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SUMMARY

Deltas are low-lying plains which are formed when river sediments deposit in coastal
environments. Deltas are nutrient-rich, and productive ecological and agricultural areas
with high socio-economic importance. Globally, deltas are home to about 500 million
people and are considerably modified by human activities. In addition, they are vulnerable
to climate change and natural hazards like changing river flow and sediment supply,
coastal flooding by storminess or sea level rise. To encourage better delta management
and planning, it is of utmost importance to understand existing delta sediment dynamics.

The objective of this study is to investigate the prevailing sediment dynamics and the
sediment budget in the Mekong Delta by using a process-based model. Understanding
sediment dynamics for the Mekong Delta requires high resolution analysis and detailed
data, which is a challenge for managers and scientists. This study introduces such an
approach and focuses on modeling the entire system with a process-based approach,
Delft3D-4 and Delft3D Flexible Mesh (DFM). The first model is used to explore sediment
dynamics at the coastal zone. The latter model allows straightforward coupling of 1D and
2D grids, making it suitable for analysing the complex river and canal network of the
Mekong Delta.

This study starts by generating trustworthy bathymetries based on limited data availability.
It describes a new interpolation method for reproducing the main meandering channel
topographies of the Mekong River. The reproduced topographies are validated against
high resolution measured data. The proposed method is capable of reproducing the
thalweg accurately.

Next, this study describes the development of a Delft3D Mekong Delta model. The model
is validated for hydrodynamics and sediment dynamics data for several years and focuses
on describing near shore sediment dynamics. The model shows that sediment transport
changes in the Mekong Delta are strongly modulated by seasonally varying river
discharges and monsoons. The nearshore suspended sediment concentration (SSC) is
significantly decreased due to a lack of wave-induced stirring when there is no monsoon.
3D Gravitational circulation effects limit the SSC field from expanding seaward in case
of high river flow. In addition, the bed composition has an important role in reproducing
sediment fluxes which were considerably decreased when a sandy bed layer is included.
This happens due to effects of the initially mostly sandy mixing layer, where resuspension
of the mud is proportional to the fraction of mud present. It takes time for an equilibrium
bed composition to develop. Seasonally, the sediment volumes deposited in the river
mouths increase regularly during the high flow season. During October they remain more
or less constant and then, as wave action increases and discharges decrease, the deposited
material is resuspended and transported southward along the coast.



The DFM model explores the hydrodynamics and sediment dynamics in the fluvial reach
of the Mekong River including the anthropogenic effect of dyke construction. After an
extremely high flood in 2000 which caused huge damages, a dyke system has been built
to protect agriculture in the Vietnamese Mekong Delta (VMD). These structures change
hydrodynamic characteristics on floodplains by avoiding floodwaters coming into the
floodplains. The DFM model shows that the high dykes slightly change hydrodynamics
in the VMD downstream. These structures increase daily mean water levels and tidal
amplitudes along the mainstreams. Interestingly, the floodplains protected by high dykes
in Long Xuyen Quadrangle and Plain of Reeds influence water regimes not only on the
directly linked Mekong branch, but also on other branches.

Based on the validated hydrodynamic model, the model is validated against sediment data
and used to derive a sediment budget for the Mekong Delta. For the first time, this study
has computed sediment dynamics over the entire Mekong Delta, considering riverbed
sediment exchange. The model suggests that the Mekong Delta receives ~99 Mt/year
sediment from the Mekong River This is much lower than the common estimate of 160
Mt/year. Only about 23% of the modelled total sediment load at Kratie is exported to the
sea. The remaining portion is trapped in the rivers and floodplains of the Mekong Delta.
Located between Kratie and the entrance of the Mekong Delta, the Tonle Sap Lake
receives Mekong River flow at increasing flow rates seasonally and returns flow when
Mekong River flow rates decay. As a result Tonle Sap Lake traps approximately 3.9
Mt/year of sediments and explains the hysteresis relationship between water discharges
and SSC at downstream stations. The VMD receives an amount of 79.1 Mt/year (~80 %
of the total sediment supply at Kratie) through the Song Tien, the Song Hau and overflows.
The model results suggest that the Mekong mainstream riverbed erodes in Cambodia and
accretes in Vietnam.

The results of this study advance understanding of sediment dynamics and sediment
budget in the Mekong Delta. The model developed is an efficient tool in order to support
delta management and planning. The validated model can be used in future studies to
explore impact of climate change and human interference in the Mekong Delta.



SAMENVATTING

Deltas zijn laagvlaktes gevormd door het neerslaan van door rivier aangevoerd sediment
langs de kust. Deltas vormen vaak productieve landbouw gebieden van aanzienlijk socio-
economische belang. Wereldwijd bieden deltas een leefomgeving voor ongeveer 500
miljoen mensen en worden mede gevormd voor en door menselijke aanwezigheid en
activiteit. Daarnaast zijn deltas kwetsbaar voor klimaat verandering en natuur geweld
zoals veranderende rivier stroming en sediment toevoer, overstroming van kustgebieden
door stormen of zeespiegelstijging. Het is van essentieel belang om de bestaande
dynamica van deltas te doorgronden om daarmee duurzaam beheer mogelijk te maken.

Het doel van deze studie is om de heersende sediment dynamica en het sediment budget
in the Mekong Delta te onderzoeken middels een proces-gebaseerd model. Het begrijpen
van de sediment dynamica van de Mekong Delta vereist een hoge resolutie analyse op
basis van gedetailleerde data, wat een uitdaging vormt voor managers en wetenschappers.
Deze studie levert zo’n analyse en richt zich op het modeleren van het gehele system met
een proces-gebaseerd model, namelijk Delft3D-4 en Delft3D Flexible Mesh (DFM). Het
eerste model wordt gebruikt om de sediment dynamica te bestuderen in de kustzone. Het
tweede model staat efficiént koppelen van 1D netwerken en 2D roosters toe waardoor het
geschikt is om het complexe rivier en kanaal netwerk van de Mekong Delta te modeleren.

Deze studie start met het genereren van betrouwbare bathymetrieén op basis van beperkte
bodem data beschikbaarheid. Een nieuwe interpolatiemethode wordt beschreven om
bathymetrieén van de meanderende hoofdgeul van de Mekong Rivier te reproduceren.
Vervolgens worden deze bathymetrieén gevalideerd ten opzichte van hoge resolutie data.
De voorgestelde methode blijkt in staat om de talweg accuraat te beschrijven.

Vervolgens beschrijft deze studie de ontwikkeling van het Delft3D Mekong Delta model.
Het model is gevalideerd met hydrodynamische en sediment-dynamische data over
verschillende jaren en richt zich op het beschrijven van kust gerelateerde sediment
dynamica. Het model laat zien dat veranderingen van sediment transport in de Mekong
Delta sterk beinvloed worden door seizoen variérende rivier afvoer en moessons. De
gesuspendeerde sediment concentratie (SSC) aan de kust vermindert significant als er
geen moesson is en dus geen golf geinduceerde suspensie van sediment. 3D zwaartekracht
gedreven circulaire stroming beperkt zeewaartse uitbreiding van het SSC veld in het geval
van hoge rivier afvoer. Daarnaast speelt de bodem samenstelling een belangrijke rol in
het reproduceren van sediment fluxen die sterk verminderen in het geval van een zandige
bodem. Dit gebeurt doordat slib re-suspensie vanuit de bodem proportioneel is aan de
fractie aanwezige slib als de bodem initieel voornamelijk bestaat uit zand. Een bodem
heeft tijd nodig om zich te ontwikkelen tot een bodem met een evenwicht samenstelling
van sediment fracties. Op een tijdschaal van seizoenen nemen de sediment volumes die
neerslaan in de riviermonding toe gedurende hoge afvoer. In oktober blijven de volumes
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min of meer constant en vervolgens, wanneer golf actie en rivier afvoer toenemen, wordt
het neergeslagen sediment opnieuw in suspensie gebracht en zuidwaarts langs de kust
getransporteerd.

Het DFM model verkent de hydrodynamica en sediment dynamica in het meer fluviale
deel van de Mekong Delta, inclusief de antropogene effecten van dijk constructie. Na een
extreme hoge rivier afvoer, welke grote schade veroorzaakte in 2000, is een dijksysteem
ontwikkelt om de landbouw in de Vietnamese Mekong Delta (VMD) veilig te stellen.
Deze dijk constructie heeft de hydrodynamica op de uiterwaarden veranderd door
overstroming van de uiterwaarden te beperken. Het DFM model laat zien dat de hoge
dijken de benedenstroomse hydrodynamica enigszins beinvloeden. De dijken verhogen
de dagelijkse gemiddelde waterstanden en getij amplituden langs de voornaamste rivier
takken. Interessant genoeg, beinvlioeden de door dijken beschermde uiterwaarden in de
Long Xuyen rechthoek en de Vlakte van het Riet niet alleen het stromingsregime van de
direct nabij gelegen rivier tak, maar ook van de andere takken van de Mekong rivier.

Aan het eerder gevalideerde hydrodynamische model is een sediment transport module
toegevoegd en gevalideerd met sediment data om een sediment budget voor de Mekong
Delta af te leiden. VVoor het eerst heeft deze studie sediment dynamica berekend over de
hele Mekong Delta met in acht name van sediment uitwisseling met de bodem. Het model
suggereert dat de Mekong Delta ongeveer 99 Mt sediment per jaar ontvangt van de
Mekong rivier. Dit is veel minder dan de gewoonlijk aangenomen 160 Mt per jaar. Slechts
ongeveer 23% van de totale sediment toevoer vanaf Kratie (de stroomopwaartse
randvoorwaarde van het model) wordt geéxporteerd naar de zee. Het resterende deel
wordt afgezet in de rivieren en uiterwaarden van de Mekong Delta. Gelegen tussen Kratie
en de ingang van de Mekong Delta, ontvangt het Tonle Sap Lake afvoer van de Mekong
rivier tijdens oplopende rivier afvoer en draagt het aan de Mekong rivier afvoer bij tijdens
verminderende rivier afvoer. Daardoor vangt het Tonle Sap Lake ongeveer 3.9 Mt
sediment per jaar in. Dit proces verklaart ook de vergroting van het hysteresis effect
tussen rivier afvoer en SSC bij stroomafwaarts gelegen stations. De VMD ontvangt 79.1
Mt sediment per jaar (ongeveer 80% van de totale sediment toevoer vanaf Kratie) door
de Song Tien, de Song Hau, en de uiterwaarden. De model resultaten suggereren dat de
bodem van de voornaamste Mekong rivier tak erodeert in Cambodia en verhoogt in
Vietnam.

Deze studie draagt bij aan een beter begrip van de sediment dynamica en sediment budget
van de Mekong Delta. Het ontwikkelde model is een efficiént middel om delta beheer en
planning te ondersteunen. Het gevalideerde model kan gebruikt worden om de impact van
klimaat verandering en menselijk ingrijpen in de Mekong Delta te verkennen.
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INTRODUCTION

Abstract

This chapter presents the research framework of this study. First, it describes an overview
of hydrodynamics and sediment transport in deltas, focusing on the Mekong Delta. This
delta is facing several challenges which significantly change hydrodynamic and
morphodynamic behaviours of the Mekong Delta. The research problems are identified
and important roles of numerical models are illustrated. Second, the objective of this study
are shown and the research questions are formulated. Finally, the structure of this
dissertation is shown.



1. Introduction

1.1 BACKGROUND

Deltas are important to human activities because they are home to about 500 million
people (Syvitski et al., 2009). A river delta is low-lying plain where river meet the sea so
it has both riverine and marine characteristics (Nguyen Anh Duc, 2008). Therefore, deltas
are the most productive ecological areas and have abundant wildlife and high biodiversity,
having saline and fresh water, riverine and marine sediments. Typically, estuaries are
defined as a transition zone between river and ocean environments. Deltas are not only
great areas in biodiversity but also in human settlements of approximately 60% of the
world’s population. Of the 32 largest cities, 22 are located on estuaries (Karamouz et al.,
2013). Consequently, deltas have been influenced by human activities such as land-use
changes, port development, land reclamation, diking, damming of channels and dredging,
and sand mining. These anthropogenic factors also contribute to natural fluctuations and
comprise modifications of hydrodynamics (Marineau and Wright, 2014), sediments
discharge (Manh et al., 2015; Renaud et al., 2013) and morphology (Dissanayake and
Wurpts, 2013). In addition, IPCC (2007) documented that deltas are highly vulnerable
areas due to climate change. They are continuously impacted by climate change,
including sea level rise and other natural hazards (Renaud et al., 2013). According to
recent assessments, 40 deltas in the world are projected to be at risk in terms of coastal
erosion and sinking due to decrease of sediment and sea level rise. Among these, the
Ganges-Brahmaputra delta in Bangladesh, the Vietnamese Mekong Delta (VMD) and the
Nile delta in Egypt are highlighted as extremely vulnerable deltas by predicted sea level
rise up to 2050 (IPCC, 2007). Because of this, deltas are highly dynamic areas and their
environmental conditions can be significantly changed. They are low land areas (about
26,000 square kilometers below local mean sea level in thirty-three major deltas around
the world) so they may be very vulnerable to sea level rise (Overeem and Syvitski, 2009).
However, climate change and other natural changes are not the only key drivers
controlling deltas; another more important factor is human activity. Rivers have been used
as a fresh water resource for agricultural irrigation and hydropower dams, leading to
changes in river morphology and hydrodynamics. Globally, large reservoirs are filled by
over 40% of river discharge, trapping 26% of river sediment to the deltas and coastal
zones (Overeem et al., 2013).

The case study covers areas of hydrological sub-zone 5 and 6 (Figure 1.1). The Mekong
River is one of the largest rivers around the world, ranking eighth in mean annual water
discharge (14,500 m®/s at the river mouth), tenth in suspended sediment discharge (110
million tons per year) and twelfth in river length (4880 km) (Gupta et al., 2006; Gupta
and Liew, 2007; Milliman and Farnsworth, 2011; MRC, 2011). There are about 60 million
people living in the Lower Mekong Basin (LMB), whose livelihood depend on natural
resources of the Mekong River (Kummu and Varis, 2007). As a consequence of
development, numbers of hydropower dams and reservoirs have been building in the
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Mekong Basin. Particularly, the Manwan Dam decreased dramatically of 56% (about 40
million tons annually) in total suspended solids (including sediments) after its closure in
1993 (Kummu and Varis, 2007). The dams and reservoirs may cause changes of LMB’s
hydrology and river morphology. Moreover, climate change and sea level rise also change
the hydrological regime and sediment transport in the Mekong Delta.
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Figure 1.1. Hydrological sub-region of LMB (MRC, 2009b).

The Mekong Delta is important to local livelihoods and food security. It home to about
18 million people in Cambodia and Vietnam (Tran, 2016). The VMD has an area of
~39,700 km? and land-use for agriculture occupies ~60% of this area (Vo, 2012). Thus it
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contributes to the majority of rice export in Vietnam. Cultivating agricultural crops in the
VMD significantly depend on water sources from the Mekong River. It supplies ~416
km? of yearly water volume and delivers ~73 Mt per year of sediment at Kratie (Koehnken,
2012; Thanh et al., 2020a). Therefore, the changes of hydrodynamics in the Mekong River
will considerably influence hydrodynamics and sediment transport the Mekong Delta. In
particular, changes of sediment transport cause sedimentation and morphology changes
in the VMD. Thus it is necessary to understand mechanism of sediment transport.

Recently, the Mekong has become one of the most active regions for hydropower
development in the world. MRC (2011) reported that there were totally 136 existing and
planned dams in the LMB in which hydropower dams have been mainly built in Laos and
Cambodia. Unfortunately, Laos and Cambodia mainly contribute water discharge to the
Lower Mekong River and these dams are trapping sediment that is the main resource for
delta development. In combination with the context of sea level rise, VMD has several
challenges in terms of hydrodynamics and morphology changes. Therefore, it is essential
to investigate hydrodynamics and morphodynamics in the delta in the contexts of
anthropogenic impacts, climate change and sea level rise.

There are a considerable number of studies focusing on investigating sediment dynamics
in the VMD (Heege et al., 2014; Hung et al., 2014b; Loisel et al., 2014; Manh et al., 2013,
2014; Marchesiello et al., 2019; McLachlan et al., 2017; Nowacki et al., 2015; Stephens
etal., 2017; Thanh et al., 2017; Tu et al., 2019; Wolanski et al., 1996; Xing et al., 2017).
Depending on the objectives, these studies used different approaches and scales. The
common approaches used are in-situ measurement, remote sensing and numerical
modeling. Each technique has advantages and disadvantages. Remote sensing allows
coverage of large areas. It enables regional observations of suspended sediment
concentration, but it is impossible to investigate mechanisms of sediment transport and
deposition. This problem can be solved by in-situ measurement or/and numerical
modeling. Nevertheless, in-situ measurement is difficult to apply in large areas because
it is time consuming and costly. Numerical modeling seems to be a reasonable and
efficient technique for a large area such as the whole Mekong Delta. In numerical
modeling, the spatial scales are in a reverse ratio to model details. For instance, Manh et
al. (2014) used a 1D model for the entire Mekong Delta to investigate sediment transport
and sediment deposition. With a smaller scale for the Mekong tidal river and subaqueous
delta, Thanh et al. (2017) and Tu et al. (2019) used a process-based model (Delft3D) to
investigate sediment dynamics and morphological changes. Actually, these modeling
approaches can be combined as an operational model train which consists of a large scale
and coarse model and a small scale and detailed model (Thanh et al., 2017). Outputs of
the large and coarse model are defined as boundary conditions of the small and detailed
model. This approach may increase uncertainty of the modelled results due to coupling
computation. Another limitation is that it significantly increases the number of
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simulations, leading to difficulties for model calibration. Consequently, it is envisaged
that creating a single modeling domain for the entire Mekong Delta and its shelf could
result in more accurate results.

1.2 OBJECTIVE AND RESEARCH QUESTIONS

The objective of this study is to investigate the sediment dynamics and sediment budget
in the Mekong Delta.

To achieve the objective of this research, four research questions are formulated. These
research questions are capable of guiding this research implementation. These questions
are the following.

1. How can a 2D/3D model be applied in cases of limited topography data?
2. What is the role of coastal processes in sediment modeling for the Mekong Delta?

3. How does the delta-based water infrastructure influence hydrodynamics in the
Mekong Delta?

4. What are prevailing sediment dynamics and sediment budget in the Mekong Delta?

1.3 METHODOLOGY

In order to answer the research questions, hydrodynamics and sediment dynamics of the
Mekong River are investigated. Recently, there are a number of studies focusing on these
topics (e.g. Dinh et al., 2012; Dutta et al., 2007; Fujii et al., 2003; Heege et al., 2014;
Hung et al., 2014b, 2014a; Kite, 2001; Le et al., 2007, 2008; Manh et al., 2015, 2014;
Nguyen et al., 2008; Nguyen Van Manh, 2014; Nowacki et al., 2015; Thanh et al., 2017,
2020a; Tri et al., 2012; Tu et al., 2019; Unverricht et al., 2013; Van et al., 2012; Vinh et
al., 2016; Wassmann et al., 2004; Xue et al., 2012). Based on their approaches and
methods applied, these studies can be grouped, as field measurements, remote sensing
and numerical modeling. In general, a numerical model is an efficient tool in order to
understand sediment dynamics in a complex system as the Mekong Delta and the others
could be importantly supportive.

This study applies a process-based model which solves the shallow water equations based
on the finite volume numerical method (Kernkamp et al., 2011). The Mekong Delta
consists of a dense river network, with high variability of channel widths, particularly in
the VMD. The river network encompasses natural rivers, man-made canals and
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floodplains and is a result of water infrastructure development from 1819 onwards (Hung,
2011). Thus a pure 2D model for the entire Mekong Delta is inefficient since it increases
the number of computational nodes. Besides, 1D models are efficient in large areas such
as the Mekong Delta system, but they are not able to consider the river-sea interaction.
The river-sea interaction is very important in sediment transport modeling, as was shown
in recent studies (Thanh et al., 2017; Tu et al., 2019; Xing et al., 2017). Therefore, a
combination of these two seems a reasonable solution. A hybrid modeling grid which
includes 2D cells and 1D elements, is one of optimal and efficient approaches for the
Mekong Delta. Moreover, available data of bathymetry of the Mekong River are limited
and coarse. This needs a higher resolution of bathymetry data for the 2D cells, so this
study introduces a spatial interpolation method for meandering channels, based on the
channel-fitted coordinates.

1.4 THESIS OUTLINE

This thesis starts with an introduction to this study which is presented in the Chapter 1.
Following the introduction, Chapter 2 introduces an efficient method for spatial
interpolating topography of a meandering channel. An important step of this method is
removal of anisotropic effects. The method suggested was validated with the measured
topographic data of a Mekong River branch (Cua Tieu). Results of validation suggested
that the method is appropriate for sparse and limited data areas. It was also applied to
reproduce topography of the Mekong River which was used for modeling in this study.
Chapter 3 describes a multiscale modeling approach for the Mekong Delta. This approach
includes a large-scale and coarse model and a small-scale and detailed model. Outputs of
the large-scale model were defined as boundary conditions for the small-scale model. The
model train reduces computational work. Chapter 4 explores the impact of delta-based
water infrastructure (high dykes) on downstream hydrodynamics. The impact was
quantified by using a 1D-2D coupled model. This Chapter also presents scenarios of high
dyke development and their effects on water levels and tidal propagation in the
downstream. Subsequently, Chapter 5 investigates the sediment dynamics and sediment
budget in the entire Mekong Delta using the 1D-2D coupled model. The large-scale model
allows consideration of fluvial and coastal processes. Moreover, the hybrid modeling grid
includes 2D cells for the Mekong River mainstream, floodplains and shelf and 1D
elements for the primary and secondary canals/rivers in the Mekong Delta. The 1D-2D
coupling enables optimal computational work. Finally, Chapter 6 summarizes this
research and answers the research questions. It also presents recommendations for further
studies.



SPATIAL TOPOGRAPHIC
INTERPOLATION FOR MEANDERING
CHANNELS?

Abstract

Bathymetric data plays a major role in obtaining accurate results in hydrodynamic
modeling of rivers, estuaries and coasts. Bathymetries are commonly generated by spatial
interpolation methods of data on a model grid. Sparse and limited data will impact the
quality of the interpolated bathymetry. This study proposes an efficient spatial
interpolation framework for producing a channel bathymetry from sparse, cross-sectional
data. The proposed approach consists of three steps: (1) anisotropic bed topography data
locations transformed to an orthogonal and smooth grid coordinate system that is aligned
with its river banks and thalweg; (2) sample data are linearly interpolated to generate river
bathymetry; and (3) the generated river bathymetry is converted into its original
coordinates. The proposed approach was validated with a high spatial resolution
topography of the Tieu estuarine branch. In addition, the proposed approach is compared
to other spatial interpolation methods such as ordinary kriging, inverse distance weighting,
and kriging with external drift. The proposed approach gives a nearly unbiased
topography and a strongly reduced RMSE compared to the other methods. In addition, it
accurately reproduces the thalweg. The proposed approach appears to be efficiently
applicable for regions with sparse cross-sections. Moreover, river topography generated
by the proposed approach is smooth including important morphologic features, making it
suitable for two- and three-dimensional hydrodynamic modeling.

! This chapter is based on:

Thanh, V. Q., Roelvink, D., van der Wegen, M., Tu, L. X., Reyns, J. and Linh, V. T. P.: Spatial topographic
interpolation for meandering channels, J. Waterw. Port, Coastal, Ocean Eng., 146(5), 04020024, 2020.
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2.1 INTRODUCTION

Topography of rivers, estuaries and coasts plays a crucial role in investigating
hydrodynamic processes, water-related contaminant transport and morphological
changes because it strongly influences modelled results (Conner and Tonina, 2014).
Therefore, topographies should be accurate and detailed. Acquiring detailed bathymetry
data is difficult and costly. River bathymetry can be generated by field surveys and remote
sensing images (Conner and Tonina, 2014; Dilbone et al., 2018; Legleiter, 2013).
However, remote sensing seems only applicable in clear-flowing and gravel-bed
rivers/channels. In cases of muddy channels with high suspended sediment concentration,
remote sensing cannot predict accurate river bathymetry due to limited signal penetration.
Details and accuracy of river bathymetries by field survey, depend on density of sampling
points acquired. If the sampling points are in low density, they need an interpolating
method. River bathymetry interpolation methods are manifold, like original spatial or
controlling-directional interpolations (Bailly du Bois, 2011; Carter and Shankar, 1997;
Caviedes-Voulliéme et al., 2014; Chen and Liu, 2017; Conner and Tonina, 2014; Goff
and Nordfjord, 2004; Hilton et al., 2019; Lai et al., 2018; Legleiter and Kyriakidis, 2008;
Lin and Chen, 2004; Merwade, 2009; Merwade et al., 2008; Sear and Milne, 2000; Zhang
etal., 2016).

River bathymetries in 1D models are represented by cross-sectional data. Distances
between cross-sections are usually long. For instance, cross-sections of the 1D I1SIS model
for the Mekong Delta have distance intervals ranging from 500 to 3,000 m. However, a
2D model of the Mekong River has a grid resolution of 300-600 m (Thanh et al., 2017,
2020a). Therefore, the cross-section data is insufficient for the 2D model and require a
spatial interpolation method. There are a number of spatial interpolation methods
particularly suitable for river bathymetries, such as linear, inverse distance weighting
(IDW) and some kriging methods. These methods are efficiently applied for isotropic
data. However, river bathymetry data is strongly influenced by river flows, so it has a
certain longitudinal trend. If applications of these interpolation methods do not take into
account known spatial trends, they may generate inaccurate river topography (Merwade,
2009). Therefore, eliminating longitudinal trends of river bathymetry before applying
interpolation methods would give a better predictions. The spatial trends of bathymetric
data can be excluded by some approaches, such as converting the data into river-aligned
coordinates or forcing metrics. Rivest et al. (2008) conducted a study to have better
predictions by converting testing data from the Cartesian grid into the natural coordinates
of flow. This improves accuracy of kriging methods. Legleiter and Kyriakidis (2008)
introduced a geostatistical framework to predict river topography. The framework
includes steps of (1) transformation of data into channel-centred coordinates and (2)
estimating river bed elevations. Some kriging methods were applied to estimate the bed
elevations, including universal kriging, ordinary kriging with breaklines, kriging with an
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external drift in which a simple trend is considered based on relationship between
planform and cross-section asymmetry. Merwade (2009) applied a similar framework.
First, locations of bathymetric sample points are converted to sn coordinates based on
center lines. Then the interpolation methods of IDW, regularized spline, spline with
tension, topogrid, natural neighbour (NN), ordinary kriging (OK) and OK with anisotropy
were applied for six river reaches. They conclude that it is difficult to determine the best
interpolation method due to different sampling densities and distribution. The best
interpolators are changed depending on characteristics of sampling data (different river
reaches). Zhang et al. (2016) developed an interpolation method, called shortest temporal
distance. This method is to reduce effects of data anisotropy by using temporal distances
metrics. Their method is validated and compared to UK and IDW. Besides, Chen and Liu
(2017) compared the three methods of linear interpolation, IDW and NN in resampling
cross-sections. Their finding is that the linear interpolation is a good method which is able
to maintain morphologic features in meandering rivers. In summary, a general and
common approach for generating river bathymetry is excluding effects of data anisotropy
and then applying a spatial interpolation method. A common way to diminish anisotropic
effects is converting to centred-line coordinates (Goff and Nordfjord, 2004; Legleiter and
Kyriakidis, 2008; Merwade, 2009).

The accuracy of an interpolated bathymetry highly depends on density and spatial
distribution of the sampling data (Merwade, 2009). Studies by Legleiter and Kyriakidis
(2008) and Zhang et al. (2016) are based on high resolution data (7 m and 50 m,
respectively) while Merwade (2009) used separated data occupying 70% of the total
samples for interpolation. However, in cases with limited and sparse data such as the
Mekong River, Vietnam this interpolation framework should be modified. The most
common 2D river topography of the Mekong River, Vietnam is derived from cross-
sectional data from 1D hydrodynamic models (Dung et al., 2011; Manh et al., 2014; Tran
et al., 2018; Triet et al., 2017; Van et al., 2012; Wassmann et al., 2004). Cross-sectional
data from these 1D models is sparse, with cross-section spacing of 500 - 3,000 m.

This study aims to propose an efficient spatial interpolation framework, is called
anisotropy-removed interpolation method (AR), for generating river and estuarine bed
topography from sparse cross-sections. The framework was implemented by three steps:
(1) anisotropic bed topography data locations transformed to a channel-fitted coordinate
based on river banks and thalweg; (2) sample data are linearly interpolated to generate
bed topography; and (3) the generated river bathymetry is converted into its original
coordinates. The testing data is the river topography of the Tieu estuarine branch in the
Mekong Delta. The cross-sections used for interpolation are extracted from a high spatial
resolution of around 50 m. Distances between these cross-sections range from 500 to
2,000 m. A fine and smooth 2D grid that aligns the river reach is generated based on the
river banks and the thalweg instead of the centre line between two banks. This step is to
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exclude anisotropic effects and adds to generate a continuous meandering thalweg. After
that the linear interpolation method is used to produce a smooth river bed surface.
Performance of this framework is validated and presented by statistical indices of
coefficient of correlation, mean error, and root mean square error in comparison with
some commonly used methods of IDW, OK, and kriging with external drift (KED).

2.2 METHOD

2.2.1 Data

The Tieu branch is one of the main Mekong River’s branches. . The Tieu branch is the
smallest branch of the Mekong River in terms of river width and cross-sectional area. Its
width and cross-sectional area are 1,100 m and 7,100 m2, respectively (Nguyen Anh Duc,
2008). The river length that contains topographic samples is approximately 15 km
(Figure 2.1). The river width at its mouth is 1,100 m and dramatically decreases landward
to around 400 m at the west boundary of the topography.

The topographic samples are collected by the Southern Institute of Water Resources
Research, Vietnam in 2010 by an ODOM HYDROTRAC echosounder. Figure 2.2
presents histogram of sample elevation which was analysed by 2056 samples. The mean
and standard deviation of sample elevation are -6.9 m and 2.9 m respectively. These
samples have a relatively uniform distribution in space (Figure 2.1). Due to the fact that
the objective of this study is to propose an interpolation approach for sparse and discrete
cross-sections, several river cross-sections are extracted at every 500-2,000 m interval.
These intervals are relatively similar to distances between cross-sections in 1D
hydrodynamic models for the Mekong Delta, e.g. ISIS (Van et al., 2012). The cross-
section spacing is still smaller than six times river width. If it is higher, the interpolated
bathymetry would miss the main morphologic features (Conner and Tonina, 2014).
Distances between cross-sections extracted depend on the river meandering. The river
segments bounded by the extracted cross-sections are as straight as possible. As a result,
there are 15 extracted cross-sections, with a number of 186 samples. This number of
samples is of about 9% of the total topographic samples. The remaining samples are used
to validate the proposed interpolating approach.

10
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Figure 2.1. Location of the Tieu branch and its bed topography collected by the
Southern Institute of Water Resources Research, Vietnam in 2010.
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Figure 2.2. Histogram of sample of the Tieu branch.

2.2.2 Selected methods for river bed topography interpolation

There is an increasing amount of interpolation methods applied for river topography
estimation (e.g. Bailly du Bois, 2011; Carter and Shankar, 1997; Caviedes-Voulliéme et

11
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al., 2014; Curtarelli et al., 2015; Merwade, 2009; Merwade et al., 2008; Zhang et al.,
2016). The most popular methods applied are IDW and OK methods. However, these
methods may be inefficient in cases of sparse and discrete samples. Therefore, we propose
an alternative interpolating approach and compare this to most applied methods, i.e. IDW,
OK and KED described below.

Inverse Distance Weighting

IDW is a deterministic interpolation method widely applied in GIS software packages (Li
and Heap, 2011). The values of non-sampled locations are estimated from the values of
several nearby sample points and weights of distances to these points. The values of non-
sampled points (Z) are computed by the equation 1.

n Zi
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where n is the number of sample points considered; z; is the value at the i location; d; is
the distance between the estimated point and sample point i and p is the exponent of a
power function. This formula includes two external factors influencing the estimated
value, namely the density of the considered sample points and the exponent. In order to
apply IDW to create topography, the important factor is the exponent p which accounts
for the importance of distance of different sample points. A higher exponent value puts
less importance to longer distance sample points. Commonly used values are p =1 or 2.
For the samples used in this study, the exponent value was set to two in the case with a
low sampling density.

Ordinary Kriging

OK is the most commonly used kriging method. OK estimates values at non-sampled
locations based on the spatial structure of sample points’ attribution. Similar to IDW, the
attribution of non-sampled points is estimated by neighbour sample points, but with
different weights. The weights in the kriging interpolation are statistically specified by
the semivariogram. The weight given to each observation depends on the degree of spatial
correlation. The semivariogram depicts the spatial autocorrelation of the sample points in
accordance to their distances and it is calculated by the following equation.

y(W) = (zi— zin)? ()

where z; is the depth value at the sample i; z;,, is the depth value of a neighbour sample,
with distance h from the i location; and n is the number of sample pairs.

12
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All pairs of the sample locations are plotted and a fitting model is used to present the
pattern of relationship. For selecting a fitting model, two components need to be
considered, encompassing the spatial autocorrelation and the semivariogram model. The
former is described by the sample data through certain characteristics which are the range,
the sill and the nugget. Semivariogram models are usually described by Exponential,
Spherical, Gaussian, Matern and Linear functions of which the most common type is the
Spherical function. In addition, the semivariograms can be defined for a specific direction.
However, in the case of meandering, it is really difficult to define a specific direction so
the direction is not taken into account in this study.

Kriging with External Drift

Obviously, a channel has a clear trend with aligning river banks following the flow
direction. Therefore, to consider effects of the channel direction, an external drift is
included in kriging interpolation, called KED. This dramatically reduces anisotropy
effects when taking into account the thalweg of a channel. Distance-to-thalweg is a crucial
factor to eliminate effects of anisotropy in interpolating river bathymetry (Wille, 2013).
In this case, the unknown samples are predicted as in kriging, but with a different
covariance matrix of residuals (Webster and Oliver, 2007). In this study, these
interpolation methods were implemented in the free software environment of R, with the
gstat geostatistics packages, introduced by Pebesma (2004).

Anisotropy-removed interpolation method

There are numerous studies using 1D models , e.g. for the Mekong Delta (Manh et al.,
2014; Tran et al., 2018; Triet et al., 2017; Van et al., 2012; Wassmann et al., 2004). The
data representing the river topography consist of cross-sections. In order to derive 2D
river topography from these cross-sections, an interpolation method is needed.

Isotropic interpolation methods are not suitable because of the anisotropic channel
morphology. Merwade et al. (2008) applied isotropic interpolation methods in a
transformed coordinate based on the central line while this study used a transformed
coordinate based on the river banks and the thalweg. This study introduces an
interpolation method specifically for this type of river topography data. The interpolation
process is illustrated by the following three steps and is implemented in Matlab.

- Step 1: The river segment is presented by an orthogonal and smooth curvilinear
grid. The grid is generated based on the river banks and the thalweg and it is processed to
be orthogonal and smooth in order to accurately represent the river wetted areas.
Figure 2.3 represents the referenced grid and the samples of cross-sections. The resolution

13



2. Spatial topographic interpolation for meandering channels

of the grid is fine enough to capture all the samples. This means that the grid sizes should
be smaller than the distance between the two closest samples.
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Figure 2.3. The grid used in interpolation (a) and the straightened grid transformed
into curvilinear coordinates (b). The green dashed line is the thalweg line and the blue
dots are sampling points for interpolation.

- Step 2: The cross-section data in a Cartesian coordination system is transformed
into a curvilinear coordinate. Specifically, the grid is straightened in the horizontal and
vertical coordinates, representing the longitudinal and cross directions of the river reach.
The curvilinear grid cells are converted to rectangular grid cells (Figure 2.3.).
Simultaneously, the samples are also located in the transformed coordinates. This step is
to reduce effects of anisotropy caused by river flows. In the transformed coordinates, the
river is presented as a rectangular reach. This general approach is also applied by
Merwade (2009). However, in case of meandering or braided channels, this approach may
be insufficient to reproduce continuous thalweg lines. It leads to misleading predictions
of the thalweg that generates unrealistic ripples between cross-sections. Therefore, we
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take the thalweg as a reference for coordinate transformation. The thalweg line, which is
the deepest path along the channel, is easily generated based on high resolution
bathymetry. However, it is difficult to identify the thalweg correctly in sparse data
channels. It is theoretically defined by the horizontal shapes of channels. For instance, the
thalweg would be near the outside bank of bends (Loucks, 2008). In these channels with
cross-section data, we suggest that the thalweg between their adjacent cross-sections
regularly moves along the channels between the thalweg locations on these cross-sections.

- Step 3: In the curvilinear coordinate system, the grid corners (unsampled points)
are estimated by any spatial interpolation. To interpolate the data between two cross-
sections, it is suggested to apply a linear interpolation method along the river (Deltares,
2018). Therefore, in this study, in order to maintain continuous wetted areas of river’s
interpolated cross-sections, we used a linear interpolation based on a triangulated
irregular network (TIN) which derives a bivariate function for each triangle to estimate
unsampled points’ depths (Mitas and Mitasova, 2005). This accepts the assumption that
the river bed topography has a continuous gradient between adjacent sample points (Sear
and Milne, 2000). Then the grid corners with estimated elevations in the curvilinear
coordinate are converted to the initial Cartesian coordinate system which is illustrated in
Figure 2.4. After transforming sample locations in Cartesian coordinates into the
curvilinear coordinate, the river topography can be estimated by commonly used spatial
interpolation methods. Some interpolation methods were selected to estimate river
topographies in the curvilinear coordinate, including linear interpolation, cubic spline
interpolation, natural neighbour interpolation, nearest-neighbour interpolation and IDW.
The results are presented in the Appendix.
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Figure 2.4. The estimated bathymetric elevations by the triangle-based interpolation (a)
and these elevations converted to a Cartesian coordination system (b).
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2.2.3 Calibration of ordinary kriging

To carry out an OK interpolation, nugget, sill, range and model type parameters are
empirically defined. This may lead to unexpected errors. To deal with this problem, we
combined the Monte Carlo approach with OK interpolation to optimize selecting
uncertain factors. As mentioned in the OK section, the semivariogram function qualifies
the spatial correlation of depth samples. From the spatial correlation analysis, the
parameters are selected by a fitting empirical semivariogram. Therefore, the Monte Carlo
approach is used. This approach is to randomly select a value of selected parameters from
the semivariogram outputs. The selected parameters are sill, nugget and range and model
type. Figure 2.5 depicts the semivariogram model of the interpolated samples. As a result,
a fitting Spherical model is empirically defined in which the nugget, partial sill and range
are 5, 10 and 8000, respectively. By applying the Monte Carlo approach, the kriging
interpolation is implemented in a large number of 1000 iterations. The partial sill, nugget
and range are selected in ranges of the model’s fitting values adding/subtracting a half of
these values. After each iteration, the correlation coefficient was recorded for each
interpolated dataset.
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Figure 2.5. The cross-section data (points) and the fitting Spherical model (line). The
nugget, partial sill and range are 5, 10 and 8000, respectively.
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2.2.4 Performance assessment

Cross-validation is commonly conducted to validate spatial interpolation methods
(Curtarelli et al., 2015; Zhang et al., 2016) . In general, the cross-validation is efficient in
the cases that the number of validating samples is much lower than the number of training
samples. However, in the situation that the number of validating samples is really larger
than the number of training samples, cross-validation is unnecessary.

The performance of the used interpolation methods is assessed by calculating errors
which can be presented by statistical indices. There are numerous indicators for
determining performance of interpolation methods. The three indices of coefficient of
correlation (R), root mean square error (RMSE), and bias are chosen to assess
interpolation method performance. R is the degree of relationship between estimation and
observation. An R value of 1 is the perfect correlation and indicates that estimation and
observation are equal. RMSE is an accuracy measure (Walther and Moore, 2005) which
is the standard deviation of the interpolation errors. A bias measure used is mean error
(ME) which is computed by mean difference between observations and estimates. The R,
RMSE and ME are computed as below.

_ n(¥s.0)— (Xs)(X o) (3)
JInEsz— (Es)2][nX 02— (T 0)?]

RMSE = |HE= 4)

ME=5- 6 (5)

where s is estimation, o is measurement and n is a number of samples.

2.3 RESULTS AND DISCUSSION

2.3.1 Calibration of ordinary kriging

The results of sensitivity analysis help to understand relationship of semivariogram
parameters and estimation accuracy and choose the optimal values of these parameters.
Figure 2.6 presents the results of sensitivity analysis in which correlations of OK
predictions and observations are interpreted by the nugget, sill, range and model type
parameters over 1000 iterations. The OK interpolation method is a stable interpolator
which estimates unsampled values in a reasonable agreement with measured data. R
values vary in a range from 0.5 to 0.75. R and nugget inversely relate, but R and partial
sill are positively related. Among the parameter sets in sensitivity analysis, the optimal
values of nugget and partial sill are 2 and 13 m2. This sill value of 15 is equal to the
values of the empirical fitting curve. It is found that the sill is easily defined when the
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2. Spatial topographic interpolation for meandering channels

spatial correlation of data starts levelling. Nonetheless, the optimal nugget in 1000
iterations is 2, smaller than that of the empirical fitting curve. Thus when analysing the
data, the nugget parameter is more difficult to define than the sill. As a result of the
analysis, the mentioned empirical leads to the best R of 0.7 while the optimal R increasing
to 0.75. In the sensitivity analysis, the random distances are selected from 4,000 m to
12,000 m. In fact, when the distances increase, the semivariances increase as well. This
means that when pairs of sample points are at large distance, they have less correlation.
Thus the range has a negative relationship with R. The optimal range is 4,250 m. This
distance is similar to the length of around 4 cross-section data. It means that river bed
topography has relation with the 4 closest cross-section data. In the cases that the samples
are uniformly or regularly distributed in space, OK is one of the best interpolators (e.g
Huang et al. 2015). However, spatial distribution of the cross-section data is clumped and
river bed topography is influenced by its flow directions. Thus the OK in Cartesian
coordinates is not capable of predicting river bed surfaces based on limited cross-sectional
data. Among the selected model types, interpolators with the spherical model result in the
highest R, peaking at 0.75. This indicates that the spherical function is the best fitting
model in this analysing data. The spherical models are commonly chosen for interpolating
river bed topography (e.g. Carter and Shankar, 1997; Zhang et al., 2016).
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Figure 2.6. Sensitivity analysis of semivariogram’s parameters.
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2.3.2 Interpolation of river bed topography

Figure 2.7 depicts interpolating results of AR, OK, KED and IDW interpolating methods
compared to the measured data. The river bed topography generated by the OK method
is the worst surface in comparison to measured data. It cannot produce the cross-section
shape. For instance, the western segment is a relatively flat bed and the thalweg is not
clearly visualized as in the measured data. Therefore, it is not capable of capturing the
general trend of river bed topography. In contrast, the three other methods generated
topographies in which the thalweg is reasonably captured. However, prediction errors are
different among these methods. The IDW interpolated topography has a slightly
discontinuous thalweg and a number of jags. These jags obviously appear in the middle
of cross-sections where the values of river bed topography are equally affected by the two
cross-sections. In order to reduce errors of the discontinuous thalweg problem, the
distance-to-thalweg factor was taken into account of the Kriging with External Drift
interpolator (KED). This approach is efficient in generating the thalweg in estimated
topography. Nevertheless, this topography has several artificial dunes along the river.
These dunes are apparent at shallow cross-sections. This discrepancy may be resulted
from the geostatistical approach. For river bed topography, it is better to apply
interpolation methods that assume a continuous gradient between sample points of cross-
sections. This is determined by the AR interpolated topography. After reducing
anisotropy effects, the topography is predicted by the linear interpolation method. The
results of AR interpolation approach have a good agreement with measured data as it is
able to capture the continuous thalweg and predict river bed topography accurately.
Nonetheless, there are differences in elevation especially at the southern river bank. The
river bank elevation is difficult to reproduce because the values of samples used in
interpolating dataset are not high as of measured samples. In an application of
hydrodynamic modeling, these errors of river bank elevation unlikely influence
hydrodynamic results because the river banks are usually dry areas. The difficulties of
bank elevations can be overcome by adding data from digital terrain models and
considering into interpolation.
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Figure 2.7. River bed surface estimations of the Cua Tieu branch by different
interpolation methods of anisotropy-removed interpolation (AR), Ordinary Kriging
(OK), Kriging with External Drift (KED) and Inverse Distance Weighting (IDW). The
black dots are samples which are used for interpolation.

2.3.3 Interpolation method validation

To quantify the accuracies of the applied method, the discrepancies between predictions
and measurements are interpreted by the indices of R, RMSE and ME. Figure 2.8 shows
scatterplots of predicted and measured topographies and the values of validating indices.
The AR method has the highest R of 0.97, followed by the IDW, KED and OK. These R
values indicate that the relationship between estimated and measured values have a strong
correlation. This determines that the AR method has better performance to simulate
variations of river bed topography. However, R cannot present the difference between
predictions and measurements. Thus, ME is a common bias measure computed to
quantify a system error of these methods. Generally, these methods are good estimators,
except for the OK. The AR, IDW and KED generate unbiased results, with absolute ME
values smaller than 0.1 m while the ME value of the OK is about 0.37 m. Then RMSE is
used to define accuracy of these predictors. An accurate method should be precise as it
predicts unsampled points with small variations. The highest RMSE values of
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approximately 2 m are for the OK and IDW estimator. The KED have values of 1.69 m.
The smallest variation is generated by the AR method, with RMSE of 0.74 m. By these
validating indices, it concluded that the AR method is a good estimator in predicting river
bed topography from cross-section data.

Although the AR is a good estimator, it still has a certain error. To give an insight into
further studies, spatial distribution of errors is depicted in Figure 2.9. It clearly show that
a high frequency of error samples occurs in areas where the river sides and bottom are
linked (around 100-200 m from the river banks). This holds for all four interpolating
methods. As a reason, the river in this case has U-shaped cross-sections so elevations in
this area are highly variable. Therefore, this characteristic should be noted when defining
representative cross-sections for interpolation.

The AR approach includes a combination of three steps and we found that the main step
for efficiently generating the river channel topography is coordinate conversion in which
samples in Cartesian coordinates are transformed into curvilinear coordinates based on
the river banks and the thalweg. For instance, the topography of the Tieu branch in the
curvilinear coordinate was estimated by some common interpolation methods. The results,
are shown in Figure 2.12 in the Appendix, have a good agreement with measured data.
These interpolation methods in the curvilinear coordinate generate accurate topographic
results. Noticeably, the IDW interpolator in the curvilinear coordinate performs a better
topography compared to in Catesian coordinates.

21



2. Spatial topographic interpolation for meandering channels

AR OK
0 e oS " I’ 0 I
R=0.97 LBV i R=0.76
-2} RMSE=074m L el -2} RMSE=1.96m 4 _
ME =-0.04 m R S ME = 0.37 m LW e
4l L J- ] 4l AR {gx! i
— oY % 3 " -t
E R
8 ° . ; l'"l" = i
= RS ""'.' '= ] 'g 3 - 5 1
© . . 4 ] alt : S 4 ’ A
E° ot ’ I DA
“— g X :: R . 1
{10 A 1 o |l .
. * : i !. . " :: ! i H
A0 L 1 12t
.8 :
SRy & . . 14 t
16 L : ‘ : -16 “— : : :
-15 -10 -5 0 -15 -10 -5 0
KED IDW
0 IRV or
R=0.85 ALl B L R = 0.64
2t RMSE=159m ;;‘r‘ * 2+ RMSE=237m
ME =-0.09 m . ':':-' -~ ME =-0.12 m
4t .. . E 4+
E \ i
s -6 .. -6+ R
2 # -y
© 8t -8 F ’-..- l“ .'
% . I | E 1 l ’
w -10 ¢ . 10tet
oo
A2 i 12
A4 [ -14 +
16 ¥ ' : : -16 : : :
-15 -10 -5 0 -15 -10 -5 0
Measurement (m) Measurement (m)

Figure 2.8. Scatter plots of depth samples of measurements and predictions by
interpolation methods of anisotropy-removed interpolation (AR), Ordinary Kriging
(OK), Kriging with External Drift (KED) and Inverse Distance Weighting (IDW).
Additionally, the performance of these methods are interpreted by indices of coefficient
of correlation (R), root mean square error (RMSE) and mean error (ME).
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Figure 2.9. Spatial distribution of errors generated by interpolators of anisotropy-
removed interpolation (AR), Ordinary Kriging (OK), Kriging with External Drift (KED)
and Inverse Distance Weighting (IDW).

2.3.4 Comparison of cross-sections and thalweg line

Figure 2.10 presents measurement and interpolation of the three selected cross-sections.
These cross-section were selected based on river widths, representing as narrow, medium
and wide cross-sections. These cross-sections are at the middle of the two adjacent cross-
sections used for interpolation, because the middle cross-sections have less influences of
these two adjacent cross-sections. In general, the cross-sections reconstructed by using
OK and IWD are flat and unrealistic. It obviously shows effects of OK and IWD
approaches. Specifically, this appeared to be caused by isotropic approaches for
interpolating river topography. In fact, when the directional characteristic of the river
topography was considered in KED interpolation, the cross-section shapes were
reproduced. The KED could be able to reproduce the shapes of cross-sections, but it could
generate cross-section elevation precisely (Figure 2.10). The AR approach is capable of
reconstructing cross-sections shape and elevation accurately. For instance, various
morphological singularities of the selected cross-sections were reproduced by using the
AR approach. However, there are slight discrepancies between measured and
reconstructed elevations. These discrepancies could be appeared when the samples used
for interpolation do not include morphological variations. This should be noted for field
measurement of river topography.

Figure 2.11 shows the thalweg profiles of measured data and topography reconstructed
by AR, IDW, OK and KED approaches. The IDW and OK dramatically underestimate
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thalweg elevations, but they can produce the slope of bed surface. The KED considering
the thalweg line also resulted in an unsatisfactory thalweg elevations. Although the KED
reasonably generated the thalweg line at the deepest region, it overestimated the
fluctuation of the thalweg. This led to non-realistic dunes and ripples in the interpolated
bed surface. The AR approach generated a good fit thalweg. It is able to capture the
variations of the river bed surface. Reconstructing thalweg line is highly sensitive to
cross-sectional inputs. For example, the deepest part is unlikely reproduced if its adjacent
cross-sections are used as inputs.
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Figure 2.10. Measured and interpolated data of the three selected cross-sections.
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Figure 2.11. Measured and interpolated data of the thalweg line.

Channel thalweg, as the natural direction of a watercourse, is an important factor to
reconstruct river topography. Incorporating the thalweg into the interpolator results in a
continuous deepest channel. This makes the bed surface reconstructed more accurate. We
introduced an efficient interpolation approach for generating river bathymetry from
sparse cross-sectional data. We also found that the linear interpolation method is
suggested for sparse data regions. However, it is difficult to identify the thalweg line
based on sparse data. We suggest to generate the thalweg line by connecting splines of
the deepest points from cross-section to cross-section. Besides, there is several studies
considering the center line for reconstructing river bathymetry (Goff and Nordfjord, 2004;
Legleiter and Kyriakidis, 2008; Merwade, 2009). This could lead to generating a
discontinuous thalweg channel. Chen and Liu (2017) used the interpolation methods,
namely linear interpolation, IDW and Natual Neighbor to resample cross-sections and
found that the linear interpolation is the most efficient method to reproduce smooth
topography and continuous thalweg trajectory.

2.4 CONCLUSIONS

We proposed an efficient and accurate interpolation approach to be applied for cases of
sparse data of river topography. The performance of this method is tested in the sparse
data and validated with a high spatial resolution of the Tieu estuarine branch. This
approach has better performance in comparison with the commonly used interpolation
methods of IDW, OK and KED. The major difference between these methods is that a
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channel-fitted coordinate was incorporated, so this is an essential step to reconstruct river
bed topography accurately.

From the results of this study, two major conclusions for interpolating river topographies
are drawn. First, excluding anisotropic effects of river topographies should be
implemented before applying spatial interpolation methods. River banks and thalwegs are
necessary references to diminish the anisotropic effects, especially in meandering rivers.
Second, linear interpolation method is one of the best methods to produce river
topography from cross-sections. This method generates smooth bed surfaces which are
better for hydrodynamic modeling. This study found that reducing anisotropic effects of
river channel topography is the main step to reproduce river topography and suggests to
convert from Cartesian coordinates to the curvilinear coordinate.

The AR approach for generating river bed topography is helpful in cases of data-poor
regions. It is more important when river bed topography plays a driven role in numerical
modeling. Moreover, this approach is crucial to generate topography of missing data cases.
The AR is quite flexible compared to some commercial GIS software. Further work will
consist of extension in order to generate banks elevations from LiDAR data or laser
scanning.
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0. Appendix

APPENDIX

In this section the results of some selected interpolation methods were obtained in the
transformed coordinate. The theory of these interpolation methods are described by de
Boor (2001), Mitas and Mitasova (2005) and Webster and Oliver (2007).
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Figure 2.12. Topographies of the Tieu branch interpolated by selected methods in the
transformed coordinate in comparison with measured data. The interpolated
topographies generated by each method are evaluated by statistical indices of

correlation (R), root mean squared error (RMSE) and mean error (ME).
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MULTI-SCALE SEDIMENT
MODEL ING?

Abstract

Fluvial sediment is the major source for the formation and development of the Mekong
Delta. This chapter aims to analyse the dynamics of suspended sedimentand to
investigate the roles of different processes in order to explore flux pattern changes. We
applied modeling on two scales, comprising a large-scale model (the whole delta) to
consider the upstream characteristics, particularly the Tonle Sap Lake's flood regulation,
and a smaller-scale model (tidal rivers and shelf) to understand the sediment processes on
the subaqueous delta. A comprehensive comparison to in-situ measurements and remote
sensing data demonstrated that the model is capable of qualitatively simulating sediment
dynamics on the subaqueous delta. It estimates that the Mekong River supplied an amount
of 41.5 mil tons from April 2014 to April 2015. A substantial amount of sediment
delivered by the Mekong River is deposited in front of the river mouths in the high flow
season and resuspended in the low flow season. A sensitivity analysis shows that waves,
baroclinic effects and bed composition strongly influence suspended sediment
distribution and transport on the shelf. Waves in particular play an essential role in
sediment resuspension. The development of this model is an important step towards an
operational model for scientific and engineering applications, since the model is capable
of predicting tidal propagation and discharge distribution through the main branches, and
in predicting the seasonal SSC and erosion/deposition patterns on the shelf, while it is
forced by readily available inputs: discharge at Kratie (Cambodia), GFS winds, ERA40
reanalysis waves, and TPXO 8v1 HR tidal forcing.

2 This chapter is based on:

Thanh, V. Q., Reyns, J., Wackerman, C., Eidam, E. F. and Roelvink, D.: Modelling suspended sediment
dynamics on the subaqueous delta of the Mekong River, Cont. Shelf Res., 147(August), 213-230,
doi:10.1016/j.csr.2017.07.013, 2017.



3. Multi-scale sediment modeling

3.1 INTRODUCTION

Deltas are low-lying plains with both riverine and marine influences (Nguyen Anh Duc,
2008). In these coastal environments, saline and fresh water, and riverine and marine
sediments mix. As such, deltas are nutrient-rich, and very productive ecological areas
with high biodiversity. Deltas have socio-economic importance, as they support up to
~500 million people (Syvitski et al., 2009). Consequently, deltas are heavily impacted by
human activities such as land-use changes, port development, land reclamation, diking,
damming of channels, dredging and sand mining. These anthropogenic factors add to
natural fluctuations and lead to modifications of hydrodynamics (Marineau and Wright,
2014), sediment discharge (Manh et al., 2015; Renaud et al., 2013), and morphology
(Dissanayake and Wurpts, 2013). Rivers have been used as a fresh water resource for
agricultural irrigation and hydropower dams, leading to changes in river morphology and
hydrodynamics (Anthony et al., 2015). In addition, deltas are highly vulnerable to climate
change, including sea level rise and other natural hazards (Renaud et al., 2013; Wong et
al., 2014). According to recent assessments, 40 deltas in the world are projected to be at
risk in terms of coastal erosion due to a decrease of sediment supply and due to sea level
rise in combination with subsidence (Wong et al., 2014). Among these, the Mekong Delta
is one of the deltas that are extremely vulnerable to predicted sea level rise by the year
2050 (Tri et al., 2013). The main reason for this vulnerability is that deltas are highly
dynamic areas that can be significantly impacted by changing environmental conditions.
They are low-lying areas (about 26,000 km2 in the world lying below local mean sea
level), which makes them vulnerable to sea level rise (Overeem and Syvitski, 2009).
Understanding systematic sediment dynamics of a delta is vital to assess impacts of the
mentioned factors.

In this study we focus on the Vietnamese Mekong Delta (VMD, Figure 3.1). It is home
to 17 million people and has been extremely modified by human interventions, such as
hydropower dams and sand mining (Anthony et al., 2015; Brunier et al., 2014; Cosslett
and Cosslett, 2014). Different approaches have been applied to understand sediment
dynamics in the VMD, including field data analyses (e.g. Hung et al., 2014a; Nowacki et
al., 2015; Wolanski et al., 1996), processing of satellite images (e.g. Heege et al., 2014;
Loisel etal., 2014) and numerical modeling (e.g. Xue etal., 2012; Manh et al., 2015; Vinh
et al., 2016). Among these approaches, modeling is a powerful tool for understanding
sediment dynamics in a complex system like the VMD, while the others could be used
for validating modeling work. Furthermore, modeling is not only helpful in explaining
sediment dynamics, but also in predicting bed composition changes under changing
forcing and boundary conditions.

A number of modeling studies have been carried out in order to understand
hydrodynamics and sediment transport in the Mekong Delta. For modeling on the scale
of the whole delta, Wassmann et al. (2004) conducted a study to assess impacts of sea
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level rise on rice production by using a 1D numerical model (VRSAP). Results show that

inundation in the VMD would shift significantly landward due to the projected sea level

rise. It can be concluded that the tide plays a significant role in the flood drainage in the

VMD. A similar inundated pattern was found by Van et al. (2012). They also applied a

1D hydrodynamic model (ISIS) which was used by the MRC (Mekong River Commission)
to study changes of flood characteristics under upstream development and sea level rise.

As a result, flooding caused by tides would be stronger due to sea level rise impacts, and

may lead to changes in sediment convergence near the river mouths. Manh et al. (2014)

estimated the spatial sediment distribution in the Mekong Delta by using a MIKE11

model to simulate rivers (1D) and floodplains (quasi-2D). The study indicated that more

than half (53%) of the sediment is transported to the VMD’s coastal areas via the Can

Tho and My Thuan distributaries, but the sediment dynamics in these areas have not been

investigated yet. Xing et al. (2017) investigated sand dynamics of the Song Hau branch

and morphological changes. Their model suggests that the ratio between seaward and

landward velocity will increase and morphology would be highly affected in the context

of relative sea level rise and delta plain subsidence. For the marine realm, Xue et al. (2012)
modelled the sediment budget for the Mekong Delta shelf by applying the COAWST
system (Warner et al., 2010). It was found that ~90% of total sediment derived from the

Mekong River is concentrated in the delta front zone. Although their study considered

interactions of wave, tides, and currents, the dynamical role of river mouths that are the

connections of river and ocean were not considered. Regarding the modeling of
connections of river and ocean, Vinh et al. (2016) modelled the variation of suspended

sediment concentration (SSC) as a function of the time-varying wave climate by using a
numerical model (Delft3D). Their domain covered the Mekong River from Can Tho (on

the Song Hau) and My Thuan (on the Song Tien) to the sea. Noticeably, the increase of
wave height would enhance sediment resuspension and expand the sediment plume

seaward along the delta front. The study is attractive in that it systematically explores the

sediment concentration and transport patterns as a function of the river discharge and

wind/wave conditions. However, since their study was applied for high flow and low flow
seasons separately, it could not reflect an important characteristic of sediment dynamics
on the shelf: during the high-flow season, a large amount of sediment coming from the

Mekong River is transported and deposited on the adjacent shelf (near river mouths), and

this sediment is resuspended and transported south-westward due to seasonal currents and

waves (Hein et al., 2013).

Therefore, the aims of this study are to analyse the dynamics of suspended sediment and
to investigate the roles of different processes leading to flux pattern changes using
physics-based models on hourly to seasonal timescales, and spatial scales ranging from
the entire VMD to a mangrove fringe. The models, which are forced by easily obtainable
open source data, are the key component toward developing an operational model train
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that will allow scientists and engineers to investigate the effects of changing forcing
and/or engineering works on sediment dynamics.

3.2 METHODOLOGY

For optimized modeling of a large area such as the Mekong Delta, multiscale modeling
has been used on two levels so far. The large scale Delft3D Flexible Mesh (Deltares, 2016)
model is used to generate boundary conditions for a coastal area Delft3D-4 model, and
its domain includes all main Mekong branches from Kratie, Cambodia to the Vietnamese
East (South China) Sea (Figure 3.1). The model is extended upriver to Kratie because
Kratie is the first main gauging station outside the tide-influenced zone. Based on
measured water levels at Kratie, the annual floods start when water levels increase over
20.9 m (MRC, 2007). The water regime in the delta is strongly regulated by the Tonle
Sap Lake levels. In this regard, water discharge from the Mekong River upstream of
Kratie is stored in the lake, which acts as a natural flood regulator for the Mekong Delta,
and includes the southern parts of Cambodia and the VMD (DHI, 2004). Additionally,
the lake can store approximately half of the total inflow from the Mekong River and then
release ~90% of outflow to the Mekong River (RoyalHaskoningDHV et al., 2010).
Therefore, the Tonle Sap Lake regulation is considered in the modeling.
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Figure 3.1. River bathymetry from cross-section interpolation and shelf bathymetry
from GEBCO (Weatherall et al., 2015) of the Mekong Delta, model network, and
measurement stations.

The small scale (Delft3D-4) model (Lesser et al., 2004) has a finer grid resolution and
focuses only on the estuaries of the main branches, the coastal areas, and the shelf. This
model allows investigations of the mechanisms of sediment dispersal on the subaqueous
delta due to coastal processes on a seasonal timescale. Hence, the small scale model has

33



3. Multi-scale sediment modeling

a fine grid resolution to better resolve the local flow characteristics, especially in the
estuaries. In order to optimize the computational time, this model is reduced in spatial
extent, covering the Song Hau and the Song Tien from Chau Doc and My Thuan
respectively, to the Vietnamese East Sea. The model extent on the shelf is approximately
70 km, which is enough to contain the sediment plumes completely.

The multiscale approach used in this study has advantages in large domains, such as the
Mekong Delta. Two versions of the physical-based models, namely Delft3D FM and
Delft3D-4 were used simultaneously to simulate hydrodynamics of the Mekong River
while suspended sediment transport is only computed by the Delft3D-4 model. The
Delft3D-4 model is capable of simulating the hydrodynamics and suspended sediment
transport for the whole Mekong Delta, but Delft3D-4 only calculates on structured grids.
Thus, applying the Delft3D FM model, with mixed structured and unstructured grids,
would be a preferred solution. However, the sediment module of Delft3D FM is not
validated yet. Therefore, we used these two models to optimize the computations.

3.3 MODEL DESCRIPTION

3.3.1 Delft3D-4

Delft3D-4 (structured, curvilinear version 4, as opposed to the unstructured, flexible mesh
version Delft3D-FM) is an integrated flow and transport modeling system that has been
developed by Deltares (Lesser et al., 2004). It can simulate two dimensional (depth-
averaged) or three dimensional unsteady flow and transport phenomena (including
sediment, temperature, salinity and passive tracers). It contains modules of flow, water
quality, ecology, waves and morphology. The Delft3D flow module solves the unsteady
shallow water equations (Deltares, 2014). In the horizontal, a curvilinear approach is
applied. In the vertical, the user can choose from grid systems that use sigma coordinates
or fixed Z coordinates. The wave module used in Delft3D is the third generation SWAN
model (Booij et al., 1999). The wave module can be coupled with the flow module in two
ways (online and offline coupling). Recently, Delft3D-4 has been widely used in different
applications in hydrodynamics (e.g. Garciaetal., 2015; Hasan et al., 2012; Lu etaal., 2015),
sediment transport (Gebrehiwot et al., 2014; Hu et al., 2009; Vinh et al., 2016), and
morphology (e.g. Dastgheib et al., 2008; Duong et al., 2012; van der Wegen et al., 2011,
Van der Wegen and Roelvink, 2012; Xing et al., 2017).
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3.4. Model setup

3.3.2 Delft3D Flexible Mesh (FM)

In this study an unstructured hydrodynamic model, Delft3D FM, has been applied to
simulate hydrodynamics and suspended sediment transport in the large scale. It is a 1D-
2D-3D model developed by Deltares, calculating on unstructured meshes, with different
shape of meshes, including triangles, rectangles, and pentagons (Deltares, 2020b). It
solves the 2-D and 3-D shallow water equations using finite volume techniques. Deltares
(2016); Kernkamp et al., (2011) and Martyr-Koller et al., (2017) describe the conceptual
model in detail. Generally, Delft3D FM and Delft3D-4 are similar; the most noticeable
difference between Delft3D-FLOW and Delft3D FM is the use of structured and
unstructured grids respectively. Although Delft3D FM still is under continuous
development, several studies have been implemented using Delft3D FM in salinity and
offline-coupling suspended sediment modeling (e.g. Achete et al., 2015).

3.4 MODEL SETUP

The land boundaries that are used for defining the modeling domains have been digitized
from a freely accessible satellite imagery (Google, 2016). There is some bathymetry data
available for the coastal and ocean areas of the Vietnamese East Sea such as GEBCO
(Weatherall et al.,, 2015) and ETOPO (Amante and Eakins, 2009). However, the
resolutions of these datasets (approximately 1 x 1 km2) are not sufficient for the
numerical modeling of rivers. For this reason, these data are used only for the open sea
parts of the domain. The river bathymetry has been generated by interpolating the
underlying cross-sectional data of a 1D model (Van et al., 2012). Additionally, the
bathymetry of coastal areas, particularly in the river mouths, was significantly updated by
recent measured data (Vo Luong, 2016, pers.comm.).

3.4.1 Set up of Delft3D FM

In the large scale model, unstructured grids containing orthogonal quadrangle and triangle
shapes are used to schematize the complex geometry of the Mekong River. Following
suggestions of Kernkamp et al. (2011), curvilinear-like geometry has been used for rivers
and sea areas while river junctions, river mouths, and complicated meandering rivers are
schematized by triangular nets for convenient connectivity. This strategy for grid creation
enhances computational accuracy. The model contains highly variable river widths and a
complex coastal zone, so the grid resolution is also highly spatially variable; average
resolutions range between 100-200 m, 300-600 m and 1000 m for connecting rivers, main
river branches, and sea areas, respectively. The large scale model used the 2D depth-
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3. Multi-scale sediment modeling

averaged setting. The upstream boundary at Kratie is defined by the total water discharge,
fed by data collected from the telemetry data of the local gauging station and the weekly
situation reports published by Mekong River Commission (MRC, 2016). The downstream
boundary conditions are composed of astronomic components, extracted as the 8 principal
tidal constituents from the global tide model TPXO 8v1 (Egbert and Erofeeva, 2002). On
the lateral offshore boundaries, a Neumann boundary condition is applied in order to
allow free development of cross-shore water level slopes and flow profiles due to effects
of tides, Coriolis, wind, and waves (Roelvink and Walstra, 2004). These prescribed
alongshore water level gradients are determined from the seaward alongshore water level
boundary conditions. This model excludes effects of waves since it is applied to simulate
river discharge distribution. Water levels in the model fluctuate considerably and the
Tonle Sap Lake plays a significant role in controlling the upstream discharge in the low
flow season. Therefore, the correct specification of the initial conditions is important in
order to reduce the required spin-up time of the simulations (Ji, 2008). The bottom
roughness is prescribed by spatial distributions of Manning coefficients, ranging from
0.032 to 0.016. The range of roughness coefficients is adapted from Manh et al. (2014)
and their distribution resembles the ones used by Vinh et al. (2016).

3.4.2 Set up of Delft3D-4

The computational domain and bathymetry used in the small scale model are presented
in Figure 3.2. The hydrodynamics and sediment transport of the small scale model is
modelled using a 3-D simulation with 10 vertical boundary-fitted sigma layers. The
boundary conditions were defined as total discharges on river boundaries, water levels
along the shore parallel offshore boundary and Neumann boundaries for the lateral
offshore boundaries (Figure 3.3). The river boundaries are obtained by nesting into the
large scale model. Tidal forcing is similar to the large-scale model; wave data on the
offshore  boundaries are derived from ERA Interim reanalysis data
(http://apps.ecmwf.int/datasets/data/interim-full-daily) extracted at point
(lat,lon)=(9°,106.5°).
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2014 2015

Figure 3.3. Time series of wind speed and direction, wave height (HmO), wave period
(Tp) and wave direction and total discharge used for forcing the Delft3D-4 model. In
the bottom panel the green line indicates the discharge at Kratie; the blue line the sum
of discharges computed by Delft3D-FM and imposed on the Delft3D-4 model. Red dots
in top five panels are running averages over a one-month period; in the bottom panel
over a 7-day period. The difference in discharge between Kratie and the sum of the
Mekong branches is due to buffering in Tonle Sap.

Suspended sediment in the Mekong Delta is fine sand/silt or cohesive, flocculating
material. According to measurements reported by Koehnken (2014), 98% of the total
suspended sediment load (by volume) in Tan Chau (for location, see Figure 3.1) is silt (2-
63 um) and clay (<2 um). The suspended sediment characteristics vary spatially in the
delta. Grain sizes are generally coarser upstream, and finer downstream (Gugliotta et al.,
2017). The median grain sizes ds, are 15 pm and 3.9 um in the upstream (near Tan Chau)
and downstream estuary reaches, respectively (Hung et al., 2014b; Wolanski et al., 1996).
Nevertheless, the sediment grain size may locally be larger due to flocculation. The
flocculated grain size of sediment was 40 pum based on analysis of Wolanski et al. (1996).
Recently, a study of sediment grain size in the Song Hau (Stephens et al., 2017) showed
that median grain sizes range from 5 pum to 20 um. Therefore, the uniform sediment grain
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size ds, of 15 um is used in our modeling. Additional sediment modeling parameters for
the fresh water areas are derived from extensive field-based experiments conducted by
Hung et al. (2014b). For saline reaches, sediment parameters are derived from Vinh et al.
(2016). Specifically, critical bed shear stresses for deposition z.,, and erosion t.;, are
1000 Pa (implying continuous deposition) and 0.2 Pa, respectively. This range covers the
bed shear stresses, which were generally <6 Pa and <2 Pa near the Song Hau mouth during
ebb and flood tides, respectively, in the high flow season (Mclachlan et al., 2017). The
constant erosion rate M is 2 x 10-5 kg/m?/s. Furthermore, settling velocities of sediment
in fresh and salt water are 0.05 and 0.325 mm/s, respectively. According to observations
of Mclachlan et al. (2017), the specific particle settling velocities ranged from 0.01 to 1
mm/s, varying substantially between ebb and flood tides, and in high flow and low flow
seasons.

3.5 MODEL VALIDATION

3.5.1 Model calibration
The large scale model (Delft3D FM)

The large scale model calibration was performed for the year of 2000 as a comprehensive
data set was available in order to compare the simulated characteristics in detail. The
relative mean absolute error (RMAE) is selected as an error statistic, following Sutherland
et al. (2004). The RMAE was calculated based on Equation 6.

RMAE = $57MD gy
[M|
where S and M are the mean of simulated and measured water levels at a station

respectively.

Water levels in the VMD stations sharply change between high flow and low flow seasons
so monthly RMAE values of 17 stations were calculated with the purpose of classifying
error variations due to effects of the seasonal changes. Typically, two-thirds of RMAE
values are in excellent and good classifications (Table 3.2 and Table 3.3 in Appendix)
according to Sutherland et al. (2004)’s scheme, indicating good agreement of simulations
and observations. Nonetheless, results for some stations (Can Tho, My Tho, and My
Thuan) in flood months are in the poor and bad categories. This result, most likely due to
the effect of incomplete bathymetry data, indicates a need for further model improvement.

Simulated and measured water levels and discharges in 2000 are illustrated in Figure 3.4
and Figure 3.5. Generally, the water levels reveal good agreement between simulation
and observation in terms of amplitude and phase. Although there are still absolute errors
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3. Multi-scale sediment modeling

at the troughs of the water level time series, the model correctly simulates tidal
propagation in the main branches of Mekong River. Throughout the year 2000, the
simulated discharges are overestimated in the high flow season, in particular, at the Vam
Nao station (in the flood zone) due to the lack of floodplain and lateral river system
schematizations. However, the model has better skill in the low flow season when the
water volumes are spatially constrained to the river bed. This result suggests that the
floodplain and lateral river systems should be included for better model performance.
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Figure 3.4. Model performance of water levels at selected stations in the VMD in 2000.
Left and right panels are along the Song Hau and Song Tien respectively. The top to
bottom panels present comparisons at stations in the upstream to river mouths of the
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Figure 3.5. Comparison of simulated and measured water discharges (m®/s) at Vam
Nao, Can Tho, and My Thuan stations over the year 2000 (left panels) and in March
2000 (right panels).

The small scale model (Delft3D-4)

Since the objective of the present modeling exercise is to understand the mechanisms of
seasonal sediment dynamics, modelled periods selected included the high flow and low
flow seasons. The small scale model was used to model the high flow season of 2014 and
the low flow season of 2015. The RMAE values of Chau Doc, Vam Nao, Can Tho, My
Thuan and Vam Kenh stations are 1, 0.58, 0.02, 0.53 and 0.24, respectively. These indices
reveal that the model performance is generally reasonable. The results are also evaluated
by the Skill value (Equation 7):

g SN (1Si—My)?
Skill =1 N (ISi—M;|—|M;—H;])? ()
where S and M are simulated and measured water levels, respectively, i is the hourly time
step, and N is the number of simulated hours. The Skill values of the 5 stations range from
0.85 to 0.95. In fact, the model closely reproduces the water levels as presented in
Figure 3.6.
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Figure 3.6. Model performance of water levels at the main stations in the VMD in 2015.
Red and blue lines are simulated and measured water levels, respectively.

To assess the general behaviour of the 3D distribution of the salinity over one-year
simulation, we analysed the monthly maximum salinity in the bottom layer (Figure 3.7)
and the monthly minimum salinity in the top layer (Figure 3.8). The first gives an
indication of the seasonal variability of the saline intrusion into the branches and shows
maximum saline intrusion in March extending just beyond the bifurcation in the Song
Hau; this is somewhat short of the observed intrusion length reported by Nowacki et al.
(2015) and Mclachlan et al. (2017), likely due to incomplete representation of the deeper
channels. However, the seasonal variation agrees well with observations (Figure 3.9).
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Figure 3.7. Monthly maximum salinity in the bottom layer over the simulated period of
2014-2015.

The extent of the freshwater plume is illustrated by the minimum salinity in the top layer
per month, and is obviously highly correlated with the discharge. Also, the plumes from
all branches are of similar importance and interact with each other, a clear reason to
include all major branches in the modeling. The plume is well contained within the model
and the flexible boundary conditions at the lateral NE and SW boundaries allow the south-
west going plume during the low flow season to exit the model undisturbed. The seasonal
pattern as expected shows north-eastward flow in August and September; the plume is
more variable in October and clearly shifts to south-westward flow in the low flow season.
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Figure 3.8. Minimum salinity in the top layer over the simulated period of 2014-2015.

For suspended sediment calibration, simulated results were temporally and spatially
compared to observed data. To calibrate SSC temporally, the simulated results were
compared to data collected by offshore in-situ measurements (Eidam et al., 2017).
Vertical structure of suspended sediment data was collected by an optical backscatter
sensor (OBS) during the high flow season of 2014 (29 Sept 2014) in front of the mouth
of the Song Hau (Figure 3.9). The simulated SSC and data from OBS is presented in
Figure 3.9, bottom panels. Absolute values of the sediment concentration differ for
various reasons, so at this stage we focus on the qualitative comparison between the
vertical distributions of observed and modelled sediment concentration throughout the
tidal cycle. There is a good agreement in the time of bottom sediment resuspension, and
the height to which this sediment is resuspended. At this depth and observation period,
the effect of wave stirring is not very important, as is shown by the results for the 'no
waves' run. The surface water is clearly identified in Figure 3.9, top panels, with a correct
representation of the less saline surface plume, which contains a significant concentration
of sediment, both in observations and in the model. Although the resolution of 10
equidistant sigma layers and a background vertical viscosity of 10-4 m?/s may lead to
some diffusion, the patterns are still relatively sharp both in salinity and sediment, and
qualitatively correct. Obviously, as shown for the results without salinity, this process is
not represented without considering the 3D stratification.
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Figure 3.9. Top panels: vertical structure of measured (left) and simulated (right)
salinity in front of the Song Hau mouth on 29" Sept 2014. Middle panels: vertical
structure of OBS response (left) and simulated sediment concentration (right) in front of
the Song Hau mouth on 29" Sept 2014. Bottom panels: same simulations without waves
(left) and without effect of salinity (right).

3.5.2 Model validation

In order to validate the spatial variability of the modelled SSC fields, we compared the
numerical results with selected satellite images collected by Wackerman et al. (2017) in
which there were distinct features related to the sediment plume from the Mekong
branches, both for the high flow season and the low flow season. Table 3.1 gives an
overview of the images and the hydrodynamic conditions during each image. The patterns
of simulated river plumes were compared to remotely sensed images in Figure 3.10 (high
flow) and Figure 3.11 (low flow). The model is generally able to model the river plumes
in the both high flow and low flow seasons. The simulated patterns of river plume extents
and alongshore SSC are compatible with observations of satellite images. Specifically,
the river plumes tend to the north-east in the high flow season Figure 3.10. Moreover, the
alongshore SSC patterns consistently appeared in both modelled results and satellite
images. It is noticed that though the patterns are similar, the scales are not the same in
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satellite-derived SSC and model results. Justification for this may be uncertainty in the
penetration depth for the remote sensing observations.

Table 3.1. Overview of satellite images and conditions during their capture.

Water Dischar Wave
Sensor Year | Month | Day [ hour | min | level 3 g height
e (m>/s)
(m) (m)
Landsat 8 2014 | 9 2 |3 |14 o1 17875 |05
Aqua
2 | avoosnkn | 2014 |9 23 |6 |o |1 736 0.7
3 | Tema 2014 | 9 24 |3 |40 |-04 |22851 |05
MODO2HKM ' '
4 | Terra 2015 | 3 3 3 40 -04 9704 0.9
5 | Tera 2015 | 3 5 |3 |30 |-11 [17398 |06
MODO2HKM ' '
6 | Rapid Eye 2015 | 3 17 |4 |10 o6 12517 |06
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Figure 3.10. Simulated SSC (left panels) and satellite images (right panels) collected
and converted to SSC values (kg/m®) using the ratio method (source: Wackerman et al.,
2017) during high flow season.
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Figure 3.11. Simulated SSC (left panels) and satellite images (right panels) collected
and converted to SSC values (kg/m®) using the ratio method (source: Wackerman et al.,
2017) during low flow season.
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3.6 RESULTS AND DISCUSSION

3.6.1 Seasonal sediment dynamics

In this study, the seasonal sediment dynamics are presented based on river flows, tides
and waves. The former are classified as low flow and high flow seasons to compare
variations of riverine sediment export to the sea. The tides are based on tide variations,
encompassing spring and neap tides as maximum and minimum tidal ranges; for each
tidal variation, suspended sediment in the surface layer is shown at high water slack
(HWS) and the following low water slack (LWS) when sediments can have a small and
large seaward extent, respectively. The waves are strong in the winter monsoon (the high
flow season), with wave heights of about 1m. Waves are smaller in the summer monsoon
(the low flow season) during which heights decrease to 0.5 m.

For the high flow season, distributions of sediment concentration are illustrated in
Figure 3.12. The farthest offshore sediment extent of the Song Hau was found at LWS
time of spring tide in the high flow season in which the contours of 0.05 kg/m?® sediment
concentration can reach as far as 20 km from the Song Hau mouth. Its dispersal is to
north-eastward directions due to the constraint of coastal currents. The flux patterns
reflect the interactions of river flow and coastal currents (Unverricht et al., 2013). In
contrast, small amounts of suspended sediment are exported beyond the river mouths
when water level is the highest during neap tides of the high flow season. The SSC
dynamics during tidal cycles were simultaneously found by McLachlan et al. (2017), with
the highest SSC (> 0.2 kg/m®) near the river mouth during spring tides and relatively
smaller SSC of < 0.2 kg/m? during neap tides.

For the low flow season, Figure 3.13 presents sediment concentrations during spring tide
and neap tide. Sediment concentrations in the river and shelf are low, except in the
nearshore region, because SSCs from the upstream (near Vam Nao station) are ~50%
lower than in the high flow season (Hung et al., 2014a). A considerable source of
alongshore sediment transport in the low flow season comes from the bed sediment layer
that was formed in the high flow season (Szczucinski et al., 2013; Xue et al., 2010). This
processed result is demonstrated in Figure 3.14.
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Figure 3.12. Simulated sediment concentration in the surface layer at HWS (left) and
LWS (right) of spring tide (top panels) and neap tide (bottom panels) in the high flow
season. The arrows are surface currents.
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Figure 3.13. Simulated sediment concentration in the surface layer at HWS (left) and
LWS (right) of spring tide (top panels) and neap tide (bottom panels) in the low flow
season. The arrows are surface currents.

3.6.2 Sediment flux

The totally cumulative sediment load through the river boundaries from April 2014 to
April 2015 is estimated to be ~41.5 million tons. High flow season (June to October)
sediment loads account for 90% and low flow season (November to May) sediment loads
account for only 10% of the total. The sediment load is approximately a quarter of the
commonly used estimate of 160 million tons/year (Milliman and Syvitski, 1992).
However, recent estimates were slightly lower, i.e., ~40 million tons/year in the Mekong
mouths (Nowacki et al., 2015). Noticeably, sediment load into the delta (through Tan
Chau and Chau Doc) was only over a half of total sediment load at Kratie (Manh et al.,
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2014). According to recent measurements by Lu et al. (2014), sediment discharge flowing
into the delta at Phnom Penh (in the Mekong mainstream, near the Tonle Sap confluence)
averaged 67 million tons/year from 2008 to 2010. The amount of sediment is trapped by
floodplains and river systems, so the remaining part, around 53% of the total sediment
load at Kratie, is transported through Can Tho and My Thuan (Manh et al., 2014). Manh
etal. (2014) presented that the sediment discharge through Can Tho and My Thuan ranges
from 25.9 to 50.5 million tons/year in low- and high-flow years. In this paper, an
estimated 31 million tons/year are accumulatively transported via Can Tho and My Thuan.
Furthermore, the ratio of sediment export of the Song Hau and Song Tien in the high flow
season closely fits with the rates calculated by Manh et al. (2014).

Figure 3.14 presents spatial distribution of cumulative sediment transport through the
cross-sections and sedimentation in the high flow and low flow seasons. The spatial
sediment transport has a similar pattern compared to Xue et al. (2012) and Vinh et al.
(2015) in general. Here, we describe the seasonal sediment transport processes on the
subaqueous delta based on the model. In the high flow season, sediment transport is
dominated by the river due to high water discharge from the river, when 90% of annual
sediment volume is discharged. Alongshore suspended sediment on the subaqueous delta
is transported north-eastward from the Song Hau mouth to the Song Tien mouth,
accounting for 4% of the total riverine sediment supply, while the remaining fluvial
sediment load is deposited in front of the river mouths (Figure 3.14) due to onshore
currents induced in bottom layers (Xue et al., 2012). In the low flow season, much less
sediment is exported from the river, but the alongshore sediment transport rate is nine
times higher than the sum of riverine sediment outputs. The strongest bottom stress occurs
due to waves and seasonal currents in this period, leading to resuspension of the sediment
layer that was deposited in the last flood season. Wave heights in this season are high,
fluctuating around 1 m and twice higher than in the high flow season (Figure 3.3; Eidam
etal., 2017). This process results in strong alongshore sediment transport south-westward.
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Figure 3.14. Sediment thickness layers at the end of the high flow season (left) and low
flow season (right). The arrows indicate cumulative suspended sediment transport
through cross-sections over the high flow and low flow season.

3.6.3 Sensitivity to salinity, waves and sediment processes

In this section we investigate the sensitivity of the seasonal behaviour of the sediment on
the shelf in response to salinity gradients, waves, and the bed sediment composition,
through analysis of monthly averaged patterns. This allows for a qualitative comparison
with the satellite data analysis (Figure 3.15) presented by Loisel et al. (2014).
Additionally, we look at time series of the sediment volume integrated over a number of
control areas. We carried out 4 simulations spanning a year (1 Apr 2014 thru 1 Apr 2015),
which included both measurement campaigns and the most important part of the seasonal
cycle. The forcing conditions were as shown in Figure 3.3. Four simulations were carried
out:

1. WavesSal: a base simulation with one mud fraction with a uniform fall velocity
of 0.0325 m/s and no sand; with wave forcing and 3D salinity effects.

2. NoWavesSal: same as WavesSal but with wave forcing turned off
3. WavesNoSal: same as WavesSal but with uniform salinity

4. WavesSalSand: same as WavesSal but with a more complex representation of
sediment processes: an initial 2 m thick sand layer with d50 of 0.11 mm and (on
top of that) an initial mud layer of 1 mm with fall velocity ranging from 0.05 mm/s
in fresh water to 0.325 mm/s in saline water, cf. Vinh et al. (2016). The bed
composition in this case was described by a transport layer of 10 cm thickness, 20
layers of 10 cm thickness, and a flexible underlayer.
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The base simulation WavesSal (Figure 3.16) shows patterns rather similar to the multi-
year monthly averaged results shown in Loisel et al. (2014). In general the region of high
SSCs remains near to the coast. September and October show the highest concentrations
in the estuary mouths as a result of the high-discharge, sediment-laden flood flows. As
the wind pattern shifts in September towards north-easterly directions, the plume turns
southward and hugs the coast. The sediment deposited during the high flow season,
mostly on the edge of the delta front, is strongly resuspended by waves and currents in
December and January. The strongly reduced riverine output in February, March, and
April and the depletion of the sedimentation areas leads to strongly reduced
concentrations throughout, though nearshore SSC remains relatively high due to the
combined effect of wave stirring and the cross-shore gravitational circulation with an
onshore-directed near-bed current. A striking resemblance with the observed patterns is
found in the increase of suspended sediment towards the south of the Ca Mau Cape.

The sensitivity of the SSC patterns to the different scenarios is illustrated for the months
of September (the high flow season), January and March (the low flow season,
Figure 3.17). The effect of waves is clearly visible in the comparison between WavesSal
and NoWavesSal; concentrations in the nearshore area and on the delta front are generally
lower without the additional stirring effect of the waves.

The effect of no salinity gradients is mainly to spread the sediment farther over the shelf,
due to two mechanisms: the sediment is spread more evenly throughout the vertical water
column since there is no reduction in the vertical diffusivity due to buoyancy effects, and
there is no near-bed onshore gravitational circulation. Together these effects lead to a
marked reduction in the nearshore SSC.

In the WaveSalSand simulation, where the sandy bed layers are added, the longshore
extent of the sediment plume is sharply decreased. SSC is substantially concentrated in
front of and in between of the river mouths. In addition, the nearshore SSC is negligible
even when the strongest currents occur in December and January. This is caused by the
effect of the initially mostly sandy mixing layer, where resuspension of the mud is
proportional to the fraction of mud present; it takes time for an equilibrium bed
composition to develop, which happens quickly on the delta front but probably takes
several years further away from the mouths. Therefore, although the description of
sediment for this run is more complete, the SSC patterns on a larger scale are less reliable
than the WavesSal simulation with a single fraction.
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Figure 3.15. MERIS-derived monthly averaged SSC patterns (source: Loisel et al.,
2014).
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3.6.4 Temporal-spatial distribution of at-bed sediment volume

To further illustrate the sedimentation/erosion behaviour on hourly to seasonal timescales
we analyse the time series of at-bed fine sediment volume integrated over the areas
indicated in Figure 3.18. These areas were classified, referring to the regional burial rates
calculation in DeMaster et al. (2017). These areas includes the areas of the Song Hau
mouth (BassacMouth), the mouth of the main Song Tien’s branch (MekongMouth) and
the mouth of the other Song Tien’s branches (SaigonMouth). The shelf was divided into
3 areas of the northern proximal (ShelfNorth), the southern proximal (ShelfMid) and the
central-distal (ShelfSouth).
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Figure 3.18. Control areas for sediment volume calculations.

The resulting time series of total volume per control area are shown in Figure 3.19. In the
base case, WavesSal, the sediment volumes in the river mouths increase during the high
flow season, in a relatively smooth way; during October they remain more or less constant
and then, as wave action increases and discharges decrease, the deposited material is
resuspended and transported southward. In the simulations with only a mud fraction, all
material including the 1 mm initial mud layer is eroded away and net sedimentation is
negative, or, if there had not been any sediment to begin with, would have been zero.
There is definitely some fine sediment in the bed, so this does not appear realistic, and is
one reason why the simulation with an additional sand layer was executed. For that
simulation, the mud deposited in the mouths is mixed with sand in the mixing layer and
thus becomes more difficult to erode; hence between one-third and two-thirds of the
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deposited mud remains in the mouths, mostly at the edge of the delta front. In the shelf
control areas, most of the sedimentation takes place in the mid shelf area in front of the
mouths; also here all sediment is eroded away. In the north shelf the balance is around
zero during the high flow season and then all is eroded during the low flow season and
northeast monsoon. The south shelf area fluctuates around zero during the time that
sediment passes by from the north and due to local resuspension and deposition during
and after wave events, respectively. With the sand layer added, these areas turn into sinks
for the fine sediment and all that is deposited remains there. Clearly reality must be
somewhere between the WavesSal and WavesSalSand simulations.

Turning off wave effects has a notable impact in the river mouths, where the erosion after
the high flow season is much less pronounced and a small net sedimentation remains. On
the shelf the effect is less pronounced but still significant: the north shelf erodes less than
with waves, and the remaining sediment does not make it to the south shelf.

The effect of salinity gradients is to keep the sediment much closer to the coast. The
sedimentation in the mouths is less and therefore there is more sedimentation on the shelf
when the salinity gradients disappeared.

We may conclude from these results that though the general trends of seasonal deposition
and erosion are realistic, the role of the bed composition processes on the concentration
patterns and on the net sedimentation or erosion is very significant. For further studies,
we need to consider these in more detail and through much longer simulations.
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Figure 3.19. Sediment volume variation of control areas.
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3.7 CONCLUSIONS

We applied process-based models to simulate present-day sediment transport processes
in the Mekong delta. The multiscale modeling approach combines accurate modeling of
the seasonal and interannual variation of the water and sediment fluxes throughout the
entire Mekong delta with more detailed 3D modeling of the estuarine and shelf processes.
Although there are some discrepancies between simulation and observation, this may be
improved by adding lateral channel networks and the floodplain system. With regard to
sediment and salinity dynamics, the model simulates the vertical distribution of salinity
reasonably well, compared to in-situ data. Moreover, the detailed model snapshots of the
sediment plumes show reasonable agreement with satellite-derived SSC fields from
Wackerman et al. (2017), and monthly averaged SSC patterns are in general agreement
with satellite-derived monthly climatologies presented by Loisel et al. (2014).

Seasonal sediment transport changes are strongly modulated by river discharges and
monsoons. The seasonal sediment dynamics can be summarised as follows: (i) in the high
flow season, the Mekong River delivers a large amount of sediment that is deposited on
the delta front due to coastal processes (waves and currents); (ii) in the low flow season,
while delivered volumes of riverine sediment substantially decrease, waves and currents
have an important role in resuspending the sediment layer formed during the former flood
season. Furthermore, the sediment movement depends on the direction of the monsoon,
which determines the sediment plume dispersal patterns.

Three additional simulations were carried out to analyse effects of salinity, waves and
sediment composition on sediment dynamics. The sensitivity analysis revealed that
without wave effects, the nearshore SSC is considerably reduced in absence of wave-
induced stirring. The SSC field expands farther seaward in conditions of constant salinity
gradients because there is no decrease of vertical diffusivity due to buoyancy effects and
no gravitational circulation. In the simulation wherein sand fractions are added, the
suspended sediment concentrations primarily fluctuate in the river mouth fronts and the
alongshore sediment transport is reduced. This fluctuation is a numerical morphological
spin-up effect as the bed composition needs time to develop into a well-mixed bed, a
period during which excessive amounts of mud are trapped within the mixing layer. This
result highlights the need to carry out multi-year simulations, using morphological
acceleration and input reduction techniques where needed.
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APPENDIX
Table 3.2. Relative Mean Absolute Error values of water levels along the Song Hau
Station | ChauDoc | VamNao | LongXuyen | CanTho | DaiNgai | TranDe | DinhAn

Jan 0.511 0.422 0.422 0.194 0.182 0.204 0.431
Feb 0.493 0.425 0.412 0.155 0.174 0.171 0.395
Mar 0.404 0.328 0.293 0.011 0.110 0.052 0.296
Apr 0.173 0.032 0.116 0.383 0.198 0.165 0.087
May 0.018 0.216 0.353 0.649 0.337 0.279 0.016
Jun 0.153 0.404 0.571 1.051 0.528 0.415 0.143
Jul 0.247 0.556 0.760 1.680 0.711 0.417 0.127
Aug 0.061 0.247 0.431 1.625 0.736 0.505 0.228
Sep 0.057 0.338 0.483 1.492 0.559 0.228 0.037
Oct 0.177 0.033 0.080 0.695 0.179 0.065 0.184
Nov 0.392 0.238 0.247 0.005 0.235 0.233 0.448
Dec 0.401 0.256 0.253 0.042 0.183 0.174

Error classification of Sutherland et al. (2004)

<0.2
0.2-0.4
0.4-0.7
0.7-1.0
>1
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Table 3.3. Relative Mean Absolute Error values of water levels along the Song Tien

Station Tan Chau | My Thuan | My Hoa | My Tho | TraVinh | Hoa Binh | Ben Trai | An Thuan | Binh Dai | Vam Kenh
Jan 0.412 0.411 0.263 0.193 0.260 0.118 0.271 0.271 0.188 0.036
Feb 0.382 0.379 0.231 0.167 0.208 0.071 0.208 0.247 0.156 0.011
Mar 0.260 0.229 0.138 0.102 0.114 0.018 0.144 0.158 0.076 0.023
Apr 0.051 0.201 0.206 0.231 0.204 0.249 0.171 0.135 0.221 0.306
May 0.206 0.492 0.392 0.452 0.359 0.443 0.305 0.296 0.356 0.467
Jun 0.258 0.798 0.597 0.786 0.503 0.644 0.417 0.456 0.545 0.664
Jul 0.332 1.150 0.725 1.029 0.533 0.781 0.422 0.453 0.564 0.708
Aug 0.098 0.936 0.743 1.172 0.537 0.821 0.433 0.460 0.600 0.735
Sep 0.213 0.622 0.461 0.885 0.182 0.494 0.133 0.160 0.301 0.421
Oct 0.007 0.114 0.127 0.365 0.076 0.211 0.053 0.011 0.083 0.244
Nov 0.214 0.233 0.276 0.086 0.375 0.133 0.367 0.349 0.241 0.103
Dec 0.239 0.269 0.213 0.086 0.271 0.086 0.299 0.265 0.199 0.037







FLOODING IN THE MEKONG
DELTA: THE IMPACT OF DYKE
SYSTEMS ON DOWNSTREAM
HYDRODYNAMICS®

Abstract

Building high dykes is a common measure of coping with floods and plays an important
role in agricultural management in the Vietnamese Mekong Delta. However, the
construction of high dykes causes considerable changes in hydrodynamics of the Mekong
River. This paper aims to assess the impact of the high-dyke system on water level
fluctuations and tidal propagation in the Mekong River branches. We developed a coupled
1-D to 2-D unstructured grid using Delft3D Flexible Mesh software. The model domain
covered the Mekong Delta extending to the East (South China Sea) and West (Gulf of
Thailand) seas, while the scenarios included the presence of high dykes in the Long
Xuyen Quadrangle (LXQ), the Plain of Reeds (PoR) and the Trans-Bassac regions. The
model was calibrated for the year 2000 high-flow season. Results show that the inclusion
of high dykes changes the percentages of seaward outflow through the different Mekong
branches and slightly redistributes flow over the low-flow and high-flow seasons. The
LXQ and PoR high dykes result in an increase in the daily mean water levels and a
decrease in the tidal amplitudes in their adjacent river branches. Moreover, the different
high-dyke systems not only have an influence on the hydrodynamics in their own branch,

3 This chapter is based on:

Thanh, V. Q., Roelvink, D., van Der Wegen, M., Reyns, J., Kernkamp, H., Vinh, G. Van and Linh, V. T.
P.: Flooding in the Mekong Delta: the impact of dyke systems on downstream hydrodynamics, Hydrol.
Earth Syst. Sci., 24, 189-212, 2020.



4. Flooding in the Mekong Delta: the impact of dyke systems on downstream hydrodynamics

but also influence other branches due to the Vam Nao connecting channel. These
conclusions also hold for the extreme flood scenarios of 1981 and 1991 that had larger
peak flows but smaller flood volumes. Peak flood water levels in the Mekong Delta
in 1981 and 1991 are comparable to the 2000 flood as peak floods decrease and elongate
due to upstream flooding in Cambodia. Future studies will focus on sediment pathways
and distribution as well as climate change impact assessment.

4.1 INTRODUCTION

Rivers are the major source of fresh water for human use (Syvitski and Kettner, 2011). In
addition, the fresh water supply is an important resource for ecosystems. When river
discharge exceeds the bankfull discharge, the floodplains inundate. Fluvial floods cause
both advantages and disadvantages for local residents. Floods are the main source of fresh
water supply and deliver sediments that act as a natural and valuable fertiliser source for
agricultural crops (Chapman and Darby, 2016). This is an important process in the
Mekong Delta as the majority of local citizens are farmers. In contrast, extreme floods
may damage both crops and infrastructure.

In order to maintain agricultural cultivation during the high-flow seasons, dyke rings have
been built to protect agricultural crops in the Vietnamese Mekong Delta (VMD). As a
result, the river system in the VMD has significantly changed, especially following the
severe floods in 2000 (Biggs et al., 2009; Renaud and Kuenzer, 2012). A dense canal
system has been created in flood-prone areas to efficiently drain flood waters from the
Long Xuyen Quadrangle and the Plain of Reeds to the West Sea (Gulf of Thailand) and
to the Vamco River respectively (Figure 4.1).
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Figure 4.1. Location of the Mekong Delta. Adapted from the Department of Agriculture
and Rural Development of An Giang and Dong Thap (2012).
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Recently, large hydraulic structures have been built not only in the flood-prone areas but
also in coastal areas to protect cropping systems from saline intrusion. Therefore,
hydrodynamic processes have changed considerably. Understanding the prevailing
hydrodynamics is essential for sustainable water management in these regions.

The high-dyke system is intended to reduce local natural flood hazards but may alter the
hazard downstream (Triet et al., 2017). Furthermore, this system also increases the
potential risk due to dyke breaks. Following different approaches, Tran et al. (2018) found
that the high-dyke system upstream of the VMD causes an increase in the peak water
levels in downstream areas. However, water levels at these downstream stations are
dominated by tidal motion. In fact, tides may result in an increase in water levels in the
central VMD. Thus, an analysis of tidal fluctuation is needed to investigate water level
changes on the Mekong River. The high-dyke system may be an important factor, but sea
level rise in combination with land subsidence enhances peak water levels at the central
stations to a larger extent (Triet et al., 2017). The high-dyke system influences not only
the downstream hydrodynamics by reducing inundated floodplain areas, but also impacts
fluvial sediment deposition on floodplains.

There are a number of large-scale numerical models used to simulate the annual floods
and suspended sediment transport and to evaluate the impacts of dyke construction in the
Mekong Delta (Manh et al., 2014; Tran et al., 2018; Triet et al., 2017; Van et al., 2012;
Wassmann et al., 2004). For instance, Tran et al. (2018) investigated the impacts of the
upstream high-dyke system on the downstream part of the VMD. Using a MIKE
hydrodynamic model for the Mekong Delta, they found that the high-dyke system in the
Long Xuyen Quadrangle (LXQ) can reduce the discharge of the Tien River, diverting
around 7 % of the total volume to the Hau River. In addition, the yearly discharge
variations have slight effects on the peak water levels at the Can Tho station, while Triet
et al. (2017) found that the high-dyke system caused an increase from 9 to 13 ¢cm in the
flood peaks at the central VMD stations. Moreover, Triet et al. (2017) showed that the
development of the dyke system upstream of the VMD reduced flood retention in this
area, leading to an increase of 13.5 and 8.1 cm in the peak water levels in the downstream
part of the VMD at Can Tho and My Thuan respectively.

The above-mentioned studies evaluated the impact of high dykes in the LXQ and the high
dykes developed up until 2011. However, the impacts of the other floodplain regions need
to be considered, including the LXQ, the Plain of Reeds (PoR) and Trans-Bassac.
Additionally, Manh et al. (2014), Tran et al. (2018), and Triet et al. (2017) used a common
1-D version of the MIKE11 model for the Mekong Delta, and the downstream boundaries
are defined at the Mekong's river mouths. However, Kuang et al. (2017) found that river
flows can contribute to a rise in the water level at the river mouths. Thus, in the present
study another modeling approach is used in order to address these issues.
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This study aims to assess the impacts of the high-dyke system on water level fluctuation
and tidal propagation in the Mekong River branches. An unstructured, combined 1-D to
2-D grid is used to simulate the flood dynamics in 2000. The model domain covers the
Mekong Delta and extends from Kratie in Cambodia to the East (South China Sea) and
West (Gulf of Thailand) seas. Simulated scenarios present the impact of high dykes in
different floodplain regions and the entire VMD. The specific objectives are

- todevelop a calibrated and validated hydrodynamic model using Delft3D Flexible
Mesh that is able to simulate the annual floods in the Mekong Delta;

- to analyse the spatial-temporal distribution of the Mekong River's flows for
different extreme river flow scenarios; and

- to evaluate how the development of high dykes, which are built to protect
floodplains, influences the downstream hydrodynamics, particularly with respect
to tidal propagation.

4.1.1 The Mekong Delta

The Mekong is one the largest rivers in the world (MRC, 2010). It starts in Tibet (China)
and flows through five riparian countries before reaching the ocean via (originally nine
branches but now) seven estuaries. It has a length of 4800 km and a total catchment area
of 795 000 km? (MRC, 2005). The Mekong Delta starts in Phnom Penh (Figure 4.1),
where the Mekong River is separated into two branches, namely the Mekong and the
Bassac (Gupta and Liew, 2007; Renaud et al., 2013). The Mekong Delta is formed by
sediment deposition from the Mekong River, which provides an annual water volume of
416 km® as well as 73 Mt yr ! of sediment at Kratie, which is mainly distributed in the
high-flow season (Koehnken, 2014; MRC, 2005). The Mekong Delta has a complex river
network, especially in the Vietnamese region. The Mekong Delta's river network is
illustrated in Figure 4.2. It has resulted from extensive artificial canal development that
began in 1819 (Hung, 2011).

Regarding land resources, the VMD area comprises about 4x10° ha, and three-quarters of
this region is used for agricultural production (Kakonen, 2008). The livelihoods of the
local citizens are primarily based on agriculture and aquaculture. Thus, the river
infrastructure has been developing with agriculture as a priority. The area provides just
over half of the rice yields in Vietnam and provides up to approximately 90 % of the
exported rice yields from Vietnam (GSOVN, 2010). However, the rice cultivation is
highly influenced by annual floods (MRC, 2009a).

The most intensive agricultural production in the VMD is found in An Giang Province
(Figure 4.2). Although it is also a flood-prone area, the inundation periods are slightly
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shorter due to flood withdraw to the West Sea. In the deep flooded zones (the Long Xuyen
Quadrangle and the Plain of Reeds), high dykes have been densely constructed in the
downstream direction. This is due to the fact that the areas downstream of the LXQ and
PoR experience low flood peaks, meaning that the dyke rings do not need to be as high
as they do in the regions upstream of the LXQ and PoR.
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Figure 4.2. Spatial distribution of high dykes that were built up until 2011. The high
dykes are presented by district. The number of high dykes (N) is shown as well as the
area that they protect (S) in square kilometres (km?). Adapted from the Department of

Agriculture and Rural Development of An Giang and Dong Thap (2012).

The Mekong Delta is dominated by a tropical monsoonal climate. There are two dominant
monsoons. The southwest monsoon occurs from May to October, coinciding with the
high-flow season. The other, drier monsoon period is from November to March and is
followed by a transition period (MRC, 2010). The mean temperature is approximately
26.5°C. Although the climate is seasonally changing, monthly average temperature
differences are 4 °C between the hottest and coldest months (Lé Sam, 1996). However,
seasonal rainfall is drastically different in terms of time and space. The high-flow season
contributes approximately 90 % of the total annual rainfall intensity, whereas the low-
flow season (from December to April) accounts for 10 % of the total rainfall. The yearly
mean rainfall is about 1,600 mm in the VMD. The highest rainfall is found in the western
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coastal area of the Mekong Delta and ranges between 2,000 and 2,400 mm. The eastern
coast receives about 1,600 mm of rainfall, whereas the lowest rainfall is recorded in the
centre of the VMD (Lé Sam, 1996; Thanh et al., 2014).

4.1.2 High-dyke development in the Viethamese Mekong Delta

The Mekong Delta has been modified extensively over the last 2 decades following the
devastating flood in 2000. One noticeable change is the hydraulic infrastructure,
especially the dyke development. Before the dykes were built, a dense canal network was
developed to drain floods to the West Sea and to clean acid sulfate soils.

Depending on the dyke function, dykes can be classified into two categories. Low dykes
are built to protect the rice harvest from summer—autumn crops in August. This is the
rising phase of the annual floods. The low dykes allow flood overflows and the inundation
of floodplains, so the crests of low dykes are designed to just equal the maximum water
level in August. High dykes are constructed in order to completely prevent the annual
floods and enable intensive agricultural production. Generally high dykes are designed at
a crest level of 0.5 m above the year 2000 flood peak. The 2000 flood was a severe event
that has a 50-year recurrence interval in terms of flood volume (MRC, 2005). In An Giang,
there are two types of high dykes. The first type of high dyke only has a single dyke ring.
The hydrodynamics just outside of the dyke ring are dominated by floods. These dykes
have a straightforward floodplain protection function but a high risk of breaching. The
other type of high dyke contains the above-mentioned single dyke ring which is then
protected by a large outer dyke. The hydrodynamics outside of these high dykes are
controlled by structures (sluice gates) in the outer dyke.

Several studies have mapped the high dykes in the VMD using remotely sensed images
(e.g. Duong et al., 2016; Fujihara et al., 2016; Kuenzer et al., 2013). Using this method,
the high dykes are identified via flooded and non-flooded areas. However, these results
are easily affected by the water management of the high-dyke rings. For example, in An
Giang, the high-dyke areas are managed according to the 3+3+2 cropping cycle rule. In
other words, these areas are cultivated for eight (3+3+2) agricultural crops over 3 years
and are allowed to inundate during part of the year once every 3 years. Thus, the results
need to be verified with observations to ensure the reliability of the maps.

High dykes were rarely constructed in the VMD before 2000 (Duong et al., 2016).
However, as previously stated, the year 2000 historical flood caused enormous damage
to infrastructure and residents' properties. After the flood event, the local authorities
planned and built a cascade of high dykes in order to protect residents as well as
crops, which are the major livelihood in this region. In addition, the VMD has great
potential with respect to the intensification of agricultural production. In 2009, the area
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protected by high dykes was about 1,222 km?, covering around 35 % of An Giang
Province; in 2011, this percentage had increased to over 40 % (about 1,431 km?). Dong
Thap has a much lower coverage of about 30 %, corresponding to an area of 990 km?;
however, Dong Thap has deep, inundated areas and its soil contains a high concentration
of sulfates, resulting in a low potential for agriculture (Kakonen, 2008).

Figure 4.2 presents the numbers of high dykes and the areas protected by these structures
by district in An Giang and Dong Thap provinces until 2011. In 2011, the number of high
dykes in An Giang and Dong Thap were 329 and 657 respectively. The total area
protected by high dykes in An Giang was larger than in Dong Thap (about 14 compared
with 10 km2 respectively). As a result, the mean area of a high dyke in An Giang is larger
than in Dong Thap. In fact, high dykes are located mainly along the banks of the Tien
River and Hau River (Figure 4.2), where the soils are alluvial (Nguyen et al., 2015).

4.1.3 Flood dynamics in the Mekong Delta

The Mekong Delta is spatially separated into inner and outer sections. The former is
dominated by fluvial processes, whereas the latter is dominated by marine processes,
including tides and waves (Ta et al., 2002). The Mekong River supplies approximately
416 km® of water annually, or 13 200 m3 s—1 through Kratie on average (MRC, 2005).
Figure 4.3 shows that water discharge varies from 1700 to 40 000 m3 s—1 between the
low-flow and high-flow seasons (Frappart et al., 2006; Le et al., 2007; MRC, 2009b;
Wolanski et al., 1996). During the high-flow season, high water discharge causes
inundation in the delta floodplains in Cambodia and Vietnam. The annual floods in the
Mekong Delta can be indicated by their peaks and volumes. The analysis of flood peaks
and volumes at Kratie from 1961 to 2017 shows that the floods in 1991 and 2000 were
extreme (Figure 4.4).
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Figure 4.3. Temporal distribution of daily water discharge at Kratie (available data
from Darby et al., 2016).
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Figure 4.4. The annual flood peaks and volumes at Kratie from 1961 to 2017. The

green and black boxes indicate significant (mean £ SD) and extreme (mean £ 2 SD)

drought or flood years respectively (SD refers to standard deviation).

From Kratie to Phnom Penh, the hydrodynamics of the Mekong River are dominated by
fluvial flows. The river banks are lower than the water levels in the high-flow seasons,
which leads to water overflow into the floodplains. The floodplains on the west side
convey water to the Tonle Sap River, while the flood water flows into the Tonle Touch
River on the east side (Figure 4.1). The floodplains on the west receive less water than
those on the east, with water volumes of 24.7 and 35.4 km? respectively. The peak
discharges of the Mekong River to the respective left and right floodplains are
approximately 5,400 and 7,800 m®s* (Fujii et al., 2003). These floodplains in
combination with the Tonle Sap River encompass about half of the Mekong's peak
discharge.
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At Phnom Penh, the Mekong is divided into two branches (the Mekong and the Bassac).
In addition the Mekong River joins with the Tonle Sap River. The Tonle Sap Lake is the
largest freshwater body in Southeast Asia and has a crucially important role in controlling
the water levels in the Mekong Delta. Its surface area covers an area of approximately
3500 km? during the low-flow season and is about 4 times larger during the high-flow
season (MRC, 2005). The water volume of the lake can reach 70 km? in the high-flow
season (MRC, 2005). The Tonle Sap Lake functions as a natural flood retention basin for
the Mekong River, leading to a reduction in the annual variations of water discharge
flowing into the delta. The flood flows to the lake and reverses back to the Mekong River
at the Phnom Penh confluence during low flows. Figure 4.5 shows the long-term daily
average water discharge flowing in and out of Tonle Sap Lake at the Prek Kdam station.
When water levels at Kampong Luong increase, reaching a peak of over 9 m, the lake
supplies water to the delta, increasing the Mekong River flows after the flood season and
helping to reduce saline intrusion in coastal areas during the low-flow season. From May
to September, Mekong water feeds into the Tonle Sap Lake. From October until the
following April it then drains back into the Mekong.
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Figure 4.5. Daily averaged (from 1997 to 2004) water discharge hydrograph at Prek

Kdam and water level variation at Kampong Luong (Kummu et al., 2014a). The solid

line presents the river flow entering Tonle Sap Lake at the Prek Kdam station, and the
dashed line shows water levels at the Kampong Luong station.
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From Phnom Penh to the Cambodian—Vietnamese (CV) border, the Mekong River flows
mainly through the Mekong branch, reaching up to 26 800 m*/s during flood peaks (Fujii
etal., 2003). During these peaks, the floods discharge onto the VMD through the Mekong
and Bassac branches as well as via the floodplain overflow comprising 73 %, 7 % and
20 % of the total discharge respectively (Figure 4.1).

In the VMD, the Mekong River flow partly diverts from the Tien River (Mekong branch)
to the Hau River (Bassac branch). Regarding flood distribution, water discharge at Tan
Chau (Tien River) and Chau Doc (Hau River) is estimated to be 80 % and 20 % of the
total flood flow respectively. However, the Vam Nao connecting channel leads to a
relative balance between the Tien River (at My Thuan) and the Hau River (at Can Tho)
downstream (Figure 4.6). At these stations water levels are strongly dominated by the
tides of the East Sea. The water levels in the coastal VMD region fluctuate due to tides
from both the East Sea and the West Sea, but the tidal range of the East Sea is much
higher than that of the West Sea. Therefore, the East Sea's tides play a more important
role and become the main dominant factor controlling hydrodynamics in VMD coastal
areas.
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Figure 4.6. Mekong Delta modeling grid and river interpolated topography from 1-D
ISIS cross-section data and the shelf topography of the Mekong Delta.
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4.2 METHODOLOGY

This section introduces the methodology of our study. Section 2.1 describes the model
set-up. Section 2.2 provides the model calibration and validation. Section 2.3 and 2.4
elaborate on the high-dyke development scenarios and on further analysis of these
scenarios respectively.

4.2.1 Model description and set-up

4.2.1.1 Software description

The hydrodynamic model applied in this study is the Delft3D Flexible Mesh (DFM)
Model Suite which has been developed by Deltares (deltares.nl). DFM is a
multidimensional model which includes one, two and three dimensions in the same set-
up. It solves the 2-D and 3-D shallow water equations (Kernkamp et al., 2011). These
equations describe mass and momentum conservation (Deltares, 2020a).

0
T+ V.(hu)=0 (8)

%u + V. (huu) = —ghv{ + V.(vh(Vu + Vu")) + %(9)

0

T
where V = (a, :—y) , { is the water level, h the water depth, u the velocity vector, g the

gravitational acceleration, v the viscosity, p the water mass density and t is the bottom
friction.

DFM allows computation on unstructured grids, so it is suitable for regions with complex
geometry (Achete et al., 2015), including combinations of 1-D, 2-D and 3-D grids. This
feature is efficient for taking small canals into account. Therefore, in this study, DFM is
selected for simulating flood dynamics in the Mekong Delta which comprises a dense
river network and highly variable river widths, dykes and flood plains.

4.2.1.2 Model set-up

The model in this study was improved from the model used by Thanh et al. (2017). In the
present configuration, the model uses a depth-averaged setting.
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Grid generation and improvement

The unstructured model was constructed using a multi-scale modeling approach;
specifically, it consists of a combination of 1-D (canals) and 2-D (the main branches of
the Mekong River, its floodplains and shelf) parts. The approach shows efficiency in the
case of complex geometry such as the entire Mekong Delta. To capture the
hydrodynamics of the main branches and estuaries of the delta, the main channels are
represented in enough horizontal detail to resolve the flow patterns over channels and
shoals and at the main bifurcations and confluences. Regarding the shelf, the model
extended to approximately 80 km from the coastline of the delta to fully contain the river
plume (Figure 4.6).

The grid includes the river system of the Mekong River from Kratie to the East Sea and
its shelf. The mainstream of the Mekong River, the subaqueous delta and floodplains are
represented by 2-D cells, whereas the primary and secondary canals are modelled as 1-D
networks. The 2-D cells are a combination of curvilinear (in the main channels) and
triangular grid cells. The grid creation was introduced and recommended by Bomers et
al. (2019) and Kernkamp et al. (2011). The grid/element sizes vary from about 0.1 km in
rivers to 3 km on the delta shelf. The lengths of the grid vary depending on the river
geometry. The lengths of cells are generally around 700 m on the Mekong River
mainstreams and decrease to approximately 200 m at river bifurcations and confluences.
The larger cells of the Tonle Sap Lake, the floodplains and the sea are up to 2000 m. The
uniform length of 1-D segments is 400 m. The grid quality is critical for accurate
simulations; therefore, the grid has been made orthogonal, smooth and sufficiently dense,
to orthogonal values of less than 10 %.

From the survey data, it can occur that a dyke ring in the model can consist of both high
dykes and low dykes. This situation may transpire because the model only includes the
main rivers and the secondary canal network, and tertiary and small canals are not
included. In order to determine whether the dykes are fully protected or partly protected,
the ratio of high-dyke area to low-dyke/non-dyke area is calculated. If the ratio is higher
than or equal to 1, the dyke is recognised as a high dyke. If the ratio is lower than 1, it is
determined not to be a high dyke. In the modeling approach, a high dyke does not allow
water flow from linked canals to its protected floodplains, and we did not consider flows
over the crest of dykes.

The VMD witnessed three large floods from 2000 to 2002 based on the flood
classification of the Tan Chau's flood peaks. Thus, the 2000 and 2001 floods were chosen
to calibrate and validate the model respectively. Another reason for selecting the
2000 flood is that the datasets for this flood are comprehensive.
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Bathymetry data

When modeling the flood dynamics in the Mekong Delta, bathymetry is a key element.
However, available data from the Mekong Delta are limited. For river bathymetry, cross-
sectional data were used that were collected by the Mekong River Commission and used
to develop the 1-D hydrodynamic model (ISIS) to simulate fluvial flood propagation (Van
et al., 2012). To use these profile data for 2-D modeling, the cross-sectional data were
interpolated to river bathymetry for the main branches, whereas the primary and
secondary canals directly used the cross-sectional data from the 1-D ISIS model. The
bathymetry of the sea area is extracted from ETOPO1 (Amante and Eakins, 2009). The
floodplains' topography is obtained from the freely available SRTM90 m (Reuter et al.,
2007) digital elevation model. Although SRTM is not a high-quality digital elevation
model, it was reasonably used for flood modeling in the Mekong Delta (e.g. Dung et al.,
2011; Tran et al., 2018).

Boundary conditions

Open boundaries are defined as water discharge (at Kratie) and water levels (the sea). The
measured water discharges were used for the upstream boundary at Kratie and were
collected from the Mekong River Commission. The latter were defined as astronomical
tidal constituents and extracted from a global tidal model (TPXO; Egbert and Erofeeva,
2002). Furthermore, in order to allow for alongshore transport, the northern cross-shore
boundary is defined as a Neumann boundary which is driven by the alongshore water
level gradient (Tu et al., 2019).

Initial conditions

Water levels in the Mekong Delta vary highly in space due to large-scale flood retention.
Thus, the model takes a long time to capture the system behaviour, especially with respect
to arriving at the correct flood storage for the Tonle Sap Lake. The Tonle Sap Lake plays
asignificant role in controlling upstream discharge in the low-flow season. Therefore, the
model was spun up over the year 1999; simulated results at the end of this year were used
as initial conditions for the year 2000 simulation.

4.2.2 Model calibration and validation

The years 2000 and 2001 were chosen to calibrate and validate the model respectively.
The model calibration parameter is the roughness coefficient. This parameter is also
selected for calibration without any sensitivity analysis as it is commonly used for
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calibrating hydrodynamic models (Manh et al., 2014; Wood et al., 2016). In this study,
the “trial and error” method is used for calibration. The roughness coefficients are
extracted from the previous calibrated models, including ISIS (Van et al., 2012) and
MIKE11l (Manh et al., 2014), in order to speed up the calibration process. Model
performance in simulating water levels and discharge were evaluated at 36 stations in the
Mekong Delta. The model was calibrated against measured data, with the objective
function of the Nash—Sutcliffe efficiency (NSE). The NSE is a normalised statistical
indicator that uses the comparison of the residual variance and the measured data variance
(Nash and Sutcliffe, 1970) and calculated as:

T 2
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where Q, is the mean of observed discharges, Qf, is simulated discharges, and Q¢ is
observed discharge at time t.

In this study, we used different temporal intervals of observation data. Daily data are used
in the Cambodian Mekong Delta (CMD), and hourly data are used in the VMD. The
reason for this is that hydrodynamics in the CMD are unlikely to be affected by tides,
particularly in the high-flow season, whereas hydrodynamics in the VMD are strongly
dominated by tides, even in the high-flow season; thus, the hourly data are better for
representing tidal fluctuation.

The NSE is commonly used for evaluating hydrological models. Model performance is
acceptable if the NSE is higher than 0 (Moriasi et al., 2007). If the NSE is higher than 0,
the simulation is a better predictor than the mean observation. A NSE of 1 corresponds to
a perfect match between the modelled results and the observed data. The hydrodynamic
model is defined as well calibrated if the NSE, in terms of water levels and discharges, is
higher than 0.5. Moriasi et al. (2007) classified model performance based on the NSE as
“very good” (NSE > 0.75), “good” (0.75 <NSE < 0.65), “satisfactory” (0.65 <NSE <0.5)
and “unsatisfactory” (NSE <0.5).

In addition, we used a bias index in order to recognise if the model systematically under-
or overestimated water levels. In this study, a commonly used bias measure — the mean
error — is used to represent the systematic error of the model (Walther and Moore, 2005).
The bias is computed based on the following equation:

Bias = S — 0 (11)

Where S is the simulated yearly mean and O is the observed yearly mean. The bias is
calculated for water levels over the year 2000.
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4.2.3 High-dyke development scenarios

To investigate the roles of different floodplains in the VMD and the impact of these
floodplains on the VMD's hydrodynamics and downstream tidal propagation, we
developed scenarios that include the contributions of each floodplains' water retention.
These scenarios used the hydrograph of the year 2000 flood, which was an extremely wet
year, in order to estimate the maximum impacts of high dykes. The results of a statistical
analysis of flood peaks and volumes encouraged the selection of the year 2000 flood
(Figure 4.4).

The hydrodynamic forcing is the same in these scenarios; the only difference is
development of high dykes. The scenarios are as follows:
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Scenario 1 (Base) is the base scenario for the 2000 flood, without high dykes. The
floodplains in the VMD were not protected by high dykes before 2000 (Duong et
al., 2016); therefore, no high dykes are considered in this scenario.

Scenario 2 (Dyke 2011) includes the high-dyke system in 2011, as illustrated in
Figure 4.2. The number of high dykes and the protected floodplain areas are
described in Sect. 1.2.

Scenario 3 (Dyke LXQ) only includes the high-dyke system developed in the
LXQ. The floodplain area protected by the high dykes in the LXQ is
approximately 3,034 km?.

Scenario 4 (Dyke PoR) only includes the high-dyke system developed in the PoR.
The PoR is a deeply inundated region in the high-flow season (Kakonen, 2008).
In this scenario, the high dykes in PoR protect a floodplain area of around
5,020 km?.

Scenario 5 (Dyke Trans-Bassac) only includes the high-dyke system developed in
the Trans-Bassac region. This region is a shallowly inundated area comprising
3,152 km?.

Scenario 6 (Dyke VMD) assumes that the high-dyke system is totally developed
throughout the VMD's floodplains. This scenario is used to investigate the
possible impacts of high dykes if they are built to protect the entire VMD
floodplain area. The total floodplain area considered in the model is about
13,059 km?.
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4.2.4 Analysis of simulations

4.2.4.1 Tidal harmonic analysis

The peak water level is a good index for indicating extreme events in flooded areas. Tran
etal. (2018) and Triet et al. (2017) used the flood peaks to assess the impact of high dykes
in the VMD. However, the VMD coastal area is drastically dominated by tides. As a result,
the amplitudes of tidal constituents are good indices for presenting average variations in
water levels in coastal areas. The water levels at the stations along the Tien River and
Hau River were analysed over the whole of the year 2000 using T_TIDE (Pawlowicz et
al., 2002).

x(t) = by + byt + Z:zl(akei“kt + a_pe okt) (12)

where N is a number of tidal constituents. We analysed the eight main tidal constituents.
Each constituent has a frequency o, which is known, and a complex amplitude a; which
is not known. x(t) is a time series. a; and a_, are complex conjugates.

4.2.4.2 Water balance calculation

To understand flow dynamics, the water balance analysis is conducted using hourly
discharge data from simulations. The targeted stations for this analysis are located on the
Mekong's mainstreams and boundaries of the flood-prone zones.

Vi = Z:Q * dt (13)

where V£, is total water volume flowing in the target regions in accordance with the
Mekong flow’s direction. Q is hourly simulated discharge. dt is the temporal interval,
and t is selected periods of an entire year and seasons.

4.3 RESULTS

In this section we present results of model performance and analysis. The model
performance with respect to calibration and validation is indicated by the NSE values
(Sect. 3.1). The results for the spatial distribution and temporal variation are shown in
Sect. 3.2. In addition, Sect. 3.3 presents the impact of high dykes on water levels and tidal
propagation.
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4.3.1 Model performance evaluation

The overall model performance is generally satisfactory with respect to simulating flood
dynamics in the Mekong Delta. For water level calibration, up to 36 stations are used for
calibration and the majority of these stations have NSE values higher than the satisfactory
level of 0.5. The model performance shows its stability in validation, as the NSE values
are higher than 0.7. Generally, the model slightly overestimates water levels. Large biases
were found in the CMD, with the largest bias of around 1 m at Kratie. The absolute values
of the biases decrease to less than 0.2 m at the stations in the VMD. Particularly, the biases
at the middle and coastal VMD stations are smaller than 0.1 m (Table 4.4 in Appendix A).

The annual flood flows through the VMD via the Mekong mainstreams and over
floodplains; therefore, discharge data from stations in these areas are employed for
calibration. A total of 11 stations on the mainstreams and across the CV border are used
for calibration. Simulated and measured discharges at these stations show good agreement,
and this is indicated by high NSE values. As a result, the Manning roughness coefficient
values of the Mekong River reaches and its floodplains after calibration and validation
are illustrated in Table 4.1. The range of roughness coefficients found is relatively similar
to previous modeling efforts (Dang et al., 2018a; Manh et al., 2014; Tran et al., 2018;
Trietetal., 2017; Van et al., 2012).

Table 4.1. Calibrated values of the Manning roughness coefficient.

River reaches/floodplains | Manning | River reaches/floodplains Manning
roughness roughness
coefficient coefficient

Kratie to Phnom Penh 0.031 The Tonle Sap Lake and River 0.032

Cambodia floodplains 0.036 Phnom Penh to Vam Nao (Song Hau) | 0.033

Phnom Penh to Tan Chau | 0.031 Vam Nao to Can Tho (Song Hau) 0.027

Tan Chau to My Thuan 0.029 Can Tho to Song Hau mouths 0.021

VMD floodplains 0.018 VMD channels 0.027

My Thuan to Song Tien | 0.023 Continental shelf 0.016

mouths
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4.3.2 Spatial distribution and temporal variation of water volume
in the VMD

4.3.2.1 Spatial distribution

Water enters the VMD in three ways: the Tien River, the Hau River and flows across the
CV border. Figure 4.7 presents the spatial distribution of the water volume in the VMD.
The VMD received around 580 km? in 2000, with volumes of 405, 83, 61 and 31 km? via
the Tien River, Hau River, and the right and left CV border respectively. The Tien River
diverts a considerable amount (152 km?) of water to the Hau River via the Vam Nao canal.
This is the major mechanism that balances the flows seaward between the Tien River and
Hau River. In fact, the streamflows are relatively equal between the Tien River and Hau
River, with volumes of 247 (at My Thuan) and 235 km?® (at Can Tho) respectively. The
Tien River is drained by its five estuary branches, whereas the Hau River only has two
branches. The Hau River flows into the East Sea discharging 162 and 69 km?® via the Dinh
An and Tran De branches respectively. The Tien River's estuary branches, namely the
Cung Hau, Co Chien, Ham Luong, Dai and Tieu, drain a similar volume to the East Sea,
with a range of between 54 and 63 km?, except for the Tieu branch which discharges only
34 km?.

In addition to the mainstreams of the Mekong River, floodplains have a substantial role
in changing the hydrodynamics in the VMD. Hence, we analysed the water balance in the
three main flood-prone areas: the LXQ, the PoR and the Trans-Bassac. Among these
regions, the PoR harbours the largest amount of floodwater; thus, it is a main flood storage
for the VMD. Water primarily flows into the PoR across the eastern part of the CV border
in the delta area. In fact, this pathway conveyed approximately 61 km?®in 2000. The
simulated results show a volume deficit of 29 km® from the western and southern
boundary of the PoR, which is drained to the Tien River. The southern PoR drains a
volume of around 38km3®to the Soai Rap estuarine branch via the Vamco River.
Analysing the water balance of the LXQ shows that it receives water from the northern
and eastern sides, while it drains water to the western and southern sides. The yearly
inflow to the LXQ is about 44 km®, with volumes of 31 and 13 km?® from the northern and
eastern boundaries respectively. It is found that a similar amount of water drains out of
the LXQ. The LXQ mainly releases water from the western boundary (32 km?) into the
West Sea, followed by the southern boundary (13 km®). The drained water (11 km?®) from
the southern LXQ mostly enters the Trans-Bassac floodplains. An additional source to
the Trans-Bassac region is the Hau River, with an annual volume of 6 km®. The sum of
the inflows is drained via the southern canals in this region.

The principal dynamical characteristic of the Mekong Delta floods is their seasonal
variation. Figure 4.7 and Figure 4.8 illustrate the seasonal variation of the water volume
and the percentage volume (compared with the yearly and seasonal entering volumes at
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Kratie) respectively. Obviously, the flows in the high-flow season are significantly higher
than those in the low-flow season. The flood flows contribute up to between 53 % and
65 % of the annual flows throughout the mainstreams and the percentages increase to over
80 % on the floodplains. The Mekong River that flowed into the VMD in 2000 was about
97 % of the total flow at Kratie. However, the water volume entering the VMD was higher
than the entry volume at Kratie in the low-flow season.

In the low-flow season, there are slight discrepancies in the water volumes in the segments
of the Mekong River, e.g. from Tan Chau to My Thuan. A part of the discrepant
proportion is stored in the river segment. As evidence, the water level at Tan Chau at the
beginning of the low-flow season is about 2 m, and it then increases to 3.5 m at the
beginning of the high-flow season.
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4.3.2.2 Temporal variation

Figure 4.9 presents the simulated fortnightly average discharges at in- and outflows of the
Mekong branches as well as cumulative water storage in the main VMD floodplains from
April 2000 to April 2001. The yearly average inflows of the Mekong branches at Tan
Chau and Chau Doc are approximately 13,000 and 2,700 m®/s respectively. Playing a
great role in water diversion between the two Mekong branches, the Vam Nao canal
causes water discharges from the Tien River and Hau River to be more balanced seaward
of the canal (Figure 4.7). Consequently, the water discharges at My Thuan (Tien River)
and Can Tho (Hau River) stations become similar, with annual average amounts of about
7900 and 7500 m®/s respectively. The above-mentioned water at Can Tho station is
simultaneously drained through the Hau River mouths. The total outflow from the Tien
River is slightly greater than at My Thuan due to added flows from the southern PoR,
discharging around 8,400 m®/s.

The water discharges from the Tien River and Hau River are highly variable over time.
As shown for the results of discharge variations, the high-flow season is from the
beginning of July to the end of October and the remaining period is defined as the low-
flow season. The largest seasonal difference is at Tan Chau, with maximum and minimum
discharges of about 21,000 and 4,500 m%s in the high-flow and low-flow seasons
respectively. The flood flow at Chau Doc reaches a peak of 5,600 m®/s, while the lowest
flow is only 500 m?/s in the low-flow season. However, the high and low flows on the
Hau River at Can Tho increase to over 14,100 and 2,200 m®/s respectively. A similar
fluctuation is found at the Hau River's mouths. On the Tien River, the flood discharge at
My Thuan is only 14,800 m%/s and increases slightly to 17,000 m®s at the Tien River
mouths, but the low flows are similar (2,400 m®/s) at these stations.

The hydrographs in the upstream area of the VMD are flatter than those of the
downstream region. The hydrograph shapes are indicated by their kurtosis and are
illustrated in Figure 4.9. The kurtosis index is a measure of the peakedness of the
distribution. Downstream, the hydrographs are narrower at Can Tho, My Thuan and the
outflows of the Tien River and Hau River, with kurtosis values higher than 1.5. One of
the noticeable points is that flows at the Can Tho and My Thuan stations are relatively
lower at the beginning of the high-flow season than at the end, while the flood flows are
stable throughout the high-flow season at Tan Chau and Chau Doc stations. This clearly
shows how the early flood peak is stored in the major floodplains of the VMD. Figure 4.9
depicts the cumulative volumes in the major floodplains. At the beginning of the high-
flow season, these floodplains are almost empty. By early October, storage increases to 11,
8 and 2 km? in the PoR, LXQ and Trans-Bassac respectively. When these floodplains are
filled, the flood flows at Can Tho and My Thuan reach their maxima during the year.
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Figure 4.9. Fortnightly average discharges at stations along the Mekong
branches (a) and cumulative water volumes of the major floodplains in the VMD (b).

4.3.3 Water level changes under high-dyke development

Figure 4.10 shows that including high dykes increases the daily mean water levels for the
Hau River (Chau Doc, Long Xuyen and Can Tho) and the Tien River (Tan Chau, Cao
Lanh and My Thuan), especially in the high-flow season. The highest increase was found
at Chau Doc and Tan Chau stations while increases decline more seaward.

4.3.3.1 Daily water levels

On the Hau River the floodplains protected by dykes in the LXQ, PoR and Trans-Bassac
cause increases of 12.3, 6.1 and 1.1 cm in the annual mean water levels at Chau Doc
station respectively. However, Table 4.2 shows that the effect of the POR dykes on the
water levels at Long Xuyen and Can Tho is larger than that of the LXQ dykes. With the
high dykes built until 2011, the yearly averaged water levels would increase by 10.2 cm
(Chau Doc), 1.5 cm (Long Xuyen) and 0.2 cm (Can Tho). If the high dykes were extended
over the VMD (Scenario 6), the yearly mean water levels would increase to 22.3 cm at
Chau Doc station.

Generally, water levels on the Tien River are less affected by high dykes. Among the
floodplains considered, the PoR has the largest effect on the Tien River's water levels as
they are directly connected. For example, the yearly mean water level at Tan Chau
increases by about 8.8 cm, but only by 0.6 cm at Cao Lanh station. Interestingly, the PoR
slightly reduces water levels at My Thuan due to a reduction in the conveyance capacity
of floodwater from the CV border. Although the LXQ is not directly linked to the Tien
River, it causes increases in the water levels of around 3.6 and 1.1 at Tan Chau and
My Thuan respectively. As the high dykes covered 2421 km? until 2011, the mean water
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levels are projected to rise by approximately 0.6 cm at My Thuan and up to 6.1 cm at Tan
Chau. In addition, the mean water level at Tan Chau could increase by 16.9 cm if the
VMD's floodplains were fully protected by dykes. Noticeably, the model errors at these
stations were comparable to the variability of water level changes among the scenarios.
The differences at the selected stations, except Tan Chau, fell within the model error
variations (Table 4.2). The differences in water levels among the scenarios may be
influenced by the model set-up.
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Figure 4.10. Daily mean water level (WL) variations at selected stations along the Hau
River (a, b, ¢) and Tien River (d, e, f) under different high-dyke development scenarios.
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Table 4.2. Increases in the annual mean water levels (in cm) over the year 2000 at the
selected stations along the Tien River and the Hau River under different high-dyke
development scenarios.

Song Hau Song Tien

Stton | chay [ Long |Can | Dinh |Ta | cao |My |Ben

Scenario Doc | Xuyen | Tho | An Chau | Lanh | Thuan | Trai

(em)* | em)* | (cm)* | (em)® | (cm) | (cm)” | (cm)* | (cm)?

Dyke 2011 10.2 |15 0.2 0.0 6.1 3.4 0.6 0.0

Dyke LXQ 123 | 3.2 1.0 0.0 3.6 2.6 1.1 0.0

Dyke PoR 6.1 |36 1.2 0.0 8.8 0.6 -0.8 0.0

Dyke
TransBassac 1.1 1.9 0.7 0.0 0.8 0.7 0.3 0.0

Dyke VMD 223 9.2 3.0 0.0 16.9 6.6 1.4 0.0

a The differences fall within the model error variations. ® No measured data are available.

4.3.3.2 Tidal amplitudes

The hydrodynamics in the Mekong Delta are significantly influenced by tides from the
East Sea. A tidal harmonic analysis is conducted over the year 2000 to explore possible
changes in the main tidal constituents. Figure 4.11 depicts the projected changes in tidal
amplitudes along the Tien River and Hau River from the river mouths to approximately
195 km landward under a high-dyke development scenario.
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Figure 4.11. Tidal amplitudes of the eight main constituents at the selected stations
along the Tien River (right) and Hau River (left) from the river mouths to about 195 km
landward in the high-dyke development scenarios.
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Tidal amplitudes at the river mouths are unlikely to change. However, differences become
significant further inland. At Chau Doc, the LXQ causes the largest increase in tidal
amplitudes compared with the other zones. It slightly increases the M2 and K1 tidal
amplitude by about 13 % and 15 % respectively. The Trans-Bassac area has a major role
in the tidal amplitude change from Long Xuyen to Can Tho. Its dyked floodplains lead to
an increase in the tidal amplitudes from 8% to 13 %. Additionally, the M2 and
K1 amplitudes could rise by close to 28 %, 27 % and 12 % at Chau Doc, Long Xuyen and
Can Tho respectively. In contrast, high dykes in the PoR result in a marginal reduction in
the amplitudes on the Hau River. Similarly, the LXQ and Trans-Bassac cause slight
decreases in tidal variation on the Tien River. High dykes constructed on the PoR lead to
higher tidal amplitudes on the Tien River, with increases of about 6 %. These increases
could reach up to 28 % at Tan Chau, 11 % at Cao Lanh and 4.4 % at My Thuan.

4.4 DISCUSSION

4.4.1 Model performance

The calibration presented in this study considered a larger number of stations compared
with previous studies (e.g. Thanh et al., 2017; Tran et al., 2018; Triet et al., 2017; Van et
al., 2012). These stations are mainly located in the VMD (Figure 4.13). The majority of
stations on the branches of the main Mekong River have a NSE higher than 0.8 (good).
In contrast, the stations located further away from the main stream have a lower NSE
values. The NSE values of the Phuoc Long and Ca Mau stations are lower than the
acceptable level because the water levels at these stations are highly influenced by local
infrastructure, specifically the Quan Lo Phung Hiep (QLPH, see Figure 4.1) project. The
QLPH has been constructed to protect this area from saline intrusion. Flows entering the
QLPH are controlled by a series of sluice gates that are mainly located along the coast to
prevent saline intrusion into areas of rice cultivation and to control fresh water sources.
We did not consider these sluice gates in the model, as they do not have a fixed operation
schedule: their operation is based on crop calendars and in-situ hydrodynamics (Manh et
al., 2014). For example, the observed water level at Phuoc Long station is relatively
unchanged at 0.2 m over the year 2000, while the model estimates that water levels at this
station have semi-diurnal variations between —0.2 m and 0.6 m due to the tidal effects
from the East Sea. During validation, a better fit was found at My Thuan station, whereas
the other stations have comparable NSE values. As such, we are confident that the model
is capable of capturing hydrodynamics in the Mekong Delta accurately.

The modeling approach in this study overcomes a limitation of previous 1-D models that
define their boundaries at the river mouths. The boundary conditions (usually water levels)
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at these locations are not always available, as the water level measurement system in the
VMD is not installed at all river mouth locations. Imposing a simple tidal forcing is not
justifiable because river flow will impact the mean water level as well as the tidal
characteristics in river mouths. Our model grid, which considers part of the shelf, allows
for a proper description of these dynamics.

4.4.2 Spatiotemporal distribution of water volume in the VMD

The total net water volume flow through the Mekong Delta at Kratie was approximately
600 km® in 2000, as the annual flood contributed about 480 km? at this location. This is
considerably higher than the average volume of 330 km®. However, the annual flood peak
in 2000 is only slightly higher than the mean flood peak of 52 000 m3s™* (MRC, 2009a).
Thus, the 2000 flood is characterised by a broader than usual hydrograph.

Several studies have investigated the distribution of the flood volume in the Mekong Delta
(e.g. Manh et al., 2014; Nguyen et al., 2008; Renaud and Kuenzer, 2012). Manh et al.
(2014) calculated the flood volume distribution for the floods between 2009 and 2011 in
the upper VMD and concluded that the flood distribution changed marginally over the
above-mentioned period. However, they did not estimate flow distribution through the
river mouths. We found a similar pattern with respect to the flood volume distribution on
the mainstreams, but our model estimated a larger discharge across the VC border to the
VMD. A possible explanation for this is that the 2000 flood was considerably larger than
the floods during the 20092011 period. Table 4.3 shows a comparison of the VMD's
outflows from the current study and from five other models, as summarised by Nguyen
et al. (2008). There is only a small variation among the models used which is attributed
to different topographical data and boundary conditions (Nguyen et al., 2008). The flow
distribution from the current study falls within the range of variation of the other five
models, although it differs regarding some important branches, such as the Tien River
and Hau River, below Vam Nao.

92



4.4. Discussion

Table 4.3. Distribution of water discharge throughout the river mouths (following Nguyen

et al. (2008).

The | The

Song | Song

Tien | Hau

below | below

Vam |Vam | Co Cung | Dinh | Tran | Ba | Ham
Model Nao |Nao |Chien|Hau |An | De |Lai |Luong | Tieu | Dai | Others
name (%) | () () [ (%) |() | (%) (%) (%) |(*) |(%)]| (%)
NEDECO
1974 51 49 13 15 28 21 |0 15 2 6 0
VNHS
1984 55 45 13 18 27 18 |0 17 1 6 0
SALO89
1991 44 54 12 8 26 24 |2 14 5 2 8
Nguyen
Van So
1992 - - 11 12 19 16 |1 14 15 |6 20
VRSAP
1993 50 44 11 5 18 18 |0 9 2 8 29
This
study 41 39 10 11 27 12 |0 9 6 9 14

Note that the percentages in this study are calculated based on the total volume at Kratie.

The water distributions slightly vary over the high-flow and low-flow seasons. The largest
changes are found in the discharges to the floodplains. For instance, water volumes are
highly seasonal at the CV border stations. The water flows in the low-flow season
contribute to 2 %—6 % of the annual flows at these stations. The relative percentages of
the Mekong flow, exiting via the Hau River estuaries in the low-flow season are higher
than those in the high-flow season, whereas the percentages at the Tien River estuaries
are relatively constant.
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Several studies have investigated the roles of the Tonle Sap Lake in regulating the flood
regimes on the Mekong River (Fujii et al., 2003; Kummu et al., 2014a; Manh et al., 2014).
Kummu et al. (2014a) estimated that the Tonle Sap Lake is capable of reducing about
20 % of the Mekong mainstream discharge and that its greatest storage volume is in
August, with an amount of around 15 km? from the Mekong River flows. The highest
monthly released volume occurs in November and peaks at nearly 20 km®. Consequently,
Tonle Sap Lake has a crucial role in regulating the Mekong River flows on a temporal
scale. The VMD floodplains have a different role than the Tonle Sap Lake with respect
to changing the Mekong mainstream flows. They mainly store early flood waters in
August. This leads to reduce flood flows at downstream stations along these floodplains.
These stations reach peak discharges when the VMD floodplains are almost fully filled.
Therefore, the peak flows at the downstream stations occur in October. These results are
consistent with the analysis of Dang et al. (2018b).

4.4.3 Impact of high-dyke development

The Mekong Delta is presently facing several threats, such as the impact of hydropower
dams, sea level rise, delta land subsidence and hydraulic infrastructure (Dang et al., 2018a;
Kondolf et al., 2018). The impacts of these threats are highly various in terms of their
timescales. Among these, hydraulic infrastructure (especially high dykes) has a
considerable influence on the hydrodynamics in the region on a short timescale. The high
dykes in the VMD are built to protect agricultural land during floods. As a result, flood
discharges on the rivers increase and hydrodynamics in the VMD change. Specifically,
the results indicate that a lack of flood retention in the LXQ leads to an increase in the
water levels on the Hau River, with a downward trend of increases from Chau Doc to Can
Tho. This rising pattern was also found by Tran et al. (2018), albeit with different
magnitudes due to the different years. They compared the peak water levels, whereas we
used daily mean water levels for comparison. Tran et al. (2018) found that the water level
peaks would be drastically higher if high dykes were built. These peaks especially
increased in the upper VMD (e.g. by 66 cm at Chau Doc and only 4 cm at Can Tho).

Interestingly, the high dykes in the PoR have slightly stronger impacts on water levels at
Long Xuyen station than those in the LXQ region. The reason for this is an increase in
the water levels on the Tien River, which causes an increase in the water diversion from
the Tien River to the Hau River. Due to the Vam Nao connecting canal, the PoR
floodplains influence water level fluctuation not only on the Tien River, but also on the
Hau River. In addition, the LXQ floodplains affect water levels on both the Tien River
and Hau River. Nevertheless, the increasing water levels on the Tien River remain slightly
lower than the levels on the Hau River, as the Tien River has more river mouths and a
higher conveyance capacity in comparison with the Hau River.
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Recent studies on the impact of high dykes in the VMD (e.g. Tran et al., 2018; Triet et
al., 2017) have only compared the maximum water levels. However, we found that high
dykes also resulted in a reduction in the minimum water levels. This means that high
dykes have effects on tidal fluctuation on the main branches. We analysed the tidal
amplitudes of the eight main constituents over the year 2000 in order to quantify how
water levels on the main branches changed. Noticeably, the complete implementation of
the high-dyke system over the VMD floodplains can cause increases of about 12 % and
4 % in the tidal amplitudes at Can Tho and My Thuan stations respectively. Additionally,
high dykes in the PoR directly adjacent to Tien River cause a reduction in the tidal
amplitude on the Hau River and vice versa. The reason for this is that river water cannot
flow into the floodplains, which leads to an increase in river discharge in the main streams.
This increased river discharge causes a significant M2 amplitude reduction (Guo et al.,
2016). The amplitudes and mean water level at the river mouth stations are unlikely to
change under high-dyke development (Table 4.2). This is due to the fact that flood
retention loss due to floodplain areas protected by high dykes causes an insignificant
change in the water discharge at that location. In contrast, and as an example, Kuang et
al. (2017) found that if water discharges from the Yangtze River upstream increased by
20000 m3s?, the water levels at the mouth could rise by approximately 1cm. An
explanation for this is that the water discharge change due to high-dyke development is
not large enough to increase water levels at the river mouths.

The impacts of high-dyke development on the downstream hydrodynamics are considered
to be different and not as significant as those of hydropower dams, climate change and
sea level rise. Dang et al. (2018a) revealed that hydropower development increases the
monthly water levels at Tan Chau by 0.4 m and at My Thuan by 0.05 m in a wet year.
Sea level rise causes a gradual but drastic increase in water levels. For instance, the water
level at My Thuan could increase by 0.3 m due to a sea level rise of 0.38 m. However,
high-dyke development in the VMD causes another distinct effect on the floodplains: it
prevents flood waters from entering the floodplains, thereby excluding sediment
deposition on these floodplains. Sediment deposition on the floodplains benefits
agricultural production. Chapman et al. (2016) estimated that annual sediment deposition
in An Giang would be worth USD 26 million.

4.4.4 Flood discharge and volume scenarios

In order to investigate the impact of the distribution of hydrological conditions, we
selected 1981, 1991 and 2000 for comparison, as these years include extreme floods in
terms of the flood peaks and highest volumes. The simulations considered conditions with
and without high dykes. Figure 4.12 shows that the water levels at the VMD stations are
comparable for all 3 years, although the 1991 peak flood at Kratie is about 20 % larger
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than the 2000 peak flood. Furthermore, the year 2000 flood — which had the largest flood
volume — led to the highest water levels. Thus, flood volume is more important than flood
peak flows for extreme flood conditions. The reason for this is that high flood peaks flood
the area and fill the Tonle Sap Lake in Cambodia; thus, the peak flood flow decreases and
elongates downstream (Triet et al., 2017). In addition, Figure 4.12 shows that the water
level difference for scenarios with and without high dykes is similar and decreases
downstream for all 3 years.
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Figure 4.12. Simulated daily mean water levels in the high-flood years of 1981, 1991
and 2000 at selected stations on the Mekong River. The dashed lines indicate water
level differences due to the impacts of high dykes.

4.45 Estimated uncertainties

The quality of input data directly influences the uncertainty of the model results. There
are varying sources of uncertainty such as topography, river discharge, initial condition
and model parameters (Abily et al., 2016; Di Baldassarre and Montanari, 2009; Bates et
al., 2004; Savage et al., 2016; Teng et al., 2017). The river discharge data contain
uncertainty due to the use of a rating curve to generate a discharge value from the water
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level. The interpolated and extrapolated discharge have been shown to be uncertain by
between 6.2 % and 42.8 % (Di Baldassarre and Montanari, 2009). The initial condition
includes water levels as the initial state of the rivers and floodplains, especially for the
Tonle Sap Lake. However, there is a general lack of measured water levels throughout
the entire Mekong Delta. To overcome this limitation, we adopted a long spin-up time.
River bathymetry in this study was reconstructed from cross sections. Although the river
bathymetry was reconstructed using an efficient interpolation method, it contains an error
of 0.74 m (Thanh et al., 2020b). One of the major sources of uncertainty stems from the
SRTM data. Although the SRTM data were used for the VMD floodplains, they
contribute to the model error. Recently, several studies have reported that the SRTM data
contain high uncertainties, including stripe noise, speckle noise, absolute bias and tree
height bias (Hawker et al., 2018; Tarekegn and Sayama, 2013; Yamazaki et al., 2017). In
fact, Hawker et al. (2018) revealed that the SRTM data could contain vertical height errors
ranging from 1.0 to 4.8 m. These studies suggest that the SRTM data should be processed
to remove these errors. However, the model in this study enables one to better understand
the hydrodynamics in the Mekong Delta and might serve as a tool for comparative studies.
Future work will explore the impact of model input uncertainties on the model outcomes.

4.5 CONCLUSIONS

In this study, we applied a process-based model (DFM) in order to simulate
hydrodynamics in the entire Mekong Delta from Kratie to the shelf areas. The model was
calibrated using a dataset of water levels and discharge at 36 stations over the Mekong
Delta. The model shows good agreement between simulations and observations. This
model is an improved version of the model used by Thanh et al. (2017), as it takes the
Cambodian and Vietnamese floodplains as well as the dense river/canal network in the
VMD into account. Nevertheless, it does not contain tertiary rivers/canals and hydraulic
structures for salinity regulation.

We found that the change in seasonal flow distribution throughout the Mekong's mouths
is insignificant, except at the Dinh An mouth which shows a slight increase in the low-
flow season. In contrast, the Mekong River network discharging to the sea via the Soai
Rap mouth and the western LXQ dramatically dropped in the low-flow season compared
with the high-flow season due to overflow reduction at the CV border.

This study found that the floodplains protected by dykes in the LXQ and PoR influence
water regimes not only on the directly linked Mekong branch, but also on other branches.
The LXQ high dykes cause an increase in the daily mean water levels, but a decrease in
tidal amplitudes on the Tien River (after the Vam Nao connecting channel). A similar
pattern is also found for the interaction between the PoR high dykes and the Hau River.
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The high dykes built in the PoR, LXQ and Trans-Bassac regions have demonstrated an
impact on water levels at Tan Chau, Chau Doc and Can Tho respectively. These outcomes
will benefit sustainable water management and planning in the VMD.

APPENDIX: MODEL CALIBRATION

For water level calibration, up to 36 stations are used for calibration. Based on the above-
mentioned classification, the NSE values at 33 of 36 stations are higher than the
acceptable value of 0.5: 23, 4 and 6 stations are classified as very good, good and
satisfactory respectively (Figure 4.13). The three unsatisfactory stations are at Ca Mau,
Phuoc Long and Rach Gia. Regarding the model validation, only 14 stations are used due
to the availability of observed data. Over the validation period, these stations have NSE
values that are in the same groups as the calibration values. However, while they are in
the good and very good classes, the values at the My Thuan stations increase from 0.69
in calibration to 0.74 in validation.

For water discharge calibration, 11 stations on the mainstreams and across the CV border
are used for calibration. A total of 9 of the 11 stations have NSE values in the very good
category (Figure 4.14). The two stations cross-border stations, namely the right border (to
the PoR) and left border (to the LXQ), are in the satisfactory and unsatisfactory categories
respectively; however, the NSE values are 0.49 at the left border and 0.54 at the right
border, fluctuating around the acceptable criteria. Data at these stations are not available
for validation. All stations used for validation are in the very good group. Compared with
the calibration, the NSE values for the validation are relatively stable, except for
My Thuan station, which increases from 0.84 to 0.95.
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Figure 4.13. The NSE values of the water levels at the gauging stations in the Mekong
Delta. The calibration (the year 2000) and validation (the year 2001) are presented in
panels (a) and (b) respectively.
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Table 4.4. Calculated bias for water level calibration at stations in different regions.

CMD Bias  Upsiream Bz Middle Bias  Coasial Bias Coastal Bias
(my VMDD (m)  VMD fm) VMDD {my  VMD {m)

Kratic 1.02  Tan Chau 0,12  Kien Binh =003 AnThean =002 NamCan -0.24
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A NUMERICAL INVESTIGATION ON
THE SUSPENDED SEDIMENT
DYNAMICS AND SEDIMENT BUDGET
IN THE MEKONG DELTA?

Abstract

Fluvial sediment supply towards the coast has been the subject of extensive research.
Important aspects relate to the impact of sediment retaining hydropower dams, potential
delta progradation, coastal sediment supply and delta vulnerability to sea level rise. Once
validated, process-based models provide a valuable tool to address these aspects and offer
detailed information on sediment pathways, distribution and budget in specific systems.
This study aims to advance the understanding of the sediment dynamics and sediment
budget in the Mekong Delta system. We developed a process-based model (Delft3D FM)
that allows for coupling 2D area grids to 1D network grids. The flexible mesh describes
both wide river sections and channel irrigation and drainage networks present in the
Mekong Delta. We calibrated the model against observed discharge, salinity, suspended
sediment concentration (SSC) and sediment flux. The model was able to skillfully
describe seasonal variations of SSC and hysteresis of SSC and water discharge. The Tonle
Sap Lake is a major cause of the concentration and discharge hysteresis, which results
from seasonal bed sediment availability in the channels. Model results suggest that the

4 This chapter is based on:

Thanh, V. Q., Roelvink, D., van der Wegen, M., Reyns, J., van der Spek, A., Vinh, G.V. and Linh, V.T.P.:
A numerical investigation on the suspended sediment dynamics and sediment budget in the Mekong Delta,
Cont. Shelf Res., 2021 (under review).
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Mekong River delivers ~99 Mt of sediment towards its delta through Kratie, which is
much lower than the common estimate of 160 Mt/year. About 23% of the modelled total
sediment load at Kratie reaches the sea. Our modeling approach is a useful tool to assess
sediment dynamics under strategic anthropogenic interventions or sea level rise.

5.1 INTRODUCTION

The worldwide fluvial sediment flux to coastal deltas amounts to 12.8 - 15.1 Gt per year
(Syvitski and Kettner, 2011). Understanding sedimentary processes in these deltas is
important to estimate the impact of anthropogenic strategies for sustainable management
and to address the impact of climate change like changing river flow, sediment supply
and sea level rise. Sediment fluxes are commonly estimated in relation to river discharge
(Ogston et al., 2017), but this is associated with high uncertainties due to sparse data, both
in time and space. Tidal influence makes sediment dynamics in deltas even more complex
to understand, while local conditions make every Delta unigue.

The Mekong Delta is crucial to the local livelihoods and food security. The area is home
to about 17 million people in the VMD (Vo, 2012). Particularly, the Vietnamese Mekong
Delta (VMD) is a “rice bowl” for Vietnam and for the world. The VMD covers a region
of 39,700 km? and ~60% of this area is for agricultural cultivation (Vo, 2012). One of the
important factors favouring agricultural cultivation is abundant availability of water and
sediment from the Mekong River. Annually, the Mekong River supplies ~416 km?® of
water and delivers ~73 Mt sediment towards its Delta (Koehnken, 2014; MRC, 2005;
Thanh et al., 2020a). The annual sediment transport at Kratie (Cambodia) varies in a range
of 44 — 98 Mt/y from 2009 to 2013. These values fell within long-term estimates (87.4 +
28.7 Mtly) of Darby et al. (2016). Recent studies (e.g. Darby et al., 2016; Kummu and
Varis, 2007; Lu et al., 2014; Manh et al., 2014) confirmed that the suspended sediment
flux into the Mekong Delta (at Kratie station) is much less than the commonly used value
of 160 Mt/y. However, prior to the construction of hydropower dams on the Mekong
River mainstream, sediment loads could have been substantially higher than afterwards.
The hydropower dams not only change the seasonal flows but also store sediment in their
reservoirs. Lauri et al. (2012) found that these reservoirs can increase flows at Kratie in
the low flow season by 25-160% and decrease flows in the high flow season by 24%.
Annual floods are the main source of fresh water in the VMD while the sediments
delivered act as a natural and valuable fertilizer source for agricultural crops (Chapman
and Darby, 2016). However, the VMD is facing challenges related to flood regimes and
sediment transport due to climate change, sea level rise and human interventions.

Sediment transport in the Mekong River has been estimated by in-situ measurements,
sediment rating curve methods; and numerical modeling. Sediment measurements in the
Mekong started in the 1960s, inspired by US practices (Walling, 2009). When using data-
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based methods, the reliability of sediment transport depends on the number of measuring
stations, the length of record and temporal resolution of the data. It has been hardly
possible to cover a large area like the Mekong Delta with measurements. In addition,
discontinuous records and low sampling frequency lead to high uncertainties in sediment
budget estimations. A numerical model, calibrated by in-situ measurements and rating
curves, is a suitable tool to investigate hydrodynamics and sediment transport in the
Mekong Delta in more detail.

There is a large number of studies focusing on sediment dynamics in the VMD, ranging
from measurement based studies to numerical modeling studies. Hung et al. (2014), Manh
et al. (2013) and Nowacki et al. (2015) provide in-situ measurements on a limited amount
of locations in the VMD. The data of in-situ measurement are accurate, but it is difficult
to collect them on a large spatial scale to derive sediment budgets on the scale of the entire
VMD. However, in-situ measurement data are essential to calibrate and validate
numerical models.

Numerical models for the entire Mekong Delta are commonly set up using a 1D
schematization (Manh et al., 2014), while smaller-scale area models are represented by
2DH or 3D setups (Marchesiello et al., 2019; Thanh et al., 2017; Tu et al., 2019; Xing et
al., 2017). For example, Thanh et al. (2017) and Tu et al. (2019) used a 3D, process-based
model (Delft3D4) to investigate sediment dynamics and morphological changes in the
coastal area of the Mekong Delta. With a similar approach, Xing et al. (2017) developed
a model for the lower Song Hau channel to advance the understanding of hydrodynamics
and sand transport in this region. Both the studies of Thanh et al. and Xing et al. used
two spatial scales for modeling, including a large and coarse grid to act as boundary
condition for a fine and detailed grid. The use of this approach can reduce computational
cost, but it may cause significant uncertainties. Therefore, creating a single model domain
for the entire Mekong Delta and its shelf could result in accurate results. A large part of
the Mekong Delta consists of a dense channel network, with high variability in channel
widths, which can be approached by a 1D network. A pure 2D model for the entire
Mekong Delta would be unnecessary and computationally inefficient. 3D effects like
gravitational circulation could be relevant only in more seaward reaches. In this study,
we propose a 1D-2D coupled model for the Mekong Delta and shelf. The main channels
of the Mekong River and floodplains are modelled in 2D while primary and secondary
channels are represented by 1D elements. This approach was efficient for large scale and
complex regions and it accurately modelled hydrodynamics in the whole Mekong Delta
(Thanh et al., 2020a).

The objective of this paper is to derive a sediment budget for the Vietnamese Mekong
Delta for the high river flow year of 2011 using a 1D-2D coupled, process-based model
(Delft3D Flexible Mesh, DFM). In section 5.2 we will introduce the Mekong Delta and
its sediment characteristics. In section 5.3 we first describe the model DFM and the
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modeling approach for the Mekong Delta. In section 4, the model calibration is presented
and we investigate sediment dynamics and estimate a sediment budget in the Mekong
Delta. Finally, section 5.5 presents conclusions.

5.2 CASE STUDY DESCRIPTION: THE MEKONG DELTA
5.2.1 Characterization of the Mekong Delta

The Mekong Delta is the third largest deltas in the world (Anthony et al., 2015). It has
been formed over 6,000 years ago in response to decelerating sea level rise (MRC, 2010).
It covers an area of about 60,000 km? and is home to about 17 million people (Vo, 2012)..
The Mekong River is one of the world’s largest rivers, with a length of approximately
4,800 km and its draining catchment area of 795,000 km? (MRC, 2005). It flows through
the six countries, originating from China, through Myanmar, Laos, Thailand, Cambodia
and Vietnam, before debouching into the East Sea (South China Sea). The Mekong Delta
is commonly defined from Phnom Penh downstream, where the Mekong river is separated
into two branches, namely Mekong and Bassac (Gupta and Liew, 2007; Renaud et al.,
2013). This area is partly located in Cambodia and Vietnam. The Mekong Delta in
Cambodia (CMD) and in Vietnam (VMD) have different hydrological regimes. An
important confluence of the Mekong River and the Tonle Sap River, located at Phnom
Penh, is responsible for this. During the initial phase of annual floods (July - October),
the Mekong River also fills the Tonle Sap Lake via the Tonle Sap River. At decreasing
flood flows, the lake empties again via the Tonle Sap River into the Mekong River. The
lake thus lowers and elongates yearly hydrographs. In order to understand hydrodynamics
and sediment dynamics in the Mekong Delta, extending the area up to Kratie (Figure 5.1)
is needed (Thanh et al., 2017).

The CMD encompasses a large area of lowland which is deeply inundated by the annual
floods. For instance, inundation depths on the CMD floodplains are generally over 3 m
(Fujii et al., 2003). The hydrodynamics of the Mekong River in the CMD is dominated
by the annual floods which are considerably changed due to the southwest monsoon (Yu
et al., 2018). In addition, the hydrodynamics in this region are also influenced by
regulation of the Tonle Sap Lake.

The VMD covers an approximate area of 40,000 km? and is home to about 17 million
people (Vo, 2012). It has a complex river network which contains a large number of man-
made canals Extensive canal development for agricultural purposes started in 1819
(Hung, 2011). Seventy-five percent of the VMD area is used for agricultural production
(Kakonen, 2008). Recently, several hydraulic structures have been constructed in the
VMD to protect agricultural crops, such as dyke rings, sluice gates and culverts. These
modifications have considerably changed the hydrodynamics in the VMD (Thanh et al.,
2020a; Tran et al., 2018).
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Figure 5.1. Location of the Mekong Delta.
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5.2.2 Sediment loads

There are two types of sediment loads towards the Mekong Delta. Suspended sediment
loads at Kratie occupy 97% of the total sediment load while the bedload is only 3%
(Koehnken, 2012). Therefore, we focus on the suspended sediment load in this study.
Milliman and Syvitski, 1992 and Walling, 2008 estimate the annual sediment load of the
Mekong River to be 160 Mt/y. Sediment loads at Kratie fluctuated between 23-134 Mt/y
from 1982 to 2004 with an average load of approximately 87 Mt/y (Darby et al., 2016),
including extremely wet years (e.g. 2000). Koehnken (2014) estimated the annually
averaged sediment load at Kratie from 2009 to 2013 slightly lower at about 73 Mt/y while
the annual sediment load varied between 44 and 98 Mt/y in 2010 and 2011 respectively.

The Mekong River is subject to strong seasonal fluctuations and sediment loads vary
accordingly. In general, sediment loads at Kratie in the high flow season (from July to
October) provide approximately 95% of the annual sediment loads (Dang et al., 2018b;
Koehnken, 2014). The greatest sediment load usually occurs in September, supplying 25-
40% of the annual load. In contrast, monthly sediment loads in the low flow seasons are
extremely small, with a contribution of < 1% of the annual load (Koehnken, 2014). From
Kratie downstream, sediment loads are spatially correlated to local river flows in general,
except for Tonle Sap River’s sediment loads. Before the Mekong-Tonle Sap confluence,
sediment loads at Chroy Chang Var (Figure 5.1) are comparable to those at Kratie, with
a highest suspended sediment load of about 1.4 Mt/day (Figure 5.2). At the Tonle Sap-
Mekong confluence, most sediment is transported to the Mekong branch via Koh Norea
station, while the amount of sediment transported through the Bassac branch at station
OSP MRC is much smaller, with a ratio of 1/6. The sediment flux into the Tonle Sap
River mainly occurs during the early flood stage. The annual inflow into and outflow
from the Tonle Sap River is about 6.4 Mt and 1.5 Mt (Koehnken, 2012). This ratio is
consistent with model results computed by Kummu et al. (2008). The difference indicates
the sediment trapping efficiency of Tonle Sap Lake, of around 80% (Sarkkula et al., 2010).
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Figure 5.2. Suspended sediment fluxes and water discharge on the main channels of the
Mekong River in 2011 (aggregated from Koehnken, 2012). The dashed lines present
sediment flux while the hatched lines show water discharge at the selected stations.

The Mekong (Song Tien) and Bassac (Song Hau) branches both supply suspended
sediments to the VMD. The total sediment loads in 2011 were 50 Mt at Tan Chau on the
Song Tien and 9 Mt at Chau Doc on the Song Hau (Manh et al., 2014). The connecting
channel of Vam Nao diverted an amount of around 19 Mt from the Song Tien to the Song
Hau in 2011 and balanced the sediment fluxes of the Song Tien and the Song Hau. As a
result, sediment fluxes at My Thuan on the Song Tien and Can Tho on the Song Hau were
approximately 26 and 29 Mt/y in 2011 (Manh et al., 2014). Nowacki et al. (2015)
estimated that the Song Hau and the Song Tien mouths exported sediment amounts of 15

and 25 Mt/y in 2012-2013, respectively.

5.2.3 Suspended-sediment concentration

The suspended sediment concentration (SSC) in the Mekong Delta is typically smaller
than 0.5 g/l (Koehnken, 2012; Manh et al., 2014), and strongly modulated by the annual
floods. In the Cambodian Mekong Delta, SSC in the Mekong River main tributaries
fluctuates between 0.2-0.4 g/l during high flow seasons. The SSC on the Tonle Sap River
is smaller than that on the Mekong River, with concentrations below 0.2 g/l (Koehnken,
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2012). In the VMD, the hydrodynamics are not only influenced by the annual floods, but
also by tides. At Can Tho station, the monthly average SSC is about 0.05 g/l, and it can
increase to 0.18 g/l in the high flow seasons and decrease to 0.03 g/l in the low flow
seasons. The SSC at ebb tides is slightly higher than at flood tides in the low flow seasons.
This discrepancy increases in the high flow seasons (Dang et al., 2018b). A similar pattern
is found at My Thuan station, with slightly higher SSC. SSC near the Dinh An mouth was
low, smaller than 0.03 g/I, in the high flow season (Nowacki et al., 2015).

5.2.4 Sediment grain size distribution

In general, suspended sediment grain-sizes vary seasonally and spatially in the Mekong
Delta. Grain-sizes of suspended sediment spatially decrease with distance downstream.
Koehnken (2014) reported on a large-scale sediment monitoring campaign in the lower
Mekong River. They found predominant cohesive sediments at Kratie. A small amount
of fine sand was detected during high flow seasons. The suspended sediment load at
Kratie comprises 20% of sand, 61% of silt and 19% of clay materials. Finer sediments
were found at Tan Chau, with proportions of 1%, 44% and 54% for sand, silt and clay
respectively (Koehnken, 2014). Sarkkula et al. (2010) found that ds, is only 3-8 um at
Tonle Sap River and even finer in the Tonle Sap Lake. Hung et al. (2014) carried out an
in-situ measurement of sedimentation in the upper VMD. Their results show that that d
is from 10 to 15 wm on the Plain of Reeds (PoR)’s floodplains. (Wolanski et al., 1996)
measured that dg, is from 2.5 to 3.9 um in the freshwater regions of the Song Hau
estuarine branch. An important sediment process in the estuarine reaches is flocculation
that leads to flocs much larger than the individual grain sizes. For example, Wolanski et
al. (1996) found that d<, of a floc is around 40 um at the Song Hau estuary. This is
consistent with the results presented by Mclachlan et al. (2017) who show that the typical
recorded sediment grain size is about 40 um in the Song Hau estuary. Moreover, this size
of flocs is similar to the typical sediment grain size found in the PoR’s floodplains (Hung
et al., 2014b).

5.3 METHODOLOGY
5.3.1 Software description and model setup
5.3.1.1 Description of Delft3D FM

Hydrodynamics and sediment transport are modelled by flow and sediment transport
modules which are combined in the Delft3D FM (DFM) modeling suite developed by
Deltares (Deltares, 2020a). The DFM is the successor of Delft3D4 which has been widely
used for hydrodynamic modeling of seas, rivers and floodplains. DFM noticeable
improvement is the use of unstructured grids and concurrent multi-dimensional modeling,
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encompassing 1D, 2D and 3D domains. Achete et al. (2016), Martyr-Koller et al. (2017)
and Thanh et al. (2020a) provide examples of a successful 2D and 3D DFM model
descriptions and validation in estuarine environments.

The flow module of DFM solves the two- and three-dimensional shallow-water equations,
based on the finite volume numerical method (Kernkamp et al., 2011). The 2D depth-
averaged equations describes mass and momentum conservation, as presented (Deltares,
2020b):

oh
2 +7.(hu) =0(14)

22+ 7. (huw) = —ghV ¢ + 7. (vh(Vu+ Vu")) + £ (15)
a a\T . :
where V = (5,5) ,  is the water level, h the water depth, u the velocity vector, g

the gravitational acceleration, v the viscosity, p the water mass density and t is the bottom
friction.

5.3.1.2 Model set-up

DFM allows computation on both curvilinear and unstructured grid so it is suitable for
regions with complex geometry (Achete et al.,, 2015). In addition, it has multi-
dimensional computations, especially combinations of 1D and 2D grids. This feature is
efficient for considering small canals. Therefore, in this study DFM is selected for
simulating floods and sediment dynamics in the Mekong Delta which comprises a dense
river network and highly variable river widths, flood plains and hydraulic structures.

The large-scale hydrodynamic model of the Mekong Delta used in this study was well
calibrated for the large floods in 2000 and 2001 (Thanh et al., 2020a). Unfortunately,
suspended sediment data for these years were not comprehensively collected. Thus, the
recent large flood in 2011 was used to validate hydrodynamics and calibrate sediment
transport.

Our model setup improved prior model schematizations (Thanh et al., 2017; Van et al.,
2012). The Mekong Delta is modelled using a combination of 1D networks and 2D
meshes in a single computational domain. Additionally, hydrodynamics and sediment
transport are computed based on an online coupling in contrast to Achete et al., (2016)
who applied DelWAQ post-processing on hydrodynamic model output to calculate
sediment dynamics. Compared to the model used by Thanh et al. (2020a), the present
model adds sluice gates to control water flow to selected regions. These sluice gates are
located along the western part of the Mekong Delta and in the Quan Lo Phung Hiep region
and prevent salinity intrusion into these regions (Hoanh et al., 2009).

109



5. A numerical investigation on the suspended sediment dynamics and sediment budget in the Mekong Delta

5.3.1.3 Grid and bathymetry

Thanh et al. (2020) describes in detail the computational grid and bathymetry presented
in Figure 5.3. The grid covers the lower Mekong River from Kratie, Cambodia, to its
mouths and extends to about 80 km seawards of the coastline. The dense river network
of the VMD is fully represented. The floodplains in the Mekong Delta incorporated in the
model are based on the flood inundation maps (Dartmouth Flood Observatory, 2004).

The computational domain consists of a multi-dimensional grid which includes 1D and
2D connections. In the Mekong Delta primary and secondary canals are represented in
1D networks while 2D cells are used for the Mekong River main channels, the floodplains
and the continental shelf. The 1D network has a uniform segment length of 0.4 km while
the 2D cells have a different resolution depending on the spatial scale of the locally
dominant morpho- and hydrodynamic processes. Specifically, the 2D cell sizes for the
Mekong River mainstreams are approximately 0.7 km in general and decrease to about
0.2 km at river bifurcations and confluences. The 2D cells are coarser for floodplains and
sea areas, increasing up to around 2 km in size. The grid totally contains 73,504 cells.

Detailed bathymetries of the Mekong Delta are sparse and limited. Therefore, the
bathymetry is composed based on different sources (Figure 5.3). The bathymetry of the
Mekong River main channels was interpolated from cross-sectional data of the 1D-ISIS
hydrodynamic model for the Mekong Delta (Van et al., 2012). The 1D network of primary
and secondary canals are defined by cross-sections originally extracted from the 1D-ISIS
model. For the sea areas, it is imposed from ETOPO of about 1 km resolution. The
floodplain topography is obtained from the digital elevation model, with a resolution of
250 m provided by the Mekong River Commission. The estuarine branches were updated
by recent in-situ data (Thanh et al., 2017).
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5.3.1.4 Sediment transport equation

Suspended sediment occupies the majority proportion of total sediment load in the
Mekong Delta and sediment bedload is about 3% of suspended sediment load (Koehnken,
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2014). Therefore, this research only consider suspended sediment load for modeling.
Hung et al. (2014b) found that medium grain sizes of suspended sediment in floodplains
fluctuate in ranges of 10 and 15 um. In the Mekong Delta, Koehnken (2014) found a
predominance of silt and clay at Kratie and Tan Chau stations, respectively. Consequently,
cohesive sediment is the only sediment fraction used in this study (Thanh et al., 2017).
We neglect vertical stratification, but the effect of flocculation due to salinity is included,
by applying a larger fall velocity in saline water.

Suspended sediment transport is computed by online coupling between the flow and
sediment transport modules of the DFM suite. Sediment transport is formulated by the
2D advection-diffusion equation for suspended sediment (Deltares, 2020a).

at x ay dx

ac® duc® avc® 0 ac® 0 ac®
+ oy (px%=) - = (Dy %) = 0 (16)
ax dy ay

where ¢® is mass concentration of sediment fraction (1) (g/I); u and v are flow velocity
components (m/s); D, and D, are the diffusion coefficients in x and y directions

respectively (m?/s).
Erosion and sedimentation in a cell are described by the well-known Krone-Partheniades
equations (Partheniades, 1965):
= o _
E=M(2-1)@7)

D= ws c ( —%)(18)

where E is the erosion flux (kg/m?/s), M is the erosion parameter (kg/m?/s), t,, is the bed
shear stress (N/m?), 1, is the critical shear stress for erosion, D is the deposition flux
(kg/m?/s), wg is the settling velocity (m/s), ¢ is near—bed suspended sediment
concentration (kg/m®) and 7, is the critical shear stress for deposition (N/m?). The
equation 5 is approximated as (D = wg c) when 74 is much larger than 7, (Achete et al.,
2015; Deltares, 2020a; Winterwerp et al., 2006).

5.3.1.5 Boundary conditions

For hydrodynamic forcing, we defined water discharges at Kratie (the upper boundary)
and water levels at the ocean (the lower boundary). In addition, the lateral offshore
boundary is specified as a Neumann boundary which allows free development of cross-
shore water level slopes (Roelvink and Walstra, 2004). The water discharges at Kratie are
generated by measured water levels and the updated rating curve created by the Mekong
River Commission (MRC). The measured water levels are collected from the near real-
time hydro-meteorological monitoring system of MRC
(https://monitoring.mrcmekong.org/station/014901). The water levels at the ocean are
imposed by the eight main astronomical tidal constituents derived from the global tidal

112


https://monitoring.mrcmekong.org/station/014901

5.3. Methodology

model of TPXO 8.2 (Egbert and Erofeeva, 2002). Local precipitation is neglected because
this study focuses on the river flows.

For the lower boundary, SSC is set to 0 g/l because the river plumes are well contained
within the computational grid (Thanh et al., 2017) in contrast to Manh et al. (2014) who
defined the downstream boundary conditions at the Mekong River mouths from water
turbidity derived from satellite images. These data have a temporal interval of around a
week. However, measured data of suspended-sediment concentration at the Mekong
River mouths are highly various based on tidal fluctuation. For example, (Nowacki et al.,
2015) found that SSC on ebbs is considerably greater than on floods, suggesting that he
boundary condition of SSC at these mouths needs a higher temporal resolution.
Unfortunately, measurements at these stations with the requiered temporal frequency are
not available. Therefore, the model grid was extended to completely contain the sediment
plumes.

The upper boundary SSC at Kratie is not measured frequently. Therefore, we derived SSC
from a regression curve with water discharges. This method is commonly used to generate
SSC data in the Mekong River (Darby et al., 2016; Koehnken, 2012; Kummu and Varis,
2007; Lu et al., 2014; Lu and Siew, 2006; Manh et al., 2014; Walling, 2008). Table 5.1
shows empirically derived relationships between measured SSC and discharge for Kratie
by Darby et al. (2016), Koehnken (2012) and Manh et al. ( 2014). Applied to measured
flow at Kratie, Figure 5.4 shows the derived 2011 sediment loads. Darby et al. (2016)’s
curve predicts higher SSC since it is based on a much longer period of data analysis that
includes the effect of sediment load decline due to upstream dam construction (Darby et
al., 2016; Kummu and Varis, 2007; Lu and Siew, 2006). Consequently, SSC generated
by the Koehnken (2012) is more reliable for recent years and is used as boundary
conditions.

Table 5.1. SSC rating curves for Kratie station, with SSC is suspended-sediment
concentration and Q is flow discharge at Kratie station (m? s™).

Studies SSC (mg/l) Estimated annual | Analysis
sediment load in | period
2011 (Mt)

Koehnken (2012) | 0.13332 = Q7998 98 2011

Manh et al. (2014) | 10(-49402+log(Q)™**+2.88) | 9 2010-2011

Darby et al. (2016) | 0.3002 = Q°8967 156 1981-2005
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Figure 5.4. Estimated and measured suspended-sediment concentration at Kratie in
2011.

5.3.1.6 Wave modeling

Our modeling domain includes the shelf of the Mekong Delta where waves strongly
influence hydrodynamics and sedimentation processes (Thanh et al., 2017). The waves at
the shelf of the Mekong Delta are generated by monsoon winds (north-eastern and south-
western monsoons).

Waves are computed by the Delft3D-Wave, which is a third generation SWAN model.
Tu et al. (2019) calibrated this model against measured data for this region. The wave
model couples with the flow model at one-hour intervals. The wave data which were
derived from ERA Interim reanalysis data (https://apps.ecmwf.int/datasets/data/interim-
full-daily), were imposed at the offshore boundary. The boundary conditions consist of
wave height, wave period and wave direction. The wave heights off the west and east
coasts of the Mekong Delta are significantly different (ADB, 2013), necessitating spatial
variation in the imposed boundary conditions.

5.3.1.7 Initial conditions

Hydrodynamics in the Mekong Delta are strongly driven by the annual floods. Moreover,
the Tonle Sap Lake plays a crucial role in regulating river flows the delta downstream.
Water levels of the Tonle Sap Lake vary seasonally to a large extent. Therefore, correct
specification of initial conditions reduces model spin-up periods. We assume that a
previous flood filled the Tonle Sap Lake. Therefore, the model was spun up over the flood
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of 2010 and we used water levels at the end of 2010 as the initial conditions for the year
2011 simulations. Over the model domain, a uniform value of 0 g/l was set as initial
conditions of SSC, since SSC is low in the low flow seasons. We used model settings for
hydrodynamic parameters following Thanh et al. 2020a and 2017) including the
calibrated values of the Manning roughness coefficient spatially varying in the range of
0.016-0.032. The initial bed sediment layer thickness was uniformly set at 10 m, which
allows abundant sediment availability for the simulated period.

5.3.2 Sediment properties

For modeling cohesive sediment dynamics, we need to specify, critical bed shear stress
for erosion (z..), erosion rate (M) and settling velocity of sediment (w). McLachlan et al.
(2017) measured shear stresses in-situ at the Song Hau estuarine branch and estimated
the highest shear stress at approximately 10 Pa. However, Vinh et al. (2016) set t., of 0.2
N/m? for the coastal VMD while the amplitude of ., on the VMD floodplains fluctuated
in the range of 0.028-0.044 N/m? (Hung et al., 2014b). M was in the range of 5.1x10° -
8.8x10° kg/m?/s and a reasonable value for modeling is 2x10° kg/m?/s (Hung et al.,
2014b; Thanh et al., 2017; Vinh et al., 2016).

The settling velocity in the Mekong River is highly variable depending on the local
hydrodynamics and salinity. Manh et al. ( 2014) mention that the calibrated w value in
the main channels of the Mekong River was 1.3 x 10 m/s. Hung et al. (2014) calculated
that settling velocities on the VMD floodplains fluctuated from 2.2x10** to 1.8x10° m/s.
McLachlan et al. (2017) estimated settling velocities on the Song Hau estuarine branch
to be much smaller, with an average magnitude of around 5x10° m/s. Furthermore, w is
also influenced in saline waters by growing flocs. For instance, Wolanski et al. (1996)
observed that the median size of flocs in the Mekong estuary ranges between 50 to
200 um and this changes the sediment settling velocity. Vinh et al. (2016) revealed that
w in fresh and saline waters were 5x107° and 3.25x10™* m/s, respectively.

5.3.3 Model performance evaluation

Percent bias (PBIAS) and index of agreement (Skill) are commonly used statistical
indices to evaluate model performance (Achete et al., 2015; Ferré et al., 2010; Ji, 2017,
Van Liew et al., 2007; Thanh et al., 2017). These indices are calculated as

PBIAS = Z=" (19)

2
Skill = 1 — —25=M"__(20)
Y(IM—-0l|+|0-0])
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where S and M are simulated and measured SSC, respectively; and M and O are time
average measured SSC.

PBIAS and Skill were used to assess simulated discharge and SSC at mainstream stations.
PBIAS values present the average tendency of simulated results. A perfect PBIAS value
of O illustrates that modelled results are completely unbiased. Positive and negative
PBIAS values indicate model biases toward overestimation and underestimation,
respectively. Skill was introduced by Willmott (1981) and it presents how accurate the
model estimates the variation in measured data. Skill values range from 0 to 1 in which
the value of 1 indicates that simulations and observations have perfect agreement while
the value of 0 shows disagreement between them. A well calibrated model should have
values of |PBIAS|< 0.25 and Skill > 0.2 (Ji, 2017; Moriasi et al., 2007). Table 5.2 depicts
categories of model performance intervals.

Table 5.2. Qualification of model performance indicated by PBIAS and Skill indexes.

Quialification |PBIAS)| Skill
Excellent <0.1 1.0-0.65
Good 0.1-0.15 0.65-0.5

Reasonable/fair 0.15-0.25 05-0.2

Poor >0.25 <0.2

5.4 RESULTS AND DISCUSSION
5.4.1 Model calibration and validation
5.4.1.1 Hydrodynamic and salinity calibration

Detailed results of model performance for water discharge at stations on the mainstream
of the Mekong River is illustrated in Table 5.3. These stations are selected to validate the
model since the data are available for the chosen year. However, these stations can
represent flood propagation along the Mekong River as they are located from the
upstream boundary (Kratie) to the strongly tide-dominated areas (Can Tho and My
Thuan). The model reasonably simulates water discharge in the delta because the values
of statistical indexes at these stations are higher than the reasonable value, except Chau
Doc station. Skill values of these stations are higher than 0.8 which classifies as excellent.
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Generally, the model slightly underestimates water discharge as PBIAS values are
negative.

Table 5.3. Statistical indexes of model performance of water discharge, suspended-
sediment concentration and sediment flux.

:F//ﬁ_,_ Pr.e}gxgw P ) \(* | e Discharge e Elii)l(y Sediment

-cp,ovVcnan'gv;ﬁhﬁojgazy 1\ o P> [ skitt | FRAS sk | FRVAS | skl

s 05P MRC, ™ .‘ Chioy (%) (%) (%)
Changvar -6 0.98 25 0.63 11 0.83
Koh Norea | -16 0.86 N/A N/A -7 0.86
OSP MRC N/A N/A 5 0.72 -8 0.91
Prek Kdam | N/A N/A N/A N/A -40 0.56
Tan Chau -4 0.99 61 0.90 36 0.93
Chau Doc -33 0.85 -18 0.78 -45 0.67
Vam Nao N/A N/A -2 0.90 N/A N/A
My Thuan -18 0.94 16 0.94 -23 0.86
CanTho |-12 |097 |7 087 |20 |07

The fall velocity of cohesive sediment is influenced by salinity, which enhances
flocculation processes (Mhashhash et al., 2018; Portela et al., 2013). In the Mekong Delta,
Wolanski et al. (1996) found that sizes of flocs in the saltwater region are much larger
than those of suspended sediment grains. The length of saltwater intrusion into the
Mekong River is approximately 50 km from the river mouth (Nguyen and Savenije, 2006;
Nowacki et al., 2015; Wolanski et al., 1998). Salinity intrusion into the Song Hau is
limited by seasonally varying river flow (see An Lac Tay station in Figure 5.5). The
largest salinity intrusion occurs during the low flow season, while the water at the river
mouths is nearly fresh in the high flow seasons (Wolanski et al., 1996). As a result, the
salinity is only measured in the low flow seasons, so the calibration period of salinity did
not include the period Jul-Dec 2011.

Figure 5.5 shows that simulated and measured salinity are in reasonable agreement. The
2D model is capable of modeling the seasonal and tidal cycle variations of salinity.
Specifically, the highest salinity at Tran De station is about 20 ppt during the low flow
season. We calibrated salinity intrusion by adapting the horizontal eddy diffusion
coefficient leading to a value of 450 m?s™ constant over the model domain. This high
value was also found in other modeling studies and is caused by considerable sub-grid-
scale processes (Talley et al., 2011).
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Figure 5.5. Measured (in blue) and simulated (in red) salinity at Tran De, Dai Ngai, An
Lac Tay and Vam Giong.
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5.4.1.2 Sediment dynamics calibration

To calibrate the sediment dynamics model, we adapted and modified the proposed
approach of alternative settings developed by VVan Maren and Cronin (2016). Specifically,
the settling velocity and the critical shear stresses were estimated based on available
measured data. The settling velocities in fresh water and saltwater are well measured and
applied in numerical modeling (Le et al., 2018; Thanh et al., 2017; Vinh et al., 2016). We
calibrated to lower the sediment flux by increasing the critical shear stress and decreasing
the erosion rate. The model performances in simulating SSC and sediment flux are
presented in Figure 5.6, Figure 5.7 and Figure 5.8.

Chroy Changvar OSP MRC
/ [ S

7,=03,M=10° 7, =05, M=5x10°

r =04,M=10" r =03, M=10"
e e

7 =05 M=10"
e

r =04,M=10"
e

SSC(g/L)

7,=03,M=5x10° 7,=05M=10°

7,=04,M= 5x10° - Measured data

Figure 5.6. Sensitivity analysis for SSC at the stations on the Mekong branch (right
panels) and the Bassac branch (left panels).
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Figure 5.7. Model performance of SSC in the sensitivity analysis. These simulations
were set up with the same settling velocity, changing 7., and M parameters in the range
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level of model performance. The locations of these stations are indicated in Figure 5.1.
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Figure 5.8. Model performance of sediment fluxes in the sensitivity analysis. These
simulations were set up with the same settling velocity, changing t.. and M parameters
in the range presented in rows and columns, respectively. The target square presents
the acceptable level of model performance. The locations of these stations are indicated
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5.4. Results and discussion

The model was calibrated against measured SSC data in the high-flow 2011 season and
the low-flow 2012 season focusing on stations along the Mekong River. The order of the
low-flow and high-flow seasons is of great importance. This order not only plays a
considerable role in controlling seasonal variations of the Mekong River flow, but also in
sediment trapping. We select the low-flow season after the high-flow season because of
the regulation of the Tonle Sap Lake.

The parameters of roughness, 7.., M and w have considerable impacts on sediment
dynamics (Achete et al., 2015; Manh et al., 2014). Roughness coefficients are not an
efficient calibrated parameter for sediment model because they are evaluated in
hydrodynamic calibration and this eliminates a free variable in sediment calibration
(Gibson et al., 2017). The settling velocity was not considered as calibration parameter,
because it is well measured and successfully used in other numerical studies (Gratiot et
al., 2017; Le et al., 2018; Marchesiello et al., 2019; McLachlan et al., 2017; Thanh et al.,
2017; Tuetal., 2019; Vinh et al., 2016). The w was set to 5x10° m/s and 3.5x10** m/s for
fresh and saline waters, respectively, with interpolated values for brackish environments.
Recent measurements by Gratiot et al. (2017) and Le et al. (2018) have reasonable
agreement with these settling velocities.

The calibration ranges of z., and M were chosen from measurements of prior studies (e.g.
Berlamont et al., 1993; Hung et al., 2014a; Manh et al., 2014; McLachlan et al., 2017;
Vinh et al., 2016). The selected ranges for the two parameters were for 7., 0.3 - 0.5 N/m?
and for M 10 — 10°® kg/m?/s.

In general, calibration simulations overestimate SSC on the Mekong River (Figure 5.9).
The model clearly produces seasonal variations of SSC that are strongly dominated by
the annual floods, which is reflected by high skill values (Table 5.3). In addition, SSC
also varies with spring-neap cycles at Can Tho and My Thuan stations where tidal
influence is high. Within the selected calibration range, M has a much stronger influence
on SSC than 7., and this can be explained by the bed erosion flux computed by the
equation 4. The curves and peaks timing of simulated SSC resemble observed SSC. It is
noted that the smallest 7., and the highest M in the selected ranges result in unrealistic
SSC (> 1 g/l). SSC at Chau Doc is underestimated probably due to the underestimation
of water discharge at Chau Doc station (Table 5.3).
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Figure 5.9. Comparison of modelled and measured suspended-sediment concentration.

The measured sediment fluxes are estimated from daily average discharge and SSC at
stations on the mainstream Mekong River (Figure 5.9 and Figure 5.10) and compare well
with modeled behavior (Figure 5.10). The model parameter set which results in the best
fit of simulated and measured suspended-sediment concentration and sediment transport,
has a 7., value of 0.3 N/m2 and a value for M of 10 kg/m?/s.
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Figure 5.10. Comparison of modelled and measured suspended sediment flux.
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During the calibration process of SSC, we found that the varying dominant hydrodynamic
factors across the model domain, strongly influence the results of model calibration. For
example, the run which has 7., of 0.6 N/m? and M of 8 x 10" kg/m?/s, compares well
with measured data at the fluvial-dominant stations while it highly underestimates SSC
at the tide-dominant stations. The initial SSC and bed sediment availability had a very
limited impact on the calibration. This is in contrast with Achete et al. (2015) who found
that initializing the model with bed sediment could cause a high SSC and take around 5
years to be reworked and with van Kessel et al. (2011) who revealed that a simulation
with no bed sediment could take up to 3 years in order to reach the equilibrium conditions.
For our study, Figure 5.10 shows that the simulation period begins in the low flow season
(from May 2011) at which the SSC is low, so the model takes a short spin-up time of
around two weeks. Bed-sediment availability is essential to skillfully model SSC in the
Mekong Delta. For example, at some stations (e.g. Chroy Changvar and OSP MRC) SSC
is slightly higher than those at Kratie (the only source of sediment in modeling). Probably
the abundance of sediment available in the Mekong River bed makes model calibration
less subject to bed sediment definitions and initial SSC as reported by Achete et al. (2015)
and van Kessel et al. (2011).

5.4.2 Hysteresis relations of suspended-sediment concentration
and water discharge

Our model is able to reproduce SSC hysteresis during a river flood (Figure 5.11 and
Figure 5.12) with SSC being higher during the rising phase of the river flood than during
the falling tide of the river flood. Figure 5.11 clearly indicates the characteristic clockwise
loops at different stations (Williams, 1989), with the SSC peak occurring earlier than the
discharge peak. A general mechanism for SSC hysteresis is early suspension of easily
erodible sediments at the start of the river flood (Landers and Sturm, 2013). Walling
(2008) observed the SSC hysteresis which reflects sediment remobilization of the
Mekong River. However, our modeling effort did not define that process since we applied
a single sediment fraction with constant properties throughout the model runs. Also, the
SSC hysteresis does not stem from the boundary since SSC at the boundary was defined
by a direct relationship between river flow and SSC at Kratie (Figure 5.12).
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Figure 5.11. Relationship between daily averaged measured suspended-sediment
concentration and water daily averaged discharge at four stations, namely Tan chau,
Chau Doc, My Thuan and Can Tho. Low flow conditions are from January to June,
2011. The rising phase begins from June to the yearly discharge peak in September,
whereas the falling phase is taken from September to January 2011.
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Figure 5.12. Relationship between daily averaged modeled suspended-sediment
concentration and water daily averaged discharge at four stations, namely Tan chau,
Chau Doc, My Thuan and Can Tho. Low flow conditions are from January to June,
2011. The rising phase begins from June to the yearly discharge peak in September,
whereas the falling phase is taken from September to January, 2011.

Instead, we found that the main factor causing modelled SSC hysteresis is the sediment
trapping of the Tonle Sap Lake. The sediment trapping decreases the SSC of outflows
significantly compared to inflows. During a rising river flood, flood flow with high SSC
from the Mekong River diverts to the Tonle Sap River at Prek Kdam to fill the Lake
(Figure 5.13a). The sediment largely deposits in the lake. For example, Kummu et al.
(2008) found that around 80% of sediment which is stored in the lake and its floodplains,
is from the Mekong River and tributaries. In the late high-flow season, the flow of the
Tonle Sap River reverses when water levels on the Tonle Sap Lake are higher than those
on the Mekong River (Fujii et al., 2003; Kummu et al., 2014b; Thanh et al., 2020a).
Although SSC on the Mekong River is still high (~200 mg/l), the low SSC water from
the Tonle Sap River (~20 mg/l) mixes with the Mekong River flow at the Phnom Penh
confluence reducing SSC in the confluence downstream (Figure 5.13b). Our model
adequately captures these sediment dynamics (Figure 5.14). Our finding confirms
estimates by Kummu et al. (2008)’s of an annual sediment deposition of about 5.7 Mt in
the Tonle Sap Lake.
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Figure 5.13. Spatial variation of modelled suspended-sediment concentration at during
inflows (a) and outflows (b) of the Tonle Sap River.
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Figure 5.14. Temporal variation of modelled water discharge and suspended-sediment
concentration at Prek Kdam (Tonle Sap River).
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It should be noted that our model did not consider tributaries of the Tonle Sap catchment.
The tributaries contribute up to about 30% of the inflow into the Tonle Sap Lake (Kummu
et al., 2008) and supply a sediment amount of about 2 Mt/y (Kummu et al., 2008; Lu et
al., 2014). With additional flows from Tonle Sap tributaries, outflows from the Tonle Sap
Lake would increase slightly, with slightly higher SSC, increasing sediment fluxes from
the Tonle Sap River to the Mekong River. The connection to the Tonle Sap Lake plays a
critical role in regulating flows in the Mekong Delta and the Tonle Sap Lake received
about 3.7 Mt in 2011 which resulted from differences between inflows and outflows of
the Tonle Sap Lake. The discrepancies between inflows and outflows of the Tonle Sap
Lake are still under discussion. Recent studies show opposite results on sediment
transport of the Tonle Sap Lake (Kummu et al., 2008; Lu et al., 2014). They used
measured discharge and SSC to investigate whether the Tonle Sap Lake receives sediment
from or supplies sediment to the Mekong River. Interestingly, Kummu et al. (2008) found
that the lake receives a net sediment amount of about 5.7 Mt/y, in which sediments are
transported from the Mekong River and Tonle Sap tributaries around 7 Mt/y and supply
about 1.38 Mt/y to the Mekong River in the outflow period. In contrast, Lu et al. (2014)
estimated that the mean sediment inflow and outflow are 6.3 Mt and 7 Mt, respectively.
This means the Tonle Sap Lake supplies about 0.7 Mt. This estimate may be incorrect
due to a limitation of data used and this study is opposite to some estimates (Koehnken,
2012, 2014; Kummu et al., 2008; Manh et al., 2014).

5.4.3 Seasonal variation of suspended sediment

This section describes spatial and temporal variations of modelled SSC in the Mekong
Delta which consists of different hydrodynamic regions. Figure 5.15 shows hourly
simulated SSC at some selected stations in the Mekong River. In general, SSC at these
stations vary significantly throughout the selected period. The SSC are highest in August
and September, and lowest in March. These variations are strongly dominated by the
annual floods, so they have similar seasonal variability, but the magnitudes are different
between these stations. The differences result from the sediment availability in the
channel system. For instance, the SSC peaks at Kampong Cham (upper station) are
slightly lower than that at Chroy Changvar and Tan Chau (lower stations). This implies
that there is an additional source of sediment which affects SSC in the Mekong River.
The reason is that sediment modeling included sediment availability in the channel system.
This is in line with the presence of bed-sediment availability within the Mekong channel
system, CMD, as observed by Walling (2008).
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Figure 5.15. Separated regions in the Mekong Delta based on hydrodynamic conditions
and SSC variation in these regions.

In the CMD, SSCs at Kampong Cham increase rapidly coinciding with flows in the high
flow season. The highest value is about 0.35 g/l in the high flow season while SSCs
fluctuate around 0.05 g/l in the low flow season. The river flow is the dominant
hydrodynamic factor in this region, so SSCs fluctuate with the river flow. Besides, the
floodplains in this region also have insignificant impact on SSC. Downstream of the
Tonle Sap-Mekong confluence, SSCs are considerably influenced by interaction of the
Tonle Sap River and Mekong River. On the Tonle Sap River, SSCs of the inflows
(Mekong River to Tonle Sap Lake) are significantly higher than in the reversal flows,
reflecting the sediment transport to and efficient trapping of the Tonle Sap Lake.

The VMD receives sediment from the Song Tien, the Song Hau and Cambodian
floodplains. At Tan Chau, SSC variations are high in the high flow season, comparable
to SSCs at Chroy Changvar while they show tidal variations during the low flow season.
In the VMD middle, the tides strongly drive sediment fluctuations in both the high flow
and low flow seasons. In the high flow season, the highest SSC can reach 0.25 g/l at My
Thuan and 0.2 g/l at Can Tho. In the low flow seasons, SSCs obviously vary with spring-
neap cycles, fluctuating from 0.025 to 0.05 g/l. These values are completely consistent
with the analysis by Dang et al., (2018). SSC during ebb tides are marginally higher than
those during flood tides. This asymmetry causes seaward flux of suspended sediment. At
the mouths the Mekong River, SSCs fluctuate in range of 0.01 - 0.1 g/l in the high flow
season, coinciding with tidal variations while they are smaller than 0.05 g/l in the low
flow season. These simulated values of SSC are slightly lower than measured data
analyzed by McLachlan et al., (2017). There are several factors contributing to the
differences such as salinity stratigraphy, estuarine turbidity maximum and flocculation.
The salinity stratigraphy was neglected since a 2D depth-averaged model setup was used
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while the flocculation was taken into modeling by changing settling velocities in
freshwater and saltwater.

5.4.4 Sediment budget

The Mekong River at Kratie supplied more than 99 Mt of suspended sediment that was
transported towards the Mekong Delta from June 2011 to June 2012. Based on our model
validation at specific sites, we can now derive a sediment budget describing the
distribution of these sediments within the Mekong Delta, illustrated in Figure 5.16.
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Figure 5.16. Modelled sediment budget (in Mt) of the Mekong Delta, location names are
indicated in Figure 5.1 and Figure 5.3.

The river flood erodes the river channel of the Mekong from Kratie to Phnom Penh by
around 13.9 Mt of sediment while the adjacent floodplains receive an amount of 8 Mt
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(northern floodplain) and 11.1 Mt (southern floodplain) during the high-flow season.
Approximately 94 Mt flows into the Mekong Delta at Phnom Penh. At Phnom Penh, the
Mekong River connects to the Tonle Sap River which transports 11.1 Mt. During rising
river flood, the Tonle Sap River transports 4.5 Mt to the Lake, whereas the Tonle Sap
River transports 0.6 Mt to the Mekong River during the falling river flood. The net result
is a supply of 3.9 Mt to the Lake. Downstream of Phnom Penh the Mekong River
separates into two branches, namely Mekong and Bassac (see Figure 5.1), transporting
72.4 Mt (73 %) and 11.3 Mt (11 %) seaward, respectively. An additional amount of 0.7
Mt (0.7 %) is delivered over the floodplains between Vietnam and Cambodia. This
portion is slightly higher than estimates (64-71%) of Manh et al. (2014). The difference
is probably due to the inclusion of bed-sediment availability in this study.

The percentage of the total sediment supply at Kratie transported into the VMD by the
main channels depends on water years. In wet years, the percentage is smaller than this
in the dry years. The sediment trapping of the Cambodian floodplain and Tonle Sap
system in the wet years is higher than that in the dry years (Manh et al., 2014).

Suspended sediments are transported into the VMD by the Mekong branch (Tien River),
the Bassac branch (Hau River) and floodplain flows. Among of these ways, Tien River is
the major way which conveys about 74 Mt at Tan Chau, accounting for 93% of the total
sediment discharge towards the VMD. The overland flows transport small amounts of
sediment during the high-flow seasons.

In the VMD, river flows and sediment transport are strongly affected by the dense man-
made canal system so sediment transport in the VMD is complicated, especially the
interaction between the Tien River, the Hau River and the floodplains. The canals
between the Tien River and Hau River divert water and sediment from the Tien River to
the Hau River due to slightly higher water level in the Tien River. The water discharge in
the Tien River and Hau River becomes similar from the connecting canal (Vam Nao)
seaward (Dang et al., 2018b; Thanh et al., 2020a). The Vam Nao canal diverts ~25.8 Mt
from the Tien River to the Hau River. However, sediment fluxes at My Thuan (30.7 Mt)
are slightly higher than at Can Tho (21.0 Mt).

The differences in sediment fluxes throughout these two stations results from slightly
higher SSC in the Tien River compared to the Hau River (presented in Figure 5.9). The
ratio of sediment fluxes between the both stations is equivalent to recent studies (e.g.
Dang et al., 2018; Manh et al., 2014), but magnitudes of sediment fluxes are somewhat
lower. The lower sediment fluxes may come from different period in estimation as we
considered sediment fluxes in the low-flow season 2012 while Dang et al. and Manh et
al. considered the low-flow season 2011. Dang et al. (2018) estimated that the sediment
fluxes in 2011 at My Thuan (38.3 Mt) and at Can Tho (23.4 Mt). These values are reliable
because they are derived from daily measured data.

131



5. A numerical investigation on the suspended sediment dynamics and sediment budget in the Mekong Delta

At the river mouths, the Mekong River delivers an amount of 22.8 Mt to the sea in which
it transports 10.7 Mt and 12.1 Mt, respectively, through the Tien and Hau branches. The
Hau branch exports about 8.8 Mt and 3.3 Mt via the Dinh An and Tran De mouths
respectively. Besides, the Tien River transports approximately 10.7 Mt of sediment by
the Cung Hau (3.3 Mt), Co Chien (2.8 Mt), Ham Luong (1.3 Mt), Dai (1.9 Mt) and Tieu
(1.4 Mt) mouths. Although water volume discharged by the Tien River’s mouths is
slightly higher than that by the Hau River’s mouths (Thanh et al., 2020a), suspended
sediment exported though the Tien River is smaller than the Hau River. This can be
explained by the Tien River has a larger depositional plains compared to the Hau River.
This is determined by sediment deposition of about 18 Mt and 8 Mt from My Thuan (the
Tien River) and Can Tho (the Hau River) to the coast, respectively. Previous studies did
not directly compute sediment fluxes at the river mouths of the Mekong River, but
computed transports at other stations on the mainstreams or extrapolate measured data
(Dang et al., 2018b; Nowacki et al., 2015). It was assumed that all sediment of the
Mekong River would be transported to the sea. This study included riverbed deposition
and erosion processes throughout the entire Mekong Delta for the first time.

Riverbed sediment exchange is difficult to measure especially throughout such a large
domain. Our model suggests that riverbed erosion occurs in Cambodia while deposition
happens in Vietnam. Unfortunately, observed data of riverbed change are unavailable to
validate these results. They are also strongly affected by human activities, such as sand
mining. Sand mining is probably much higher than the sedimentation rate of the Mekong
River in Vietnam (Brunier et al., 2014). Moreover, estimated sand mining in the Hau
River is about 7.75 million m® in 2011 (Bravard et al., 2013) (~ 12.4 Mt, based on a bulk
density of 1600 kg/m®) which is about one-third of the sedimentation rate of about 39.6
Mt. The sediment dynamics at the river mouths have seasonal variations. During the high
flow season, the Mekong River supplies a substantial amount of sediment to the sea due
to seaward residual velocity. During the low flow season, the tidal processes cause a small
amount of landward sediment import (Gugliotta et al., 2017; Nowacki et al., 2015; Xing
et al., 2017). The landward residual sediment flux is resulted by baroclinic effects
(Nowacki et al., 2015). The modelled sediment fluxes at the river mouth stations capture
characteristics of sediment exchange due to tidal processes.
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5.5 CoNcLUSIONS

Recent measurements of suspended sediment transport into the Mekong Delta show that
the annual sediment transport is significantly lower than the commonly used value of 160
Mt. The suspended sediment loads are highly varied due to variations of water discharges.

We used a 1D-2D numerical model to simulate the hydrodynamics and suspended
sediment transport throughout the Mekong Delta, forced by rivers, tides and waves. The
modeling grid covers the entire Mekong Delta, the connected Tonle Sap Lake and its shelf.
This grid considers the interaction between the Mekong River and the sea. In addition,
the grid includes a dense network of rivers and man-made canals, considering
hydrodynamics and sedimentation in the floodplain regions. Our modeling effort
reproduces the hydrodynamics and SSC and transport. In sediment modeling, the erosion
rate is an important parameter when considering bed-sediment availability.

This is one of the first studies which are able to investigate sediment dynamics at a large
scale of the entire Mekong Delta. The model reproduces the suspended sediment
concentrations and sediment fluxes at several stations located in different hydrological
regions. Thus the model can simulate sediment dynamics in the Mekong Delta accurately.
The presence of bed-sediment availability, as a source of sediment supply, allows
sediment exchange between river bed and water column. Additionally, bed-sediment
availability is a cause of sediment hysteresis. Noticeably, we found that another cause of
hysteresis effects is efficient trapping of the Tonle Sap Lake. The inflow of the Tonle Sap
Lake has higher suspended sediment concentration compared to the outflow, causing
clockwise loops of the hysteresis effects.

Our study confirms that the annual sediment load of the Mekong River into its delta is
much lower than the common estimate. The annual sediment load in 2011-2012 at Krate,
Cambodia is approximately 99.6 Mt. About 79% of the annual sediment load is
transported to the VMD, but only 23% of the total sediment is exported to the East Sea.
This determines that trapping efficiency of the VMD system is generally high.

This study indicates that numerical models are a useful and efficient tools to gain a better
understanding of hydrodynamics and sediment transport in large-scale areas. They are
more helpful in the cases of high variability of channel widths and large spatial scales.
Due to taking the dense network of rivers and canals onboard, the model is likely
impossible to apply at long time scales, such as centuries. Understanding of sediment
sources, pathways and transport dynamics not only encourages to investigate
morphodynamics, but also helps to address challenges of negative impacts on ecology
and develop sustainable management strategies. Particularly, the results can be necessary
and useful inputs for the Mekong Delta Plan.
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6

CONCLUSIONS AND
RECOMMENDATIONS

This chapter shows conclusions and recommendations. The concluding section presents
findings of this research and answers of the research questions. Recommendations for
further studies are also discussed.



6. Conclusions and recommendations

6.1 CONCLUSIONS
6.1.1 Introduction

This study aims to investigate sediment dynamics and sediment budget in the Mekong
Delta by using a process-based model. Reproducing sediment dynamics in the Mekong
Delta is a challenge due to limited data availability and its complex system. Previous
chapters described an efficient interpolation method for sparse and limited data and the
different modeling efforts in detail leading to a skilful reproduction of observed sediment
dynamics in the Mekong Delta. This section provides answers to the research questions
mentioned in the Introduction chapter.

6.1.2 Answer to research questions
1. How can a 2D/3D model be applied in cases of limited topography data?

A 2D/3D model requires channel topography with high spatial resolution to accurately
represent the channel-bed surfaces. In cases of limited topography data, it needs an
interpolation method to increase spatial resolutions. The usual interpolation methods are
applied for isotropic data. However, channel topographies are often strongly influenced
by the flow direction and the presence of the thalweg. Consequently, applying usual
interpolation methods on the channel topography can cause unrealistic bed surfaces (e.g.
discontinuous thalweg and jags) which gives rise to errors in interpolated topographies in
limited data cases and increased uncertainty in modeling outputs, especially for sediment
dynamics and morphological modeling. Therefore, limited data of topographies can only
be used for a 2D/3D model if their spatial resolution is artificially increased by an
advanced interpolation method. This study proposes an interpolating approach for
generating channel topographies. The approach consists of three steps: (1) Anisotropic
bed topography data locations are transformed to an orthogonal and smooth grid
coordinate system that is aligned with the river banks and thalweg. (2) Sample data are
linearly interpolated to generate river bathymetry. (3) The generated river bathymetry is
converted into its original coordinates. This approach reveals that elimination of
anisotropic effects of the channel topographies is a critical step and it suggests to use the
linear interpolation method.

2. What is the role of coastal processes in sediment modeling for the Mekong Delta?

The Mekong Delta is strongly influenced by coastal processes such as tides and waves.
The Mekong River delivers sediment to the sea where the depositing sediment forms the
Mekong Delta. Besides, salinity also affects sediment dynamics since it can change
settling velocity of sediment particles in the water column while spatial salinity gradients
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generate tide residual currents. Changes of suspended sediment concentration in the
Mekong coastal area are not only influenced by the tide but also highly dependent on the
river flows. The seasonal patterns of sediment plume dynamics show north-eastward flow
in August and September while the plume is more variable in October and clearly shifts
to south-westward flow in the low flow season. Waves play an important role in sediment
stirring. The sediment deposited during the high flow season, mostly on the edge of the
delta front, is strongly resuspended by waves and currents in December and January.
Reduction of riverine sediment supply in the low flow season leads to strongly decreased
concentrations throughout the delta. Meanwhile, nearshore SSC remains relatively high
due to the combined effect of wave stirring and the cross-shore gravitational circulation
with an onshore-directed near-bed current. Excluding salinity gradients spreads the
sediment over the shelf, because in that case there is no reduction in the vertical diffusivity
due to buoyancy effects and no gravitational circulation.

3. How does the delta-based water infrastructure influence hydrodynamics in the
Mekong Delta?

Recently, the Mekong Delta has been considerably modified by human interventions,
particularly water infrastructures. Over the last two decades high dykes were built in the
VMD after the high damage flood of 2000. Generally, the high dykes were designed at a
crest level of 0.5 meter above the year 2000 flood peak. As a result, the hydrological
regime in the VMD has been influenced by the high dykes because they prevent flood
water flowing into the floodplain area protected by these high dykes. This study evaluated
the effects of high dyke construction on downstream hydrodynamics by using a numerical
model for the year 2000. A coherent set of dyke development scenarios for the VMD was
defined in order to quantify possible effects. The scenarios consider high dyke
development in the VMD floodplain regions, including the LXQ, PoR and Trans-Bassac
regions.

The dyked floodplains in the LXQ, PoR and TransBassac regions cause increases of 12.3,
6.1 and 1.1 cm of annual mean water levels at Chau Doc station, respectively. With the
recent development of high dyke construction until 2011, the yearly averaged water levels
would increase by 10.2 cm (Chau Doc), 1.5 cm (Long Xuyen) and 0.2 cm (Can Tho) on
the Song Hau. The annual mean water levels would rise up to 22.3 cm at Chau Doc station
if the entire VMD is fully protected by high dykes, while water levels on the Song Tien
are less affected by the high dykes. Among the mentioned regions, the PoR has the highest
effect on Song Tien’s water levels since they are directly linked. Although the LXQ is
not directly linked to the Song Tien, it causes rising water levels by around 3.6 and 1.1cm
at Tan Chau and My Thuan, respectively. The mean water level at Tan Chau could
increase by 16.9 cm if the VMD’s floodplains are fully dyked. Besides the water levels
the high dykes also influence the tidal propagation along the Mekong branches due to
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reduction of water retention during the high flow season. The high dykes avoid
floodwaters to come into the protected floodplains, causing an increase and a decrease of
water discharge in the high flow and low flow seasons respectively. This change of
hydrograph influences the tidal propagation in the VMD.

4. What are prevailing sediment dynamics and sediment budget in the Mekong Delta?

Investigations of sediment dynamics for the Mekong Delta were a challenge due to
limited availability of sediment data. Sediment dynamics and sediment budgets are
usually derived from in-situ measurements. This needs a number of measured stations
and campaigns which are not available in the Mekong Delta. In that case, numerical
models are useful tools to derive sediment dynamics and sediment budgets. A 1D-2D
numerical model was developed to simulate the hydrodynamics and suspended sediment
transport throughout the Mekong Delta, forced by river discharge, tides and waves. The
set-up for sediment modeling was improved in order to consider important features, such
as sediment plumes and at-bed sediment exchange. After calibration, the model is capable
of capturing hysteresis relationships between water discharge and SSC. The hysteresis
relationships are caused by flow regulation of the Tonle Sap Lake in which inflow water
contains suspended sediment much lower than outflow water, leading to a trapping
amount of 3.7 Mt in 2011. Analysis of the modelled sediment budget reveals that
sediment transport into the Mekong Delta even in a high water year is much lower the
common estimate of 160 Mt (Chapter 5). The Mekong River supplies ~99 Mt of
suspended sediment to the VMD from June 2011 to June 2012 and only 23% of this
amount is discharged into the sea. The remaining part of the sediment is trapped in the
Mekong Delta. An amount of ~79.2 Mt/year is delivered to the VMD by the Song Tien,
the Song Hau and overflows. Analysis of modelled sediment dynamics over the entire
Mekong Delta, considers riverbed sediment exchange. The modelled results revealed that
the Mekong mainstream riverbed is eroded in Cambodia while deposited in Vietnam. The
sediment deposited in the channel system in the VMD is significantly higher than that in
the floodplains.

6.2 RECOMMENDATIONS

The previous chapters describe the setup, validation and analysis of an unstructured 2DH
process-based model covering the entire Mekong Delta area between Kratie and the East
Sea, with the aim of investigating sediment dynamics and sediment budget in the entire
Mekong Delta. However, the sediment model was calibrated for the water year 2011 so
it may not reach the equilibrium conditions. To reach that state it may need to simulate a
period of 3 years (e.g. van Kessel et al., 2011). The channel topography used in modeling
was reproduced from channel cross-sections by an interpolation method (Thanh et al.,
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2020b) so elevations of the river bank may not be generated accurately. The elevations
significantly affect rivers overflowing their banks during the high flow season. In addition,
the model was calibrated well to SSC and suspended sediment flux at the stations located
in the VMD upstream. The model possibly needs to be calibrated at onshore/offshore
stations. The modelled results suggest several aspects that are considered important for
further research.

Coupling with 3D modeling

The unstructured 2DH process-based model for the entire Mekong Delta was used to
analyse sediment transport dynamics. The VMD experiences salinity intrusion and effects
of salinity on sediment settling velocity were considered. However, the Mekong estuaries
experience density driven flows by spatial gradients in salinity leading to tide residual
circulation patterns. Without effects of salinity, the sediment will be spread farther to the
sea (Thanh et al., 2017). In addition, no salinity changes characteristics of the VMD
estuarine turbidity maxima (ETM), leading to change sediment trapping in the ETM. The
ETM forms a sediment cloud in the water column which can be the result of sediment
resuspension processes (Wu et al., 2012). This requires to incorporate 3D modeling for
further investigation.

Interaction with mangrove forests

The presence of mangroves in the Mekong estuarine system is important for a number of
reasons. Tidal pumping by flow asymmetry in the mangrove fringes of the estuary
coastlines and river banks provides a mechanism for sediment import into these forests
(e.g. Furukawa et al., 1997; Furukawa and Wolanski, 1996; Mullarney et al., 2017).
Moreover, the retention of water in the forest during flood impacts on tidal asymmetry
and increases the flow velocity during the ebbing tide in the adjacent channels, providing
a mechanisms for bank erosion and bed scour (e.g. Mazda et al., 1995; Wu et al., 2001).
Thirdly, mangrove shrubs and tree trunks provide an effective means to dissipate incident
wave energy along the coast (e.g. Mazda et al., 2006; Quartel et al., 2007), locally
reducing the potential for sediment resuspension and transport. All these phenomena have
profound effects on the amount of sediment that is available for resuspension and
transport along the coastal fringes in our modeling domain. As such, vegetation feedback
effects on currents and waves should be incorporated in the next modeling cycle.
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Morphodynamics

This thesis focused on simulating the spatio-temporal distribution of suspended cohesive
sediments. The logical next step is to look into the mechanisms for bedload transport and
ultimately, to compute bed level updates and the feedback of morphological changes on
the hydrodynamics.

Delta management and planning

In this thesis, hydrodynamics and sediment transport were investigated. The analysis and
findings are important contributions to delta management and planning, particularly
contributing to the delta master plan. Nevertheless, this thesis did not include scenarios
of delta planning (such as land use and delta-base water infrastructure planning) and
climate change, suggesting recommendations for future studies. The validated model is
an efficient tool to investigate possible changes of sediment transport in the Mekong Delta
in the context of climate change and sea level rise. The climate change in the Mekong
Basin may change the hydrograph at the input station (Kratie) of the Mekong Delta,
ranging from -10 % to + 15 % in the period (2032-2042) compared to the period (1982-
1992) (Lauri et al., 2012). Additionally, hydropower dams highly drive seasonal
variations of flows in the Mekong River. Impacts of these factors on the Mekong Delta
can be explored by modifying boundary conditions at Kratie in the projected range.
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