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Abstract

Salt intrusion has large consequences on the estuarine environments and communities. Salinization harms
the ecology and biodiversity in an estuary and it might constrain the possibilities of using water for irriga-
tion, industry and human consumption. Due to the seasons, climate change and increasing anthropogenic
in uences, the river discharge might change on short or long timescales which will a ect the salt intrusion
and the morphology on the long term. Previous research has been done to the e ect of river discharge
on salt intrusion, but those use a morphostatic model with a constant width pro le. In this thesis, a
one-dimensional tide-averaged numerical hydrodynamic and morphodynamic model is used, which in-
cludes a variable width and a constant bed level. This model is best suitable to simulate the response
of estuaries globally, and less suitable to look into details for individual estuary systems. The estuary
width is calculated by an optimized empirical hydraulic geometry relation that relates the width to the
river discharge and tidal peak discharge. River discharge and tides force the upstream and downstream
boundaries, respectively. For the salt intrusion length, an empirical method was used after validation.
On the short term, the morphology of an estuary will not change, meaning that only the hydrodynamics
can a ect the salt intrusion length. This results in higher salt intrusion lengths for lower river discharges,
since the tide is less countered by friction with the river ow. On the long term, the estuary will narrow
for smaller river discharges, which causes more friction between the tide and the banks causing a lower
salt intrusion. For some estuaries, the salt intrusion length increases for river discharges above the yearly
averaged discharge, since friction diminishes. River-dominated estuaries, where the river discharge is
much larger than the tidal discharge, experience much more narrowing. It becomes di cult for the tide
to enter the estuary causing a large reduction in salt intrusion length on the long term. River discharge
has a small in uence on the salt intrusion length and morphology of tide-dominated systems. Mixed
systems have a large increase in salt intrusion when the river discharge decreases on both the short and
the long timescale, since widening of the estuary mouth causes that the tide can still easily enter after
narrowing. This 1D numerical model can be used for further research when the goal is to gain insight
into the long term evolution of estuaries, for example when the e ects of sea-level rise or sediment de cits
are investigated.
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1 Introduction

Estuaries are transitional zones between the river and open sea, where fresh and salt water can mix
forming a brackish environment. Estuaries have a high societal, economical and environmental relevance
and they belong to the most productive and dynamic systems in the world (Bolla Pittaluga et al., 2015;
Boerema & Meire, 2017). The sheltered brackish waters provide a unique habitat attracting a high variety
of animal and plant species, which results in a great biodiversity (Bolla Pittaluga et al., 2015). Coasts
and estuaries have always been important to humans as well, both as a source of food and as a transport
link between river and sea (Savenije, 2012). The adjacent oodplains contain very fertile soils, which
makes deltaic regions centers of population and agriculture (Syvitski & Saito, 2007). Around 60% of the
global population lives along the coasts and estuaries (Bianchi, 2013). Twenty-one of the world's thirty
largest cities are built near estuaries including among others New York, Tokyo, Buenos Aires and London
(Wolanski & Elliot, 2015; Leuven et al., 2019). At the same time, estuaries are very fragile environments
due to their transitional character (Savenije, 2012). This raises questions about their fate in a century of
overpopulation and global warming (Bolla Pittaluga et al., 2015).

Since estuaries occur between the river and sea, they have a dynamic transition between salt and fresh
water depending on the uvial and marine processes. Regions with salt or brackish water consist of very
di erent ecological environments than regions with fresh water (Boerema & Meire, 2017). Salinization
often brings negative ecological impacts, such as eutrophication of coastal wetlands and biodiversity
reduction (Arcbn et al., 2013; Canedo-Argeelles et al., 2013; Noe et al., 2013). Furthermore, it may
constrain the possibility of using water for irrigation and human consumption (Teh & Koh, 2016). For
farmers, brackish irrigation or seepage water can a ect their crop production and can lead to land
degradation on the long term (Saysel & Barlas, 2001; Bless et al., 2018). Salt water might also in ltrate
into fresh groundwater reservoirs close to the estuary, which can harm the drinking water supply (Teh &
Koh, 2016). Due to the serious e ects that salt water might have, it is important to know how far salt
water intrudes within the estuary. This is called the salt intrusion length, which is the distance from the
estuary mouth to the point where the salinity reaches the river salinity (Savenije, 1993).

The salinity intrusion into the river mouth is a ected by the river discharge, which might change due to the
seasons, climatic changes and anthropogenic drivers (Haddeland et al., 2014). Climate change leads to an
increase in the frequency and extent of droughts, due to temperature increases and changes in precipitation
regimes (Prudhomme et al., 2014). During the dryer dry seasons, the lower river discharge allows salt
water to travel further upstream in the river. At the same time, the wet seasons will become wetter,
causing that the increased river discharge pushes the salt intrusion further seawards. The seasonal uxes
occur at rather small timescales. On an annual basis, it depends on the geographical location whether
an increase or decrease in yearly averaged river discharge will occur (van Vliet et al., 2013). Regarding
the human activities, hydropower dams and increasing irrigation demands will cause changes in the river
discharge regime (Savenije, 2012). Hydropower dams will dampen the extremes in dry and wet periods,
having an opposite e ect of climate change (Rasanen et al., 2017). When irrigation water is coming from
the surface waters, river discharge might decrease, while irrigation water coming from groundwater might
increase the river discharge (Gerten et al., 2008). Although it depends on the individual estuary whether
the river discharge will actually change in an increasing or decreasing direction, it will be important to
know the response of estuaries to river discharge in advance.

Several studies have been done to the e ect of river discharge on salt intrusion, but most assume estu-
aries are in morphologic equilibrium whereby a morphostatic model can be used to simulate estuarine
hydrodynamics (Savenije, 1993; Liu et al., 2007; Gong & Shen, 2011; Gisen et al., 2015). The estuarine
morphology results from some typical forcing factors: river ow, tidal motion, wave action and some-
times also gravitational circulations driven by salinity and density gradients (Bolla Pittaluga et al., 2015).
Figure 1 shows the large di erences in delta and estuarine shapes. Many studies prescribe a convergent
funnel-shaped width pro le, meaning that the estuary has a larger width at the mouth than upstream
(Savenije, 1993; Lanzoni & Seminara, 2002; Todeschini et al., 2008; Canestrelli et al., 2014; Bolla Pit-
taluga et al., 2015; Gisen et al., 2015). The channel banks are xed regardless of the channel properties
or boundary conditions. However, long term changes in estuarine conditions like the river discharge can
upset the estuarine balance, which might induce morphological adjustment (Nienhuis et al., 2018). The
estuary width and depth might change, which will in turn change the uvial and tidal hydrodynamics and
salt intrusion length. This indicates that a morphostatic model might not result in reliable predictions

on the long term.



Figure 1: Shapes and patterns for a selection of well-known rivers (Nienhuis et al., 2018).

During this research, the e ect of a changing river discharge on the salt intrusion length for morphody-
namic estuaries will be studied. This is done by using an existing one-dimensional numerical hydrody-
namic and morphodynamic model, where the width can adjust to the channel properties and boundary
conditions (lwantoro et al., 2021; Janssen, 2022). The width prediction of this theoretical model will be
optimized by comparing it to existing data. This model will be expanded with a salt intrusion prediction

by using some empirical relations based on Savenije (1993). We will study the salt intrusion length on
the short term, where we assume there is no morphology change, and on the long term, where we assume
there is a morphological change. Finally, we will try to nd relations between the river discharge and salt
intrusion length for river-dominated systems, tide-dominated systems and mixed systems.

1.1 Thesis outline

This thesis report consists of 8 chapters and an appendix section. A rst insight into the subject is
presented in the Introduction (section 1). Some theoretical background about estuarine properties, salt
intrusion and river discharge changes is given in section 2. After that, the research questions, objectives
and hypotheses are formulated in section 3. Section 4 includes a model description to explain the nu-
merical model used in this research. A data description is also included in this section, explaining two
data sets by Nienhuis et al. (2018) and Gisen et al. (2015) which will be used for testing, calibration
and predictions. The methods are described in sections 5, in an order based on the research objectives.
In section 6, the results will be presented and brie y discussed. A further discussion of the results and
a comparison of the results to earlier research can be found in section 7, the discussion. Section 7 also
contains some suggestions for future research. Finally, section 8 contains the conclusions of the research.
In the appendices, the symbols and units used are given in appendix A, while appendix B contains the
estuary data used in this research. Appendix C gives the methods and results for testing the hydrody-
namics in the model and appendix D contains an extra section about predictive equations for the salt
intrusion length. Appendices E and F give some additional gures and the nal results in a tabular
format.



2 Theoretical background

In this section, the estuarine properties are discussed at rst to give a general overview of estuarine
de nitions and classi cation and the hydrodynamics and morphology. After that, salinity distributions,
characteristics and formulas are explained. Lastly, the factors that change the river discharge and the
e ects of a changing river discharge are discussed.

2.1 Estuarine properties

Over the past decades, many de nitions and classi cations of estuaries have been made (Pritchard, 1967;
Hume & Herdendorf, 1988; Davidson et al., 1991; Dalrymple et al., 1992; Perillo, 1995). The de nition and
classi cation used depends on the nature of the research (Leuven et al., 2016). For example, the de nition
of an estuary will be di erent from a biological or geochemical viewpoint compared to a morphological
viewpoint (Pritchard, 1967). Since the focus of this study will be on the morphology and salinity of
estuaries, both the morphological and chemical aspects are important. A widely-used chemical de nition
of an estuary was given by Pritchard (1967), de ning an estuary as the area of a river mouth where
seawater and freshwater derived from land drainage are measurably diluted with a range from Ol till
30-3%h . This de nition is useful for studying the chemical and biological processes in the uvial-marine
transition zone, but might be of limited use when dealing with physical and morphological processes
(Dalrymple et al., 1992). When focusing on the dynamics, morphology and equilibrium of estuaries
in combination with salinity, the following de nition is better suitable for this thesis: An estuary is a
partially enclosed water body with an open connection to the sea at the seaward boundary where salt
water can enter by the penetration of tides and waves and a fresh river water in ow at the landward
boundary causing that sea water is signi cantly diluted with fresh water (Perillo, 1995; Leuven et al.,
2016).

Estuaries can be classi ed based on their shape, tidal in uence, river in uence, geology or salinity for
example (Savenije, 2012). Dalrymple et al. (1992) developed a framework for the classi cation of estuaries
based on the relative importance of physical processes and temporal changes. The physical processes
include the in uence of river out ow, waves and tidal currents, while the temporal forcing includes sea-
level rise and sediment supply. This framework was made quantitative by Nienhuis et al. (2018) and
Nienhuis et al. (2020). Nienhuis et al. (2018) de ned a tide-dominance ratio based on a discharge ratio:

Qtmax_
Qr

(1)

where Q; is the mean annual uvial discharge (m*s ') and Qumax is the maximum tidal discharge
amplitude (m3s 1). When | > 1, the system is tide-dominated, whilel < 1 means the system is
river-dominated. At | =1, the tidal discharge has the same order of magnitude as the uvial discharge
(Nienhuis et al., 2018). Nienhuis et al. (2020) developed a ternary diagram which compares the uvial
sediment supply to the tide- and wave-driven sediment uxes near the river mouth. Figure 2a shows
a ternary diagram based on Nienhuis et al. (2020). Two important sediment ux ratios were de ned:
the uvial dominance ratio R, and the tidal dominance ratio T, related to the tide-dominance discharge
ratio of equation 1. The uvial dominance ratio is the ratio between the uvial sediment supply and the
wave-induced sediment ux (Qsr =Qs.w ), While the tidal dominance ratio is the ratio between the tidal
sediment ux and the uvial sediment supply ( Qs:=Qs;). The sediment uxes have the unit kgs *.
The relative importance of the river, waves and tides determines whether a delta is river-dominated,
wave-dominated or tide-dominated, see gure 2. As can be seen in the maps included in gure 2b-2g, the
morphology largely depends on the interactions between river, waves and tides.

Figure 3 displays the coastal systems surrounding an estuary. Between the river and estuary, a tidal
river generally occurs. A tidal river is the downstream section of a river where tides penetrate, but sea
water does not intrude (Dronkers, n.d.). The relative in uence of the river and tides determines the
limit of subtidal water level variation and the tidal rise limit. The tidal rise limit is the farthest point
upstream where a river is a ected by the daily tidal uctuations, whereas the limit of subtidal water
level variation is the most upstream point where the water level varies over a 14 days timescale, following
the spring-neap cycle ( gure 3, Buschman (2011) and Davis Jr and Dalrymple (2011)). The ood limit
indicates the most upstream point where the ow velocities still change direction during a tidal cycle
(Buschman, 2011). The limit of tidal in uence generally extends further landward than the limit of sea



(a) Classi cation triangle

(b) Danube (c) Mississippi (d) Mahakam

(e) Sao Francisco (f) Copper (g Fly

Figure 2: Classi cation triangle illustrating the division of deltas into uvial-dominated, wave-dominated and
tide-dominated types, based on Galloway (1975) and Nienhuis et al. (2020), source of maps: Google Earth ©
2022 TerraMetrics (used February 2022).
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