floodplain. In recent decades, the large horizontal coherent flow structures
(LHCSs) which are very large compared to the length scale of water depth and caused by
the Kelvin-Helmholtz (KH) instability formed at the interface of the low flow and fast flow
region have been identified to play a significant role in the lateral momentum exchange
(Nadaoka and Yagi, 1998; Nezu and Onitsuka, 2001a; Tamai et al., 1986; van Prooijen
et al., 2005; White and Nepf, 2007, 2008; Xiaohui and Li, 2002; Zong and Nepf, 2010).

In non-vegetated compound channels, the presence of the LHCSs is mainly asso-
ciated with the water depth differences between the floodplain and the open channel
region. Based on experiments with transversely steep change in depth and by changing
the ratio of the floodplain depth to the main channel depth (Dr ) as well as the channel
geometry, Knight et al. (2007) suggested that LHCSs on unvegetated floodplains along
compound channels are induced by a shear instability and mostly appear where Dr is
less than 0.344. As the depth ratio increases (Dr > 0.344), the large coherent structures
appear less pronounced, and intermittent boils become stronger (Nezu et al., 1999).
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However, in a vegetated compound channel, the situation is more complex. Vege-
tation not only adds to friction, turbulence and drag forces but also restricts the flow
space, resulting in interactions between flow and vegetation in different areas, i.e. within
the canopy or at the interface, which also creates a change in length scales. On the one
hand, drag forces induced by vegetation make the velocity difference between slow and
fast flow regions significantly larger. This makes it possible for the LHCSs to become
more pronounced and stronger. Hence, even in the case of Dr larger than 0.344, large co-
herent structures in the case of floodplain vegetation can still be observed (Knight et al.,
2007). On the other hand, the presence of vegetation contributes enormously to the
blocking of the LHCSs inside the forest, inhibiting their evolution. These two processes
are coupled, but oppose to each other. By dividing the mixing layer into two different
zones, each of which has its own length scale, a new approach has been proposed by
White and Nepf (2008). Their model makes it possible to estimate the penetration level
of the LHCSs into the vegetated region and should be considered the most up-to-date
model for a vegetated channel. However, this model is based on only one set of flume
experiments with rigid circular cylinders (Nepf, 2012), and the presence of more shal-
low floodplains was not considered. Whether this model is generically valid is yet to be
determined.

Table 3.1: Some previous experiments with similar configuration

No Experiment Overall Author Year Feature

Vegetation Floodplain HCS

1 Compound channel Knight and Demetriou 1983 N Y (vertical) N
2 Overbank flow with vegetated floodplain Pasche and Rouve 1985 Y Y (1:1.5) N
3 Large Eddies in compound channel Tamai et al. 1986 N Y (vertical) Y
4 Flow in main channel and floodplain Keller and Rodi 1989 N Y (vertical) N
5 Turbulent measurements in shear layer-compound channel Shiono and Knight 1988,1989,1990,1996 Y Y (1:1) Y
6 Drag, turbulence and diffusion through emergent vegetation Nepf 1999 Y N N
7 2D solution for straight and meandering flow Ervine et al. 2000 N Y (1:1) N
8 Turbulence structure in vegetated open channel Nezu and Onitsuka 2001 Y N Y
9 Confluence experiment; Compound Channel Van Prooijen,Uijttewaal and Booij 2000,2004, 2005 N Y (1:1) Y
10 Mangrove affect flow in a flume Struve et al. 2003 Y N N
11 Large Coherent Structure in compound channel Bousmar and Zech 2004 N Y (vertical) Y
12 Riprap vegetation on near bank turbulence McBride et al. 2007 Y Y (1:1) N
13 Floodplain Vegetated Channel Mazurczyk 2007 Y Y (1:1) N
14 Vegetated Channel White and Nepf 2007, 2008 Y N Y
15 Vegetated channel -Mean Drag Tanino and Nepf 2008 Y N Y
16 Vegetated Channel -sediment Zong and Nepf 2009 Y N Y
17 Emerged vegetation in compound channel Jahra et al. 2010-2011 Y Y (vertical) N
18 Discharge prediction compound channel Lambert and Sellin 2010 N Y (vertical) N
19 Turbulent kinetic energy in compound channel Kozioł 2011 Y Y (1:1) N
20 Vegetated Channel – flexible plant Siniscalchi et al. 2012 Y N Y
20 Vegetated Channel Buckman 2013 Y N Y
21 Vegetated floodplain channel Hamidifar and Omid 2013 Y Y (vertical) Y
22 Vegetated floodplain channel Fernandes et al. 2014 Y Y (vertical) N
23 Flow structure in vegetated channel Yan et al. 2016 Y N Y
24 Mixing layer development in compound channel flows Dupuis et al. 2017 Y Y (vertical) Y

A vegetated floodplain channel with gentle slope is more natural than a vegetated
channel with constant depth or a vegetated floodplain channel with steep or vertical
slope which were studied in previous studies. It is known that sediments tend to accu-
mulate more inside the vegetated regions than outside of vegetation (Vargas-Luna et al.,
2015). This means that the vegetated regions are usually more elevated than the adjacent
areas. In other words, an elevated floodplain appears to create a more natural profile for
a vegetated channel than a constant depth (Figure 5.1). In previous studies (Table 3.1),
when taking into account the presence of a floodplain, the transition slope of the flood-
plain is usually as large as 1:1 (FCF experiment data - Knight and Shiono (1990, 1996); Sh-
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iono and Knight (1988, 1989, 1990)) or 1:0.9 (Ikeda et al. (2000)). However, in the Mekong
Delta Estuary (MDE), the situation is slightly different. The transition areas between the
floodplain and the open main river have a very gentle slope of around 1:10. As the tran-
sition space from the main channel to the floodplain increases, the flow field has more
space to adjust the fast flow in the open channel to the slow flow inside the vegetation.
The mixing layer and its penetration into the floodplain are likely to be affected.

Moreover, it is important to note that all studies mentioned above only focused on
wide vegetation regions, where the forest width is not a limiting factor and is always
much larger than the lateral over-bank flow region. However, in reality, for example along
the Mekong Delta estuaries, shrimp farms have increasingly been constructed, pushing
mangrove forests into narrow strips. In this context, it is unknown how the flow field, as
well as the LHCSs, respond to changes of the forest width and how this so called squeeze
effect (Truong et al., 2017) affects the exchange processes. Furthermore, the exchange
processes were studied only in the context of the sweep and ejection events, created
as the LHCSs move along the interface (White and Nepf, 2007). The transition period
between these two successive events, i.e. when a sweep is followed by an ejection has
received little attentions and thereby, the role of this transformation period on the ex-
change processes in a vegetated compound channel is unknown.

3.2 Objective

I T is to see that although a number of studies have focused on the hydrodynamics of
a floodplain vegetated channel, the flow field and related exchange processes are still

unclear, especially in the natural cases of a gentle floodplain slope and squeeze condi-
tions, i.e. the conditions in which the width of the vegetation is restricted (Truong et al.,
2017). Therefore, the main goals of this chapter are: to (1) evaluate the role and the
effects of emerged vegetation on the hydrodynamics of a vegetated floodplain channel
with a gentle transition slope, (2) to understand the effects of the LHCSs on the flow
field and their related exchange processes; and (3), to relate these investigations to the
squeeze effect.

Physical modelling was chosen as a major approach. The experimental setup and
measurements are described in the next section. After that, the effects of vegetation are
studied by comparing results in similar scenarios, with and without vegetation. Then,
the significant role of the LHCSs is described, in relation to the peculiarities of the com-
plex flow field. Finally, the squeeze effect in relation to the width of the forest is shown
to play a role as it can directly affect the flows induced the LHCSs.

3.3 Experiment setup and measurements

T He experiment was conducted in a shallow, free-surface flow flume of the Fluid Me-
chanics Laboratory at the Delft University of Technology. The flume is 20 m long, 3

m wide and the maximum water depth is 0.2 m. For the experiments, the width of the
flume was reduced to 2 m. The average water depth-width ratio is about 1:20 and the
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depth-length ratio is about 1:130, creating a sufficiently shallow flow (Jirka and Uijtte-
waal, 2004).

Figure 3.1: Schematic view of the experiment set up (units in mm), the presence of large coherent structures
in the flow field. Not to scale.

Figure 3.1 gives a top view and a cross-section of the experimental setup and sketches
some flow features observed during the experiment. The floors of the main channel,
the slope and the floodplain area consist of glass, concrete and smooth plastic respec-
tively. The sidewalls are all of glass. The cross-sectional profile includes a gentle flood-
plain slope 1:10 that mimics a typical riverbank slope as found at the Tieu estuary in
the Mekong Delta. The squeeze phenomenon will be approached by varying the flood-
plain width to a small value such that the ratio of floodplain width and channel width
B f /B < 1/10. At straight stretches, the rivers usually have two floodplains along both
sides of the main channel; however, typically the width of the river is large (1000 to
2000 m) compared to the width of the floodplain (50 to 100 m). This condition justi-
fies the assumption that there is no interaction between the two riverbanks. Hence, the
present experiment deployed a single floodplain only.

Water depth and total discharge could be changed by means of a pump and a down-
stream sharp-crested weir. Upstream from the inflow section, behind the flow straight-
ener, a thin foam board was placed floating on the water surface to suppress small water
surface oscillations. Some representative values of the flow quantities are: water depth in
test section H = 11.9cm; discharge Q = 45Ls−1; the uniform velocity in the main chan-
nel Uc = 32.15cms−1; the uniform velocity in the floodplain U f = 20.87cms−1(no vege-
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tation), and bottom friction coefficient c f = 0.0027.
The bottom friction parameters were determined separately for the main channel

(c f ,c ) and for the floodplain (c f , f ) according to the formula used by Uijttewaal and Booij

(2000) and Chu and Babarutsi (1988): 1p
c f

= 1
k

(
ln

(
Re

√
c f

)+1.0
)
. In which k is von

Karman constant (0.4), and Re is the local Reynolds number. The bottom friction coef-

ficient was then determined according to c f = c f , f +c f ,c

2 to represent for the current sce-
nario. With this flume configuration, a large Reynolds number (62,000) can be reached
at moderate Froude numbers (0.58). In cases with vegetation (dense cases), the repre-
sentative values are: water depth H = 12.2cm; discharge Q = 45Ls−1; Uc = 35.58cms−1;
U f = 2.14cms−1.

In order to obtain a proper similarity between the experimental set up and the prac-
tical situation of estuarine mangroves, the Reynolds number is also considered. In prac-
tical situations, a representative mean velocity measured inside the mangrove swamp
is the order of magnitude of 0.02 ms−1 (Horstman, 2014) and the representative water
depth is the order of magnitude of 0.1 to 0.5 m (Truong et al., 2017). This means that
a Reynolds number is the order of magnitude of 1000 to 10000. In the experiment, the
Reynolds number in the cylinder arrays was kept as large as possible , in the range of
1000 to 7500, which can be considered to be similar to the real situation. The Froude
number is also kept as small as possible (in the range from 0.3 to 0.6) in order to make
sure that the variations in the flow do not affect the water surface.

The presence of “mangrove” in the experiment was mimicked based on the “solid
volume fraction” of the mangrove. The solid volume fraction is the relation between
the total volume of the plants (Vp ) and the control volume (V ): Φ = Vp /V = 1−n for
emerged cylinders, the solid volume fraction per unit volume can be then estimated:
Φ= N ·π ·d 2/4 , where n is the porosity of the plants, d is the diameter of a stem and N is
the density of mangroves. In reality, the solid volume fraction of S.Alba in the sparse case
can be estimated of to be 0.04, including both stems (d = 0.3m, N = 0.5m−1) and roots
(d = 0.02m, N = 25m−1) (Ranasinghe et al., 2010; Truong et al., 2017). The density of the
cylinder arrays then was determined based on the “solid volume fraction” of S.Alba. Fol-
lowing the configuration in Figure 3.2, the number of cylinders (d = 0.01m) per square
meter is 556 and 139, yielding a solid volume fraction value of 0.04 and 0.01 respectively.
The cylinder diameter was kept relatively large in order to keep the Reynolds number
based on this diameter sufficiently large. In this way, the densest scenarios in the exper-
iment are similar to the sparse cases of mangroves in reality.

Because of the water depth difference between the floodplain and the main chan-
nel, the flow over the shallower floodplain is slower than in the deeper main channel.
As a consequence of this velocity difference, a mixing layer develops between the flood-
plain and the channel. In shallow water over a flat bottom, the bottom friction affects
the mixing layer as it decreases the velocity differences and the KH instability develops
downstream (Uijttewaal and Booij, 2000). The transverse depth difference sustains the
velocity difference and the bed friction limits the growth of the mixing layer. As the mix-
ing layer develops, it achieves a constant width after 7 to 8 m in comparable laboratory
case with depths < 0.1 m such as a confluence with different velocities (Uijttewaal and
Booij, 2000), 7.5 m in cases of a compound channel profile (Fernandes et al., 2014), and
about 4 m in cases of a partly vegetated channel profile (White and Nepf, 2007). In the



3.3. EXPERIMENT SETUP AND MEASUREMENTS

3

49

Figure 3.2: Staggered distribution of the cylinder arrays (units in mm) representative for the dense and sparse
scenarios.

present experiments, in order to ensure the velocity measurements were taken at the
location where the mixing layer is fully developed, an Acoustic Doppler Velocity meter
(ADV) was placed at 10 m downstream from the floodplain starting point. This means
that in cases with the presence of vegetation, the ADV was located at 5 m from the first
row of cylinders. It was checked that at this location, a fully developed flow field can
be safely achieved despite the slight non uniformity due to the horizontal bed and the
sloping free surface(see Figure 3.3).

Figure 3.3: A representative comparison of mean streamwise velocity measured from PIV between locations
x = 4.5m and x = 6.4m.

As the water free surface is considered to not vary much over the cross-section, both
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the stream in the floodplain area and in the main channel are subject to the same forc-
ing from the free surface water slope. The velocity was measured using a Nortek Acoustic
Doppler Velocity meter (ADV) at a sampling rate of 25 Hz. Velocity measurements were
taken over a time interval of 10 minutes in order to achieve representative statistical data.
Besides, in order to obtain a good particle seeding in the flowing water, an electrolyzer
with 0.1 mm thick wires was placed about 15 cm ahead from the ADV. Very small oxy-
gen bubbles produced by the electrolyser significantly improved the quality of the ADV
signal. In the experiments, the correlations are larger than 85-95%, and the dimension-
less signal-to-noise ratios (SNR) exceed 18 dB in all measurement scenarios. In order
to eliminate the formation of calcium carbonate, the electrolyzer was cleaned every two
hours. The final data were collected applying Nortek software for the Vectrino. With the
purpose of capturing a velocity profile over the cross-section, in the slope region with
changed water depth, at least 10 points were taken at mid-depth, while in the region
with constant water depth, at least three points were to be measured.

Particle Image Velocimetry (PIV) was used to measure the movement of flow. In order
to achieve sufficient contrast between the particles and the flume bottom, floating black
polypropylene tracer particles with a diameter of around 2 mm were used. Besides, the
flume bottom at the capture area was also painted with high contrast white paint. In the
present experiments, a sampling frequency of 10 Hz was used. A RedLake 1 MegaPixel
digital camera with a resolution of 1008 x 1018 pixels has been used to capture frames
and was installed on the very top of a frame build on a movable platform constructed
over the flume. In order to minimize distortion effects, the digital camera was carefully
directed vertically downward. For each measurement with a different water level, a care-
ful check of image distortion was employed. In order to capture most of the features of
the water surface flow, a large number of tracer particles was used (Muste et al., 2008).
They are expected to follow the surface flow sufficiently well. Their distribution over the
water surface was relatively homogeneous. A preprocessing step was applied to enhance
the quality of the images. All images were subtracted from a representative background
image in order to eliminate undesirable effects of the background information. Then all
pairs of sequential camera frames were loaded in PIV Lab 1.4 software package and sub-
sequently spatially correlated (Thielicke and Stamhuis, 2014). All sets of 2 consecutive
particle-frames have been analysed. A two-stage square interrogation windows size of
128 pixels and 32 pixels respectively have been used with a spatial overlap of 50% in both
x and y-direction. The measurement duration was 300 s. This means that with a 10 Hz
frequency, 3000 frames were recorded for each case. The average particle displacement
has been computed to acquire the instantaneous surface velocity fields.

Furthermore, direct measurement of the force on a single cylinder in streamwise di-
rection was conducted to examine the drag coefficient Cd . Four sensitive force sensors
were mounted under the cylinder located at different locations inside the vegetation re-
gion (y =−0.18,−0.06m,−0.12m, and 0m).

Following the setup described above, experiments have been performed for scenar-
ios with different discharges, water depths and floodplain widths (Table 3.2). The de-
tailed settings can be found in the Table A.1 in the appendix. The role of vegetation,
LHCSs, floodplain width and their corresponding effects on the flow fields in a com-
pound channel with a gentle slope are the major interests and are analysed in terms of
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the mean streamwise velocities, the Reynolds’ shear stresses (RSs), the power density
spectra (PDSs), and the auto correlation functions (Rv v ) for configurations of different
mangrove densities and widths. These values were determined from the data measure-
ment according to their definitions (Pope, 2000; Uijttewaal and Booij, 2000). While the
mixing layer properties can be determined from the mean streamwise velocity profiles,
the RSs contain information regarding the momentum exchange between these regions.

Table 3.2: Experiment scenarios

φ
Density 1 Density 2 Density 3
(no vegetation) (sparse vegetation) (dense vegetation)

C yli nder /m2 0 139 556
Cd ·a[cm−1] 0 0.014 0.056
Qi nput [Ls−1] 45, 60, 80 45, 60, 80 45, 60, 80
Hcontr ol [cm] 12,13,14 cm 12,13,14 cm 12,13,14 cm
Floodplain Width [m] 0,5 m ; 0.25m ; 0.1 m 0,5 m ; 0.25 m; 0.1 m 0,5 m ; 0.25 m; 0.1 m

3.4 Results

This section of the chapter presents the experimental results. The effects of vegetation
in a compound channel with a gentle slope the floodplain on the shear-layer dynamics
at the vegetation edge were evaluated by comparing scenarios with and without vegeta-
tion. The presence of LHCSs and their influences on the flow field were clarified in terms
of their flow events. Furthermore, the transverse exchange of momentum was examined
and area affected by the LHCSs are deduced. Finally, the squeeze effect i.e the changes
in the hydrodynamics of a compound vegetated channel as a result of a decreased flood-
plain width was analysed.

3.4.1 Role of vegetation

T He effect of vegetation on the flow field and turbulence structures is analysed by
comparing the mean streamwise velocities, the Reynolds’ shear stresses (RSs) and

the power density spectra (PDSs) for different configurations, with and without vegeta-
tion. While the mixing layer and its penetration from the main channel into the flood-
plain can be determined from the mean streamwise velocity profiles, the RSs contain
information regarding the momentum exchange between these regions. Besides, the
PDSs contain information regarding the distribution of the turbulent kinetic energy over
the range of frequencies.

The influence of vegetation on decreasing the flow inside the floodplain can be clearly
recognized. In the cases of a non-vegetated floodplain channel (Figure 3.4a), the veloc-
ity profiles can be divided into three main regions closely corresponding to their water
depths, which are the floodplain area (from y = −0.5 to 0 m), the main channel (from y =
0.8 to 1.5 m) and the transition area (from y = 0 to 0.8 m).
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Figure 3.4: Scenarios for a 50 cm wide floodplain with no cylinders (a) and densely placed cylinders (b) config-
uration for different discharges and water levels. Legend qxxhyy refers to a discharge of xx l/s and a water depth
of yy cm. Crosses: q45h12 , stars: q60h13, plusses: q80h14, circles: q80h12. Dashed lines in (a) correspond to
the water depth fraction g So D

(
y
)

/C f of the same scenarios.

In all cases with a 0.5 m floodplain width, from the main channel towards the flood-
plain, the mean streamwise velocity gradually reduces over the transition slope region.
Laterally-uniform values of the mean streamwise velocity are achieved right at the flood-
plain edge (location y = 0 m in Figure 3.4a). This implies that the penetration of the
main stream momentum into the floodplain region is zero. As the discharge and wa-
ter depth increase, the order of magnitude of the mean streamwise velocity also in-
creases. However, the penetration of the mixing layer into the floodplain region does
not increase and the velocity gradient remains almost the same. If the transverse ex-
change is small in the mixing layer, the governing momentum equation can be written

as: −g So ≈ − 1
2 ud

2
(

C f

D

)
⇔ ud

2 ≈ g So D
C f

. where ud is a time and depth-averaged stream-

wise velocity, D(y) is Water depth, So is pressure gradient term and C f is bed friction
coefficient. As the water slope is the same along the cross-section, the time and depth-
averaged streamwise velocities are approximately proportional to the ratio between the
water depth and the bottom friction. The results of Figure 3.4a confirm this.

With vegetated floodplain channels (Figure 3.4b), it is observed that the presence
of cylinders boosts the magnitude of the velocity gradient about 4 times, from around
0.2 s−1 in scenarios without vegetation to 0.8 s−1 in scenarios with vegetation. Instead of
gradually decreasing, following the transition slope (from y = 0.8 to 0 m) as in the cases
without vegetation, the mean streamwise velocity slowly reduces from the main channel
before a sudden significant decrease at the location of 0.4 m (the middle of the transition
slope). Also, a penetration of the shear-layer into the cylinder arrays of about 0.1 m can
be observed through the lateral distribution of the mean streamwise velocity. A laterally-
uniform value of the mean streamwise velocity is maintained at locations y < −0.1m.
The strong presence of the large horizontal coherent structures induced by the presence
of vegetation is the main reason for these differences of the penetration of the shear-
layer into the floodplain region. Furthermore, although the velocity gradient across the
vegetated floodplain edge increases with the increase of the discharge, the mean stream-
wise velocity and the penetration of the shear layer into the canopy remain unchanged.
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Solely in the regions where there are no cylinders, including transition slope and main
channel, the mean streamwise velocity was significantly affected.

Figure 3.5: Reynolds shear stress ( −u′v ′) no cylinder cases (a) and dense cases (b), 50 cm width; different input
discharge and water level. Legend qxxhyy refers to a discharge of xx l/s and a water depth of yy cm. Crosses:
q45h12 , stars: q60h13, plusses: q80h14, circles :q80h12.

Figure 3.5 show the transverse profiles of the Reynolds’ Stresses (RSs) (−u′v ′) in dif-
ferent scenarios with and without the cylinders. The positive values of the RSs indicate
that the momentum is transferred towards the floodplain area. Increasing the input
discharge Q and water level H does increase the RSs. In cases without vegetation, the
maximum values of RSs are located around the middle (y = 0.4 m) of the transition re-
gion (from y = 0 to 0.8 m). This means that the momentum exchange happens mostly at
this location. However, in cases with vegetation, the maximum value of RSs significantly
shifts towards the vegetation edge (location y = 0m). The results also show that the mag-
nitude of the RSs in the cases without vegetation is quite small relative to that in cases
with vegetation by an order of magnitude. This demonstrates the role of vegetation in
drawing greater momentum flux towards the floodplain vegetation region.

In order to obtain more insight into the distribution of the turbulent kinetic energy,
the time-varying components have been analysed in the frequency domain. The pres-
ence of the LHCSs at the channel-vegetation interface and the influences of vegetation
on their characteristics can be clearly identified in the PDSs of the lateral fluctuation ve-
locity v’ at different locations along the cross-section Figure 3.6. The results suggest that
in cases without and with vegetation, there is a definite peak region in the power density
spectrum typically in the range of 0.05 Hz to 0.1 Hz, corresponding to an eddy period of
10 s to 20 s, but with much higher amplitude with vegetated case.

In cases without vegetation (Figure 3.6a), although only around the floodplain edge
(y=0 m), peaks can be recognized at the frequency of around 0.07 Hz corresponding to
14 s period structures. The signals of the presence of large coherent structures are gener-
ally weak and hardly observed. Inside and outside the floodplain, the decrease of PDSs
approximately follows the −5/3 slope that is known from flows with a large inertial sub-
range.

In cases with vegetation (Figure 3.6b), there is a definite peak region in the power
density spectrum. The high-frequency side of the peak has a slope of approximately -3
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Figure 3.6: Power density spectra of lateral velocity fluctuations at different locations from the wall – No and
Dense vegetation scenario, 50 cm width, discharge =45 l/s, water level =12 cm; y= -0.25 m located inside the
vegetation, y=0 m located at the vegetated floodplain edge, y=1.1 m location outside in the main channel.

indicating the large turbulence structures possess two-dimensional characteristics (Ui-
jttewaal and Booij, 2000). These peaks with slope -3 can be clearly distinguished in the
PDSs at a frequency in the range of 0.05 Hz to 0.1 Hz, corresponding to an eddy period of
10 s to 20 s. The energy density then seems to follow a -1 slope character (Nikora, 1999;
Perry and Li, 1990), which indicates that the large structures no longer possess the two-
dimensional characteristic. This can be explained by the effect of the bottom friction in
the floodplain region. The peaks have virtually disappeared at location 1.1 m. This im-
plies the disappearance of the LHCSs at that position. It can also be seen that the LHCSs
in cases with dense vegetation are stronger, more pronounced and contain more energy
than in cases without vegetation.

At the high-frequency side of the spectra, a gradual decrease of the energy density
can also be observed. However, it is observed that there are differences in the high-
frequency regions of the energy density at locations inside and outside the vegetation
regions. The decrease in energy density at the locations outside the floodplain region
(1.1 m) almost follows a slope -5/3 that is indicative of flows with a large inertial sub-
range. Inside the floodplain region (y =−0.25m and y = 0m), the decrease of the energy
density does not properly follow this rule. This is possibly due to the effect of the vortex
shedding associated with the wakes behind the stems. Because of the presence of the
vegetation, between the cylinder arrays, the large turbulence scale structures are more
quickly transformed into smaller scale turbulent structures. Estimating the Strouhal
number to be about 0.2 for flow around a circular cylinder (Sumer et al., 2006), the fre-
quency of vortex shedding in this scenario is derived from being approximately 0.4 Hz
(T = 2.5s) (Figure 3.6b).

Together with the PDSs of v ′, Figure 3.7a and b shows the Cross Power Energy Density
Spectra (CPEDSs) using u′ and v ′ data measured at a single point located in the vegetated
floodplain (location y =−0.065m) and at the floodplain edge (y = 0m) inside the mixing
layer. It can be seen that the peaks in the u′v ′ spectra reach their maximum at the almost
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Figure 3.7: Dense case – Cross Power density spectral, case 50 cm width, and discharge = 45 l/s, water level =12
cm: location y=-0.065 m (inside the vegetation) (a) , location y =0 m (at the edge) (b) and y= 1.1 m (in the main
channel) (c) - Blue line (u’v’ spectrum); Red line (v’ spectrum). The phase relation between u’ and v’: location
y=-0.065 m (d), location y=0m (e) and y=1.1 m (f).

same frequencies as in the v ′ spectra. This demonstrates that the main contributions to
the transferring momentum over the mixing layer are from the LHCSs. This feature can-
not be observed at locations outside the mixing layer (location y = 1.1m) (Figure 3.7c).

In addition to the CPEDSs for the different frequency components, the phase rela-
tion between u′ and v ′ has been determined (Figure 3.7d, e, f). It can be seen that the
phase relation between u′ and v ′ for the low frequencies yields a value of around 3/4π
at location −0.065 m (in the vegetation, inside the mixing layer) and at the vegetated
floodplain edge (y = 0m) (Figure 3.7d, e). At the higher frequencies, the phase angles are
distributed randomly. The point beyond which the phase relation becomes random is
directly linked to the position in the spectrum where small 3D turbulence prevails (Ui-
jttewaal and Booij, 2000). Figure 3.7f shows the phase relation outside the mixing layer
(location 1.1 m), indicating that the phase relation is much more random along the fre-
quencies axes.

It is known that the exchange of mass and momentum between the open channel
and the vegetated region is significantly connected to the phase relation between u′ and
v ′. The exchange is maximized if u′ and v ′ are in antiphase (θ = ±π). If θ = ±π/2,
the inward and outward components are equal, but in opposite directions (Yossef and
de Vriend, 2010). This means that the net exchange is almost 0. For locations near the
vegetated floodplain edge (around y = 0cm), the phase difference between u′ and v ′
yields values of around π . These phase relations reduce toward ±π/2 when moving
further outside the channel or inside the floodplain. This indicates that the maximum
momentum exchange is happening at the vegetated floodplain edge location and con-
tinues to reduce further along two sides, toward the inner and outer sides of the mixing
layer.

3.4.2 Role of Large horizontal coherent structures

T He differences in the average streamwise velocities, RSs as well as PDSs described in
the previous section are mainly due to the stronger presence of the LHCSs, especially

in cases with vegetation. Therefore, it is necessary to study the LHCSs in more detail. The
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presence of LHCSs, their associate flow events and the impacts of them on the flow field
are the major interests of this part.

The presence of the LHCSs

A regular pattern of the LHCSs in the mixing layer can be identified through autocor-
relation of the transverse velocity signals obtained by the ADV. Figure 3.8a and b show
the representative profiles of the autocorrelation function of the transverse velocity sig-
nals at different locations in cases without and with vegetation, respectively. In cases
with vegetation, it can be seen that at first the autocorrelation function decreases sharply
down to 0.7, representing the smaller scales, three-dimensional effects in the turbulence
spectrum. Then, the correlation falls off slower and its amplitude extrapolated to t = 0
indicates that the large coherent structures contribute about 60 - 70% to the total nor-
malized turbulent kinetic energy. The effects of larger coherent structures are seen in the
modulation of the auto-correlation function beyond this point.

Figure 3.8: Autocorrelation function Rvv, 50 cm width, discharge =45 l/s, water level =12 cm; (a) No vegetation,
(b) Dense vegetation.

By comparing the autocorrelation function obtained at different locations across the
flume, it can be observed that the further away from the mixing layer, the smaller the
modulation and the faster the decrease of the autocorrelation function. The strong mod-
ulation that remains significant for several tens of seconds is totally lost at location y =
0.7 or 0.9 m. In this sense, the correlation shows no signs of large scale coherence struc-
tures. Besides, a clear transition can be observed at small values of t . This indicates the
disappearance of the contribution of the small-scale turbulence for the locations close
to the mixing layer. The major contributions are from the large-scale turbulence. The
different time scales of the small- and large-scale turbulence, of the order of 0.1 and 20 s
respectively, are noticeable. This demonstrates that the mixing layer contains on average
much larger structures than the free stream outside the mixing layer. The characteristic
time of the autocorrelation modulation is related to the width of the LHCSs (Uijttewaal
and Booij, 2000). At location −0.065 m, a period of about 15 s is observed between peaks
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at 0 and 15 s. The oscillation is greatly reduced beyond this point. This result is in line
with the PDSs, as the period T of large coherence structures is about 16.7 s (Figure 3.7 a,
b).

Nevertheless, these signals of the LHCSs are hard to recognize in cases without the
vegetation (Figure 3.8 a). Quasi-two-dimensional structures contribute only to about
10% of the total normalized energy as the autocorrelation function at the floodplain edge
falls off faster to around 0.1 after 0.1 s. The modulation can also be seen to be much
weaker. This result demonstrates that the presence of vegetation does produce definitely
stronger LHCSs in the compound channel.

The effects of the LHCSs on the flow field

In order to get an insight into how the LHCSs affect the flow field, it is necessary to un-
derstand the movement of the structures themselves. Although it is not always straight-
forward to visualize the LHCSs by simply looking at the velocity vector field in the PIV
data set, the motion of the LHCSs along the vegetation interface leaves an important
trace, which is the presence of stagnation areas moving along together with the LHCSs.
Capturing these stagnation areas and their movement within the vegetated floodplain
area in the instantaneous velocity field (Figure 3.9) reveals a cycloid motion.

As the large coherent structures move along the interface between cylinder arrays
and the open channel, they create inflows, which we term sweeps (u′ > 0, v ′ < 0). In the
beginning, the sweeps accelerate outside the vegetation as the depth decreases in the
transverse direction. However, when the sweeps enter the vegetation regions, due to the
surrounding slow flow and the drag forces of the vegetation, they are strongly disturbed
and decelerated significantly, even become stagnant and reverse direction before flow-
ing out from the cylinder arrays through the ejection events at the end of the cycle. It is
also observed that the regions where the flows are almost stagnant (u, v ∼ 0), which are
termed stagnation areas are found along the streamwise direction next to the LHCSs.

As the LHCSs move along the vegetation area, these regions of stagnation points ap-
pear, increasing local pressure which then can counteract the overall free surface water
slope to becoming the main force driving the flow inside the vegetation reversing its di-
rection. The transverse velocity is hindered by the vegetation and the vertical wall which
according to the Bernoulli’s principle lead to the elevated free surface at the stagnation
points. This drives the reverse flows as it is apparently larger than the mean gradient
from water slope. Further away from the stagnation areas, as this pressure becomes
weaker, the reverse flow becomes weaker and its interaction with the streamwise flow
creates other stagnation areas. In this way, to the extend the flow induced by the in-
creased local pressure can reach, the surrounding areas are also affected by the LHCSs.
Hence, the transverse distance affected by the LHCSs is larger than the distance in which
the mean profile of the mixing layer can penetrate. Figure 3.9 confirms these analyses.
It can be seen that the vegetation area affected by the LHCSs is of the size of around
0.35−0.4 m which is about four times larger than the distance over which the mean
streamwise velocity profile achieves its constant value (about 0.1 m) (Figure 3.4b).

In order to obtain further insight into this flow events, the data measured from the
ADV were also combined in the analyses. The motion of the LHCSs along the interface
of vegetation generates fluctuations in the time signal of the mean streamwise velocities
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Figure 3.9: Representative ejections, sweeps, stagnation areas and reverse flows captured in instantaneous ve-
locity field at free surface measured by PIV, case of dense density, 50 cm width, discharge Q : 45 Ls−1, water
level H : 12 cm (y<0 indicates regions inside vegetated floodplain). There are also four representative locations
A (y=0 m), B (y=−0.125 m), C (y=−0.255 m) and D (y=−0.365 m) where the separate measured data from the
ADV were employed to analyse the phenomenon. The red arrows and the stagnation areas illustrate exper-
imental observations interpolated from the instantaneous streamlines (blue-dot lines) of the instantaneous
flow field.

(u), lateral velocities(v) and their corresponding shear stress (u′v ′). The stagnation areas
and reverse flow observed above can clarify the zero and negative values of the stream-
wise velocity signal measured by the ADV at locations B (y =−0.125m) , C (y =−0.255m)
and D (y = −0.365m) inside the vegetation region (Figure 3.12 b, c, d). The negative
values are hard to observe in the streamwise velocity signal at location A at the edge of
floodplain (Figure 3.12 a). This means that the stagnation areas and reverse flow mainly
occurs further inside the vegetation. It also can be seen in the Figure 3.12a that the sweep
events corresponding to the peaks of the product u′v ′ which indicate that the maximum



3.4. RESULTS

3

59

transverse momentum exchange occurs during these events. The product u′v ′ is rel-
atively small inside the vegetation at location B, C, D (Figure 3.12 b, c, d). Hence, the
sweep events are hardly observed at this location. In this sense, the sweep and ejection
events appear to dominate the edge region of vegetation, while the stagnation areas and
reverse flows are likely to occur in the further inner region. The result also suggested
that although the shear stresses are small inside the vegetation, the fluctuation of lateral
velocity (v) is still large.

Figure 3.10: Time series of streamline velocity u (solid line), lateral velocity v (dash line) and the shear stress
(u’ v’) (dot-dash line) at locations A: y=0 m (a) ; B: y = -0.125 m (b) ; C: y = -0.255 m (c) and D: y = -0.365 m (d) in
case of dense vegetation, 50 cm floodplain width, discharge =45 l/s and water level =12 cm.

This implies that the influences of LHCSs on the flow inside vegetation can remain
significant even when there is virtually an insignificant amount of momentum exchange
induced by the LHCSs at this location. While the former is related to the lateral fluctu-
ation velocity v ′ and thereby is proportional to the normal stresses −v ′v ′, the latter is
proportional to the Reynolds shear stresses (RSs=−u′v ′). A comparison between these
two stresses (Figure 3.11b), along with the results of Figure 3.9 demonstrate that the re-
gion inside the vegetation affected by the LHCSs can be much larger than the area where
the transverse momentum exchange induced by LHCSs can occur.

Furthermore, it is noted that as the LHCSs move, they cause velocity fluctuations re-
sulting in the fluctuation of the forces (see Figure 3.12). The fluctuation is strongest at
the floodplain edge and become weaker further inside the vegetation. The negative val-



3

60 3. EXCHANGE PROCESSES IN VEGETATED COMPOUND CHANNELS

Figure 3.11: Representative Mean streamwise velocity in cases with vegetation (a). Representative compari-
son between the normal stresses and the Reynolds shear stresses in the vegetated compound channel induced
by the LHCSs (b). The representative LHCSs captured through the streamlines of the instantaneous fluctu-
ating velocity field and its corresponding effect on the mean streamwise velocity (c). Dense scenario, 50 cm
floodplain width, discharge = 45 Ls−1, water depth = 12 cm.

ues of the streamwise forces can also be clearly observed. These negative values caused
by the stagnant and reverse flow events are not observed at the edge of floodplain. In this
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context, it is suggest that the sweep and ejection events appear to dominate the edge re-
gion of vegetation, while the stagnation areas and reverse flows are likely to occur further
into the vegetated region.

Figure 3.12a shows the distribution of measured streamwise stem forces Fx by box
plots at these different locations. The mean value is given by the red line with the box

Figure 3.12: Representative distribution of measured stem forces on cylinder 1, 2, 3, 4 (location
y =−0.18m,−0.06m,−0.12m, and 0m), together with forces estimated from the theory, i.e. the forces esti-
mated from measured streamwise velocity Ux combined with drag coefficient Cd equal 1 (a). Directly mea-
sured streamwise force, Fx on 4th cylinder (floodplain edge), compared with the forces estimated from the
theory. Corresponding lateral velocity fluctuation also included (b). Sparse scenario, 25 cm floodplain width,
discharge = 80 Ls−1, water depth = 14 cm.

indicating the 25th and 75th percentiles. The mean values of the streamwise forces
based on the measured velocity U are also included in the figure (solid red circles).
Fxtheor y = 1

2ρCd d H |U |Ux where ρ is water density, Cd is drag coefficient and equal 1,

d is the diameter of the cylinder, H is water depth, |U | =
√

U 2
x +U 2

y and Ux , Uy are the

mean streamwise and lateral velocity inside the vegetation.
Figure 3.12b shows the time series of the streamwise force (Fx ) measured on the 4th

cylinder together with the predicted one (Fx,theor y ) and the lateral fluctuation velocity
(v ′). It is suggested that the force achieves its maximum value together with the min-
imum lateral fluctuation velocity (v ′ < 0). This indicates that the force on the cylinder
is largest during the sweeps and smallest during the ejections. Furthermore, it is also
suggested that a good estimation for the force on the cylinder can be achieved with the
value of the drag coefficient Cd equal 1 combined with the local velocity.

It is noted from the Table 3.3 that there is a large difference between the values of the
vegetation drag (C d ameasur ed ) derived from a balance between total array drag and the
pressure gradient due to the free surface slope (see (White and Nepf, 2008), C d ameasur ed ≈
−2g S/U 2

1 ; where U1 is the cross-sectionally averaged velocity within the vegetation ar-
ray; and S = dh/d x is the water slope) and that derived based on the theory (C d atheor y =
C dtheor y · N · d ; C d = 1 proved by directly measured forces). This difference can be
explained in terms of (1) the presence of reverse flows and stagnant flows which may
reduced the averaged streamwise velocity inside the vegetation; (2) mean force is not
propotional to the mean velocity squared ; and (3) the uncertainty in the measurement
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of the water slope which is about 20%. This difference can be improved using C d a|U |Ux =
−2g S√

U 2
x+U 2

y ·Ux

.

Table 3.3: A comparison of the vegetation drag

White and Nepf (2007) Current study

Φ 0.02 0.045 0.01 0.04
N (number /m2) 603 1356 137 550
d(m) 0.0065 0.0065 0.01 0.01
C d atheor y 0.039 0.088 0.014 0.056
C d ameasur ed 0.092 0.285 0.029 0.094
C d a|U |Ux - - 0.023 0.049

It is noted that similar phenomenon of the interaction of the LHCSs and cylinder
arrays was described by White and Nepf (2007), but in terms of the phase difference be-
tween u’ and v’. The interaction of the LHCSs and stagnation points inside the vegetation
region discussed in this study is related to the Lagrangian coordinate system. Hence, the
latter provides a different view on the phenomenon. For example, it is worth noting that
while the effects of the sweeps and ejections have been well recognised (White and Nepf,
2007), the reverse flow and stagnation areas inside vegetation region have not been ob-
served in cases with a flat bed. The presence of a transverse slope appears to play an
important role in this behaviour, see e.g. van Prooijen et al. (2005). It is seen from the
experiment that the reverse flow and stagnation areas inside vegetation region are a rel-
evant factor potentially affecting the sedimentation and nutrient deposition within the
cylinder arrays.

Figure 3.13: The representative motion (red arrows) of the quadrant analysis of the horizontal fluctuations as-
sociated with low-frequency signal (blue circles) in a period of 15 seconds, location A at the edge of vegetated
floodplain (y=0m) (a) and location B at y=−0.125m inside the vegetation (b). Black arrows indicate the instan-
taneous fluctuation velocity; the pink arrows indicate the mean flow velocity at those locations. The dashed

lines in the figure represent hyperbolas corresponding to
∣∣u′v ′∣∣= 2

(
−u′v ′

)
.

Studying the quadrant analysis of the RSs at two different locations A and B (see Fig-
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ure 3.9) makes it possible to understand how the stagnation areas and reverse flow events
can occur and why they are barely observed in the literature. Figure 3.13 shows a quad-
rant analysis in a period of 15 s of the horizontal fluctuations associated with low fre-
quency signal (blue circles), which correspond to the LHCSs at the edge of the vegetated
floodplain (location A: y = 0m) and inside the vegetation (location B: y =−0.125m). Al-
though the stagnation areas and reverse flow events observed in the flow field do not
directly appear in quadrant analysis of the RSs (u′, v ′), however, these flow events can be
recognized by adding in the quadrant analysis the mean flow velocity (pink arrows) to-
gether with instantaneous fluctuation velocities (in the form of vectors) corresponding
to the distribution of (u′, v ′) in time (black arrows). In this way, there are two main com-
ponents in the quadrant analysis of the RSs, the fluctuation motion caused by the LHCSs
and the mean flow motion caused by the mean free surface water slope. The essential
conditions so that the stagnation areas or reverse flow events can occur can be stated as
follows :

“the LHCSs need to be strong enough, and the mean flow velocity needs to be small
enough so that the fluctuation motions induced by the LHCSs become equal or larger
than the mean flow velocity”.

Following the dye tracer in the flume, the flow field in a Eulerian coordinate system
can be observed. The observation suggests that the tracer path of the dye does follow a

Figure 3.14: Cycloid Flow field under the effect of the LHCSs visualized by the colour dye for sparse density
scenarios and respectively 25 cm floodplain width. The LHCSs as it moves along the cylinder arrays shows a
“cycloid motion” property.

prolate cycloid curve (Figure 3.14). The observations confirm the presence of the LHCSs
and the flow events caused by the motion of the LHCSs along the vegetated floodplain.
The flow field under the effect of the LHCSs appears to have cycloid characteristics.

The LHCSs then can be identified by subtracting the advection velocity at the centre
of the stagnation areas from the instantaneous velocity field (Figure 3.11c). It is shown
that when moving along the interface, the LHCSs clearly split the mean streamwise ve-
locity into three different regions (Figure 3.11a), viz. the uniform region inside the flood-
plain (region I) controlled by the drag from vegetation, outside in the main channel (re-
gion II) controlled by the bottom friction and water depth, and the mixing layer region
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(region III and IV). These results suggest that in a compound vegetated channel with a
very gentle slope, for the conditions tested ( C d a

C f /D ≥ 60), the vegetated shear-layer dynam-

ics resembled to that associated with vegetation alone which was described in White and
Nepf (2007, 2008), rather than that associated only with a depth differential.

It is clear that the presence of LHCSs is the most important factor in the mixing layer
forcing the momentum exchange between the main channel region and the floodplain
region. As described in the previous section, the transverse momentum exchange in this
region is increased 20 times due to the presence of vegetation and associated LHCSs. In
this sense, the horizontal eddy viscosity plays a key role in understanding and describing
the momentum exchange mechanism in these regions. Dealing with the horizontal eddy
viscosity is treated in the next separate Chapter 4.

3.4.3 Role of vegetation width or Squeeze effect

F Inally, the “squeeze” effect has been experimentally studied by varying the width of
the floodplain region. Figure 3.15 shows the mean streamwise velocity for different

floodplain widths. In cases without vegetation, 50 cm floodplain width (Figure 3.15a),
the mean streamwise velocity achieved uniform values of 34.9 cms−1 right at the flood-
plain edge (y = 0m). When reducing the width of the floodplain from 50 cm to 25 cm and
10 cm, the mean streamwise velocity does not achieve a transverse uniform value at the
floodplain edge, and keeps decreasing further inside the floodplain region. This means
that the penetration of the mixing layer increases together with the decrease of the width
of the floodplain. In other words, the width of the floodplain does affect the penetration
of the mixing layer into the floodplain area.

Figure 3.15: Mean streamwise velocity profile in non-vegetated floodplain scenarios and dense vegetation sce-
narios, discharge Q=80Ls−1, water level H=14cm, different floodplain widths – circles: 50 cm; crosses: 25 cm;
squares: 10 cm.

In the case of dense vegetation (Figure 3.15b), the response of mean streamwise ve-
locity within the floodplain region is less sensitive. As the width of the floodplain reduces
from 50 cm to 25 cm, the mean streamwise velocity shows different trends only in the
outer region (from location y = 0 to around y = 0.5m) where the velocity gradient signif-
icantly increases. This means that the velocity gradient around the vegetation interface
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can be increased by decreasing the floodplain width. These changes in the velocity can
be explained in terms of the increased velocity gradient at the vegetated edge which was
induced by the changes in the pattern of the LHCSs.

It can be seen that the increased velocity gradient together with the presence of veg-
etation does not lead to a larger penetration of the shear layer into the vegetated flood-
plain. In both cases (50 cm and 25 cm floodplain width), the mean streamwise velocity
decreases inside the floodplain region and achieves a transversely uniform value beyond
about 10 cm penetration. This indicates that the mean streamwise velocity does require
a certain distance such that a uniform velocity within the forest can be achieved. In these
scenarios, the distance required is about 10 cm. Differences can be noted when further
reducing the width of the floodplain from 25 cm to 10 cm, the mean streamwise velocity
within the vegetated floodplain starts “feeling” the side wall and is being affected. The
mean streamwise velocity cannot achieved a transverse uniform value as it keeps de-
creasing until the end of the floodplain region. This means that the mixing layer appears
to penetrate the whole floodplain region.

Figure 3.16: Lateral profiles of Reynold stress in case of 50 cm floodplain width (a) and 25 cm floodplain width
(b) ; no cylinder (squares), sparse cylinder (crosses), and dense cylinders (circles); discharge Q=80Ls−1, water
level H=12cm.

Figure 3.16 a shows the transverse profiles of the RSs in cases of different density and
different width. Although strong peaks of RSs can be clearly observed in cases with the
presence of cylinders (sparse and dense scenarios), in cases without vegetation, it is less
obvious as the maximum values tend to spread more along the transition slope region.
It is also observed that the more vegetation, the less spreading of the RSs. When the
width of the floodplain is reduced to 25 cm (Figure 3.16b), the RSs around the floodplain
edge (location y = 0m) increase. As the order of magnitude of the RSs is related to the
momentum exchange in the mixing layer, this implies an increase in the momentum
exchange between these two regions when the floodplain width is restricted.

The LHCSs are important drivers forcing the flow field in the vegetated floodplain
region. Therefore, comparing the autocorrelation function and PDSs in scenarios of
different widths is informative as they contain information related to large coherent
structures. The autocorrelation functions of lateral velocity in different floodplain width
scenarios are shown in Figure 3.17. Reducing the width of the floodplain also reduces
the period of the quasi-2D structure, from 11.5 s to 8.5 s. Besides, the normalized en-
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Figure 3.17: Autocorrelation function Rvv in cases of sparse density, floodplain width = 50cm and 25 cm; dis-
charge Q = 45Ls−1, water level H = 12cm.

ergy contribution also reduces from 80% to 65%. These results show that squeezing the
floodplain does increase the frequency of the LHCSs. This is probably due to the smaller
LHCSs and faster advection velocity. In terms of K-H instability, the results suggest that
decreasing the floodplain width results in a smaller wavelength and wave period. The
results of Figure 3.18a,b confirm this.

Finally, the response of the structures themselves to the “squeeze effect” is addressed.
Figure 3.18a shows the representative LHCSs (solid red lines) in cases of 50 cm floodplain
width. The corresponding LHCSs in cases where the width of vegetated floodplain has
been reduced to 25 cm, is shown in Figure 3.18b. It can be seen that the LHCSs seems to
be contracted in the streamwise and lateral direction in the narrower floodplain scenar-
ios. As a result, the LHCSs in “squeeze” cases are likely to be smaller than the cases with
non-restricted floodplain.

It is noted that reducing the floodplain width (from 50 cm to 25 cm) diminish the
width of the area affecterd by the LHCSs where fluctuation motions can occur. The com-
bined impact of the LHCSs and the narrower space of the floodplain area may cause
an increase in the increased local pressure, induced by the stagnation areas and re-
verse flows. As a result, the reverse flow and the RSs in the vegetation region in cases
of narrower 25 cm floodplain width are larger than that in the scenario of 50 cm flood-
plain width (Figure 3.18c, d). Additionally, the more frequent LHCSs means that the flow
events occur more frequently and region of stagnation areas move faster. In this sense,
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Figure 3.18: The Large Horizontal coherent structure (red-solid lines) in cases of 50 cm width (a) and 25 cm
width (b) and the corresponding shear and normal stresses in cases of 50 cm width (c) and 25 cm width (d).
Dense scenarios, discharge =45 l/s, water level =12 cm.

sedimentation processes may be significantly affected in such a way that there is less
time and space for the sediment to be deposited, while the momentum fluxes are larger.

3.5 Discussion

S O far, the results of our work indicate that vegetation, in general, and mangroves , in
particular, have a strong role in determining the strength and direction of flow in river

channels with vegetated floodplains. Large differences in the mean streamwise velocity
and Reynolds shear stresses between the scenarios with and without vegetation can be
observed. It is important to note that these differences are not only caused directly by
the presence of vegetation in the floodplain region (i.e. vegetation disturbs, diverts and
reduces the flow velocities), but also due to the presence of the LHCSs, generated by
the vegetation-induced shear layer. Therefore, differences were observed to occur not
only at the vegetation interface, but also deeper inside the vegetation area, and in the
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adjacent transition slope. The phenomenon in which areas deeper inside the vegetation,
or outside in the transition slope are affected by the flow events generated by LHCSs as
they moving along the vegetation interface can be conceptually explained through the
cycloid characteristic of the flow field (Figure 3.19)

Figure 3.19: Schematic view of cycloid motion under the effect of the LHCSs as they are moving along the
vegetated interface. The maximum affected area is larger than the penetration of the LHCSs.

Based on the observation of the particle movement in the PIV data set and the pre-
vious analyses, it is seen that the LHCSs (L) in this case have the ellipse form with two
radii corresponding to the length r1 = 0.6m, and to the width r2 = 0.25m (Figure 3.18a).
At the moment t1, the LHCSs is at location a1, and an observed point A1 located at its
edge tends to follow the orbit of a prolate cycloid curve c1. At the moment t2, the LHCSs
is at location a2, and an observed point A1 follow the orbit of a prolate cycloid curve c1

to the location A2. In the vegetation region outside the mixing layer, areas surrounding
the prolate cycloid curve c1 appear to be affected by the motion of the LHCSs and tend
to follow the motions of the observed point (A1-A2-A3). This results in a stagnant area.
As the LHCSs are moving along the interface between vegetation and open region, these
stagnation areas also move with the same velocity us . In this sense, the region of the
stagnation area captured by PIV measurement is likely to link to the cycloid loop (O1) at
the time t2. The corresponding LHCSs at this moment at location a2 can be deduced by
subtracting the instantaneous velocity field to the advection velocity us at the centre of
stagnation areas (O1). According to this explanation, it is suggested that the maximum
affected area is likely to connect to the width of the outer layer of the LHCSs. In practi-
cal engineering, this means that a structure which directly interferes with the vegetated
river bank should be carefully considered, especially in terms of the changes of the hy-
drodynamics and exchange processes induced by the modification of the LHCSs.
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The stability of the river bank in squeezed condition i.e. the mangrove width is re-
stricted is discussed in terms of the changes in the bed shear stress. Based on the results

Figure 3.20: Streamwise bed shear stress comparison(a) and transverse bed shear stress comparison(b) in sce-
narios of 50 cm and 10 cm floodplain width, discharge Q = 80Ls−1, water level H = 14cm.The positive values
of the transverse bed shear stress indicate that it is directed away from the floodplain.

of the experiment, the bed shear stress, which are representative for the applied forces
induced by the flow water, including the LHCSs can be determined (Figure 3.20). It can
be clearly seen that, when the mangrove width is reduced, although the bed shear stress
in the inner layer almost remain the same, the bed shear stress in the outer layer (both
streamwise and transverse) increase significantly.

It can be seen that the outer layer appears to be the most vulnerable area in term
of river bank stability. It is suggested that significant variation in the bed shear stresses
induced by changes in the LHCSs can be expected when decreasing the forest width.
Therefore, the width of the vegetation area does play a role in the stabilization of a vege-
tation compound channel, especially for the transition slope. In normal condition, there
should be a certain width so that the applied bed shear stresses to the river bank can be
counteracted by the advanced shear stresses induced by the presence of the vegetation.

3.6 Conclusions

T He effect of vegetation on the hydrodynamics of a compound channel, the presence
of the LHCSs and their effect on the flow field as well as “squeeze” effects were in-

vestigated through experiments. It is shown that in a compound vegetated channel with
a gentle transverse slope, the shear layer properties are dominated by the presence of
vegetation, rather than by the water depth difference. The vegetation significantly in-
creases the gradient of the mean streamwise velocity, drawing more exchange toward
the vegetation edge and pushing more flow into the floodplain region. It is also very
effective in damping and shielding the flow within the forest from external boundary
conditions. Furthermore, the presence of vegetation does enhance the occurrence of
LHCSs, which is a dominant factor in forcing the exchange mechanism at the vegeta-
tion interface. The presence of LHCSs, which is much more pronounced in cases with
vegetation, is the major factor contributing to the momentum exchange between the
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vegetated floodplain regions and the adjacent open channel. The experimental results
also reveal that the region affected by the LHCSs where large transverse fluctuations can
occur is much larger than the region of transverse momentum exchange which is con-
nected to the penetration of the LHCSs into the vegetated floodplain region. The moving
of the LHCSs along the vegetation interface is associated with the sweeps, the ejections,
as well as the stagnant and the reverse flows forming a so called cycloid motion. While
the sweeps and ejections dominate the momentum exchange region and appear to link
to the import and export mechanism of nutrients and sediments, the stagnant and re-
verse flows appear to dominate the region further inside the vegetation and are impor-
tant for the deposition processes. The streamwise forces is maximum during the sweeps
and smallest during the ejections. Moreover, due to the presence of stagnant and reverse
flows, negative streamwise forces can be recorded.

It is important to note that although the vegetation is very effective in damping and
protecting the hydrodynamic conditions within the forest, the “squeeze effect” makes
this protection much less successful. Reducing the forest width does influence the hy-
drodynamics in and around the cylinder arrays, especially the shear layer at the vege-
tation interface. Furthermore the mean flow velocity needs a certain space to reach its
uniform value inside the floodplain area and the vegetated region affected by the LHCSs
can be even larger than the region which the mixing layer can penetrate into. Hence, a
too narrow floodplain may diminish the affected area directly and makes it impossible
for the flow field inside the vegetation to be able to reach its equilibrium state. As a re-
sult, the LHCSs in “squeeze” condition occur more frequently, but less regularly and the
transverse exchange processes induced by these LHCSs can be strongly disturbed. The
momentum fluxes are larger, and the time and space for the sediment to be deposited is
restricted. These are hypothesized to not create favourable conditions for the nutrient
or sediment deposition within the forest. It is also seen that the denser the vegetation,
the less sensitive the mangrove forest is to the squeeze effects. This again shows the
vegetation function in the protection of the river banks.
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Chapter 4

Analytical modelling of transverse
momentum exchange

Mathematics is not about number, equations, computations, or algorithms;
It is about understanding.

William Paul Thurston

In floodplains of vegetated channels, transverse exchange processes of mass and momen-
tum are of primary importance as these are directly linked to the river bank stability, sed-
imentation and nutrient transport. Despite its importance, knowledge about this phe-
nomenon is still incomplete especially in the context of the presence of the large horizon-
tal coherent structures (LHCSs). As a result, although various exchange models have been
developed, their applicability in different circumstances is still unclear as their validity is
usually restricted to a narrowly ranging experiment data set. A proper model for this ex-
change in a compound channel geometry with or without vegetation is lacking. In order
to obtain more insight, a laboratory experiment of a shallow flow field in a compound
vegetated channel has been conducted. A quadrant analysis of the Reynolds shear stresses
has been applied to study the connection between the cycloid flow events induced by the
LHCSs and transverse momentum exchange in the channel. It is suggested that local vari-
ability leads to differences in the transverse exchange of momentum. Furthermore, the
experimental data were used to verify state-of-the-art momentum exchange models. As
the limitations of those models were analysed, for the first time a hybrid eddy viscosity
model based on the occurrence of LHCSs and the presence of vegetation was proposed and
validated using a variety of experimental data sets. The results suggest that the transverse
momentum exchange can be well modelled with the new eddy viscosity model for quite a
range of different set-ups and scenarios by varying only a coefficient of proportionality β
which is related to the transverse slope between the main channel and the floodplain.

This chapter is under review as Truong, S.H., and Uijttewaal, W.S.J., Transverse Momentum Exchange induce
by large coherent structures in vegetated compound channels. Water Resource Research (2018).
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In this chapter of the thesis, the mathematical models of the transverse momentum ex-
change between the vegetation region and the adjacent open channel were studied. The
governing equations were derived for the vegetated compound channel. A quadrant
analysis of the Reynold shear stress was applied to gain more insight into the contribu-
tion of the LHCSs in the momentum exchange processes. Moreover, the most up to date
analytical models were reviewed and verified with the experimental results in Chapter 3.
Finally, a new model based on the LHCSs has been proposed and validated with the data
from various experimental data sets.

4.1 Introduction

I N the Mekong Delta Estuaries, mangroves usually dominate the floodplain regions
with a gentle slope of about 1 : 10. Due to the human impacts in many large mangrove

forests, only a narrow strip of about 50 to 200 m is left. The river banks at those locations
are usually eroding at a rate of two to four meters per year (Figure 5.1). This degradation
of mangrove forests together with the accelerated river bank erosion has been studied
in the context of the “squeeze” phenomenon (Phan et al., 2015; Truong et al., 2017). In a
squeezed mangrove forest, the presence of lateral tidal creeks is hardly observed and the
main interaction is the lateral exchange through the mixing layer developed at the vege-
tation interface. In this condition, the hydrodynamics of a squeezed estuarine mangrove
forest is similar to that of a compound vegetated channel (Mazda et al., 1997; Truong
et al., 2017).

A compound channel usually consists of floodplains, transition slopes and a main
open channel. In appropriate conditions, ecological systems such as mangroves or salt
marshes can develop in the floodplain region, and the compound channel becomes a
compound vegetated channel, also called floodplain vegetated channel. There are also
cases in which the channels are partially covered with vegetation and the presence of
the floodplain is negligible. The cross sections of these natural channel systems can
schematically be depicted, see Figure 4.2.

In compound channels, the flow over the shallower floodplain is slower than in the
deeper main channel because of the difference in bed friction. As a result, a mixing layer
develops between the floodplain and the channel (van Prooijen et al., 2005). A shal-
low flow field in this condition is considered as a parallel shear flow (Drazin and Reid,
2004) between the floodplain and adjacent open region that can trigger velocity-shear
instability, so called the Kelvin-Helmholtz (K-H) instabilities (Bousmar, 2002). The K-
H instabilities then induces the flow to develop a kind of self-organizing flow structures
with horizontal length scale larger than the water depth, which is termed “large horizon-
tal coherent flow structures” (LHCSs) (Adrian and Marusic, 2012; Bousmar, 2002; White
and Nepf, 2008). It is considered to be the fundamental factor controlling the structure
of these turbulent flows. The presence of LHCSs was well observed not only at the in-
terface of open compound channel, but also in cases of flow past river groynes Talstra
(2011), the confluence of two flows (Uijttewaal and Booij, 2000; Van Prooijen, 2004; van
Prooijen et al., 2005), in the wakes of islands (Chen and Jirka, 1997), along the edge of
vegetation (Nezu et al., 1999; Nezu and Sanjou, 2008). They usually appear in the mixing
layer, where there is a large gradient in velocities.
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Figure 4.1: Typical mangroves distribution along a straight part of Tieu estuary, Vietnam and the associated
schematised bathymetry. Fish farms constructed close to the water boundary push the mangrove into a narrow
fringe zone. This area is suffering from erosion with a rate of about 2.5 myr−1(Truong et al., 2017).

Figure 4.2: Typical schematised profiles of natural systems of a straight river channel including compound
channel (a), partially vegetated channel (b) and vegetated floodplain channel (c).

In cases of shallow water over a flat bottom, the bottom friction affects the mixing
layer and LHCSs as it decreases the velocity differences and the growth of KH insta-
bility downstream (Uijttewaal and Booij, 2000). However, in compound channels, the
transverse depth difference sustains the velocity difference and the bed friction limits
the growth of the mixing layer. Consequently, the mixing layer can achieve an equilib-
rium width and the flow field is fully developed after a certain width, for example 7.5 m
in cases of a compound channel profile (Fernandes et al., 2014), and 4 m in cases of a
partially vegetated channel profile (White and Nepf, 2007). As a result, the presence of
LHCSs can be sustained in this fully developed region.

In a vegetated compound channel, a similar shear layer is generated. However, the
presence of vegetation adds to friction, turbulence and drag forces, greatly damping the
flow in this region, and significantly boosting the magnitude of the velocity gradient be-
tween the vegetation and open channel region (White and Nepf, 2007, 2008). As a re-
sult, the K-H instabilities increase and the LHCSs formed at the vegetation interface,
observed in floodplain vegetated channels are more pronounced than in cases without
vegetation. These pronounced LHCSs then, promote more transverse momentum ex-
change into the vegetation region (Nepf, 1999). The transverse exchange of momentum
from “fast” regions to “slow” regions, mediated by the strong presence of the LHCSs is
the major interest of this study.
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4.2 Objectives

I N recent decades, numerous studies on compound channels have been published,
particularly focusing on understanding and quantifying the lateral momentum ex-

change processes in the mixing layer of a compound channel, with or without vegeta-
tion (Helmiö, 2004; Ikeda et al., 1991; Nadaoka and Yagi, 1998; Nezu and Onitsuka, 2001;
Pasche and Rouve, 1985; Tamai et al., 1986; van Prooijen et al., 2005; Vionnet et al., 2004;
White and Nepf, 2007, 2008; Xiaohui and Li, 2002; Zong and Nepf, 2010). However, these
studies either did not take into account the presence of LHCSs, or the presence of the
vegetation on the floodplain. Furthermore, those models have primarily been based on
laboratory studies, and each model refers to a particular set-up. Therefore, whether or
not they are generically valid for different configurations and at different scale are yet
to be determined. It is unclear how and to what extend the presence of the large hori-
zontal coherent structures (LHCSs) affects the flow field and the transverse exchange of
momentum of a compound vegetated channel. Therefore, the main objectives of this
research are: (1) to obtain insight into the transverse momentum exchange in the shal-
low flow field between the open channel and the vegetated region induced by the LHCSs
and (2) to verify and extend the momentum exchange model for compound vegetated
channels based on the effective eddy viscosity model of van Prooijen et al. (2005).

4.3 Methodology

M Omentum exchange in a compound channel flow can be expressed as a turbulent
shear stress (u′v ′) or using the concept of an eddy viscosity (νt ): τx y ≈−ρ ·u′v ′ ≈

−ρ ·υt · ∂u
∂y (van Prooijen et al., 2005). While the former is important for understanding

the mechanisms contributing to the transverse exchange of momentum, the later plays
a key role in modelling it. In this study, in order to achieve the research objectives.B both
aspects are addressed in this study.

The governing equations are introduced (Section 4.4), and existing modelling ap-
proaches of transverse exchange of momentum are reviewed (Section 4.5). A laboratory
study was chosen as a major source of data(Section 4.6). Subsequently, a quadrant anal-
ysis of the Reynolds shear stress is applied (Section 4.7). Then, a hybrid model of the
eddy viscosity (υt ) is proposed (Section 4.8). The model is then verified using 39 differ-
ent experimental settings (Section 4.9), including the experiments of the current study
(Table A.1 in the appendix), three representative cases of White and Nepf (2007) for par-
tially vegetated channels and the experimental results of Lambert and Sellin (1996) and
Ervine et al. (2000) which were also used to validate the effective eddy viscosity model of
van Prooijen et al. (2005). Finally, conclusions are drawn in the Section 4.10.

4.4 Governing Equations

I N compound vegetated channels (Figure 4.2c), near a porous vegetation interface,
the equations of fully developed stationary flow motion can be derived by applying

the time-, spatially- and depth- averaged properties to the 2D shallow water equations,
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which is similar to that used by White and Nepf (2007) for partially vegetated channels. In
this way, a simplified momentum exchange equation for the floodplain vegetated chan-
nel, with streamwise uniform flows can be written as:

0 =−g D
∂nζ

∂x
+ 1

ρ

∂nD
〈

Tx y

〉
d

∂y
−D ·Dx (4.1)

In which:

• D = D(y) is the water depth , D ·Dx is the drag force exerted on the fluid in the x
(streamwise direction).

• n is porosity, ρ is mass density and ζ is water level above an arbitrary horizontal
reference plane.

• The term 1
ρ

∂nD
〈

Tx y

〉
d

∂y accounts for the transverse exchange of streamwise momen-
tum between the open channel and the floodplain vegetated regions.

•
〈

Tx y

〉
d

is the sum of depth, time and space averaged transverse shear stress.

• The term −g D ∂nζ
∂x −D ·Dx is the difference of the flow from an equilibrium channel

flow without transverse exchange (due to slope and vegetation)

• ∂nζ
∂x is the pressure gradient term

• Dx is drag force exerted on the fluid in the x-direction (streamwise direction) where:

Dx =


1
2

〈
u

〉2
d

(
C f

D +CD ·a
)

y < 0 “in vegetation”

1
2

〈
u

〉2
d

(
C f

D

)
y > 0 “no vegetation”

(4.2)

Where:

• C f is the Bed friction coefficient

• Cd is the drag coefficient of the array element,

• a is the average solid frontal area per unit volume in the plane perpendicular to the
flow (White and Nepf, 2007), a = N ·d , where N is the density of cylinders (cylinder
area) and d is the cylinder diameter.

In cases of high Reynolds numbers, the contribution of viscous stress (µ ∂U
∂y ) is small

compared to depth averaged Reynolds stress. Thus, the viscous term has been neglected
in these equations. It is noticed that this momentum equation can be globally applied
to study the transverse momentum exchange in various scenarios of constant depth, or
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with different depth along the channel (in the presence of the floodplain) and with or
without vegetation. In cases of a partially vegetated channel (of constant depth) (Fig-
ure 4.2b), equation (4.1) reduces to:

0 =−g
∂nζ

∂x
+ 1

ρ

∂n
〈

Tx y

〉
d

∂y
−Dx (4.3)

In cases of a non-vegetated floodplain (C d a = 0) (Figure 4.2a), due to the absence of
vegetation, equation (4.1) reduces to:

0 =−g D
∂ζ

∂x
+ 1

ρ

∂DTx y d

∂y
−D ·Dx (4.4)

Equation (4.3) was studied by White and Nepf (2007). It was applied to different re-
gions of the channel, finding separate scaling of the inner and outer layers of the mixing
layer in a partially vegetated channel (Figure 4.2b). Equation (4.4) was studied by van
Prooijen et al. (2005). They proposed a constant mixing length across the compound
channel and studied the mixing layer as a whole (Figure 4.2a). These two equations are
special cases of the equation (4.1). In floodplain vegetated channels (Figure 4.2c), due
to the presence of both the floodplain and the vegetation, equation (4.1) needs to be
considered in which the time and depth-averaged transverse shear stress or so-called

transverse exchange of downstream momentum (
〈

Tx y

〉
d

) is the most significant term

left that needs to be modelled. It is the sum of time, space and depth averaged trans-
verse shear stress due to advective dispersion, turbulence, and viscosity, respectively:〈

Tx y

〉
d
=−ρ〈(〈

u
〉−〈

u
〉

d

)(〈
v
〉−〈

v
〉

d

)〉
d −ρ

〈
u′v ′

〉
d
−ρ

〈
u′′v ′′

〉
d

. (4.5)

Where:

•
〈

u
〉

d ,
〈

v
〉

d are time, spatially and depth averaged streamwise and transverse ve-
locities.

• u′, v ′ are streamwise and transverse velocity temporal fluctuations, u′ = u − u,
v ′ = v − v

• u′′, v ′′ are streamwise and transverse velocity spatial fluctuations, u′′ = u − 〈
u

〉
,

v ′′ = v −〈
v
〉

• −ρ〈(〈
u

〉−〈
u

〉
d

)(〈
v
〉−〈

v
〉

d

)〉
d is advective dispersion stresses due to depth vari-

ation in the mean flow, −ρ
〈

u′v ′
〉

d
is Turbulent Reynolds stresses and −ρ

〈
u′′v ′′

〉
d

is dispersive stress due to spatial fluctuations.

For flow through and around vegetated regions, at high Reynolds number, the Reynolds
stress is the main shear stress. Since the stress contributed from secondary circulations
is for most conditions small (van Prooijen et al., 2005) and for the dense arrays, ad > 0.01
(Poggi et al., 2004a,b) dispersive stresses are also relatively small. So the time, spatially
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and depth-averaged Reynolds shear stress are assumed to account for the total momen-
tum exchange between the open channel and vegetated floodplain area. This means
that: 〈

Tx y

〉
d
≈−ρ

〈
u′v ′

〉
d

(4.6)

The eddy viscosity concept or Boussinesq approach is usually used to model this
turbulent shear stress: 〈

Tx y

〉
d
≈−ρ

〈
u′v ′

〉
d
= νt

d
〈

u
〉

d

d y
(4.7)

In this sense, the determination of the transverse exchange of momentum is replaced by
the finding of a proper eddy viscosity (νt ) model.

4.5 Existing Models of Transverse Exchange of Momentum

A S quoted in previous sections, numerous momentum exchange models have been
developed, in which the LHCSs have been considered as a fundamental element in

the lateral momentum exchange between the slow flow and fast flow regions (Nadaoka
and Yagi, 1998; Nezu and Onitsuka, 2001; Tamai et al., 1986; Uijttewaal and Booij, 2000;
van Prooijen et al., 2005; White and Nepf, 2007, 2008; Xiaohui and Li, 2002; Zong and
Nepf, 2010). However, it is not our main aim to discuss all of those here, only the most
recent two insightful models of van Prooijen et al. (2005) and White and Nepf (2008)
are chosen to be discussed. While the former was developed for the un-vegetated com-
pound channels, the latter is the most up-to-date model developed for the partially veg-
etated channel without considering the lateral depth variations.

Table 4.1: Two insightful models for the transverse exchange of streamwise Momentum

Model concept Author Tx y ≈−ρ ·υt · ∂u
∂y Note

Effective eddy viscosity concept van Prooijen et al. (2005) υt =αpc f
〈

u
〉

d D + Dm
D(y)β

2δ2
∣∣∣ d〈u〉d

d y

∣∣∣ α= 0.1
β= 0.07

Vortex based model White and Nepf (2008)
υt_outer = 0.7 ·u2

∗ · δ2
Uc−Um

Um =U (ym)

υt_i nner = u2
∗ · δ1

U0−U f

The transverse momentum exchange model, proposed by van Prooijen et al. (2005)
including the physics of the LHCSs, appears to be one of the most insightful models
for the compound channel without vegetation. In that model, the contribution from the
LHCSs and bottom turbulence, as well as the effect of transverse depth variation are con-
sidered. Nevertheless, there is no vegetation and the mean streamwise velocity gradient
is only caused by the shallowness due to the floodplain region. As a result, in scenar-
ios with vegetation, the model cannot capture the significant reduction in the turbulent
length scale due to the high resistance from vegetation and may overestimate the pene-
tration of the flow into the vegetation region (White and Nepf, 2008).

By dividing the mixing layer into different layers (inner layer δ1, and outer layer δ2),
each has its own length scale and is connected by the matching point (ym) where con-
tinuity of the velocity profile is required, a vortex based model had been proposed by
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White and Nepf (2008). That model allows to estimate the maximum penetration of the
mixing layer into the cylinder arrays and is considered to be the most advanced model
for the channel with partial vegetation. It is also suggested that the penetration scale of
the momentum into the vegetation region mainly depends on the vegetation character-
istic (or Cd a). Other effects are minor and can be neglected. However, in that study, the
floodplain was not considered. This means that the shallowness or water depth varia-
tions have not been taken into account. The velocity gradient and corresponding LHCSs
are only caused by the resistance from the presence of vegetation. As mentioned in pre-
vious sections, the vegetated channel without floodplain is only a special case of flood-
plain vegetated channels with depth ratio equal 1 (Dr = D f /Dc = 1). Neglecting the
presence of a floodplain may significantly affect the physical exchange processes. In this
sense, which of these models is suitable for vegetated floodplain channel is yet to be
determined.

4.6 Experiment set up and general results

A N experiment was conducted in the shallow, free-surface flow facility of the Fluid
Mechanics Laboratory at the Delft University of Technology. A top view and a cross-

section of the experimental setup and some flow features observed during the exper-
iment are shown in Figure 3.1. The detailed experimental configurations, parameters
and analyses can be seen in Chapter 3. The main data set is the time-series data of the
streamwise velocity U (y) and lateral velocity V (y) along the cross section, which is ob-
tained from a Nortek Acoustic Dopper Velocity meter (ADV). It was used to determined
the transverse momentum exchange between the main channel and floodplain.

The experimental results suggested that the increased drag due to vegetation can
substantially reduce the local flow velocity, thereby increasing the velocity gradient be-
tween the adjacent open channel and the vegetation region, withdrawing more momen-
tum towards the floodplain vegetated region. As a result, the LHCSs formed at the vege-
tation interface, discovered in vegetated floodplain channels are more pronounced than
in cases without vegetation. As the LHCSs move along the vegetation interface, they
generate cycloid flow events, which are sweeps, ejections, stagnant and reverse flows.

Figure 4.3 illustrates the represenative experimental results. It is suggested that the
increased drag due to vegetation can substantially reduce the local flow velocity, thereby
increasing the velocity gradient between the adjacent open channel and the vegeta-
tion region, withdrawing more momentum towards the floodplain vegetated region (see
Figure 4.3a,b). As the LHCSs move along the vegetation interface, they generate cycloid
flow events, which are composed of sweeps, ejections, stagnant and reverse flows. These
flow events then divide the shallow flow field of a vegetated compound channel with a
gentle slope into three main different regions, which are driven by different physical pa-
rameters and have different length scales (Figure 4.3). The uniform region in the main
channel (region II) is controlled by the bottom friction (C f ), the corresponding length
scale is the water depth (Dc ). The uniform region inside the floodplain (region I) is con-
trolled by drag force (Cd ·a) from the vegetation. The relevant length scales are the cylin-
der diameter (d) and the distance between cylinders (s), and the water depth (D f ). In
between these regions the mixing layer (region III and IV) is governed by the LHCSs. The
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Figure 4.3: Representative mean streamwise velocity (a) and Reynold shear stresses (b) in cases with and with-
out vegetation. The representative LHCSs captured through the streamlines of the instantaneous fluctuating
velocity field and its corresponding effect on the mean streamwise velocity (c). Corresponding profile of a
vegetated compound channel with a gentle slope (d). Dense scenario, 50 cm floodplain width, discharge =
45 Ls−1, water depth =12 cm. The vegetated floodplain starts from y=0 in the negative direction.

corresponding length scales in this region are the width of the penetration into the vege-
tation (δ1), the outer layer width (δ2 ) and the water depth (D(y)). The presence of LHCSs
is the key factor in the mixing layer determining the transverse exchange of momentum
between the open region (II, IV) and the vegetated region (I, III).
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4.7 Quadrant analysis of the cycloid flow field under the
effects of LHCSs

A Quadrant analysis of the Reynolds shear stress is a simple but useful turbulence
data processing technique which is able to provide insightful information on the

contribution to the turbulent shear stress from various events in the flows (Kim et al.,
1987; Wallace et al., 1972; Willmarth and Lu, 1972). This quadrant analysis technique
can also be used to study the organized structures in the channel flow (Kim and Moin,
1986). Therefore, in this section of the paper, the quadrant analysis of the Reynolds shear
stresses was performed to examine the connection between the motion of the LHCSs
and the associated cycloid flow events as well as their contribution to the total trans-
verse exchange of momentum.

Figure 4.4: (a) Representative power density spectra at different locations along the cross-section. (b) Separa-
tion of the “large” and “small” transverse velocity signal by using a filter frequency ( f f i l ter =0.2 Hz), location
y=−0.125 m for dense scenarios. Case of dense vegetation, floodplain width H=50 cm, discharge Q=45 l/s and
water level H=12 cm.

Figure 4.4a illustrates the power density spectra (PDSs) of the lateral fluctuation ve-
locity v ’ at different locations of the cross-section. It can be clearly seen that in the high-
frequency regions of the PDSs at a location in the main channel (y=1.1 m), the decrease
in energy density almost follows a slope −5/3 that is indicative of flows with a large in-
ertial subrange. However, inside the vegetation (y=−0.245 m, −0.125 m,−0.015 m) the
decrease of the energy density does not properly follow this rule. The presence of vege-
tation is likely to affect the energy cascade. as the large turbulence structures are more
quickly transformed into smaller scale turbulent structures. Additionally, the Reynolds
number in this region is not so high (in the range of 1000 to 7500) that a large inertial
range is formed. Furthermore, the large-scale structures make the flow to vary over
timescales larger than the timescale of the 3D-turbulence. These interactions are likely
to cause deviations from the standard Kolmogorov spectrum.

The power density spectra of the transverse fluctuation velocity show definite peaks
with a slope -3 corresponding to the quasi 2D large horizontal coherent structures ( f <
f f i l ter = 0.2Hz) (Uijttewaal and Booij, 2000). These peak regions are associated with the
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low frequencies signals (LHCSs) and were separated from the high frequencies signals
(Figure 4.4b) using a low pass filter defining the low frequencies ( f < f f i l ter ) and the high
frequencies ( f > f f i l ter ). In this way, the Reynolds shear stresses induced by LHCSs (low
frequency signal) can be filtered and compared with the total Reynolds shear stresses
(Figure 4.5).

Results confirm the dominant contribution of the LHCSs to the total turbulent shear
stress. For instance, at the edge of the floodplain vegetated region, Reynolds shear stresses
induced by LHCSs contribute more than 90% to the total the Reynolds shear stresses. It
is noticed that there is a significant decrease in the value of the Reynolds shear stresses
at location y =−0.1m which can be interpreted as the distance of the penetration of the
LHCSs into the vegetation area . The remarkable result for y=0.9 m is most likely related
to the transition from the sloped bed to the horizontal bed, providing a different role
for the smaller scales compared to the large scales. It is noted that the absolute value
of RSs induced by the LHCSs ( f < f f i l ter ) may be larger than the absolute value of the
total RSs. This means that small scale motions in the flow are correlated differently and
thereby may reduce the Reynold shear stress induced by large scale motions. A quadrant
analysis of the turbulent fluctuations will therefore shed more light on this behaviour.

The separate low-frequency signals are plotted in the quadrants together with the
original measured signals (Figure 4.6 a to d). In this way, the contribution of LHCSs and
their associated flow events to the total turbulent stresses can be clearly apprehended.
Figure 4.6 shows results, for different locations in the cross sections of the vegetated
compound channel; from the vegetated floodplain edge (a) to inside the vegetation (c)
and in the main open channel (d). According to the sign of u′ and v ′, the quadrant anal-
ysis divides the Reynolds shear stresses into four quadrants (I-Q1, II-Q2, III-Q3, IV-Q4).

Figure 4.5: RSs induced by the LHCSs compared to total RSs in the case of dense vegetation, floodplain width
H=50 cm, discharge Q=45 l/s and water level H=12 cm..
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These four quadrants are associated with four different events,namely outward in-
teractions (u′ > 0, v ′ > 0) , ejections (u′ < 0, v ′ > 0), inward interactions (u′ < 0, v ′ < 0)
and sweeps (u′ > 0, v ′ < 0), respectively. While the Q2 and Q4 motions, which are related
to the ejection and sweep events can be clearly visualized, the Q1 and Q3 motions, which
are linked to the outward and inward interactions are lacking a descriptive terminology
and are less obviously visualized (Wallace, 2016).

Figure 4.6: The representative distribution of (u’,v’) measured the low frequency signal for dense scenarios,
q45h12 : at location y = 0m (at the vegetation interface) , H = 2 (a) ; y = −0.015m , H=2 (b) ; y = −0.065m
(inside the vegetation), H=2 (c) ; y = 1.25m (in the main open channel), H=5 (d); The dashed lines in the figure

represent hyperbolas corresponding to
∣∣u′v ′∣∣= H · (−u′v ′) .

It is clear that the distribution in the quadrants of flow events associated with the
LHCSs (low-frequency signals) are different from the floodplain edge toward the region
inside the vegetation. At the edge of the vegetated floodplain (Figure 4.6a) the distribu-
tion of (u’,v’) corresponding to the “large” structures is mainly found in Q2 and Q4. This
means that the dominant events are the ejection (Q2) and the sweep (Q4) implying that
the exchange of momentum happens strongest at the edge of the floodplain, mediated
by sweeps and ejections. This result is also in line with the observations in the partially
vegetated channel of White and Nepf (2007, 2008). However, deeper inside the vegeta-
tion (Figure 4.6b,c), the contributions of the signal in Q2 and Q4 become smaller, and
those in Q1 and Q3 larger. This means that the momentum exchange at these locations
or the effect of LHCSs is smaller. In the main channel (Figure 4.6d), as there is no LHCSs
at this location, the presence of LHCSs associated with sweep and ejection events cannot
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be observed. Although there are many events associated with large u’v’, their average is
almost zero which implies that there is virtually no transverse momentum exchange at
this location.

4.8 Modelling Transverse Momentum Exchange in Vege-
tated Floodplain Channel

A S described in previous sections, the total momentum exchange between the open
channel and vegetated floodplain area is mainly represented by the time, depth and

spatially-averaged turbulence shear stress:
〈

Tx y

〉
d
≈ −ρ

〈
u′v ′

〉
d

. In this study, by fol-

lowing footprints of the effective eddy viscosity model of van Prooijen et al. (2005) and
the concept of eddy viscosity model inside the cylinder arrays given by Kean and Smith

(2013), a new hybrid eddy viscosity model to estimate
〈

Tx y

〉
d

is proposed and validated

using different experimental data sets.
The eddy viscosity model that was proposed for a compound channel without veg-

etation is used as a starting point. According to van Prooijen et al. (2005), the eddy
viscosity is the contribution of two separate components, the eddy viscosity related to
the bottom turbulence ( υt

′) and the eddy viscosity associated with the LHCSs (υt
′′)

and υt = υt
′ + υt

′′. Both contributions are modelled as the product of a typical length
and velocity scale LU related to their underlying mechanisms. The Elder formulation is
adopted for the contribution by the bottom turbulence part (van Prooijen et al., 2005):

υt
′
p (y) =αD

√
c f

〈
u

〉
d (4.8)

Where α is a constant of the order of 0.1 (Fischer et al., 1979). The Prandtl’s mix-
ing length model is used to model the contribution of LHCSs to the total momentum
exchange. Moreover, an extra factor which depends on the local water depth is incorpo-
rated in the model for the eddy viscosity related to the LHCSs (van Prooijen et al., 2005).
The expression of the eddy viscosity linking to the LHCSs’ part then reads:

υt
′′
p (y) = Dm

D(y)
β2δ2

∣∣∣∣∣d
〈

u
〉

d

d y

∣∣∣∣∣ (4.9)

In whichβ is a proportionality constant and δ is the mixing length. D(y) is local water

depth; Dm is the mean water depth; Dm = Dc+D f

2 ; Dc is water depth in the channel , D f

is water depth in the floodplain channel.
In non-vegetated floodplain channels, the role of water depth ratio (Dr = D f /Dc ) has

been acknowledged as it is shown to be associated with an increased shear rate and the
consequent appearance of the LHCSs (Knight et al., 2007; Nezu et al., 1999). In vegetated
channels, as the presence of vegetation appears to control the velocity gradient and thus
the appearance of the LHCSs, the role of the water depth ratio Dr has received much
less attention. It is noted that LHCSs originally arise from the Kelvin-Helmholtz (KH)
instability caused by the velocity gradient in the flow field. The differences in water depth
or the drag from vegetation are elements contributing to this. Furthermore, the water
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depth ratio (Dr ) is directly related to the vertical compression of the LHCSs, and thereby
may have an influence on the spreading of the LHCSs. These effects of the water depth
ratio on the manifestation of the LHCSs can be accounted for by multiplying with D2

r .
The eddy viscosity associated with the manifestation of LHCSs then can be expressed as:

υt
′′(y) = Dm

D(y)
(Drβ)2δ2

∣∣∣∣∣d
〈

u
〉

d

d y

∣∣∣∣∣ (4.10)

It is noted that v t ′′ depends on the velocity gradient (du/d y). In a single chan-
nel without floodplain and vegetation (du/d y = 0), the LHCSs cannot be generated and
thereby v t ′′ = 0. Finally, the total eddy viscosity in non-vegetated compound channels
can be written as:

υt =α√
c f

〈
u

〉
d D + Dm

D(y)
Dr

2β2δ2

∣∣∣∣∣d
〈

u
〉

d

d y

∣∣∣∣∣ (4.11)

In studied scenarios, i.e. compound channel, compound vegetated channel and par-
tially vegetated channel, the K-H instabilities are triggered primarily in the velocty gra-
dient due to the water depth difference between the floodplain and adjacent channel
region or the presence of the vegetation. The bottom friction only limits the growth of
the mixing layer. Therefore the interaction between the two terms in Equation (4.11) is
neglected and they can be considered independent.

In the literature, the mixing layer width can be estimated from the experimental
data as the velocity difference between the main channel and the floodplain divided by
the velocity gradient at the centre of the velocity profile (Uijttewaal and Booij, 2000):

δ = Uc−U f

(∂U /∂y)max
. In order to take into account the asymmetry in the velocity profile, the

mixing layer width is determined from the distance between position y90% and y10%

(Pope, 2000): δ = y90% − y10%. or position y25% and y75% (van Prooijen et al., 2005):
δ = 2 · (y75% − y25%

)
where U (yx%) = U f + x% · (Uc −U f ). However, these ways of de-

termining the mixing layer width still do not well capture the asymmetrical feature of
the mean streamwise velocity profile as there is usually a sharp decrease in the flow ve-
locity near the vegetation edge (White and Nepf, 2007). Moreover, the penetration of the
mixing layer into the vegetation region is not determined. Therefore, separating the mix-
ing layer into two layers appears to be a better approach. In this way, the mixing layer
width includes the penetration length scale of the mixing layer into the vegetation and
the outer layer width can be calculated according to: δI ≈ max(0.5 ·C d a−1,1.8 ·d) and
δo = Uc−Um

(dU /d y)ym
, where ym is the matching point and Um =U (ym) (White and Nepf, 2008).

Still, the determination of the mixing layer width in this way is not likely to be consistent,
and it is also unclear to what extent the accuracy of the penetration was considered.

In compound vegetated channels, the mean streamwise velocity profiles are also
asymmetrical. At the edge of the vegetated floodplain, there is a sharp decrease cor-
responding to an inflection point in the velocity profile, which implies the effect of the
shallower floodplain area and the presence of vegetation. Therefore, the mixing layer
is divided into 2 layers, corresponding to the penetration layer and the outer layer: δ =
δ1 +δ2 (Figure 4.7). The penetration width of the mixing layer into the vegetation is de-
fined as the distance required for the flow velocity to achieve a constant value inside the
floodplain (U f ) plus an error of 5%. In other words, the penetration is the distance from
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Figure 4.7: Representative mean streamwise velocity profile in cases with the consideration of vegetation. The
most interesting region is the mixing layer, including the penetration (δ1) or inner layer part and the outer
layer part (δ2). Q=45 Ls−1, H=12 cm, width= 50 cm.

the position where the mean stream wise velocity is 5% different from the uniform mean
stream wise velocity further inside the floodplain (U f ) to the vegetated floodplain edge:
δ1 = y0 − y5% and U5% = U f +5% ·U f . A similar rule is also applied for the outer layer
width: δ2 = y95% − y0 and U95% = Uc −5%Uc . This definition of the mixing layer width
is consistent and allows to determine the penetration precisely without any ambiguity.
A typical streamwise velocity distribution is shown in Figure 4.7. y0 is the point at the
edge of the vegetated floodplain (y = 0m). The point where the velocity gradient dU /d y
reach its maximum value is the inflection point yi . As yi and y0 are almost the same in
all cases in the presence of vegetation, it can be considered that yi ≈ y0.

The presence of vegetation can be taken into account by following the work of Kean
and Smith (2013). Inside the vegetation, the eddy viscosity associated with the presence
of vegetation (υt v ) is determined from the production of turbulent kinetic energy by the
flow through the stems and can be determined as:

υt v (y) = 1

8
Ct

−2Cd d
〈

u
〉

d (4.12)

Where Ct is a constant of proportionality, the value of it depends on the shape of
the streamwise velocity profile, usually Ct = 1; Cd is the drag coefficient of a single stem,
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Figure 4.8: Eddy viscosity profile determined according to the hybrid eddy viscosity model and based on the
measured velocity profile, in case of dense cylinder, Q=45Ls−1; H=12cm and floodplain width W =50m.

theoretically Cd = 1. In this way, the eddy viscosity within the vegetation region including
the part due to bottom friction, can be determined as:

υ′t (y) =α√
c f

〈
u

〉
d D + 1

8
Ct

−2Cd d
〈

u
〉

d (4.13)

Finally, with the presence of vegetation and LHCSs the total eddy viscosity can be
calculated according to equation (4.14). It is also noticed that in cases without vegeta-
tion, equation (4.14) becomes equation (4.11). Figure 4.8 illustrates the eddy viscosity
determined theoretically from equation (4.14) in cases of dense vegetation, floodplain
width H=50 cm, discharge Q=45 Ls−1 and water level H=12 cm.

υt =



α
p

c f
〈

u
〉

d D + Dm
D(y) Dr

2β2δ2
∣∣∣ d〈u〉d

d y

∣∣∣ (outside vegetation)

α
√

c f 〈ū〉d D︸ ︷︷ ︸
El der

+ 1

8
Ct

−2Cd d〈ū〉d︸ ︷︷ ︸
veg et ati on dr ag

+ Dm

D
(
y
)Dr

2β2δ2
∣∣∣∣d〈ū〉d

d y

∣∣∣∣︸ ︷︷ ︸
LHC Ss

(inside vegetation)

(4.14)

4.9 Comparison with the experimental data

I N this section, the hybrid eddy viscosity model is validated using different experimen-
tal data sets, including the current experiment of compound channels with and with-
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out vegetation, three representative experimental cases of White and Nepf (2007) in par-
tially vegetated channels and the experimental results of Lambert and Sellin (1996) and
Ervine et al. (2000) in compound channels without vegetation. Additionally, the trans-
verse shear stresses determined from the hybrid eddy viscosity model was compared
with that calculated from the eddy viscosity models of White and Nepf (2008) and van
Prooijen et al. (2005). The results show the applicability of the hybrid eddy viscosity
model.

To begin with, as the measured and collected data include the Reynolds shear stresses

(−
〈

u′v ′
〉

d
), the measured momentum transfer is determined by:

Tx ymeasur e =−ρ ·
〈

u′v ′
〉

d
. (4.15)

Furthermore, as described in the previous sections, the theoretical eddy viscosity
model (υt ) was determined from equation (4.14). In all scenarios, the depth average
mean streamwise velocity profiles along the cross section of the flume were plotted.
Within the vegetation area, the velocity was spatially averaged to remove cylinder-scale
spatial fluctuations in the arrays. A 4th order polynomial line was drawn through the
measurement points. Then, following the definitions in the previous section, the veloc-
ity gradient, the inner layer width, outer layer width and the width of the mixing layer
were determined. Finally, the transverse shear stresses based on the hybrid eddy viscos-
ity model (Tx y1) were determined using:

Tx y1 =−ρ ·υt · ∂U

∂y
. (4.16)

Moreover, the transverse shear stresses were also determined from the vortex based
model of White and Nepf (2008) (Tx y2) in scenarios with vegetation, and from the effec-
tive eddy viscosity concept of van Prooijen et al. (2005) for cases of compound channel
flows without vegetation (Tx y3) (definitions in Table 4.1). Figure 4.9 illustrates the val-
idation and comparison of the transverse momentum exchange determined from the
different eddy viscosity models. Representative results for different scenarios are pre-
sented in the Appendix (Figure B.1 to Figure B.10). The complete set is presented in the
supplementary material of this paper.

In cases of compound vegetated channels, it is shown is that the model of White and
Nepf (2008) produces a relatively good result of the transverse momentum exchange.
However, it is likely to overestimate the peak of the lateral momentum transfer, the mo-
mentum transfer inside the vegetation, and the momentum transfer in the outer layer. In
cases of compound channels, the model of van Prooijen et al. (2005) significantly over-
estimates the lateral momentum exchange.

It is suggested that by changing only the values of the proportional coefficient (β)
with an average value of 0.0625 for mild slopes, the depth-averaged transverse momen-
tum exchange determined from the hybrid eddy viscosity model can be made to fit with
different experimental data sets, including the 32 scenarios of the current experiment
and three representative scenarios of partially vegetated channels. In the scenarios of
unvegetated compound channels of Lambert and Sellin (1996) and Ervine et al. (2000),
the β values increased to about 0.42 The difference in the transition slope is likely to
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Figure 4.9: Comparison of transverse momentum exchange between the measurement data (Tx y measur ed),
eddy viscosity model of White and Nepf (2008) (Tx y2), the new hybrid eddy viscosity model (Tx y1) and the
effective eddy viscosity of van Prooijen et al. (2005) (Tx y3) in the current experiment, case Ad1 and An1: dense

and no vegetation, Q=45Ls−1; H=12cm and floodplain width W =50m (left upper panel and right lower panel,
respectively); in the experiment of Lambert and Sellin (1996) (right upper panel); and in the experiment of
White and Nepf (2007), case I (left lower panel).
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Figure 4.10: A possible relationship between the beta and the transition slope based on the three representative
scenarios from White and Nepf (2007), 32 scenarios from the current study and 3 scenarios from Lambert and
Sellin (1996) and Ervine et al. (2000) (in total 38 scenarios), dash line: fitted curve; dot line: prediction bound.

be the main reason for the increase of the β value. A possible relationship between the
β value and the transition slope can be seen in Figure 4.10, with only one scenario of
a compound channel without vegetation (slope 1:1, Dr =0.25), in which the value of β
significantly drops to about 0.13. It is noticed that for a steep slope, as the water depth
increases, the contribution of secondary circulations to the momentum exchange in-
creases, and becomes dominant over the contribution of the turbulent mixing (Tomi-
naga and Nezu, 1991; Vermaas et al., 2011). Therefore, this outlier of the β value is likely
to be due to the effect of the secondary flow triggered by the increased water depth,
which was not included in the current hybrid model.

4.10 Conclusions

I N a vegetated compound channel, the transverse exchange of mass and momentum
between the open main channel and the region of vegetation governs the sediment

and nutrient transport, which has lots of ecological implications. The presence of the
LHCSs and their associated cycloid flow events are the major factors contributing to this
momentum exchange. However, the understanding of this phenomenon is still incom-
plete. As a result, the momentum exchange models developed in previous studies ap-
pear to be not applicable for different scenarios as their validity is usually restricted to a
particular experiment data set.

In this study, with the purpose of getting insight into the transverse momentum ex-
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change, a unique experiment has been conducted. Based on the results of the experi-
ment, a quadrant analysis of the Reynolds shear stresses has been performed. The results
revealed the connection between the LHCSs, their associated flow events and the trans-
verse momentum exchange. Moreover, the appearances of the cycloid flow events as well
as the way in which different locations in the flow field are affected by the LHCSs were
analysed. The most up-to-date momentum exchange models were reviewed and veri-
fied with the data from the experiment. A new hybrid eddy viscosity model is proposed
and validated using different experiment data sets. The results suggested that by varying
only a coefficient of proportionality β related to the forcing of the mixing layer, which
significantly depends on the transition slope, the transverse momentum exchange can
be well modelled for quite a range of different set-ups and scenarios of compound chan-
nels with or without vegetation. Limitations are still found for steep slope cases where
secondary circulation can play a significant role in the momentum transport.

Now the generic applicability of the viscosity estimation has been demonstrated, it
can be used as a turbulent model representing the large scale structures in numerical
simulations of compound channel flow. The numerical model can be run first with tradi-
tional eddy viscosity model such as Elder formulation. Based on the simulation results,
the presence of LHCSs can be checked, and the shear-layer width can be determined.
This value can be used to iteratively calculate the eddy viscosity according to the hybrid
eddy viscosity model and imposed again into the constructed model to improve the re-
sults in terms of velocity and especially the Reynold shear stress. This will be the subject
of Chapter 5.
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Chapter 5

Numerical modelling

At it’s heart,
Engineering is about using science to find creative practical solutions.

Queen Elizabeth II

The presence of large horizontal coherent structures (LHCSs) at the vegetation interface
was shown to be of primary importance with regards to the transverse exchange processes.
However, most advanced knowledge obtained in this field is primarily based on laboratory
studies and numerical models that can well reproduce the physics at prohibitive computa-
tional cost in terms of practical engineering. Although depth averaged numerical models
(2DH models) have been applied widely to model quasi-steady flow patterns in rivers, es-
tuaries and coasts, the extent to which a 2DH model can be trustworthy in the context of
the presence of the LHCSs is not yet determined. In this paper, the capability of 2DH mod-
els in modelling the shallow flows in a compound vegetated channel was studied. The
shallow water solver of Delft3D was used. Based on that, a 2DH numerical model mim-
icking a physical model of a compound vegetated channel was constructed. The model
results were then compared with the experimental results, showing the limitation of the
2DH models. Then, the numerical model was improved by adopting a semi-analytical hy-
brid eddy viscosity model including the occurrence of the LHCSs. Finally, the utilization of
the 2DH model for real scenarios of vegetated compound channel was examined and the
philosophies learned at small laboratory scales were applied.

This chapter is in preparation to submit to Journal of Hydraulic Engineering. Truong, S.H., Uijttewaal, W.S.J.,
and Stive, M. J. (2018). A numerical study of cycloid flow field induced by Large horizontal coherent structures
in vegetated compound channels.
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In this chapter of the thesis, a numerical study of the hydrodynamics in a vegetated com-
pound channel flow, mimicking the laboratory experiment was performed. The numer-
ical results were extracted and analysed, indicating the applicability of the 2DH model
on a larger real scale.

5.1 Introduction

E Stuarine mangrove forests along the Mekong river have been squeezed into narrow
strips of about 50 m. In this squeeze condition, the hydrodynamics of a mangrove

forest is similar to that of a compound vegetated channel (see Figure 5.1)(Truong et al.,
2017). The average water depth-width and the depth-length ratio are as small as 1:100
(Truong et al., 2017), the flow field in this condition can be considered as a shallow flow
field (Jirka and Uijttewaal, 2004).

Figure 5.1: Typical mangroves distribution along a straight part of Tieu estuary, Vietnam and the associated
schematised bathymetry. Fish farms constructed close to the water boundary push the mangrove into a narrow
fringe zone. This area is suffering from erosion with a rate of about 2.5 myr−1(Truong et al., 2017). The flow
events in the mixing layer which were observed in the experiment can also be seen in real scale through the
pattern of sediment.

In a compound vegetated channel, the presence of large horizontal coherent struc-
tures (LHCSs) at the vegetation interface is of primary importance in terms of river bank
stability, sedimentation, and nutrient transport (White and Nepf, 2007). The presence
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of vegetation in the floodplain area adds to friction and drag forces, and significantly re-
duces the flow velocity inside the forest. As a result, the magnitude of the velocity gradi-
ent between the vegetation and open channel region substantially increases, and a mix-
ing layer develops at the vegetation interface. A shear instability, the Kelvin-Helmholtz
(K-H) instability, then can be triggered, inducing LHCSs (Nezu and Onitsuka, 2001; Tamai
et al., 1986; van Prooijen et al., 2005; White and Nepf, 2007, 2008; Zong and Nepf, 2010).
As these LHCSs move along the vegetation interface, they generate cycloid flow events,
namely sweeps, ejections, stagnant and reverse flows. These events then determine the
behaviour of the surrounding flow field, and promote significant transverse exchange of
momentum between the vegetation and adjacent open channel (Truong et al., 2018).

Nevertheless, studies and knowledge obtained on this topic, mostly have been re-
stricted to a laboratory scale, in which rules of similitude were violated apart from the
obvious Reynolds number limitation. For instance, in the experiment of Truong et al.
(2018), although the vegetation drag (Cd .a) and the transition slope (m) in the experi-
ment were almost the same as in the reality, the ratio of the water depth between the
floodplain and main channel region (Dr ) was different. While in the reality, the Dr is
as small as 0.06 (Truong et al., 2017), that in the flume is about 0.33. Consequently, al-
though the presence of LHCSs in the compound vegetated channel on a small experi-
mental scale is confirmed, the existence of these LHCSs in the real estuarine river chan-
nel is still uncertain.Therefore, whether or not knowledge obtained from the small scale
is still valid for a vegetated channel on the large scale of an estuarine river channel has
not yet been determined (Nepf, 2012).

In the literature, well validated numerical models provide an effective tool to fullfill
this knowledge gap. The presence of LHCSs was successfully captured at the interface
of a porous layer in a numerical simulation (Jimenez et al., 2001), and at the vegetation
interface in two-dimensional Large Eddy Simulation (LES) models (Nadaoka and Yagi,
1998; Xiaohui and Li, 2002). In principle, these models then can be scaled up to a real
scale, in which the presence of LHCSs can be evaluated. However, it is noticed that the
utilization of such detailed models on a large scale e.g. river channel, coasts and estu-
aries is computationally costly in the context of normal design of civil engineering. As
far as practical engineering is concerned, a depth average model (2DH model) appears
to be a proper option. However, whether or not a 2DH model can well simulate and re-
produce the complex shallow flow field of a compound vegetated channel regarding the
presence of the LHCSs is unknown.

5.2 Objectives and Methodology

T He main objectives of this paper are (1) to assess the capability of the 2DH model in
the simulation of the shallow flow field in a vegetated floodplain channel, particular

focusing on the role of LHCSs, profiles of mean streamwise velocity and transverse shear
stresses; (2) to evaluate different background eddy viscosity models in the 2DH simu-
lation of the hydrodynamics of vegetated floodplain channels; and (3) to approach the
complex shallow flow field in and around a vegetated floodplain in reality by means of
an improved 2DH viscosity model. In other words, the potential is assessed of the 2DH
model in combination with different models of the background eddy viscosity to predict
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the flow field in a compound vegetated channel at different scales. There is a particular
focus on the role of the LHCSs in transverse exchange processes.

In order to achieve these objectives, the shallow-water solver of Delft3D, a state-of-
the-art model that can includes vegetation (and also sediment transport processes) was
used. A 2DH numerical geometry mimicking the experiment of a compound vegetated
channel was constructed. The results of the numerical model in which different mod-
els of background eddy viscosity were imposed then were compared with experimental
results of Truong et al. (2018). Finally, a real-scale 2DH model of the Tieu estuary in the
Mekong Delta with schematised bathymetry was constructed and examined. The pres-
ence of LHCSs on a larger real scale and their effects on the flow field and transverse
exchange processes were investigated.

5.3 Physical model

I N order to obtain a data set for the model validation and calibration, a laboratory study
was conducted in a shallow, free-surface flow flume of the Fluid Mechanics Laboratory

at the Delft University of Technology. A top view and cross-section of the experiment can
be seen in Figure 5.2. Details of the experimental configurations, parameters and results
are described in Chapters 3 and 4.

The main data set of the physical model includes the time-series data of the stream-
wise velocity U (y), lateral velocity V (y) along the cross section, which are obtained from
a Nortek Acoustic Dopper Velocity meter (ADV) located at 5 m from the first row of cylin-
ders. It also includes the instantaneous flow field obtained from the Particle Image Ve-
locimetry measurements (PIV). Both data sets in the chosen scenario were compared
with the numerical results. The details of the 2DH model set-up are described in the
following section. In this study, a representative scenario is considered for further detail
numerical analyses (dense vegetation: density N = 556 cylinder/m2, diameter d=1 cm,
floodplain width W =50 cm, Water discharge Q=0.045 m3 s−1, and water level in the flume
H = 12 cm).

5.4 2DH model set-up

A S mentioned in the previous section, a 2DH numerical model was constructed in
Delft3D Flow. The geometry includes a main channel and a floodplain in the form of

a trapezium-shaped channel, mimicking the physical model with a horizontal bed, see
Figure 5.2. The dimensions of the numerical model are as same as that of the physical
model. In this way, the numerical results can be directly compare with the measure-
ments in the physical model. Default settings were used as much as possible, the detail
input parameters can be seen in Table 5.1. Specific settings are described below and are
related to numerical choices, boundary conditions and vegetation properties, see also in
Figure 5.3.

The minimum grid cell size is 0.01 m x 0.02 m inside the vegetation region. This is
smaller than the water depth (0.04 m)and results in about 100000 active grid points. The
time step was chosen as small as 0.0001 s. The hydraulic boundary conditions of the
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Figure 5.2: Physical model set up and measurements including top view and cross section of the experiment,
dense cases, 50 cm floodplain width. The presence of LHCSs can be clearly observed through color dye. It
can be seen that the penetration of the dye into the cylinder array is about 20 cm which is similar to that in
Figure 3.14: sparse case, 25 cm floodplain width. The similarity between the shear-layer dynamics of sparse
and dense cases can also be seen in Figure A.1 in the appendix.

Table 5.1: Properties for the 2DH numerical model of a compound vegetated channel

2DH numerical set up Value

Layer 1 (2DH model)
smallest grid size (cm) 1 cm x 2 cm
timestep ∆t (s) 0.0001
Boundary condition upstream: Discharge Q (m3 s−1) 0.045
Boundary condition downstream: Water level H (cm) 12
Bottom roughness nb (Manning’s equation) 0.0098
Drag coefficient Cd (derived from measured forces, see Figure 3.12b) 1
Boundary is weakly reflective α 10 s
Slope ib 0
Simulation time (T ) 20 min
Computational time 6 hours
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numerical model were defined as in the physical model in which the upstream boundary
has constant input discharge Q = 0.045 m3 s−1 and the downstream boundary condition
is a constant water level H = 12 cm.

The experimental results suggest that a good estimation for the force on the cylin-
der can be achieved with the value of the drag coefficient Cd equal 1 combined with the
local velocity. It is noted that if the drag coefficient increases, the vegetation drag also
increases. As a result, a decrease of flow velocity within the vegetation patch is expected.
This means that a larger drag coefficient, C d will lead to a smaller flow velocity in the veg-
etation and a higher flow velocity in the main channel (the same total discharge) (Zhu,
2017).

Based on the experimental configuration, the bottom roughness (nb) can be speci-
fied according to the Manning equation (Equation (5.1)).

nb = K
A

Q
R

2
3 S

1
2 (5.1)

in which K is a constant and depends on the units used (K =1 in metric unit), A is
the cross-sectional area of flow or wet cross-section (A=0.168 m2), R is hydraulic radius:
R = A/P (R=0.0776 m), P is wetted perimeter (P=2.164 m), and S is the slope of the free
surface at the measurement point (≈ 2 ·10−4). This results in a Manning coefficient nb of
about 0.0098.

Figure 5.3: Computational grid of the 2DH numerical model at the vegetation region. The numerical model
mimicking the physical model.

A rigid vegetation module has been developed and successfully implemented in Delft3D
Flow (Baptist, 2005). It was validated for different applications from experiments (Mei-
jer, 1998; Oberez, 2001) to field measurements including salt-marsh vegetation (Bouma
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et al., 2007; Temmerman et al., 2005) and mangrove forests (Horstman, 2014). In this
study, as all cylinders are emergent, the implementation of vegetation resistance can
also be applied for the 2DH computation (Deltares, 2014).

5.5 Eddy viscosity models

I N 2DH models, a closure model of the turbulent shear stresses i.e. the horizontal eddy
viscosity (υt ) need to be prescribed so that the depth averaged equations of continuity

and momentum can be solved numerically. The horizontal eddy viscosity represents
flow events that are not resolved (Gerritsen et al., 2007). The magnitude of the horizontal
eddy viscosity can therefore vary from 0 m2 s−1 to 100 m2 s−1 (Deltares, 2014) .

The background horizontal eddy viscosity can be modelled with different complex-
ity levels. Firstly, the simplest one is a space and time constant horizontal eddy viscosity
which depends on the numerical grid size (Deltares, 2014). As a rule of thumb, an ini-
tial horizontal background eddy viscosity of 1 m2 s−1 was used and then it was reduced
(or increased) continuously until the model can be run smoothly without any errors. In
this way, for the constructed computational grid, a constant horizontal background eddy
viscosity can be determined of 10−4 m2 s−1. Secondly, space varying and time constant
horizontal eddy viscosity models were prescribed for the 2DH model. Based on experi-
mental results, the horizontal eddy viscosity models were determined according to two
viscosity models which are the Elder formulation (equation 5.2) and the hybrid eddy vis-
cosity model (equation 5.3).

The Elder formulation can be adopted in which the water depth D is the length scale
and the friction velocity (u∗ =p

c f
〈

u
〉

d ) is the velocity scale (van Prooijen et al., 2005) :

νt =αu∗D =αD
√

c f
〈

u
〉

d (5.2)

Where α= 0.1 is a constant (Fischer et al., 1979), c f is the bottom friction coefficient,
and

〈
u

〉
d is the depth, time and spatially averaged streamwise velocity.

The total horizontal eddy viscosity determined according to the hybrid eddy viscosity
model based on the experimental data (Truong and Uijttewaal, 2018):

υt =



α
p

c f
〈

u
〉

d D + Dm
D(y) Dr

2β2δ2
∣∣∣ d〈u〉d

d y

∣∣∣ (outside vegetation)

α
√

c f 〈ū〉d D︸ ︷︷ ︸
Elder

+ 1

8
Ct

−2Cd d〈ū〉d︸ ︷︷ ︸
veg et ati on dr ag

+ Dm

D
(
y
)Dr

2β2δ2
∣∣∣∣d〈ū〉d

d y

∣∣∣∣︸ ︷︷ ︸
mi xi ng l ayer

(inside vegetation)

(5.3)

Where D(y) is local water depth, Dm is mean water depth, Dm = Dc+D f

2 , Dc is water
depth in the channel, and D f is water depth in the floodplain channel. β is proportion-
ality constant, depends on the transition slope and δ is the total mixing length. Dr is
the water depth ratio, Dr = D f /Dc . Ct is a constant of proportionality, the value of it de-
pends on the shape of the streamwise velocity profile, usually Ct = 1 and Cd is the drag
coefficient of a single stem, theoretically Cd = 1.
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Figure 5.4 illustrates the horizontal eddy viscosity models considered in the 2DH
model. They are determined theoretically based on the experimental data in case of
dense vegetation, floodplain width H=50 cm, discharge Q=45 Ls−1 and water level H=12 cm.
It is noticed that in a compound vegetated channel, the hybrid eddy viscosity model is
composed of three separate components, the eddy viscosity related to the bottom turbu-
lence part determined with the Elder formulation, the eddy viscosity linked to the pres-
ence of vegetation determined by the model of (Kean and Smith, 2013), and the eddy
viscosity associated with the LHCSs (Truong and Uijttewaal, 2018).

Figure 5.4: Different background eddy viscosity models prescribed in the 2DH model, the results were ex-
tracted from the 2DH model.

5.6 Results

I N this section, the simulation results are compared with the experimental results, par-
ticularly focusing on the mean streamwise velocity profile, transverse shear stresses

and the flow pattern related to the LHCSs.

5.6.1 2DH model results with different eddy viscosity models

B Y including the presence of the LHCSs in the background eddy viscosity by means of
the hybrid eddy viscosity model of equation (5.3), it is shown that the 2DH model can

well predict experimental data. Experimental and numerical data of the depth and time
streamwise velocity are compared in the upper panel of figure 5.5. The middle panel of
figure 5.5 shows the depth and time averaged transverse shear stresses measured in the
experiment and that determined from the 2DH models. It demonstrates that when the
hybrid eddy viscosity model is prescribed in the 2DH model, the transverse shear stress
also is well reproduced.
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Figure 5.5: Comparison of results between the numerical model and physical model: the depth and time av-
eraged velocities (upper panels) and the transverse shear stresses (lower panels). The hybrid eddy viscosity
model was prescribed into the 2DH model.

The differences between the measurement and the numerical simulation can be clearly
recognized when the background horizontal eddy viscosity model was prescribed as a
constant value or determined from the Elder formulation only. Figure 5.6 illustrates the
mean streamwise velocity profile measured in the experiment and the corresponding
results computed by the 2DH models. It is suggested that the 2DH model appears to un-
derestimate the mean streamwise velocity inside the vegetation region. Furthermore, it
significantly overestimates the transverse shear stresses.

It is noticed that the transverse shear stresses calculated from the 2DH model results
have two main parts, which are the part calculated from the eddy viscosity model (Tx y v )
and the part resolved by the model (Tx y resolved) (see equation (5.4)).

Tx y = ρνt
d〈ū〉d

d y︸ ︷︷ ︸
Tx y v

Calcualted from the νt

+ ρ
〈

u′v ′
〉

d︸ ︷︷ ︸
Tx y resolved

Extracted from the resolved turbulence structures

(5.4)

The middle panel of Figure 5.6 also illustrates these different parts of the transverse
shear stresses determined from the numerical model (see equation (5.4)) in which the
hybrid eddy viscosity model and Elder eddy viscosity model were imposed.



5

108 5. NUMERICAL MODELLING

Figure 5.6: Comparison of results between the numerical model and physical model: the depth and time aver-
aged velocities and the transverse shear stresses in case with different eddy viscosity models. Different compo-
nents of transverse shear stresses including the resolved part extracted from the numerical simulation (solid
lines) and the part determined from the eddy viscosity model (dashed lines). They are extracted from the nu-
merical simulation in which the background horizontal eddy viscosity model was determined from the Elder
formulation (blue line) and from the hybrid eddy viscosity model (red line).

On the one hand, it can be clearly seen that when the Elder eddy viscosity model
was prescribed, the transverse shear stresses determined from the eddy viscosity model
(dashed blue line) are much smaller than those extracted from the resolved Reynolds
shear stresses of the model (solid blue line). The resolved Reynolds shear stresses are
about two times larger than those measured in the experiment. This means that the
quasi two dimensional structures were resolved as too strong by the 2DH model when
the background eddy viscosity determined according to the Elder formulation was pre-
scribed.

On the other hand, when the hybrid eddy viscosity model was imposed, it is sug-
gested that the transverse shear stresses determined from the eddy viscosity model (dashed
blue line) are much larger than the resolved transverse shear stresses (solid red line). This
means that the “true” LHCSs substituting for the one resolved too strong by the model,
were included in the model of background eddy viscosity. Therefore, the numerical re-
sults were improved.



5.6. RESULTS

5

109

5.6.2 The presence of LHCSs

W Hen the Elder viscosity model (or a constant background eddy viscosity model)
was imposed into the 2DH model, the presence of LHCSs can be observed in the

results (Figure 5.7b). Qualitatively, the vorticity field reveals the large horizontal coherent
structures at the vegetation interface. Moreover, the penetration of the LHCSs into the
vegetation region of about 0.1 m was also observed. The length and width of the struc-
ture can also be determined of about 1 m and 0.6 m, respectively. These results appear
to be well in-line with those observed in the experiment of Truong et al. (2018). When
the presence of the LHCSs was included in the background eddy viscosity using the hy-
brid eddy viscosity model of equation (5.3), the LHCSs resolved by the model seen in the
vorticity field previously cannot be observed in the vorticity field (Figure 5.7a).

Figure 5.7: Representative vorticity resolved by the model in which the eddy viscosity was determined by the
hybrid eddy viscosity model (left panel), and by Elder formulation (right panel). The presence of LHCSs can
be observed as their influences were not included in the Elder model (fight panel), but can not be observed as
their influences were included in the hybrid viscosity model (left panel).

So far, it can be seen that when the Elder viscosity model was prescribed, although
the numerical simulation can capture the presence of the LHCSs (Figure 5.7b), it fails to
predict the transverse shear stresses (Figure 5.6) and their calculations can be improved
if the LHCSs are included in the hybrid eddy viscosity model (Figure 5.5 and Figure 5.7a).
In this sense, it is noticed that the parameter α in Elder formulation and β in the hybrid
eddy viscosity model are useful tools to calibrate the 2DH model regarding the LHCSs
and transverse shear stresses. Therefore, they can be tuned in such a way that the trans-
verse shear stresses were in fair agreement with the measured data when the Elder for-
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mulation was imposed and over-predicted when the hybrid eddy viscosity model was
prescribed (Figure 5.8).

Figure 5.8: Sensitive analysis of the β and α in terms of the transverse shear stresses. Transverse shear stresses
were over predicted when β was reduced from 0.07 to 0.01 (a) and are in fairly agreement with the measured
data when α was increased from 0.1 to 0.5 (b).

The results suggest that when β reduces, the 2DH model resolved stronger LHCSs
(see Figure 5.9a) and Tx y resolved increases, but then the Tx yυ decrease so that the to-
tal transverse shear stresses is over predicted (see Figure 5.8c). Furthermore, it can be
seen that when α increases, the 2DH model resolved less LHCSs (see Figure 5.9b) and
thereby Tx y resolved significantly decreases. The total transverse shear stresses reduced
and their magnitude is in fairly agreement with the measured data Figure 5.8d.

On the one hand, it can be seen that the total transverse shear stresses (in case when
α is tuned) still appear to be overestimated for the open region (y > 0 m) because Tx yυ

in this region (pink dashed line in Figure 5.8b) is significantly increase. It is to see that
by tuning α in Elder formulation, the 2DH model can better predict the presence of the
LHCSs as well as the transverse shear stresses. However, in this case, it is still quite diffi-
cult to obtain a good agreement with the measured data as can be seen when using the
hybrid eddy viscosity model. By including the role of LHCSs in the model of viscosity, the
presence of the LHCSs and their associated transverse shear stress resolved by the model
is expected to be totally eliminated. In this sense, it is more simple to calibrate the 2DH
model in terms of transverse shear stresses by adjusting the bottom friction (C f ) only. On
the other hand, it is noticed that when the hybrid eddy viscosity model was prescribed,
the presence of the LHCSs is not expected in the 2DH model. This makes it impossible
to assess the LHCSs, in terms of their appearance for different scenarios.
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Figure 5.9: Representative vorticity resolved by the model in which the eddy viscosity was determined by the
hybrid eddy viscosity model (left panel, β= 0.01), and by Elder formulation (right panel α= 0.5).

In cases when the LHCSs were resolved (Elder viscosity model was imposed into the
2DH model), the instantaneous velocity flow field was extracted from the numerical sim-
ulation and compared with that captured by the PIV measurement in the experiment
(see Figure 5.10). The results show that there is a good agreement between the two flow
fields. The flow events such as sweeps, ejections and even the stagnant and reverse flows
can be clearly identified in the instantaneous flow field computed by the 2DH model
(Figure 5.10a), and is similar to that captured in the experiment (Figure 5.10b). These
events caused by the LHCSs as they are moving along the vegetation interface then deter-
mine the surrounding flow motion, contributing for an important part to the transverse
momentum exchange between the vegetation region and the adjacent open channel re-
gion (Truong et al., 2018).

5.7 Discussions

5.7.1 A 2DH model of schematised Tieu estuary river channel

A S far as practical engineering is concerned, understanding to what extend the philoso-
phies learned in this topic can be applied on a larger real scale is a demand. There-

fore, a 2DH model of the compound vegetated channel mimicking the Tieu estuary in the
Mekong Delta with schematised bathymetry (see Figure 5.1) was constructed. In which,
the hydraulic boundary conditions of the model was defined as same as that used in
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Figure 5.10: Instantaneous velocity field in and around vegetation region computed by the numerical model (a)
and that measured by PIV in the experiment (b). The stagnation areas (1,2,3) that observed in the experiment
can be well captured by the 2DH model.

the nested model of Truong et al. (2017). The upstream is a constant input discharge
Q = 2848 m3 s−1 and the downstream boundary condition is a constant water level (H =
0.48 m - 1.5 m) . The time step was chosen as small as 0.0001. The detail input parame-
ters of this “scaled up" 2DH model can be seen in Table 5.2.

Figure 5.11 shows the computational grid with associated length scales of the 2DH
schematised Tieu estuarine model. The minimum grid size is 2 m x 4 m inside the veg-
etation region. Because the densest scenarios in the experiment correspond with the
sparse cases in reality (Truong et al., 2018), in this study, only the cases with sparse veg-
etation were considered. Following the footprint of Truong et al. (2017), the estuarine
mangrove forests in the Mekong Delta was assumed to be consist of only Sonneratia sp.
The characteristic of the Sonneratia sp. prescribed in the model can be seen in Table 5.2.

The schematised model was at first run with a space and time constant background
horizontal eddy viscosity. Based on the result of the numerical model, the eddy viscos-
ity can be determined according to the Elder formulation, or the hybrid eddy viscosity
model and then imposed again into the model. By applying this iteration methodology,
the numerical results would be converged. While 2DH models prescribed with the el-
der formulation can be used to assess of the appearance of the LHCSs, the hybrid eddy
viscosity model can be used to improve the calculation results regarding the transverse
shear stresses.

Figure 5.12 shows the possible relationship between the water depth (Dr = D f /Dc )
and the maximum transverse shear stress predicted by the numerical simulations. The
presence of LHCSs observed in the field of vorticity was also described in this figure. It is
suggested that as the water level increases (Dr increases), the maximum transverse shear
stresses at the vegetation interface reduces. Moreover, the numerical results predict that
the LHCSs appear to occur in the Tieu estuary (see Figure 5.13) only when the water
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Figure 5.11: A computational grid of the “scaled up" 2DH model with the schematised bathymetry of the Tieu
Estuary. The model includes a floodplain with mangroves, transition slope (1:10) and a main river channel. It
covers the first 2 km stretch from the river mouth and half of the estuarine width.

Table 5.2: Properties for the scaled up 2DH numerical model of Tieu Estuary and Vegetation parameters

2DH numerical set up Value Vegetation parameters S.Alba

Layer 1 (2DH model) Steam diameter (m) 0.3
smallest grid size (cm) 2 m x 4 m Root diameter (m) 0.02
timestep ∆t (s) 0.0001-0.005 Canopy diameter (m) 0.5
Discharge Q (m3 s−1) 2848 Stem height (m) 6
Water level H (m) D f = 0.48-1.5 m; Dc = 7.48 m Root height (m) 0.5
Bottom roughness nb 0.02 (default value) Canopy height (m) 2
Drag coefficient Cd 1 Density Sparse
Boundary is weakly reflective 100 s Stem density (m−2) 0.5
Slope ib 1/5000 Root density (m−2) 25
Simulation time 6 hours Canopy density (m−2) 50
Computational time 8 hours

level in the floodplain is larger than 1.1 m (the hybrid eddy viscosity was not prescribed
in these simulations). The length of the LHCSs is up to 100 m, the outer layer width is
about 60 m, and the penetration of the mixing layer into the vegetation is about 6 to 10
m. It is noticed that as the structure moves along the vegetation interface, the region in-
side the vegetation affected by the LHCSs is up to 200 m inside the forest, which is much
further than the penetration of the mixing layer into the vegetation region. This can be
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Figure 5.12: The relationship between the maximum transverse shear stress, water depth and the presence of
LHCSs predicted by the simulations.

recognised through the stagnant and reverse flows observed inside the region of vege-
tation. This phenomenon was also observed in the laboratory and explained by Truong

Figure 5.13: The field of vorticity and the corresponding velocity field reveals and presence of the LHCSs and
its effects on the flow field at real scale.

et al. (2018). It is suggested that as the LHCSs move along the vegetation interface, they
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generate flow events which are the sweeps, ejections and stagnation area and reverse
flows (Figure 5.13). These flow events, then determine the surrounding flow field and
become the governing factor driving the motion of the surrounding water inside the for-
est. This means that the numerical simulations predict that the influences of the LHCSs
in reality appear to be the same as that described in the physical model.

Nevertheless, as mentioned above, although the 2DH model can predict the presence
of LHCSs, it is difficult to control the contribution to the total transverse momentum ex-
change from different parts. By including the LHCSs in the hybrid eddy viscosity model,
the model results appear to be more reliable. As the presence of LHCSs in the field of
vorticity cannot be observed (Figure 5.14), the presence of LHCSs is well prescribed in
the hybrid eddy viscosity model.

Figure 5.14: The field of vorticity in which the presence of LHCSs can not be observed as their influences were
included in the hybrid viscosity model .

The result suggested that the numerical results on a large scale are quite sensitive
with the eddy viscosity imposed into the model, especially the transverse shear stresses
(Tx y ). Figure 5.15 illustrates the mean streamwise velocity profile and the associated
transverse shear stresses computed by the 2DH model prescribed by different eddy vis-
cosity models. The results zoomed into the 200 m around the vegetation interface was
extracted at the middle of the mangrove forest (i.e. 500 m from the beginning of the man-
grove forest) where the mixing layer was fully developed. It can be seen that there is a sig-
nificant difference in the mean streamwise velocity and transverse shear stress predicted
by different models of background eddy viscosity. As analysed in previous sections, in
this study the numerical results with the hybrid eddy viscosity model were considered
to be the most reliable one in which the uniform mean streamwise velocity inside the
mangrove forest is about 0.01 ms−1. Moreover, the penetration of the mean streamwise
velocity into the vegetation region is about 6 m to 10 m. It is noticed that this penetra-
tion is smaller than that estimated previously in Truong et al. (2017), in which only a
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Figure 5.15: Sensitivity analysis of the background eddy viscosity imposed into the 2DH model of the Tieu
estuary river channel in the Mekong Delta with schematised bathymetry. Eddy viscosity models (a) considered
include the eddy viscosity vt determined according to Elder formulation, hybrid eddy viscosity model and a
constant value of eddy viscosity of 1.5. The differences in (b) the profile of mean streamwise velocity (U ) and
(c) the transverse shear stresses (Tx y ) are significant.

space and time constant background eddy viscosity was prescribed. Furthermore, it can
be seen that the transverse shear stresses achieve its maximum value of about 1 Nm−2

at the edge of the vegetated floodplain, indicating that the momentum transfer occurs
strongest at this location. The mixing length is about 80 m to 100 m which is similar to
that observed and measured by sediment patterns in Figure 5.1.
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5.7.2 Squeeze effects

I N this section, the stability of the river bank in squeezed condition i.e. the mangrove
width is restricted is discussed in terms of the changes in the bed shear stress. As far as

the fluvial process is concerned, the most widely known and generally accepted cause of
fluvial erosion mechanism is that flowing water applies a force (Ta) to the stream bank
that exceeds a critical shear stress (Tc ) specified for the particular material of that stream
bank. This also occurs in cases of shear stress on cohesive stream banks caused by fast-
moving water during peak flows. The riverbank or bed erosion rate induced by the flow
is usually modelled by the excess stress equation (Partheniades, 1965):

ε= kd · (Ta −Tc )a (5.5)

Where: ε is the erosion rate (m), kd is soil erodibility coefficient, Ta is applied shear stress
on the soil (Nm−1), Tc is soil critical shear stress (Nm−1), and a is a coefficient, usually
assumed equal one.

It is essential to distinguish two different mechanisms, which are the mechanism
cause the failure of stream banks and the mechanism through which vegetation affects
the river bank processes. While the former relates to the direct removal of bank material
by the water flow (fluvial entrainment/ fluvial erosion), and the geotechnical instability,
which are the primary mechanisms responsible for river bank failure processes (Thorne,
1982). The latter deals with the impacts of vegetation on the erosion processes of river
banks by affecting those main failure mechanisms. For instance, the presence of vege-
tation on the floodplain, on the one hand, strengthen the soil, increasing critical shear
stress (increase Tc ) and reduce the soil erodibility coefficient kd . On the other hand, veg-
etation diverts the flow direction, damping the flow velocity together with the exerted
force (reduce Ta). In this way, the vegetation can be considered as a mean to reduce the
erosion of the river bank.

It is noticed that it is difficult to determine Ta , T and kd even in cases without veg-
etation. In this section, only the hydrodynamics aspect is considered, thereby only the
impact of vegetation on the fluvial processes, in which vegetation increases flow resis-
tance and diverges flows direction, changing velocity field and bed shear stresses are
discussed. In other words, only the changes of Ta induced by changing flow properties,
which is caused by the presence of vegetation are considered, kd and Tc are assumed to
be constant and only depend on the characteristic of the cohesive soil.

In vegetated floodplain channel, the applied force on stream bank or bed in vege-
tated floodplain channel (Ta) can be related to the bed shear stress τb . The bed shear
stress then can be split into transverse bed shear stress τbt and streamwise bed shear
stress τbs , however, the numerical simulation suggested that in the real scale of the Tieu
estuary, the transverse bed shear stress τbt is two orders of magnitude smaller than the
streamwise bed shear stress τbs (0.03 Nm−2 compared to 3 Nm−2). In this sense, the in-
fluence of the transverse bed shear stress on the total bed shear stress can be neglected,
and the total bed shear stress can be expressed as:

τb =
√(

ρC f U 2
)2 + (

ρC f UV
)2 ≈ ρC f U 2 (5.6)

In which the ρC f UV is the transverse bed shear stress and ρC f U 2 is the streamwise bed
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shear stress, ρ is the density of water, C f is bottom friction coefficient, U and V is the
depth-averaged velocity in streamwise and lateral direction.

Figure 5.16 illustrates the difference in total bed shear stress in scenarios of 200 m
width (dash black line) and 50 m width (solid red line) which are predicted by the nu-
merical model. It can be seen that the outer layer ( from y = 0 to y = 80m) appears to

Figure 5.16: Comparison of the total bed shear stress predicted by the numerical simulation in scenario of 50 m
width and 200 m width.

be the most affected area when the mangrove width is reduced. Moreover, these results
can be generalized for the rough assessment of the role of vegetation in a compound
vegetated channel (see Figure 5.17).

The total difference of the total bed shear stress (Aτb ) in the outer layer when reduc-
ing the floodplain width (from w2 to w1) can be determined as:

Aτb =
y=δ2∫

y=0

(
τbw1 −τbw2

)
d y (5.7)

where τbw1 and τbw2 are the total bed shear stresses corresponding to floodplain
with the width of w1 and w2, respectively. Subsequently, the averaged advanced bed
shear stress generated per meter of the vegetation in the floodplain can be estimated
according to:

Aad = Aτb

w2 −w1
(5.8)

The degradation of the mangrove forest or the limitation of the floodplain width ap-
pears to affect the outer layer of the mixing layer. According to the equation (5.7) and
(5.8), the total advanced bed shear stress created per meter of cylinder arrays in the real
scale of river channel is determined of about 8 Nm−2. The advanced bed shear stress cre-
ated per meter of vegetation in the estuarine river channel can be estimated of around
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Figure 5.17: Schematised failure mode of the river bank caused by the squeezed effect in a vegetated compound
channel. The averaged applied bed shear stresses increases as the region of vegetation decreases, leading to
the possible erosion in the outer layer width of the mixing layer.

0.05 Nm−2 (≈ 0.5kgm−2). Finally, the influences of vegetation and their available width
(w) on the fluvial processes can be added into the model of riverbank/bed erosion rate
induced by the flow by a modified applied bed shear stress:

ε= kd [(Ta −w ·0.05)−Tc ]a (5.9)

5.8 Conclusions

T He vegetation in general and mangroves, in particular, have drawn more focuses in
recent decades as their defensive role for the protection of coastal and estuarine

areas was recognized. Nevertheless, advanced knowledge obtained in this topic was
mostly based on the laboratory studies. For instance, the presence of the LHCSs at
the vegetation interface and their associated cycloid flow events were described in the
vegetated compound channel at the laboratory scale. As a result, to what extent these
philosophies learned from a small experimental scale are still valid on a larger real scale
is unknown, especially in the context of the presence of the LHCSs and their effects on
the flow field.

Numerical models provide a useful tool to handle this knowledge gap. However, de-
tail simulations such as DNS or LES for these complex phenomena are usually compu-
tational costly. Currently, in term of practical engineering, a 2DH model still appears
to be the most applicable one. In this study, the capability of the 2DH models in the
simulation of the complex cycloid flow field in and around the vegetation region was
studied, particularly focus on the sensitivity of the horizontal eddy viscosity. The abil-
ity of the model was quantitatively examined by means of the presence of the LHCSs
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and the associated flow events and qualitatively examined by means of the profile of the
mean streamwise velocity and transverse shear stresses. The results suggested that al-
though the 2DH model can resolve the presence of the LHCSs and their corresponding
cycloid flow events, it appears to underestimate the mean streamwise velocity inside the
mangrove forest and overestimate the transverse shear stresses induced by the LHCSs.
Nevertheless, by imposing into the 2DH model the hybrid eddy viscosity model in which
the presence of the LHCSs was included, it is shown that the numerical results can be
improved.

Finally, a real-scale 2DH model mimicking the mangrove forest in the Tieu estu-
ary with schematised bathymetry was constructed and examined in terms of the mean
streamwise velocity, transverse shear stress and the LHCSs. The hybrid eddy viscosity
model was considered to improve its capability in the prediction of the mean streamwise
velocity and transverse shear stress. According to the numerical result, the presence of
the LHCSs and the cycloid flow events appears to occur in the large scale of Tieu estuary
when the water depth in the vegetation region is larger than 1.1 m. Furthermore, it is
also observed that although the penetration of the mixing layer into the vegetation re-
gion, in reality, is only about 10 m, the areas located much further inside the vegetation
are still affected by the LHCSs. In a squeezed condition, the area affected the most is
the outer layer of the mixing layer where there is a slight increase in the total bed shear
stress. In this context, the advanced bed shear stress created per meter of vegetation can
be determined of about 0.05 Nm−2.
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Chapter 6

Conclusions and
recommendations

One finished task carried to a successful conclusion
is better than 100 half-finished tasks.

This is a concluding chapter, in which the research findings of the present study are sum-
marised, following the story line of the research. Conclusions stemming from previous
chapters are introduced in a synthetic way. Finally, a number of suggestions and recom-
mendations are presented for future research.
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This thesis concerns the issue of mangrove degradation along the Mekong delta es-
tuaries in the context of hydrodynamics and human intervention. Different approaches
and methodologies were applied. The main findings of the research can be summarised
as follows:

6.1 Mangrove Squeeze phenomenon

T He degradation of mangrove forests and the erosion of river banks associated with
the restricted width of the vegetation area induced by human interventions was

studied in terms of the squeeze phenomenon. Along the Mekong delta estuaries, the
degradation of mangrove forests is observed together with an increasing erosion rate of
the river banks. The width of the estuarine mangroves is in the range of 10 m to 600 m. An
erosion rate is recorded of up to 4 myr−1. However, based on an empirical relationship
between mangrove forest width and riverbank evolution, it is suggested that a riverbank
still can remain dynamically stable in the presence of mangroves with a representative
width of about 60 m to 80 m. Hence the squeeze phenomenon was approached in a new
sense, it is hypothesized that there is a critical minimum width that a mangrove forest
in the Mekong Delta needs for healthy, cyclic evolution, whether the alternations come
from relative sea-level rise or from human activities. In other words, even when the avail-
ability of sediment is not an issue, the sustainable development of mangroves still can
be threatened if there is not enough available space for them.

As far as physical processes are concerned, the dominant mangrove forests in estuar-
ine regions are fringing estuarine mangroves (FEs), primarily controlled by tidal forces,
river flows and the geometric features of the river. In a squeezed condition, tidal creeks
can be neglected, the hydrodynamics of a narrow mangrove forest and that of a vege-
tated floodplain channel was recognized to be similar. In this sense, the influence of
transverse exchange processes between the main river channel and the vegetated re-
gion is important for FEs. This exchange occurs primarily due to the mixing layer at the
interface of the vegetation and adjacent open channel flow. It is a fundamental factor,
controlling the import, export and deposition of sediment, nutrients, as well as organic
matter in a mangrove forest.

A schematized model for the estuarine mangroves at Tieu Estuary in the Mekong
delta, Vietnam was constructed with the Delft3D-flow vegetation model. The results of
the model showed that the depth-averaged flow velocity from the main channel was re-
duced to a uniform value on an order of magnitude of 0.015 ms−1 within about 60 m to
80 m inside the mangrove forest. This implies that the mixing layer can have impacts
on a maximum region up to 80 m inside the vegetation. However, the numerical re-
sults have been shown to overestimate the penetration of the mixing layer into the forest.
This means that in reality, the actual penetration of the shear layer into the vegetation
is smaller, estimated around 10 m. Still, the results from physical model suggest that
the large horizontal coherent structures(LHCSs) can have a strong influence on a much
larger area than the penetration of the mixing layer into the forest. This area was termed
the maximum affected area, and was related to the region of intensive transverse fluctu-
ations which can be connected the above critical minimum width in the hypothesis of
mangrove squeeze. These conclusions address the key question 1 and 2.
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6.2 Physical mechanisms

O Nce the hypothesis of the squeeze phenomenon was proposed, it is important to
discover the major physics lying behind it. This is not a trivial step, especially in

the sense that numerous physics can be involved. For instance, sediment dynamics,
morphodynamics, eco-biology and hydrodynamics, etc.. Among these, hydrodynamics
play a fundamental role, connecting all others processes. However, understanding the
hydrodynamics of an estuarine mangrove is still limited. Hence, a physical modelling of
a compound channel, mimicking an estuarine mangrove forest was set up.

Firstly, the role of vegetation was examined. It is suggested that vegetation is very ef-
fective in damping the flow inside the mangrove forest. Vegetation greatly increases the
velocity gradient between the vegetation regions and the adjacent open regions, drawing
more exchange toward the vegetation edge and pushing more flow into the floodplain re-
gion. For example, in case with dense vegetation, the velocity gradient increases about
3-5 times compared with the scenarios without vegetation. Consequently, the K-H in-
stability also increase, and the LHCSs formed at the interface of the vegetation become
more pronounced. As a result, the LHCSs emerge in the mixing layer, promoting more
exchange towards the vegetation area. For instance, in dense scenarios, the transverse
momentum exchange increases about 20 times in comparison with the non-vegetation
scenarios. Secondly, the LHCSs and their influences on the shallow flow field in and
around the vegetation area were investigated. It is suggested that as a LHCS moves, it
generates flow events, namely sweeps, ejections, stagnant and reverse flows. These flow
events occur periodically and dominate the flow field, especially the mixing layer. They
were termed cycloid flow events. Under the effect the LHCSs, the shallow flow field in
and around the region of vegetation shows cycloidal properties.

In terms of exchange processes, while the sweeps and ejections contribute a large
part to the input and output of the nutrients and sediment, the stagnant and reverse flow
play an important role in the deposition processes. Moving along the vegetation inter-
face, the LHCSs cause momentum exchange. While the sweeps and ejections dominate
the region of momentum exchange, which is related to the penetration of the mixing
layer, the stagnant and reverse flows dominate the further region inside the vegetation,
where large lateral fluctuations still may occur. It is suggested that the LHCSs can affect
a larger area than the region into which the mixing layer can penetrate.

In summary, On the one hand, due to the LHCSs, the presence of vegetation can have
strong influences on a large region, even outside the vegetation. On the other hand, due
to the cycloid flow events, the LHCSs can have strong effects on a large area, event further
than their penetration into the mangrove forests.

Squeezing the mangrove forest causes changes in the pattern of LHCSs, and thereby
changing the exchange processes. Once the width of a mangrove forest is reduced, the
LHCSs become smaller but more frequently and less regularly. In cases when the width
of the mangrove forest is smaller than the region affected by the LHCSs, the mixing layer
can penetrate into the whole forest, the region affected by the LHCSs is diminished.
Furthermore, the flow penetrating into the vegetation can not achieve a stable uniform
value. In this way, there is less time, place and proper flow condition for the deposition
of the suspended sediment and nutrient. These conclusions address the key question 3
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and 4.

6.3 Transverse momentum exchange - analytical model

A Lthough this study has not yet considered sediment processes, understanding the
transverse momentum exchange facilitates modelling the transport of sediments

and nutrients in and around the region of vegetation. In order to get an insight into the
transverse momentum exchange, the governing equations for the vegetated floodplain
channel based on a simplified depth-integrated, time-averaged and spatially-averaged
form of the 2D shallow water equations were derived and utilized. After that, the mo-
mentum equations were studied where the transverse momentum exchange (Tx y ) is the
most significant term left need to be modelled. The transverse momentum exchange
(Tx y ) can be expressed in term of physical meaning (u′v ′ ) and modelling (υt ). In this
study, these terms were studied separately.

A quadrant analysis was applied for the Reynolds’ shear stresses. It shows the strong
connection between the LHCSs, their associated flow events and the transverse momen-
tum exchange. By separating the LHCSs from the quadrant analysis, the main contri-
bution to the total momentum exchange of the LHCSs at the vegetation interface was
confirmed. Different locations inside the mangrove forest experience cyclic flow events
differently, and thereby the transverse momentum exchange are also different. Further-
more, the results suggest that the stagnant and reserve flows can be observed only in
cases the fluctuation motions induced by LHCSs are larger than the mean flow motion.

State-of-the-art eddy viscosity models (υt ) were reviewed and validated with the ex-
perimental results. It is suggested that they are not globally applicable as their validity
is usually restricted to a narrowly ranging experiment data set. Additionally, the pene-
tration of the LHCSs into the vegetation, which appears to relates to the appearance of
the LHCSs was also analysed. It is not only depend on the vegetation drag but also on
the outer layer width, the width of the vegetated floodplain and the water depth ratio.
Based on the previous eddy viscosity models and on the presence of the LHCSs, a new
hybrid eddy viscosity model was proposed and validated with different experiment data
sets. It is suggested that the transverse momentum exchange can be well modelled by
varying only a coefficient which is related to the spreading of the mixing layer. These
conclusions address the key question 4.

6.4 Numerical simulations

F Inally, the hybrid eddy viscosity model representing the LHCSs was used as a tur-
bulence model in numerical simulations of compound channel flow. A 2DH model,

mimicking the experiment was constructed. The results were compared with the ex-
perimental data regarding the mean streamwise velocity, transverse shear stresses and
the patterns of the LHCSs. In this way, the applicability of the 2DH models with dif-
ferent eddy viscosity models in the simulation of the complex cycloid flow field in and
around the vegetation region can be examined. It was quantitatively examined by means
of the presence of the LHCSs and the associated cycloid flow events, and qualitatively
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examined by means of the profile of the mean streamwise velocity and transverse shear
stresses. The results suggest that when a constant eddy viscosity model or eddy viscosity
model determined according to the Elder formulation were prescribed, the 2DH model
tends to overestimate the presence of the LHCSs. Consequently, the mean streamwise
velocity inside the mangrove forest appears to be underestimated and the transverse
shear stresses induced by the LHCSs appears to be overestimated. Nevertheless, the nu-
merical simulations of compound channel flow can be much improved by imposing into
the model a hybrid eddy viscosity model as developed in Chapter 4, in which the pres-
ence of the LHCSs was included.

Last but not least, having in mind all the philosophies obtained, the real-scale 2DH
model mimicking the mangrove forest in the Tieu estuary with schematised bathymetry
was re-considered. The numerical results suggested that the presence of the LHCSs and
the cycloid flow events can occur on the large scale of Tieu estuary when the water depth
in the vegetation region is larger than 1.1 m. In order to improve the capability of the 2DH
model in the prediction of the mean stream wise velocity and transverse shear stress, the
hybrid eddy viscosity model was prescribed in the model. The numerical simulation
suggests that the outer layer width of the mixing layer is about 60 m, and the penetration
of the mixing layer into the vegetation is about 6 to 10 m.

It is noted that although the penetration of the LHCSs into the vegetation areas is
only about 6 to 10 m, the area affected by the LHCSs can be much larger. Because the
maximum area affected by the LHCSs appears to connected to the outer layer width of
the mixing layer, it can be seen that the minimum width required for a sustainable de-
velopment of the estuarine mangrove forest (estimated of about 60 to 70 m) appear to
link to this length scale, in which the lateral fluctuations induced by the LHCSs is the
dominant. These conclusions address the key question 5.

6.5 Recommendations

A T the end of this study, still, it is recognized that certain knowledge gaps are re-
mained. Among which, large scale validation and more complicated numerical sim-

ulation in terms of mass exchange are the two most challenges, but most important to
clarify the squeeze phenomenon, it is suggested as follows:

• Large scale measurement: this study is based on a small scale laboratory experi-
ment. Therefore, whether or not all the new physics learned can remain the same
at a larger real scale is still questionable. This is particularly true for the LHCSs. A
data set acquired at the field scale or a comparable large scale enables to under-
stand and overcome this main challenge. Once understanding the hydrodynamics
of vegetated compound channel at real scale can be achieved, field scale measure-
ment also allows to approach and study the sediment processes.

• Transverse exchange of mass: A detailed numerical simulation which allows to in-
clude the vegetations, sediment but still can produce the LHCSs is essential for
the practical applications. However, it is not a trivial topic. On the one hand, the
Large eddy simulations (LES), or direct numerical simulations (DNS) can be able
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to resolve correctly the LHCSs. However, including sediment processes and con-
sider such that model on a large real scale is still not practical. On the other hands,
although the vegetation and sediment can be imposed into the 2DH model, the
LHCSs at the vegetation interface resolved appear to be not reliable. Although
the numerical results can be improved in terms of mean streamwise velocity and
transverse exchange of momentum with the hybrid eddy viscosity model repre-
senting for the large turbulent structures, a proper model for the exchange of mass
induced by the LHCSs is still unknown. While transverse momentum exchange in-
duced by the LHCSs is necessary to understand the import and export of the sed-
iment and nutrients at the vegetation interface, transverse exchange of mass may
be the dominant process inside the forest, determining the deposition processes.



Appendix A

Experimental Results

Figure A.1: Representative mean streamwise velocity profiles in cases with no vegetation (blue-plusses), sparse
vegetation (blacked-crosses) and dense vegetation (red-stars). Corresponding profile of a vegetated com-
pound channel with a gentle slope (b). 50 cm floodplain width, discharge = 45 Ls−1, water depth =12 cm. The
vegetated floodplain starts from y=0 in the negative direction.

Figure A.1 shows that the larger the vegetation drag (the larger the cylinder density)
the smaller the flow velocity within the cylinder array and the higher the flow velocity in
the main channel. However, the vegetated shear-layer dynamic of the sparse scenario
appears to resemble that of the dense scenario. The penetration of the mixing layer into
the vegetation is about 10 cm (in both sparse and dense cases).
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Appendix B

Hybrid eddy viscosity model
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Figure B.1: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases Ad1, Ad2, Ad3, Ad4 (left upper panel, right
upper panel, left lower panel, right lower panel, respectively ), and Txy2 [White and Nepf, 2008].
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Figure B.2: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases Bd1, Bd2, Bd3, Bd4 (left upper panel, right
upper panel, left lower panel, right lower panel, respectively ), and Txy2 [White and Nepf, 2008].
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Figure B.3: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases Cd1, Cd2, Cd3, Cd4 (left upper panel, right
upper panel, left lower panel, right lower panel, respectively ), and Txy2 [White and Nepf, 2008].
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Figure B.4: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases As1, As2, As3, As4 (left upper panel, right upper
panel, left lower panel, right lower panel, respectively ), and Txy2 [White and Nepf, 2008].
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Figure B.5: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases Bs1, Bs2, Bs3, Bs4 (left upper panel, right upper
panel, left lower panel, right lower panel, respectively ), and Txy2 [White and Nepf, 2008].
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Figure B.6: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases Cs1, Cs2, Cs3, Cs4 (left upper panel, right upper
panel, left lower panel, right lower panel, respectively ), and Txy2 [White and Nepf, 2008].
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Figure B.7: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases An1, An2, An3, An4 (left upper panel, right
upper panel, left lower panel, right lower panel, respectively ), and Txy3 [van Prooijen et al, 2005].
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Figure B.8: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases Bn1, Bn2, Bn3, Bn4 (left upper panel, right
upper panel, left lower panel, right lower panel, respectively ), and Txy3 [van Prooijen et al, 2005].
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Figure B.9: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases I, IV, VII of White and Nepf [2008] (left upper
panel, right upper panel, lower panel, respectively), and Txy2 [White and Nepf, 2008].
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Figure B.10: Profile of mean streamwise velocity, and the comparison of modelled transverse shear stress ac-
cording to the eddy viscosity model of this study Txy1, in cases Dr =0.11, 0.15, 0.20 and 0.25 (left upper panel,
right upper panel, left lower panel, right lower panel, respectively) of Lambert and Sellin [1996] and Ervine et
al. [2000], and Txy3 [van Prooijen et al., 2005].
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