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1. Abstract 
 
Estuaries are regions that form in the narrow boundary zone between the sea and the river. 
Consequently, they show a large variety of processes, including river flow, tidal processes and 
wave action. Many estuaries consist of multiple channels, which are together termed an 
estuarine channel network. A very important characteristic of estuaries is that salt from the sea 
often intrudes several tens of kilometres upstream. This is becoming an increasingly large 
problem, particularly in low-lying, urbanised estuaries. In the past decades, a lot of research 
has been conducted with regards to salinity intrusion in estuaries. However, these studies 
mostly focused on single-channel estuaries, whereas many estuaries consist of multiple 
channels.  
 
This master thesis investigates the effect of different channel lengths on salt intrusion and 
tidal dynamics in a partially- to well-mixed estuarine channel network. An existing, depth-
averaged (2D), Delft3D model is extended to a 10-layer (3D) model and calibrated for the 
new setup. Using the new model, the effect of different channel lengths on salinity intrusion 
and tidal propagation in an ideal estuarine channel network is investigated. This is done by 
using harmonic analysis, extensively analysing salt and tidal dynamics and examining the 
several transport mechanisms. The results suggest that with increasing length differences, 
tidal energy from the shorter channel is transferred to the longer channel. This affects the 
water level amplitudes and water level gradients in the shorter channel, causing the freshwater 
discharge to be concentrated in the shorter channel. As a result, salt can easily intrude 
upstream through the longer channel, causing vast quantities of salt to be transported 
upstream. The larger the length differences, the more pronounced this effect gets. The final 
result is a drastic increase in salt intrusion length for larger differences in channel length. 
 
Nowadays, many large estuaries around the globe are facing large problems, such as climate 
change (rising sea level), subsidence and increased salinity intrusion. Currently, more and 
more attention is given to sustainable management of such estuaries. A key requirement for 
successful management is a sound understanding of the hydrodynamic processes, such as 
salinity intrusion and tidal propagation. This study shows that the salinity intrusion and tidal 
propagation in multi-channel estuaries differ considerably from single-channel estuaries. As 
many large estuaries around the globe consist of multiple channels, the results of this study 
have both economic and ecological implications for the management of estuaries. Apart from 
that, there are also scientific implications as this study contributes to a further understanding 
of salt, tide and hydrodynamics in multi-channel estuaries. 
 
Keywords: Delft3D, Numerical modelling, Estuary, Estuaries, Estuarine channel network, 
Multi-channel estuary, Tides, Hydrodynamics, Tidal hydrodynamics, Salt, Salt balance, 
Salinity intrusion, Intrusion length, Estuarine circulation, Estuarine mixing, Advection, 
Dispersion, Harmonic analysis. 
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2. Introduction 
 
2.1 Estuaries in general 
Estuaries are semi-enclosed regions where sea and river-water meet and mix, giving rise to 
the formation of unique habitats with characteristic flora and fauna. Despite this rather simple 
statement, over 40 different definitions of estuaries exist (Dyer, 1997). The most accepted 
definition was introduced by Cameron & Pritchard (1963) and reads: ‘An estuary is a semi-
enclosed coastal body of water which has free connection to the open sea and within which 
sea water is measurably diluted with fresh water derived from land drainage’. Although each 
estuary is unique in its shape and dynamics, some general characteristics and processes apply 
to every estuary. An overview of these characteristics is given in Fig. 2.1. Every estuary is 
characterised by a source of fresh water (often a river, here denoted by Qfresh), a width B that 
is a function of the x coordinate, a tidal range (here denoted with H) and a flow depth (here 
denoted by h). The tidal wave propagation generates a high water (HW) and low water (LW) 
envelope of the water level η. The water level in the estuary always stays in between these 
envelopes, where the mean of the high water and low water envelope is called the mean water 
level (denoted with MEAN). The tidal excursion E is the horizontal distance a water particle 
travels during one complete tidal cycle. 
 

 

 
Fig. 2.1: Upper image = Top view of an idealised estuary. Bottom image = Side view of an idealised estuary.  

The symbols are explained in the text (modified after Savenije, 2005).  
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Estuaries often comprise of different segments, such as a segment where both tides and river 
flows are important, a section mostly dominated by tidal flow and a tidal inlet that connects 
the estuary to the open sea. The landward limit of the estuary (the region where fluvial 
processes are dominant over wave and tidal processes) is called the estuary head and the 
lower limit (where wave and tidal processes are dominant) is called the estuary mouth (Dyer, 
1997; Savenije, 2005).  
 
2.2 Salt intrusion and density gradient 
An important process in estuaries is upstream salt intrusion in the estuary due to tidal action. 
As a result, mixing of salt water from the sea and freshwater delivered by the river will take 
place, giving rise to horizontal and vertical gradients in salinity. These gradients are mostly 
determined by the joint action of river flow and tides in the estuary. Based on the density 
structure, four different types of estuaries can be distinguished: salt wedge, strongly stratified, 
partially mixed and well-mixed estuaries (Valle-Levinson, 2010; Savenije, 2012). Salt wedge 
and strongly stratified estuaries occur when the river discharge is much larger compared to the 
tidal flow. Logically, a well-mixed estuary forms when the river discharge is small compared 
to the tidal flow. There is no clear criterion to separate between a partially mixed and a well-
mixed estuary, but an estuary is often classified as well-mixed when the stratification 
(difference in salinity between the upper and lower layer divided by the mean salinity) is 
below 10 percent (Savenije, 2012). An idealised sketch of the vertical salinity gradient in the 
different estuaries is given in Fig 2.2. Salt wedge and strongly stratified estuaries are 
characterised by a sudden increase in salinity over the depth. Partially mixed estuaries are 
marked by a smooth salinity gradient over the vertical whilst well-mixed estuaries often lack a 
gradient entirely (Savenije, 2012). 
 

 
Fig. 2.2: Idealised sketch of the vertical variation in salinity in a stratified (a),  

partially mixed (b) and well-mixed estuary (c). Density is denoted by ρ (Savenije, 2012). 
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The tide that enters an estuary is mostly a mixture of different types of waves. Apart from 
transporting salt and other substances (such as nutrients) to and from the estuary, tides also 
mix these substances over the estuary. Salt water intrudes upstream due to the density 
difference between seawater and freshwater and due to tidal forcing. Knowledge about the 
salinity patterns in estuaries is important due to a number of reasons. Particularly with low 
river discharges, salt can intrude a large distance upstream (up to several tens of kilometres). 
During these times, water availability is low whilst the water requirements are high, as a result 
of which it is often very difficult to maintain an acceptable water quality. Often, the flora and 
fauna in estuaries have a certain salinity tolerance and small changes can cause strong 
alterations in nature development. In addition, freshwater from the river is an important 
source for drinking water, agricultural purposes and industries. As a result, salt intrusion can 
have a major impact on flora, fauna and the people that live along the estuary (Savenije, 
2012). Therefore, salt intrusion in estuaries has received much attention by the scientific 
community. This started with the pioneering studies of Pritchard (e.g. 1952a, 1955) in the 
Chesapeake Bay, focussing on the many processes that influence the salt balance in estuaries. 
In later years, this became the main focus of lots of other scientists, leading to major 
breakthroughs in our understanding of salinity dynamics in estuaries. As a result, new 
scientific models were developed and existing models were refined. A good overview of 
estuarine studies in the past decades is given in the books by Dyer (1997), Savenije (2005; 
2012), Prandle (2009) and Valle-Levison (2010). 
 
2.3 Tidal network 
Most of the existing studies focus on single channel estuaries in which there is only one 
source of freshwater at the head and one connection to sea. However, many estuaries consist 
of a dense tidal network with a large number of tidal channels and corresponding tidal 
junctions. These systems have multiple connections to the sea and the freshwater can take 
several pathways from the river to the sea (Fig. 2.3). Tidal junctions play a critical role in the 
distribution of freshwater over the network. When compared to bifurcations and confluences 
found in river networks, the processes at tidal junctions are much more complex because flow 
is bidirectional and density differences are important. This means that apart from river 
discharge, tides and salt also have to be taken into account. As a result, the distribution of 
water and salt at tidal junctions depends on both spatial and temporal changes in flow 
velocity, stratification induced by salinity differences and the related salt advection 
(Buschman, 2011).  
 

 
Fig. 2.3: Conceptual sketch of a tidal network with multiple tidal junctions (Buschman, 2011). 
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In estuarine channel networks, the tide can propagate a large distance upstream. Fig. 2.4 
provides an overview of the different sections that can be distinguished. As soon as the daily 
variation in water level is larger than zero, the channel is called a tidal channel. Seaward of 
the point where there is no daily variation in water level (tidal rise limit), the water level is 
affected by the tidal action, but the flow is still directed seaward at all times. Somewhat 
further downstream, bidirectional flow patterns start to emerge seaward of the flood limit. 
Downstream of the flood limit, the water flows upstream during a part of the tidal cycle. 
Water level and flow variation within the same tidal period is called intratidal and variations 
averaged over the dominant tidal period are termed subtidal. The tidal channel can be 
subdivided in a tidal river and an estuary. The difference is that a tidal river contains fresh 
water at all times, whilst an estuary is characterised by a mixture of fresh and salt water. Tidal 
rivers and estuaries have often developed within a coastal plain, when alluvial channels cut 
into the flat coastal plain. The topography of these alluvial channels is mostly a funnel-shape, 
in which the width increases exponentially downstream and the depth is more or less constant. 
 

 
Fig. 2.4: Schematic overview of the tidal action in a channel that connects a river to sea (Buschman, 2011). 

 
Previous studies have shown that flow and sediment division at river junctions is a function of 
the channel dimensions, the water level gradient and the bottom roughness in each channel 
(Kleinhans et al., 2013; Wang et al., 1995). In recent years, extensive research projects have 
been carried on the distribution of both flow and sediment at tidal junctions in Indonesian 
estuaries. Buschman et al. (2010) constructed a simple hydrodynamic model in Delft3D, 
which was to some extent related to the Berau Delta in Indonesia. This model comprised of a 
river channel that splits in two equivalent tidal channels that both end at sea. This model was 
used to gain understanding about fundamental mechanisms that determine subtidal flow 
division at estuarine channel junctions. By applying different values in one of the two 
channels for depth, length, e-folding length scale (the downstream exponential increase in 
channel width) and hydraulic roughness, the effect of these four parameters on the subtidal 
flow division was studied. It was found that in the situation with river flow and tides, varying 
the depth, length, and e‐folding length scale led to the tide increasing the inequality in subtidal 
flow division at the tidal junction. On the contrary, the tides reduce the inequality in river 
flow division when the hydraulic roughness was varied. The study by Sassi et al. (2011) 
investigated subtidal flow division for the Indonesian Mahakam Delta. They concluded that 
close to the delta apex, subtidal flow division is hardly affected by tides but that the tidal 
effect becomes more pronounced closer towards the sea. Generally speaking, tidal action 
hampers the discharge division that would normally occur in the case with only river flow.  
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2.4 General aim 
Both the study of Buschman et al. (2010) and Sassi et al. (2011) showed that tides cannot be 
neglected in tidal networks, since they have a distinct effect on the river discharge distribution 
at bifurcations. However, both studies did not include the effects of density differences 
induced by the mixing of fresh and saline water. Taking this effect into account is important 
since the density differences will also affect the distribution of freshwater over the various 
channels. Therefore, the main aim of this master thesis is to investigate salt and tidal 
dynamics and the related processes in an estuarine channel network. This study will be limited 
to well-mixed conditions, as this simplifies the dynamics and salt intrusion is largest during 
these conditions. The focus will be on modelling salt water intrusion in an estuarine channel 
network using the model set-up of Buschman et al. (2010). In this study, the length of one of 
the seaward channels will be varied to study the effect of length differences on salinity 
intrusion and tidal propagation in an estuarine channel network. Special attention will be paid 
on the salt and tidal dynamics at tidal junctions, where model simulations can help to 
elucidate the 3-D flow and salt transport at these junctions.  

 
2.5 Thesis outline 
This master thesis starts with a literature review that provides an overview on mixing, tides 
and salinity intrusion in estuaries (Chapter 3). To get a good overview of estuaries in general, 
the different estuarine classification schemes will be briefly discussed at first. After that, 
attention is paid to the flow patterns and mixing processes in estuaries. Next, the salt balance 
and different models that solve this balance will be discussed. Finally, the main research 
questions and methodology of the research project are explained. Chapter 4 treats the 
modifications that were made to the existing Delft3D model. It also describes the model 
settings and provides a motivation for the choice of many parameter settings. Finally, the 
different model runs that have been conducted are described briefly. The results of the model 
runs are described in Chapter 5, focussing on tidal characteristics (using harmonic analysis), 
salt distribution and the different transport terms. Chapter 6 (Discussion) compares the model 
results of this study with the results of previous research and provides possible explanations 
for some remarkable results. Lastly, the most important outcomes of this study are listed in 
Chapter 7 (Conclusions).  
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3. Literature study 
 
3.1 Definition and classification of estuaries 
Estuaries are mostly described as a semi-enclosed area where both fresh and salt water 
strongly interact. Despite this plain description, many different definitions have been 
introduced (Dyer, 1997). As described in the introduction, the most common definition was 
established by Cameron & Pritchard (1963). Their definition reads: ‘an estuary is (a) a semi-
enclosed and coastal body of water, (b) with free communication to the ocean, and (c) within 
which ocean water is diluted by freshwater derived from land.’ 
 
Estuaries exist in many different appearances, which is a result of large differences in tidal 
patterns, freshwater discharge and topography. Apart from these factors, salinity intrusion and 
the corresponding mixing between fresh and salt water also cause variation in estuarine 
dynamics. In order to distinguish between the many different types of estuaries, they are often 
classified based on certain characteristics. As a result, many different classification schemes 
have been developed in the past 60 years. One of the first classification schemes was derived 
by Pritchard (1952a), and only distinguished between so called positive and negative estuaries 
(Fig. 3.1).  
 

 
Fig. 3.1: Estuarine classification based on the water balance (Valle-Levinson, 2010).  

The arrows denote the average estuarine inflow and outflow whilst ρ indicates density. 
 
In this scheme, a positive estuary is an estuary in which the fresh water inflow and 
precipitation input is larger than the evaporation output. The freshwater flow creates a 
longitudinal density gradient, which in turn drives a net volume flow towards the ocean. This 
is indicated by a stronger outflow near the surface than the inflow near the bottom (Valle-
Levison, 2010). The circulation that develops due to the addition of freshwater to the basin is 
referred to as the estuarine circulation. Salinity in a positive estuary is much lower compared 
to the sea (Dyer, 1997; Valle-Levinson, 2010). Negative estuaries are mostly found in dry 
regions, where the evaporation exceeds the input by precipitation and river flow. As a result, 
the longitudinal density gradient is the opposite of that in positive estuaries. This means that 
the water density increases in the landward direction. Negative estuaries show a stronger 
inflow at the surface than the outflow near the bottom (Dyer, 1997; Valle-Levinson, 2010). 
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The focus of this thesis is on positive estuaries. However, the appearance of these systems 
widely differs and depends on tidal action, freshwater discharge and geometry. Based on tidal 
range, estuaries have been subdivided in four regimes (Davies, 1964): microtidal (tidal range 
≤ 2 m), mesotidal (2 m < tidal range ≤ 4 m), macrotidal (4 m < tidal range ≤ 6 m) and 
hypertidal (tidal range > 6 m). Estuaries with a high tidal range are often characterised by a 
large tidal prism (the volume of water leaving an estuary at ebb tide). However, this is not 
always the case since the geometry of the estuary also plays an important role. When the tidal 
wave enters an estuary, it will interact with the estuarine morphology, resulting in 
deformation of the tidal wave. As the estuary width decreases and the friction effect is 
overcompensated by the convergence of energy, the tidal wave will be compressed and the 
tidal range will increase. Friction will play a major role in shallow water, resulting in a 
lowering of the tidal range. Nichols & Biggs (1985) distinguished three different estuarine 
conditions based on the relative importance of convergence and friction in an estuary. These 
estuary regimes have been classified as hypersynchronous, synchronous and 
hyposynchronous estuaries (Fig. 3.2). 
 

 
Fig. 3.2: Representation of a tidal wave entering three geometrically different estuaries, thereby showing the 

modification of the tidal range and current velocity amplitude (Nichols & Biggs, 1985). 
 
Hypersynchronous estuaries are characterised by a strong convergence that exceeds friction. 
The result is that the tidal range and tidal currents become larger towards the head of the 
estuary until the convergence effect ceases and friction becomes dominant. This takes place in 
the riverine section and as a result the tidal amplitude and current eventually reduce. 
Synchronous estuaries are characterised by a balance between friction and convergence, 
leading to a constant tidal range in the estuary which only decreases in the riverine section. In 
hyposynchronous estuaries, the effect of friction on tidal range is large compared to channel 
convergence. The result is that as soon as the tide enters the estuary, the amplitude decreases. 
Such estuaries typically consist of a narrow mouth (with high flow velocities) and a wide 
estuary where the water effectively spreads out (Dyer, 1997). 
 
Since mixing plays an important role in estuaries, a classification scheme based on the 
stratification and patterns of salinity distribution within an estuary has also been developed 
(Pritchard, 1955; Cameron & Pritchard, 1963). This scheme separates between highly 
stratified, partially mixed and well-mixed estuaries (Fig. 3.3). This classification scheme is 
based on the competition between mixing due to tidal forcing and buoyancy input due to river 
discharge (Valle-Levinson, 2010). The mixing due to tidal forcing is proportional to the tidal 
prism. Microtidal conditions combined with a large river discharge result in salt wedge or 
highly stratified estuaries. These estuaries are characterised by two distinct layers. The upper 
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water layer consists of fresh water and the lower layer is saline. The fresh water is situated on 
top because fresh water is less dense than salt water. The interface between fresh and salt 
water (called the halocline), is horizontal in this case and extends up the estuary as a level 
surface. Due to friction (in the form of eddy viscosity), a shear will develop in the fluid flow 
near the interface, creating friction both on the fresh water layer and the salt wedge (Dyer, 
1997). When the shear gets large enough, waves will form that break on the interface between 
fresh and salt water. This causes mixing of fresh and salt water in the water layer at the 
surface, which is also called entrainment (Dyer, 1997). Highly stratified conditions are often 
found in estuaries with large freshwater discharges and weak tidal forcing (Valle-Levinson, 
2010). Since the focus of this thesis is on partially mixed to well-mixed conditions, the 
stratified conditions will not be further treated. 
 
A partially-mixed estuary develops due to more intense mixing of fresh and salt water. As a 
result, the salinity structure of a partially-mixed estuary differs substantially from that of 
highly stratified and salt wedge estuaries. Near the bottom, a horizontal salinity gradient is 
present. The transition from salt to fresh water occurs gradually, in contrast to the salt wedge 
estuary where a sudden transition exists between saline and fresh water. This means that there 
is a large section in the central part of the estuary where the horizontal salinity gradient 
decreases linearly in the landward direction. Also the vertical salinity profile does not change 
much along the estuary. Around mid-depth, the salinity gradient is mostly high, whilst the 
surface and bottom layers are more or less homogeneous (Dyer, 1997). Partially-mixed 
estuaries are found in areas with weak to moderate freshwater discharges, a large tidal prism 
and are mostly mesotidal (Dyer, 1997; Valle-Levinson, 2010). When keeping the river flow 
and tidal range constant, but increasing the width of the estuary, the ratio of tidal discharge 
and freshwater discharge is changed. This acts in a similar way as a relative reduction in river 
flow. The result will be the formation of a better mixed estuary (Dyer, 1997). 
 

 
Fig. 3.3: Estuarine classification based on the vertical salinity structure (modified after Valle-Levinson, 2010). 

 
A strong tidal forcing in combination with low river discharge will lead to a completely mixed 
water column (Dyer, 1997; Valle-Levinson, 2010). The result is a vertically homogeneous or 
well-mixed estuary. Tidal flow in these estuaries is much larger compared to the river flow, 
which requires mesotidal or macrotidal conditions (Valle-Levinson, 2010). Apart from that, 
large velocity shears are often also present in both the vertical and lateral directions. The 
mean salinity profile in well-mixed estuaries is nearly uniform, meaning that salt only 
penetrates up to a few tidal excursions (the horizontal distance a water particle travels during 
one complete tidal cycle). These excursions can be quite large due to the large tidal current. 
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In some estuaries, different estuarine regimes can be distinguished in each section (Dyer, 
1997). Near the estuary head, the tidal amplitude is often lower, meaning that river flow can 
dominate. As a result, entrainment can take place and a highly stratified structure will be the 
result. When moving downstream, the tidal velocities and turbulent mixing increase, resulting 
in a partially mixed structure. Near the mouth of the estuary, the tidal currents are often strong 
enough to develop well-mixed conditions. Apart from that, width and depth are important 
factors which influence the flow patterns within an estuary (Pritchard, 1955).  
 
There are also other methods to study the important competition between stratification and 
mixing. The relative importance of both mechanisms can be analysed with the gradient 
Richardson number. This number compares the stabilising forces of the density stratification 
to the destabilising influences of shear in the horizontal velocity and is defined as (Dyer, 
1997) 
 

𝑅𝑅𝑅𝑅 =  −𝑔𝑔
𝜌𝜌
𝜕𝜕𝜌𝜌
𝜕𝜕𝜕𝜕

�𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
2

�  ,         (Eq. 3.1) 
 
where g is the acceleration of gravity (m s-2), ρ is the water density (kg m-3), u is the 
longitudinal velocity (m s-1) and z is the vertical distance (m). Stratification is stable for Ri > 0 
and for Ri < 0 the stratification is unstable. When Ri = 0, the stratification is neutral and the 
fluid is unstratified between the two depths. Above a certain stratification value, the 
turbulence and mixing will be greatly reduced and the flow will get essentially laminar. 
However, the flow can still be turbulent in the homogeneous layers situated above or below 
the stratified layer. Stratification will overpower mixing above a Ri of 0.25. Another type of 
Richardson number is the so called estuarine Richardson number (Fischer, 1972). This 
number expresses the ratio of the input of buoyancy per unit width of the channel to the 
mixing power of the tide. It is defined as (Nguyen, 2008) 
 
𝑅𝑅𝑅𝑅𝑒𝑒 =  − ∆𝜌𝜌

𝜌𝜌𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ

𝑔𝑔𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ
𝐵𝐵𝑈𝑈3

 ,        (Eq. 3.2) 

 
where Δρ is the density difference between seawater and river water (kg/m3), ρfresh is the 
density of fresh water (kg m-3), g is the gravitational acceleration (m s-2), Qfresh is the 
freshwater discharge (m3 s-1), B is the channel width (m) and U is the tidal velocity amplitude 
(m s-1). A high Estuarine Richardson number (Rie > 0.8) means that the river discharge is 
more important compared to the tidal forcing. Consequently, a sharp interface exists between 
fresh and salt water and the estuary will be stratified. A low Estuarine Richardson number (Rie 
< 0.08) means that the tidal currents are able to mix the fresh and salt water to such an extent 
that the estuary becomes well-mixed (Savenije, 2012). For 0.8 > Rie > 0.08, the estuary is 
partially mixed. 
 
3.2 Mixing and density-driven circulations 
In this thesis, some important terms are used that are related to the mixing process in 
estuaries. A short description is given below, following the definitions by Fischer et al. (1979) 
and Nguyen (2008): 
 

- Turbulent viscosity is the term given to the resistance of a fluid to deformation by 
shear stress. It relates turbulent stress to velocity shear. Eddy viscosity coefficients 
express the viscosity of a current. 

- Advection is the term given to the substitution of a substance (such as salt) at a certain 
location, which is due to an imposed current system, as in a river or coastal water. 
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- Dispersion is the phenomenon that particles or a cloud of contaminants are spread or 
scattered around due to turbulent mixing. This takes place both in the horizontal and 
the vertical dimension. 

- Molecular diffusion is the phenomenon in which particles are scattered around due to 
molecular motions, which is often described by Fick’s law (described later in this 
thesis) and the classical diffusion equation. 

- Turbulent diffusion is the scattering of particles due to turbulent motion, which has a 
lot of similarities with molecular diffusion, but is characterised by an ‘eddy’ diffusion 
coefficient.  

- Mixing is either dispersion or diffusion (as described above). 
 
Mixing of fresh and salt water in estuaries is a result of intern and boundary generated 
turbulence, which is caused by a combination of winds, tidal currents and freshwater 
discharge (Pritchard, 1952b; MacCready, 1998; Nguyen, 2008). Since wind-driven mixing 
does not contribute much to salt dynamics in many estuary (Nguyen, 2008), we will not pay 
further attention to this. Tides and freshwater discharge are the main drivers that cause large 
differences in density stratification, circulation patterns and mixing processes. Different types 
of longitudinal circulation patterns have been recognised in the past, the most common of 
which is often referred to as the ‘classical’ estuarine circulation. Although the tidally averaged 
flow through cross-sections in estuaries is directed seaward due to the river flow (just like in 
the upper layer), the tidally averaged deeper water layer mostly flows landward. The cause for 
this is a tidally-averaged pressure gradient that is directed landward in the lower part of the 
water column. This results in the classical estuarine circulation or exchange flow (Fig. 3.4; 
MacCready & Geyer, 2010). 
 
An important component of the estuarine circulation is the circulation that is driven by density 
gradients (Geyer & MacCready, 2014). This density-induced circulation is generated by river 
flow, resulting in salinity stratification and is therefore called the gravitational or density-
driven circulation (Hansen & Rattray, 1966). Mostly, this circulation is accompanied by a 
vertically stratified salinity profile. However, lateral stratification can also contribute to 
density-driven mixing, particularly in wider estuaries (Fischer et al., 1979). The gravitational 
circulation will be largest in the central part of estuaries, as here the strongest salinity gradient 
exists (McCarthy, 1993; Nguyen, 2008). The gravitational circulation is driven by 
longitudinal pressure gradient forces which contain both barotropic (surface water slope) and 
baroclinic (density differences) components. An essential feature of this process is mixing 
between the different layers, since mixing affects the longitudinal density gradients, which in 
turn affect the gravitational circulation (Dyer, 1997; MacCready & Geyer, 2010). 
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Fig. 3.4: Sketch of an ideal partially mixed estuary (MacCready & Geyer, 2010). Here (a) shows the tidally 

averaged circulation, with the exchange flow highlighted and (b) shows the isohalines. 
 
During the tide, Ri can vary strongly, which affects the degree of turbulent mixing and causes 
asymmetry in mixing. As a result, substantial variation in stratification can take place. The 
cause for this is tidal straining (Fig. 3.5; Simpson et al., 1990). Due to shear in the velocity 
profile, the water does not flow at the same speed throughout the water column. The water 
near the surface travels faster compared to the water near the bed. During ebb, the fresher 
water is differentially displaced over the salt water layer situated near the bed and as a result 
the stratification increases. This leads to the situation that the salinity of the surface water 
decreases faster than the salinity near the bed. As a result, the salinity difference between 
surface and bed increases. During the flood tide, the stratification will tend to get reduced due 
to differential movement. Even without the presence of mixing, the entire stratification can be 
removed as soon as it is high water (convective instability; Nepf & Geyer, 1996). Overall, 
tidal straining can be a major factor regarding the strength of stratification resulting from 
buoyancy fresh water input. The ultimate degree of stratification depends on the horizontal 
density gradient and the tidal excursion length (Dyer, 1997).  
 
In recent years, several studies showed that tidal straining can be an important contributor to 
estuarine circulation. Jay & Musiak (1994) demonstrated that tidal straining transports more 
momentum down to the bed during flood compared to ebb. This means that residual transport 
is generated that supports the estuarine and gravitational circulation. A numerical model study 
by Burchard & Baumert (1995) showed that excluding tidal straining reduced the estuarine 
circulation more substantially compared to excluding gravitational circulation. Another 
striking discovery was made by Burchard & Hetland (2010), who showed that tidal straining 
is the dominant process that drives the estuarine circulation in estuaries that are periodically 
stratified. Burchard & Hetland (2010) concluded that without wind straining and residual 
runoff taken into account, the contribution of tidal straining to the estuarine circulation is 
nearly twice that of the gravitational circulation. 
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Fig. 3.5: Overview of the tidal straining mechanism (Simpson et al. 1990, MacCready & Geyer, 2010).  

The upper panel shows well-mixed conditions at the end of the flooding tide and the vertical ebb velocity profile. 
The second panel shows the salinity contour getting distorted during ebb, with the dashed lines indicating  
the influence of mixing. The bottom panel indicates the presence of well-mixed and stratified conditions, 

showing maximum stratification at the end of ebb. 
 
3.3 Mixing due to secondary flow 
When water flows through a bend, it will experience a centrifugal force which forces the 
water to the outside of the bend. This causes a super-elevation of water on the outside of the 
bend and the formation of secondary flows. However, flow patterns are also affected by 
changes in cross-sectional area along the estuary. In estuaries, the secondary flow system is 
often opposite of that seen in rivers. Secondary circulation is caused by many processes, such 
as Ekman forcing (a dynamic balance between the Coriolis acceleration and friction), 
transverse baroclinic pressure gradients (also called differential advection) and channel 
curvature (Chant, 2010). Apart from rivers, where curvature causes helical flow (Kalkwijk & 
Booij 1986), this mechanism also drives secondary flows in estuaries (MacCready & Geyer, 
2010). The way this takes place is conceptually explained in Fig. 3.6.  
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Fig. 3.6: Upper panel: a schematic set-up of secondary flows due to flow curvature. The entering flow is 

vertically sheared and is characterised by vorticity vector ς that is directed to the south-east. The lines  
in the channel bend depict sea level, in which elevated levels are depicted by solid lines and lower  
levels by dashed lines. L is an illustration of the length scale of the spin-down of secondary flows.  

Lower panel: cross-sectional structure of secondary flows in and downstream of channel bends (Chant, 2010). 
 
The importance of the lateral or secondary circulation for generating transverse mixing was at 
first described by Smith (1976). This was the first study that recognised the importance of 
lateral or secondary circulation for generating transverse density gradients (nowadays known 
as differential advection; Fig. 3.7). Furthermore, Smith (1976) noted that these gradients 
induced lateral motion that could mix the transverse density variations (via transverse shear 
dispersion). The nonlinear interaction between the secondary circulation and the tidal shear 
flow can also be an important contributor to the estuarine circulation. In some estuaries, the 
denser water can be advected during the flood tide to the middle of the estuary whilst the less 
dense water will stay on the sides of the estuary. This lateral density gradient causes a 
baroclinic circulation which converges in the centre of the channel, resulting in the formation 
of the so called axial convergence front (yellow dashed line in Fig. 3.7; Nunes & Simpson, 
1985).  
 

 
Fig. 3.7: A demonstration of the importance of differential advection during the flooding tide and its influence on 

the lateral circulation (MacCready & Geyer, 2010). The longshore velocities (black arrows) are stronger in the 
deep part of the estuary, causing increased advection of higher-salinity water (white contours) over there than on 

the flanks. The lateral density gradient results in the formation of a lateral baroclinic circulation with counter-
rotating circulation cells. Surface convergence in the middle of the estuary forms the axial convergence front. 
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3.4 Mixing due to tides 
Tides cause the entire estuary volume to fluctuate with the ebb and flood current. For this, 
only a small tidal range is required, which results in the development of a partially mixed 
estuary. The larger the tidal range, the better mixed the estuary will get (for a constant river 
discharge). An important large-scale mixing mechanism in this respect is ‘tidal pumping’ 
(Fischer et al., 1979). It is defined as ‘the energy available in the tide that drives steady 
circulations similar to what would happen if pumps and pipes were installed to move water 
about in circuits’ (Fischer et al., 1979; Nguyen, 2008). During flood, the current transports 
salt water landward, whilst during ebb fresh water is transported seaward. Hence, net effect is 
landward transport of salt. Tidal pumping is important in estuaries with a distinct ebb-flood 
channel system (Van Veen, 1950), in estuaries with irregular bathymetry (Nguyen, 2008) and 
near the mouth of a wide estuary (Savenije, 2012). The most striking difference from 
gravitational circulation is that the tidal pumping mechanism is proportional to the width of 
the estuary and does not depend on the salinity gradient (Savenije, 2012). 
 
Another mechanism that transports mass upstream is the so called Stokes drift. It develops 
when the tidal wave in the estuary has a propagating character (zero degrees phase difference 
between water levels and flow velocities). In that case, a so called Stokes drift (Stokes, 1847) 
is generated which results in mass transport in the direction of wave propagation (Fig. 3.8). 
When the estuary has one channel and a closed end, this mass has to come out (otherwise the 
basin keeps on filling with water). This will generate a mean compensating current that is 
directed out of the basin. In a tidal network, this is not necessarily the case. 
 

 
Fig. 3.8: Sketch of the Stokes drift below a propagating wave (blogs.denison.edu). 

 
The amount of energy that is involved in the tidal movements is large, which is mainly 
dissipated by working against the frictional forces on the bottom. This leads to the formation 
of turbulent eddies, which cause the mixing of salt water upwards and fresh water 
downwards. The rate of mixing depends largely on the coefficients of eddy diffusion and eddy 
viscosity. The process in which fresh and salt water are mixed in estuaries is performed by 
turbulence processes generated by shear at the sea bed and the halocline. During the tidal 
cycle, these two processes vary both in timing and intensity, but they also vary over the 
different estuary types due to changes in stratification and tidal velocities. When Ri > 0.25, 
instabilities that are formed at the interface will transform into some kind of ‘cusps’ and 
entrainment will take place. When Ri < 0.25, turbulent diffusion instead of entrainment will 
take place. This process happens mostly with low Ri and results in the upward movement of 
water and salt into the overlying flow, as well as downwards into the underlying flow. The net 
mixing is therefore the sum of these two processes. Moreover, this turbulent mixing is a two-
way process which exchanges equal volumes of water between the different layers. Even 
though there is no net flow of water, salt is still transported upwards and the potential energy 
of the water column therefore increases (Dyer, 1997). 
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3.5 Salt balance 
For an accurate quantification of estuarine characteristics, it is essential to be able to quantify 
both the water circulation and mixing processes. The method to do this is to determine the salt 
budget within sections of the estuary. Also for determining the salt intrusion length, which is 
the distance salt intrudes upstream from the estuary mouth, it is important to determine the 
salt budget. The salt continuity equation for instantaneous values, valid in conditions without 
any salt creation reads (Dyer, 1997) 
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� ,      (Eq. 3.3) 

 
with S being the salinity (psu), t is time (s), u is the longitudinal velocity (m s-1), v is the 
lateral velocity (m s-1), w is the vertical velocity (m s-1), δ is a molecular diffusion coefficient 
and x, y and z are the longitudinal, lateral and vertical coordinates respectively. Averaging the 
left-hand side of Eq. (3.3) over a tidal cycle results in 𝜕𝜕〈𝑆𝑆〉/𝜕𝜕𝜕𝜕 because the tidal fluctuation 
will be zero when averaged over a tidal cycle and this will also be the case for the turbulent 
salt component (mostly denoted with S’). In many analyses, the cross-products of tidal 
fluctuation are neglected. This means that the salt balance for tidally-averaged cases without 
taking molecular diffusion into account can be given by (Dyer, 1997) 
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𝜕𝜕𝜕𝜕

− 𝜕𝜕〈𝑤𝑤′𝜕𝜕′〉
𝜕𝜕𝜕𝜕

 ,     (Eq. 3.4) 
 
where the ⟨ ⟩ denote a tidal average and the ′ denotes a short-period turbulent fluctuation. The 
first three terms on the right-hand side of Eq. 3.4 are the advection terms (salt flux due to 
mean flow), and the last three terms are the eddy diffusion terms (salt flux caused by short 
period turbulence). In most cases, the terms on the right-hand side of Eq. 3.4 will be nearly in 
equilibrium, resulting in a slow change in salt content over time. With steady-state conditions, 
𝜕𝜕〈𝑆𝑆〉/𝜕𝜕𝜕𝜕 will be zero and the diffusive and advective terms will balance.  
 
As turbulence is difficult to measure (and impossible to model on estuarine scales), it is 
common to express it in terms that are easier to measure. This can be done by considering 
turbulent exchanges a gradient process, so that turbulence can be parameterised into so called 
eddy diffusion coefficients (K) and eddy viscosity coefficients (N). Their magnitude depends 
on the flow conditions and they do not have a constant value through time and space. For 
numerical modelling, the determination or chosen magnitude of these coefficients is an 
important issue. Rewriting the eddy diffusion terms in Eq. 3.4 leads to (Dyer, 1997) 
 
〈𝑢𝑢′𝑆𝑆′〉 = −𝐾𝐾𝜕𝜕

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

 , 〈𝑣𝑣′𝑆𝑆′〉 = −𝐾𝐾𝜕𝜕
𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

 ,  〈𝑤𝑤′𝑆𝑆′〉 = −𝐾𝐾𝜕𝜕
𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

 ,        (Eq. 3.5) 
 
with Kx, Ky and Kz successively being the coefficient of longitudinal, lateral and vertical eddy 
diffusion (m2 s-1). Substituting Eq. 3.5 in Eq. 3.4 yields (Dyer, 1997) 
 
𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

= −𝜕𝜕(〈𝜕𝜕〉〈𝜕𝜕〉)
𝜕𝜕𝜕𝜕

− 𝜕𝜕(〈𝑣𝑣〉〈𝜕𝜕〉)
𝜕𝜕𝜕𝜕

− 𝜕𝜕(〈𝑤𝑤〉〈𝜕𝜕〉)
𝜕𝜕𝜕𝜕

+ 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝐾𝐾𝜕𝜕

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕
� + 𝜕𝜕

𝜕𝜕𝜕𝜕
�𝐾𝐾𝜕𝜕

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕
� + 𝜕𝜕

𝜕𝜕𝜕𝜕
�𝐾𝐾𝜕𝜕

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕
� . (Eq. 3.6) 

 
This is called Fick’s equation, which is a classic form of the continuity equation for salt. The 
eddy diffusion coefficients have the dimensions length squared divided by time. They 
represent the tidally-averaged mixing conditions and have a different physical meaning 
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compared to the coefficients that result from averaging over a shorter period. By using the 
equation of continuity, it is possible to write Eq. 3.6 as (Dyer, 1997) 
 
𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

= 〈𝑢𝑢〉 𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

+ 〈𝑣𝑣〉 𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

+ 〈𝑤𝑤〉 𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

− 𝜕𝜕
𝜕𝜕𝜕𝜕
�𝐾𝐾𝜕𝜕

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕
� − 𝜕𝜕

𝜕𝜕𝜕𝜕
�𝐾𝐾𝜕𝜕

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕
� − 𝜕𝜕

𝜕𝜕𝜕𝜕
�𝐾𝐾𝜕𝜕

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕
� . (Eq. 3.7) 

 
This equation can be further simplified when salinities and velocities can be considered 
uniform in one or two axial directions (Pritchard, 1958). Different terms in Eq. 3.7 will 
dominate for the different estuarine types, whilst other terms will be negligible. In well-mixed 
one-dimensional estuaries, the distribution of properties is often considered to be dependent 
on x only. In these environments the main balance reduces to (Dyer, 1997) 
 
〈𝑢𝑢〉〈𝑆𝑆〉 = 𝐾𝐾𝜕𝜕

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

 .         (Eq. 3.8) 
 
This equation states that longitudinal downstream advection of salt on the sectional mean flow 
will be balanced by upstream horizontal diffusion. The mean sectional velocity is related if 
〈𝑢𝑢〉 = 𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ/〈𝐴𝐴〉 (with Qfresh being the freshwater discharge in m3 s-1 and 〈𝐴𝐴〉 the mean cross-
sectional area in m2). This means that Kx can be written as (Dyer, 1997) 
 
𝐾𝐾𝜕𝜕 = 𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ〈𝑆𝑆〉/〈𝐴𝐴〉

𝜕𝜕〈𝜕𝜕〉
𝜕𝜕𝜕𝜕

 .        (Eq. 3.9) 
 

 
Fig. 3.9: The dispersion coefficient in the Tay estuary at various distances from the estuary  

mouth for different river flows (West & Williams, 1972; as published in Dyer, 1997). 
 
As a result, Kx can be calculated at each location in the estuary when river flow, cross-
sectional area and salinity distribution along the estuary are known. It is evident from Eq. 3.9 
that Kx increases linearly with river flow. This approach was used in the Scottish Tay estuary 
by West and Williams (1972) to compare Kx with river discharge at different locations along 
the estuary (Fig. 3.9). It is clear that Eq. 3.9 holds for all conditions at the mouth and gives 
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reasonable results at other locations in the estuary for low river flow conditions. Near the 
head, Eq. 3.9 only gives reasonable results for very low flows, because the increased river 
flow forces the stratification downstream. This approach does not account for lateral or 
vertical variations in the mean flow. The effect of gravitational circulation, lateral processes 
and asymmetric mixing on salt transport will always show up in a diffusive term, even though 
it is not caused by a turbulent exchange. Thus, the coefficient is a dispersion coefficient. 
 
3.6 Salt balance models 
In order to solve the salt balance equation (Eq. 3.7), the area, discharge, source term (input 
due to drainage or rainfall), and the diffusion coefficients have to be known (Savenije, 2012). 
The first three variables can be measured or obtained by solving the equations for mass and 
momentum conversation. The diffusion coefficients contain all diffusion mechanisms that 
counteract the advective salt transport. These coefficients are often computed using observed 
salinity characteristics in a real estuary or using an empirical theory (such as Savenije, 2005). 
To solve the salt balance equation, two types of models are often used, being steady-state and 
unsteady-state models. Steady state models are used to solve the salt balance equation for a 
state of equilibrium in the estuary and have been used extensively in the past (e.g. Van den 
Burgh, 1972; Savenije, 1993). Unsteady-state models are used for estuaries where a steady 
state does not occur. By using steady-state models, an empirical model for salinity intrusion in 
estuaries can be developed. By using such models, it is possible to quantify the salt intrusion 
length, which is defined as ‘the distance from the estuary mouth to the point where the salinity 
reaches the river salinity’ (Nguyen, 2008). The way to develop such a model is by calibrating 
the results of steady-state data to field observations. As a result, these models are often only 
applicable to the estuary on which the model has been calibrated. A number of such models 
exist (Van den Burgh, 1972; Rigter, 1973; Fischer, 1974; Van Os and Abraham, 1990; 
Savenije, 1993; 2005 and Prandle, 2004), which are briefly discussed by Nguyen (2008).  
 
The drawback of all the above-mentioned models is that they were developed for single-
channel estuaries. Moreover, the models of Rigter (1973), Fischer (1974) and Van Os and 
Abraham (1990) assume a constant cross-section whilst in reality this is mostly not the case. 
Estuaries are very often characterised by an exponential shape, such as A = A0 exp(-x/a) and 
B = B0 exp(-x/b), in which A0 (m2) and B0 (m) are the area and width at the estuary mouth; a, 
b are the convergence lengths or e-folding length scales of area and width (m) and x (m) is the 
distance from the estuary mouth. Of the above-mentioned models, only the model of Savenije 
(1993, 2005) takes into account this exponential shape. The model of Prandle (2004) 
determines the bathymetry using a power function, but this is not considered a realistic 
approximation as this kind of estuarine shape is not often observed in nature. The models of 
McCarthy (1993) and MacCready (2004) also take into account the variability in channel 
width. A comparison between some of the earlier mentioned models (Van den Burgh, 1972; 
Rigter, 1973; Fischer, 1974; Van Os and Abraham, 1990; Savenije, 1993; 2005) on 13 
estuaries around the globe shows that the model of Savenije (1993, 2005) is by far the most 
accurate in computing the salinity intrusion length (Nguyen, 2008; Fig. 3.10).  
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Fig. 3.10: Computed salinity intrusion length at High Water Slack for different methods (Savenije, 2005). 

 
The theory of Savenije (2005) to compute the salt intrusion length reads 
 
𝐿𝐿𝐻𝐻𝐻𝐻𝜕𝜕 = 𝑎𝑎 ln �1400 ℎ0𝐸𝐸0𝑈𝑈0

𝜁𝜁𝑎𝑎2𝜕𝜕0
𝑅𝑅𝑅𝑅𝑒𝑒0.5 + 1� ,      (Eq. 3.10) 

 
where LHWS is the intrusion length (m) at high water slack (the moment just before the tidal 
current reverses), a is the area convergence or e-folding length (m), h0 is the depth at the 
estuary mouth (m), E0 is the tidal excursion at the estuary mouth (m), U0 is the tidal velocity 
amplitude at the river mouth (m s-1), ζ is the Van den Burgh’s coefficient (which has a value 
between 0 and 1), u0 is the mean cross-sectional velocity at the estuary mouth (m s-1) and Rie 
is the estuarine Richardson number.  

 
Recently, Gisen et al. (2015) revised the equations for salt intrusion length of Savenije (1993; 
2005). This was done by including new, previously un-surveyed estuaries in this new 
analysis. As a result, three new equations for quantifying salt intrusion length at high water 
slack were proposed. These new equations read 
 
𝐿𝐿𝐻𝐻𝐻𝐻𝜕𝜕 = 𝑥𝑥1 + 𝑎𝑎 ln �0.1167 𝐸𝐸1𝑈𝑈1

𝜁𝜁𝑎𝑎𝜕𝜕1
𝑅𝑅𝑅𝑅𝑒𝑒0.57 + 1� + 𝐸𝐸0

2
 ,     (Eq. 3.11) 

 
𝐿𝐿𝐻𝐻𝐻𝐻𝜕𝜕 = 𝑥𝑥1 + 𝑎𝑎 ln �0.3958 𝐸𝐸1𝑈𝑈1𝑔𝑔0.21

𝜁𝜁𝑎𝑎𝜕𝜕1𝐶𝐶0.42 𝑅𝑅𝑅𝑅𝑒𝑒0.57 + 1� + 𝐸𝐸0
2

 ,    (Eq. 3.12) 
 
𝐿𝐿𝐻𝐻𝐻𝐻𝜕𝜕 = 𝑥𝑥1 + 𝑎𝑎 ln �1.9474 𝐸𝐸1𝑈𝑈1𝑔𝑔0.51

𝜁𝜁𝑎𝑎𝜕𝜕1𝐶𝐶1.02 𝑅𝑅𝑅𝑅𝑒𝑒0.51 + 1� + 𝐸𝐸0
2

 ,    (Eq. 3.13) 
 
where x1 (m) is the inflection point (the location where the estuarine geometry changes from 
wave-dominated to tide-dominated; Gisen et al., 2015), a is the area convergence (m), E1 is 
the tidal excursion at the inflection point (m), U1 is the tidal velocity amplitude at the 
inflection point (m s-1), ζ is the Van den Burgh’s coefficient (which has a value between 0 and 
1), u1 is the mean flow velocity at the inflection point (m s-1), Rie is the estuarine Richardson 
number, g is gravity acceleration (m s-2) and C is the Chézy coefficient (m1/2 s-1). 
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The most challenging part of the theory of Savenije (2005) and Gisen et al. (2015) is to 
determine the Van den Burgh coefficient (ζ). Savenije (1993) came up with an empirical 
equation for ζ, which reads 
 
𝜁𝜁 = 0.16 × 10−6 ℎ0

0.69𝑔𝑔1.12𝑇𝑇2.24

𝐻𝐻0
0.59𝑏𝑏1.10𝐵𝐵0

0.13 .       (Eq. 3.14) 
 
Here, h0 (m), H0 (m) and B0 (m) are the depth, tidal range and width at the estuary mouth. The 
tidal period (s) is denoted by T, the width convergence length (m) by b and g denotes the 
gravity acceleration (m s-2). Gisen et al. (2015) also revised the empirical equation for ζ. The 
new equation reads 
 

𝜁𝜁 = 151.35 × 10−6 � 𝐵𝐵𝑢𝑢𝑢𝑢0.30𝐻𝐻10.13𝑇𝑇0.97

𝐵𝐵1
0.30𝐶𝐶0.18𝑈𝑈1

0.71𝑏𝑏0.11ℎ1
0.15

𝑓𝑓𝑓𝑓0.84
� ,     (Eq. 3.15) 

 
where Bup is the upstream river width, C is the Chézy coefficient (m1/2 s-1) and rs denotes the 
storage-width ratio (the ratio between storage width and stream width, which equals 1 in this 
case). 
 
Brockway et al. (2005) came up with an easier expression for the intrusion length, based on 
measurements in the well-mixed Incomati estuary in Mozambique. Their equation reads 
 

𝐿𝐿 = �1
𝛾𝛾
� ln �4.6𝐴𝐴0𝛾𝛾𝐾𝐾𝑥𝑥

𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ
+ 1� ,        (Eq. 3.16) 

 
in which γ is an estuarine tapering factor (equivalent to the inverse e-folding length scale for 
area), Kx is a longitudinal mixing coefficient (m2 s-1), Qfresh is the river discharge (m3 s-1) and 
A0 is the cross-sectional area at the estuary mouth (m2). This equation is based on the theory 
of Savenije (1986; 1993) and also includes the exponential shape of many estuaries. However, 
the horizontal diffusion coefficient was kept constant along the length of the estuary. This 
assumption was criticised by Savenije (2006), who showed that adding more parameters to 
the equation of Brockway et al. (2005) leads to a more generally applicable formulation. This 
equation bears a close resemblance to Eq. 3.10 and is defined as 
 

𝐿𝐿𝐻𝐻𝐻𝐻𝜕𝜕 = 1
𝛾𝛾

ln �1400𝛾𝛾2 ℎ0𝐸𝐸0𝑈𝑈0𝐴𝐴0
𝜁𝜁𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ

𝑅𝑅𝑅𝑅𝑒𝑒0.5 + 1� .      (Eq. 3.17) 

 
A comparison of the method of Savenije (2006) and Brockway et al. (2005) on a dataset of 15 
estuaries showed that the method of Brockway et al. (2005) mostly underestimates the salt 
intrusion length. Their method only gives reasonable results for the estuaries it was calibrated 
on (Fig. 3.11). 
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Fig. 3.11: Computed and measured salt intrusion length for 15 estuaries (Savenije, 2006). The red triangles are 
computed using the method of Brockway et al. (2005), whilst the blue diamonds have been computed using the 

method of Savenije (1993). The purple line is the line of perfect agreement. 
 
An intrusion model that is not discussed by Savenije (2005) and Nguyen (2008) is the model 
of MacCready (2004). Using this model, it is possible to obtain length scales for salt intrusion 
that are related to salt transport by the exchange flow and diffusion. These length scales are 
defined as (MacCready, 2004) 
 

𝐿𝐿𝑒𝑒 = �−𝑃𝑃𝐷𝐷𝑃𝑃𝑓𝑓�������� ℎ2
𝐾𝐾𝑧𝑧

𝛼𝛼2𝜕𝜕02

|𝜕𝜕�| �
1/3

 ,  𝐿𝐿𝐾𝐾 = 𝐾𝐾𝑥𝑥
|𝜕𝜕�| ,     (Eq. 3.18) 

 
in which 
 

𝑃𝑃𝐷𝐷 = 1 − 9 � 𝜕𝜕
−ℎ
�
2
− 8 � 𝜕𝜕

−ℎ
�
3
 ,  𝑃𝑃𝑓𝑓 = − 1

12
+ 1

2
� 𝜕𝜕
−ℎ
�
2
− 3

4
� 𝜕𝜕
−ℎ
�
4
− 2

5
� 𝜕𝜕
−ℎ
�
5
 , 

𝛼𝛼 = 𝑔𝑔𝑔𝑔ℎ3

48𝑁𝑁𝑧𝑧
 .           

 
Here, Le is the length salt can be transported by the exchange flow (m), LK is the length salt 
can be transported by diffusion (m), −𝑃𝑃𝐷𝐷𝑃𝑃𝑓𝑓�������� is equal to 19/360, h is the water depth (m), S0 is 
the oceanic salinity (psu), Kz is the vertical diffusion coefficient (m2 s-1), Kx is the horizontal 
diffusion coefficient (m2 s-1), |ū| is the depth-averaged absolute flow velocity (m s-1), g is the 
gravitational acceleration (m s-2), β (7.6∙ 10-4 psu-1) is the coefficient of isohaline contraction, 
z is the vertical axis (m) and Nz is the turbulent eddy viscosity coefficient (m2 s-1). At z = h, 
the bottom of the estuarine channel is located. 
 
A limitation of the solutions and models discussed so far is that they have all been developed 
for single-channel estuaries. However, many estuaries consist of multiple branches. Well-
known examples are the Mekong Delta in Vietnam, the Yangtze Delta in China and the Berau 
Delta in Indonesia. A multi-channel estuary is fundamentally different from a single-channel 
estuary because in a multi-channel estuary the different branches mutually interact. It is 
possible that the tidal wave enters through one channel and exits through the other channel or 
that salt is transferred between the two channels. Moreover, the two channels may have a 
different length, width, depth and freshwater discharge, which will lead to separate 
hydrodynamic behaviour in each branch. Even though many estuaries around the globe are 
characterised by multiple channels, these multi-channel estuaries have received to date only 
limited attention from the global scientific community. The next paragraph discusses a few of 
the scientific studies that deal with salt intrusion in multi-channel estuaries. 
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3.7 Salt intrusion in multi-channel estuaries 
Nguyen & Savenije (2006) tested whether the theory of Savenije (2005) could be used to 
compute the salinity intrusion in the multi-channel Mekong Delta. The universal theory from 
Savenije (2005) is based on 15 estuaries all over the globe and only needs some basic 
estuarine properties, like topography, tide and freshwater discharge (Savenije, 1986; 1989; 
1993). It is claimed that this theory can be applied to quantify the salinity intrusion in all 
alluvial estuaries. The drawback of this theory is that it has not been developed for multi-
channel estuaries and for estuaries where the tidal wave is damped considerably due to a high 
freshwater discharge. The Mekong is a good example of a multi-channel estuary with a lot of 
tidal damping, which is why it was decided to test the theory on this estuary.  
 

 
Fig. 3.12: The computed salt intrusion length using the modified model of Savenije (2005),  
as described by Nguyen & Savenije (2006). Shown are the results for the Mekong branches  

and other estuaries that are described by Savenije (2005).  
 

Similar hydraulic, topographical and salinity characteristics were discovered in the different 
branches of the Mekong Delta, suggesting that the multi-channel estuary system functions as 
an entity and the paired branches can be considered as a single estuary branch. This adding of 
branches is done by adding the area and width of both branches. The salinity of the combined 
estuary is computed as the weighted mean between the areas of both branches. The equation 
for salt intrusion length at high water slack in the multi-channel Mekong Delta reads (Nguyen 
& Savenije, 2006) 
 

𝐿𝐿𝐻𝐻𝐻𝐻𝜕𝜕 =  𝑎𝑎 ln �1400 〈ℎ〉𝐸𝐸0𝑈𝑈0𝐴𝐴0
𝜁𝜁𝑎𝑎𝑄𝑄𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓ℎ𝑏𝑏

𝑅𝑅𝑅𝑅𝑒𝑒0.5 + 1� ,      (Eq. 3.19) 

 
where 〈ℎ〉 is the tidally averaged depth (m), E0 is the tidal excursion at the estuary mouth (m), 
U0 is the tidal velocity amplitude at the estuary mouth (m s-1), A0 is the area at the estuary 
mouth (m2), ζ is the Van den Burgh’s coefficient (which has a value between 0 and 1), a is the 
area convergence length (m), Qfresh denotes river discharge (m3 s-1), b is the width 
convergence length (m) and Rie is the estuarine Richardson number. 
 
Applying this slightly altered version of the theory of Savenije (2005) to the Mekong Delta 
proved to be successful (Fig. 3.12). Even though the original theory is not developed for this 
kind of situations, slightly altering it and combining paired estuary branches leads to 
satisfactory results. However, more updated topographical data regarding the Mekong Delta is 
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needed to improve this study. Apart from that, the model is also sensitive to some estuarine 
properties which can be quite uncertain. This applies to the mean estuary depth and the 
freshwater discharge. Finally, it is also difficult to determine the average depth over a cross-
section, particularly when both shallow and deep parts exist side by side and the estuary depth 
is not constant (Nguyen & Savenije, 2006).  
 
To apply the theory of Savenije (2005) and Nguyen & Savenije (2006), two main boundary 
conditions are needed. These are the tidal characteristics at the estuary mouth and the fresh 
water discharge at the estuary head. Determining the freshwater discharge is difficult as 
detailed measurements during the entire tidal cycle are necessary. A system with multiple 
branches, such as the Mekong Delta, adds even more difficulty. To overcome this, Nguyen et 
al. (2008) investigated whether it was possible to use the theory of Savenije (2005) to 
calculate the freshwater discharge over the different branches of the Mekong Delta. This 
proved possible, but for this it is necessary to know the topography, tide and salinity 
distribution. However, the salinity model has some limitations when it is used to determine 
the discharge distribution in the Mekong Delta. The model is sensitive to errors in mean 
depth, width and boundary conditions. Apart from that, it is also necessary to obtain salinity 
measurements in each branch over the same period, which requires a lot of equipment, 
transport and human resources. Apart from that, Nguyen et al. (2008) computed the salinity 
model and discharge distribution under the assumption that the discharge is constant in the 
considered period. For the Mekong River, this is a justified assumption. However, this might 
not be the case for estuaries with a longer reaction time. Finally, the fresh water computation 
is only valid for partially to well-mixed estuaries with only limited stratification effects and 
where tidal action dominates over river flows (Nguyen et al., 2008). 
 
Some years later, the theory of Savenije (2005) was also successfully applied to the Chinese 
Yangtze estuary (Zhang et al., 2011), resulting in a good fit between measured and computed 
salinity values. Also here, equal hydraulic, topographical and salt patterns were discovered in 
the different channels, strengthening the hypothesis that paired branches should be considered 
as a single estuary branch. However, more accurate bathymetry measurements and detailed 
observations are needed to improve the quality of this study. Wu et al. (2010) applied a 
numerical model to the Changjiang estuary (that forms part of the Yangtze Delta), whose 
results indicated both the importance of Stokes transport and the exchange of water masses 
between the different channels. Another study was performed by Gong et al. (2012), who 
applied a 3D numerical model to a part of the Chinese Pearl River Delta (Fig. 3.13). In this 
study, it was found that the different branches in this multi-channel estuary could act as either 
a salt source or a salt sink. The problem with these model studies is that they all deal with real 
estuaries, meaning that the studies are often as realistic as possible. As a result, all channels in 
the estuary are taken into account, leading to many bifurcations and confluences that make the 
resulting model grids very complex. At the same time, very complex boundary conditions are 
often chosen for the models, as they come closest to reality. For example, the numerical 
model study by Gong et al. (2012) uses an offshore boundary that is forced by 8 tidal 
constituents, whilst the numerical model study by Wu et al. (2010) uses an open ocean 
boundary that is forced by 16 tidal constituents. Such model studies may come close to 
reality, but it is nearly impossible to analyse the underlying mechanisms that play a role in an 
estuarine environment with such difficult boundary conditions. For example, it is possible that 
the many tidal constituents interact with each other, leading to strange salt patterns in the 
estuary. To overcome this, there is a need for more simple models, from which it is easier to 
analyse the underlying physical mechanisms. 
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Fig. 3.13: Example of the model grid, used in the study by Gong et al. (2012). It is clear that this model grid 

comes very close to reality but that at the same time it is very complex with lots of bifurcations and confluences. 
 
Until now, not many simple modelling studies have been carried out with regards to the 
hydrodynamics in estuarine tidal networks. Observations from the Berau delta in Indonesia 
suggest that the tidally averaged flow division at tidal junctions depends on the tidal range. 
Buschman et al. (2010) constructed a depth-averaged hydrodynamic model in Delft3D with 
idealised geometry, which mimics to some extent the Berau Delta in Indonesia. This model 
was used to learn more about the exact mechanisms which determine subtidal flow division at 
estuarine channel junctions. The model of Buschman et al. (2010) comprises of a tidal river of 
a few hundred kilometres long, which splits in two exponentially converging tidal channels. 
By changing the length, depth, e‐folding length scale of the channel width, and hydraulic 
roughness in one of the two tidal channels, the effect of these changes on subtidal flow 
division was studied. The results indicated that when the depth, length, and e‐folding length 
scale where varied in one channel, the tide increased the inequality in subtidal flow division at 
the tidal junction. At the same time, altering the hydraulic roughness in one channel resulted 
in tidal action decreasing the inequality in subtidal flow division at the tidal junction. The 
study by Sassi et al. (2011) investigated subtidal flow division for the Indonesian Mahakam 
Delta using a depth-averaged version of SLIM, the Second-generation Louvain-la-Neuve Ice-
ocean Model. This study concluded that tides only affected subtidal flow division in the 
Mahakam Delta close to the sea. The same types of studies have already been conducted for 
river junctions (Wang et al., 1995; Kleinhans et al., 2008), but they did not focus on the 
downstream junctions, where tides also play a role. 
 
3.8 Objectives of the present study 
The studies of Buschman et al. (2010) and Sassi et al. (2011) do not include the effect of 
salinity and use a depth-averaged (2DH) model instead of a 3D model to simulate the 
hydrodynamics in an estuarine tidal junction network. Analogously to a tidal wave, salt also 
intrudes upstream through the different branches from the seaward side. When investigating 
estuarine flow patterns, it is therefore important to also consider the effect of salt. When salt is 
included in a model study, it is essential to use a 3D model. The reason for this is that both 
cross-channel flow patterns and horizontal/vertical density differences are important for 
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studying salinity patterns. According to the knowledge of the author, no theoretical studies are 
available that investigate salinity intrusion in an estuarine channel network. Most studies 
focus on an existing estuary with rigid borders and extensive boundary conditions, making it 
difficult to clarify the underlying mechanisms. To close this gap, a new study has been carried 
out in the framework of this thesis, which focuses on salt intrusion using the 3D version of the 
model developed by Buschman et al. (2010). This study investigates the effect of varying the 
length of one of the downstream estuarine channels on salt intrusion and tidal propagation in 
the estuarine channel network. The main research question of this study will therefore be:  
 

- What is the effect of varying the length of one downstream channel on salinity 
intrusion and tidal propagation in a two-channel estuarine tidal network? 

 
To answer this main question, I will focus on the following sub-questions: 

- What are the tidal water level and tidal velocity amplitudes in the different channels? 
- What is the character of the tidal wave in the various channels? 
- What are the physical mechanisms and processes that control salinity intrusion in 

partially-mixed and well-mixed estuaries? 
- How is freshwater and salinity distributed over a well-mixed estuarine channel 

network when varying the length of one of the tidal channels?  
- What is the relative role of cross-sectional advective and dispersive salt transport 

while varying the length of one of the downstream channels and what are the 
magnitudes of these different transport terms in the different channels? 

 
3.9 Methodology 
This study will be conducted using an idealised 3D model (Delft3D, see Lesser et al., 2004). 
This model is widely used and is able to include the effects of salt-induced density on the 
hydrodynamics. In this study, an idealised setting will be used in which the domain is similar 
to that in Fig. 3.14. The domain is characterised by a constant depth throughout the grid, tidal 
forcing (single constituent at seaward boundary, identical for both channels), salinity and river 
discharge (no wind, waves and sediment). In order to include salinity, it is required to use the 
3D version of Delft3D. This means that the model used by Buschman et al. (2010) needs to be 
modified and newly calibrated as they used the depth-averaged (2DH) version of Delft3D. 
Using the modified model, multiple simulations will be conducted that will focus on the salt 
dynamics at the tidal junction and the other parts of the estuary. By varying the length of 
channel 1, the influence of variations in channel length on the tidal and salinity patterns is 
investigated. The next chapter (Chapter 4) provides a detailed description of the model set-up, 
whilst the results of this study are extensively described in Chapter 5. 
 

 
Fig. 3.14: Top view of the Delft3D grid used by Buschman et al., (2010), consisting of a  
river that splits in two equal branches. A similar kind of grid will be used in this thesis.  
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4. Model set-up 
 
4.1 Model set-up 
The initial model set-up used in this study is based on the model by Buschman et al. (2010), 
which in turn is based on the model study by Kleinhans et al. (2008). This model was built 
using the Delft3D modelling environment and solves the unsteady shallow water equations as 
described in Lesser et al. (2004). An extensive description of all the governing equations in 
Delft3D is provided in Lesser et al. (2004), Van der Wegen & Roelvink (2008) and the 
Delft3D Flow Manual (Deltares, 2014). There is an important difference between the model 
set-up of this study and that of Buschman et al. (2010). Since this study focuses on salinity 
intrusion, it was decided to use the 3D version of Delft3D instead of the depth-averaged 
(2DH) version of Delft3D. The reason for this is that both cross-channel flow patterns and 
horizontal/vertical density differences are important for studying salinity patterns. 
Additionally, it is also essential to take into account both horizontal and vertical density 
differences, to be able to obtain information about the stratification of the channels. 
 

  
Fig. 4.1: Left = The seaward part of the model grid, in which the single river and the  

two channels that connect to sea are illustrated. Right = Detailed overview of the  
gridcells at the tidal junction. The two disappearing grid cells are clearly visible. 

 
In the default setting of this study, the distance between the tidal junction and the sea is 
50 km. The river in the model is 250 km long, so that tides can dampen out to a certain 
degree. In the upstream 200 km of the river, the width is set to 357 m. At a distance 200 km 
from the upstream river boundary, the channel width (B) starts to increase according to the 
exponential formula 
 
𝐵𝐵 = 𝐵𝐵𝜕𝜕𝑢𝑢𝑒𝑒𝜕𝜕 𝑏𝑏⁄  ,          (Eq. 4.1) 
 
where b is the so called e-folding length for width (m) and x are the along-channel coordinates 
(defined positive seaward). In this case, the default setting of b is set at 33.3 km, which results 
in a width of 1.60 km at the tidal junction. Whilst the width of the grid cells varies throughout 
the grid, the grid cell length along the centre line of the three channels is set constant at 200 
m. The river landward of the tidal junction has a width of 16 equally divided grid cells across 
the channel. At the tidal junction, this single channel splits in two equal channels of 50 km in 
length. Due to numerical issues with splitting the channel, two cell rows have to disappear 
seaward of the junction (Fig. 4.1; Kleinhans et al., 2008). Therefore, channel 1 and 2 are both 
7 grid cells wide. By applying this method, only one-eighth of the cross-sectional area is lost 
due to grid cells being removed on the seaward side of the tidal junction. At the tidal junction, 
the grid cell length is twice as large as the grid cell width. This small ratio was chosen to 

Channel 2 

Channel 1 
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account for cross-channel flows that can occur just landward of the junction. The ratio 
increases when moving further inland.  
 
Table 4.1: Default parameter settings for the Buschman et al. (2010) setup and the modelling setup of this thesis. 
Variable Buschman default settings Thesis first default settings 
Number of layers 1 10 
Length of upstream channel 550 km 250 km 
Length of downstream channels 50 km 50 km 
Still water depth 5 m 5 m 
Simulation time 23 days 1 month 
Time step 30 s 30 s 
Initial water level 5 m 0 m 
Initial salinity in the grid N/A 0 psu 
River discharge 500 m3 s-1 200 m3 s-1 

M2 amplitude at sea 0.7 m 0.7 m 
S2 amplitude at sea 0.4 m 0 m 
Salinity value at seaward boundary N/A 34 psu 
Salinity value at landward boundary N/A 0 psu 
Thatcher-Harleman time lag N/A 0 min 
Chézy coefficient 55 m1/2 s-1 55 m1/2 s-1 

Horizontal eddy viscosity 10 m2 s-1 10 m2 s-1 
Horizontal eddy diffusivity N/A 10 m2 s-1 
Vertical eddy viscosity (background) N/A 10-6 m2 s-1 
Vertical eddy diffusivity (background) N/A 10-6 m2 s-1 

3D turbulence model N/A k-ε 
 
In the initial model, 10 vertical layers were defined and the depth was set to 5 m. The model is 
situated at the equator, meaning that there is no Coriolis Effect. A time step of 30 s was used. 
Calculations of the Courant number showed that this time step was sufficiently small. The 
hydraulic roughness was expressed using a Chézy coefficient of 55 m1/2 s-1, which is a value 
that is often used for hydraulic roughness in tidal channels (Buschman et al., 2010). The 
horizontal eddy viscosity and horizontal eddy diffusivity were both set to 10 m2 s-1, whilst the 
vertical eddy viscosity and horizontal eddy diffusivity were set to 10-6 m2 s-1. The 3D 
turbulence model was set to k-ε. The model is forced with a constant river discharge of 200 
m3 s-1 at the upstream boundary, whilst a M2 tidal amplitude of 0.7 m and equal phase is 
prescribed at both seaward boundaries (located at the end of both channels), with a constant 
salinity of 34 psu. The duration of the default model run was 1 month, to allow salt to intrude 
sufficiently in the network and to reach a partial equilibrium. An overview of the first default 
parameter settings compared to the default parameter settings of Buschman et al. (2010) and 
Buschman (2011) is given in Table 4.1. 
 
4.2 Model calibration 
Using the settings in Table 4.1, a first model run was performed to investigate the behaviour 
of the altered model. All simulations were performed with Delft3D Flow version 4.00.02. 
Firstly, plots of the water level throughout the grid domain were analysed. This revealed that 
the tide is perfectly harmonic at the seaward boundary, but it gets distorted when moving 
upstream. Apart from that, strange patterns start to emerge closer to the landward boundary. 
These sudden peaks (hereafter referred to as ‘wiggles’; Fig. 4.2) point to numerical 
instabilities and indicate that the results of the model run are possibly not correct. As soon as 
these wiggles appear in the water level plots, they also appear in the velocity plots and in the 
salinity plots. This means that the results of such a model run are not to be trusted. 
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Fig. 4.2: Wiggles in the water level (left) and depth-averaged velocity (right) using the 3D version of Delft3D.  

For comparison, the results of the same simulation with the 2DH version of Delft3D are also plotted.  
The position is 80 km from the downstream boundary. 

 
This implies that it is essential that these wiggles do not appear in the water level and the 
velocity results. Therefore, the first model calibration task was to find out how these wiggles 
could be prevented from occurring. This was done by running a number of different 
simulations with slightly altered parameter settings. Only one parameter was changed per 
simulation run, to be able to investigate in detail the effect on the model results. Firstly, the 
same simulation was conducted in the 2DH version of Delft3D, to see whether the problem 
had to do with the dimensions of the simulation. The result was that the wiggles did not occur 
in this simulation (Fig. 4.2), meaning that the problem occurs due to some setting in the 3D 
version that is not used in the 2DH version of Delft3D. 
 
At first, attention was given to the boundaries in the 3D simulation. There are different ways 
in Delft3D to define a boundary. The default forcing type for a tidal boundary is astronomic, 
meaning that the flow conditions are prescribed using build-in tidal constituents, amplitudes 
and phases (Deltares, 2014). Apart from that, harmonic conditions can be imposed at a tidal 
boundary, meaning that the flow conditions are specified using user-defined frequencies, 
amplitudes and phases (Deltares, 2014). For each boundary, a so called reflection parameter 
also needs to be set. The higher the value of this parameter, the less reflective the open 
boundary gets for waves that arrive at the boundary from inside the model (Deltares, 2014). 
Since the wiggles are predominantly visible close to the landward river boundary, it was 
hypothesised that reflection of the tidal wave caused the formation of the wiggles. Increasing 
the reflection parameter should in that case lead to a reduction of the wiggles. However, both 
changing the forcing and the reflection parameter did not have the desired effect. 
 

 
Fig. 4.3: Water level (left) and depth-averaged velocity (right) for a 3D simulation with 25 layers (in red).  

For comparison, the results of the same simulation with 10 layers (in blue) are also plotted.  
The position is 80 km from the downstream boundary. 
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Fig. 4.4: Example of a salinity profile in a 25 layer model with the  

k-ε turbulence closure model (left) and the k-l turbulence closure model (right). 
 
Next, it was decided to increase the number of vertical layers from 10 to 25. Many modelling 
studies (e.g. Simpson et al., 2001; Burchard & Hetland, 2010) often use at least 50-100 layers 
in the vertical since this drastically increases the accuracy. The downside is that it takes much 
longer to run these models. However, salt studies with Delft3D (such as Van Breemen, 2008) 
often only use 10 vertical layers. By increasing the number of vertical layers from 10 to 25, 
the vertical resolution is increased by 150%. Increasing the vertical resolution had a positive 
effect (Fig. 4.3), as the wiggles in water level and velocity disappeared completely. 
 
4.3 Sensitivity to turbulence closure models 
The focus now shifted to the salinity profiles through time. It was soon found that both the 
simulations with 10 and 25 vertical layers still showed a lot of wiggles in the salinity profiles 
(Fig. 4.4, left). As a result, the focus shifted to the physical parameters in Delft3D, which 
could also affect the density patterns of the simulation. It was decided to alter the so called 
‘Model for 3D turbulence’ and investigate what effect altering this parameter had on the 
model results. Delft3D-FLOW has four different turbulent closure models implemented to 
determine the vertical eddy viscosity and vertical eddy diffusivity. These models are: 
 

- Constant coefficient. 
- Algebraic Eddy viscosity closure Model (AEM). 
- k-l turbulence closure model. 
- k-ε turbulence closure model. 

 
The difference between these turbulent closure models is the way they describe the turbulent 
kinetic energy k, the dissipation rate of turbulent kinetic energy ε, and/or the mixing length l. 
The first turbulence closure model is very simple and uses values for vertical eddy viscosity 
and diffusivity that are constant in space and time and are prescribed by the user himself. Note 
that a constant eddy viscosity results in parabolic vertical velocity profiles (laminar flow; see 
Deltares, 2014). The other three turbulence closure models are all based on the eddy viscosity 
concept of Kolmogorov (1942) and Prandtl (1945). In those cases, the eddy viscosity is linked 
to the characteristic velocity and length scale of the resolved flow. Moreover, k is determined 
using the turbulent energy balance. This equation describes the production of k due to velocity 
shear, destruction of k due to buoyancy and dissipation due to viscous terms. In its simplest 
form this equation becomes a balance between the production and buoyancy term. An 
extensive description of all turbulence closure models is given in the Delft3D flow manual 
(Deltares, 2014) and in Uittenbogaard et al. (1992). Below, a brief description of the 
remaining three models will be provided. 
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The algebraic eddy viscosity model (AEM) does not use transport equations for turbulence. 
Therefore, it is called a zero order closure scheme, which is in this case a combination of two 
algebraic formulations. The AEM model uses analytical (algebraic) formulas to calculate k 
and l. The turbulent kinetic energy k is defined as  
 
𝑘𝑘 = 𝜕𝜕𝑡𝑡𝜕𝜕𝑡𝑡

2
 .          (Eq. 4.2) 

 
Here, ut denotes turbulent fluctuations in along channel velocity and the bar denotes an 
average over the turbulent timescale. From Eq. 4.2, it follows that the velocity scale Usc can 
be defined as Usc = k1/2. The friction velocities or velocity gradients determine the turbulent 
kinetic energy k and the mixing length l is calculated using a depth-function (Bakhmetev, 
1932) 
 

𝑙𝑙 = 𝜅𝜅(ℎ − 𝑧𝑧)�1 − ℎ−𝜕𝜕
(ℎ+𝜂𝜂) ,        (Eq. 4.3) 

 
where κ is the Von Kármán constant (≈ 0.41), z is the vertical coordinate (m, positive 
downward), h is the water depth (m) and η is the water level (m). The result is a logarithmic 
velocity profile in case the flow is homogeneous. When vertical density gradients are present, 
the turbulent exchanges are severely limited by buoyancy forces and l needs to be corrected. 
However, high gradients in velocity can lead to increased turbulent mixing which in turn may 
weaken the stratification. The stability of the stratification can be described by the interaction 
between gravitational forces and turbulent shear production. The measure for the stratification 
is given by the earlier mentioned gradient Richardson number (Ri; Deltares, 2014). 
 
The so called k-l turbulence closure model is a first order turbulence closure scheme. In this 
model, the mixing length l is not calculated but prescribed analytically. The same formulation 
and damping functions are used as for the AEM turbulence, but a transport equation is added 
to determine the kinetic energy k. This transport equation includes an energy dissipation term, 
a buoyancy term and a production term. The full set of equations belonging to this closure 
model is available in Deltares (2014). Assumptions made in this model are that the 
production, buoyancy and dissipation terms dominate and that the horizontal length scales are 
far larger than the vertical length scales. In other words, this model is limited to relatively 
shallow water (Deltares, 2014). 
 
The last turbulence closure model that is included in Delft3D is the so called k-ε model, which 
is a second order turbulence closure model. Both the turbulence energy k and the dissipation 
rate of turbulent kinetic energy ε are calculated using a transport equation. Using the 
calculated results of k and ε, the turbulent velocity scale k1/2 and mixing length are 
determined, from which the vertical eddy viscosity and vertical eddy diffusivity are 
calculated. The mixing length l is computed from k and ε using 
 
𝑙𝑙 =  𝑐𝑐𝑑𝑑

𝑘𝑘√𝑘𝑘
𝜀𝜀

 .          (Eq. 4.4) 
 
Here, cd denotes a constant relating mixing length, turbulent kinetic energy and dissipation in 
the k-ε model. See Deltares (2014) for the full set of equations belonging to this closure 
model. Also the same assumptions are made as with the k-l model. Thus the production, 
buoyancy and dissipation terms are the dominant terms and the horizontal length scales 
dominate over the vertical length scales (Deltares, 2014).  
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At first, all simulations were carried out by with the k-ε turbulence closure model, as this is 
the most advanced turbulence model available in Delft3D. But as the salinity profiles 
continued to show wiggles, the other turbulence models were also tested in some simulations. 
It soon became clear that using the k-l model led to hardly any wiggles in the salinity profile 
when it is applied to a case with 25 vertical layers (Fig. 4.4, right). Interestingly, applying this 
turbulence model to a case with 10 vertical layers also resulted in hardly any wiggles in the 
salt profiles. Also when the algebraic and constant turbulence models are applied to cases 
with 10 or 25 vertical layers, no wiggles appear in the salt profiles. After numerous attempts 
had failed in finding a k-ε model setting that did not result in the formation of wiggles in the 
salinity profiles, it was decided to no longer use this turbulence model. The k-l model is more 
sophisticated compared to the algebraic and constant turbulence model as it contains a 
correction term for stratification. Therefore it was decided to use the k-l turbulence model in 
the new simulations. 
 
Moreover, it was decided to alter the Thatcher-Harleman time lags of both seaward 
boundaries. These time lags compensate for the effect that in a physical environment, the 
outflow concentration often differs from the boundary condition at inflow. As a result, there is 
an interruption in the concentration at the turn of the flow. Some time is needed before the 
concentration along the open boundary reaches the prescribed value again. To model this time 
lag in Delft3D, it is possible to define a Thatcher-Harleman boundary condition (Thatcher & 
Harleman, 1972). For these simulations, it was decided to set this value to 3 hours (180 min), 
which approaches half the period of the M2 tide. 
 
4.4 Finding the right boundary conditions 
After the correct physical settings had been found, attention shifted to determining the right 
boundary conditions. The boundary conditions should result in the estuary being partially to 
well-mixed and salt reaching the junction in sufficient quantities. The initial model set-up 
uses two symmetric downstream branches of 50 km in length. The results with the default 
model settings showed that salt intrudes approximately 15-20 km, which means that salt does 
not reach the tidal junction. Apart from that, the system was quite stratified (Fig. 4.5, left) 
with many wiggles. In order to increase the intrusion length and to get the system more 
mixed, it was decided to reduce the river discharge and to increase the tidal amplitude. The 
results of these simulations showed that salt could be forced to intrude up to 20-25 km inland. 
Most notable are the salinity profiles, which are clearly more mixed and show much less 
wiggles (Fig. 4.5, right). Another notable observation was that reducing the river discharge 
caused salt to intrude further upstream whilst increasing the tidal amplitude led to a slight 
decrease in intrusion length. 
 

 
Fig. 4.5: Left = example of a salinity profile with the default settings. Right = example of a salinity profile with 

reduced discharge (100 m3 s-1) and increased tidal amplitude (1.4 m). 
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The different simulations showed that modifying the amplitude and river discharge is not 
sufficient for salt to intrude up to the junction. As branches in an estuary with a length of 50 
km are relatively long, it was decided to shorten the branches by 20 km. This way, salt could 
be forced to approach the junction more closely. Apart from that, following the theory of 
MacCready (2004), it was also decided to increase the water depth of the channels. Besides 
that, simulations were also performed with increased horizontal eddy diffusivity (mixing due 
to eddies). If the diffusivity is increased, this means that the mixing processes are increased, 
meaning that salt should intrude faster and further upstream. The simulation revealed that 
increasing the depth to 20 m caused salt to intrude up to 60 km upstream. Increasing the depth 
to 10 m causes salt to intrude 20 km upstream and if the horizontal eddy diffusivity was 
additionally increased to 100, the salt reached 45 km upstream. Note that even though the new 
settings caused salt to intrude further upstream, it also caused a substantial increase in 
stratification. This was evident in the salinity profiles, where wiggles started to emerge again, 
regardless of the used 3D turbulence model. It was suspected that these wiggles were a direct 
consequence of the increased stratification. It is known that Delft3D can have problems with 
simulating salinity intrusion in stratified conditions (e.g. De Goede, 2009) and the focus of 
this thesis is on partially to well-mixed estuaries. Therefore, it was decided to define the 
parameter settings in such a way that the salinity profiles remained partially to well-mixed. 
The resulting simulations indeed showed that as long as the difference in salinity between the 
upper and lower vertical layer is less than 5 psu, the wiggles in the salt profiles do not appear. 
After a few simulations with different values, it was decided to set the river discharge to 100 
m3/s, the M2 tidal amplitude to 1.4 m and the depth uniform to 10 m. 
 

  
Fig. 4.6: Left = mean salt intrusion with 100 m3 s-1 river discharge, 1.4 m tidal amplitude and a depth of 10 m.  
Right = mean salt intrusion with the same conditions, but also with the horizontal diffusivity set to 100 m2 s-1.  

 
With the new parameter settings and two 30 km branches, the salt nearly reaches the tidal 
junction. By adjusting the horizontal eddy diffusivity, salt can be forced to intrude up to the 
junction, but in order to do get reasonable salinity values this parameter had to be set to 100 
m2 s-1 (Fig. 4.6). This is a very high value and therefore it was decided to shorten the two 
branches by another 10 km. This way, the horizontal eddy diffusivity could be set to 30 m2 s-1, 
whilst the salt would still reach the junction in sufficient quantities. This resulted in new 
initial parameter settings, which are summarised in Table 4.2. Moreover, quite some time is 
needed for the salt to enter the estuary, especially when the initial setting is a completely fresh 
environment without any salt. In the new model settings it takes approximately 6 months to 
reach a salt equilibrium in the estuary with both branches 20 km long, provided that the initial 
conditions are completely fresh. 
 
But still, there were some shortcomings in the model. The most notable is that salt is 
prescribed with a constant value at the end of the two branches. This is clearly visible in Fig. 
4.6, where the downstream 10 km of both channels show a more or less high constant salinity. 
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In reality, salinity only reaches a constant value approximately 20-30 km offshore. In order to 
simulate these conditions in the model, it is essential to prescribe the salinity further offshore. 
To do this, a sea needs to be added to the existing grid which should contain the two 
downstream boundaries. There are two ways to do this, the first method is to generate a 
second grid and to combine this grid with the existing junction grid. This method proved to be 
unsuccessful due to numerical issues in connecting the grids with each other. The second 
method is to use a so called Domain Decomposition (DD; Deltares, 2014). In this technique, a 
model is divided in several smaller models or domains. The computations can then be carried 
out on these domains separately. The different models can still communicate with each other 
through internal boundaries (called DD-boundaries). This method allows for adding a second 
grid to an already existing grid and to link these grids to each other. Using this method, a sea 
of 20 km long and 13 km wide was added to the downstream end of both branches (Fig. 4.7). 
Salinity and tidal action is prescribed at the downstream end of the sea using an open 
boundary condition (dark blue lines in Fig. 4.7). With this final step, adequate model settings 
had been found to start the study on salinity intrusion with different channel lengths. 
 
 

 
Fig. 4.7: Mean salinity in a DD simulation in which two equal seas are added to the downstream ends of the two 

branches. Model is run with the new initial model settings and salinity values are given in psu. 
 
Table 4.2: Summary of the first (see Table 4.1) and final default settings. The final default settings were acquired 
by running multiple simulations to obtain the correct boundary conditions. 
Variable Thesis first default settings Thesis final default settings 
Number of layers 10 10 
Length of upstream channel 250 km 250 km 
Length of downstream channels 50 km 20 km 
Still water depth 5 m 10 m 
Simulation time 1 month 7 months – 1.5 year 
Time step 30 s 30 s 
Initial water level 0 m 0 m 
Initial salinity 0 psu 0 psu 
River discharge 200 m3 s-1 100 m3 s-1 

M2 amplitude at sea 0.7 m 1.4 m 
Salinity value at sea 34 psu 34 psu 
Thatcher-Harleman time lag 0 min 180 min 
Chézy coefficient 55 m1/2 s-1 55 m1/2 s-1 

Horizontal eddy viscosity 10 m2 s-1 10 m2 s-1 
Horizontal eddy diffusivity 10 m2 s-1 30 m2 s-1 
Vertical eddy viscosity 10-6 m2 s-1 10-6 m2 s-1 
Vertical eddy diffusivity 10-6 m2 s-1 10-6 m2 s-1 

3D turbulence model k-ε k-l 
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5. Modelling the effect of length differences 
 
When the new model settings had been found, the real study on salinity intrusion could be 
initiated. This was done by performing simulations in which the length of channel 1 was 
gradually increased from 20 to 100 km, the intermediate steps being 25, 30, 35, 40, 45, 50, 60 
and 80 km. Note that since the width and depth variations are the same along channels 1 and 
2, the longer channel has a wider channel mouth. Each channel is connected to an identical 
sea grid with a size of 20 by 13 km using Domain Decomposition. The simulation time was 7 
months for the 20-35 km simulations, 8 months for the 40 km simulation, 9 months for the 45 
km simulation and 1.5 years for the 50-100 km simulations. These simulation times were 
chosen to ensure that all simulations reached sufficient equilibrium.  
 
5.1 Delft3D model results 
Delft3D stores the calculated model results in different types of files. Mostly, the so called 
history and map files are used for analysing the model results. In history files, the model 
results are stored at user-defined monitoring points and cross-sections. These monitoring 
points and cross-sections are defined prior to starting the model run. Model results are stored 
at an interval which has to be set by the user. In this model study, the history interval was set 
to 5 min. The map files basically store the same quantities as the history files, but the major 
difference is that this is done for the entire grid. This means that the map files can be used to 
produce contour plots of multiple locations in the grid or even the entire grid, whilst history 
files can only be used to produce 2D plots of stored quantities at a certain location in the grid. 
Table 5.1 provides an overview of some important quantities that are stored in the history 
files. 
 
Table 5.1: An overview of the most important quantities that are stored in the present Delft3D model setting. 
Quantity Definition/symbol Unit 
Water level in station η m 
Depth in station h m 
U-velocity (velocity in x-direction) per layer in station u m s-1 

V-velocity (velocity in y-direction) per layer in station v m s-1 
W-velocity (velocity in z-direction)  
per layer in station 

w m s-1 

Salinity concentrations per layer in station S psu 
3D vertical eddy viscosity in station Kz m2 s-1 

3D vertical eddy diffusivity in station Nz m2 s-1 
Richardson number in station Ri - 
Density per layer in station ρ kg m-3 

Total discharge through cross-section Qcum = ∫∫∫ u dy dz dt m3 

Monumentary discharge through cross-section Qinst = ∫∫∫ u dy dz m3 s-1 

Cumulative advective transport through cross-section Qcum salt adv = ∫∫∫ uS dy dz dt psu m3 

Cumulative dispersive transport through cross-section Qcum salt disp = – ∫∫∫ Kx (dS/dx) dy dz dt psu m3 
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5.2 Harmonic analysis 
The tidal pattern in the different model simulations can be examined by performing a so 
called harmonic analysis on certain tidal characteristics. By fitting a number of tidal 
constituents, it is possible to determine in what way the tidal wave is distorted. A tidal signal 
consisting of only one component can be written as 
 
𝜂𝜂(𝜕𝜕) = 𝑅𝑅 sin(𝜔𝜔𝜕𝜕 + 𝜙𝜙) .        (Eq. 5.1) 
 
Here η is the water level (m), R is the amplitude, ω the angular frequency (rad s-1), t is time (s) 
and ϕ the phase (rad). The angular frequency can be calculated for the M2 tide using 
 
𝜔𝜔𝑀𝑀2 = 2𝜋𝜋 𝑇𝑇𝑀𝑀2⁄ = 2𝜋𝜋 12h 25min⁄ = 1.4052 ∙ 10−4 rad s−1 ,   (Eq. 5.2) 
 
in which T is the period of the tidal constituent (s). When more constituents are present, Eq. 
5.1 can be written as 
 
𝜂𝜂(𝜕𝜕) = MEAN + ∑ 𝑐𝑐𝑛𝑛 sin(𝜔𝜔𝑛𝑛𝜕𝜕)𝑛𝑛 + 𝑑𝑑𝑛𝑛 cos(𝜔𝜔𝑛𝑛𝜕𝜕) .     (Eq. 5.3) 
 
Here, MEAN is the mean water level and cn and dn are amplitudes belonging to the tidal 
component with angular frequency ωn. This equation can also be written in the form 
 
𝜂𝜂(𝜕𝜕) = MEAN + ∑ 𝑅𝑅𝑛𝑛 sin(𝜔𝜔𝑛𝑛𝜕𝜕 + 𝜙𝜙𝑛𝑛)𝑛𝑛  .      (Eq. 5.4) 
 
Here, Rn is the total amplitude, t is the time of high water and ϕn is the phase. The phase and 
total amplitude are defined as: 
 
𝑅𝑅𝑛𝑛 = �𝑐𝑐𝑛𝑛2 + 𝑑𝑑𝑛𝑛2 ,  𝜙𝜙𝑛𝑛 = tan−1 �𝑑𝑑𝑛𝑛

𝑐𝑐𝑛𝑛
� .      (Eq. 5.5) 

 
To determine the amplitudes and phases of the tidal constituents that are fitted, a best fit will 
be made of a user-defined function η(t) to the modelled water level O(t) by minimising the 
root mean square error between η(t) and O(t). The RMSE is calculated as 
 

RMSE =  �1
𝑀𝑀
∑ (𝜂𝜂(𝜕𝜕𝑘𝑘) − 𝑂𝑂(𝜕𝜕𝑘𝑘))2𝑀𝑀
𝑘𝑘=1  .      (Eq. 5.6) 

 
Here, η(tk) is calculated using Eq. 5.4, O(tk) is the observed water level and tk are the 
components of the time vector. The harmonic analysis is firstly conducted on the calculated 
water levels in the different simulations. To determine the phase of the tidal wave at high 
water (when η(t) has its maximum value), it is important to take into account that a sine 
function is fitted. A sine function reaches its max value at π/2. To obtain the time of high 
water, the calculated phase ϕn needs to be subtracted from π/2, which then has to be divided 
by the angular frequency of the fitted tidal component (thus η(tHW) = (π/2 – ϕn)/ωn). 
 
Analogous to the water levels, it is also possible to carry out a harmonic analysis on the 
calculated velocities. This way, it is possible to obtain the velocity amplitudes and phases of 
the different tidal constituents. The procedure is nearly identical to the harmonic analysis of 
the water levels. The major difference is that instead of water levels, velocities are used as 
input. Another difference is that in our model, the coordinate system is defined positive from 
land to the sea. As a result, flood velocities are negative and ebb velocities are positive. When 
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determining the phase of the max flood tidal velocity (thus the largest negative value), this 
needs to be taken into account. A sine function reaches its max negative value at -π/2. To 
obtain the time of max flood tidal velocity, the calculated phase ϕn needs to be subtracted 
from -π/2, which then has to be divided by the angular frequency of the fitted tidal component 
(thus U(tHW) = (-π/2 – ϕn)/ωn). 
 
A harmonic analysis can also be carried out on salinity values. Using this method, it is 
possible to obtain salinity amplitudes and phases of the different tidal constituents. Also this 
procedure is nearly identical to the harmonic analysis of the water levels, only here salinity 
values are used as input. Just like with the harmonic fit of the water level, the phase of the 
salinity is determined when the salinity reaches its maximum value. To obtain the time of max 
salinity, the calculated phase ϕn needs to be subtracted from π/2, which then has to be divided 
by the angular frequency of the fitted tidal component. 
 
For the harmonic analysis, a total of four tidal components were fitted to the water level and 
velocity data at different locations in the grid. These are the M2 (which is prescribed at the 
seaward boundary), O1, M4 and M6 components. The harmonic analysis showed that the M2 
component is by far the most important tidal component in the grid for the water level, tidal 
velocities and salinity. As expected, the O1 tidal component is not present in the entire basin 
whilst the M4 and M6 components show negligible amplitudes. The phase of the water level, 
tidal velocities and salinity in the two channels downstream of the tidal junction is not the 
same. This becomes evident when analysing the fitted tidal characteristics of the two channels 
downstream of the tidal junction. 
 
Fig. 5.1 and Fig. 5.2 show the calculated M2 water level amplitudes for both channels at 
different distances downstream from the tidal junction. It is clear that the water level 
amplitude at the mouth of both channels is not the same for different lengths of channel 1. 
This is a result of radiation damping (interaction of tide in estuary and tide at sea), which 
occurs because the tidal amplitude is prescribed not directly at the channel mouth but 20 km 
offshore. Another clear observation is that the tidal amplitude in channel 1 increases with 
increasing channel lengths. Only when the length of channel 1 is increased to over 60 km, 
different behaviour is observed near the tidal junction. The amplitudes of both the 80 and 100 
km simulations decrease drastically near the tidal junction. On the other hand, the amplitudes 
of the 80 and 100 km simulations show a distinct peak approximately 30 km downstream of 
the tidal junction. This is the effect of resonance. The amplitudes in channel 2 show different 
behaviour. Most simulations show a small increase in tidal amplitude towards the tidal 
junction, only the 80 and 100 km simulations show a different pattern. In these simulations, 
the tidal amplitude shows a minimum around 8 km downstream of the tidal junction after 
which the amplitude increases again until reaching the tidal junction. 
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Fig. 5.1: M2 water level amplitudes (ηM2) for channel 1 at different locations downstream of the tidal junction.  

The colours denote the simulations with the different channel lengths. 
 

 
Fig. 5.2: M2 water level amplitudes (ηM2) for channel 2 at different locations downstream of the tidal junction.  

The colours denote the simulations with the different channel lengths. 
 
To analyse the behaviour of the tidal wave, it is possible to compute the phase and investigate 
the phase difference between channel 1 and channel 2. Fig. 5.3 shows the M2 water level 
phase (ϕηM2) difference (in hours) between channel 1 and channel 2 for the different 
simulations in the first 20 km downstream of the tidal junction. It is evident that the phase 
difference downstream from the tidal junction increases if channel 1 gets longer. If both 
channels are similar in length, the phase difference at all locations is nearly zero. As soon as 
the difference in length between both channels increases, the phase difference downstream 
from the tidal junction also increases. At the tidal junction, the phase difference is nearly 0 for 
all lengths (Fig. 5.4). This means that there is hardly any spatial water level variation at the 
junction for the different channel lengths. 
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Fig. 5.3: Difference in M2 water level phase (ϕηM2) between channel 1 and channel 2 (in hours) plotted as a 

function of the distance downstream from the tidal junction. Colours indicate the different lengths of channel 1. 
 

 
Fig. 5.4: Difference in M2 water level phase (ϕηM2) between channel 1 and channel 2 (in hours) at the tidal 

junction. Shown are the phase differences at the tidal junction for different lengths of channel 1. 
 
Fig. 5.5 and Fig. 5.6 show the calculated cross-sectionally averaged UM2 tidal velocity 
amplitudes for channel 1 and channel 2 at different distances downstream from the tidal 
junction. It is clear that the tidal velocity amplitude in channel 1 decreases with increasing 
channel lengths. Only when the length of channel 1 is increased to over 60 km, different 
behaviour is observed near the tidal junction. The tidal velocity amplitudes of both the 80 and 
100 km simulations increase considerably towards the tidal junction but they show a trough 
around 20-30 km downstream of the tidal junction. This is not observed in channel 2. Here, all 
simulations show a monotonic increase in tidal velocity with increasing channel length. Also 
interesting is the distinct drop in velocity amplitude near the tidal junction for all channel 
lengths. 
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Fig. 5.5: Cross-sectionally averaged M2 velocity amplitudes (UM2) at various locations downstream of the tidal 

junction for channel 1. The colours indicate the simulations with the various channel lengths. 
 

 
Fig. 5.6: Cross-sectionally averaged M2 velocity amplitudes (UM2) at various locations downstream of the tidal 

junction for channel 2. The colours indicate the simulations with the various channel lengths. 
 
A phase difference plot can also be produced for the fitted tidal velocities. Fig. 5.7 shows the 
M2 tidal velocity amplitude phase (ϕUM2) difference between both channels (in hours) as a 
function of different locations downstream of the tidal junction. It is clear that in comparison 
with the differences in ϕηM2 (Figure 5.3), the differences in ϕUM2 at the tidal junction increase 
drastically with increasing channel length. This is further demonstrated in Fig. 5.8, which 
shows the difference in ϕUM2 at the junction. Clearly, the difference in ϕUM2 increases linearly 
with increasing channel length to arrive at over 4 hours for the 100 km simulation. 
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Fig. 5.7: Difference in M2 velocity phase (ϕUM2) between channel 1 and channel 2 (in hours) plotted as a function 

of the distance downstream of the tidal junction. The colours indicate the different lengths of channel 1. 
 

 
Fig. 5.8: Difference in M2 velocity phase (ϕUM2) between channel 1 and channel 2 (in hours) at the tidal junction. 

Shown are the phase differences at the tidal junction for different lengths of channel 1. 
 

To obtain more information about the character of the tidal wave inside the basin, the relative 
phase difference between the M2 tidal water level and M2 tidal velocity is calculated. In 
straight estuaries with no reflection (friction length scale << estuary length), the tidal wave 
will have a progressive character. This means that low or high tide occurs at different points 
in time along the estuary. For an ideal (frictionless) progressive wave, the phase lag between 
the tidal velocity and tidal water level will be either 0° or 360° (which is 0 or 12.5 hours for 
the M2 tide). In other words, the largest flood and ebb velocities will occur around high tide 
and low tide, whilst slack water occurs between high and low tide. When the tidal wave 
experiences friction or gets reflected, a standing wave will develop. In that case, high water in 
the basin occurs at every position in the basin at the same moment. The phase lag between 
tidal velocity and tidal water level will then be plus or minus (±) 90° (which is ± 3.1 hours for 
the M2 tide). When the phase difference is ± 45° (± 1.5 hours for the M2 component), the wave 
is a propagating wave (friction length scale << channel length, tidal wavelength). In rare 
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cases, a tidal wave can still be propagating, despite the phase difference between water level 
and velocity being 90°. This is only happens in long, shallow, funnel-shaped estuaries 
(Friedrichs, 2010). 
 

 
Fig. 5.9: Relative phase difference between ϕUM2 and ϕηM2 for channel 1 as a function of different locations 

downstream from the tidal junction. The colours indicate the simulations with different lengths of channel 1. 
 

 
Fig. 5.10: Relative phase difference between ϕUM2 and ϕηM2 for channel 2 as a function of different locations 
downstream from the tidal junction. The colours indicate the simulations with different lengths of channel 1. 

 
Fig. 5.9 and Fig. 5.10 show the relative phase differences in channel 1 and channel 2 at 
various locations downstream from the tidal junction. It is clear that the tidal wave in both 
channels has a different character. The character of the tidal wave in channel 1 changes 
drastically as soon as the length of channel 1 is increased. For the 100 km simulation, the 
relative phase difference in channel 1 approaches +1 hour at the tidal junction. In other words, 
the water level is at some point ahead of the tidal velocities. This indicates that wave comes 
from upstream, suggesting that the tidal wave from channel 2 enters channel 1. At the same 
time, the relative phase difference in channel 2 is -3 hours. The relative phase difference in 
channel 1 shows a propagating wave pattern that gets even more evident when channel 1 gets 
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longer. This is also observed in channel 2, where for small channel lengths, the relative phase 
difference is nearly constant. When the length of channel 1 is increased, a propagating wave 
develops (especially for the 80 and 100 km case). 
 

 
Fig. 5.11: Tidally- and cross-sectionally averaged salinity amplitude (smean) at various locations downstream of 

the tidal junction for channel 1. The colours indicate the different lengths of channel 1. 
 

 
Fig. 5.12: Tidally- and cross-sectionally averaged salinity amplitude (smean) at various locations downstream of 

the tidal junction in channel 2. The colours indicate the different lengths of channel 1. 
 
Fig. 5.11 and Fig. 5.12 show the mean salinity amplitude (averaged over the cross-section and 
tidal period) in channel 1 and channel 2. A drastic increase in mean salinity is observed in 
both channels when the length of channel 1 is increased. However, substantial differences 
occur between both channels. For a longer channel 1 (above 40 km), the mean salinity in a 
section of channel 1 reaches the salinity prescribed at the seaward boundary (34 psu). The 
length of this section of constant salinity increases when the length of channel 1 is increased. 
For the case that channel 1 is 100 km long, only the 10 km just downstream of the junction 
show a mean salinity that is not equal to 34 psu. The mean salinity in channel 2 also increases 
considerably when the length of channel 1 is increased. However, the mean salinity never 

42 
 



reaches the salinity prescribed at sea (mean salinity is always below 30 psu for all lengths of 
channel 1). The largest increase in mean salinity is observed in the section closest to the tidal 
junction. The mean salinity at the mouth of channel 2 only changes slightly for different 
lengths of channel 1. 
 

 
Fig. 5.13: Cross-sectionally averaged M2 tidal salinity amplitudes (sM2) at various locations downstream of the 

tidal junction for channel 1. The colours indicate the simulations with the various channel lengths. 
 

 
Fig. 5.14: Cross-sectionally averaged M2 tidal salinity amplitudes (sM2) at various locations downstream of the 

tidal junction for channel 2. The colours indicate the simulations with the various channel lengths. 
 
Fig. 5.13 and Fig. 5.14 show the cross-sectionally averaged M2 tidal salinity amplitude (sM2) 
in channel 1 and channel 2. It is clear that in channel 1, the largest M2 salinity amplitude 
occurs for the smallest channel length (20 km). Moreover, the largest amplitude is reached in 
a distinct peak, which is located somewhere halfway between the junction and the sea. A 
steady decrease in M2 salinity amplitude is observed when increasing the length of channel 1. 
In a large part of the longer channels, the M2 salinity amplitude is close to zero. This suggests 
that there is no tidal salinity fluctuation in this part of the channel and salinity is therefore 
constant. This is consistent with the observations in Fig. 5.11, which shows a constant mean 
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salinity in a large part of channel 1 when the length of channel 1 exceeds 40 km. The M2 tidal 
salinity amplitudes in channel 2 show a different pattern. Still, the highest amplitudes are 
observed for the shorter channel lengths, but the largest amplitude is now observed for the 30 
km case and not for the 20 km case. The largest amplitude is again observed more or less 
halfway the junction and the sea. When increasing the length of channel 1 to 35 km and 
beyond, the M2 tidal salinity amplitudes drop quickly, just like those in channel 1. 
 

 
Fig. 5.15: M2 salinity phase (ϕsM2) difference between channel 1 and channel 2 (in hours) plotted as a function of 

the distance downstream of the tidal junction. The colours indicate the different lengths of channel 1. 
 

 
Fig. 5.16: Calculated salinity phase (ϕsM2) differences (in hours) between channel 1 and channel 2 at the tidal 

junction. Shown are the phase differences at the tidal junction for different lengths of channel 1. 
 

Fig. 5.15 shows the difference in ϕsM2 (in hours) between both channels as a function of 
different locations downstream of the tidal junction. For small channel lengths, the phase 
difference is relatively constant along the channel. This changes when the length of channel 1 
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is larger than 50 km. In this case, the phase difference increases in the channel and shows a 
distinct peak. The largest phase difference is observed approximately 4 km downstream of the 
tidal junction for the 100 km simulation (5 hours). At the junction itself, the phase difference 
increases linearly (Figure 5.16). For the 100 km case, the salinity phase difference at the 
junction is nearly 3.5 hours. 
 

 
Fig. 5.17: Tidally and cross-sectionally averaged salinity versus the length of channel 1.  

Shown are the salinity values at four locations upstream of the junction. 
 
5.3 Salinity distribution and intrusion length 
The tidally- and cross-sectionally averaged salinity values is denoted as 〈𝑆𝑆〉, where the ⟨ ⟩ 
denote a tidal average, the overbar denotes a depth average and the underbar denotes a width-
average. Fig. 5.17 shows 〈𝑆𝑆〉 as a function of the length of channel 1 at a few locations 
upstream of the tidal junction. Clearly, the salinity values increase constantly when the length 
of channel 1 is increased. When computing the intrusion length upstream of the junction for 
the different simulations, the same pattern is observed (Fig. 5.18). Here, the intrusion length is 
defined as the distance between the tidal junction and the first location where the tidally- and 
cross-sectionally averaged salinity is less than 1 psu. The mean salinity is computed by 
averaging over width, depth and the tidal period. It is observed that the intrusion length 
increases drastically as soon as channel 1 becomes longer than channel 2. For example, when 
channel 1 has a length of 80 km, the intrusion length is more than two times as large 
compared to the case when channel 1 is 20 km long. When the length of channel 1 is 
increased to 100 km, the intrusion length becomes even larger. A small drop in intrusion 
length is observed when channel 1 is set to a length of 25 km. After that, the intrusion length 
increases constantly when the length of channel 1 is increased. It is evident that after 50 km, 
the intrusion length starts to level off and seems to approach a maximum value which is 
approximately 24 km. 
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Fig. 5.18: Intrusion length, defined as the distance between the tidal junction and the location where the tidally- 

and cross-sectionally averaged salinity is less than 1 psu, versus the length of channel 1.  
 
The salinity distribution in the different simulations has been investigated in different ways. 
First of all, contour plots of the tidally and width-averaged salinity were produced for the 50 
km upstream of the tidal junction and both channels downstream of the tidal junction. The 
contour plot for the upstream part (Fig. 5.19), clearly shows that the tidally and width-
averaged salinity increases for increasing channel lengths. This confirms the observations 
with regards to the intrusion length (Fig. 5.18), which also reveals an increase when channel 1 
is longer. Another observation is that the salinity patterns mostly show a constant salinity for 
the entire depth. This is particularly the case in the simulations with a relative short channel 1. 
For the simulations with a longer channel 1 (particularly the 80 and 100 km case), the 
contours of constant salinity are no longer entirely vertical. However, the vertical density 
gradient is still very small, so it seems justified so say that the water column is still well-
mixed. 
 
The contour plot for channel 1 (Fig. 5.20) shows a different structure compared to the 
upstream contour plot. Most noticeably, the tidally and width-averaged salinity increases 
drastically for a larger length of channel 1 in the downstream part. For a longer channel 1 
(when the length of channel 1 exceeds 40 km), the tidally and width-averaged salinity in a 
downstream part of channel 1 reaches the salinity prescribed at sea (34 psu). The distance 
over which the salinity in channel 1 is equal to the salinity prescribed at sea increases for a 
longer channel 1. For example, when channel 1 is 80 km long, only the first 10 km 
downstream of the tidal junction show a salinity value that is not equal to 34 psu. The same 
holds for the 100 km case. The vertical structure in all the simulations shows the same pattern 
as for the upstream part. For a shorter length of channel 1, the salinity contours are nearly 
vertical. For a longer channel 1 (starting at 40 km), a slight vertical density gradient is present. 
Still, the water column seems to be well-mixed.  
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Fig. 5.19: Contour plot showing the tidally- and width-averaged salinity (psu) for all vertical layers. Here, the 

values for all simulations in the 50 km just upstream of the tidal junction are displayed. The upper panel shows 
the salinity structure for channel 1 = 20 km, whilst the panels below that show the salinity for the cases in which 
the length of channel 1 is increased stepwise to 100 km (lowest panel). The tidal junction is located at 250 km. 

 

 
Fig. 5.20: Contour plot showing the tidally- and width-averaged salinity (psu) for all vertical layers. Here, the 

values for all simulations in channel 1 are displayed. The upper panel shows the salinity structure for channel 1 = 
20 km, whilst the panels below that show the salinity for the cases in which the length of channel 1 is increased 

stepwise to 100 km (lowest panel). The tidal junction is located at 250 km. 
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Fig. 5.21: Contour plot showing the tidally- and width-averaged salinity (psu) for all vertical layers. Here, the 

values for all simulations in channel 2 are displayed. The upper panel shows the salinity structure for channel 1 = 
20 km, whilst the panels below that show the salinity structure for the cases in which the length of channel 1 is 

increased stepwise to 100 km (lowest panel). The tidal junction is located at 250 km. 
 
The contour plot for channel 2 (Fig. 5.21), clearly shows that the tidally and width-averaged 
salinity values are completely different compared to that in channel 1. First of all, the salinity 
values in channel 2 are much lower compared to channel 1. Secondly, the salinity in the 
downstream part decreases when increasing the length of channel 1 from 20 to 35 km. Only if 
the length of channel 1 is increased to 40 km and beyond, the tidally and width-averaged 
salinity in channel 2 starts to increase. Thirdly, the vertical structure shows the opposite 
behaviour of that in the upstream part and channel 1. In channel 2, the salinity contours are 
nearly vertical for the cases that channel 1 is long (45 km and beyond). Interestingly, the 
salinity contours of channel 2 in the cases that channel 1 is short (between 20 and 45 km), 
show the presence of a slight vertical density gradient. This is contrary to the observations in 
the upstream part and channel 1. Still, there seems to be little stratification. 
 
The degree of stratification can be examined in more detail by defining a stratification 
parameter. This parameter can be defined as (Hansen & Rattray, 1966; Dyer, 1997) 
 

𝜎𝜎 =
〈𝜕𝜕𝑏𝑏𝑏𝑏𝑡𝑡〉−〈𝜕𝜕𝑡𝑡𝑏𝑏𝑢𝑢〉

〈𝑆𝑆〉
 ,         (Eq. 5.7) 

 
in which σ is the stratification parameter (-), 〈𝑆𝑆𝜕𝜕𝑡𝑡𝑢𝑢〉 is the tidally and width-averaged salinity of 
the top layer (psu), 〈𝑆𝑆𝑏𝑏𝑡𝑡𝜕𝜕〉 is the tidally and width-averaged salinity of the bottom layer (psu) 
and 〈𝑆𝑆〉 is the tidally- and cross-sectionally averaged salinity (psu). It is generally accepted 
that when σ < 0.1, the water column is well-mixed (Savenije, 2012). 
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Fig. 5.22: Stratification parameter σ for all simulations in the 50 km section just upstream of the tidal junction. 

The colours denote the different lengths of channel 1. The tidal junction is located at 250 km. 
 

 
Fig. 5.23: Stratification parameter σ for all simulations in channel 1.  

The colours denote the different lengths of channel 1 and the tidal junction is located at 250 km. 
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Fig. 5.24: Stratification parameter σ for all simulations in channel 2.  

The colours denote the different lengths of channel 1 and the tidal junction is located at 250 km. 
 

The stratification pattern of the different simulations has been studied in the same way as the 
salinity distribution. The stratification pattern confirms the pattern shown in the along-channel 
contour plots. Fig. 5.22 shows the stratification parameter σ for all simulations in the 50 km 
section just upstream of the tidal junction. It is observed that σ is close to zero in the entire 
section for the cases when channel 1 is short (less than 40 km). For a longer channel 1, σ 
increases in the 20 km long section just upstream of the junction. The largest value (σ = 0.11) 
is reached 10 km upstream of the tidal junction when channel 1 is 100 km long. This is 
agreement with salinity contours that are plotted in Fig. 5.19. Here, the largest vertical salinity 
variation is also observed in the first 10 km upstream of the tidal junction for the case that 
channel 1 is 100 km long. 
 
The stratification parameter σ for all the simulations in channel 1 (Fig. 5.23), shows that σ is 
largest near the tidal junction. If channel 1 equals 20 km, σ is largest 10 km downstream of 
the tidal junction. When channel 1 equals 25 km, σ is nearly 0 throughout the entire channel. 
After that, σ starts to increase (particularly near the tidal junction). It reaches a max value of 
approximately 0.09. The largest σ value is reached when channel 1 is 50-60 km long. If the 
length of channel 1 is further increased, σ decreases again. For the case that channel 1 is 100 
km long, σ is again close to zero throughout the entire channel.  
 
The stratification parameter σ for all the simulations in channel 2 is displayed in Fig. 5.24. 
The pattern is again different from that seen in the upstream section and channel 1. The 
largest σ values are now seen 8-9 km downstream of the tidal junction and at the channel 
mouth. The largest values for σ are observed when channel 1 is 20-30 km long. When the 
length of channel 1 exceeds 30 km, σ decreases steadily. For the cases that channel 1 is longer 
than 50 km, σ is close to zero in the entire channel. Only at the channel mouth, σ still 
increases slightly. 
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Fig. 5.25: Overview of the cross-sections in the grid (displayed in red), in this case for the 20 km version.  
In the simulations with a longer channel 1, the monitored cross-sections are situated at the same locations. 

 
Apart from the previously illustrated along-channel salt profiles, it is also interesting to 
consider cross-sectional contour plots. A total of three cross-sections were defined in the grid 
(Fig. 5.25). In both channels seaward of the junction, a monitoring cross-section was defined 
4 km downstream of the tidal junction. Apart from that, a monitoring cross-section was also 
defined 4 km upstream of the tidal junction. Fig. 5.26 shows contour plots of the tidally-
averaged salinity ⟨S⟩, the tidally-averaged along-channel velocity ⟨u⟩ and the UM2 amplitude 
for the cross-section located 4 km upstream of the tidal junction. On top of that, the tidally-
averaged lateral velocity ⟨v⟩ is plotted as vectors. The results are shown for the simulations in 
which channel 1 equals 20 km and 50 km. It is clear that the water column is well-mixed in 
the symmetric (20 km) simulation, as the salinity difference between the upper and lower 
layer is in the order of 0.025 psu. For the 20-50 km simulation, the salinity differences are 
larger (in the order of 0.5 psu). Here, a lateral salinity gradient is present, with the saltiest 
water located in the extension of branch 2. 
 
The tidally-averaged along-channel velocity for the symmetric simulation shows a normal 
velocity profile, with the largest velocities located in the top of the water column and the 
lower velocities located near the bed. In the 20-50 km simulation, more or less the same 
pattern can be observed with larger velocities in the top of the water column and lower 
velocities near the bed. The only difference is that the velocities in the left part of the cross-
section are larger compared to the right part of the cross-section. This seems to be related to 
the salinity of the water. Larger along-channel velocities are observed in water with lower 
salinity. The smallest velocities are observed in water with the highest salinity. The lateral 
velocity vectors indicate that there is hardly any lateral flow in the symmetric case, with flow 
velocities in the order 0.1 mm s-1. However, for the 20-50 km simulation, the vertical 
velocities are in the order of 1 cm s-1, and a lateral circulation can be distinguished. Finally, 
the tidal velocity amplitudes are largest in the top of the water column and lowest near the 
bed. As the largest flow velocities are located high up in the water column, this is a logical 
result. 
 
 

Channel 2 

Channel 1 
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Fig. 5.26: Cross-sectional contour plots of the tidally-averaged salinity ⟨S⟩ (top), tidally-averaged along-channel 

velocity ⟨u⟩ (middle) and the UM2 amplitude (bottom) located 4 km upstream of the tidal junction. The arrows 
indicate the tidally-averaged lateral velocity ⟨v⟩. The left figures show the symmetric situation (both channels 20 

km long), whilst the right figures show the situation with channel 1 being 50 km long.  
The cross-shore n-coordinates 1-7 are located in the continuation of channel 1 and  

n-coordinates 9-16 are located in the continuation of channel 2. 
 
Fig. 5.27 shows contour plots of the tidally-averaged salinity ⟨S⟩, the tidally-averaged along-
channel velocity ⟨u⟩ and the UM2 amplitude for the two cross-sections located 4 km 
downstream of the tidal junction. On top of that, the tidally-averaged lateral velocity ⟨v⟩ is 
plotted. Again, two different simulations are shown (20-20 and 20-50 km). In the symmetric 
case, both channels show the same pattern for all displayed variables. Regarding the salinity, 
the lowest salinity values are situated in the top of the water column. The largest salinity 
values are situated in the bottom of the water column. As saltier water is denser, this is a 
stable distribution. The salinity values for the 20-50 km simulation show that channel 1 has a 
far higher salinity value compared to channel 2. This is due to the fact that all freshwater 
discharge is concentrated in the shorter channel 2, resulting in hardly any resistance for salt 
intrusion in channel 1. 
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Fig. 5.27: Cross-sectional contour plots of the tidally-averaged salinity ⟨S⟩ (top), tidally-averaged along-channel 
velocity ⟨u⟩ (middle) and the UM2 amplitude (bottom) located 4 km downstream of the tidal junction. The arrows 
indicate the tidally-averaged lateral velocity ⟨v⟩. The left figures show the symmetric situation (both channels 20 
km long), whilst the right figures show the situation with channel 1 being 50 km long. The n-coordinates 1-7 are 

located in channel 1 and n-coordinates 9-16 are located in channel 2. 
 
Also in the downstream section, the tidally-averaged along-channel velocity for the 
symmetric simulation shows a normal velocity profile. The largest velocities are located in the 
top of the water column and the lower velocities are located near the bed. In the 20-50 km 
simulation, a similar pattern can be observed for channel 2. The tidally-averaged velocity for 
channel 1 is completely different compared to channel 2. Here, a two-layer system seems to 
be present. Near the bottom, a negative (thus upstream) along-channel velocity is present, 
which turns positive (thus downstream) higher up the water column. Averaged over the water 
column, the resulting along-channel velocity will be close to zero. Both channels also show a 
small lateral circulation pattern as appears from the velocity vectors. The tidal amplitudes in 
channel 1 are much lower than those in channel 2, but they show the same expected pattern. 
Lower amplitudes are observed near the bottom and larger amplitudes in the top of the water 
column. 
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5.4 Salt transport 
To get a better understanding of the salinity patterns that have been shown in the previous 
section, a detailed analysis of the different transport terms was carried out. These transport 
terms were analysed at the same cross-sections (Fig 5.25) as those used to produce Fig. 5.26 
and Fig. 5.27. As is shown in Table 5.1, Delft3D calculates a number of transport terms 
directly. Using these terms, it is possible to compute a number of other transport terms. 
Together, these transport terms quantify the contributions of different drivers for the total 
transport of water and salt for the various simulations. Firstly, a short description of the 
different transport terms will be given. After that, different transport terms will be analysed in 
detail.  
 
The total (cumulative) discharge through the cross-sections (called Qcum) is defined as 
 
Qcum = ∭ 𝑢𝑢 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧 𝑑𝑑𝜕𝜕𝜕𝜕0+𝑇𝑇

𝜕𝜕0   (in m3).       (Eq. 5.8) 
 

When taking the time-derivative of the total discharge, the instantaneous discharge through 
cross section (called Qinst) is obtained, which is defined as 
 
Qinst = ∬𝑢𝑢 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧  (in m3/s).        (Eq. 5.9) 
 
Apart from water transport, Delft3D also computes the salt transport terms. These salt 
transport terms are separated in advective and dispersive terms. The cumulative advective 
salinity transport through the cross-sections (Qcum_salt_adv) is computed as 
  
Qcum_salt_adv = ∭ 𝑢𝑢𝑆𝑆 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧 𝑑𝑑𝜕𝜕𝜕𝜕0+𝑇𝑇

𝜕𝜕0   (in psu m3).     (Eq. 5.10) 
 
When taking the time-derivative of the cumulative advective salinity transport, the advective 
salinity transport through the cross-sections is obtained (Qsalt_adv) 
 
Qsalt_adv = ∬𝑢𝑢𝑆𝑆 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧  (in psu m3/s) .      (Eq. 5.11) 
 
Delft3D also computes the cumulative dispersive salinity transport through the cross-sections 
(Qcum_salt_disp), which is defined as 
 
Qcum_salt_disp = −∭𝐾𝐾𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧 𝑑𝑑𝜕𝜕  (in psu m3).     (Eq. 5.12) 

 
Taking the time-derivative of the cumulative dispersive salt transport result in the dispersive 
salinity transport through the cross-sections (Qsalt_disp) 
 
Qsalt_disp = −∬𝐾𝐾𝜕𝜕

𝑑𝑑𝜕𝜕
𝑑𝑑𝜕𝜕

 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧  (in psu m3/s).      (Eq. 5.13) 
 
It is also possible to write the salt transport terms as freshwater transport terms. This is 
possible for both the advective and the dispersive transport component. The advective 
freshwater transport through the cross-sections (Qfresh_adv) can be defined as 
 
Qfresh_adv = ∬𝑢𝑢𝑢𝑢 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧 ,  with f = 1 − 𝜕𝜕

𝜕𝜕0
 .     (Eq. 5.14) 
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Another way to write this is 
 
Qfresh_adv = Qinst – (Qsalt_adv/S0)  (in m3 s-1).      (Eq. 5.15) 
 
Applying the same method to the dispersive freshwater component is also possible. This leads 
to the dispersive freshwater transport through the cross-section (Qfresh_adv) 
 
Qfresh_disp =  −∬𝐾𝐾𝜕𝜕

𝑑𝑑𝑓𝑓
𝑑𝑑𝜕𝜕

 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧 ,  with f = 1 − 𝜕𝜕
𝜕𝜕0

 .    (Eq. 5.16) 
 
This can be written as 
 
Qfresh_disp =  1

𝜕𝜕0
∬𝐾𝐾𝜕𝜕

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧 ,        (Eq. 5.17) 
 
which ultimately leads to: 
 
Qfresh_disp =  –Qsalt_disp/S0  (in m3 s-1).       (Eq. 5.18) 
 
In the above equations, u is the flow velocity (m s-1), x is the along-channel coordinate (m, 
positive when moving downstream), y is the cross-channel coordinate (m), z is the vertical 
coordinate (m, positive downwards), t is time (s), t0 is a reference time (s), T is the tidal period 
(s), S is the salinity (psu), f is the freshwater fraction (-), S0 is the salinity prescribed at the 
seaward boundaries (psu) and Kx is the longitudinal eddy diffusion coefficient (m2 s-1). 
 
Fig. 5.28 shows the tidally-averaged Qsalt_adv at three locations in the grid as a function of the 
length of channel 1. Shown are the values for the location 4 km upstream of the tidal junction 
(where only one channel exists) and for the locations in the two channels 4 km downstream of 
the tidal junction. 
 

 
Fig. 5.28: Tidally-averaged, cross-sectional advective salt transport ⟨Qsalt_adv⟩ as a function of the length of 

channel 1. Shown are the transports at three identical locations for different lengths of channel 1.  
Positive numbers indicate seaward transport. 
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A detailed inspection of Fig. 5.28 indicates that the tidally-averaged, cross-sectional advective 
salt transport in channel 1 shows opposite behaviour to that in channel 2. The salt transport in 
channel 1 turns negative when the length of channel 1 reaches 30 km and becomes 
increasingly more negative when channel 1 gets longer. On the other hand, the salt transport 
in channel 2 (of which the channel length is kept constant at 20 km) remains positive and also 
increases steadily when the length of channel 1 increases. A negative transport in this case is 
directed upstream, whilst a positive transport is directed downstream. This means that the 
average advective salt transport in channel 1 is directed from the sea towards the tidal junction 
as soon as the length of channel 1 is larger than or equal to 25 km. Upstream of the tidal 
junction, it is also observed that with increasing the channel length, the average advective salt 
transport increases. 
 
To get a better understanding of the advective salt transport, it is possible to investigate it in 
some more detail. This is useful, since different contributions make up the total cross-
sectional advective salt transport. As explained earlier, the cross-sectional advective salt 
transport can be defined as (Fischer, 1976; Díez-Minguito et al. 2013) 
 
𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕_𝑎𝑎𝑑𝑑𝑣𝑣 = ∬ 𝑢𝑢𝑆𝑆 𝑑𝑑𝑑𝑑 𝑑𝑑𝑧𝑧𝜂𝜂

ℎ  ,        (Eq. 5.19) 
 
in which u is the flow velocity, S the salinity, h being the mean water column depth, η the sea 
surface elevation and η = ηmean + η’. To identify the most important salt transport mechanisms 
in rivers with low river-flow, the tidally averaged and cross-sectional integrated salt transport 
are often analysed (Fischer, 1976; Dyer, 1997). This can be done by decomposing the tidally 
averaged, cross-sectional advective salt transport 〈𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕_𝑎𝑎𝑑𝑑𝑣𝑣〉, which leads to (Lewis & Lewis, 
1983; Díez-Minguito et al. 2013) 
 
〈𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕𝑎𝑎𝑎𝑎𝑎𝑎〉 = ∫〈ℎ〉〈𝑢𝑢〉〈𝑆𝑆〉 𝑑𝑑𝑑𝑑 + ∫〈𝑆𝑆〉〈𝜂𝜂�𝑢𝑢�〉 𝑑𝑑𝑑𝑑 + ∫〈𝑢𝑢�〉 〈𝜂𝜂��̃�𝑆〉 𝑑𝑑𝑑𝑑 + ∫〈ℎ〉 〈𝑢𝑢��̃�𝑆〉 𝑑𝑑𝑑𝑑  

                 T1            T2                   T3        T4      
+∫ 〈𝜂𝜂�𝑢𝑢��̃�𝑆〉 𝑑𝑑𝑑𝑑 + ∫〈ℎ〉 〈𝑢𝑢�𝑣𝑣�̃�𝑆𝑣𝑣〉 𝑑𝑑𝑑𝑑 + ∫〈ℎ〉〈𝑢𝑢𝑣𝑣〉〈𝑆𝑆𝑣𝑣〉 𝑑𝑑𝑑𝑑 + ∫ 〈𝜂𝜂�𝑢𝑢�𝑣𝑣�̃�𝑆𝑣𝑣〉 𝑑𝑑𝑑𝑑 .   (Eq. 5.20) 
           T5            T6            T7                   T8 

 
Here, for a generic variable 𝜉𝜉, 〈𝜉𝜉〉 is the tidal average, 𝜉𝜉 is the depth averaged value over the 
local mean depth, 𝜉𝜉𝑣𝑣 is the deviation with depth from the mean value over the entire depth, or 
𝜉𝜉 = 𝜉𝜉 + 𝜉𝜉𝑣𝑣 . The tidal variation is denoted by 𝜉𝜉, or 𝜉𝜉 = 〈𝜉𝜉〉 + 𝜉𝜉 . Term T1 in Eq. 5.20 is the 
transport by mean currents, which is the salt transport as a result of the tidally and depth-
averaged water flow (Fischer, 1976; Dyer, 1997). This term is largely a result of river flow 
but can also contain weather effects, the compensation for the tide-induced landward water 
transport (Ianniello, 1979) and local differences in the mean flow. Term T2 is the Stokes 
transport term, which is determined by the phase difference between water level and flow 
velocity. The tidal pumping terms T3, T4 and T5 are a result of correlating the tidal variations 
at depth with the depth-averaged salinity and currents. T6 is another tidal pumping term, 
which is a result of variations in the vertical salinity and current profiles. Term T7 is the 
contribution of the vertical gravitational circulation and other transport due to vertical shear, 
whilst T8 results due to correlating the elevation with the tidal variation of u and S from the 
depth-averaged values (Díez-Minguito et al. 2013). In a single channel system, T1 is directed 
seaward and T2 is directed landward. The sum of T1 and T2 is directed seaward. In a network 
system, this is not always the case. 
 

56 
 



 

 

 
Fig. 5.29: Decomposition of the advective salt transport over the cross-section using the method of Díez-
Minguito et al. (2013). Compared to the method of Díez-Minguito et al. (2013), the terms are additionally 

integrated over the channel width to be able to compare them with the total advective salt transport over the 
cross-section (as shown in Fig. 5.28). Shown are the terms 4 km upstream of the tidal junction and for both 

channels 4 km downstream of the tidal junction. The terms T6-T8 are not shown to their negligible magnitude. 
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Fig. 5.29 shows the cross-sectionally integrated terms T1-T5 of Díez-Minguito et al. (2013) at 
three different locations. The first subplot shows the transports 4 km upstream of the tidal 
junction and the other two subplots show the salt transports for both channels 4 km 
downstream of the tidal junction. Since terms T6-T8 are negligibly small, they are not shown 
in the figure. 
 
The various salt transport terms upstream of the junction, clearly indicate that the transport by 
mean currents (T1) is large and always directed from the land to the sea. The Stokes transport 
(T2) is also large and directed upstream (hence the negative sign). The tidal pumping terms 
T4-T5 are also directed upstream, but they only become important when the length of channel 
1 is increased. The total transport upstream of the junction is still directed seawards, as the 
downstream transport by mean currents is more important compared to the upstream Stokes 
transport and tidal pumping terms. The salt transport terms downstream of the tidal junction 
show different behaviour. For larger channel lengths, the transport by mean currents in 
channel 1 is much smaller compared to channel 2. At the same time, the Stokes transport in 
channel 1 is much larger compared to channel 2, which is why the total salt transport in 
channel 1 is directed upstream. In channel 2, the total salt transport is directed downstream. 
The tidal pumping terms in both channels are relatively small and mostly directed upstream. 
They fluctuate between +1000 and -2000 psu m3 s-1. 
 

 
Fig. 5.30: Tidally-averaged, cross-sectional dispersive salt transports ⟨Qsalt_disp⟩ as a function of the length of 

channel 1. Shown are the discharges at three identical locations in the different model grids. 
 
The tidally-averaged, cross-sectional dispersive salt transport is shown in Fig. 5.30. Note that 
the dispersive salt transport is always directed upstream (hence the negative values). The 
dispersive salt transport in channel 1 shows the same pattern as described earlier in the plots 
regarding advective salt transport. When the length of channel 1 is increased from 20 to 25 
km, a slight drop in the dispersive transport is observed, after which it increases when the 
length of channel 1 is increased to 50 km. When the length of channel 1 is increased even 
more, the dispersive transport decreases again. The dispersive transport in channel 2 decreases 
steadily when the length of channel 1 is increased. The dispersive salt transport upstream of 
the tidal junction shows more or less the same pattern as the salt transport in channel 1 until 
channel 1 reaches a length 45 km. After that, the upstream dispersive salt transport increases 
to a larger negative value of nearly -400 psu m3 s-1 when channel 1 is 100 km long. 
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Interestingly, also upstream a slight decrease in dispersive salt transport is observed when the 
length of channel 1 is increased from 20 to 25 km. 
 
Examining the tidally averaged Qfresh_adv (Fig. 5.31), shows that the tidally averaged, cross-
sectional advective freshwater transport in channel 1 decreases rapidly with increasing 
channel length. At some point this transport even becomes negative. In channel 2, the 
transport increases steadily with a longer channel 1 and reaches 100 m3/s for a long channel 1. 
This means that as soon as the two channels have different lengths, the freshwater transport is 
concentrated in the shorter channel 2. On the other hand, the average advective freshwater 
transport upstream of the tidal junction decreases slightly when channel 1 is increased to 50 
km. After that, it remains more or less constant. 
 

 
Fig. 5.31: Tidally-averaged, cross-sectional advective freshwater transport ⟨Qfresh_adv⟩ as a function of the length 

of channel 1. The transport is shown at three identical locations in the different model grids. 
 
The tidally averaged, cross-sectional dispersive freshwater transport Qfresh_disp (Fig. 5.32) is 
much smaller compared to the advective freshwater transport. For increasing channel lengths, 
the dispersive freshwater transport in channel 2 decreases monotonically to approximately 
0.5 m3 s-1 when channel 1 is 100 km long. The pattern in channel 1 is somewhat different. 
First a slight drop in the dispersive freshwater transport is observed when the length of 
channel 1 is increased from 20 to 25 km. Next, Qfresh_disp increases again until the length of 
channel 1 reaches 45 km. After that, Qfresh_disp decreases steeply when the length of channel 1 
is further increased. The pattern in Qfresh_disp as observed upstream of the tidal junction at first 
resembles the pattern that is observed downstream in channel 1. However, increasing the 
length of channel 1 to 50 km and beyond does not result in sudden decrease of Qfresh_disp. 
Instead, it increases at a constant rate to reach a maximum value of approximately 11.5 m3 s-1 
when channel 1 is 100 km long. 
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Fig. 5.32: Tidally-averaged, cross-sectional dispersive freshwater transport ⟨Qfresh_disp⟩ as a function of the length 

of channel 1. The transport is shown at three identical locations in the different model grids. 
 

The cross-sectional cumulative discharge for channels 1 and 2 clearly shows an even division 
over the two downstream channels (Fig. 5.33). When the channel length is increased, the 
instantaneous discharge in channel 1 becomes increasingly more negative. At the same time, 
the instantaneous discharge in channel 2 becomes more and more positive. Adding up the 
instantaneous discharge in channel 1 and channel 2 yields a positive discharge of 100 m3/s, 
which is equal to the instantaneous discharge that is observed in the upstream cross-section. 
Moreover, the value of 100 m3 s-1 is equal to the river discharge that is added at the upstream 
boundary. 
 

 
Fig. 5.33: Tidally-averaged, cross-sectional instantaneous discharge ⟨Qinst⟩ as a function of the  

length of channel 1. Shown are the discharges at three identical locations in the different model grids. 
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The cross-sectional advective freshwater transport can also be decomposed in different 
transport terms. A method often used is that of Uncles & Lewis (2001). The cross-sectional 
advective freshwater transport (Eq. 5.14) can also be written as 
 
Qfresh_adv = ∫ℎ𝑢𝑢𝑢𝑢 𝑑𝑑𝑑𝑑 .         (Eq. 5.21) 

 
Moreover, the total water flow rate per unit width is defined as 
 
qtot_adv = hū .          (Eq. 5.22) 
 
When the instantaneous transport rate of freshwater per unit width is averaged over a tidal 
cycle, the following relation is obtained 
 
〈𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ_𝑎𝑎𝑑𝑑𝑣𝑣〉 = ∫〈𝑞𝑞𝜕𝜕𝑡𝑡𝜕𝜕_𝑎𝑎𝑑𝑑𝑣𝑣〉〈𝑢𝑢〉 𝑑𝑑𝑑𝑑 + ∫〈𝑞𝑞�𝜕𝜕𝑡𝑡𝜕𝜕_𝑎𝑎𝑑𝑑𝑣𝑣𝑢𝑢〉𝑑𝑑𝑑𝑑 + ∫〈ℎ𝑢𝑢𝑣𝑣𝑢𝑢𝑣𝑣〉 𝑑𝑑𝑑𝑑 .  (Eq. 5.23) 

            TF1                      TF2              TF3 
 
Here, for a generic variable 𝜉𝜉, 〈𝜉𝜉〉 is the tidal average, 𝜉𝜉 is the depth averaged value over the 
local mean depth, 𝜉𝜉𝑣𝑣 is the deviation with depth from the mean value over the entire depth, or 
𝜉𝜉 = 𝜉𝜉 + 𝜉𝜉𝑣𝑣. The tidal variation is denoted by 𝜉𝜉, or 𝜉𝜉 = 〈𝜉𝜉〉 + 𝜉𝜉. Term TF1 is the transport due to 
the mean currents, TF2 is tidal pumping (Uncles & Jordan, 1979; Simpson et al., 2001) and 
TF3 is the vertical shear transport per unit width. 
 
Fig. 5.34 shows the cross-sectionally integrated terms TF1-TF3 of Uncles & Lewis (2001) at 
the three different monitoring locations (4 km upstream of the tidal junction and 4 km 
downstream of the tidal junction for both channels). The advective freshwater transport terms 
upstream of the junction indicate that the advective freshwater transport due to mean currents 
(TF1) is always a large transport term. Also, the total advective freshwater transport is always 
directed towards the sea. If the length of channel 1 is increased, TF1 decreases constantly. At 
the same time, the tidal pumping term (TF2) increases until channel 1 is 80 km long, after 
which it decreases slightly. When channel 1 is 80 km long, TF1 and TF2 are equal. 
Interestingly, there is not much advective freshwater transport due to vertical shear upstream 
of the tidal junction (TF3). Only if the length of channel 1 is 100 km, TF3 contributes to some 
extent. Downstream of the tidal junction, term TF1 shows different behaviour. When the 
length of channel 1 exceeds 30 km, the total advective freshwater transport becomes negative 
(thus directed upstream). The same is observed for TF1, which turns negative if the length of 
channel 1 increases to 30 km. The transport by mean currents and the total advective 
freshwater transport show more or less the same pattern. The tidal pumping term TF2 is 
positive and becomes more important with increasing channel length. The advective 
freshwater transport due to vertical shear (TF3) is positive, starting at 0 and showing a peak 
around 60 km. Afterwards, it decreases again to 0 when channel 1 is 100 km long. For 
channel 2, the total advective freshwater transport is always positive. At first, term TF1 
increases steadily with increasing channel length until the length of channel 1 is 50 km. After 
that, TF1 decreases to some extent. However, this is compensated by an increase in TF2. 
Term TF2 in channel 2 is directed upstream at first, showing a trough around 50 km. 
Afterwards, the tidal pumping term becomes positive and increases towards 100 km. The 
advective freshwater transport due to vertical shear (TF3) in channel 2 is negligibly small. 
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Fig. 5.34: Decomposition of the total advective freshwater transport over the cross-section in the terms of  
Uncles & Lewis (2001). Compared to the method of Uncles & Lewis (2001), the terms are additionally 

integrated over the channel width to be able to compare them with the total advective freshwater  
transport over the cross-section (as shown in Fig. 5.31). Shown are the terms 4 km upstream of the  

tidal junction and for both channels 4 km downstream of the tidal junction.  
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6. Discussion 
 
In this chapter, the model results will be interpreted and, if possible, linked to previous 
research by pointing out the similarities and differences between this and earlier studies. The 
Delft3D model that is used in this study has originally been constructed to study the division 
of sediment and the morphodynamics at river bifurcations (Kleinhans et al., 2008). A few 
years later, the model was modified to study the subtidal flow division at an idealised tidal 
junction (Buschman et al., 2010). The major differences between these two studies is that the 
study by Kleinhans et al. (2008) used the 3D version of Delft3D and only considers river flow 
whilst the study by Buschman et al. (2010) used the depth-averaged (2DH) version but also 
takes into account tidal forcing. The model that is used in this study is a further development 
of the model by Buschman et al. (2010). The most notable additions to the present model are 
that the effect of salt is taken into account and that the 3D version of Delft3D is used. Apart 
from that, an identical sea is added to the end of both channels to have boundaries far away 
from the region of interest. 
 
Using the modified model, the relative effect of increasing the length difference between the 
two branches on salt intrusion and tidal propagation was studied. The modelling work leads to 
counterintuitive results that do not agree well with previous research (such as an increase in 
intrusion length while increasing the channel length) but existing ideas are also confirmed 
(such as tides forcing an unequal subtidal flow division at the tidal junction). 
 
6.1 Tidal patterns 
The study of Buschman et al. (2010) showed that as soon as one of the downstream channels 
is longer compared to the other, the tidal motion increases the unequal division of freshwater 
discharge on the tidal junction. Tidal energy from the short channel will also for a small part 
enter the longer channel at the tidal junction, thereby causing an increase in tidal amplitude in 
a short section of the longer channel. This tidal pattern causes freshwater discharge to be 
forced towards the shorter channel, which is a result of the larger subtidal water level gradient 
and smaller tidal amplitudes in this channel. 
 
The modelling results from this thesis confirm these findings, albeit the situation is rather 
different, as tidal flow is now affected by density stratification. It is observed that the water 
level amplitudes for the cases that the length of channel 1 exceeds 50 km increase just 
downstream of the tidal junction. This tidal pattern then causes the freshwater discharge to be 
concentrated in the short channel (Fig. 5.31). At the same time that the water level amplitude 
in the longer channel is increased due to resonance, the water level amplitude in channel 2 
shows a distinct drop between 5 and 10 km downstream of the tidal junction. This can be a 
result of the competition between friction and the channel convergence. The ηM2 phase 
difference (Fig. 5.3) evidently shows that with a longer channel 1 the phase difference 
downstream of the tidal junction increases. This can be explained by the fact that the tidal 
wave in channel 1 has to travel a much larger distance to the tidal junction compared to the 
tidal wave in channel 2.  
 
However, when examining tidal velocities in both channels (Fig. 5.5 and Fig. 5.6), it is clear 
that the phase speed in channel 2 is much larger compared to channel 1. Thus, the small phase 
differences in tidal water level at the tidal junction have another cause. When examining the 
phase difference of the tidal velocities between both channels (Fig. 5.7), the behaviour of the 
tidal wave near the junction becomes more apparent. The phase differences in tidal velocities 
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at the tidal junction reach over 4 hours at the tidal junction. As a result, opposite flow 
directions exist in channel 1 and channel 2 during certain periods. This means that water may 
enter via channel 1, reach the tidal junction, and flow back to the sea via channel 2. Thus, 
lateral exchange of water takes place at the junction, which can result in complicated flow 
patterns, such as vortices and lateral circulations. Moreover, it is also possible that the tidal 
wave that enters via channel 2 rounds the corner at the tidal junction and enters channel 1 
from the opposite side. If tidal energy is transferred from the shorter to the longer channel, 
this should be the case. This way, it is possible to have two opposite tidal waves in the same 
channel.  
 
The relative phase difference (Fig. 5.9 and Fig. 5.10) indicates that the tidal wave rounds the 
corner at the tidal junction. In the real world, it is normal that the flood velocities are ahead of 
the flood water level. As a result, the relative phase difference (as defined in this thesis), 
should be negative. However, this is not the case for the 80 and 100 km simulations in 
channel 1. Here, the flood water level is ahead of the flood velocities. This means that whilst 
the water level is already dropping for 1 hour, the tidal velocity is still increasing towards its 
maximum flood velocity. This pattern can only be explained if the tidal wave travels in the 
opposite direction (thus from the tidal junction towards the sea). At some point, the tidal wave 
from the seaward and the tidal wave from the landward side will meet in channel 1 and 
interact with each other. The result is that the water level amplitude is increased. This also 
gives an explanation for the higher tidal velocities that are observed near the tidal junction in 
both channel 1 and channel 2 for the case that channel 1 is 80 and 100 km long. Most 
probably, this is caused by the tide switching from channel 2 to channel 1. As a result, water 
is extracted from channel 2 and transported to channel 1 and higher flow velocities near the 
tidal junction will be the result. 
 
The above description shows that the tidal wave in a tidal network shows very interesting 
behaviour. Particularly near bifurcations and confluences, interesting patterns are observed, 
such as a tidal wave rounding the corner and propagating back to sea through a different 
channel. Also opposite flow directions are observed during some simulations. Nevertheless, a 
much more detailed analysis of the tidal characteristics in the channel network can be done by 
using an analytical model instead of a numerical model. A model that seems to be well-suited 
for this is the analytical model used by Hill & Souza (2006). The downside of this model is 
that it assumes linear friction. Nevertheless, it would be interesting to compute the tidal 
characteristics in the network using this model and see what type of tidal wave comes out of 
this calculation. 
 
6.2 Salinity distribution and salt balance 
The present research shows that in order to develop well-mixed conditions in the model grid, 
a low river discharge and a high tidal range is needed. This is in agreement with the theory of 
Pritchard (1955) and Cameron & Pritchard (1963), as described in Valle-Levinson (2010). A 
reduction in river flow also causes the water column to become more mixed and the salt to 
intrude further upstream. This is in agreement with all theories on salt intrusion (such as 
MacCready, 2004 and Savenije, 2005) and also been observed multiple times in the field 
(Prandle, 2004).  
 
The along-channel tidally- and width-averaged contour plots indicate that with increasing 
channel length, the salinity increases and intrudes further upstream. Apart from that, the 
tidally and width-averaged salinity in channel 1 increases drastically when the length of 
channel 1 is increased. When the length of channel 1 exceeds 40 km, the tidally and width-
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averaged salinity in the downstream part of channel 1 is equal to the salinity prescribed at the 
seaward boundary (34 psu). The length of this section with sea-salinity increases for a longer 
channel 1. The pattern in channel 2 is completely different. Most notably, the salinity values 
in channel 2 are lower compared to channel 1. These patterns indicate that with a longer 
channel 1, salt intrudes easier through channel 1. The most probable cause for this is that tidal 
pattern forces the freshwater discharge to concentrate itself in the shorter channel 2. This 
means that at some point the intruding salt in the longer channel 1 is hardly counteracted by 
the freshwater discharge and channel 1 will get a much higher salinity value. 
 
The salt intrusion upstream of the tidal junction shows a remarkable dependence on channel 
length. A small drop in intrusion length of approximately 9 km is observed when the length of 
channel 1 is changed from 20 to 25 km. After that, the intrusion length increases constantly 
with channel 1 being increased step by step to 100 km. It reaches a maximum value of over 23 
km upstream of the tidal junction. It seems counterintuitive that with an increasing channel 
length, salt intrudes further upstream. After all, the salt has to travel a larger distance so it 
seems more obvious that an increasing channel length leads to a decrease in intrusion length. 
The main explanation for this is the fact that freshwater discharge is concentrated in the 
shorter channel. Examining the different cross-sectional transports explains this even more. 
 
The tidally-averaged Qsalt_adv (Fig. 5.28), clearly shows that increasing the length of channel 1 
results in negative cross-sectional advective salt transport in channel 1 (thus directed 
upstream). At the same time, the cross-sectional advective salt transport in channel 2 becomes 
increasingly more positive (directed downstream). In other words, a lot of salt is transported 
through channel 1 upstream to the tidal junction. Upstream of the tidal junction, the average 
salt transport also increases slightly when the length of channel 1 increases. This can be 
explained by examining Fig. 5.18, which shows that the salt intrudes further upstream with an 
increasing length of channel 1. This in turn will lead to larger salt transports upstream of the 
tidal junction. Why the slight drop in salt intrusion length at 25 km occurs is not entirely clear. 
It could be a result of the cross-sectional advective salt transport in channel 1 being nearly 
zero. As soon as the length of channel 1 is over 25 km, the salt intrusion length increases 
again. At the same time, the cross-sectional advective salt transport turns negative and 
increases substantially in size (thereby transporting salt to the junction). In steady-state 
conditions, the dispersive and advective terms need to balance (Dyer, 1997). Studying the 
tidally averaged values of Qsalt_adv (Fig. 5.28) and Qsalt_disp (Fig. 5.30), suggests that they 
balance. In that case, the simulations have reached the steady state. 
 
To see whether the simulations have reached equilibrium, the salt balance in the estuary is 
analysed for the case that both downstream channels have equal lengths (20 km). To be sure 
that the simulation reached some kind of equilibrium, the simulation time was 1.5 years. It is 
easy to test whether the simulations are in equilibrium, since in that case the tidally averaged 
cross-sectional dispersive and advective salt transport should balance (sum should be zero). 
For a cross-section upstream of the tidal junction, this means that the following balance 
should apply 
 
 〈𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕_𝑎𝑎𝑑𝑑𝑣𝑣〉+ 〈𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕_𝑑𝑑𝑑𝑑𝑓𝑓𝑢𝑢〉 = 0 .        (Eq. 6.1) 
 
For the cross-sections at the two downstream channel mouths, the balance would be 
 
 〈𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕_𝑎𝑎𝑑𝑑𝑣𝑣〉𝑐𝑐ℎ1 + 〈𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕_𝑑𝑑𝑑𝑑𝑓𝑓𝑢𝑢〉𝑐𝑐ℎ1 + 〈𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕_𝑎𝑎𝑑𝑑𝑣𝑣〉𝑐𝑐ℎ2 + 〈𝑄𝑄𝑓𝑓𝑎𝑎𝑠𝑠𝜕𝜕_𝑑𝑑𝑑𝑑𝑓𝑓𝑢𝑢〉𝑐𝑐ℎ2 = 0 .  (Eq. 6.2) 
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Fig. 6.1: Tidally averaged, cross-sectional advective and dispersive salt transport and the sum of  

both transports plotted at a few locations just upstream of the tidal junction.  
In this simulation, channel 1 and 2 are both 20 km long. 

 
For now, the salt balance just upstream of the tidal junction will be investigated in more 
detail. The tidally averaged salt balance for a few cross-sections just upstream of the tidal 
junction (Fig. 6.1) indicates that the simulation is not in equilibrium. The cross-sectional 
advective salt transport is positive (downstream) and the cross-sectional dispersive salt 
transport is negative (upstream). However, the sum of both terms is not zero and also not 
constant in space. Interestingly, the sum of both terms gives a positive number, meaning that 
on average salt is transported downstream. This is a puzzling result, as an estuary that has not 
reached steady state yet, would be expected to import salt. If that is the case, this term has to 
be directed upstream (and thus negative).  
 

 
Fig. 6.2: The cross-sectionally and tidally-averaged salinity versus the tidal running mean (moving average).  

The results are displayed for the cross-section located 4 km upstream of the tidal junction.  
In this simulation, channel 1 and 2 are both 20 km long. 
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Fig. 6.3: Time-derivative of the cross-sectionally and tidally-averaged salinity plotted versus the tidal  

running mean (moving average). The cross-section is located 4 km upstream of the tidal junction.  
In this simulation, channel 1 and 2 are both 20 km long. 

 
Another check to see whether the simulation is in equilibrium is to compute the tidally and 
cross-sectionally averaged salinity through time by using a tidal running mean (moving 
average). Fig. 6.2 shows the cross-sectionally and tidally averaged salinity 〈𝑆𝑆〉 for the cross-
section located 4 km upstream of the tidal junction. At first, the cross-sectionally and tidally 
averaged salinity changes quite rapidly but soon it seems to approach a value just below 2.8 
psu. This suggests that the simulation has more or less reached equilibrium, since there is 
hardly any change in cross-sectionally and tidally averaged salinity over time. This is even 
more exemplified in Fig. 6.3, which shows the time derivative of the cross-sectionally and 
tidally averaged salinity (𝑑𝑑〈𝑆𝑆〉 𝑑𝑑𝜕𝜕⁄ ). As displayed in this figure, 𝑑𝑑〈𝑆𝑆〉 𝑑𝑑𝜕𝜕⁄  is very small, 
strengthening the suspicion that the simulation has reached equilibrium. 
 

 
Fig. 6.4: Tidally averaged, cross-sectional advective and dispersive salt transport and the  
sum of both transports plotted downstream of the tidal junction. The patterns in the two  

downstream channels are identical, as both channels are 20 km long. 
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The salt balance for the channels downstream of the tidal junction is given in Fig. 6.4. 
Clearly, the salt balance in the downstream channels is also not valid here. More or less the 
same pattern is observed as in the upstream part. When adding up the tidally-averaged cross-
sectional advective and dispersive salt transport, both channels show positive numbers that 
change through space. Therefore, these results indicate that the salt balance is not valid in the 
entire grid (no steady state conditions have been reached). However, a detailed analysis of the 
salinity values upstream of the junction indicates that steady state conditions do exist and the 
salt balance should therefore be valid. 
 
Analysing the cross-sectional advective freshwater transport Qfresh_adv (Fig. 5.31) confirms the 
findings of Buschman et al. (2010), who stated that the freshwater discharge is concentrated 
in the shortest channel. This means that at some point the intruding salt in the longer channel 
1 is hardly counteracted by the freshwater discharge. As a result, salt can easily intrude up to 
the tidal junction through this longer channel. The larger the length differences between the 
two channels, the larger this effect becomes. As a result, the salt intrudes further upstream 
when channel 1 gets longer. The average salt transport upstream of the junction increases 
because the salt intrudes further upstream when channel 1 is longer, thereby increasing the 
salt transport in that part of the estuary. When decomposing the freshwater transport 
according to Uncles & Lewis (2001), it turns out that the cross-sectional advective transport is 
most important component. The tidal pumping terms are particularly important upstream and 
in channel 1, whilst in channel 2 the transport by mean currents is dominant. The vertical 
shear transport is negligibly small, most probably because the water column is well-mixed. 
 
The salt balance can also be rewritten as a freshwater balance. For this, the river discharge 
that is prescribed at the upstream boundary also needs to be taken into account (Qriver = 100 
m3/s). Therefore, the tidally averaged freshwater balance for a cross-section upstream of the 
tidal junction reads 
 
 〈𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ_𝑎𝑎𝑑𝑑𝑣𝑣〉+ 〈𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ_𝑑𝑑𝑑𝑑𝑓𝑓𝑢𝑢〉 = 𝑄𝑄𝑓𝑓𝑑𝑑𝑣𝑣𝑒𝑒𝑓𝑓 .      (Eq. 6.3) 
 
For the cross-sections at the two downstream channel mouths, the freshwater balance reads 
 
 〈𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ_𝑎𝑎𝑑𝑑𝑣𝑣〉𝑐𝑐ℎ1 + 〈𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ_𝑑𝑑𝑑𝑑𝑓𝑓𝑢𝑢〉𝑐𝑐ℎ1 + 〈𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ_𝑎𝑎𝑑𝑑𝑣𝑣〉𝑐𝑐ℎ2 + 〈𝑄𝑄𝑓𝑓𝑓𝑓𝑒𝑒𝑓𝑓ℎ_𝑑𝑑𝑑𝑑𝑓𝑓𝑢𝑢〉𝑐𝑐ℎ2 = 𝑄𝑄𝑓𝑓𝑑𝑑𝑣𝑣𝑒𝑒𝑓𝑓 . (Eq. 6.4) 
 

68 
 



 
Fig. 6.5: Tidally averaged, cross-sectional advective and dispersive freshwater transport and the sum of both 

transports plotted upstream of the tidal junction. Channel 1 and 2 are both 20 km long. 
 

The tidally averaged freshwater balance just upstream of the tidal junction (Fig. 6.5) and in 
both channels downstream of the tidal junction (Fig. 6.6) indicates that also this balance is not 
valid. Whilst the tidally-averaged instantaneous discharge Qinst equals 100 m3 s-1 in the 
upstream part and 50 m3 s-1 in both downstream channels, this is not the case for the 
freshwater balance. Analogously to the salt balance, the freshwater balance does not have a 
constant value but varies through space. 
 

 
Fig. 6.6: Tidally averaged, cross-sectional advective and dispersive freshwater transport and the  

sum of both transports plotted downstream of the tidal junction. The patterns in the two  
downstream channels are identical, as both channels are 20 km long. 
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6.3 Quantifying salt intrusion length 
As described in sections 3.6 and 3.7, different theories exist that can be used to quantify the 
maximum distance salt intrudes in an estuary. The downside is that these theories are often 
only applicable to the estuary on which the theory has been calibrated and that their 
performance is therefore limited. In this section, we will compare the intrusion length as 
computed by different theories with the observed intrusion length in the Delft3D simulations. 
The focus will be on the performance of the theory of Savenije (1993; 2005), MacCready 
(2004), Brockway et al. (2005), Nguyen & Savenije (2006) and Gisen et al. (2015). 
 
The drawback with most theories regarding salt intrusion is that they are based on single-
channel estuaries. However, Nguyen & Savenije (2008) investigated whether the theory of 
Savenije (1993; 2005) could also be applied to multi-channel estuaries, such as the Mekong. 
They discovered that combining two paired branches as a single estuary branch lead to better 
results than considering every single branch as an individual estuary.  
 
As described in section 5.3, the freshwater transport in channel 1 quickly turns negative for 
larger lengths of channel 1. As a result, the theories of Savenije (1993; 2005), Brockway et al. 
(2005), Nguyen & Savenije (2006) and Gisen et al. (2015) will not give reliable results since 
they need the freshwater discharge as input for parameters (such as the estuarine Richardson 
number). Therefore, it was decided to use the method of Nguyen & Savenije (2006), in which 
two branches are paired as a single estuary branch. Pairing two estuary branches is done by 
adding up the area and channel width of both branches. Moreover, the paired flow velocity, 
tidal velocity amplitude, tidal range, vertical eddy viscosity, vertical eddy diffusivity and tidal 
excursion are computed as the weighted mean between the cross-sectional areas of the two 
channel mouths. Apart from that, the intrusion length needs to be computed with respect to a 
certain point in the estuary. In normal cases, this is the estuary mouth but this is not 
convenient in an estuary where the length difference between the two channels can be 80 km. 
Therefore, the upstream salt intrusion length in the Delft3D simulations was computed with 
respect to the tidal junction (see Fig. 5.18).  
 
When using the different theories to compute the salt intrusion length in the paired estuary 
branches, the combined (weighted mean) intrusion length is obtained. To be able to compare 
the computed salt intrusion lengths with the salt intrusion lengths as observed in Delft3D, the 
intrusion lengths upstream of the tidal junction as computed in Delft3D need to be converted 
to combined (weighted mean) intrusion lengths. For this, the paired downstream channel 
length is needed, which is computed as the weighted mean between the cross-sectional areas 
of the two channel mouths. The Delft3D combined intrusion length is then defined by adding 
the paired downstream channel length to the intrusion length upstream of the junction. 
 
Fig. 6.7 shows the combined (weighted mean) intrusion length (observed from Delft3D 
modelling results and the different theories) plotted versus the length of channel 1. A direct 
comparison between the different theories and the Delft3D observations is given in Fig. 6.8. 
Examining both plots, it becomes apparent that none of the theories gives a good indication of 
the combined salt intrusion length that is observed in Delft3D. Most theories show the 
opposite pattern of that seen in the Delft3D observations (a decrease instead of an increase in 
intrusion length for a longer channel 1). The method of MacCready (2004) results in very low 
combined intrusion lengths of at most 2 km, which are way lower than observed in Delft3D. 
The 3 equations of Gisen et al. (2015) result in a combined intrusion length of approximately 
20 km for all simulations which slightly decreases when the length of channel 1 is increased. 
Also the method of Savenije (1993; 2005) gives the largest combined intrusion lengths 
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(approximately 30 km) for the shortest length of channel 1. In that case, the computed 
combined intrusion length nearly equals the intrusion length as observed in Delft3D. When 
the length of channel 1 is increased, the combined intrusion length slowly decreases to 
approximately 20 km. The theories that come closest to the observed pattern in Delft3D are 
the method of Brockway et al. (2005) and Nguyen & Savenije (2006). The method of 
Brockway et al. (2005) underestimates the intrusion length for all simulations, but shows 
larger combined intrusion lengths for a longer channel 1. Also the method of Nguyen & 
Savenije (2006) shows larger combined intrusion lengths for a longer channel 1. Contrary to 
the method of Brockway et al. (2005), the method of Nguyen & Savenije (2006) mostly 
overestimates the intrusion length. Only for the case that channel 1 is 80 km long, the 
combined intrusion length as observed in Delft3D is nearly equal to the intrusion length as 
computed using the method of Nguyen & Savenije (2006). 
 

 
Fig. 6.7: Combined (weighted mean) intrusion length (computed using Delft3D  

modelling results and the theories) plotted versus the length of channel 1. 
 
The above results show that the existing theories for computing salt intrusion length are not 
directly applicable to multi-channel estuaries with different channel lengths. From the five 
tested theories, only the theory of Brockway et al. (2006) and Nguyen & Savenije (2006) 
produce reasonable results. Still, the length difference between the Delft3D observations and 
these theories is quite large but both theories at least show the same pattern as the Delft3D 
observations. The theory of Savenije (1993; 2005) only gives a reasonable result for the case 
that channel 1 is 20 km long. A probable cause for this is that all these theories are based on 
one-dimensional approximations, particularly with regards to the horizontal diffusion 
parameter. The choice for this parameter is always a large point of discussion. The one-
dimensional approximation may have more even influence in estuarine channel networks 
compared to single-channel estuaries. Particularly the 3D flow patterns that occur at the 
junction can probably not be described in detail using a one-dimensional approximation. 
Another point is that it is difficult to apply theories for single-channel theories on multi-
channel estuaries. Up to now, this has only been done for multi-channel estuaries where the 
different branches have more or less equal lengths. Thus far, no standalone theory exists for 
computing salt intrusion in multi-channel estuaries with different channel lengths.  
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Fig. 6.8: Theoretical paired intrusion length (computed using the different theories) plotted versus the  

computed paired intrusion length (computed using the Delft3D modelling results). 
 
6.4 Model recommendations 
The present model gives reasonable results, but the assumptions and choices made during the 
model set-up can greatly influence model outcomes. In this model study, a total of 10 vertical 
layers have been used. However, many modelling studies (e.g. Simpson et al., 2001; Burchard 
& Hetland, 2010) use at least 50-100 vertical layers to increase the vertical resolution. The 
downside of increasing the vertical resolution is that the computation time is also increased 
drastically. For example, when increasing the number of vertical layers from 10 to 50, the 
simulation time also increases by a factor 5. Because of the drastic increase in computation 
time and the fact that other Delft3D model studies (such as Van Breemen, 2008) also use 10 
vertical layers, it was decided to use the same amount of vertical layers in this study. Another 
choice was to keep all boundary conditions identical, even though the mouths of both 
channels are situated at a considerable distance from each other. Particularly with larger 
differences in channel lengths, this effect becomes significant. Apart from that, estuaries with 
large differences in length between the different channels are hardly seen in the real world 
(Nguyen & Savenije, 2006). If this would be the case, the tidal wave would have a different 
phase at the mouth of long channel. Moreover, the two seas at the end of the downstream 
channels are not connected. This will also affect the results (particularly with regards to tidal 
propagation in the two channels). 
  
Another drawback of the model is that due to numerical issues, two gridcells need to 
disappear at the tidal junction. Even though the resulting decrease in cross-sectional area is 
relatively small (only 1/8th of the cross‐sectional area is lost; Buschman et al., 2010), this is 
not consistent with reality. It would be better to develop a model in which no gridcells need to 
disappear at the junction. It was also observed that the tidal wave does not damp out 
completely in the river, meaning that the river should be made longer to let the tidal wave 
dampen out completely. Therefore, it is advised to increase the length of the river upstream of 
the tidal junction. Moreover, as already extensively discussed in chapter 3, the salinity 
profiles in Delft3D show wiggles with certain boundary conditions. This is especially the case 
in stratified conditions and while using the so called k-ε turbulence model. Even though this is 
the most sophisticated turbulence closure model that is available in Delft3D, simulations with 
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this turbulence model continuously show wiggles in the salinity profiles. Therefore, the 
simulations in this study were conducted using the k-l turbulence model. However, wiggles 
also appeared in the simulations as soon as the stratification was increased. Therefore, it is 
strongly advised to study salt intrusion with the present version of Delft3D in partially to 
well-mixed conditions only. In the future, it would be interesting to see whether newer 
versions of Delft3D still show wigless in the salinity profiles, especially in stratified 
conditions or when using the k-ε turbulence model. Apart from that, the salt balance in 
Delft3D needs more research. First of all, it is necessary to investigate whether Delft3D can 
reach a steady state with regards to salinity intrusion in an estuary. The method on how 
Delft3D calculates the cross-sectional dispersive and advective salt transport also needs to be 
studied in more detail. This is particularly important because the tidally-averaged cross-
sectional transport terms indicate that steady state conditions have not been reached whilst at 
the same time the tidally- and cross-sectionally averaged salinity values indicate the opposite. 
Finally, to analyse the tidal characteristics in an estuarine channel network in more detail, it is 
advised to use an analytical model analogous to the model used by Hill & Souza (2006).  
 
6.5 Suggestions for further research 
Since this research is still in its early stage, many aspects of salt intrusion in estuarine channel 
networks are still unknown. The present study focused on modelling salt intrusion in estuarine 
channel networks, while only adjusting the length differences between the two branches. 
However, there are many more variables that can be varied in the present model. A few 
suggestions are provided in the earlier mentioned papers of Kleinhans et al. (2008) and 
Buschman et al. (2010). The present model assumes a constant depth throughout the entire 
grid, but natural estuarine channels are characterised by both longitudinal and lateral 
variations in depth. Adding a variable bathymetry to the existing model will definitely provide 
additional insights in the dynamics of salt intrusion in estuarine channel networks. Particularly 
modifying the bathymetry in one channel and keeping it constant in the other channel (as in 
Buschman et al., 2010), would be an interesting option. Another option to investigate with the 
present model is to vary the e-folding length scale (increasing or decreasing the exponential 
width increase), or even to have no width increase at all. Also modifying the Chézy 
coefficient could be interesting to study the effect of modifying the bed roughness. Other 
modifications that are suggested to be implemented in future studies read as follows: 
 

- Increase the vertical resolution of the model 
- Alter the angle of bifurcation 
- Situate the bifurcation in a bend 
- Introduce differences in width between the downstream branches 
- Vary the river discharge 
- Impose different tidal components and phases at the mouth of both channels 
- Different boundary conditions for each downstream channel 
- Add sedimentation processes and sediment transport 

 
So far, the present model demonstrated remarkable results while modelling salt intrusion in 
estuaries. Some issues remain, such as a relatively low vertical resolution, wiggles in the 
salinity profiles under certain circumstances and conflicting results with regards to the salt 
balance. These problems will hopefully be addressed in the future by modifying the present 
model and using newer versions of Delft3D. Concluding from the list above, it is clear that 
many aspects are still unknown and need more research. Thus, there are plenty of 
opportunities, to expand this investigation and to get to know even more about the fascinating 
dynamics of salinity intrusion in estuarine systems.  
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7. Conclusions 
 
The main goal of this research was to investigate salt intrusion, tidal propagation and the 
related processes in a partially- to well-mixed estuarine channel network with various channel 
lengths. After carefully designing domain, turbulence parameterisation and boundary 
conditions, the Delft3D model proved to be well-suited to model salt intrusion in an estuarine 
channel network. The default model run consisted of a river with a length of 250 km which 
splits in two equal channels of 20 km long. The length of channel 1 was increased step-by-
step to 100 km (intermediate steps being 25, 30, 35, 40, 45, 50, 60 and 80 km). All model runs 
were performed with the same ideal boundary conditions, being a constant river discharge of 
100 m3 s-1 and a seaward boundary with a M2 tidal amplitude of 1.4 m. The salinity at the 
seaward boundary was set to 34 psu.  
 
The harmonic analysis of the tidal characteristics showed large differences between the tidal 
water levels and tidal velocities. The water level amplitudes show a distinct amplification in 
channel 1 for an increased length of channel 1. The cause for this is the transfer of tidal 
energy from channel 2 to channel 1 at the tidal junction. This leads to a larger subtidal water 
level gradient and smaller water level amplitudes in channel 2, causing the freshwater 
discharge to be concentrated in the shorter channel. The transfer of tidal energy causes the 
tidal wave from channel 2 to round the corner at the tidal junction and to propagate from the 
tidal junction towards the sea. This is supported by the positive relative phase difference in a 
part of channel 1. At some point, the tidal wave from the seaward and the tidal wave from the 
landward side will meet in channel 1 and interact with each other and the water level 
amplitude will be amplified. Another indication for the tidal wave rounding the corner is that 
the tidal velocity phase difference between both channels at the junction increases linearly for 
increasing channel lengths. For the situation that channel 1 is 100 km long, the phase 
difference between the two channels is over 4 hours at the tidal junction. As a result, opposite 
flow directions exist in channel 1 and channel 2, meaning that water can enter via one 
channel, reach the tidal junction, and flow back to the sea via the other channel. 
 
The salinity results indicate that with an increasing length of channel 1, salt intrudes further 
upstream. When channel 1 is 100 km long, the intrusion length is nearly 14 km longer 
compared to the symmetric simulation. The cause for this behaviour is that with a longer 
channel 1, the freshwater discharge is concentrated in the shorter channel 2. As a result, a lot 
of salt is transported upstream through the longer channel, causing an increase in salinity 
intrusion. Vertical stratification for all simulations is limited to values less than 10%, as a 
result of which all simulations fall within the category of the well-mixed estuaries. A detailed 
analysis of the cross-sectional advective salt transport revealed that transport by mean 
currents and Stokes transport are the most important advective salt transport mechanism in the 
simulations. For the advective freshwater transport, the most important terms are transport 
due to mean currents and tidal pumping.  
 
This model study has led to remarkable results considering the tidal propagation and salt 
intrusion in multi-channel estuaries. Some issues remain, particularly the disagreement in the 
Delft3D model results on whether the simulation reached steady state or not. Nevertheless, the 
outcomes of this model study can provide useful information about the future development of 
multi-channel estuaries in the real world. Especially with the anticipated climate change, this 
study can provide a basic framework for further studies on salt intrusion and tidal propagation 
in multi-channel estuaries.  
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