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To m y  p a ren ts





PREFACE

I got the first academic impressions about salt intrusion in July 2002, when some 
friends of mine studying in Coastal Engineering (UNESCO-IHE) told me about the 
interesting subject “Density currents and salt intrusion in estuaries” , which was 
taught by Ir. Mick van der Wegen and Prof. H ubert Savenije. Unfortunately, I did 
not have a chance to a ttend  the class since I was following another one at the same 
time, and I thought I should take it in the near future.

Shortly after, when carrying out my M.Sc. study in flood managem ent of the lower 
Dong Nai -  Sai Gon river basin in V ietnam , I realized th a t apart from floods and 
w ater quality, salt intrusion is a m ajor problem in the basin. The problem appeared 
even more severe in the neighbouring system, the Mekong Delta, which is the most 
im portant agricultural and aquacultural area of South Vietnam . I was inspired by the 
idea th a t I would carry out research on the salt intrusion in the lower Dong Nai -  Sai 
Gon river basin and the Mekong Delta. I was fortunate to have a num ber of people to 
encourage and to support me following this idea. My M.Sc. study supervisors, Ing. 
K laas-jan Douben and Prof. Bela Petry, and my employer in V ietnam , Dr. Tang Due 
Thang introduced me to Prof. Savenije, who is an expert in salt intrusion and 
estuarine hydraulics. After their introduction, I went to see Prof. Savenije in person 
and to express my idea to do some research on the subject of salt intrusion. W ith  his 
enthusiasm  and his inspiring vision about solving the salt intrusion problem  and 
analyzing tidal hydraulics, we p lo tted  the plan for the research proposal and for 
getting the research fund.

After the funding issue was settled, I s tarted  my research in February 2004. It took 
ten months to finalize the research proposal, during which I learned much about not 
only salt intrusion, but also mixing and tidal hydraulics. The Mekong D elta and the 
Scheldt estuary became the main study areas of the research.

In the beginning of 2005, I went to the Center of W ater Research, University of 
W estern A ustralia, Perth. The two-month period working there was a great success. I 
and Prof. Savenije worked very closely together in defining the direction of the 
research. The proposed salinity measurement campaigns for the Mekong D elta using 
the moving boat m ethod were shaped up. The first ideas for a paper on salt intrusion 
were formulated. I enjoyed the working environment there and had a num ber of 
occasions to meet and discuss things w ith Prof. M urugesu Sivapalan, Prof. Jörg 
Imberger and their Ph.D. students.

The m easurement campaigns in the Mekong D elta in 2005 and 2006 happened 
relatively smoothly and successfully, although it was a real challenge to use a small 
speedboat in such a big estuary w ith strong tides and wind. We m anaged to carry out 
measurem ents in four branches of the Mekong w ith the assistance of several local staff 
and my brother-in-law. The campaigns taught me a valuable lesson about how 
complicated the system  is.



viii Preface

The last two and half years of my research went really fast. Most of the tim e I 
focused on running models, writing papers, and shaping up my thesis. I was helped 
by a num ber of people to speed up my research: Ir. Mick van der Wegen, Dr. Tang 
Due Thang, Dr. Zheng Bing Wang, Prof. Dano Roelvink, and Ir. Adri Verwey; not to 
mention Prof. Savenije for his guidance and support on the regular basis. I had
chances to a ttend  several national and international conferences in The Hague,
Vienna, Varna, A lexandria and Phoenix and to meet people there to discuss research 
interests. I also had a number of occasions to deal w ith several tough but constructive 
reviews to improve my journal papers and my research.

Overall, I am satisfied w ith the results of my research and I am  pleased to have the
dissertation finished in time. However, I can see there is a need to further study salt 
intrusion, mixing and tidal hydraulics in estuaries, since there are so many beautiful 
things waiting for us to explore.

Nguyen Anh Due, 

Delft, February 2008.



SUMMARY

An estuary is a source of food and a transport link between a river and a sea. The 
estuary therefore has characteristics of bo th  the river and the sea, being a unique 
environment influenced by tidal movements of the sea and freshwater flow of the 
river. Some estuaries are classified as multi-channel estuaries. A multi-channel estuary 
has at least two branches. Each branch functions as a single estuary, bu t highly 
interacts w ith its neighboring branch. In this study, we concentrate on two m ulti­
channel estuaries. The first one is the Mekong D elta in V ietnam , which is a delta 
estuary consisting of eight branches. The second estuary is the Scheldt in the 
N etherlands, which has a funnel shape w ith a distinct ebb-flood channel system.

Tides transport salt-w ater in and out of an estuary and mix it w ith fresh river water. 
The mixing process in an estuary is complex and much depends on the estuary 
characteristics. Tide-driven and density-driven mixing are the most im portant 
mechanisms. The river flow drives the density-driven circulation, accompanied by 
vertical salinity stratification. T idal pum ping appears to be an im portant tide-driven 
mixing mechanism. Tidal pum ping caused by large-scale ebb-flood channel residual 
circulation is im portant in estuaries w ith a distinct ebb-flood channel system, 
however this mechanism has not been researched much to date.

Tide-driven and density-driven mixing cause salinity to intrude further inland. The 
salt intrusion can reach a large distance from the coastline and affect water-use 
activities in the estuary. A lthough the salinity intrusion has been well studied in 
single-branch estuaries, for a multi-channel estuary, to date a predictive steady-state 
has not been developed.

The objectives of this study address a num ber of knowledge gaps: (i) to investigate 
and to develop a predictive steady state  salt intrusion model for a multi-channel 
estuary; (ii) to develop a new approach for estim ating the distribution of freshwater 
discharge over the branches of a multi-channel estuary; (iii) to analyse characteristics 
of tidal waves in m ulti channel estuaries; and (iv) to develop a theory analysing 
effects of tidal pum ping caused by residual ebb-flood circulation on salinity 
d istribution in multi-channel estuaries and to propose a new analytical equation to 
quantify the 1-D effective salt dispersion coefficient for the tidal pum ping mechanism.

Firstly, on the basis of salinity measurem ents carried by moving boat m ethod during 
the dry season of 2005 and 2006, salinity intrusion of the Mekong D elta branches has 
been computed. An analytical model, based on the theory for the com putation of salt 
intrusion in single branch alluvial estuaries, has been developed for multi-channel 
estuaries. This model has been successfully applied and tested  in the branches of the 
Mekong Delta. The model has been then validated w ith d a ta  of the dry seasons in 
1998 and 1999. On the basis of these results, a predictive steady-state model has been 
developed. The overall results of the salinity com putation are good, indicating th a t 
this model produces satisfactory results for a complex system  such as the Mekong 
Delta.
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Secondly, a new approach for determ ining freshwater discharge distribution over the 
branches of the Mekong D elta has been presented. The freshwater discharge is an 
im portant param eter for modelling salt intrusion. The determ ination of the fresh 
w ater discharge in estuaries is complicated, as it requires detailed measurements 
during a full tidal cycle, whereby the accuracy is low. In the past, only numerical 
models could provide this information. On the basis of the newly developed predictive 
salt intrusion model, a new approach has been developed to determ ine the freshwater 
discharge distribution by means of salinity measurements. The new approach has 
been com pared w ith the most recent 1-D hydrodynam ic model of the Mekong river 
system. The comparison shows th a t the new approach provides a good picture of the 
discharge distribution and can be a powerful tool to analyze the w ater resources in 
tidal regions.

Thirdly, tidal characteristics of the Mekong D elta and the Scheldt have been 
explored. The three m ain factors, i.e. tidal wave celerity, phase lag and tidal range 
variability, have been investigated. The tidal wave characteristics have been analysed 
in the two m ain sub-systems of the Mekong Delta: the Tien and the Hau, mainly by 
analytical equations describing tidal wave characteristics and the 1-D hydrodynam ic 
model. The agreement between these model approaches and observations is 
reasonable, especially for the less complex Hau system. It appears th a t the Mekong 
D elta branches have a small estuary shape num ber, therefore have a large phase lag 
and a dam ped wave. Hence, the Mekong D elta branches are mostly riverine in 
character. For the case of the Scheldt, the agreement between the two model 
approaches and observations is very good. The Scheldt estuary is a m arine estuary 
w ith a large estuary shape num ber, a smaller phase lag and an amplified wave.

Fourthly, an analytical equation has been derived to determ ine the longitudinal 
dispersion coefficient in an estuary, where tidal pum ping due to ebb-flood channel 
residual circulation is the dom inant mixing process. The newly developed equation 
takes into account two im portant factors of the residual circulation, i.e. the tidal 
pum ping efficiency and the ebb-flood loop length. Mixing caused by gravitational 
effects associated w ith m arked stratification is not addressed by the equation; this 
can be obtained by the m ethod of H arlem an and Thatcher. A 3D hydrodynam ic 
model in DELFT3D has been employed to generate a solution of the circulation 
p a tte rn  for the W estern Scheldt estuary in the Netherlands. This solution has been 
subsequently decomposed to isolate the influence of different hydrodynam ic processes 
on mixing. The analytical equation then  has been com pared w ith the results from the 
3D model th a t represented tidal pum ping, and reasonable agreement has been found. 
Comparison has also been made between the 3D model, the analytical equation, and 
a steady-state salt intrusion model. Finally, observed da ta  from the W estern Scheldt 
estuary and the Pungue have been employed to validate the calculated dispersion 
values. The good perform ance of the newly developed equation in comparison w ith 
the existing models as well as w ith observations indicates th a t the equation is indeed 
applicable in practice. The new equation provides an opportunity  to evaluate the 
large-scale mixing mechanism caused by the ebb-flood channel residual circulation, 
which is not feasible to analyse from field observations.



Summ ary xi

The study has successfully developed a predictive analytical approach for analysing 
salt intrusion and mixing in multi-channel estuaries. The new approach compares well 
w ith hydrodynam ic models and observations, indicating its applicability in practice. 
Most im portantly, the study has developed a new equation to quantify tidal pum ping 
due to ebb-flood channel residual circulation in term s of a longitudinal salt 
dispersion. Recommendations have been m ade to further apply the predictive 
approach to other multi-channel estuaries. The unique tidal wave characteristics in 
multi-channel estuaries should be further investigated.
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C hapter 1

In t r o d u c t io n

1.1 I n t r o d u c t i o n

Estuaries have always been im portant to mankind. An estuary is bo th  a source of 
food and a transport link between a river and a sea. Almost every large estuary in 
the world is the site of a m ajor city, especially for port and transport development. In 
estuaries, freshwater collected over vast regions of the land pours into a sea or an 
ocean, which sends salt w ater upstream  far beyond the river mouth. Vigorous mixing 
between the two fluids creates a unique environment, w ith large potential for life 
forms able to handle the associated large variability in environm ental conditions.

An estuary has characteristics of bo th  a river and a sea. The sea and the river 
exchange their water, substances and sediments. The estuary is, therefore, a unique 
environm ent th a t is mainly influenced by tidal movements of the sea and freshwater 
discharge of the river.

Tides propagating in an estuary are generally a m ixture of progressive waves and 
standing waves. Tides carry salinity and other substances (e.g. nutrient, sediment, 
etc.) in and out of the estuary as well as mix them  over the entire estuary. Saline 
w ater can intrude inland due to the difference in density between the freshwater and 
the seawater and due to tidal movement. The salinity intrusion itself can reach a 
great distance from the coastline, especially when the river flow is small. It affects 
every water-use activity in the estuary, e.g. domestic, agricultural, industrial and 
other uses; therefore it may damage the interests of people of very large areas in the 
estuary. Thus, prediction of salinity intrusion in estuaries has received a lot of 
a tten tion  by researchers.

Mixing mechanisms in estuaries are quite complex and they depend much on the 
estuarine characteristics. In a single-branch stratified estuary, mixing by gravitational 
circulation can play a dom inant role, but in another single-branch well-mixed estuary, 
tidal pum ping can be the most im portant mixing mechanism. In multi-channel 
estuaries, the same thing happens, but in a more complex way due to the complicated 
topography. Hence it is a challenge to analyse mixing mechanisms and salt intrusion 
in multi-channel estuaries.



2 Introduction

1.2 M a in  s t u d y  a r e a s

1.2.1 Mekong Delta

The Mekong river is the longest river in South Asia and the twelfth longest in the 
world. The Mekong river basin covers a catchm ent of approxim ately 795,000 km 2. As 
the economy of this region has developed at a high growth rate  in recent years, the 
Mekong river basin faces complicated problems not only in w ater quantity  and 
quality, bu t also in ways of usage. The issue of sustainable development and 
m anagem ent of the basin to  meet not only the economic needs but also the social, 
cultural and environm ental needs has become one of the top priorities (Cogels, 2005; 
and Trinh and Nguyen, 2005).

}/ Mekong RiverÄ /v tr]

EAST SEA

Vain Nao D ong Thap 
A n G ia n g  CapLmli■pu..,
I ijong - - OTr

Bac LieuAfinh H at

South China Sea

C a M au cape
50 km

Gulf o f Thailand

Plinom  Penh

Bassac

CAMBODIA

Chau

Figure 1.1 Map of the Mekong Delta

Originating from China, the Mekong river and its tribu taries drain regions in six 
countries: China, Burm a, Laos, Thailand, Cam bodia and Vietnam . The southern part 
of the Mekong river basin, downstream  of Burm a - Laos - Thailand border, is defined 
as the lower Mekong basin. The Mekong river when it enters V ietnam  splits into two 
branches, the Bassac (known as the Hau river in Vietnam ) and the Mekong (known 
as the Tien river in V ietnam ). These two branches form the Mekong Delta (see Fig.
1.1). The Hau river is the most southern branch of the river system. W hen the Hau 
approaches the sea, it splits into two sub-branches: Tran De and Dinh An. The Tien 
river is the northern  branch of the river system, which separates into two sub­
branches at Vinh Long: Co Chien and My Tho. At a distance of 30 km from the



1.2 M ain study areas 3

South China Sea, the Co Chien river again splits into two smaller branches, Co Chien 
and Cung Hau. In the downstream  part, the My Tho river separates into four 
branches: Tieu, Dai, Ba Lai and Ham Luong (see details in Fig. 3.2, C hapter 3).

Most of the Mekong D elta is situated  w ithin the border of V ietnam , covering 13 
provinces: Long An, Tien Giang, Ben Tre, Dong Thap, Vinh Long, Tra Vinh, An 
Giang, Can Tho, Hau Giang, Soc Trang, Bac Lieu, Ca M au and Kien Giang (see Fig.
1.1). The D elta covers 39,000 km2, harbouring some 15 million people. The D elta’s 
rich resources are of v ital im portance to V ietnam , they account for some 40% of 
agricultural production in the country, including 50% of the rice production (Trinh 
and Nguyen, 2005). Rice and fishery products contribute significantly to export 
earnings and account for about 27% of the Gross Domestic Product.

The hydraulic and hydrological regimes in the Mekong D elta depend on upstream  
discharge, local rainfall and tidal movement of the South China Sea and the W estern 
Sea (Gulf of Thailand). However, during the dry season when the salinity intrusion 
problems prevail, local rainfall plays a very minor role (Le, 2006). Thus, the delta is 
mostly affected by bo th  the river flows and the tidal movements.

The discharge distribution between two branches of the river: the Mekong (i.e. Tien) 
and Bassac (i.e. Hau) at Tan Chau and Chau Doc is unequal. An annual ratio  for 
Tan C hau/C hau  Doc could be roughly estim ated at 83%/17%. The ratio  is lower in 
the flood season (80%/20%) and higher in the dry season (84-86%/16-14%) (Le, 
2006). The Vam Nao channel is a connecting river and it supplies w ater for the Hau 
river. The role of the Vam Nao channel is to balance the water flow between the Hau 
and Tien river and it plays an im portant role in the hydraulic regime of the entire 
Mekong Delta.

The tidal movement at the various estuarine m ouths has an im portant im pact on 
drainage and salinity intrusion. The coastal region from Vung Tau to the Ca Mau 
cape is affected by tide of the South China Sea, whilst the coastal region from the Ca 
M au cape to Ha Tien is affected by the tide of the W estern Sea (Gulf of Thailand). 
Tides in the South China Sea have a mixed diurnal and semi-diurnal character w ith a 
period of 12.25 hours. There are generally two troughs and two peaks during a day, 
bu t their relative height varies over a fortnight. W hen the first trough decreases from 
day to day, the other trough increases, and vice versa. The tidal range is relatively 
high, about 2.5 - 3.5 m depending on the location (Le, 2006; and Tang, 2002). In 
general, the tide in the South China Sea varies daily, seasonally as well as yearly. 
Beside these periods, multi-year variations also take place, bu t the differences are 
small and can be ignored.

Exchange between the Mekong river and the sea causes a num ber of problems, 
especially in salinity and sedim entation. Before 1980, every year in the dry season, 
agricultural areas in the Mekong D elta were affected by salinity, am ounting to 1.7 -
2.1 million ha out of 3.5 million ha in to ta l (MRC, 2004). In the 1980’s and 1990’s, a 
num ber of projects for salinity control were implemented. They can be listed as: Go 
Cong (to protect 26,000 ha of agricultural areas from salinity), Tiep N hat (11,000 
ha), South Mang T hit (293,000 ha), Q uan Lo -  Phung Hiep (290,000 ha), W estern 
Sea coast (50,700 ha) etc. Nowadays, salinity affects only 800,000 -  900,000 ha every 
year. However, fresh w ater intakes in the Mekong branches are usually affected by
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salt-w ater intrusion. Every year, these intakes have to be closed for quite long periods 
(from some weeks to one or two months) to prevent salinity intrusion (Nguyen and 
Nguyen, 1999).

On the other hand, w ith the new strategies for economic development in the Mekong 
D elta in Viet Nani and w ith the principles for diversity of economic activities, areas 
reserved for aquaculture and shrimps in saline and brackish w ater are increasing not 
only in the lion-protected areas bu t also in the protected areas. The dem and area for 
aquaculture and shrimps is more than  300,000 lia (Tang, 2002). The need for 
coordinating and controlling the saline w ater for aqua-cultural purposes and fresh 
water for agricultural purposes is very urgent.

1.2.2 Scheldt estuary

The Scheldt river has its origin in France bu t its basin is mainly located in Belgium 
and the Netherlands, draining about 21,580 km2 of land in one of the most densely 
populated (10.5 million people) and highly industrialized regions of Europe. The to ta l 
length of the Scheldt river, including bo th  its estuary and upper river, is 355 km. The 
m ajor tributaries of the estuary are the Rupel, D unne (both w ith tidal-influence) and 
the Dender (closed-off and hence lion-tidal) (see Fig. 1.2).

NORTH SEA

Vlissingen  ̂ Y
10 km

} "'TV
NETHERLANDS /

.ntwerpen

BELGIUM'
J Ê

. Dur m e .

Dender

Figure 1.2 Map of the Scheldt estuary

The W estern Scheldt is the downstream  part of the Scheldt estuary, located in the 
southwestern part of the Netherlands. The Scheldt estuary has a length of 200 km 
and stretches up to Gent in Belgium, where the estuary  is closed by sluices (van Eck, 
1999). It has a pronounced funnel-shape geometry and covers an area of about 370
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km 2. Its cross-sectional area and w idth decreases exponentially from the estuary 
m outh at Vlissingen to the estuary head near Gent. The estuary can be characterized 
as a multi-channel estuary w ith a regular system of ebb and flood channels (Van Veen 
et al., 2005).

The m ain functions of the Scheldt estuary are navigation, ecology, recreation and 
fishery. The Scheldt estuary region is bo th  im portant agricultural and industrial area. 
The estuary is used as a m ajor drain for industrial and domestic wastes (Baeyens et 
al., 1998). A substantial part of these is still not trea ted  in a wastewater treatm ent 
plant, resulting in poor w ater quality in some parts of the estuary (Verlaan, 1998).

The hydraulic and hydrological regimes in the Scheldt estuary depend on upstream  
discharge, local rainfall and tidal movement of the N orth Sea. Tides in the Scheldt 
can be regarded as semi-diurnal meso-tide to macro-tide. The spring tidal range 
increases from about 3.8 m at Vlissingen (at the m outh) to 5 m at Antwerpen (78 km 
upstream ) and decreases till Gent. The annually average river discharge is about 120 
m3/s , which is generally very small in comparison to the tidal flows. However, 
variations from year to year can be large, ranging between 50 and 200 m3/s  (K ruijper 
et al., 2004).

Due to the increasing hum an activities, demands on improving the conditions of the 
Scheldt estuary have been raised (van Maldegem, 1993; Arends and W interwerp, 
2001). It is worthwhile to investigate the mixing mechanism for moving pollutants 
and transporting  sediments and salinity in the Scheldt estuary in order to have a 
b e tte r understanding of the system.

1.3 R e s e a r c h  c h a l l e n g e s  a n d  o b j e c t i v e s  o f  t h e  s t u d y

Firstly, it is a m ajor challenge to predict the salt intrusion regime in multi-channel 
estuaries, such as the Mekong D elta in V ietnam , in order to adequately manage 
salinity. For a 1-D predictive model, one needs adequate hydraulic param eters and a 
predictive theory on mixing processes as a function of the river discharge and tidal 
regime. In particular, the dispersion coefficient should be predictable. To date, a 
model has not yet been developed to cope w ith salinity intrusion in multi-channel 
estuaries such as the Mekong Delta. Moreover, existing tools th a t may be used to 
com pute salinity intrusion are not predictive since they require calibration of the 
dispersion coefficients.

Secondly, it is obvious th a t tides and fresh w ater discharge affect the salinity regime 
in estuaries. Reversely, the salinity regime reflects how the freshwater discharge 
distributes over the entire system. In the Mekong Delta, it is a challenging task  to 
estim ate how the discharge freshwater d istributes over the branches of the m ulti­
channel estuary and hence to see if it is possible to use salinity da ta  to make such an 
estimation.

Thirdly, tides propagating in an estuary are a m ixture of progressive and standing 
waves, which experience feedbacks from topography and friction. It is interesting to
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analyse the tidal wave characteristics in multi-channel estuaries and to see how the 
multi-channel topography affects the tidal movements.

Finally, the interaction between tides, freshwater and topography causes mixing in 
alluvial estuaries. Especially for multi-channel estuaries having characteristics of a 
distinct ebb-flood channel system, such as the Scheldt and the Pungue in 
Mozambique, large-scale residual ebb-flood channel circulation is an im portant 
mechanism for moving pollu tants and transporting  salinity upstream  against a mean 
discharge of fresh water, for which no adequate theory exists as yet.

In view of these challenges, the objectives of this study are:

(i) To investigate and to develop a predictive steady state  salt intrusion
model for a multi-channel estuary.

(ii) To develop a new m ethod for estim ating the distribution of freshwater
discharge over the branches of a multi-channel estuary.

(iii) To analyse characteristics of tidal waves in m ulti channel estuaries.

(iv) To develop a theory analysing effects of tidal pum ping caused by
residual ebb-flood channel circulation on salinity d istribution in m ulti­
channel estuaries and to propose a new analytical equation to quantify 
the 1-D effective salt dispersion coefficient for the tidal pum ping 
mechanism.

1.4 R e s e a r c h  a p p r o a c h  a n d  o u t l in e  o f  t h e  t h e s is

This study approaches its objectives via several steps. Firstly, a literature study is 
carried out. It provides an overview on estuaries, tides, mixing and salinity intrusion. 
The existing inform ation reveals th a t there are not many studies done for m ulti­
channel estuaries. Secondly, through an extensive quest for the Mekong D elta data, it 
appears th a t the observations on salinity are only available for few fixed stations 
spreading over the delta. Taking into account the complexity of the system, it is not 
possible to develop a predictive steady state  salt intrusion model for the Mekong 
delta on the basis of the existing data. Therefore field campaigns have to be carried 
out on salinity measurem ents, preferably using the moving boat m ethods to obtain 
simultaneous longitudinal salinity distributions. Thirdly, similar to the salinity data, 
observations on discharge and water level are not sufficient due to a very small 
number of stations. W ith  the respect to the discharge, there are only five upstream  
discharge stations, however, there is no station  in the downstream  -  saline parts  of 
the delta. Due to the lack of necessary observations, it is very difficult to get an 
estim ation on how the discharge distributes over the branches of the delta. This 
estim ation can be obtained on the basis of results from a predictive analytical salinity 
model, and it is essential to check the results w ith a hydrodynam ic model in order to 
indicate the applicability of the analytical solutions. Fourthly, in order to obtain  a 
good view on tidal wave propagation in multi-channel estuaries, one needs detailed 
spatial and tem poral observations. It is mentioned earlier th a t sufficient da ta  is not 
available in the Mekong delta. The Scheldt estuary has a be tte r da ta  set due to the
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dense station  network; however, it is still not good enough to explore the 
longitudinally tidal characteristics of the system. Thus, use has been m ade of well- 
calibrated 1-D hydrodynam ic models and analytical equations for analysing the two 
systems. Finally, for ebb-flood channel estuaries such as the Scheldt estuary, using 
observations to investigate large-scale mixing mechanisms such as tidal pum ping is 
not possible. The reason is th a t it requires a huge set of spatial and tem poral 
observations over the entire system  and in reality it is not feasible to get such a 
dataset. Therefore, a good 3-D hydrodynam ic model has been used as a “virtual 
laboratory” to generate sufficient da ta  for investigating mixing mechanisms.

The thesis can broadly be divided into three parts: Introduction and Overview 
(chapters 1 and 2); Research results (Chapters 3, 4, 5 and 6); and Discussions and 
Conclusions (C hapter 7).

C hapter 1 presents a brief introduction on estuaries, tides, mixing and salinity 
intrusion in alluvial estuaries. It also gives general inform ation of the m ain studied 
multi-channel estuaries, i.e. the Mekong D elta in V ietnam  and the Scheldt estuary in 
the Netherlands. It raises the research challenges and defines the objectives of the 
study. C hapter 2 provides an overview on tides, mixing and the salinity intrusion 
phenomenon. The overview is essential before proceeding into further studies. Firstly, 
the classification of estuaries is summ arized to get a good view on general 
characteristics of estuaries and to see how the study areas are. Secondly, mixing 
mechanisms, which drive saltwater intrusion further inland, are listed. Tools and 
m athem atical models to investigate and simulate mixing and salinity intrusion 
mechanisms are presented as well as briefly assessed. Particularly, a tten tion  is paid to 
steady sta te  salt intrusion models and mixing caused by residual circulations. Finally, 
tidal wave characteristics are introduced together w ith analytical tools to investigate 
the characteristics.

C hapter 3 shows the development of the new 1-D predictive analytical model for 
multi-channel estuaries. The model is applied to the case of the Mekong D elta for 
1998, 1999 and 2005. C hapter 4 presents the new m ethod to estim ate the freshwater 
discharge distribution in multi-channel estuaries, based on the newly developed 1-D 
predictive analytical model for multi-channel estuaries. The 2005 and 2006 da ta  of 
the Mekong D elta are used to validate the new method. Results of the new m ethod 
are com pared to the results of a hydrodynam ic model (MIKE11) of the Mekong D elta 
as well as results of several previous studies. C hapter 5 investigates tidal wave 
characteristics in multi-channel estuaries. Making use of observations, a set of 
analytical equations and hydrodynam ic models (i.e. MIKE11 and SOBEK-RE), the 
characteristics of tidal waves in the Mekong D elta and the Scheldt estuary are 
explored and several interesting conclusions are drawn. C hapter 6 presents the 
development of the new theory on the mixing phenomenon in multi-channel estuaries 
caused by large-scale residual ebb-flood channel circulation. One conceptual model 
and one new analytical equation to determ ine the effective dispersion coefficient are 
proposed. The results of the newly developed equation are confronted w ith the case of 
the Scheldt estuary using the m athem atical model DELFT3D and observations.

C hapter 7 presents the recom m endations and conclusions of the study. 
Recommendations are m ade for further considerations on application of the predictive
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salt intrusion model, the m ethod determ ining the freshwater discharge distribution 
and the analytical equation com puting dispersion coefficient to other systems in the 
world. Conclusions are given to rem ark th a t the study has fulfilled its objectives by 
developing several new m ethods for estim ating salinity intrusion, freshwater discharge 
and mixing dispersion in multi-channel estuaries.



C hapter 2

Salt  in t r u sio n , M ix in g  a n d  T id e s  in  E st u a r ie s

2.1 In t r o d u c t io n

In this chapter, we present an overview on classification of estuaries, mixing, salinity 
intrusion mechanisms and tidal wave characteristics in estuaries. The information 
provided is essential for studying and analysing mixing, salt intrusion and tides in 
alluvial estuaries.

Firstly, in Section 2.2, the classification schemes of estuaries are summarized to obtain  a 
perspective on general characteristics of estuaries and to see how the study areas fit in 
these schemes. Secondly, the different mixing mechanisms th a t drive salt-water intrusion 
are listed in Section 2.3. Tools and m athem atical models to investigate and simulate 
mixing and salinity intrusion mechanisms are presented as well as briefly assessed. 
Particular a tten tion  is paid to steady sta te  salt intrusion models and mixing caused by 
residual circulation. Subsequently, in Section 2.5, tidal wave characteristics are 
introduced together w ith analytical tools to investigate these characteristics. Finally, 
conclusions for the literature overview are m ade in Section 2.6.

2.2  C l a s s if ic a t io n  o f  e s t u a r ie s

In this section, an introduction on classification of estuaries is presented. Estuaries have 
been long studied and classified based on their oceanographic, geomorphology, estuarine 
stratification or tidal characteristics. A lthough a num ber of excellent reviews have been 
well docum ented (Fischer et al., 1979; Dyer, 1997; or Savenije, 2005), it is worthwhile to 
mention some m ain classification schemes of estuaries herein, since it is im portant to 
understand general characteristics of estuaries in order to proceed into further studies 
and analyses for mixing mechanisms, tidal wave characteristics and salinity intrusion of 
the m ain study areas, i.e. the Mekong D elta in V ietnam  and the Scheldt estuary in the 
Netherlands.
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Estuaries have characteristics of bo th  a river and a sea; and certainly an estuary is a 
transition  zone between the river and the sea. Savenije (2005, p. 3) showed a clear 
linkage between an estuary, a river and a sea (see Table 2.1).

Table 2.1 Characteristics of a sea, an estuary and a river (based on Savenije, 2005)

Sea Estuary River

Shape Basin Funnel Prismatic
Main hydraulic 
function

Storage Storage and transport Transport of water 
and sediments

Flow direction No dominant 
direction

Dual direction Single downstream 
direction

Bottom slope No slope Very small or virtually no 
slope

Downward slope

Salinity Saline Brackish Fresh
Wave type Standing Mixed Progressive
Ecosystem Nutrient poor, High biomass productivity, Nutrient rich,

marine high biodiversity riverine

Table 2.2 Oceanographic classification of estuaries (after Pritchard, 1967)

Estuarine 
type U

Dominant 
mixing force

Mixing
energy

W idth/depth
ratio Salinity gradient Mixing 

index U)

A River flow Low Low Longitudinal vertical > =  1
B River flow, 

tide
Moderate Moderate Longitudinal vertical, 

Lateral
< 1/10

C Tide, wind High High Longitudinal
Lateral

< 1/20

D Tide, wind Very high Very high Longitudinal -

( Continued)
Estuarine 

type U Turbidity Bottom
stability

Biological „  ., ,. ., Example productivity

A Very high Poor Low Mississippi river (US)

B Moderate Good Very high James and Mersey :river (UK)

C High Fair High Delaware Bay (US)

D High Poor Moderate -
(Source: Biggs and Cronin, 1981).

G : Following Pritchard’s advection-diffusion classification scheme (Pritchard, 1955). 
Following Schubel’s definition: IM= (QfT)/(2Pt).

In the following sub-sections, firstly, we shall introduce several m ain classification 
schemes of estuaries. They include: oceanographic classification, geomorphology 
classification, tidal classification, stratification classification, classification by salinity
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curve type and classification of estuaries based on a com bination of estuarine 
characteristics. Finally, multi-channel estuaries will be introduced and classified based on 
the existing classifications.

2.2.1 Oceanographic classification

Cam eron and P ritchard  (1963) sta ted  that: “ A n estuary is a semi-enclosed coastal body 
of water which has a free connexion with the open sea and within which sea water is 
measurably diluted with fresh water from  land drainage”. Table 2.2 presents the general 
characteristics of estuaries as classified by P ritchard  (1967).

2.2.2 Classification by tides

There are two common classifications for estuaries based on tidal characteristics. The 
first classification is based on the tidal range values and the second one is based on the 
tidal wave propagation characteristics.

Classification by tidal range

The tidal range and freshwater discharge control the type of mixing, circulation and 
salinity distribution. The tidal range can roughly be used to indicate the type of 
estuaries. Hayes (1975), who followed the classification proposed by Davies (1964), stated  
th a t “The tidal range has the broadest effect in determining large-scale differences in 
morphology of sand accumulation” and th a t “a classification o f estuaries could best be 
based on the tidal range”. Table 2.3 presents classification based on the tidal range. 
However, it does not seem to be a good definition, especially for m icro-tidal estuaries, 
since we can find a num ber of estuaries having a tidal range smaller than  two meters but 
being partially-m ixed or well-mixed (e.g. Limpopo or Gambia).

Classification by tidal wave propagation

The interaction between the tidal wave and the topography of an estuary causes 
variations in the range of the tide and the strength  of the tidal currents. By means of the 
spatial development of the tidal range, Nichols and Biggs (1985) divided estuaries into 
hypersynchronous (amplified then dam ped tidal range), synchronous (un-dam ped), and 
hyposynchronous (dam ped) estuaries. Dyer (1995) indicated tha t in an ideal estuary, the 
am ount of energy lost by friction is balanced by the am ount of energy th a t is gained by 
the converging of the riverbanks. This causes the tidal range to be constant along the 
estuary axis. In an amplified estuary, the tidal range increases in the upstream  direction. 
It is obvious th a t this process can not continue indefinitely, at some points the friction 
becomes dominant which leads to a reduction of the tidal amplification and subsequently 
to tidal damping. In a dam ped estuary, the friction is larger than  the converging of the 
riverbanks and this leads to a decrease of the tidal range in the upstream  direction. 
Table 2.4 shows the classification based on the tidal wave propagation characteristics. 
However, it is noted th a t the word of “synchronous” (i.e. occurring or existing at the
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same time) seems not to be the right term  to define the characteristics of the tidal range. 
Therefore, in this thesis, we shall use three terms: amplified, un-dam ped (ideal) and 
dam ped estuaries instead of hypersynchronous, synchronous and hyposynchronous 
estuaries.

Table 2.3 Tidal range classification of estuaries (after Hayes, 1975)

Name Tidal range (m) Characteristic Example

Micro-tidal < 2 Mostly highly Tampa Bay, Apalachicola Bay,
estuaries stratified during 

high flows
Mississippi (USA), Limfjord, 
Isefjord (Denmark)

Meso-tidal 2 - 4 Mostly mixed to Mae Klong (Thailand), Mekong
estuaries partially mixed (Vietnam), Lalang (Indonesia), 

Columbia (USA)
Macro-tidal 4 - 6 Generally well Thames, Mersey, Tees (UK),
estuaries mixed Scheldt (Netherlands), Delaware 

(USA), Pungue (Mozambique)
Hyper-tidal > 6 Generally well Seine, Somme (France), Severn
estuaries mixed (UK), Bay of Fundy (Canada)

Table 2.4 Tidal wave propagation classification of estuaries (after Dyer, 1995)

Name Characteristic Reason Example

Amplified
(Hypersynchronous)
estuaries

Tidal range 
increases toward the 
head until the 
riverine section

Convergence 
> friction

Scheldt (Netherlands), Seine 
estuary (France), Humber, 
Thames (UK)

Ideal
(Synchronous)
estuaries

Tidal range is 
almost constant 
until the riverine 
section

Convergence 
=  friction

Elbe (Germany), Delaware 
(UK), Limpopo, Maputo 
(Mozambique), Gambia

Damped
( Hy p osy nchr onous ) 
estuaries

Tidal range 
decreases toward 
the estuary head

Convergence 
< friction

Mekong (Vietnam), 
R otterdam  Waterway 
(Netherlands), Incomati, 
Pungue (Mozambique)

2.2.3 Geomorphology classification

A lthough m any estuarine scientists have used P ritch ard ’s definition, studies in the tidal 
freshwater regions of estuaries have suggested th a t the definition of Fairbridge (1980) is 
also applicable. Fairbridge (1980) sta ted  that: “A n estuary is an inlet o f the sea reaching 
into a river valley as fa r  as the upper lim it o f tidal rise, usually being divisible into three 
sectors: a) a marine or lower estuary, in free connections with the open sea; b) a middle 
estuary subject to strong salt and freshwater mixing; and c) an upper or fluvial estuary, 
characterized by freshwater but subject to strong tidal action. The limits between these
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sectors are variable and subject to constant changes in the river discharges ” . Fairbridge 
proposed estuary classification in seven types (See Table 2.5). The slightly different 
classification based on geomorphology characteristics can be found in Dyer (1997), 
namely “Classification by topography” ; and Savenije (2005), namely “Classification 
based on geology” .

Table 2.5 Geomorphology classification of estuaries (after Fairbridge, 1980)

Type Name Remarks Example

1
la Fjord High relief - Shallow sill, 

constriction in the inlet
Sogne Fjord (Norway), Milford 
Sound (New Zealand)

lb Fjard Low relief -  Emerged 
strandlines

Solway F irth  
(England/Scotland)

2 Ria Drowned meanders in the 
estuary middle sections.

Kingsbridge estuary (UK), Ria 
de Ribadeo (Portugal), Swan 
river (Australia)

3 Coastal Plain type -  
funnel shape

Sea dominant estuary Chesapeake Bay (USA), 
Scheldt (Netherlands), Pungue 
(Mozambique)

4 Bar-built estuary -  
flask shape

Split bar along coastal 
line

Vellar estuary (India), Roanoke 
river (USA)

5 Blind estuary Ephemeral bar at inlet. 
Stagnation in dry season.

Balcombe Creek (Australia), 
Thuan An Inlet (Vietnam)

6 Delta-front estuary River dominated estuary Mekong (Vietnam), Nile 
(Egypt), Mississippi (USA)

7 Tectonic estuary -  
compound type

Ria (high relief) type at 
the inlet, Lagoon (low 
relief) type landward.

San Francisco Bay (USA)

2.2.4 Estuarine stratification classification

Pritchard  (1955), Cam eron and P ritchard  (1963), and later Dyer (1973, 1997) classified 
estuaries by their stratification and the characteristics of their salinity distributions. This 
probably is the most common classification for estuaries due to its physical appeal. The 
advantages of this classification type are to have a be tte r understanding of how the 
circulation of w ater in the estuaries is m aintained and to get quantification, which should 
enhance and assist prediction. Four main estuarine types are defined: (i) highly stratified 
or salt wedge estuaries; (ii) fjords; (iii) partially  mixed estuaries; and (iv) well-mixed 
estuaries (see Table 2.6).

Two points should be emphasised that: (i) a given estuary can be well mixed during the 
dry period but be partially  mixed during high discharge periods; and (ii) a given estuary 
can consist of several classes, for example it can be well mixed in the lower p art and 
partially  mixed in the upper part.
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Table 2.6 Stratification classification of estuaries (after Dyer, 1997)

Name Characteristic Example

Highly stratified or 
salt wedge estuaries

Fjords

Partially mixed 
estuaries
Well-mixed
estuaries.

Two layers: Upper fresh layer 
and lower saline layer

Two layers: Fresh upper- 
intermediate layer and saline 
deep lower layer
Horizontal and vertical 
gradually varying density
Vertical constant density

Mississippi and Vellar estuary 
(USA), Mekong (Vietnam -  in flood 
season)
Silver Bay (USA), Alberni inlet 
(British Columbia)

Rotterdam  Waterway (Netherlands), 
Columbia (USA), Mersey (UK)
Mekong (Vietnam -  in dry season), 
Scheldt (Netherlands), Pungue, 
Incomati, Limpopo (Mozambique), 
Elbe (Germany)

Quantitative estuary numbers

In the above classifications of estuaries, it can be seen th a t tide and river discharge are 
the two dom inant drivers for an estuary. E stuary  stratification is caused by the density 
difference between seawater and fresh river water. Kinetic energy supplied by tidal flow 
reduces the stratification and potential energy supplied by the river discharge enhances 
stratification. Besides the qualitative classification of estuaries based on their 
stratification, a num ber of authors quantitatively classified estuaries on stratification by 
means of dimensionless numbers, such as Volumetric ratio  N, Estuarine Richardson 
number NR and Estuary  num ber ED. Table 2.7 gives a comparison on these three 
stratification param eters.

The volumetric ratio  N, which was introduced by Simmons (1955) and was in fact the 
Canter-Crem ers number, is a ratio  between the volume of fresh river discharge coming 
down the estuary per tidal cycle and the flood volume.

QfT u f
N  = -V— = n - L  (2.1)

Pt »
oT  u f

According to Savenije (1992a): Pt = EA and E  = ----  and hence, N  = n —
7t V

where Qf (L3T _1) is the river flow rate , T  (T) is the tidal period, P t (L3) is the tidal 
prism. uf (LT_1) is the river flow velocity, v  (LT_1) is the tidal am plitude and E  (L) is the 
tidal excursion, which is the distance th a t a w ater particle travels between slacks.

Fischer (1979) proposed the “Estuarine Richardson num ber” (i.e. NR):

N  _ Ap  gQf _ Ap  gh0uf _ N  ^  ^
p  B o  p  u ttF1D

where B  (L) is the estuarine channel w idth, h0 (L) is the depth  at the estuary m outh. Ap  
(M T-3) is the density difference between seawater and river water, p  (M T-3) is the density
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of fresh water, g (LT-2) is the acceleration due to gravity and FD (-) is the estuarine
l í  5

densim etric Froude number: FD = v Ap
— gh0

V P )
Thatcher and Harlem an (1981) introduced the “Estuary  num ber” ED:

E d =  = N - lFD or E d = — —  (2.3)
7T Apgh0uf ttN r

Table 2.7 Classification of estuaries based on stratification parameters 

Type of estuaries N  NR ED

Highly stratified (salt wedge) N  > 1 NR > 0.8 ED < 0.2

Partly mixed 0.1< N  < 1 0.08 < NR < 0.8 0.2 < ED < 8.0

Well mixed IV < 0.1 NR < 0.08 ED > 8.0

2.2.5 Classification by salt intrusion curve shape

For partially mixed and well-mixed estuaries, the classification of Savenije (2005) shows a 
relation between shape of the salt intrusion curve, geometric shape of an estuary and the 
hydrology. Accordingly, the following types are distinguished (see Table 2.8 and Fig. 2.1):

(i) Positive estuaries: Recession, Bell and Dome curve shape
(ii) Negative estuaries: Hum pback curve shape

Table 2.8 Classification of partially mixed and well-mixed estuaries by salt intrusion curves (after 
Savenije, 2005)

Type of 
estuaries

Type of 
curves Name Topography Example

1 Recession
shape

Straight and narrow, near 
prismatic estuaries

Limpopo, Incomati 
(Mozambique), Mekong 
(Vietnam)

Positive
2 Bell shape Narrow upstream but 

strongly funnel-shaped near 
the mouth.

Pungue (Mozambique), 
Mae Klong (Thailand),
Elbe (Germany)

3 Dome
shape

Wide channels with a 
pronounced funnel shape

Delaware (USA), 
Thames (UK), Scheldt 
(Netherlands)

Negative
4 Humpback Estuaries with rainfall deficit Casamance (West

shape or an evaporation excess Africa), Laguna Madre 
(USA)
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Type 4

1.0

Type 3
Type 2

Type 1

0.0 0.5 1.0æ/ L

Figure 2.1 Four types of salt intrusion curves (after Savenije, 2005), in which L is the salt 
intrusion length, x is the distance from the mouth, S0 is the salinity at the mouth and S  is the 
salinity corresponding with the distance x.

2.2.6 Classification of estuaries based a combination of estuarine characteristics

Besides these classifications, there are other types of classification schemes, for example 
classifications based on the stratification-circulation diagram  (Hansen and R attray, 
1966), morphology (Dalrymple et al., 1992) or river influence (Savenije, 2005). It can be 
seen th a t there are m any ways to classify estuaries on the basis of their diverse and 
abundant characteristics. Each classification m ethod is based on one single characteristic 
or at best, two characteristics of estuaries, w ith an exceptional case of Cam eron and 
P ritchard , 1963. However, this classification mainly follows the mixing p a tte rn  of 
estuaries.

The question arises whether or not there is an implicit link between those m entioned 
characteristics, i.e. oceanographic, geomorphology, tidal, stratification characteristics? 
Savenije (2005) summ arized a combined overview of different estuary types based on 
their m ain characteristics related to tide, river influence, geology, salinity and 
stratification (See Table 2.9).

2.2.7 Multi-channel estuaries

How can multi-channel estuaries be classified? A multi-channel estuary, as its name says, 
has at least two branches. Each branch of the estuary has full hydraulic functions as a
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single estuarine branch and im portantly, each branch interacts w ith another 
neighbouring branch.

A num ber of delta-front estuaries in the “Geomorphology classification” are m ulti­
channel: Mekong D elta (V ietnam ), Ganges D elta (Bangladesh), Mississippi D elta (USA) 
and Yangtze D elta (China), ju st to name a few. In this kind of multi-channel estuaries, 
each branch is separated by means of an island, of which we have to take the definition 
loosely, and each branch can interact w ith another through junctions (nose and /o r toe of 
the island).

Another kind of multi-channel estuaries can be found in the W estern Scheldt in the 
N etherlands, Pungue (Mozambique), Tham es (UK), Columbia (USA) and several 
estuaries in the Chesapeake Bay (USA). They appear to have a distinct ebb-flood 
channel system. The ebb and flood channels highly interact through crossover points and 
small connecting channels. They appear to be in a coastal plain type w ith a funnel shape 
in the “Geomorphology classification” . The wide funnel shape is an im portant factor to 
allow the full development of the ebb and flood channels.

The two m ain study areas of this thesis, i.e. the Mekong D elta and the Scheldt estuary, 
are multi-channel estuaries. Looking at Table 2.9, the Mekong D elta corresponds w ith 
the estuarine type num ber 5 and the Scheldt estuary can be classified in the estuarine 
type num ber 4. The classification of the study areas is im portant in order to understand 
the characteristics of the two systems before carrying out further studies.

Table 2.9 Classification of estuaries based a combination of estuarine characteristics (after 
Savenije, 2005)

Type Shape Tidal wave 
type

River
influence Geology Salinity

Estuarine
Richardson
number

1 Bay Standing No river Compound Sea salinity Zero
wave discharge type

2 Ria Mixed wave Small river Drowned High salinity, Small
discharge drainage often

system hypersaline
3 Fjord Mixed wave Modest Drowned Partially High

river glacier mixed to
discharge valley stratified

4 Funnel Mixed wave; Seasonal Alluvial in Well-mixed Low
large tidal river coastal
range discharge plain

5 Delta Mixed wave; Seasonal Alluvial in Partially Medium
small/large river coastal mixed to
tidal range discharge plain well-mixed

6 Infinite Progressive Seasonal Man-made Partially High
prismatic wave river mixed to
channel discharge stratified
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2.3  M ix in g  in  e s t u a r ie s

A lthough estuaries are diversified due to their unique characteristics, it can be clearly 
seen in Section 2.2 th a t the two dom inant drivers of an estuary are its tide and river 
discharge. Moreover, the shape of an estuary certainly defines its own characteristics. 
The interaction between tide, river discharge (and wind to some extent) and topography 
causes mixing. Mixing in estuaries is the m ain reason why a sea and a river can exchange 
their water, substances and sediments.

Fischer at al. (1979) sta ted  th a t mixing in estuaries results from a com bination of small- 
scale turbulent diffusion and a larger scale variation of the advective mean velocity field. 
A lthough mixing in estuaries is much more complex than  th a t in rivers, it can be 
considered to be a similar physical process, where the main role of diffusion is to transfer 
mass and m om entum  between stream  lines, and the longitudinal dispersion comes about 
mainly because the flow along different stream  lines is going at different velocities.

Some term s defined by Fischer at al. (1979) are used throughout this thesis:

• “Advection” represents transport by an imposed current system, as in a river or 
coastal water.

• “Dispersion” is the phenomenon th a t particles or a cloud of contam inants are 
scattered by the combined effects of shear and transverse diffusion.

• “Molecular diffusion” is the phenomenon th a t represents the scattering of 
particles by random  molecular motions, which may be described by F ick’s law 
and the classical diffusion equation.

• “Turbulent diffusion” is the phenomenon th a t represents the random  scattering of 
particles by turbulent motion, roughly analogous to molecular diffusion, but with 
an “eddy” diffusion coefficient.

• “Mixing”, in general, is dispersion or diffusion as described above.

There are three m ain factors which cause mixing and dispersion in estuaries.

• B y tide: This is probably the most im portant factor. T idal flow is considered as a 
source of kinetic energy. Savenije (2005) identified seven types of mixing due to 
tidal influence (i.e. tide-driven mixing), namely: (i) turbulent mixing at small 
spatial and tem poral scales; (ii) tidal shear between stream lines w ith different 
velocities; (iii) spring-neap tide interaction; (iv) tidal trapping due to trapping of 
w ater on tidal flats and in dead ends; (v) residual currents in the cross section; 
(vi) residual currents over tidal flats and shallows; and (vii) tide-driven mixing 
due to exchange between ebb and flood channels. The sixth and the seventh types 
of mixing can be referred as “tidal pum ping” (Fischer et al., 1979). O ther local 
effects of tide-driven mixing have also been identified, such as mixing due to tidal 
am plitude, tidal excursion and junction (A braham  et al., 1986).

• B y river. The river flow provides potential energy (though buoyancy) th a t drives 
density-driven circulation (or gravitational circulation). River discharges 
determ ine the volume of freshwater in an estuary and the d istribution of the 
salinity (density) field. They will therefore determ ine the m agnitude of the 
salinity gradients along the axis of the estuary.
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• B y wind: W ind stresses can generate currents, which affect mixing and dispersion 
processes. However, w ith long time-scale mixing such as salinity intrusion, wind 
effects play a minor role.

In this thesis, we do not pay further a tten tion  to wind-driven mixing due to its minor 
contribution to salt intrusion, the m ain subject of this study. In the following sections, 
we shall summarize mixing mechanisms caused by river flow and tides.

2.3.1 Density-driven circulation

The main role of the river flow in mixing is to drive the gravitational circulation in 
estuaries. Generally, the density-driven circulation (or gravitational circulation) is 
accompanied by a vertical stratification of salinity. However, in wide estuaries, horizontal 
(lateral) stratification in general makes the largest contribution to density-driven mixing 
(Fischer et a l,  1979). In the middle p art of estuaries, where the salinity gradient is large, 
the gravitational circulation is supposed to have its largest value. We shall illustrate the 
density-driven circulation by the vertical stratification th a t occurs in an estuary w ith 
constant width.

Savenije (1993b) developed a simplified schém atisation for modelling gravitational 
circulation (see Fig. 2.2). G ravitational circulation in a well-mixed estuary can be 
explained as follows:

z

p + A p

Figure 2.2 Sketch for the gravitational circulation

Considering the unit mass of water, the force per unit mass of w ater F  (MT"2L"2) 
exercised by the w ater pressure is defined as:

F ^ z) = - l â £ É à ± i ± _ Æ  (0.4)
p  dx

where z (L) is the vertical axis.

According to Van Os and A braham  (1990):

(M )
ox I p  ox p \ l  J ox

The th ird  term  is z-dependent. At the w ater surface, where z = zb + h, the th ird  term  is 
equally large as the second term , but of the opposed sign; at the bottom , the th ird  term
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equals the second term. The second term  is independent of z, because dp /dx  is assumed 
not z-dependent in well-mixed estuaries.

Integration over the depth  from zb to zb+h, division by the depth  h yields the depth 
average w ater pressure force per unit mass

F(x) = - s Ê È ± lâ  _ ÉL& . -  JL r* + 2, _ 3  *  (2.6)
ox I p  ox rip ox • y 2 J

The first term  represents the effect of w ater surface slope on the net force acting on a 
unit mass of fluid.

The second term  represents the effect of density differences on the instantaneous depth- 
average tidal flow. This term  may be small compared to the first term , but averaged over 
the tidal period, the second term  is larger, and then the first term  is negligible.

The th ird  term , of which the depth-averaged value is equal to zero, does not change sign 
during the tidal cycle. Therefore, it has a dom inant effect on the variation of the tidally 
averaged flow over the depth. It is referred as the “gravitational circulation” .
Throughout the tidal cycle, from the bo ttom  to m id-depth (0 < z < Vi h), the th ird  term
is positive, w ater is subjected to a landward force; therefore the tidally averaged flow is 
in the landward direction. W hilst, from the m id-depth to the w ater surface (14 h < z < 
h), throughout the tidal cycle, the th ird  term  is negative. Hence, w ater is subjected to a 
seaward force; therefore the tidally averaged flow is in the seaward direction.

Considering the hydrostatic balance in the unit mass of w ater (see Fig. 2.2), the two 
forces F1 and F2 th a t make equilibrium in the horizontal plane over the salt intrusion 
length L  are:

fi = ^ P i9% and ^ 2 = ^ 2 5 ^

Since p 2 = p x + Ap, there can only be equilibrium  if h1>/z2. However, the two forces, 
although equal and opposite, exert a m om entum  tha t drives the gravitational circulation 
w ith an arm  equals to Ah/3.

— A h x —pqh  1 -
M  = -2-------- 2------- = gh2 (2.7)

Ax  12 dx
Equation 2.7 implies th a t the gravitational circulation depends on the longitudinal 
salinity gradient. This agrees w ith the finding of Fischer et al. (1979) th a t for wide 
estuaries, gravitational dispersion is bo th  a function of the w idth and the salinity 
gradient. Van de Kreeke and Zimmerman (1990) obtained a perturbation  solution for the 
diffusive regime in relatively narrow estuaries and concluded th a t the gravitational 
circulation is proportional to the longitudinal salinity gradient and the depth  to the 
power three. M cCarthy (1993) using a 2D vertical model and pertu rbation  analysis 
confirmed th a t density-driven dispersion is weak at the estuary m outh of a wide estuary 
and it is strong further inland as a result of the large salinity gradient. M cCarthy also 
found th a t density-driven dispersion is a function of the salinity gradient.

The above finding is somewhat contrary to results of several studies about the 
gravitational circulation in estuaries. Sm ith (1980) found th a t the density-driven
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dispersion is dom inant in wide estuaries. West and Broyd (1981) confirmed th a t tide- 
driven shear mechanisms dom inated for narrow, shallow estuaries, while the density- 
driven shear mechanisms dom inated in wide estuaries. An explanation for this 
contradiction can be found in Savenije (2005, pp. 114-115). The contradiction can be 
overcome if we distinguish between w idth and convergence. An estuary w ith a short 
convergence length is wide at the m outh. An estuary w ith a long convergence length is 
considered narrow. Strongly converging estuaries are dom inated by tide-driven mixing 
while weakly converging (near constant cross-section) estuaries are dom inated by 
density-driven mixing.

2.3.2 Tide-driven circulation

There are a number of mixing mechanisms caused by tides as indicated earlier. Turbulent 
mixing is in fact the weakest of the mixing mechanisms occurring only at small spatial 
and tem poral scales. Spring-neap tide interaction, residual currents in the cross-section, 
mixing due to tidal am plitude, tidal excursion and junction could be im portant for 
certain estuaries. However, they do not significantly contribute to the steady-state 
longitudinal salt dispersion, which is the main subject of this thesis.

Tidal trapping, which is the concept introduced by Schijf and Schönfeld (1953), is due to 
the phase difference between the m ain estuary branch and a dead-end tidal branch, bay 
or tidal flat. They pointed out how phase lags between the currents in a shallow 
embaym ent and the currents in the adjoining m ain tidal channel can cause additional 
mixing. As the tide enters the estuary, it fills tidal flats and bank irregularities. On the 
ebb tide, the em ptying of these pockets of relatively saline w ater is generally delayed, 
resulting into the longitudinal dispersion of salt. Okubo (1973) gave an analysis to 
investigate the trapping mechanism in estuaries and other embankments. In the Mersey 
(UK), which is an estuary w ith highly irregular topography, it appeared th a t the 
trapping mechanism itself could account for the longitudinal effective dispersion.

Fischer et al. (1979) defined “tidal pum ping” as the energy available in the tide th a t 
drives steady circulations similar to w hat would happen if pum ps and pipes were 
installed to move w ater about in circuits. T idal pum ping is an im portant large-scale 
mixing mechanism for moving pollu tants and transporting  salinity upstream  against a 
mean outflow of fresh water. There are two types of residual circulation th a t cause tidal 
pumping: (i) interaction of the tidal flow w ith a pronounced flood-ebb channel system; 
and (ii) interactions of the tidal flow w ith the irregular bathym etry, which in fact is the 
tidal trapping mechanism defined earlier. Residual ebb-flood channel circulation is an 
im portant large-scale mixing mechanism for moving pollutants and transporting salinity 
upstream  against a mean outflow of fresh w ater as shown in the Scheldt estuary (Van 
Veen, 1950; Van Veen et al., 2005; Jeuken, 2000; and Savenije, 2005). A braham  et al. 
(1975) also noted that: “ The contribution of transverse variations is certainly significant 
in wide estuaries having ebb channels different from flood channels, and tidal flats".

We shall introduce some approaches to investigate and to quantify the tide-driven 
mechanism. They can be grouped as “Decomposition m ethod” and “O ther m ethods” in 
the following sub-sections.
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Decomposition method

A vast num ber of authors have tried to quantify the tidal pum ping mechanisms 
(Bowden, 1963; Hansen, 1965; Fischer, 1972; Lewis, 1979; Uncles and Jordan, 1979; 
Uncles et a l,  1985; Pino Q et al., 1994; or Sylaios and Boxall, 1998). They mainly 
employed a decomposition m ethod to estim ate tidal pum ping in term s of salt fluxes in 
order to evaluate the relative im portance of tidal pum ping in different estuaries 
com pared to other mechanisms such as gravitational circulation, tidal trapping, tidal 
straining etc. The decomposition m ethod, therefore, serves the purpose of determ ining 
not only the tidal pum ping bu t also other mechanisms.

Below we present the decomposition m ethod of Uncles et al. (1985) to estim ate tidal 
pum ping and gravitational circulation over a cross-section.

The cross-sectional instantaneous rate of water transport

The instantaneous ra te  of w ater transport Q (L3T _1) through a cross-section A  (L2), is 
given by:

Q = A u  (2.8)

where u (LT_1) is the instantaneous velocity and the overbar denotes an average over the 
cross section.

The tidal average (residual) w ater transport is defined as:

(Q) = d T i  + '9  (2.9)

in which the < ) brackets denote the tidal average of a variable.

V1 (LT_1) is the cross-sectional averaged Eulerian residual current (or non-tidal drift 
current):

V, = (ü) = 1 j | I { ™ í A :  (2.10)
1 0 V o J

If we subdivide the cross-section into discrete cells, then  Eq. 2.10 is approxim ated by:

-1 t Í  -1 n m ^
l i l t » ,  Aí (2.11a)

1 k=i y A  i=i j= i J

where m  is the num ber of columns, n is the num ber of rows. At  and t are the sub- 
tim estep and the num ber of sub-tim esteps w ithin one tidal period. T  (T) is the tidal 
period. A tJ (L2) and utJ (LT_1) are the area and velocity of the discrete cells.

V2 (LT_1) is the Stokes drift current, defined as:

V , = ( À ù } / { Â )  (2.11)

in which Ü = u -  (u) and A -  A -  (A ).

V  = [v¡ + U2] is the Lagrangean current, which in the absence of evaporation and rainfall 
corresponds to the tidal average velocity of the fresh w ater discharge th a t flows through 
the cross-section.
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The cross-sectional instantaneous rate of salt transport

The instantaneous ra te  of salt transport Qs (L3T_1) through a cross section A, is given by:

Qs = AuS  (2.12)

where S  (-) is the salinity. Furtherm ore, the residual transport ra te  of salt is in the form:

{Qs) = P > [ U i  + + r „ ]  + V's (2.13)

in which the four transport components are defined below.

Vsl (LT_1) is the cross-sectional residual flux of salt due to the residual transport of 
water:

= iQ ){ s ) / {A )  (2.14)

-  1 T(  1 A ^
where: ( s )  = — j  — jS d A  dt (2.15)

If we subdivide the cross-section into discrete cells, then  Eq. 2.15 is approxim ated by:

  -t t  f  -i n  m  ^

t Z Z V #  m  (216a>
1  k = l \ ^  i=1 j=l J  

where StJ (-) is the salinity of the discrete cells.

Com bination of Eqs. 2.9 and 2.14 yields:

r H = [v 1 + r 2] ( s )  = vi ( s )  (2.16)

VS2 (LT_1) represents the cross sectional averaged residual flux of salt due to the non-zero 
tem poral correlation between Q (L3T _1) and S  (-), which is called the tidal pumping:

' M = (Qs }/{A)  (2.17)

in which Q = Q -  (Q} and S  = S  -  .

VS3 (LT_1) represents the cross sectional averaged residual flux of salt due to the non-zero 
spatial correlation or shear between tidal and residual currents. This mechanism is driven 
by density gradients and is called gravitational circulation:

= { ¿ ¡ ë s ) / { A )  (2.18)

where uJ (LT_1) and S '  (-) are the deviations of velocity and salinity from the cross- 
sectional value, respectively.

By definition, = (̂ Ä̂ j = (ü ) = = 0 and u '  = S '  = 0 .

Vg is due to “in teract” processes. Tg*is f°und to be small compared to VS1, VS2andV S3 
(Uncles et al., 1985; and Pino Q et al., 1994). Therefore Vs can be neglected.

Many authors have followed the decomposition m ethod and they have obtained a 
number of im portant components for mixing mechanisms, ranging from the most 
im portant three mechanisms (i.e. residual flux of water, residual flux of tidal pum ping 
and residual flux of mean shear effect produced by gravitational circulation) in Uncles 
and Jordan  (1979), Uncles et al. (1985), Pino Q et al. (1994) or Sylaios and Boxall
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(1998); six components (i.e. advection, geometry-induced dispersion, residual lateral 
circulation, vertical density circulation, lateral oscillatory shear and vertical shear) in van 
de Kreeke and Zimmerman (1990) ; eight components (W interwerp, 1983); or even 11 
components (Park and Jam es, 1990).

A lthough the decomposition m ethod has significantly contributed to the understanding 
of estuarine mixing processes, especially to investigate dom inant mechanisms in a 
particular estuary, the m ethod has a num ber of problems (R attray  and Dworski, 1980; 
Geyer and Signell, 1992; Jay  et al., 1997; and Savenije, 2005).

• It is highly d a ta  intensive to determ ine a residual flux in a cross section. To get 
the adequate da ta  set, one has to set up a complex m onitoring campaign, which 
has to be done during several tidal periods and sample the entire cross section at 
many w idth and depth points. Moreover, substantial errors on measurements may 
result (Lane et al., 1997; and Lewis, 1997).

• Mixing in estuaries is a 3-D process th a t acts mainly in the longitudinal direction. 
Therefore, a large num ber of cross sections should be m onitored in order to have 
sufficient information. Considering the already large problem to obtain da ta  for a
single cross-section, it would not be feasible to get d a ta  for a large num ber of
cross sections.

• The error made in determ ining residual transport fluxes can be substantial. In the 
case of tidal hydraulics, the m om entary fluxes are much larger than  the residual 
fluxes, which are in fact obtained by averaging the m om entary fluxes over one 
tidal cycle. Thus, the errors in determ ining the residual fluxes can easily exceed 
the residual fluxes themselves.

• The close interrelation between different decomposed mixing components poses a 
doubt in analysing the contribution of each individual component. On the one 
hand, the separation between tidal pum ping and gravitational circulation is 
obvious due to the different natures of mixing. On the other hand, the separation 
between vertical and transverse (i.e. lateral) gravitational circulation is much 
dependent on the way th a t one chooses the detail of the decomposition on 
velocity and salinity fields. Moreover, it is hard  to distinguish between lateral 
dispersion and advection in an estuary since the transverse transport of large 
scales such as secondary circulation cannot be described simply as a dispersion 
process.

Nevertheless, w ith sufficient data, the decomposition m ethod is a useful tool to 
investigate dom inant mixing mechanisms in estuaries, at least between the two main 
mechanisms: tidal pum ping and gravitational circulation (i.e. tide-driven and density- 
driven circulation). The development of 2-D and 3-D hydrodynam ic models, especially 
w ith the 3-D hydrodynam ic models, can provide vital 3-D detailed da ta  to investigate 
the mixing mechanisms in a “virtual laboratory” . The models, of course, have to be 
trea ted  w ith care in order to reproduce the correct velocity field and salinity field.

Other methods
Besides the decomposition m ethod, several approaches have been proposed for 
quantifying tide-driven dispersion. The tidal prism  approach was first introduced by



2.4 Salt transport and salinity intrusion models in estuaries 25

Ketchum  (1951) and later adopted by Arons and Stommel (1951) in their so-called 
mixing-length theory. Arons and Stommel form ulated a tidal dispersion coefficient as 
follows:

D = kAU0l0 (2.19)

where D  (L2T _1), kA (-), U0 (LT_1) and Z0 (L) are the dispersion coefficient, a constant, 
velocity scale and mixing length scale, respectively. kA is understood to be a constant for 
one estuary. However, because the values of kA widely varied, it resulted in a very large 
range of com puted values and therefore Eq. 2.19 could not be used for predictive 
purposes.

Zimmerman (1976) developed the "tidal random  walk" theory, which considers the 
Lagrangean motions in estuaries resulting from the purely advective effects of tidal and 
residual currents and takes into account pronounced horizontal residual circulations 
generated by tide-topography interactions. Due to the presence of residual eddies, the 
velocity field cannot be considered uniform and in fact it varies considerably over 
distances in the order of the tidal excursion E. Zimmerman (1976, 1981) derived an 
equation for the longitudinal dispersion coefficient as:

D  =  kA( U0,l0) U0l0 (2.20)

Equation 2.20 is formally the same as the equation of Arons and Stommel. The main 
innovation in the equation of Zimmerman is th a t kA has a well-defined physical meaning, 
being a function of U0 and Z0 through the dimensionless param eters reflecting mixing 
length and tidal velocity. Zimmerman (1976) successfully predicted a value of D  th a t 
agreed w ith estim ates of dispersion obtained from the salt budget of the D utch W adden 
Sea.

Besides these two approaches, Geyer and Signell (1992) sta ted  th a t the development of 
numerical models (i.e. 2-D and 3-D hydrodynam ic models) provides a mean of isolating 
the tide-driven circulation and dispersion from the other processes, and they can 
simulate the non-linear effects th a t produce tide-driven circulations (Nihoul and Ronday, 
1975; and Tee, 1978) and transient eddies (Imasato, 1983), bo th  of which may contribute 
to tide-driven dispersion. Moreover, taking the advantage of numerical models, rem ote 
sensing and high-tech measurem ents, a particle tracking technique was used to 
investigate the influence of tide-driven dispersion in estuaries (e.g. Wolanski and Heron, 
1984; or Signell and Geyer, 1990).

2 .4  Sa lt  t r a n sp o r t  a n d  s a l in it y  in t r u s io n  m o d e l s  in  e s t u a r ie s

The first p art of this section presents a sum m ary on the development of the salt balance 
equation, which is a tool for forecasting salinity movements in estuaries. The salt balance 
equation has appeared in many publications (e.g. Fischer et al., 1979; Dyer, 1997; or 
Savenije, 2005), however it is worthwhile to summarize here in order to have a good 
overview. The second p art of this section introduces several m ethods to predict salinity 
intrusion and the effective salt dispersion coefficient.
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2.4.1 Salt balance equation

In order to adequately estim ate and predict salt transport characteristics in estuaries, it 
is im portant to find a way to quantify the w ater circulation and the mixing processes. It 
can be done by considering the budget of salt w ithin sections of one estuary and 
assuming the conservative property  of salt. Since this study mainly focuses on the 1-D 
process of salinity movement, the salt balance equation will be introduced in a 1-D form.

Fick’s law states th a t the dispersive flux of solute mass (the mass of a solute crossing a 
unit area per tim e in a given direction) is proportional to the gradient of solute 
concentration in th a t direction. Salt dispersion in estuaries can be described as an 
analogy of Fick’s law. In three dimensions, it can be w ritten  as follows:

F  = DWs (2.21)

where F  (ML_1T_1) is the solute mass flux vector per unit w idth w ith components (Fx, F  , 
Fz). s (ML-3) is the mass concentration of diffusing solute and D  (L2T _1) is the coefficient 
of proportionality (i.e. the diffusion coefficient).

In one dimension, this equation can be rew ritten as:

F. = D, ^ ~  (2.22)
O X

in which x  (L) is the longitudinal axis.

We now consider the conservation of mass in a one-dimensional transport process. In the 
following 1-D description, we shall remove the subscript x  for reasons of simplicity.

ôs
The to ta l ra te  of mass transport is the diffusive flux (-D — ) plus the advective flux (us):

dx

F  = us + f - D — 1 (2.23)
dx

The m ass-conservation equation reads:

us +

Ê1 + Ê L  = 0 (2.24)
dt dx 
dF

From Eq. 2.23:  = -
dx

Combining this w ith Eq. 2.24 yields: —  + — — (  j j ËÎL) = 0 (2.25)
dt dx dx V dx J V 7

Equation 2.25 is called the advection-diffusion equation in a one-dimensional transport 
process for substances. If salt is the considered substance, then Eq. 2.25 is called the salt 
balance equation.

In Savenije (2005), a cross-sectional average equation based on a realistic tidal hydraulic 
form of the salt balance, which takes into account the different states of water
discharges, estuarine sections and storage w idth ratios, was presented:
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where A  (L2) is the cross section area and Q (L3T _1) is the discharge. rs (-) is the storage 
w idth ratio  and R s (L2T _1) is the source term.

The storage w idth ratio  can be disregarded in steady state  models, however it should be 
included in unsteady-state  models. The R s term  is often disregarded in the salt balance 
equation when com puting for positive estuaries w ith minor rainfall, evaporation or 
lateral inflows. However for the case of negative estuaries (see Section 2.2.5) or estuaries 
w ith considerable am ounts of rainfall, evaporation an d /o r lateral flows, this term  can 
play an im portant role. Some examples for the im portance of R s can be seen in Savenije 
(1988) and Savenije and Pagès (1992).

2.4.2 Salt transport and salt intrusion models

To obtain  solutions for the salt balance equation (i.e. Eq. 2.26), one has to know the 
values of discharge, area, source term , storage w idth ratio , and most im portantly, the 
dispersion coefficient. The first four values can be obtained by solving the set of 
equations for conservation of mass and conservation of momentum. The la tte r (i.e. the 
effective dispersion coefficient) incorporates all the dispersion mechanisms th a t 
counteract the advective salt transport. It can be found mainly based on prototype and 
observed salinity characteristics of the considered estuary. Alternatively, if a predictive 
theory exists, the dispersion can be com puted on the basis of hydraulic and topographic 
param eters (as in Savenije, 2005).

Generally, there are two approaches to solve the salt balance equation, namely steady- 
sta te  and unsteady-state models. The use of steady-state models gives an opportunity  to 
develop predictive models for salinity intrusion in estuaries. In the following sections, we 
shall briefly introduce them.

Steady-state models

M any authors solved the salt balance equation for a s ta te  of (quasi-) equilibrium  in an 
estuary (Ippen and Harleman, 1961; van Dam and Schönfeld, 1967; Van der Burg, 1972; 
Savenije, 1989, 1993c; Lewis and Uncles, 2003; Prandle, 2004; and Brockway et al., 
2006). For a long time, this equilibrium -state (i.e. steady-state) approach was the only 
one th a t would yield practical results for forecasting salinity intrusion.

The steady-state models proceed from the salt balance equation w ith the assum ption 
th a t the discharge and the ra te  of change of the salinity can be decomposed into a tidal 
component w ith a periodicity th a t equals the tidal period and a long-term  component. 
Assum ptions made depend on the moments of consideration, i.e. tidal average situation 
(TA) or high w ater slack (HWS) or low water slack (LWS). We shall briefly introduce 
two models to dem onstrate procedures to obtain  steady-state salt balance models. The 
first one is from Ippen and H arlem an (1961) for LWS and the second one is from 
Savenije (2005) for LWS, HWS and TA situations.
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L W S  model

Ippen and H arlem an (1961) considered conditions at LWS, assuming that:
P)q
—  = 0 and u, = 0
dt 1
Considering estuaries w ith constant cross section, Eq. 2.25 can be rew ritten as:

- u
ds d 
dx dx

tj L W S  d<s

dx
(2.27)

where ut and Uj (LT_1) are the tidal component and the long-term  component of the 
velocity u, respectively. Dz ws is the LWS dispersion coefficient at location x from the 
mouth.

Integrating Eq. 2.27, assuming u, is constant in a prism atic channel, yields:

-UjS = D L W S ds
dx

(2.28)

From the results of laboratory experim ents, Ippen and Harlem an proposed that:

D L W S D,L W S x W
X s + B

(2.29)

in which X s (L) is the distance from the river m outh to the point where the salt content
is equal to th a t of seawater. D0 is the LWS dispersion coefficient at the mouth. 

Integrating w ith respect to x and substitu ting  Eq. 2.29 into Eq. 2.28 yield:

= exp
u'ƒ

2D^WSX
■(x + X s f (2.30)

where sz (-) is the salinity content of seawater and the origin of x is located at the 
estuary mouth.

Harlem an and A braham  (1966) found the following relation between D0LWS and X s:

D,L W S

uf X s
= 0.055 VT 

1*7 J
E 1.2

(2.31)

where r¡ (L) is the tidal am plitude and h0 (L) is the depth  at the river mouth.

It is observed th a t this LWS model assumes a constant cross-section; therefore it does 
not take into account the longitudinal variation of the estuarine cross-section.

LWS, H W S  and TA models

Savenije (2005) introduced three forms for LWS, HWS and TA models. We only 
introduce the TA situation in order to dem onstrate the procedures for the steady-state 
models. The HWS and LWS steady-state models can be obtained through the same 
procedures, although they have some slightly different assumptions.
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Savenije (2005) considered the tidal average situation, which follows from averaging over 
a tidal cycle under several first order approximations:

T1 f . S s  .— \A — d t « A  
T i  dt

1 f n  ds a +
t D ' Y D 1

d s ta  

dt

i 1 

T  J

dx

d (  . ds~\—  A D —  d t
d x V dx J

d s TA 

dx

d  f  d S T A
—  A taD ta —  
d x  V d x

(2.32)

(2.33)

(2.34)

(2.35)

in which the subscript TA refers to the tidal average situation, and D TA is the tidal and 
cross-sectional average, x-dependent, dispersion. Qt and Qf are the tidal component and 
the long-term  component (i.e. freshwater discharge) of the discharge Q.

Making use of the above assum ptions and ignoring the source term , Eq. 2.26 can be 
rew ritten  as:

A dSTA I q  dSTA'S^TA Wtyydt uf dx

The weakness of the above assumptions and limitations on the use of Eq. 2.36 can be found 
in Fischer et al. (1979) and Savenije (2005).

If a steady sta te  occurs, implying th a t dsTA /  dt = 0 , then Eq. 2.36 can be modified into:

A í  i  n  ^ t aJAta±Ata
d x  V  d x

= 0 (2.36)

Qf (s Ta s f ) -  A r j ) ^  = 0
dx

(2.37)

where STA represents the mean tidal steady-state salinity. The boundary condition used is 
tha t S TA=Sf and dSTA /  dx =0 when x—>oo. The river water salinity Sf (-) is generally small 
as compared to the salinity in the estuary (STA >> <S() and is often disregarded.

Due to the similarity between the steady-state equations for the TA, HWS and LWS 
situations, they can be combined in a general form:

4 A  d<S)s t - s f =
Qf dx

(2.38)

in which St (-) indicates the salinity of the three different states: HWS, LWS and TA

Considering the exponential shape of estuaries, i.e. A = A 0 ex p (-x /a), wherein A 0 (L2) is 
the tidal average cross-sectional area at the estuary m outh; a (L) is the area convergence 
length and x (L) is the distance from the m outh; and using the expression of Van den 
Burgh (1972) (see Section 3.2), Eq. 2.38 can be integrated, yielding:

S i - S ,  
Sio -  S f

1 +
K aQ f

exp - 1
K

(2.39)

where K  (-) is the Van den B urgh’s coefficient. (L2T _1) and SM (-) are the boundary 
conditions at the river m outh ( x = 0 )  for the HWS, LWS or TA conditions. The dispersion
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coefficient Da is determ ined based on salinity observations of the considered situation or 
based on a predictive equation. The details on this model shall be further introduced in 
C hapter 3.

State of equilibrium

Steady-state models have as the most im portant assum ption th a t the estuary is in a 
state  of equilibrium. A steady sta te  model, which does not allow tem poral variation, on 
the one hand offers practical and simple solutions, on the other hand has a num ber of 
disadvantages (Blum enthal et al., 1976).

(i) Estuaries do not always reach such an equilibrium , mainly because a long 
tim e is needed before an equilibrium sta te  occurs in nature  and because the 
boundary conditions of tide and river outflow vary in time.

(ii) The dispersion coefficient is different for different averaging periods.

The tim e required for an equilibrium  to occur depends on:(i) the ra te  at which the 
boundary conditions vary, in particular the ra te  of change of the fresh w ater discharge; 
and (ii) the tim e required for the system  to adjust itself to a new situation.

To arrive at a steady sta te  equation for conservation of mass, it is required th a t in the 
estuary an equilibrium  condition is reached between, on the one hand, advective salt 
transport through the downstream  flushing of salt by the fresh w ater discharge, and on 
the other hand, the full range of mixing processes. Savenije (2005) proposed an 
expression derived for the system  response tim e as a function of the steady sta te  salinity 
distribution in order to investigate how quickly an estuary system  adjusts to a new 
situation. If the tim e required for the system  to adjust is not too long in relation to the 
variation of the boundary conditions, then  a steady sta te  model may be used. The 
expression reads:

1 ^
T  « --------     f ASdx  (2.40)

Q f S ( L /  2 )

where Ts (T) is the system response time, which represents the tim e required for the 
system to adjust itself from one steady sta te  to another and S  (-) is the steady-state 
salinity. L  (L) is the salt intrusion length.

Generally, the estuary reacts relatively quickly to an increase of the river discharge, 
whilst the reaction to a decrease in the fresh w ater discharge is slow, since the process of 
salinization requires gradual replacem ent of the fresh w ater by saline w ater through 
mixing. Savenije (2005, p. 175) found th a t the system  response times for different 
estuaries are in the order of m agnitude of days to months, e.g. Mae Klong (1 day), 
Pungue (25 days); Scheldt (30 days); Incomati (36 days) or Gambia (2270 days). Nguyen 
and Savenije (2006) found th a t the system  response tim e during the dry season in the 
Mekong D elta is in the order of one week.
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Predictive models

The use of steady-state models provides an opportunity  to develop predictive models for 
salinity intrusion in estuaries. In a predictive model, the dispersion coefficient is 
determ ined as a function of hydrologie, hydraulic and topographic param eters, which are 
measurable or quantifiable variables. The function is often semi-empirical and is 
established based on the calibration results of steady-state models against prototype data 
or observations.

The salt intrusion length, which is the distance from the estuary m outh to the point 
where the salinity reaches the river salinity, is the most im portant ou tput of a predictive 
model. There are three types of intrusion length: intrusion length at low w ater slack 
(TLWS), intrusion length at high w ater slack (THWS) and tidal average intrusion length 
(LTA), which is considered to be an average of TLWS and THWS. There are a num ber of 
available predictive models: Van den Burgh (1972), R igter (1973), Fischer (1974), Van 
Os and A braham  (1990), Savenije (1993, 2005) and Prandle (2004).

Van den Burgh (1972) using the prototype da ta  of D utch estuaries arrived at the 
following equation:

Lta = 05 = 267t— F~10N~°'5 (2.41)
K  u0 u0 K

where v0 (LT_1) is the tidal velocity am plitude at the river mouth. u{) (LT_1) is the fresh 
w ater velocity at the estuary mouth: u0 = Q¿ /  \  where A 0 is the cross sectional area at
the estuary mouth. Finally, F  (-) is the Froude number: F  = (ug j/ (gh0) . O ther notations
have already been presented in Section 2.2.4.

Rigter (1973), based on flume da ta  of Delft Hydraulics Laboratory (DHL) and of the 
W aterways Experim ent S tation (W ES), proposed:

LLWS = 1 .h7T^(FDlN - 1 -  1.7) « A .7 ^ jF DlN~l (2.42)

where ƒ (-) is Darcy-W eisbach’s roughness.

Fischer (1974) a lso used the da ta  of DHL and W ES and proposed:

Llws = 17.7j ^ F d°-75N-°-25 (2.43)

Van Os and Abraham (1990) developed an equation, which is very close to the equation 
of Rigter:

LLWS = A A ^ j F ^ N - 1 (2.44)
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Savenije (1993c) based on Eq. 2.39 proposed a new formula for predictive salt intrusion 
th a t takes into account estuary geometry. The equation is w ritten  as:

T  t í  W  O „  1L  =  a  I n -220 h°Ef °  F-°-5N 0-5 + 1
Ka~un

where E0 (L) is the tidal excursion at the mouth.

Equation (2.45) was slightly revised in Savenije (2005) into:

T  t í  W ti „  1L  -  a l i i -1400 k°Ef °  N°r 5 + 1 
K a2un R

(2.45)

(2.46)

In C hapter 3 and C hapter 4 of this thesis, the predictive salinity model of Savenije will 
be further analysed.

Prandle (200j )  proposed the following equation to com pute L TA, which is restricted  to 
partially  mixed estuaries and basing on the tidally linearised theories relating to the 
vertical structure  of salinity and velocity:

SJOR
Lta =   (2.47)

Qfku0

where k (-) is the bed friction. h0 (L) and B 0 (L) are the  depth  and w idth a t the estuary 
m outh, m  (-) and n  (-) are the power coefficients of w idth  and dep th  variation. X c (L) is 
the  central location.
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Figure 2.3 Salinity intrusion length at HWS computed by several methods (after Savenije, 2005)

All the above-mentioned models were derived for single-channel estuaries. It is remarked 
th a t the models of Rigter (1973), Fischer (1974) and Van Os and A braham  (1990) were 
developed under an assum ption of constant cross section. The m ajor advantage of the 
model of Savenije (1993c, 2005) is th a t this model takes into account the exponential
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shape of estuaries, i.e. A = A 0 ex p (-x /a) and B  = B 0 exp (-x/b), wherein A 0 (L2), B0 (L) 
are the area and w idth at the estuary m outh; a, b (L) are the convergence lengths of 
area and width; and x (L) is the distance from the m outh. Prandle (2004) described the 
bathym etry  as a power function: B  = B 0xn and h =  h0xm. However, this bathym etric 
approxim ation is considered unrealistic. As one can see in Fig. 2.3, the results of 
Savenije’s model so far is considered most accurate.

Unsteady-state models

In estuaries, where a steady sta te  hardly exists such as in the Gambia, unsteady-state 
models are the only useful tools to simulate and predict salinity movement. The 
unsteady-state models provide simultaneously a solution for the set of required equations 
(i.e. conservation of mass, conservation of momentum, salt balance and state  equations). 
The set of equations for 1-D unsteady-state  models is briefly introduced below:

dQ  d (  Q2/ A  ) . dh  Ad Z b . h dp ÂU \U \ n fn—  + a q 1 ^  7 + qA  b qA  b- + q A -------— + qA— !----  ̂=  0 (2.48)
d t  d x  d x  dx  2p d x  C 2h

r s i é + i ^ = 0  (249)d t  d x

The salt balance equation (Eq. 2.26):

riA Ê l  + Q Ê L . ± f A D Ê £ \  = . sRs
dt dx d x y  dx J

And the state  equation:

p  -  0.75s + 1000 (2.50)

where a s (-) is the shape factor (assumed constant) to account for the spatial variation of 
the flow velocity over the cross-section (aq> T ); Zb= Z b(x,t) (L) is the mean cross- 
sectional bo ttom  elevation; U=U(x,t) (LT_1) is the mean cross-sectional flow velocity; 
C=C(x) (L°'5T _1) is the coefficient of Chezy; h=h(x,t) (L) is the mean cross-sectional depth 
of flow. O ther notations have already been introduced earlier.

For a detailed view on this set of equations, the reader is referred to Savenije (2005). To 
date, a vast num ber of unsteady-state  models have been developed, such as Stigter and 
Siemons (1967), T hatcher and Harlem an (1981), Prandle (1981) and Savenije (2005).

The unsteady-state models dem and a numerical approach, since the set of required 
equations cannot be solved analytically. A num ber of numerical approaches have been 
developed, m ainly based on the finite difference approach (Cunge et al., 1980; A bbott 
and Basco, 1989; Gross et al., 1999; or Lin and Falconer, 1997). A disadvantage of all 1- 
D models is th a t they use the dispersion D  as a calibration coefficient, w ithout making 
use of a model th a t prescribes the dispersion as a function of geometry, discharge and 
tide. This reduces the predictive capacity of these models. The only model th a t uses a
predictive equation for D  is the one by Savenije (2005). Besides 1-D unsteady-state
models, 2-D and 3-D unsteady-state models have been developed. Recently, several 
numerical models have become available, such as SOBEK-RIVER (1-D), SOBEK-
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RURAL (1-D and 2-D), HES-RAS (1-D), ISIS (1-D), MIKE11 (1-D), MIKE21 (2-D), 
MARS-2D (2-D), MIKE3 (3-D) or DELFT3D (3-D). These models allow us to 
investigate the hydrodynam ic and salt transport regimes of an estuary w ith integrated 
GIS friendly-user interface and a wide application range.

It is rem arked th a t the set of required equations needs boundary and initial conditions 
for the tidal motion, river flow as well as salinity. For 1-D hydrodynam ic com putations, 
the tidal w ater level as a function of tim e is used as the downstream  boundary. For the 
upstream  boundary, the discharge is generally used.

For salinity conditions, the upstream  boundary condition is set as ds /  dx = 0 for both  
closed and open-end estuaries. Normally, the upstream  salinity condition can be set equal 
to the river salinity, since the upstream  boundary is outside the zone of salt intrusion. 
The downstream  boundary condition is more difficult, because the salinity concentration 
varies over a tidal cycle. This can be solved by assuming th a t during flood the 
concentration coincides w ith the sea concentration. During ebb, the concentration is 
controlled by the conditions upstream  from the m outh and at the end of ebb, the salt 
concentration is lower than  the concentration at sea. There will be a transition  tim e for 
the concentration at ebb to reach the sea concentration. This transition  period depends 
on the sea conditions and it can be determ ined by using the m ethod of Thatcher and 
Harlem an (1981).

Initial conditionals must be specified for the tidal motion, river flow and salinity. Because 
of the rapid convergence of the tidal hydraulics equations, it is feasible to generate initial 
conditions for w ater surface elevation and discharge. After several com putational steps 
(e.g. 10 tidal periods), the desired s ta rt of the salinity prediction emerges (Harleman 
and Thatcher, 1974).

2 .5  T id a l  d y n a m ic s  in  e s t u a r ie s

M any studies have been perform ed to describe the tidal dynamics in estuaries, ranging 
from mentioning and analysing a number of tidal dynamic characteristics and behaviours 
(e.g. Ippen, 1966; Parker, 1991; Cartw right, 1999; or Savenije, 2005) to investigating 
particular issues, such as tidal com putations (e.g. Dronkers, 1964; or Parker et al., 1999); 
interaction between river discharge and tides (e.g. Vongvisessomjai, 1987; or Horrevoets 
et al., 2004); tidal wave propagation (e.g. Dronkers, 1964; Prandle and Rahm an, 1980; 
Jay, 1991; Friedrichs and Aubrey, 1994; Lanzoni and Seminara, 1998; Godin, 1999; or 
Savenije and Veling, 2005) or tidal dam ping (Savenije, 1998, 2001), etc. In this section, 
firstly, we briefly introduce the general characteristics of tidal dynamics in estuaries and 
approaches applied to investigate the tidal dynamics. The second p art of this section 
focuses on the tidal dynamic behaviours when propagating into an estuary. The main 
focus is on tidal wave celerity, tidal dam ping/am plification and tidal phase lag.
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2.5.1 Tidal dynamics in estuaries, an introduction

Tides are the periodic upward and downward m otion of the w ater surface (vertical tide) 
and the subsequent lateral flow of w ater (horizontal tide). Tides are generated by two 
main groups of forces: (i) the gravitational forces acting between the earth  and the moon 
and between the earth  and the sun; and (ii) the coriolis acceleration related to the 
orbital m otion of the earth  (Dronkers, 2005). Tides are generally classified into four 
types based on the lunar and solar harmonic components: semidiurnal (e.g. in Vlissingen, 
the Netherlands; or Imm ingham, UK); mixed, predom inantly sem idiurnal (e.g. in Soc 
Trang, V ietnam ; or San Francisco, USA); mixed, predom inantly diurnal (e.g. in Manila, 
Philippines; or Bangkok, Thailand); and diurnal (e.g. in Do Son, V ietnam ). As the sun, 
the earth , and the moon move along their elliptical orbits, they continually change their 
positions relative to each other. As a result, the to ta l potential defining the height of the 
astronom ical tide changes as a function of geographic location and over time. The most 
prom inent tidal period is the fortnightly spring-neap cycle. Due to the 28-day orbital 
m otion of the moon, the m oon-earth and sun-earth axes approxim ately coincide every 
fortnight. Thus, spring tides occur shortly after full moon and new moon, whereas neap 
tides occur at half-moon.

The vertical rise and fall of w ater surface is generally referred to as the tide and the 
accompanying horizontal movement is referred to as the tidal current, w ith the tidal flow 
into an estuary called the flood and the outflow of an estuary called the ebb. W hen a 
tidal wave reaches the shallower w ater of an estuary, it is slowed down, amplified and /o r 
d istorted due to the interaction w ith the estuarine topography, river discharge and due 
to friction. The longitudinal tidal range p a tte rn  in an estuary depends on the relative 
relation between convergence and friction, therefore it appears in one of three forms: 
amplified, dam ped or ideal (where the tidal range is constant - see Section 2.2.3). There 
are three types of tidal wave propagating into an estuary: progressive wave, standing 
wave and mixed wave.

• Progressive wave: The crest (i.e. high water) of the wave moves progressively 
inland, as does the trough (i.e. low water) of the wave. The maximum flood 
current is at the same tim e as the crest and the maximum ebb current is at the 
same tim e as the trough. The phase lag between High W ater (HW) and High 
W ater Slack (HWS) as well as between Low W ater (LW) and Low W ater Slack 
(LWS) is 7T /  2. The wave celerity is -Jgh . The purely progressive wave only 
occurs in a frictionless channel w ith constant cross section and infinite length, 
which is not the case for real estuaries.

• Standing wave: This type of wave usually occurs in a semi-enclosed body (e.g. a 
bay or a river w ith a weir). The tidal wave is reflected at the head of the semi­
enclosed body and travels back down the waterway toward the ocean. The crest 
and trough seem to progress at infinite speeds, whereby high w ater and low water 
occur instantaneous, w ith the greatest tidal range at the head of the semi­
enclosed body. The tidal range decreases from the head toward the ocean, and, if 
the body is long enough, reaches a minimum at one location (called a node -  at 
one-fourth of a tidal wavelength from the head) and then starts  increasing again 
to a new maximum (called an antinode). The phase lag between HW -HWS and 
LW-LWS is zero. The wave celerity is infinitely large.
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• Mixed wave: This type of wave occurs in an alluvial coastal plain estuary, which 
has a channel w ith non-constant cross section (e.g. gradually exponential shape). 
The longitudinal tidal range p a tte rn  depends on the relative relation between 
convergence and friction; therefore, it appears in one of the three forms mentioned 
above. The phase lag is between 0 and vr /  2. The wave celerity differs from the 
progressive wave celerity, depending on the damping or amplifying characteristics.

Tidal dynamics in estuaries can be investigated and analysed numerically or analytically. 
Equations 2.48 and 2.49, in fact, are the Saint-V enant’s equations. These two equations 
can be used to determ ine the hydrodynam ic regimes of estuaries. Initially, analytical 
solutions were the only option to tu rn  these non-linear differential equations into 
practical applications. An example can be seen in Ippen (1966). Later, despite the quick 
development of com puters and com puter programming, a num ber of authors have 
derived analytical solutions (Jay, 1991; Friedrichs and Aubrey, 1994; Lanzoni and 
Seminara, 1998; Godin, 1999; Savenije, 2001; Prandle, 2003; Horrevoets et al., 2004; and 
Savenije and Veling, 2005). The advantage of these analytical equations is th a t they 
provide insight into the functioning of the hydraulics and can be used to assess the 
outcomes of numerical models.

Generally, w ith assistance of computers, numerical models can provide good solutions on 
the hydrodynam ic regimes of a considered study area. However, the solutions obtained 
depend on several factors: (i) accuracy and stability  of the numerical schemes; (ii) 
correctness of the topography; (iii) accuracy of the boundary conditions; and (iv) good 
set of prototype d a ta  and observations for calibration and validation.

2.5.2 Tidal wave characteristics

A nalytical approaches can provide analytical solutions of the tidal dynamic equations by 
solving the conservation of mass and conservation of m om entum  equations. Most authors 
obtained analytical solutions using pertu rbation  analysis, where the scaled equations are 
simplified by neglecting higher order terms. A num ber of authors (e.g. Dronkers, 1964; 
Hunt, 1964; Prandle and Rahm an, 1980; Parker, 1984; or Jay, 1991) assumed that: (i) 
The local acceleration contributes to m om entum  at first order; and (ii) discharge 
gradients due to velocity variation contribute to mass at first order. These term s are 
sometime im portant, especially for strongly convergent estuaries such as the Delaware, 
Tham es, Incom ati or Pungue. Friedrichs and Aubrey (1994) derived second-order 
solutions and they agreed well w ith observations of the Tham es, Tam ar and Delaware. 
Savenije (2005) used a simple harmonic solution w ithout simplifying the equations (i.e. 
complete non-linearized Saint-Venant equations) and obtained good agreements w ith 
observations in the Scheldt and Incomati. However, they are implicit analytical 
equations. Subsequently, Savenije et al. (2007) improved the set of these equations into a 
new set of explicit equations and gained good agreements w ith observations and 
numerical model results of the Elbe and the Scheldt.

As we have seen earlier, the characteristics of the tidal wave propagating into an estuary 
can be described through three m ain factors: tidal wave celerity, phase lag and tidal
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range variability (i.e. tidal dam ping/am plification). Therefore, we proceed to briefly 
introduce the analytical solutions of Savenije et al. (2007) to investigate these factors.

For given topography, friction and tidal am plitude at the downstream  boundary, the 
velocity am plitude, the wave celerity, the tidal dam ping and the phase lag can be 
computed. The set of implicit equation includes (Savenije, 2005):

The phase lag equation: t a n s  = ^ ^ /  1 (2.51)
c y 7) d x J

T¡ O 1The scaling equation: rs — = ---------  (2.52)
h c s in s

The dam ping equation: =  1 -  ƒ u s ™e (2.53)
7] d x \  a  J a he

The celerity equation: c -  — gh /  ̂ sm £ c o s£ | c u s m s 4
1 - D

(2.54)
(1 + a )  Vcoa a h

where s  (T) and a  (T_1) are the phase lag between HW -HWS and angular velocity. r¡ 
(L) and h (L) are tidal am plitude and tidal average depth, v  (LT-1) is tidal amplitude, c 
(L T 1) and c0 =  yjgh/ rs (L T 1) are the actual and classical tidal wave celerities, 
respectively, ƒ (-) is the friction factor, D  (-) is the dam ping term  and a  (-) is the tidal 
Froude number: a  =  (cv sine) / ( gr¡).

These four equations (i.e. Eqs. 2.51 - 2.54) can be scaled making use of the scales used 
by Toffolon et al. (2006). The four equations then become:

Â
The phase lag equation: tan  s  = -------  (2.55)

y -  8

The scaling equation: ß =  sing = cosg (2.56)
Á y - 5

2

The dam ping equation: 8  = —1j —- ( ^ - ^ i / 2A2) (2.57)

The celerity equation: Á2 = 1 - D  -  l - £ C° Sg = 1 - S ( j ~ 8 )  (2.58)
ß

where y (-) is the estuary shape number: y =  c0 /  aa  ; % (-) is the friction number:
X = rs f ( co (where Ç = 7]/h). ß  (-) and Á (-) are the velocity and celerity

numbers, respectively. 8  (-) is the tidal damping number : 8  =
1 d ^ c 0
7] d x  a

This is an implicit set of four equations com puting the velocity am plitude, the wave 
celerity, the tidal dam ping and the phase lag. The set can be solved iteratively, bu t can 
also be solved by an explicit analytical solution. Savenije et al. (2007) derived two 
different families of solutions: (i) family for mixed tidal waves; and (ii) family for 
standing waves. Figure 2.4 presents the solution of the set of four equations.

It appears in Fig. 2.4 th a t there are two distinct types of estuaries. For the strongly 
convergent estuaries (i.e. large values of y ) , they no longer depend on the friction 
num ber % , implying th a t they correspond to the class of estuaries w ith a standing tidal 
wave. For the weakly convergent estuaries (i.e. small values of y ) , they strongly depend
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on % and they correspond to the class of estuaries w ith a mixed tidal wave. Progressive 
waves correspond to the case where y =  0 and X = 0- Figure 2.4 also presents lines 
indicating the sub-set of ideal estuaries, where there is no dam ping (because there is an 
equilibrium between friction and convergence), and where c =  c0 (À  = 1).
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Figure 2.4 Relationship between: (a) phase lag s ; (b) the velocity number // ; (c) the tidal 
damping number 5 ; and (d) the wave celerity number À and the estuary shape number y  for 
different values of the friction number % .

It is concluded in Savenije et al. (2007) th a t the analytical solutions offer an opportunity  
to look into the functioning of the Saint-V enant’s equations w ithout the need for a 
complex hydrodynam ic model. It is recommended th a t the classification of estuaries 
should be based on two param eters, i.e. the estuary shape y  and the friction scale x  ■



2.6 Conclusions 39

2 .6  C o n c l u sio n s

This chapter provides an overview on classification of estuaries, mixing, salinity intrusion 
mechanisms and tidal wave characteristics in estuaries. It can be seen th a t due to their 
abundant and diverse characteristics, there are many ways to classify estuaries. However, 
it is clear th a t the two dom inant drivers of an estuary are its tide and river discharge. 
They are in fact the m ain two factors causing mixing and driving salt intrusion in 
estuaries. Tidal pum ping caused by residual ebb-flood channel circulation in m ulti­
channel estuaries, which is the m ain tide-driven mixing mechanism, is expected to play a 
m ajor role in producing the longitudinal salt dispersion. However, to date no effort has 
been m ade to quantify this mechanism in term s of a longitudinal salt dispersion. In 
addition, steady-state salt balance models and predictive salt balance models have only 
been developed for single-branch estuaries. And finally, there are not many analyses 
paying a tten tion  to tidal wave characteristics in multi-channel estuaries, w ith respect to 
tidal wave celerity, phase lag and tidal range variability.





C hapter 3

Salt  in t r u sio n  in  m ulti-c h a n n e l  e st u a r ie s

Abstract

There is a well-tested theory for the computation of salt intrusion in alluvial estuaries tha t is 
fully analytical and predictive. The theory uses analytical equations to predict the mixing 
behaviour of the estuary based on measurable quantities, such as channel topography, river 
discharge and tidal characteristics. It applies to single-channel topographies and estuaries 
tha t demonstrate moderate tidal damping. The Mekong Delta is a multi-channel estuary 
where the tide is damped due to a relatively strong river discharge (in the order of 2,000 
m3/s), even during the dry season. As a result, the Mekong is a strongly riverine estuary. 
This chapter aims to test if the theory can be applied to such a riverine multi-channel 
estuary, and to see if possible adjustments or generalisations need to be made. The chapter 
presents salt intrusion measurements tha t were done by moving boat in 2005, to which the 
salt intrusion model has been calibrated. The theory has been expanded to cater for tidal 
damping. Subsequently the model has been validated with observations made at fixed 
locations over the years 1998 and 1999. Finally, it has been tested whether the Mekong 
calibration fits the overall predictive equations derived in other estuaries. The test has been 
successful and led to a slight adjustment of the predictive equation to cater for estuaries that 
experience a sloping bottom.

3 .1  In t r o d u c t io n

The recent book on salt intrusion and tides in alluvial estuaries (Savenije, 2005) 
presents a comprehensive theory for the modelling of steady sta te  and unsteady state  
salt intrusion in alluvial estuaries. It is based on the analysis of some IT estuaries 
world-wide on the basis of which a general predictive theory has been developed th a t

This chapter was published as:

Nguyen, A.D., and Savenije, H.H.G., 2006. Salt intrusion in multi-channel estuaries: A case 
study in the Mekong Delta, Vietnam. Hydrology and E arth  System Sciences 10: 743-754.
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is claimed to  be predictive, meaning th a t it can be applied to  predict the salinity 
d istribution in any alluvial estuary provided some basic inform ation on topography, 
tide and river discharge is known (Savenije, 1986, 1989, 1993c). Lim itations of the 
theory are th a t it has been derived for single channel estuaries and for estuaries 
where the tide experiences only m odest dam ping or amplification.

The Mekong Delta is an alluvial estuary th a t consists of eight branches and th a t 
transports a large am ount of fresh w ater to  the  sea, even during the dry season (in 
the order of 2,000 m 3/s). As a result, the tide is strongly dam ped and the branches of 
the delta are ra ther prolonged. This gives the  Mekong estuary a clearly riverine 
character, pu tting  it at the  fringe of applicability of this theory.

IC o C h ie n  r i v e r  e s tu a r y ,  
[M e k o n g  D e l t a ,  V ie tn a m .

^ a n in th a ry i  r i v e r  e s tu a r y ,  
l y a n m a r ___________________

[H a u  r i v e r  e s tu a r y ,  
[M e k o n g  D e l t a ,  V ie tn a m .

[Y a n g tz e  r i v e r  e s tu a r y ,  C h in a

Figure 3.1 Some examples of branched estuaries (source: Google Earth -  not to scale)

Looking at other branched alluvial estuaries in the  world, it appears th a t they have 
similar characteristics: (i) if an estuary is divided into two branches by an island, the 
branches are of almost equal length; and (ii) there are no large differences between 
the branches in area, w idth and depth. Examples of branched estuaries are the Loire 
estuary in France, the Tanintharyi estuary in M yanmar, the  Hau and Co Chien 
branches of the  Mekong D elta in V ietnam , the  D ham ra estuary in India and the 
Yangtze river estuary in China (see Fig. 3.1).

The question now is: does the  m ethod of Savenije (2005) also apply to  these estuaries, 
or is there a need to  extend the theory so th a t it can be applied to  branched estuaries
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as well. In this chapter, we shall dem onstrate th a t the m ethod is indeed applicable to 
branched estuaries bu t th a t a certain  procedure needs to be followed. We also present 
some refinements to the m ethod for estuaries th a t experience strong tidal dam ping or 
th a t have a prom inent bo ttom  slope.

3.2  Su m m a r y  o f  t h e  m e t h o d

Savenije (2005, p. 144) dem onstrated th a t the steady sta te  salt balance equations for 
High W ater Slack (HW S), Low W ater Slack (LWS) and Tidal Average (TA) situation 
can be w ritten  as:

5  5  = c £ £ i  (3.1)
dx

where i indicates the three different states: HWS, LWS and TA. St (-) is the steady 
sta te  salinity, Sf (-) is the fresh w ater salinity. The coefficient ct is an x-dependent 
coefficient defined as:

c,= 4 - £ >  (3.2)
V/

in which Dt (L2T _1) is the dispersion coefficient for each sta te  i, Qf (L3T _1) is the river 
discharge, which is negative since the positive x-axis points upstream , and A  (L2) is 
the tidal averaged cross-sectional area.

The relationship between the salinity and the dispersion coefficient, based on previous 
work by Van den Burgh (1972), is defined by:

^  = K 0 -  (3.3)
d x  A

where K  (-) is van den B urgh’s coefficient, which has a value between 0 and 1. This 
equation can be integrated for an estuary w ith an exponentially varying cross-section 
(see Eq. 3.11) to yield the expression for the dispersion along the estuary:

J H ~ 4 e x p ( £ H  (3 -4)

KaQ, Ka
with: /? = ---------   = --------  (3.5)

d 0A

and: a 0t = (3-6)
Qf

in which Dm (L2T _1) is the boundary condition at the river m outh (x=0) for HWS, 
LWS or TA conditions, A 0 (L2) is the tidal average cross-sectional area at the estuary 
m outh and a (L) is the convergence length of the cross-sectional area (see Eq. 3.11).
a 0t (L_1) is the mixing coefficient at the estuary mouth. The values of K  and a 0t can be
obtained through calibration against m easured longitudinal salinity distributions at 
HWS or LWS.
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The longitudinal variation of the salinity can be com puted through com bination of 
Eqs. 3.1, 3.2 and 3.3:

Si Sf = ( ^ ~ ) K (3.7)s0t - s f {d0J
where S0i (-) is the boundary salinity at the estuary m outh (for HWS, LWS and TA 
conditions). The salt intrusion curve derived for the TA situation, which represents 
the TA longitudinal variation of the salinity, can be used for LWS and HWS as well, 
by shifting the curve upstream  or downstream  over half the tidal excursion E.

The salt intrusion length Lt can be obtained at the point th a t St = Sf, then according 
to Eq. 3.7, Dt equals to zero. W ith  Dt =  0, Eq. 3.4 can be elaborated to yield an 
expression for the intrusion length:

(3.8)Lt = a In
\Hi J

where T¡ (L) is the salt intrusion length at HWS, LWS or TA.

Because the m ethod has been applied in 17 different estuaries all over the world, 
particularly  for the HWS situation, it was possible to derive two predictive equations 
for K  and D ^ws (Savenije, 1993c). These relations were generalised and improved by 
Savenije (2005, pp. 166-169) into:

TjHWS T
—° = 14:00 —J W ^  (3.9)

v E  a
0.65 /  j - , \  0.39 / ,  \  0.58 f  j - , N 0 -14EaE  r  e  y  f  ft

H  J VC
and: A  = 0 .2 x l(T 3 —  —  (1 -  8b) -    (3.10)

A
in which A 0 (L2) is the cross-sectional area at the estuary m outh, b (L) is the w idth 
convergence length; C (L°'5T _1) is the Chezy coefficient, 8  (L_1) is the dam ping ra te  of 
tidal range; E  (L) is the tidal excursion, which is the distance th a t a w ater particle 
travels between LWS and HWS, obtained from the observed salinity distributions; v  
(LT-1) is the tidal velocity am plitude; H  (L) is the tidal range, h (L) is the constant 
tidal average depth  along the estuary, N R (-) is the E stuarine Richardson number 
given by Eq. 2.2, and T  (T) is the tidal period.

In ideal estuaries, the tidal range, the tidal velocity am plitude, the tidal excursion 
and the depth  are constant along the estuary, while the convergent lengths of the 
w idth and the cross-sectional area are equal: b=a. In estuaries where there is a 
certain degree of dam ping or amplification, the ratio  of H /E  is still constant, but 
values of E  and v  vary along the estuary. Finally if a ^ b there is a bo ttom  slope and 
the depth  is not constant. For the case of the Mekong estuary branches, the la tte r 
applies, and subsequently special procedures need to be developed.

The assum ption made in Eq. 3.1 to arrive at the steady state  equation for 
conservation of mass, requires th a t in the estuary an equilibrium condition is reached 
between, on the one hand, advective salt transport through the downstream  flushing 
of salt by the fresh w ater discharge, and on the other hand, the full range of mixing
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processes. To investigate how quickly an estuary system adjusts to a new situation, 
Savenije (2005, p. 152) proposed an expression derived for the system response time 
as a function of the steady sta te  salinity distribution (see C hapter 2, Section 2.4.2).

3.3  T h e  M e k o n g  D e l t a  in  V ie t n a m  

3.3 .1  O verv iew

In C hapter 1, the Mekong D elta has already been introduced. Here the relevant 
characteristics of the delta are briefly summarized. The Mekong river when it enters 
V ietnam  splits into two branches, the Bassac (known as the Hau river in V ietnam ) 
and the Mekong (known as the Tien river in V ietnam ). The two branches form the 
Mekong Delta.

Mekong river

30 k m

iTan Chau

iCao L an h -Chau Doc,

.Tieu branch
Long Xuyen

Dai branchVinh Long'
JS ^ /jB a  Lai branch 
\x 5 lH a n i Luong branch 

^>Co Chien branch 
C ung Hau branch

Gulf of Thailand 'C an Tho'
STra Vinh

►inh An branch.
Soc T ran ;

.Tran De branch

C a  M au

South China Sea

Figure 3.2 Branches of the Mekong Delta

The Hau river is the most southern branch of the river system. W hen the Hau 
approaches the sea, it splits into two branches: Tran De and Dillii An. The Tien river 
is the northern  branch of the river system. At Vinh Long, the Tien separates into two 
river branches: Co Chien and My Tlio. At a distance of 30 km from the South China 
Sea, the Co Chien river again splits into two estuary branches, Co Chien and Cung 
Hau (see Fig. 3.2). A lthough there are more estuary branches: Tieu, Dai, Ba Lai and
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Hani Luong, this chapter concentrates on the four estuary branches: Tran De, Dillii 
An, Cung Hau and Co Chien.

Tides in the South China Sea have a mixed diurnal and semi-diurnal character. The 
am plitude can be up to 3 iii. There are generally two troughs and two peaks during a 
day, bu t their relative height varies over a fortnight. W hen the first trough decreases 
from day to day, the other trough increases, and vice versa (See Fig. 3.3).

2.5

M oments of field survey

-2.5 -I i i---------------------------------
1-Apr 11-Apr 21-Apr 1-May

Time (day)

Figure 3.3 W ater level at the My Thanh station located near the mouth of the Tran De 
estuary branch (Period from 1 April 2005 to 1 May 2005)

As a typical delta, the Mekong D elta is affected by bo th  river floods and tides. In the 
past (before 1980), every year during the dry season, agricultural areas in the Mekong 
D elta were affected by salinity, am ounting to 1.7-2.1 million lia out of 3.5 million lia. 
In the 1980’s and 1990’s, a num ber of salinity control projects were implemented, 
leading to closure dams and sluice gates in the navigation canals connecting the 
branches of the delta. Nowadays, salinity affects only 0.8 million lia every year. 
However, the fresh w ater intakes along the estuary branches are usually affected by 
high salinity (Nguyen and Nguyen, 1999). Every year, these intakes have to be closed 
for considerable periods (varying from several weeks to one or two m onths) to prevent 
salt intrusion.

3.3.2 The shape of the Mekong Delta branches

The Dillii An, Tran De, Co Chien and Cung Hau are four branches of a branched 
estuary system. We shall investigate if it is possible to combine paired branches into a 
single branch, which would not only simplify the com putation, bu t could also enhance 
the overall perform ance of the salt intrusion model. Moreover since we expect th a t 
the estuary system  functions as an entity, it could very well be th a t combining paired 
branches into a single branch is more in agreement w ith the physical laws th a t guide 
the form ation of ebb and flood channels th an  a separate treatm ent.
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Figure 3.4 Shape of the individual branches (a) Tran De and (b) Dinh An. (c) Shape of the 
Han (combination of Tran De and Dinh An) estuary, showing the measured area (triangles), 
measured width (squares) and measured depth (circles).

Table 3.1 Estuarine characteristics of 4 branches in the Mekong Delta

River Estuary h 0
(nr)

B0
(m)

h
(m)

a
(km)

b
(km)

d
(km)

«i
(km)

h
(km)

Dinh An 
branch 18,400 3,400 7.6 100 47 89 - -

Hau river Tran De 
branch 8,200 1,500 5.5 800 800 00 - -

Combined
estuary 26,600 4,900 7.5 105 51 99 140 140

Co Chien 
branch 11,100 1,600 7.6 93 71 300 - -

Co Chien 
river

Cung Hau 
branch 13,200 2,500 5.7 45 40 360 - -

Combined
estuary 24,300 4,100 6.6 69 54 250 - -

Note: The values for the width, depth and cross-sectional area were measured at Mean Sea Level 
(MSL). Oj and b1 are the area and width convergence lengths after the inflection point, respectively.
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Figure 3.5 Shape of the individual branches: (a) Cung Han and (b) Co Chien, (c) Shape of 
the Co Chien - Cung Han (combination of Co Chien and Cung Han) estuary, showing the 
measured area (squares), measured width (diamonds) and measured depth (triangles).

The estuary shape of the Tran De - Dinh An and the Co Chien - Cung Hau can be 
described by the exponential functions:

A = 4) exP ( -  ~ J (3.11)

B  = S „ e x p ( - i ] (3.12)

h = A „ e x p C j (3.13)

where A  (L2), B  (L) and h (L) are the cross-section area, w idth and depth  at the 
location X (km) from the m outh, respectively. A 0 (L2), B0 (L) and 1\¡ (L) are the area, 
w idth and depth  at the m outh. Finally, a (L), b (L) and d (L) are the area, w idth and 
depth  convergence length, respectively. It follows th a t d=ab/(a-b). The cross-section 
area and w idth are obtained from observations, defined at the tidal averaged water 
level (this level is close to the mean sea level). The convergence length, which is the 
length scale of the exponential function, is obtained by calibration of Eqs. 3.11, 3.12 
and 3.13 against measured data. It can be seen very clearly in Fig. 3.4, Fig. 3.5 and

Distance from the mouth (km)
■ Area (m 2) ♦  W idth (m) ▲ Depth (m)
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Table 3.1 th a t the paired branches indeed behave as a single estuary w ith a regular 
topography according to Eqs. 3.11, 3.12 and 3.13. The combined Hau estuary has an 
inflection point located 57 km from the Dinh An m outh and upstream  from the 
inflection point, the shape of the estuary also well corresponds w ith exponential 
functions, while the depth  is constant.

3.4  D a t a  se t s  o f  t h e  M e k o n g  D e l t a

Salinity da ta  of the Mekong D elta used in this chapter consist of two sets: (i) the first 
set is from field measurem ents carried out by the author during the dry season of 
2005; and (ii) the second set is from da ta  of a network of fixed stations along the 
estuaries.

The author carried out field measurem ents on the Hau river in the dry season of 
2005, using the “moving b o a t” m ethod described by Savenije (1989, 1992a). The 
m ethod applied to the Mekong D elta estuaries can be summarized as follows: To 
obtain  the salt intrusion curve at HWS or LWS one has to travel at the same speed 
as the tidal wave. Before the s ta rt of the m easurem ent, one identifies clearly 
recognizable points along the estuary at about 3-km interval (inlets, piers, churches, 
temples, gauges, etc.). Additionally a GPS device is used to obtain  the exact co­
ordinates of the locations. The measurem ent starts  at the m outh in mid-stream. 
W hile anchored one waits until the moment of slack occurs. The first observation is 
done at slack tide, m easuring at different points over the depth. Travelling at a 
velocity of 25-30 km /h , one can arrive at the next location just a few m inutes before 
slack. One then  stops the boat and waits until the slack moment occurs (either by 
anchoring or by closely watching the shores or the GPS device as one drifts). At 
slack, one does a quick measurem ent over the full depth  at one-meter intervals 
starting  from the bo ttom  w ith a conductivity m eter w ith a 10-m cable. M easurem ents 
are done in mid-current.

The first and second survey were carried out at the moment of LWS and HWS on 8 
and 9 April during spring tide in the Tran De and Dinh An branches. The th ird  and 
fourth survey in the Hau river were conducted on 21 May in Tran De and on 22 May 
in Dinh An. The field measurem ents in the Co Chien and Cung Hau estuary branches 
were carried out on 21 and 22 April at the moments of LWS and HWS during spring 
tide. The second d a ta  set is obtained from the network of fixed stations near intakes 
and quays, which measure salinity values during the dry season at hourly intervals.

During the moving boat measurem ents, we m anaged to measure vertical salinity 
distribution at several points in the Dinh An, Tran De, Co Chien and Cung Hau 
branches. It appeared th a t these branches are partially-m ixed and well-mixed 
estuaries corresponding to the estuarine stratification classification (see Section 2.2.4, 
C hapter 2).

River discharge and tidal da ta  during the 2005’s field measurem ents provided by the 
Vietnam ese N ational Hydrometeorology Services (VNHS) are summ arized in Table
3.2. One can see th a t w ithin two successive days river discharge and tidal range
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variations are small, and therefore salinity variations between successive HWS and 
LWS situations are supposed to be small as well.

Table 3.2 River discharge and tidal range data in the Mekong estuaries

Estuary name Date Tidal range 
(m)

River discharge 
(m3/s) <-*'>

08- April - 2005 2.89 2,396

09- April - 2005 2.90 2,345
Hau

Mekong 21 -  May - 2005 2.62 2,021
Delta 22 -  May - 2005 2.75 2,167

21- April - 2005 2.07 2,227
Co Chien -  Cung Hau

22- April - 2005 2.14 2,017

^  Total discharge of both the Tien (Tan Chau station) and the Hau river (Chau Doc station), about 
30 km upstream of the Vam Nao connection.

3.5  Sa l in it y  c o m p u t a t io n  f o r  t h e  M e k o n g  D e l t a  b r a n c h e s

In this section, two approaches are used to com pute the salinity distribution in the 
Mekong D elta estuaries. The first approach considers every single branch as an 
individual estuary where the m ethod of Savenije (2005) is used to determ ine the 
longitudinal salinity distribution.

Because of the similarities between the estuary branches, the second approach 
considers the combination of paired estuary branches as a single estuary. Here, the 
m ethod is applied under some modifications. Com pared to the first approach, the 
second approach offers be tte r results, which is subsequently validated against historic 
observations at fixed locations. Finally, based on the calibration and validation 
results of the second approach, a predictive model for the Mekong D elta estuaries is 
proposed.

3.5.1 Approach 1: Analysis of individual branches

The first approach considers every single branch as an individual estuary (i.e. Tran 
De, Dinh An, Cung Hau, Co Chien). The channel topography of each estuary is 
shown in Table 3.1. Using Eqs. 3.4 and 3.7, we can com pute the longitudinal 
variation of the salinity in every individual estuary. The calibration results, based on 
measurem ent da ta  of 8, 9, 21, 22 April and 21, 22 May 2005, are presented in Fig. 
3.6.
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Figure 3.6 Salinity distribution of individual branches: (a) Tran De on 8 April, (b) Dinh An 
on 9 April, (c) Tran De on 21 May, (cl) Dinh An on 22 May, (e) Cung Hau on 21 April and 
(f) Co Chien on 22 April 2005, showing values of measured salinity at HWS (diamonds), and 
LWS (triangles), and calibrated salinity curves at HWS (upper curves) and LWS (lower 
curves).
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One thing we can conclude from the m easurement da ta  is th a t the tidal excursion, 
which is the distance th a t a w ater particle travels between LWS and HWS (and hence 
the horizontal distance between the drawn curves), is dam ped along the estuary 
branches. This is due to the considerable discharge of the Mekong even during the 
dry season. The tidal excursion in the Hau and the Co Chien - Cung Hau branches 
can be described by an exponential function, i.e. E  = E 0 e x p ( - x /e )  where E  (L) is 
the tidal excursion at location x (km) from the m outh, E0 (L) is the tidal excursion at 
the m outh and e (L) is the dam ping length. E0 is determ ined by the horizontal 
distance between the LWS salinity curve and the HWS salinity curve at the m outh 
(See an example in Fig. 3.6b). E0 and e are determ ined by fitting against the 
longitudinal salinity distributions.

We can see from Fig. 3.6 th a t the m ethod can be used to describe the salinity 
d istribution in the individual branches of the Hau and the Co Chien - Cung Hau. The 
measured da ta  in the Dinh An estuary branch can be considered to be the best, 
thanks to the navigation buoys th a t gave the author a clear view of the occurrence of 
HWS and LWS.

3.5.2 Approach 2: Combination of two branches into a single estuary

The second approach considers the combination of two paired branches as a single 
estuary branch. The com bination of the Dinh An and Tran De branches is named 
“Hau estuary” and the combination of the Co Chien and Cung Hau branches is 
nam ed “Co Chien - Cung Hau estuary” . The channel topography of the combined 
estuaries is shown in Table 3.1 and Figs. 3.4c and 3.5c. The salinity of one combined 
estuary is taken as a weighted mean between the cross-sectional areas of the 
branches. Using Eqs. 3.4 and 3.7, we can com pute the longitudinal variation of the 
salinity in every combined estuary. The calibration results for the combined estuaries 
are presented in Fig. 3.7.

One can see th a t the second approach produces very good results. The overall 
perform ance is be tte r than  th a t of the first approach. This underlines the assum ption 
th a t the estuary system functions as an entity.

We can observe th a t the mixing coefficients of the individual branches in Fig. 3.6 are 
always higher than  the values of the combined estuaries in Fig. 3.7. This is 
understandable since the river discharge is split over the two branches, while the tidal 
range remains the same. As a result, o;0is larger in the individual branches than  in 
the combined branches.

3.5.3 Validation of Approach 2

In the Mekong D elta, there is a network of fixed stations near intakes and quays, 
which measure salinity values during the dry season at hourly intervals. 
Unfortunately, this inform ation is not ideal since it does not perm it the direct
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derivation of the longitudinal distribution of the maximum and minimum salinity (i.e. 
salinity at LWS and HW S), partly  because they are often not located near the main 
current (sometimes they are located w ithin a canal opening or intake), and partly  
because of the timing. However, we shall use these maximum and minimum daily 
values as indicators for the HWS and LWS salinity, to validate the model.

The validation results are presented in Fig. 3.8 (for the combined Hau estuary) and 
Fig. 3.9 (for the combined Co Chien - Cung Hau estuary). Generally, the model 
performs reasonably well, especially a t HWS. At several stations, e.g. Tra K ha (4 km 
from the Dinh An m outh) and Hung My (12.7 km from the Co Chien m outh), the 
observed salinity values are too small and inaccurate. This is to be expected since 
these stations are located in the m outh of a canal or close to the river banks.
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Figure 3.7 Salinity distribution of (a) The combined Hau estuary on 8 and 9 April, 2005; (b) 
The combined Hau estuary on 21 and 22 May, 2005; and (c) The combined Co Chien -  Cung 
Hau estuary on 21 and 22 April, 2005, showing values of measured salinity at HWS 
(diamonds), and LWS (triangles), and calibrated salinity curves at HWS (upper curves) and 
LWS (lower curves).
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F ig u re  3.8 Validation results of the Hau estuary on: (a) 01 March 1998; (b) 05 April 1998; (c) 
07 April 1998; (d) 02 March 1999; (e) 20 March 1999 and (f) 16 April 1999, showing values of 
observed salinity at HWS (diamonds) and LWS (triangles), and validated salinity curves at 
HWS (upper curves) and LWS (lower curves).
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Figure 3.9 Validation results of the Co Chien -  Cung Hau (combined Cung Hau and Co 
Chien) estuary on: (a) 16 March 1998; (b) 02 April 1998; (c) 15 April 1998; (d) 02 March 
1999; (e) 21 March 1999 and (f) 19 April 1999, showing values of observed salinity at HWS 
(diamonds) and LWS (triangles), and validated salinity curves at HWS (upper curves) and 
LWS (lower curves).
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3.6  P r e d ic t iv e  m o d e l

Based on the calibration and validation results of the second approach (see Section 
3.5), we can use Eqs. 3.9 and 3.10 to tu rn  the salinity model of the Mekong D elta 
into a predictive model. The values of K, obtained from calibration, are 0.55 and 0.50 
for the Hau and the Co Chien-Cung Hau respectively, which compare fairly well w ith 
predicted values of 0.42 and 0.45, which are com puted by Eq. 3.10. Similarly, the 
calibration values of D ^ws (D ^ws = a ^ wsO f , where Of is known from the discharge 
ratio  provided by VNHS in com bination w ith observations; and a™ s is obtained 
through calibration against the observed longitudinal salinity distribution) for the 
Hau estuary and the Co Chien -  Cung Hau estuary should be compared to Eq. 3.9. 
We notice th a t the calibration values of D ^ws for the measurem ent described in Figs. 
3.8 and 3.9 fit Eq. 3.9 well (see Fig. 3.10) if we use b (i.e. the w idth convergence 
length) instead of a (i.e. the area convergence length) and if the average depth  over 
the salinity intrusion length is taken instead of the depth  at the estuary mouth.
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Figure 3.10 Empirical relation for Dq WS for the Hau e tuary.

For the Hau estuary and the Co Chien-Cung Hau estuary, the predictive equation 
then  reads:

Dhws h
- J — = 1.400 -JÑ ~ R (3.14)
o0E0 b

In Fig. 3.11, intrusion lengths com puted w ith Eq. 3.14 are p lo tted  together w ith the 
estuaries presented by Savenije (2005, page 171). W hat we observe in Fig. 3.11 is th a t 
the salt intrusion lengths at HWS of the Hau and the Co Chien-Cung Hau com puted 
by the modified predictive model using Eq. 3.14 and Eq. 3.8 (blue triangles) plot very 
well w ithin the set. To perm it a good comparison, the intrusion lengths in the other 
estuaries have also been com puted using Eq. 3.14.
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F ig u re  3.11 Salt intrusion length at HWS according to the modified predictive model, applied 
to the Mekong and other estuaries described by Savenije (2005).

3.7  D is c u s s io n

One tiling we have to bear in mind is th a t the m ethod presented is applicable to a 
steady sta te  salinity distribution. Estuaries require a certain  tim e to adjust to 
changes in the boundary conditions before they reach a steady state. Savenije (2005, 
p. 175) found th a t the system  response times for different estuaries are in the order of 
m agnitude of days to months. Using Eq. 2.40, we can com pute the system  response 
tim e for the Mekong estuaries. The com puted system  response times for the Hau 
estuary on 8 April 2005 and 21 May 2005 and the Co Chien - Cung Hau estuary on 
21 April 2005 are 7 days, 10 days and 3 days, respectively. In relation to the low 
variability of the discharge during the dry season, these values indicate th a t the 
estuary system  is capable of adjusting itself to a new situation, and does not lag far 
behind an equilibrium  sta te  during the dry season. Therefore, we can use the steady 
state  m ethod to com pute the salinity d istribution in the Mekong estuaries.

The Mekong D elta lias a network of fixed stations along the banks, which measure 
salinity values during the dry season. These stations provide hourly salinity 
observations. These values are not very adequate for the HWS-LWS method. For 
validation, we took the maxim um  and minimum daily values of the salinity at these 
stations and we assumed th a t these values are close to HWS and LWS values in the 
same day. This assum ption is ra ther weak since the stations are generally not located 
near the centre of the stream  but ra ther in the lee, often near intakes of canals.

The Van den B urgh’s coefficient, K, lias been taken from the calibration process from 
field da ta  in 2005. These values compare fairly well w ith the predictive Eq. 3.10. We 
should realise th a t the predictive equation for K  is still ra ther weak and may have to 
be improved in the future. Therefore, the calibrated K  values for the Hau and the Co 
Cliien -  Cung Hau estuaries are considered to be the most reliable. For a detailed 
explanation on Van den B urgh’s coefficient reference is made to Savenije (2005).
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There are several lim itations in this study. Firstly, there is lack of updated  
topographical da ta  of the Mekong Delta. The d a ta  used in this chapter have been 
obtained from surveys carried out between 1991 and 1998. Later, the Mekong 
Com m ittee developed a topographical database of the Mekong Delta, bu t this 
database is essentially composed of the same d a ta  w ith only minor modifications and 
updates. As we know, the Mekong D elta is morphologically active and the 
topography is continuously changing due to the high sediment transport capacity of 
the river. Hence, there still is room for improvement of the salinity model by using 
more recent topographical data. Secondly, the predictive model is sensitive to a 
num ber of param eters th a t have a certain  degree of uncertainty. These are the tidal 
excursion E0, the mean estuary depth  h and the w idth convergence length b. The 
tidal excursion can be obtained accurately if we have good and adequate HWS and 
LWS salinity measurements. There is uncertainty in the determ ination of the average 
depth  over the cross-section, particularly  when (for instance in the Dinh An) there is 
a shallow part and a deep part, and when the estuary depth  is not constant (there is 
a slight bo ttom  slope). Similarly, there is an effect of a possible error in the 
convergence length due to the lack of updated  topographical data. The uncertainty in 
the average depth  may be reduced by using the analytical relations for tidal damping 
and wave propagation presented by Savenije (2001, 2005), Savenije and Veling (2005), 
bu t this will require additional observations of tidal damping, wave propagation and 
longitudinal salinity distributions. Both the uncertainties in the average depth  and 
the convergence length are relevant for the accuracy of the predictive model.

3.8  C o n c l u sio n s

In this chapter, the theory for the com putation of salt intrusion in single alluvial 
estuaries is for the first tim e applied to a riverine multi-channel estuary w ith 
increasing depth  in upstream  direction and dam ped tidal excursion. A lthough the 
theory has not been developed for this situation, it is well applicable if we combine 
paired estuary branches and modify Eq. 3.9 into Eq. 3.14.

In view of the similar hydraulic, topographical and salinity characteristics of the 
branched estuaries in the Mekong, it is suggested th a t the multi-channel estuarine 
system  functions as an entity  and th a t paired branches should be considered as a 
single estuary branch. This procedure has been successfully applied and tested  in the 
Dinh An and Tran De branches (the combined estuary nam ed the Hau estuary) and 
the Co Chien and Cung Hau branches (the combined estuary nam ed the Co Chien - 
Cung Hau estuary). Based on salinity measurem ents during the dry season of April 
and May 2005, an analytical model has been developed to com pute the longitudinal 
salinity d istribution (at HWS and LWS) for the combined estuaries, e.g. the Hau 
estuary and the Co Chien - Cung Hau estuary. The model has been validated w ith 
da ta  of the dry seasons in 1998 and 1999. The overall results of salinity com putation 
indicate th a t the assum ption of combined branches is workable and th a t the 
simplified m ethod can produce satisfactory results for a complex system  such as the 
Mekong Delta.
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D i s c h a r g e  d i s t r i b u t i o n  o v e r  e s t u a r y  b r a n c h e s

Abstract

The freshwater discharge is an im portant param eter for modeling salt intrusion in an estuary. 
In alluvial converging estuaries during periods of low flow, when salinity is highest, the river 
discharge is generally small compared to the tidal flow. This makes the determination of the 
freshwater discharge a challenging task. Even if discharge observations are available during a 
full tidal cycle, the freshwater discharge is seldom much larger than the measurement error in 
the tidal discharge. Observations further upstream, outside the tidal region, do not always 
reflect the actual flow in the saline area due to withdrawals or additional drainage. Discharge 
computation is even more difficult in a complex system such as the Mekong Delta, which is a 
multi-channel estuary consisting of many branches, over which the freshwater discharge 
distribution cannot be measured directly. This chapter presents a new analytical approach to 
determine the freshwater discharge distribution over the branches of the Mekong Delta by 
means of an analytical salt intrusion model, based on measurements made during the dry 
season of 2005 and 2006. It appears tha t the analytical approach agrees well with 
observations and with a hydraulic model. This chapter demonstrates tha t with relatively 
simple and appropriate salinity measurements and making use of the analytical salt intrusion 
model, it is possible to obtain an accurate discharge distribution over the branches of a 
complex estuary system. This makes the new approach in combination with the analytical 
salt intrusion model a powerful tool to analyze the water resources in tidal regions.

Parts of this chapter were published as:

Nguyen, A.D., Savenije, H.H.G., Pham, D.N., and Tang, D.T., 2007. Using salt intrusion 
measurements to determine the freshwater discharge distribution over the branches of a 
multi-channel estuary: the Mekong Delta case. Estuarine, Coastal and Shelf Science, doi 
10.1016/j.ecss.2007.10.010.

Nguyen, A.D., and Savenije, H.H.C., 2007. New method to determine the freshwater 
discharge distribution over the branches of a multi-channel estuary. In D. Boyer, O. 
Alexandrova (Eds.), Proceedings of the Fifth International Symposium on Environmental 
Hydraulics, Tempe, Arizona, USA, 6pp.
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4.1 I n t r o d u c t i o n

The river discharge, together w ith relevant param eters defining estuary shape and 
tidal forcing, is the key param eter determ ining salt intrusion in alluvial estuaries. 
This was dem onstrated in a large num ber of estuaries by Savenije (1986, 1989, 1993, 
2005, 2006), Brockway et al. (2006) and Nguyen and Savenije (2006), by the use of an 
analytical model. The model depends on two m ajor drivers, the tidal variation at the 
estuary m outh and the freshwater discharge entering the saline area.

The determ ination of the freshwater discharge in estuaries is complicated, as it 
requires detailed measurem ents during a full tidal cycle. Moreover, in the dry season 
when the salt intrusion m atters most, the m agnitude of the freshwater discharge is 
small com pared to the tidal flow (often w ithin the m easurement error of the tidal 
flow). It is even more difficult to determ ine the discharge in a complex system  such as 
the Mekong Delta, which consists of eight branches over which the freshwater 
discharge is d istributed (see Fig. 3.2).

The Mekong D elta has been subject to a num ber of studies including: Wolanski et al. 
(1996, 1998), Nguyen et al. (2000), Tang (2002), Wolanski and Nguyen (2005), Le 
(2006) and Le et al. (2007). These publications focus on the sediment dynamics of the 
delta (Wolanski et a l, 1996, 1998), and the flow and transport regime during the 
flood season (Nguyen et al., 2000; Le et a l, 2007). In the past, several hydraulic 
models have been developed over tim e to sim ulate the hydrodynam ic regime of the 
Mekong river system. A lthough these models were not developed for the purpose of 
determ ining the discharge distribution over the branches of the Mekong Delta, they 
can indeed provide this information. However, it appears th a t the results from these 
models do not always agree due to the different topographical dataset (due to the 
changes in the Mekong over years) and different modeling objectives (Le, 2006).

In C hapter 3, we present the development of the predictive analytical model for salt 
intrusion in the Mekong D elta in V ietnam , which can be used to predict the salinity 
d istribution in the Mekong branches if topography, tide and river discharge are 
known. The reverse also applies: if the salinity distribution in the Mekong is known, 
we can estim ate the river discharge.

This chapter presents a new analytical approach to determ ine the discharge 
distribution over the branches of the Mekong by means of the salt intrusion model 
developed in C hapter 3, based on dry season da ta  of 2005 and 2006. These results 
will be compared w ith the results obtained by a hydraulic model, bo th  for accuracy 
and efficiency.

4.2 T h e  M e k o n g  D e l t a , V ie t n a m

The Mekong D elta has already been introduced in C hapters 1 and C hapter 3. Here 
we focus on the freshwater discharge characteristics. In addition, the shape of two 
other m ain branches of the delta (i.e. My Tho and Ham Luong) is presented. The 
da ta  set for this chapter is also briefly described.
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4.2.1 Freshwater discharge and topographical characteristics of the Mekong Delta

In the dry season, there are two main sources for the freshwater: (i) from the main 
Mekong river and (ii) from the G reat Lake (TonleSap) in Cam bodia via the Bassac 
river. The to ta l freshwater discharge in the dry season is in the order of 2,000 m3/s , 
which distributes unequally over the eight branches. Observations further upstream , 
outside the tidal region, are available. There are several discharge measurement 
stations located on the main Mekong river (e.g. K ratie and Kompong Cham, about 
330 km from the Dai m outh), the Bassac river (e.g. Bassac Chaktom ouk, 240 km 
from the Dinh An m outh) and on several tribu taries (e.g. Prek K dam  on the Tonle 
Sap river or Vam Nao on the Vam Nao river). Inside the tidal region in Vietnam , 
there are four discharge stations: Tan Chau and My T huan on the Tien (Mekong) 
river, which are located 200 km and 100 km from the Dai m outh, respectively; and 
Chau Doc and Can Tho on the Hau (Bassac) river, which are located 190 km and 80 
km from the Dinh An m outh, respectively (See Fig. 3.2). However, the distribution of 
the discharge over the branches downstream  of the river system  depends on a 
complex interaction of topography, tide, network layout (hydraulic structures, canals, 
etc.) and additional withdrawals or drainage. Therefore, it is difficult to obtain a 
reasonable estim ate of the discharge distribution over the branches of the system. 
There are two discharge stations located in the tidal region (i.e. My T huan and Can 
Tho on the Tien and Hau m ain branches, respectively). However, based on 
observations from these two stations, it is not possible to obtain a reliable estim ate of 
the d istribution of the freshwater discharge. The reason is th a t the freshwater 
discharge, which is in the order of 1,000 m3/s , is probably smaller than  the 
measurem ent error in the tidal discharge, which is in the order of 12,000 m3/s. It 
would be costly to carry out detailed measurem ents during a full tidal cycle in the 
downstream  end of the Mekong's eight branches and we would face a similar problem 
related to the measurem ent error.

The estuary branches Dinh An and Tran De, Co Chien and Cung Hau have the 
characteristics of paired estuary branches (see C hapter 3). The Tieu and Dai may 
also be considered as paired, although we should realize th a t the length of the Tieu 
branch is slightly larger than  th a t of the Dai (34.5 km vs. 32.5 km). The Ham Luong 
branch is a single branch estuary. The Ba Lai branch, which is closed by a tidal 
barrier at its m outh, is not taken into account in this study because it is relatively 
small and it no longer is a na tu ra l branch. The estuarine characteristics of the Tran 
De - Dinh An, the Co Chien - Cung Hau, the My Tho (combination of the Tieu and 
Dai) and the Ham Luong branches correspond very well w ith exponential functions 
th a t follow the concept of ideal estuaries (see C hapter 3, Section 3.3). The combined 
My Tho and the combined Hau estuary have an inflection point located 45 km from 
the Dai m outh and 57 km from the Dinh An m outh, respectively. U pstream  from the 
inflection point, the shape of the estuaries also corresponds w ith exponential 
functions, and the depth  is constant. The topography of the two branches is shown in 
Figs. 4.1 and 4.2. Combining w ith inform ation from Table 3.2, then we have a 
complete set of the topography of the main branches of the Mekong Delta, which is 
presented in Table 4.1.
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Table 4.1 Estuarine characteristics of seven branches in the Mekong Delta

River Estuary A
(nr)

B0
(m)

h
(m)

a
(km)

b
(km)

d
(km)

dj
(km)

b,
(km)

Dinh An 
branch 18,400 3,400 7.6 100 47 89 - -

Han river Tran De 
branch 8,200 1,500 5.5 800 800 00 - -

Combined
estuary 26,600 4,900 7.5 105 51 99 140 140

Co Chien 
branch 11,100 1,600 7.6 93 71 300 - -

Co Chien 
river

Cung Han 
branch 13,200 2,500 5.7 45 40 360 - -

Combined
estuary 24,300 4,100 6.6 69 54 250 - -

Tieu branch 7,100 1,100 6.5 180 180 00 - -
My Tho 
river

Dai branch 14,500 2,300 9.3 70 38 84 - -

Combined
estuary 21,600 3,400 7.7 71 50 170 420 420

Ham Luong 
river

Ham Luong 
branch 17,000 2,800 6.1 55 55 00 - -

Note: The values for the width, depth and cross-sectional area were measured at Mean Sea Level 
(MSL). Oj and bx are the area and width convergence lengths after the inflection point, respectively.

100000

10000

1000

100

0 10 20 30 40 50 60 70 80
Distance from the mouth (km)

A Area (m2) ■ W id th  (m) •  Depth (m)

Figure 4.1 Shape of the Ham Luong estuary, showing the measured area (triangles), measured 
width (seglares) and measured depth (circles).
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F ig u re  4.2 Shape of the individual branches: (a) Tieu and (b) Dai. (c) Shape of the My Tho 
(combination of Tieu and Dai) estuary, showing the measured area (triangles), measured 
width (squares) and measured depth (circles).

4.2.2 Description of the Mekong Delta's data set

On the Tien river, there are two discharge stations located at Tan Chau and My 
Thuan. On the Hau river, there are also two discharge stations located at Chau Doc 
and Can Tho (see Fig. 3.2). Normally, the discharge at Tau Chau is three to five 
times larger th an  the discharge at Chau Doc (Le, 2006). One special thing is th a t just 
30 km downstream  of Tau Chau and Chau Doc, there is a connecting river called 
Vam Nao, which conveys w ater from the Tien to the Hau river. As a result, the 
discharge ratio  between the Hau and the Tien rivers after the Vam Nao changes 
substantially. There is one discharge station  on the Vam Nao connecting river, 
however we were not able to obtain the discharge da ta  from there. Downstream  from 
My T huan and Can Tho, there are no more discharge stations.

The river discharge and tidal da ta  during the 2005’s and 2006's field measurement 
periods were provided by the Vietnam ese N ational Hydrometeorology Services 
(VNHS). Salinity d a ta  of the Mekong D elta used in this chapter consist of three sets:
(i) the first set is from field measurem ents carried out by the author during the dry
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season of 2005; (ii) the second da ta  set is from field measurem ents carried out by the 
au thor during the end of the dry season of 2006; and (iii) the th ird  da ta  set is 
obtained from the network of fixed stations near intakes and quays, which measure 
salinity values during the dry season at hourly intervals. The first set has been 
presented in C hapter 3, Section 3.4. The other da ta  sets are presented here. During 
the moving boat measurem ents in 2005 and 2006, we m easured the vertical salinity 
distribution at several points in the Dinh An, Tran De, Co Chien and Cung Hau 
branches. It appeared th a t these branches were partially-m ixed and well-mixed 
estuaries according to the estuarine stratification classification (see Section 2.2.4).

4.3  E s t im a t io n  o f  t h e  d is c h a r g e  d is t r ib u t io n  o v e r  t h e  M e k o n g  b r a n c h e s

4.3.1 Previous studies determining the discharge distribution over the Mekong 
branches

The recent book of Le (2006) on the salinity intrusion of the Mekong D elta provides 
an overview of the discharge distribution over the river system. Because it is difficult 
to obtain  a reasonable estim ate of the discharge distribution, Le (2006) discussed 
several hydraulic models of the Mekong D elta, which were developed over the last 
four decades. A lthough, they were not developed for the purpose of determ ining the 
discharge distribution over the branches of the Mekong Delta, they can be used to 
assess the discharge distribution over the river system. These models include:

(i) The NEDECO model, developed in 1974.

(ii) The Vietnam ese N ational Hydrometeorology Services (VNHS) model, 
developed in 1984.

(iii) The SAL089 model, used by NEDECO in 1991.

(iv) The model developed by Nguyen Van So in the combination w ith the 
observed da ta  in 1992.

(v) The VRSAP model, developed in 1993.

Estim ates of the discharge distribution over the branches of the Mekong D elta, based 
on the d a ta  of these five models, are presented in Table 4.2. One can see th a t the 
discharge distribution ratio  over the branches of the Mekong is not the same for the 
different models. The m ain reason is th a t these models were developed at different 
times, therefore the topographical d a ta  are different due to the changes th a t have 
taken place over years. Moreover, these models were developed to satisfy different 
purposes (i.e. w ater balance - the first and second model; irrigation - the fourth 
model; and salinity intrusion - the th ird  and fifth model); therefore the choices of 
boundary conditions and hydraulic param eters were not the same.

It is noted th a t the results from the first two models (i.e. NEDECO 1974 and VNHS 
1984) are almost identical. The first two models are relatively simple models and they 
did not sufficiently take into account the flows through the inland channel system. 
The results of the next three models show more or less the same pattern . It is noted
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th a t in the SAL089 and VRSAP model, the to ta l discharge ratio  of the Tien and 
Hau river below the Vam Nao connection is not 100%. This can be explained by the 
fact th a t before approaching the Vam Nao river, a certain am ount of w ater flows into 
the inland channel system.

Table 4.2 Discharge distribution in the Mekong river system (after Le (2006, p. 43))
Discharge Tien river Hau river Co Cung Dinh Tran

Model name computed below Vam below Vam Chien Hau An De
(nfl/s) (*) Nao (%) Nao (%) (%) (%) (%) (%)

NEDECO 1974 2,385 51.0 49.0 13.0 15.0 28.0 21.0

VNHS 1984 1,926 55.0 45.0 13.0 18.0 27.0 18.0

SAL089 1991 2,274 43.6 54.4 11.8 7.8 25.6 24.3
Nguyen Van So 
1992 - - - 11.0 12.0 19.0 16.0

VRSAP 1993 2,280 49.7 44.3 10.9 4.5 18.2 18.0

( Continued)

Model name Ba Lai Ham Luong 
(%) (%)

Tieu
(%)

Dai
(%)

Others
(%)

NEDECO 1974 0.0 15.0 2.0 6.0 0.0

VNHS 1984 0.0 17.0 1.0 6.0 0.0

SAL089 1991 1.6 13.6 5.2 2.0 8.1
Nguyen Van So 
1992 1.0 14.0 1.5 6.0 19.5

VRSAP 1993 0.1 8.7 2.3 8.4 28.9

^  Total discharge of both the Tien and the Hau rivers, upstream of the Vam Nao connection
Internal (inland) canal system.

4.3.2 Analytical equation for estimating freshwater discharge on the basis of salinity
measurements

The analytical equation is developed on the basis of the salt intrusion model 
presented in C hapter 3. In the reverse mode, using the same model, if the salinity 
distribution is known, we can use the model to predict the river discharge.

From Eq. 3.6, for the HWS situation, we have:
j ~ \ R W S

Q, = ~ J ¡ W  (4 1 >
U q

Substitu ting Eq. 3.6 and Eq. 3.14 into Eq. 4.1, we obtain:

d h w s  1400 J  VÄT (U0E 0 )

O = 2-----= ---------- £-----------------
^ ƒ s y H W S  s y H W S

OC o  U q
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w ith N r ----------—— (where Qf is negative since the positive x-axis points
P Á>S0u

upstream ). Hence:

Qf

y M „ )  1400

H W Sa.

or: Qf H W S
(4 .2 )

V J

The notations have already been introduced in C hapter 2 and C hapter 3.

4.4  U s in g  t h e  a n a l y t ic a l  s a l t  in t r u s io n  m o d e l  t o  c o m p u t e  t h e  d is c h a r g e

DISTRIBUTION

4.4.1 Salinity distribution in the Mekong branches in the dry season of 2005

There are two im portant param eters th a t have to be known in order to determ ine Qf 
w ith Eq. 4.2: (i) a 0 and (ii) E0. The longitudinal salinity curves calibrated against 
m easurem ents during HWS and LWS can provide us w ith accurate estim ates of both  
param eters. a ^ ws can be obtained through calibration, and E0 is the distance between 
the HWS and LWS curves.

In order to obtain the theoretical longitudinal salinity curves, we have to calibrate the 
salt intrusion model against observations. There are two calibration param eters, i.e. 
K  and 0CqWS . A first estim ate of K  can be obtained by the predictive equation (i.e. 
Eq. 3.10 in C hapter 3). However, due to the large uncertainty of this predictive 
equation, the K  estim ate should be refined on the basis of salinity measurements. K, 
Van den B urgh’s coefficient, is a ‘shape factor’ influencing the shape of the salt 
intrusion curve (Savenije, 1993a). K  particularly  determ ines the shape of the toe of 
the salt intrusion curve. Most im portantly, K  is not dependent on tim e but purely 
dependent on topography and tidal characteristics. 0CgWS plays a small role in the 
shape of the salt intrusion curve bu t the main role in the intrusion length. The 
calibration process has been carried out on the basis of a quantitative procedure 
employing a weighted Chi-Square m ethod w ith special weight to the toe of the 
salinity intrusion curves. It is particularly  im portant to give emphasis to the toe of 
the intrusion curve because it incorporates all errors incurred in the integration of the 
differential equation (i.e. Eq. 3.8 in C hapter 3), which uses the downstream  boundary 
salinity (i.e. at the m outh) as the input. The toe represents the to ta l intrusion length, 
which is the key outcome of the salt intrusion model.
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F ig u re  4.3 Salinity distribution of individual branches and combined branches of the Mekong: 
On 8 and 9 April 2005: (a) Co Chien - Cung Hau, (b) My Tho and (c) Ham Luong. And on 
21 and 22 April 2005: (cl) Hau, (e) My Tho and (f) Ham Luong, showing values of measured 
salinity at HWS (diamonds), and LWS (triangles), and calibrated salinity curves at HWS 
(upper curves) and LWS (lower curves).
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The weighted Chi-Square m ethod reads:

y0 -  Vi (4.3)
y  o

where xt and yt are the observed and sim ulated values (spatial series). y0 is the 
sim ulated value at the m outh of the estuary (boundary condition) and n is the 
sample size or num ber of events. It is required th a t X \  is minimized.

The quantitative procedure for salt intrusion model calibration can be expressed as 
the two following steps:

(i) Basing on the observed salinity curves and applying a quantitative 
analysis of the Chi-Square Statistic  m ethod as well as a weighted Chi- 
Square m ethod w ith special attentions on the toe of the curves, we 
established a fixed value of K  for each estuary branch.

(ii) Using the Chi-Square m ethod and the weighted Chi-Square m ethod, we 
quantitatively determ ined the a ^ ws values.

The calibration results on 8 and 9 April 2005 for the Hau branch and on 21 and 22 
April 2005 for the Co C hien-Cung Hau branch were presented in C hapter 3, therefore 
we do not repeat them  here. The salt intrusion length in the Hau estuary during the 
dry season of 2005 was in the order of 50 km. This agrees w ith the value observed by 
Wolanski et al. (1998) during the dry season of 1996.

On the same dates, we used routine measurem ents to obtain  a full set of salinity 
distribution in the rem aining branches of the delta (see Fig. 4.3). These 
m easurem ents are parts  of standard  measurem ents taken at fixed locations along the 
estuary, often at intakes and well beside the m ain current. As a result, these 
observations sometimes underestim ate the HWS salinity, or they are affected by land 
drainage. This is clearly visible in the Hau, at 4 km from the m outh, where the gauge 
is located in an inlet. This makes the calibration results less reliable, but we feei th a t 
they are still useful for our purpose.

4.4.2 The freshwater discharge distribution in the Mekong Delta during the dry 
season of 2005

On the basis of the observed salinity d istribution in the Mekong D elta branches, the 
freshwater discharge distribution has been calculated using Eq. 4.2. There are two 
approaches to determ ine the discharge distribution over the estuary branches:

(i) Approach 1: Using the param eters obtained w ith the salinity
distribution in the individual branches, combined w ith the estuary 
shape of each individual branch, we are able to com pute the discharge 
in each individual branch. This approach is only applicable for the Dinh 
An, Tran De, Cung Hau and Co Chien branch, where we have sufficient 
salinity measurements.
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(ii) Approach 2: Using the estuary shape of the combined estuary branches,
together w ith the param eters from the salinity distribution, we can 
com pute the freshwater discharge of the combined branches (i.e. Hau, 
Co Chien - Cung Hau and My Tho).

Table 4.3 presents the com putation of the freshwater discharge over the Mekong 
branches, using bo th  approaches. For reasons of simplicity, here and in the following, 
we use the absolute value of the river discharge, which has a negative value since the 
positive x-axis points upstream .

Table 4.3 Freshwater discharge values in 2005 in the Mekong branches computed by means of 
the salt intrusion model.

Date River Estuary
HWS

“ o
(nr1)

E0
(km)

Qf
(m V 1)

Percentage of 
observations 

(%) (,)
Dinh An 
branch 2.39 16.0 649 27.4

Hau Tran De 
branch 4.48 16.5 273 11.5

8 and 9 
April 
2005

Combined 
Hau estuary 1.53 16.5 922 38.9

Co Chien Combined
estuary 1.79 16.0 435 18.3

My Tho Combined My 
Tho estuary 2.29 19.0 657 27.7

Ham
Luong

Ham Luong 
branch 2.79 18.0 219 9.2

Hau Combined 
Hau estuary 1.53 16.0 894 42.1

Co Chien 
branch 3.83 16.5 189 8.9

21 and 22 
April 
2005

Co Chien Cung Hau 
branch 4.12 16.5 183 8.6

Combined
estuary 1.91 16.5 394 17.5

My Tho Combined My 
Tho estuary 2.40 18.0 567 26.7

Ham
Luong

Ham Luong 
branch 2.82 17.5 208 9.8

^  Total observed discharge of both the Tien (Tan Chau station) and the Hau river (Chau Doc 
station), about 30 km upstream of the Vam Nao connection.

One can see th a t in the case of the Tran De branch, of which the downstream  shape 
is almost constant (i.e. a very large convergence length), we are not able to use Eq.
4.2 to com pute the discharge value. This is a disadvantage of the first approach when 
applied to branches w ith near constant cross-sections. It is rem arked th a t in Table
4.3, the discharges of the Hau, Co Chien-Cung Hau and My Tho (i.e. three combined
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branches) are com puted by the second approach, while the discharges of the Co 
Chien, Cung Hau and Dinh An branch are com puted by the first approach. One can 
see th a t the values com puted by the second approach and the first approach for the 
Co Chien-Cung Hau are identical. This, once again, implies th a t the paired estuaries 
function as an entity.
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Figure 4.4 Discharge distribution over the branches of the Mekong Delta computed on the 
basis of the salinity observations carried out on 8 and 9 April, 2005.

The value of the Tran De branch is obtained by subtracting the values of the 
combined Hau estuary and the Dinh An branch. On 8 and 9 April 2005, the salinity 
da ta  were not sufficient in the Cung Hau, Co Chien, Dai and Tieu branch in order to



4.4 Using the analytical salt intrusion model to com pute the discharge distribution 71

get accurate param eters for the discharge com putation in each individual branch. 
Similarly, on 21 and 22 April 2005, da ta  were not sufficient to obtain the right 
param eters for the Dinh An, Tran De, Dai and Tieu branch.

Table 4.3 shows the discharge distribution over the system and Fig. 4.4 presents an 
overview of the discharge distribution over the estuary branches on 8 and 9 April 
2005. The following conclusions can be drawn:

(i) The discharge ratio  between the Dinh An and the Tran De is in the 
order of 70%/30%.

(ii) The discharge ratio  between the Co Chien and the Cung Hau is in the 
order of 50%/50%.

(iii) The discharge ratio  between the combined Hau and the combined Co
Chien-Cung Hau is in the order of 70%/30%.

(iv) If we assume th a t the value of the "others" component, th a t is the
am ount of river flow th a t feeds the inland canal network (see Fig. 4.4), 
can be split equally between the Hau and the Tien river, then  we see
th a t the discharge ratio  between the Hau and the Tien river after the
Vam Nao connection is in the order of 42%/58%. This agrees reasonably 
well w ith the estim ation of VNHS (unpublished) on the basis of their 
own hydraulic model evaluation and discharge measurem ents in 1997 
and 2000 at Tan Chau, Chau Doc and Vam Nao, which indicated th a t 
the ratio  between the Hau and the Tien river after the connecting Vam 
Nao river is about 45%/55%.

4.4.3 The freshwater discharge distribution in the Mekong Delta at the end of the dry 
season of 2006

On 10 and 11 June 2006, field measurem ents were carried out, using the moving boat 
m ethod described in C hapter 3, Section 3.4. The advantage of this measurement 
approach is th a t observations can be carried out on the same day in the paired 
estuary branches (i.e. Dinh An and Tran De, Co Chien and Cung Hau). 
Unfortunately, due to a lim ited num ber of measurem ent devices and boats, we could 
not m anage to do measurem ents in the Tieu, Dai and Ham Luong branches as well. 
Therefore, routine m easurem ents at fixed locations have been used to obtain the 
salinity profile of the My Tho and Ham Luong branch.

We m easured the vertical salinity d istribution at several points in the Dinh An, Tran 
De, Co Chien and Cung Hau branches. It appeared th a t these branches were partially  
mixed. This is understandable since the discharge is relatively large compared to the 
dry period. The to ta l discharge of the Tien and Hau river on 10 and 11 June is in the 
order of 6,000 (m3/s) compared to a discharge of 2,000 (m3/s) in the dry season of 
2005. The actual to ta l discharge of the Tien and Hau river on 10 and 11 June 2006 
provided by the VNHS was 6,276 (m3/s).
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F ig u re  4.5 Salinity distribution of individual branches and combined branches on 11 and 12 
June 2006 in the Mekong: (a) Tran De, (b) Dinh An, (c) Combined Ha.u estuary, (cl) Co 
Chien, (e) Cung Ha.u and (f) Combined Co Chien - Cung Ha.u estuary, showing values of 
measured salinity at HWS (diamonds), and LWS (triangles), and calibrated salinity curves at 
HWS (upper curves) and LWS (lower curves).
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F ig u re  4.6 Salinity distribution of individual branches and combined branches of the Mekong 
on 11 and 12 June 2006: (a) My Tho and (b) Ham Luong, showing values of measured 
salinity at HWS (diamonds), and LWS (triangles), and calibrated salinity curves at HWS 
(upper curves) and LWS (lower curves).

Table 4.4 Freshwater discharge values in 2006 in the Mekong branches computed by means of 
the salt intrusion model.

Date River Estuary
HWS

OC.Q

( in 1)
E0

(km)
Qf

(m V 1)

Percentage of 
observations

(%) n
Dinh An 
branch 1.46 10.5 2,283 36.4

Hau Tran De 
branch 2.73 11.0 840 13.4

Combined 
Hau estuary 0.96 11.0 3,123 49.8

10 and
11 June 

2006

Co Chien 
branch 2.96 11.0 423 6.7

Co Chien Cung Hau 
branch 2.99 11.0 463 7.4

Combined
estuary 1.45 11.0 911 14.5

My Tho Combined My 
Tho estuary 1.37 14.0 1,353 21.6

Ham Luong Ham Luong 
branch 1.68 13.5 453 7.2

(t) Total observed discharge of both the Tien (Tan Chau station) and the Hau river (Chau Doc 
station), about 30 km upstream of the Vam Nao connection.

My Tho estuary
a  = 1.37, K = 0.50
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The calibration results, based on measurement d a ta  of 10 and 11 June 2006, are 
presented in Figs. 4.5 and 4.6. Table 4.4 shows the com putation of the freshwater 
discharge over the Mekong branches on 10 and 11 June 2006.

From the com puted results on 8-9 April 2005 and 10-11 June 2006 in the Hau river; 
and 21-22 April 2005 and 10-11 June 2006 in the Tien river, one can conclude th a t 
the discharge values com puted by the two approaches (i.e. the single branch and the 
combined branch approach) agree fairly well for the com puted days. This, again, 
implies th a t the paired estuaries function as an entity.

One can see in Table 4.4 that: (i) the discharge ratio  between Dinh An and Tran De 
is 73% /  27%; (ii) the discharge ratio  between Co Chien and Cung Hau is 48% /  52%. 
This agrees well w ith w hat we have seen in Section 4.4.2. However, we can also see 
th a t the discharge ratio  between the Hau and Co Chien-Cung Hau is 78%/22% and 
the discharge ratio  between the Hau and Tien river is 53%/47%. A pparently the 
discharge ratio  in the Hau is larger at the s ta rt of the wet season. This may also be 
because of errors in the salinity measurem ents, which were carried out under difficult 
(rainy and windy) weather conditions.

Hence, we can conclude th a t the salinity intrusion regime and the discharge 
distribution p a tte rn  in the Mekong can be well described by the analytical salt 
intrusion approach over a wide range of river discharge.

4.5 U s in g  a  h y d r a u l i c  m o d e l  t o  c o m p u te  t h e  d i s c h a r g e  d i s t r i b u t i o n

4.5.1 Schematization

The new approach to use the salinity measurem ents to estim ate the discharge 
distribution is tested  against the results of a hydraulic model th a t uses the observed 
upstream  discharge as the upstream  input and the observed tidal variation at the 
downstream  boundary. For this purpose, we have used the MIKE11 model. For 
detailed inform ation on the MIKE11 package, readers are referred to: 
h ttp: / /www. dhigroup.com /Softw are/W aterR esources/M IK Ell.aspx.

The da ta  for the schem atization of the hydraulic model, including topographical and 
infrastructure data, have been obtained from the 1998 and 2000 version of the 
Mekong river system schem atization developed by the Mekong River Commission in 
the ISIS software. Some parts  of the estuarine topography of the Dinh An, Tran De, 
Cung Hau, Co Chien, Dai and Tieu branches have been obtained from the da ta  of the 
Southern Institu te  for W ater Resources Research in Vietnam. Figure 4.7 presents the 
schem atization of the Mekong D elta in MIKE11. The model has been calibrated and 
validated based on da ta  of the dry seasons in 2005 and 2000. As an indication of 
model perform ance, we only show the calibration results of April 2005 at the Can 
Tho station  (80 km from the Dinh An m outh) in Fig. 4.8.
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G u l f  o f  
T hailand

South China Sea

Figure 4.7 The Mekong Delta schematization in MIKE11, showing the available intake 
structures and sluice gates in triangles.

4.5.2 Freshwater discharge distribution

Based on the model results, we are able to derive the freshwater discharge values in 
the branches of the Mekong Delta. The com puted results are presented in Table 4.5, 
also as a percentage of the observed upstream  river discharge. Figure 4.9 shows these 
results compared to the discharge distribution com puted w ith the salt intrusion 
model. In addition, Fig. 4.4 presents an overview of the discharge distribution over 
the branches on 8 and 9 April 2005.
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It is noted th a t the sum of the discharge values of all branches is not necessary equal 
to the to ta l discharge. This is understandable since a certain am ount of w ater can 
enter or leave the inland channel system  and a certain am ount of w ater can go into 
the Ba Lai branch.
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0 1 -A pr 06 -A p r 1 1-Apr 16-A pr 2 1 -A pr 26 -A p r 0 1 -M ay

Figure 4.8 Hydrodynamic model results for the Can Tho station (80 km from the Dinh An 
mouth): (a) water level; (b) velocity; and (c) discharge, showing modelled values (drawn 
lines) and observed values (triangles).
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Table 4.5 Discharge distribution above and below the Vam Nao river (computed by the 
hydraulic model)

—„(*) Total Tien river Hau river Tien river Hau river

Date (m3/s) 
& (%)

discharge 
upstream VN 
(m3/s) & (%)

upstr.VN
(m3/s)
& (%)

upstr. VN 
(m3/s)
& (%)

downstr. VN < 
(m3/s)
& (%)

lownstr. VN 
(m3/s)
& (%)

8 and 9 2,370 2,197 1,684 513 1,312 966
April 2005 (100) (92.7) (71.1) (21.6) (55.5) (40.8)

21 and 22 2,122 2,191 1,682 509 1,100 934
April 2005 (100) (103.3) (79.3) (24.0) (52.1) (44.0)

( Continued)
Co Chien Cung Hau Dinh An Tran De Tieu Dai Ham Total 

(m3/s) 
& (%)

Date branch 
(m3/s) 
& (%)

branch branch 
(m3/s) (m3/s) 
& (%) & (%)

branch 
(m3/s) & 

(%)

branch 
(m3/s) 
& (%)

branch Luong 
(m3/s) (m3/s) 
& (%) & (%)

8 and 9 247 79 650 316 252 493 241 2,278
April 2005 (10.4) (3.3) (27.5) (13.3) (10.7) (20.8) (10.2) (96.3)

21 and 22 218 95 616 318 212 409 166 2,034
April 2005 (10.3) (4.5) (29.1) (15.0) (10.0) (19.4) (7.9) (96.1)

^  Total observed discharge of both the Tien (Tan Chau station) and the Hau river (Chau Doc 
station), about 30 km upstream of the Vam Nao (VN) connection.

4.6  D is c u s s io n

4.6.1 Comparison between the salt intrusion and the hydraulic model

Figure 4.9 compares the discharge distribution obtained by the salt intrusion model 
and the hydraulic model for the two different survey dates (see also Tables 4.3 and 
4.5). It appears that: (i) the results of the two models agree reasonably well, 
especially in the determ ination of the discharge of the paired branches; (ii) the 
discharge ratio  between the Tien and Hau river after the Vam Nao connection is in 
the order of 58%/42%; and (iii) there are no substantial changes in the discharge 
distribution over the branches between 8-9 April and 21-22 April 2005, although some 
differences occur in the Ham Luong, My Tho and the inland canal system.

The good agreement between the hydraulic model and the analytical model confirms 
the validity of the new analytical approach for determ ining the discharge distribution 
of the Mekong. In addition, the joint consideration of the two models reduces the 
uncertainty of the predictions. The comparison w ith the hydraulic model is no proof 
of the correctness of the new m ethod, bu t it certainly is a strong indication of the 
applicability of the analytical model.

The M IK E ll's  application is in fact a solution m ethod for the 1-D mass and 
m om entum  balance equation. The flow distribution determ ined by MIKE11 depends 
on the boundary conditions and the topography. These have been taken from the
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official database of the Mekong river commission (the project on W ater U tilization 
Program m e - W U P), which is the most reliable source so far. A 2-D hydraulic model 
could be useful and could possibly provide a be tte r solution because the topography 
a t the separation points would be more realistic. However, considering the d a ta  set of 
the Mekong Delta, it is not yet possible to develop such a model for the entire delta.

■  Salt intrusion model■  Salt intrusion model

□  Hydraulic model□  Hydraulic model

Figure 4.9 Comparison between the salt intrusion model and MIKE11: (a) on 8 and 9 April, 
2005 and (b) on 21 and 22 April 2005. (Note: CC-CH: Co Chien - Cung Han)

4.6.2 Comparison of the salt intrusion model with other models

Table 4.6 and Fig. 4.10 compare the discharge distribution over the branches of the 
Mekong obtained by the salt intrusion model w ith other hydrodynam ic models. One 
can notice th a t the to ta l observed discharges of all models are in the order of 2,000 
(m3/s) com puted over one m onth (from April to May), which is in the middle of the 
dry season. For reasons of comparison, the salt intrusion model's da ta  and M IK E ll's  
d a ta  have also been averaged using the da ta  of 8, 9, 21 and 22 April 2005.

It is rem arked th a t the results from the first two models (i.e. NEDECO 1974 and 
VNHS 1984) are almost identical. The first two models are relatively simple models 
and they did not sufficiently take into account the possible inland w ater flows.

The results of the first three models show more or less the same p a tte rn  and they 
differ from the salt intrusion model results. The sixth model (i.e. MIKE11) is the 
most updated  hydraulic model, giving a good agreement w ith the salt intrusion 
model, as we have discussed earlier. However, comparing to the five remaining 
models, it seems th a t the sixth model and the salt intrusion model overestim ate the 
discharge of the My Tho branch. The th ird, fourth and fifth model provide a mixed 
p a tte rn  w ith high ratios on the inland water flows.

In Table 4.6 and Fig. 4.10, we see significant changes in the three systems of paired 
estuaries (i.e. My Tho, Co Chien - Cung Hau and Hau). If we may assume th a t the 
models adequately describe the situations of the Mekong D elta at the tim e when they 
were developed, then  we can see an interesting shift in the discharge distribution over
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four decades in the Mekong Delta, whereby parts  of the w ater flow in the Cung Hau - 
Co Chien, the Hani Luong and the Hau are conveyed to the My Tho (see Fig. 4.10 
for the ovals and arrows). If this is indeed true, then  the question arises: w hat the 
reason of the shift may have been. There are two possible explanations: (i) 
morphological changes; and (ii) the development of the inland channel system and 
channel structures.

Table 4.6 Freshwater discharge ratio (in %) in the Mekong branches: Comparison between the 
salt intrusion model and other models.

No Name of 
model

CC-CH
(%) (t)

Co
Chien
(%)(“ )

Cung
Hau

(%)(“ )

My
Tho
(%)

Ham
Luong

(%)

Hau
(%)

Dinh
A n

(%)(“ )

Tran
De

(%)<**>

Others
(%)(*“ )

1 NEDECO
1974 28.0 13.0 15.0 8.0 15.0 49.0 28.0 21.0 0.0

2 VNHS
1984 31.0 13.0 18.0 7.0 17.0 45.0 27.0 18.0 0.0

3 SAL089
1991 19.6 11.8 7.8 7.2 13.6 49.9 25.6 24.3 9.7

4 Nguyen Van 
So 1992 23.0 11.0 12.0 7.5 14.0 35.0 19.0 16.0 20.5

5 VRSAP
1993 15.4 10.9 4.5 10.7 8.7 36.2 18.2 18.0 29.0

6 MIKE11
2005 14.3 10.4 3.9 30.4 9.0 42.4 28.3 14.2 3.8

7 Salt intrusion 
model 17.9 9.1 8.8 27.2 9.5 40.5 28.5 12.0 4.8

CC-CH: The Co Chien -  Cung Hau combined branch.
Italic names are individual branches.

(***) Q̂ -jjgj-g (including the Ba Lai branch and the inland channel system).

As we know, the Mekong D elta is morphologically active and the topography is 
continuously changing due to the high sediment transport capacity of the river. It is 
expected th a t there have been some changes over the branches of the Mekong for the 
last four decades and they may have led to the adjustm ent of the discharge 
distribution over the branches. Some changes in the w ater discharge distribution may 
have occurred due to the development of the inland channel system. Considering the 
quick development of the inland channel system for irrigation and navigation, 
especially during the period from 1990 to 2000, it is expected th a t a substantial 
am ount of w ater flows in and out of the m ain branches, which may be conveyed from 
one branch to another. The fourth and the fifth models show an increasing trend  th a t 
stopped recently. Since 1990, a large num ber of intake structures and sluice gates 
have been constructed to control the flow of the inland channel system, especially in 
the downstream  p art of the branches in order to prevent salt-w ater intrusion (Nguyen 
and Nguyen, 1999). The schem atization in MIKE11 has been set-up w ith the recent 
da ta  on the available structures and their operation. The most updated  models (i.e. 
salt intrusion and MIKE11) show a reduction of the inland w ater flow compared to
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the fourth and fifth models. This reduction may be because the structures are closed 
during the dry season to prevent salt-w ater intrusion, and therefore they keep a 
certain  am ount of freshwater out of the inland channel system.
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0)oL_0)O.
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□ Netherlands 1974
■ SAL089 1991
□  VRSAP 1993
■ Salt intrusion model

□ VNHS 1984
□ Nguyen Van So 1992
□ MIKE11 2005
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Figure 4.10 Comparison between the salt intrusion model and other models

4.6.3 Limitation of the salt intrusion model

We have seen th a t the salt intrusion model performs almost identically to the 
MIKE11 hydraulic model, which is a complex model requiring a heavy set of data  
and has been built on the basis of detailed topographical inform ation and the latest 
knowledge about the infrastructure. This implies th a t a simple model can provide a 
good insight into a complicated system  like the Mekong Delta. However, the salt 
intrusion model, when used to com pute the discharge distribution, also has its 
lim itations.

Firstly, it is required to carry out salinity m easurem ents over every branch w ithin the 
same period (preferably w ithin the same day). A lthough these measurem ents provide 
a good overview of how salinity and discharge distribute over the branches of the 
Mekong, the organization of these measurem ents requires substantial equipm ent, 
transporta tion  and hum an resources. The authors could not manage to carry out all 
these m easurem ents at the same time. Therefore, the solutions given in Section 4.4.2 
and 4.4.3 are not complete for the Tieu, Dai and Hani Luong branch; and instead we 
used salinity observations at fixed stations. The calibration results in these branches 
are hence less reliable.

Secondly, the predictive discharge values obtained by Eq. 4.2 are sensitive to errors in 
0CqWS , h and b. 0CqWS is obtained from the salt intrusion model. Due to K  being 
constant in the model, only 0CqWS is sensitive to the prediction of the freshwater
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discharge. We can see from Eq. 4.2 th a t a relative error of 5% in 0CqWS results in a 
10% error in the discharge prediction. This may seem a large error, but a direct 
observation of the freshwater discharge is subject to much larger errors (see Section 
4.2.1). The reasonably accurate values of h and b can be obtained due to the 
sufficient topographical da ta  of the Mekong D elta branches, although we have to bear 
in m ind th a t there is a lack of the most updated  topographical data. In addition, as 
we have already discussed in Section 3.7 (C hapter 3), the uncertainty in the average 
depth  may even be reduced by using analytical relations for tidal dam ping and tidal 
wave propagation presented by Savenije (2005) or Savenije and Veling (2005), but 
this will require additional observations of tidal dam ping and tidal wave propagation.

Thirdly, Eq. 4.2 is lim ited to partially  to well-mixed estuaries where stratification 
effects are not significant and hence, where riverine flows are relatively small 
comparing to tidal flows. This, however, is the case in most alluvial coastal plain 
estuaries during the dry season (Savenije, 2005).

Finally, the salt intrusion model and the discharge distribution over the branches of 
the Mekong D elta are obtained under the assum ption th a t the discharge values and 
ratios are constant during the considered period. In view of the fast reaction tim e for 
a change in the freshwater discharge of the Mekong Delta during the dry season, in 
the order of one week (see Section 3.7, C hapter 3), it is a justified assumption. 
However, this assum ption might not be correct for estuaries w ith a long reaction 
time.

4.7  C o n c l u sio n s

This chapter presents a new analytical approach to determ ine the discharge 
distribution over the branches of the Mekong D elta by means of a predictive 
analytical salt intrusion model. It appears th a t the analytical model agrees well w ith 
observations and w ith the results of a more complex hydraulic model. This chapter 
shows th a t w ith relatively simple and appropriate salinity measurem ents and making 
use of the analytical salt intrusion model, it is possible to obtain  a good picture of 
the discharge distribution over a multi-channel estuary. This makes the new 
analytical approach in com bination w ith the analytical salt intrusion model a 
powerful tool to analyze the w ater resources in tidal regions.





C hapter 5

T i d a l  c h a r a c t e r i s t i c s  i n  m u l t i - c h a n n e l  e s t u a r i e s

Abstract

This chapter aims at: (i) exploring the characteristics of the tidal wave in the Scheldt estuary 
and the Mekong Delta; and (ii) testing the agreement between a set of analytical equations 
describing tidal wave characteristics, hydrodynamic models, and observations. Observations 
in alluvial estuaries indicate tha t the tidal damping in an estuary appears in one of three 
types: amplified, un-damped (ideal) or damped; and the phase lag between HW and HWS (as 
well as between LW and LWS) lies between zero and ir /  2. Moreover, a damped tidal wave 
moves slower than indicated by the classical equation for wave celerity, whereas the celerity is 
higher if the tidal wave is amplified. The Mekong Delta, Vietnam, is a multi-channel and 
riverine estuary consisting of eight branches. The tidal wave in the Mekong Delta is damped 
and therefore it is expected tha t the tidal wave moves slower than the classical wave celerity, 
and it has a large phase lag. Whereas the Scheldt estuary is a multi ebb-flood channel 
estuary located in the Netherlands and Belgium. The tidal wave in the Scheldt estuary is 
strongly amplified and therefore the tidal wave moves considerably faster than computed by 
the classical equation while it has a small phase lag. We find a good agreement between 
observations, the analytical equations and the hydrodynamic model computation. Moreover, 
based on the comparison between these three sources, comments are made in order to 
improve the performance of the set of analytical equations and the hydrodynamic models.

Parts of this chapter were published as:

Nguyen, A.D., Savenije, H.H.G., Pham, D.N., and Tang, D.T., 2007. Tidal wave propagation 
in the branches of a multi-channel estuary: the Mekong Delta case. In: V. Penchev, H.J. 
Verhagen (Eds.), Proceedings of the 4th International Conference PDCE 2007, Varna, 
Bulgaria, pp. 239-248.

Nguyen, A.D., Savenije, H.H.C., and Wang, Z.B., 2007. Tidal wave characteristics in a 
braided ebb-flood channel estuary. In: B. Cetin, S. Ulutürk (Eds.), Proceedings of the 8th 
International Conference MEDCOAST 2007, Alexandria, Egypt, pp. 1283-1294.
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5.1 I n t r o d u c t i o n

A num ber of studies have been perform ed to describe the tidal dynamics in estuaries, 
ranging from mentioning and analyzing a num ber of tidal dynamic characteristics and 
behaviors (e.g. Pillsbury, 1956; Ippen, 1966; Parker, 1991; Cartw right, 1999; or 
Savenije, 2005) to investigating particular issues, such as tidal com putations (e.g. 
Dronkers, 1964; or Parker et al., 1999); interaction between river discharge and tides 
(e.g. Vongvisessomjai, 1987; or Horrevoets et al,  2004); tidal wave propagation (e.g. 
Dronkers, 1964; Prandle and Rahm an, 1980; Jay, 1991; Friedrichs and Aubrey, 1994; 
Lanzoni and Seminara, 1998; Godin, 1999; or Savenije and Veling, 2005) or tidal 
dam ping (Savenije, 1998, 2001), etc. In these publications, it appears th a t the 
characteristics of the tidal wave propagating into an estuary can be described through 
three m ain factors: tidal wave celerity, phase lag and tidal range variability (i.e. tidal 
dam ping/am plification).

The classical equation for tidal wave celerity (see Pillsbury, 1956; or Harlem an, 1966) 
is widely used to describe the propagation of a tidal wave in estuaries. The conditions 
for the equation’s derivation (i.e. constant cross section and no friction) do not apply 
in alluvial estuaries, where the cross section varies exponentially along the estuary 
axis and friction cannot be neglected. The tidal dam ping in an estuary appears in one 
of three types: amplified, un-dam ped (ideal) or damped. The phase lag between HW  
and HWS (as well as between LW and LWS) lies between zero and vr /  2. 
D eterm ination of tidal damping and phase lag has received not much a tten tion  nor 
their effect on tidal wave celerity. Savenije et al. (2007) used a simple harmonic 
solution w ith the complete non-linearized Saint-Venant equations and developed a set 
of new equations describing these three main characters of the tidal wave in an 
estuary. This set of equations showed good agreement w ith observations.

The Mekong Delta, V ietnam  (See Figs. 1.1 and 3.2) is a multi-channel and riverine 
estuary consisting of eight branches, which can be grouped in three paired estuary 
branches (see C hapter 4, Section 4.2). The tidal wave in the Mekong Delta is dam ped 
and therefore it is expected th a t the tidal wave moves considerably slower than  
com puted by the classical equation. W hereas in the Scheldt estuary located in the 
Netherlands and Belgium (see Fig. 1.2), an amplified tidal wave occurs, which moves 
faster than  indicated by the classical tidal wave equation.

In this chapter, firstly, the characteristics of the tidal wave propagation in the multi 
ebb-flood channel estuary (Scheldt) and paired estuary branches (Mekong) are 
analyzed. Secondly, on the basis of a set of analytical equations developed by Savenije 
et al. (2007), hydrodynam ic models and observations, comparisons are made in April 
2005 for the Mekong D elta and in June 1995 and June 1998 for the Scheldt estuary. 
Finally, on the basis of these comparisons, it appears th a t the set of analytical 
equations and the hydrodynam ic models have strong and weak points. 
Recommendations are m ade to improve the perform ance of the hydrodynam ic models 
and the set of analytical equations.
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5.2  T o o l s  f o r  in v e s t ig a t in g  t id a l  w a v e  c h a r a c t e r is t ic s  in  e s t u a r ie s

5.2.1 Set of analytical equations

We have already introduced the set of analytical equations in C hapter 2, Section 
2.5.2. In this chapter, three equations are used: the phase lag equation (i.e. Eq. 2.51), 
the dam ping equation (i.e. Eq. 2.53) and the celerity equation (i.e. Eq. 2.54). We 
shall elaborate further on the celerity equation in this section in order to cater for 
different moments of consideration.

For different moments during one tidal cycle (i.e. High w ater - HW; High w ater slack 
- HWS; Low water - LW and Low w ater slack - LWS), Eq. 2.54 can be further 
elaborated as follows:

(cHW -  V sin s f  = y  g (h + rj) (5-1)

clws = ^ g { h  + V c o s s ) ^ - ß ^  (5.2)

(cLW + u s m s f  (5.3)

c.2'LW S
I s ,  J  1

= — g ( h - r i c o s J (5.4)

The notations have already been introduced in Section 2.5.2.

The topographical d a ta  used for the analytical equations have been obtained from 
Haas (2007) and Savenije et al. (2007) for the Scheldt estuary, and from Table 4.1 in 
C hapter 4 for the Mekong D elta branches.

5.2.2 Hydrodynamic models

We use 1-D hydrodynam ic models to analyze tidal wave characteristics in the Mekong 
D elta and the Scheldt estuary. The first one is the MIKE-11 model applied to the 
Mekong D elta and the second one is the SOBEK-RE model applied to the Scheldt 
estuary.

The da ta  for the schem atization of the MIKE11 model of the Mekong D elta have 
been obtained from the 1998 and 2000 version of the Mekong river system 
schem atization developed by the Mekong River Commission in the ISIS software. The 
model has been calibrated and validated by the author on the basis of the dry season 
d a ta  of 2000 and 2005. For detailed inform ation on the model and its performance, 
reference is m ade to C hapter 4, Section 4.5.

For detailed inform ation on SOBEK-RE, readers are advised to consult the technical 
m anual of SOBEK-Flow (Delft Hydraulics, 2006). The Scheldt estuary schem atization 
in SOBEK-RE contains 246 network points (nodes), 270 branches and 270 cross 
section profiles (See Fig. 5.1). The model has been calibrated and validated based on 
hydrodynam ic da ta  of 1995 and 1998, respectively.
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Figure 5.1 The Scheldt estuary schematization in SOBEK-RE (not to scale), showing the 
network nodes in circles.

5.2.3 Observations

Observations of the Mekong D elta used in this chapter consist of two sets: (i) the first 
set is from field measurem ents carried out by the authors during the dry season of 
2005 and (ii) the  second set is from d a ta  of a network of fixed stations along the 
estuaries. We carried out field measurem ents on the Hau river in the dry season of 
2005, using the moving boat m ethod. The second d a ta  set is obtained from the 
network of fixed stations near intakes and quays, which m easure the water level 
during the dry season a t hourly intervals. Unfortunately, no observations are available 
for the phase lag in the Mekong Delta.

Observations of the Scheldt estuary have been obtained mainly from the network of 
fixed water-level stations. The Scheldt estuary has a be tte r d a ta  set compared to  the 
Mekong D elta due to  the dense station network (23 stations for the entire system 
w ith 15 stations in the N etherlands) w ith 10-minute intervals. No observations are 
available for the  phase lag in the  Scheldt estuary.

5.3  T id a l  w a v e  c h a r a c t e r is t ic s  in  m u l t i-c h a n n e l  e s t u a r ie s

In this section, by a com bination and comparison of three sources: observations, 
analytical equations and hydrodynam ic models, we present the characteristics of tidal 
damping, phase lag and tidal wave propagation, in the two main study areas: the 
Mekong D elta and the Scheldt estuary. Firstly, in Section 5.3.1, the tidal wave 
characteristics in the Mekong Delta, which is a m ulti-channel and riverine estuary
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consisting of eight branches including three paired estuaries, are presented. Secondly, 
the tidal wave characteristics in the Scheldt estuary, which is a m ulti ebb-flood 
channel estuary, are analyzed in Section 5.3.2. Finally, in Section 5.3.3, these 
characteristics are com pared to the analytical solutions of Savenije et al. (2007).

5.3.1 Mekong Delta

The hydrodynamic model of the Mekong river system and its results
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Figure 5.2 Hydrodynamic model results (drawn lines) against observations (triangles) at: (a) 
Dai Ngai station; (b) Long Xuyen station; and (c) Chau Doc station in the Hau river.
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Along the two main branches of the Mekong system  (i.e. Tien and Hau), there are a 
num ber of observation stations. They can be listed as: Vam Kenli, My Thuan, Cao 
Lanli and Tan Chau (0, 100, 140 and 200 km from the Dai m outh, respectively) and 
My Thanh, Dai Ngai, Can Tho, Long Xuyen and Chau Doc (0, 35, 80, 135 and 190 
km from the Dillii An m outh, respectively) as well as several stations in the Co Chien 
(e.g. Tra Vinli, 25 km from the Co Chien m outh) and in the Hani Luong branch.
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Figure 5.3 Hydrodynamic model results (drawn lines) against observations (triangles) at: (a) 
Tra Vinh station (Co Chien river); (b) My Thuan station; and (c) Tan Chau station in the 
Tien river.
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As an indication of the model perform ance, in C hapter 4, Section 4.5, the calibration 
results in the Can Tho station have been presented, showing w ater level, discharge 
and velocity. Therefore, in Figs. 5.2 and 5.3, we present the observed and modelled 
w ater levels at Dai Ngai, Long Xuyen and Chau Doc on the Hau river; and My 
Thuan, Cao Lanh and Tan Chau on the Tien river to obtain a complete picture of 
the delta. Because of the one-hour interval resolution of observations, we can hardly 
see the difference in tim ing between observations and the model's results. It appears 
th a t the calibration results in the Hau river are slightly be tte r than  in the Tien river, 
especially in determ ining peaks and troughs. The peaks are generally well 
represented, bu t we see th a t the hydrodynam ic model almost system atically 
underestim ates the troughs of the tidal wave.

We see th a t the tide in the Mekong D elta branches is of the flood dominance type 
(Dyer, 1997). The flood phase has a shorter duration than  the ebb phase. This is due 
to frictional distortion resulting in overtides (Speer and Aubrey, 1985; Aubrey and 
Speer, 1985; and Friedrichs and Aubrey, 1994).

Tidal damping and phase lag characteristics

H au river system

Figure 5.4 presents the longitudinal development of the tidal range and the phase lag, 
as com puted by the hydrodynam ic model, for the situations of 9 and 21 April 2005. 
Eye-catching in Fig. 5.4 is th a t the tidal range and phase lag change at the location
of the junction where the Dinh An and Tran De branches meet (about 35 -  40 km
from the m outh). This causes a jum p in the phase lag. Further upstream  there are no 
significant jum ps, although a small jum p can be recognized near 80 km where the 
river separates into two short branches. The results of the analytical damping
equation agree well w ith the hydrodynam ic model and w ith observations w ith
exception of the junctions at 35-40 km  and 80 km.

Until 125 km  from the m outh, the phase lag between HW  and HWS is generally 
larger th an  the phase lag between LW and LWS due to the effect of overtides. 
Further upstream , near 140 km (on 9 April) and near 125 km (on 22 April), we can 
see the switch between the HW  and LW phase lag. This is because of the fresh river 
discharge. Close to the junction point, the tim e lags between HW-HWS and LW-LWS 
are largest (i.e. about 140 m inutes for HW  phase lag and 120 m inutes for LW phase 
lag). Phase lag values on 21 April (between spring tide and neap tide) are generally 
larger than  the values on 9 April (spring tide). This can be explained by looking at 
Eq. 2.51, where s  is proportional to 1/c. During spring tide on 9 April, the wave 
celerity is larger than  on 21 April (due to the larger h). As a result, s  is smaller in 
spring tide. However, apparently  the analytical phase lag equation does not agree well 
w ith the hydrodynam ic model in the determ ination of the phase lag upstream  of the 
80 km  mark. U pstream  of the 80 km m ark is the zone where freshwater discharge can 
play a significant role on the phase lag. The analytical equation does not account for 
this effect. Also there may be the effect of bo ttom  slope, which has not been fully 
accounted for in the derivation of the phase lag equation.
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Figure 5.4 (a) Tidal damping and (b) phase lag in the Han river on 9 April 2005 (spring 
tide); (c) Tidal damping and (d) phase lag in the Ha.u river on 21 April 2005 (weak spring 
tide).

Tien river system

Figure 5.5 shows the longitudinal development of the tidal range and the phase lag, 
as com puted by the hydrodynam ic model, for the situations of 9 and 21 April 2005. 
Also here there are some sudden and relatively large jum ps in the tidal range of the 
Hani Luong and Co Chien river. These jum ps happen at the junction point between 
Co Chien and Cung Hau in the Co Chien river (27 km from the m outh), and at the 
nose of the island, which separates the Hani Luong into two smaller branches (30 km 
from the m outh). U pstream  and downstream  of the junctions of the Hani Luong and 
Co Chien, we can see th a t the tidal range is almost constant. In the My Tho river, at 
the junction between the Tieu and Dai branches, there is no noticeable change in the 
tidal range. However, in the reach from 25 to 30 km from the Tieu m outh, there is a 
change in tidal range, due to the connection between the Tieu branch and one big 
inland channel network. The dam ping equation gives a very good agreement w ith the 
general trend  hydrodynam ic model as well as w ith observations, confirming the 
damping p a tte rn  of the wave.
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Figure 5.5 (a) Tidal damping and (b) phase lag in the Tien river on 9 April 2005; (c) Tidal 
damping and (d) phase lag in the Tien river on 21 April 2005.

The phase lag p a tte rn  of the Tien river system is more complicated than  th a t of the 
Hau river due to the complexity of the system. U pstream  of the 140 km point, the 
LW phase lag is larger than  the HW  phase lag due to the effect of the fresh river 
discharge. As expected, generally, phase lag values on 21 April (weak spring tide) are 
somewhat larger than  the values on 9 April (spring tide). Similarly to the Hau, the 
phase lag equation does not give a good agreement w ith the hydrodynam ic model 
upstream  of the 100 km mark, in particular for the case on 9 April. Also here it is 
suspected th a t the slight bo ttom  slope and the river discharge are the reason for this 
discrepancy.

Tidal wave propagation in the M ekong river system  

Hau river system

Figure 5.6 presents a comparison on tidal wave celerity between observations, results 
com puted from the analytical equations (Eqs. 5.2 and 5.4) and the hydrodynam ic 
model in the situation on 9 and 21 April 2005. Because of different w ater levels (i.e.
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different w ater depths), the HWS and the LWS do not have the same propagation 
speed (Friedrichs and Aubrey, 1988; Wang et al,  2002). One can see th a t the classical 
wave celerity is much faster than  the observations. This is because the classical 
equation does not take into account the effect of convergence and friction. The la tter 
is dom inant in dam ped estuaries such as the Mekong Delta. The wave celerity 
equation takes into account the effect of tidal dam ping/am plification; therefore, it is 
expected to be tte r predict the propagation of the tidal wave. This expectation is 
confirmed in Fig. 5.6.
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Figure 5.6 Wave propagation in the Hau river on: (a) 9 April 2005; and (b) 22 April 2005, 
comparison between hydrodynamic model, classical equation, analytical equation and 
observations.

The Hau river contains two paired branches (i.e. Tran De and Dinh An). We can see 
in Fig. 5.6 th a t there is a rem arkable change in the tidal wave celerity com puted w ith 
the hydrodynam ic model at 35-40 km  from the m outh, which is the schematised 
junction of the Dinh An and Tran De. The observations also reveal this change, 
however much smaller. The results of the analytical model do not show a significant 
change. We expect th a t there is a change in tidal dam ping and wave propagation 
patterns at the junction; however it could be smaller th an  w hat we obtain  from the 
hydrodynam ic model. The big change in the hydrodynam ic model may be because of: 
(i) the schematised cross-sections; and (ii) lack of appropriate num ber for cross- 
sections in order to correctly simulate the transition  between the paired branches and 
the main river.

Observations agree well w ith the analytical equation, taking rs =  1.1 and v  =  1.3 
m /s. According to the cross-section profile, rs =  1.1 is acceptable for the downstream  
reach and upstream  reach of the estuary as we consider the dry season flow. As an 
artefact of the topography and schém atisation imposed in the hydrodynam ic model, 
the com puted results show fluctuations at some points. However, generally, the results 
from the model agree reasonably well w ith the wave celerity equation and 
observations.
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Tien river system

Comparing to the Hau river, the Tien river system  is relatively complex, as it 
contains three big branches (i.e. My Tho, Co Chien and Hani Luong) and five sub­
branches (i.e. Tieu, Dai, Hani Luong, Co Chien and Cung Hau). The tidal wave 
characteristics are complicated, as we can see in Figs. 5.5 and 5.7. The wave 
propagation changes dram atically at the junction points (i.e. 30 km, 80km and 100 
km from the Tieu m outh). Due to the shorter length of the Co Chien, the tidal wave 
from the Co Chien m outh propagates landward and arrives at the junction point 
between the Tien and the Co Chien river earlier than  the wave from the My Tho and 
Hani Luong river. After arriving at the junction point, it appears th a t w ater from the 
Co Chien moves backward into the main Tien river until it meets the peak of the 
wave, after which it continues upstream .
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Figure 5.7 Comparison between hydrodynamic model, classical equation, analytical equation 
and observations in the main Tien river: (a) on 9 April 2005 and (b) on 22 April 2005.

It appears th a t the m ain Tien river (i.e. the so-called My Tho river downstream  of 
the 100 km mark) is the dom inant branch of the system. Looking at the areas, widths 
and depths of the branches (see C hapter 4, Section 4.2), we do not see significant 
differences. The Hani Luong is the smallest branch and the Co Chien is the biggest 
one. Looking at the length of the three m ain branches: Hani Luong (74 km ), Co 
Chien (82 km) and m ain Tien (100 km from the Tieu m outh to the junction of Tien 
and Co Chien), we can see th a t the main Tien is the longest branch. The tidal range 
and wave propagation m ostly follow the longest route along the Tien, as we can see 
in Figs. 5.5a, 5.5c and 5.7.

Generally, observations do not agree very well w ith the wave celerity equation nor 
w ith the model's results. On 9 April, the observations are closer to the results of the 
hydrodynam ic model, while the analytical equation gives different results, especially 
at HWS. On 21 April, we obtain  a be tte r agreement between these three sources, 
particularly  at LWS. As an artefact of the topography and schém atisation in the 
model, the com puted results show fluctuations at some points, which are similar to 
the case of the Hau river.
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Discussion

Looking at Figs. 5.5 and 5.7, it is concluded th a t the longest branch (i.e. the main 
Tien river) determ ines the patterns of wave propagation and tidal range in the Tien 
river. Sudden jum ps in tidal wave propagation occur at the junction points, due to 
the interaction between the branches, which is a very complicated phenomenon. It 
could be useful to have a "particle-tracking" model to analyse this phenomenon. 
Moreover, in the Tien river system, the Ham Luong and Co Chien have the same 
tidal dam ping pattern . There is a sudden jum p in the middle of the branches. For the 
Co Chien, this change also happens near the junction. U pstream  and downstream  of 
the jum p, the tidal range is more or less the same, implying a balance between 
friction and convergence. However, as we discussed earlier, the tidal p a tte rn  in the 
Ham Luong and Co Chien is mostly determ ined by the dom inant branch (i.e. the 
m ain Tien river). We suspect th a t downstream  of the jum p, the Ham Luong and Co 
Chien are driven by tidal influence from the m ouths, while upstream  of the jum p, 
they are affected by the influence from the m ain Tien river.

We obtain  very good calibration results on the Hau river for the hydrodynam ic 
model. However, for the Tien river, which is a more complex system than  the Hau, 
the calibration results are not satisfactory. There are several causes, which can be 
listed as follows: (i) insufficient and inadequate topographic data; and (ii) inadequate 
boundary conditions and hydraulic param eters.

On the other hand, the set of analytical equations has a lim ited applicability when 
applied to a complex system  as the Tien river, as we can see in Figs. 5.5 and 5.7. The 
analytical equation is not good at analysing local interventions and disturbances (e.g. 
at several junction points), which can be seen clearly from the results of the 
hydrodynam ic model. Moreover, the analytical equation assumes a completely 
natural, alluvial topography, which is not always the case in reality. The weakest 
equation seems to be the phase lag equation, which may have to be improved, 
particularly  taking into account the effect of freshwater discharge and the effect of 
higher order tidal harmonics (overtides). Possibly, the bo ttom  slope, which is often 
neglected bu t present in the Mekong, can also have an im pact on the phase lag 
equation.

5.3.2 Scheldt estuary

The hydrodynamic model of the Scheldt estuary and its results

The Scheldt estuary (see Fig. 1.2) has a braided p a tte rn  of multi ebb and flood 
channels. Similar types of estuaries are found in Chesapeake Bay, USA (Ahnert, 
1960); the Columbia river estuary, USA; the Pungue estuary, Mozambique; and in 
several small estuaries in the UK. Van Veen (1950) described the Scheldt estuary as 
an estuary w ith a regular system  of ebb and flood channels. Jeuken (2000) identified 
two basic channel types in the Scheldt estuary: (i) m ain channels; and (ii) connecting 
channels. The main channels transport most of the tidal discharge, sediments and 
salinity. They are the largest channels in the system and they appear in two forms: a
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curved m ain ebb channel and a straight main flood channel. The connecting channels 
are the smaller channels th a t link either two large main channels or a large main 
channel w ith a small main channel. The transport function of the connecting channels 
is limited. Unlike the Mekong Delta, which contains a num ber of separate branches, 
in the Scheldt the ebb and flood channels interact closely through junctions and 
connecting channels.
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Figure 5.8 Model results for water level in the period from 20 to 30 June 1995 in the Scheldt 
estuary at locations: (a) Vlissingen, (b) Overloop van Hansweert, and (c) Antwerpen, 
showing modelled values (drawn lines) and observed values (triangles). NAP is the Dutch 
ordnance level.

The schém atisation of the Scheldt in SOBEK-RE has been introduced earlier in 
Section 5.2.2. As an indication of model perform ance, in Figs. 5.8 and 5.9, we show 
the calibration results of the period 20-30 June, 1995 and the validation results of the
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period 20-30 June, 1998 at three stations along the Scheldt estuary: Vlissingen, 
Overloop van Hansweert (OvH) and Antwerpen, which are 27.5 km, 62.5 and 115 km 
from the open sea boundary (Vlakte van de R aan station -  VR), respectively.

In Vlissingen the correspondence between the model and observations is near perfect. 
However, we notice deficiencies in modelling the correct am plitude and tim ing at 
other stations such as OvH and Antwerpen. For example, at OvH, tim ing of LW is 
slow; while at Antwerpen, HW  and LW are high and tim ing of LW is slow. As we 
m entioned in C hapter 1 (Section 1.4), compared to the Mekong Delta, the Scheldt 
estuary has a b e tte r da ta  set due to the dense station  network as well as the smaller 
tim e-interval observations. This can be seen in Figs. 5.8 and 5.9.
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Figure 5.9 Model results for water level in the period from 20 to 30 June 1998 in the Scheldt 
estuary at locations: (a) Vlissingen, (b) Overloop van Hansweert, and (c) Antwerpen, 
showing modelled values (drawn lines) and observed values (triangles). NAP is the Dutch 
ordnance level.
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Tidal damping and phase lag characteristics

Because the calibration on w ater levels is reasonable (see Figs. 5.8 and 5.9), we also 
obtain  good results for tidal damping when we compare the hydrodynam ic model 
w ith observations and the dam ping equation. The correspondence is good, especially 
in the amplified p art of the estuary. In Fig. 5.10, we present the longitudinal 
development of the dimensionless tidal range y (i.e. the difference between HW  and 
LW scaled on the tidal range at the downstream  boundary), y = H j  H 0 = r¡j  r/0 . 
However, it is noticed th a t there are some fluctuations in the hydrodynam ic model 
results. This is probably an artefact of the schém atisation, which uses discrete cross- 
sections and linear interpolation between them. The tidal dam ping patterns on the 
two different days are similar.
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Figure 5.10 (a) Tidal damping and (b) phase lag in the Scheldt estuary on 21 June 1995 
(neap tide); (c) Tidal damping and (d) phase lag (computed by SOBEK-RE) in the Scheldt 
estuary on 29 June 1998 (spring tide).

Unfortunately, reliable phase lag observations are not available from direct 
measurements. For the com puted results in Figs. 5.10a and 5.10c, Savenije (2001) 
used a constant phase lag of 40 minutes. Looking at Figs. 5.10b and 5.10d, we 
observe the following: (i) at the sea boundary, the phase lag between HW -HWS and 
LW-LWS is similar because the tidal asym m etry is small; (ii) in the middle reach of 
the estuary, the phase lag between HW -HWS is higher th an  the phase lag between
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LW-LWS due to the effect of overtides; (iii) near the upstream  boundary, where the 
HW-HWS phase lag reduces to zero and the LW-LWS phase lag increases, the phase 
lag is influenced by the river discharge, which agrees w ith findings of Horrevoets et al.
(2004). In general, the average value of the phase lag along the longitudinal axis of 
the estuary in the hydrodynam ic model is about 30-50 minutes. We can see some 
sudden changes in the reach between 0 and 80 km, which are caused by connections 
between ebb and flood channels. U pstream  of the 80 km  point, there are no longer 
any connecting channels. We also can see the effect of connecting channels and 
junctions on the tidal dam ping and phase lag patterns, but it is not as strong as in 
the Mekong Delta.

Moreover, it is noticed th a t the phase lag values on 21 June 1995 (neap tide, H0 = 
2.75 m) are larger than  the values on 29 June 1998 (spring tide, H0 =  3.70 m). This 
can be explained by the difference between neap tide and spring tide, ju st like we 
have seen in the Mekong D elta (see Section 5.3.1).

Tidal wave propagation

The characteristics of tidal wave propagation in the Scheldt estuary on 21 June 1995 
and on 29 June 1998 are shown in Fig. 5.11. The wave celerity values at HW  and LW 
are com puted by using Eqs. 5.1 and 5.3. Because of the differences in depths and 
velocities, the celerity at HW  and LW does not have the same propagation speed 
(Friedrichs and Aubrey, 1988; and W ang et al,  2002). The behavior of the tidal wave 
propagation is similar to the findings of Dronkers (2005, pp. 252-253). The results 
obtained by the analytical equation are also presented in the same figure. D ata  used 
for the analytical equation have been taken from Savenije and Veling (2005) and 
Savenije (2005). We can see th a t the results of the hydrodynam ic model do not fit the 
LW observations. A lthough the HW  wave celerity agrees to the observations, the LW 
wave celerity of the model is much slower than  the observation. We can also see in 
Figs. 5.8 and 5.9 th a t the com puted times for LW lag behind the observations. There 
are three possible causes: (i) storage w idth and cross-sectional area in the model; (ii) 
roughness param eters; and (iii) inadequate account of dredging activities. In the 
following, we shall discuss these three possible causes.

Storage width and area
The hydrodynam ic model of the Scheldt estuary only takes into account the main 
channel (w ithout any storage width). However, the storage is implicitly taken into 
account due to a num ber of storage channels and the quasi-2D character of the 
network. Therefore, rs in the model equals unity. Moreover, if rs is larger than  unity, 
then according to Eq. 2.45, the wave celerity would even be slower. Changing the 
storage does not resolve the problem.



5.3 Tidal wave characteristics in multi-channel estuaries 99

500 

400

c'
¿ 3 0 0  
ai
E
f  200¡2 H

100 

0

(a)

Figure 5.11 Tidal wave propagation in the Scheldt estuary: (a) on 21 June 1995 (neap tide) 
and (b) on 29 June 1998 (spring tide).

Roughness parameters

In the model, one of the most im portant hydraulic param eters is the friction 
presented by the M anning coefficient. The im portance of the friction term  has been 
recognized in Godin (1999) or Friedrichs and Aubrey (1988, 1994), especially for 
estuaries w ith dam ped tidal wave. Changing the M anning coefficient could possibly 
alter the characters of wave propagation, especially for dam ped estuaries where 
friction plays a more im portant role th an  convergence. However, for the Scheldt 
estuary, which is an amplified estuary, this is not the case. In Savenije and Veling
(2005), it was shown th a t for an amplified wave, the model is not very sensitive to 
friction. Trials w ith the hydrodynam ic model support this.

Effects of dredging

Wang et al. (2002, 2003) indicated th a t substantial annual dredging is required in the 
Scheldt estuary to m aintain the shipping channel to the harbor of Antwerpen. The 
navigation channel was m aintained at a minimum depth  of 14.5 below NAP (Dutch 
ordnance level) until 1997. From 1997, the guarantied navigation depth  was increased 
to 16.0 m below NAP. We notice in the model schem atization th a t several locations 
in the navigation channel were much shallower than  the guarantied navigation depth, 
especially at the shallow areas, where ebb and flood channels meet. This could be the 
reason why we have slower wave propagation. It is likely th a t the topography used in 
the model was surveyed before the annual dredging activities. Hence we have 
increased the depth  at a lim ited num ber of points where the depth  of the navigation 
channel was less than  14.5 in below NAP in order to see if this could explain the 
slower wave. However, we have not taken into account the topographical changes due 
to the effect of dum ping and sand mining, which is the case for the Scheldt 
(W interwerp et al,  2001; and K uijper et al,  2004).

The sim ulated results show th a t if the navigation channel is m aintained at -14.5 in, 
the tidal wave propagates faster (both HW  and LW) due to the larger value of h.
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Particularly, the change in the propagation of LW is noticeable (see Fig. 5.12) and 
the sim ulated results agree be tte r w ith observations. However, it appears th a t if we 
would impose a deeper depth  in the reach of 50-70 km and shallower depth  in the 
reach of 70-100 km, we would even obtain  a be tte r fit w ith the observations. It 
appears th a t the wave propagation character is very sensitive to the topography even 
to local dredging of shallow crossover points. This confirms th a t in the Scheldt 
estuary, topography is the key factor determ ining the characteristics of the tidal wave 
propagation.
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Figure 5.12 Tidal wave propagation in the Scheldt estuary (after adjusting the depth of the 
navigation channel): (a) on 21 June 1995 (neap tide) and (b) on 29 June 1998 (spring tide).
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Figure 5.13 Phase lag in the Scheldt estuary (after adjusting the depth of the navigation 
channel): (a) on 21 June 1995 (neap tide) and (b) on 29 June 1998 (spring tide).

Does the local dredging affect the phase lag s i  There appear to be some changes in 
the phase lags due to the channel deepening (compare Figs. 5.10b and 5.10d and Fig. 
5.13). A lthough the phase lag patterns are m ostly similar before and after deepening 
the navigation channel, there is an overall adjustm ent in the order of 10 minutes. In 
general the phase lag values after deepening are larger than  the original values. The 
increase of the phase lag can be explained as follows: Looking at Figs. 5.8c and 5.9c,
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which presents the situations before adjusting the navigation channel depth, the LW 
values at Antwerpen lag about 20-30 m inutes behind the observations. After 
adjusting the channel depth, the LW values are more or less in phase w ith the 
observations. Assuming th a t the slack moments stay the same, then the s  values 
(after adjusting) are higher. The phase lag equation gives a good agreement w ith the 
hydrodynam ic model until the 125km mark. U pstream  of the 125km m ark, probably 
due to the bo ttom  slope and river discharge, similar to the case of the Mekong 
branches, the phase lag equation does not give a good agreement.

Discussion

A lthough producing reasonable results for the w ater level variation, the 
hydrodynam ic model has difficulty to correctly represent the wave propagation. The 
m ain reason is th a t the schem atization in the hydrodynam ic model does not represent 
the real topography. In addition, it uses linear interpolation between cross-sections. 
Another weak point of the hydrodynam ic model is th a t in order to evaluate the effect 
of dredging, the whole topography needs to be changed and the model needs to be re­
run  and tuned before effects can be seen. In the analytical equation, these effects can 
be seen directly. In addition, it is possible th a t the solution algorithm  of the 
hydrodynam ic model does not fully account for the non-linear term s in the 
m om entum  equation resulting in not fully correct asym m etry of the tide.

The analytical equations can be useful to facilitate the calibration of the 
hydrodynam ic model. Especially for rivers and estuaries where there are not many 
observations available, the analytical equations form a good tool to interpolate 
between observations and to check the reliability of a hydrodynam ic model. It is 
recommended th a t calibration should not only focus on w ater level bu t also on 
velocity (e.g. occurrence of slack moments) and wave propagation (timing of HW, 
LW). However, the analytical equation is not good at analyzing local interventions 
and disturbances; and it assumes a completely natural, alluvial topography, which is 
not always the case in reality.

5.3.3 Comparison with analytical equations

It has been dem onstrated in the previous sections th a t the analytical equations, 
despite their simplicity, perform  almost identical to the hydrodynam ic models for the 
cases of the Mekong D elta and the Scheldt estuary. Only upstream  of these estuaries 
due to effects of freshwater discharge and bo ttom  slope, the phase lag equation gives 
inaccurate results com pared to the hydrodynam ic model results. This could be due to 
disadvantages of bo th  the analytical equation and the hydrodynam ic models. 
Nevertheless, we can see th a t they indeed can present a reliable picture of the study 
areas.

Savenije et al. (2007) showed th a t classification of estuaries should be based on two 
param eters, the estuary shape num ber y  and the friction scale %. Two types of
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estuaries can be distinguished: strongly convergent and weakly convergent estuaries. 
They have different behavior. For large values of y  (i.e. strongly convergent 
estuaries), the behavior 110 longer depends on the friction scale %. For smaller values 
of y  (i.e. weakly convergent estuaries), it strongly depends on %. We shall proceed to 
see how the study areas fit into this classification.
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F ig u re  5.14 Positioning of the Schelde (red), Hau (brown) and Tien (dark blue) estuaries in: 
(a) phase lag diagram; (b) damping number diagram; (c) celerity number diagram; and (d) 
velocity number diagram. The blue line represents the "ideal" estuary and next to the 
segments, the distance in km is written indicating the length over which a segment is 
representative (Figs. 5.14b and c). The data of the Elbe, which is considered as an ideal 
estuary, have been taken from Haas (2007).

Applying the set of four equations (i.e. Eqs. 2.55 - 2.58 in Section 2.5.2, C hapter 2), 
we are able to estim ate the values of the three main factors for describing the tidal 
wave characteristics in the Mekong D elta branches and the Scheldt estuary. Figure 
5.14 presents the com puted results. Looking at Fig. 5.14, the Hau and Tien estuaries 
behave similarly. They are close relatives. This can be perfectly understood given the 
same hydrological and topographical conditions w ithin the Mekong Delta. They are 
mostly riverine in character. These estuaries have a small estuary shape number, 
therefore have a large phase lag and a dam ped tidal wave. In contrast, the Scheldt
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estuary is a more m arine estuary w ith a large estuary shape num ber, a smaller phase 
lag and an amplified wave. We can see th a t these estuaries are close to the “ideal” 
estuary. This implies th a t natural-alluvial estuaries tend to reach an ideal sta te  of 
constant energy dissipation. This is similar to w hat Rodriguez-Iturbe and Rinaldo 
(2001) observed in river basins.

5.4  C o n c l u sio n s

This chapter presents an analysis on the characteristics of the tidal wave in the 
branches of the Mekong D elta and the Scheldt estuary on the basis of the set of 
analytical equations, the hydrodynam ic models and observations.

The Mekong D elta branches are mostly riverine in character. They have a small 
estuary shape num ber, therefore they have a large phase lag and a dam ped tidal 
wave. The dam ped tidal wave in the Mekong D elta estuarine branches moves slower 
than  indicated by the classical celerity equation. The junctions between two branches 
have a significant influence on the p a tte rn  of the tidal range, phase lag and tidal wave 
propagation. It is concluded th a t in a complex system containing a num ber of 
branches, there is a dom inant branch, which represents the characteristics of the 
system and it forces other branches to adapt and to adjust. For the case of the Tien 
river, the My Tho river is the dom inant and the longest branch. For the less complex 
system (i.e. the Hau river, which contains only two paired branches w ith the same 
length), the analytical equations agree very well w ith observations and w ith the 
hydrodynam ic model. However, for the Tien river, which is a complex system 
containing three big branches and five sub-branches, the agreement between these 
three sources is less convincing. Therefore, it is concluded th a t the set of analytical 
equations is not yet applicable for a complex system like the Tien river; and the 
hydrodynam ic model should be further calibrated when detailed d a ta  on topography 
and hydrology is available and the calibration process should be done w ith special 
care to the junctions of the branches.

The Scheldt estuary is a m arine estuary w ith a large estuary shape num ber, a small 
phase lag and an amplified wave. It appears th a t the tidal wave propagation in the 
Scheldt estuary is faster than  suggested by the classical celerity equation due to the 
amplification of the tidal range. It is concluded th a t the tidal wave celerity depends 
mainly on the topography.

Finally, the comparison between these three sources (i.e. the set of analytical 
equations, the hydrodynam ic models and observations) leads to the advice th a t the 
hydrodynam ic model should be calibrated not only on water level and velocity 
am plitudes, bu t also on the occurrence of slack and on wave propagation 
characteristics. On the other hand, the analytical equations, despite their simplicity, 
are able to describe the tidal dynamics in the Mekong D elta and the Scheldt estuary, 
which are bo th  complex multi-channel systems. However, it is recommended to 
further improve the phase lag equation by taking into account effects of the 
freshwater discharge and the bo ttom  slope.





C hapter 6

M i x i n g  in  e s t u a r i e s  w i t h  a n  e b b -f l o o d  c h a n n e l  s y s t e m

Abstract

Tidal pumping caused by residual horizontal circulation is an im portant but ill-understood 
mechanism producing longitudinal salt dispersion in well-mixed estuaries. There are two 
types of residual circulation causing tidal pumping: (i) interaction of the tidal flow with a 
pronounced flood-ebb channel system; and (ii) interaction of the tidal flow with the irregular 
bathymetry. Residual ebb-flood channel circulation is an im portant large-scale mixing 
mechanism for salinity intrusion, as shown in the Western Scheldt in the Netherlands, which 
is a well-mixed estuary with a distinct ebb-flood channel system. This chapter provides a new 
simplified conceptual model and a new analytical equation for this type of mixing. Firstly, 
using a fully three-dimensional hydrodynamic model as a "virtual laboratory" and employing 
a decomposition method, the characteristics of the residual ebb-flood channel circulation in 
the Western Scheldt have been analysed. The analysis shows tha t over one tidal cycle, there 
is an upstream residual salt transport in the flood channels and a downstream residual 
transport in the ebb channels. Secondly, a conceptual model and an analytical equation 
determining the dispersion coefficient have been developed, which take into account relevant 
parameters for tidal pumping, such as the tidal pumping efficiency and the length of the ebb- 
flood channel loops. Subsequently, the newly developed equation has been compared to the 
results of the “virtual laboratory” and a steady-state salt intrusion model. The comparison 
confirms an agreement between the newly developed equation and the existing models in 
determining the residual transport and the tidal pumping dispersion coefficient. Finally, the 
equation has been applied to observations in the Western Scheldt and the Pungue estuary. 
The application yields good results in determining the longitudinal dispersion compared to 
dispersion values obtained from the salt budget.

Parts of this chapter were:
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analytical equation determining the dispersion coefficient in estuaries with a distinct ebb- 
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6.1 In t r o d u c t io n

The tidal pum ping mechanism, which is caused by residual horizontal circulation, is 
an im portant but ill-understood p art of tidal circulation producing longitudinal salt 
dispersion in estuaries. Fischer et al. (1979) defined “tidal pum ping” as the energy 
available in the tide th a t drives steady circulations similar to w hat would happen if 
pum ps and pipes were installed to move w ater about in circuits. There are two types 
of residual circulation th a t cause tidal pumping: (i) interaction of the tidal flow w ith 
a pronounced flood-ebb channel system; and (ii) interaction of the tidal flow w ith the 
irregular bathym etry. It is expected th a t the residual ebb-flood channel circulation is 
an im portant large-scale mixing mechanism for moving pollu tants and transporting 
salinity upstream  against a mean outflow of freshwater in estuaries w ith a distinct 
ebb-flood channel system, such as the W estern Scheldt in the Netherlands (see Fig. 
1.2). The similar type of estuaries can be found in the Chesapeake Bay, USA 
(Ahnert, 1960); the Columbia river estuary in USA; the Pungue estuary in 
Mozambique as well as several small estuaries in UK. Van Veen et al. (2005) 
described the W estern Scheldt as an estuary w ith a regular system of ebb and flood 
channels. Jeuken (2000) identified two basic channel types in the W estern Scheldt 
estuary: (i) main channels and (ii) connecting channels. The main channels transport 
most of the tidal discharge, sediments and salinity. They are the largest channels in 
the system and they appear in two forms: a curved m ain ebb channel and a straight 
main flood channel. The connecting channels are the smaller channels th a t either link 
two large m ain channels or a large m ain channel w ith a small main channel, and their 
transport function is limited.

Savenije (1993b) found th a t gravitational (density-driven) circulation is the main 
mixing mechanism if salinity gradients are large (as occurs in the central p art of 
estuaries). The river flow plays an im portant role to drive the gravitational 
circulation, which is accompanied by bo th  vertical and lateral salinity gradients. In 
wide estuaries, lateral stratification generally makes the largest contribution to 
density-driven mixing (Fischer et al ,  1979). However, in the seaward part of 
estuaries, where the density difference is small, the interaction between tide and 
geometry, which generates residual (horizontal) circulation, is the m ain mixing 
mechanism. M cCarthy (1993) presented an analysis on residual circulation generated 
by the combined effect of tide and gravitational circulation in an estuary w ith 
exponentially varying width. A lthough his study did not consider the im portant 
transport mechanism by ebb-flood channel interaction, it clearly dem onstrated th a t 
tide-driven mixing is dom inant in the downstream  p art of estuaries, while density- 
driven mixing is dom inant in the upstream  part of estuaries. Density-driven mixing is 
a function of the salinity gradient, whereas tide-driven mixing is a function of the 
salinity and the width.

Based on comprehensive reviews of Fischer et al. (1979), Zimmerman (1986), and 
Geyer and Signell (1992), it can be seen th a t many authors have tried several 
different m ethods to quantify tidal-driven dispersion. Several authors used a 
decomposition m ethod (e.g. Fischer, 1976; Lewis, 1979; Uncles and Jordan, 1979; 
Uncles et a/., 1985; Pino Q et al. , 1994; Dyer, 1997; or Sylaios and Boxall, 1998). A 
number of authors proposed to determ ine the effective longitudinal tidal-driven
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dispersion as a function of mixing length and velocity. Examples of this approach can 
be found in Arons and Stommel (1951) and Zimmerman (1976). Arons and Stommel 
proposed D = kAUa\¡ (where D, kA, U0, are the dispersion coefficient, a constant, 
velocity scale and mixing length scale, respectively). kA is understood to be a constant 
for one estuary. However, because the values of kA widely varied, it resulted in a very 
large range of com puted values. Zimmerman (1976) developed the "tidal random  
walk" theory and model, which considers the Lagrangean motions in estuaries 
resulting from the purely advective effects of tidal and residual currents and takes 
into account pronounced horizontal residual circulations generated by tide- 
topography interactions. Due to the presence of residual eddies, the velocity field 
cannot be considered uniform and in fact it varies considerably over distances of the 
order of the tidal excursion. Zimmerman (1976, 1981) derived an equation for the 
longitudinal dispersion coefficient, which is formally the same as the equation of 
Arons and Stommel. The main innovation in the equation of Zimmerman is th a t kA 
has a well-defined physical meaning, being a function of the dimensionless param eters 
reflecting mixing length and tidal velocity. However, to obtain reasonable values for 
kA, good quality and detailed observations are needed. Zimmerman applied his theory 
to a lagoon system  (i.e. the D utch W adden Sea) w ith not as well-defined channels as 
occur in alluvial estuaries studied herein. The fact th a t the topography of alluvial 
estuaries obeys geometrical laws creates an opportunity  to expand this theory and 
make it more predictive.

Furtherm ore, de Swart et al. (1997) applied the “tidal random  walk” model to the 
Ems estuary and obtained good results, at least qualitatively, in estim ation of the 
dispersion coefficients. However, they recommended th a t although the simple random  
walk model can be used to get upper bounds for the dispersion coefficients, 
simulations using a detailed 3D-numerical model are necessary in order to obtain 
lower bounds for the values of dispersion coefficients. This well agrees w ith 
assessments in Geyer and Signell (1992), which sta ted  th a t numerical models provide 
a means of isolating the influence of tidal advection from these other processes, and 
they can simulate the nonlinear effects th a t produce residual circulations.

The aims of this chapter are to investigate the residual circulation caused by the 
interaction of the tidal flow w ith the flood-ebb channel system in the W estern Scheldt 
and to study the effect of tidal pum ping caused by the residual circulation on the 
salinity distribution. This chapter provides a new conceptual model and a new 
analytical equation for this type of tidal-driven mixing. Firstly, we use a fully three- 
dimensional hydrodynam ic model as a "virtual laboratory" and employ a 
decomposition m ethod to characterize the residual ebb-flood channel circulation in 
the W estern Scheldt. Secondly, a conceptual model and an analytical equation 
determ ining the dispersion coefficient are developed, which take into account several 
im portant param eters of the tidal pum ping mechanism, such as the tidal pum ping 
efficiency and the loop length. Subsequently, the newly developed equation is 
com pared to the results of the "virtual laboratory" and a salt intrusion model. Finally, 
the equation is applied to observations in the W estern Scheldt and the Pungue 
estuary. The application yields good results in determ ination of the longitudinal 
dispersion com pared to dispersion values obtained from the salt budget and hence it 
is dem onstrated th a t the newly developed equation can be applied to a real estuary.
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6.2 M e t h o d o l o g y

6.2.1 ’’Virtual laboratory” residual salt transport

In order to  analyze the  characteristics of the  residual ebb-flood channel circulation, a 
considerable set of da ta  on residual flow components is required. The collection of 
such inform ation would require a m ajor operation, consisting of a dense network of 
m onitoring points over a considerable period. Moreover, substantial errors on 
m easurem ents may result (Lane et al., 1997). In practice, it is not feasible to  obtain 
these d a ta  from the field. Therefore, in this chapter, a fully three dimensional 
hydrodynam ic model (DELFT3D) has been used as a "virtual laboratory" of the 
W estern Scheldt estuary to  provide d a ta  on hydrodynam ics and salinity. For details 
on the operation of the  hydrodynam ic model and the  key features of the  formulations 
used, reference is made to  Lesser et al. (2004).

Bathymetry [m] w- t .̂.... . . À
D efin itio n  of eb b -flo o d  loops

Figure 6.1 The Western Scheldt estuary schematization in DELFT3D (not to scale).

The plan-view of the W estern Scheldt estuary schem atization in the  hydrodynam ic 
model is shown in Fig. 6.1. Some relevant inform ation on the schem atization of the 
hydrodynam ic model is sum m arized as follows:

(i) Configuration: In to ta l the grid includes approxim ate 12,500 active points, grid 
cells sizes vary from 800 m x 800 m at the  open sea to  150 m x 50 m within 
the  estuary and the num ber of layers is 10. The bathym etry  d a ta  used are of 
1998 and the sim ulation period is three months.

(ii) Boundary conditions: At the  downstream  tidal boundary we use a tidal 
am plitude of 1.75 m (i.e. tidal range of 3.5 m, which is a typical value for the
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W estern Scheldt estuary), using the gradient boundary conditions (a so-called 
N eum ann boundary condition, Roelvink and W alstra, 2004) w ith the tidal 
period of 12.25 hours (i.e. semi-diurnal tide). Because the upstream  boundary 
conditions are still located in the tidal zone, we imposed a harm onic function 
for the discharge in order to have a realistic discharge profile. This harmonic 
function is based on a 1-D model and has an am plitude of 4,200 m3/s  and an 
average discharge of 120 m3/s , which is a typical value for the studied estuary.

The hydrodynam ic model is derived from an existing hydrodynam ic model, denoted 
as KUSTZUID, which was set-up, calibrated and verified by R ijksw aterstaat (Dutch 
M inistry of Transport and Public Works). As the original KUSTZUID model was 
already thoroughly calibrated by R ijksw aterstaat no extensive calibration appeared to 
be necessary (Kuijper et al., 2004). The hydrodynam ic regime (i.e. w ater level, 
velocity and discharge) of the model was calibrated and validated on the basis of data  
in 2000 and 1978, respectively. The salinity sim ulation was calibrated based on 
available da ta  in September 2002. Generally, com puted w ater levels, discharges and 
salinities are in good agreement w ith observations, while velocity m easurem ents taken 
in the center of a channel are reasonably well reproduced by the model.

In order to obtain  values for the residual salt transport in the "virtual laboratory” , 
the decomposition m ethod of Uncles et al. (1985) and Pino Q et al. (1994) has been 
employed. A brief sum m ary on the m ethod has been presented in C hapter 2, Section 
2.3.2. The residual transport of salt in the "virtual laboratory” has been com puted for 
separate ebb and flood channels as well as for the entire estuarine channel. As 
indicated in Van Veen et al. (2005) and Jeuken (2000, pp. 31-36), the flood channel is 
wide and shallow, and the ebb channel is narrow and deep. The separation of the ebb 
and flood channels is therefore based on the highest point of the shallow area between 
two channels. This separation point can be recognized from the topographical map. 
The residual salt transport contains three m ain components: the to ta l residual 
transport, tidal pum ping transport and gravitational transport. For reasons of 
simplicity, in the rem aining sections, the residual salt transport and its components 
com puted by applying the decomposition m ethod will be called the "virtual 
laboratory” results.

6.2.2 Mixing in a hypothetical ebb-flood channel estuary

In this section, a schematized numerical model is introduced. The model is developed 
to analyze effects of residual circulation on salinity d istribution in a hypothetical 
estuary w ith a distinct ebb-flood channel system and to investigate the relation 
between the longitudinal salt transport and relevant param eters.
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Model equation

It is assumed th a t the movements of salt in the hypothetical estuary can be presented 
by the advection-dispersion equation:

dS _ d S  1 0 , n 05 
—  + u —  =  A D  —
dt dx A dx dx

(6 .1)

where D  (L2T _1) is the effective longitudinal dispersion coefficient.

Equation 6.1 is the simplified version of Eq. 2.26 due to the absence of rs and R s. For 
a steady state, at HWS, LWS or TA conditions, we have uf  A = Qf  (which is constant 
w ith x). Integration of Eq. 6.1 over x, under the boundary condition th a t dS /dx= 0  at 
S=Sj  results in:

((¿I) A) S  = A D
dS_
dx

(6 .2)

in which ((u) Á) = Qf .

In a Eulerian reference frame, the cross-sectional average velocity in the system can 
be represented by (Savenije, 2005):

u = u s in (£ )  (6-3)

where v  (LT_1) is the tidal velocity am plitude, and:

a>(x -  x0 -  X )
(6.4)

where Ç (-) is the dimensionless argument; cd (T_1) is the angular velocity, cd = 2tt /  T  ; 
and X  (L) is the distance traveled by a w ater particle, X  = (v  /  <d)( 1 -  eos(®i)) • If we 
move w ith the w ater particle (x  = x0 + A ) , then  the Lagrangean equation is obtained 
w ith i% = a t  and II = usin(cA ) .

In this schematized conceptual model, in order to analyze the effect of the large-scale 
residual ebb-flood channel circulation, we assume th a t mixing only takes place in the 
nodes and not in the ebb and flood branches themselves and the cross-section area is 
constant, Eq. 6.1 then becomes:

e s  _  e s  ^  e2s
—  + u —  = D — -
dt dx dx

(6 .6)

Equation 6.5 is a Lagrangean equation, which is solved by the QUICKEST scheme 
(A bbott and Basco, 1989), which has a good stability and accuracy. The QUICKEST 
scheme reads:

S M = r ( l - C K) - ^ { C l - 3 C K + 2) s* -3+1 s *
(6 .6)

c n
r ( l - 3 Cr ) - - ^ ( C ¡ - C r - 2 ) S U  +

Ch
r ( c R) + - ^ ( c l - i ) s x + s 13-¿ 3

in which y  = and CR = U^  ; j  and t indicate space and tim e steps, respectively.
Ax2 Ax
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Model schematization

The movements of w ater particles in the hypothetical estuary w ith a distinct flood- 
ebb channel system  are modeled in MATLAB code. The m odel’s schem atization 
consists of six loops (see Fig. 6.2), similar to the W estern Scheldt estuary.

E b b  c h an n e l F lo o d  c h a n n e i E b b  c h an n e l

Sea
Boundary

E b b  c h an n e lF lo o d  c h an n e l

F lo o d  c h an n e l E b b  c h a n n e l F lo o d  c h a n n e l
M ix ing  p o in t ~~ — ^ « ——Mi xi ng  p o in t

\ f  - w  River
71 W  7? Boundary

M ix ing  p o in t M ix ing  p o in t

F lo o d  c h an n e l E b b  c h an n e l F lo o d  chaIm el E b b  c h an n e l

U L5 u

Note: Lt (i =ld-6) is the average loop length

Figure 6.2 Schématisation of the hypothetical estuary.

Model input and output

The model requires several inputs: (i) the tidal velocity am plitudes in flood and ebb 
channels and the lengths of the six loops; (ii) w ater and salinity boundaries at the sea 
and the river; and (iii) initial conditions. The estuary is modeled as a mixing zone 
between the sea and the river.

The model produces several outputs: (i) salinity at the six mixing points as a function 
of tim e (ii) the salinity distribution in each (flood or ebb) channel as a function of 
time.

To simplify the model, certain assum ptions have been made:

(i) The estuary is well-mixed.

(ii) At the sea boundary, the velocity obeys Eq. 6.3. At the river boundary, a 
constant river velocity is taken.

(iii) The mixing happens only at the crossover points, while in reality there are some 
exchanges between channels and there is mixing w ithin a loop. The mixing at 
the crossover points is proportional to the transport in the branches 
S=(SjVj + Sev ^ / { v } + ve ĵ , where 5) and vf are the salinity and velocity in the 
flood channels, and Se and ve the salinity and velocity in the ebb channels. In 
addition, it is assumed th a t the cross-sectional area of the ebb channel equals to 
th a t of the flood channel.
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Model results

The tidal pum ping efficiency ep is defined as:

Av
eP = (6.7)

in which Av (LT_1) is the difference between the average flood and ebb flow velocities 
in the flood channel. v f (LT_1) is the cross-sectional average velocity during the flood 
tide.

In Fig. 6.3, the sim ulation results are presented. In the most downstream  loop, pure 
seawater fills the flood channel, while somewhat fresher w ater flows down the ebb 
channel. In the second loop the same phenomenon happens, resulting in a decreasing 
salt intrusion. If the loop length and the tidal pum ping efficiency are increased, the 
longitudinal dispersion increases proportionally. A longer loop length causes further 
salt intrusion because salt w ater can intrude further inland during a tidal period. In 
addition, a higher tidal pum ping efficiency causes a higher salinity because more salt 
w ater can be pum ped into the estuary w ithin a tidal period. The salt intrusion 
follows the dome shape, and the longer is the loop length, the stronger is the dome 
shape.
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Figure 6.3 Lagrangean model results for longitudinal salinity distribution at HWS, 
considering: (a) different pumping efficiencies epi and (b) different ebb-flood loop length Lef.

The above model is simple and the results are, of course, dependent on the 
assum ptions made. However, the results reveal th a t indeed there is a direct relation 
between the longitudinal salt transport and the ebb-flood loop length, as well as the 
tidal pum ping efficiency. Therefore, the loop length and the tidal pum ping efficiency 
will be considered as the two most im portant param eters for further analysis.
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6.2.3 Conceptual model and analytical equation for dispersion by residual ebb-flood 
channel circulation

In this section, we present the development of a conceptual model and an analytical 
equation for determ ining the dispersion coefficient in estuaries w ith a distinct ebb- 
flood channel system.

Analytical relation between loop length and width in ebb-flood channel estuaries

We analyze three estuaries, which can be considered to have an ebb-flood channel 
system. They are: the W estern Scheldt in the Netherlands, the Columbia in USA and 
the Pungue in Mozambique. It is rem arked th a t the Columbia may not be an ideal 
example for this type of estuaries since the distinction between the ebb and flood 
channels is not clearly visible, especially at the estuary mouth.

An ebb-flood channel loop is defined on the basis of its topographical characteristics. 
A loop is determ ined by a reach between two points (shallow areas) where the flood 
and ebb channels meet (see Fig. 6.1 for the case of the W estern Scheldt). This 
definition is similar to the “morphological cells” defined by W interwerp et al. (2001) 
for the W estern Scheldt. The loop length can be considered as the “effective” 
horizontal wavelength, which is analogous to the definition of Zimmerman (1976) and 
it is an im portant param eter for determ ining residual dispersion (Zimmerman, 1981).

The shape of these three estuaries corresponds very well w ith the exponential 
functions th a t follow from the concept of ideal estuaries (see Fig. 6.4 and Table 6.1). 
The exponential functions of the area and the w idth have already been introduced in 
C hapter 3.

Table 6.1 Estuarine characteristics of three studied estuaries

Estuary Ao
(m2)

B0
(m)

h
(m)

a
(km)

b
(km)

Scheldt 100,000 10,000 10.0 28 28

Pungue 28,000 6,500 4.3 20 20

Columbia 40,000 7,000 5.7 45 45

Note: The values for the width, depth and cross-sectional area were measured at Mean Sea Level.

It appears th a t there is a certain w idth at which separation between ebb and flood 
channels no longer occurs. For the three considered estuaries, this w idth is in the 
order of 1.5 km. We can see in Fig. 6.4 th a t the last visible loop is constrained by a 
w idth of about 1.5 km. The topographical da ta  suggest th a t for an ebb-flood channel 
system  the loop length (i.e. the average length of the flood channel and ebb channel 
in the considered loop) and the loop w idth (i.e. the average w idth of the considered 
loop) are related.



114 Mixing in estuaries w ith an ebb-flood channel system

1,000,000

100.000 

10,000

1,000 

100 

10 

1

0 10 20 30 40 50 60 70 80 90

D is tance fro m  the  m o u th  (km )

(a)

100,000

10.000 

1,000

100 

10 

1

0 10 20 30 40 50 60 70 80 90 100 110

D is tance from  the  m o u th  (km )

(b) ♦  Area (m2) ■ Width (m) a  Depth (m)

♦ ♦ ♦

|L o o p  3| I L oop

I L oop  fl I L oop  2 1 ■

♦  Area (m2) ■ Width (m) A Depth (m)

100,000

10,000

1,000

100
I L oop  i l l  L oop  ¿I

|L o o p  3(

0 10 20 30 40 50 60
D is tance fro m  the  m o u th  (km )

(C) Width (m) — Computed Area (m2) Computed Depth (m2)

Figure 6.4 Shape of considered estuaries, showing the locations of ebb-flood channel loops: 
(a) Western Scheldt, The Netherlands (b) Columbia, USA; and (c) Pungue, Mozambique. 
The location maps have been taken from Google Earth.
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From the available d a ta  of these three estuaries, it is possible to derive an empirical 
relation between loop length and loop width. Figure 6.5 shows the parity  diagram  for 
the following relation:

L.
=  O C r 1 -

B r

B0 B  i
3 l- i
B

(6 .8)

where Lef (L) is the loop length; a L (-) is a scaling coefficient th a t is approxim ately 
equal to 0.5; B(i (L) is the w idth at the estuary ’s m outh. BL (L) is the channel w idth 
at the point where there is no more ebb-flood channel separation, b (L) is the w idth 
convergence length and B  (L) is the averaged loop width.
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Figure 6.5 Parity diagram for loop lengths in ebb-flood systems of three estuaries: Western 
Scheldt, Columbia and Pungue.

We can see in Fig. 6.5 th a t Eq. 6.8 provides a reasonable fit to the observations in 
the three estuaries, especially for the W estern Scheldt and the Pungue. This equation 
provides a predictive value for the loop length, which is an im portant param eter for 
determ ining the dispersion coefficient. Eq. 6.8 has been derived under the assum ption 
th a t the loop length obeys a similar equation as the effective longitudinal dispersion 
presented in Eq. 3.4, C hapter 3.

Conceptual model and analytical equation for the dispersion coefficient

Earlier we have introduced the simplified numerical model to analyze effects of 
residual circulation on salinity distribution in a hypothetical estuary w ith a distinct 
ebb-flood channel system and to investigate the relation between the longitudinal salt 
transport and relevant param eters. It has been concluded th a t there is a direct 
relation between the longitudinal salt transport and the ebb-flood loop length, as well
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as the tidal pum ping efficiency. Therefore, the loop length and the tidal pum ping 
efficiency are likely the two most im portant param eters for the longitudinal salt 
transport.

Ebb channel

Sx
Flood channel

p  _ eM f E  
f  T

Figure 6.6 Conceptual model for ebb-flood channel dispersion

Based on these findings, a conceptual model has been made to com pute the 
longitudinal dispersion caused by the large-scale residual circulation in an ebb-flood
channel estuary. Considering one single loop and looking at the flood channel cross-
section over one entire tidal cycle (see Fig. 6.6), the salt flux Ff (L3T _1) th a t is 
conveyed to an upstream  cell equals:

Ff = S 0Af — ep (6.9)

where S0 (-) is the salinity at the beginning of the loop, Af (L2) is the cross-sectional 
area of the flood channel, E  (L) is the tidal excursion, and T  (T) is the tidal period. 
ep (-) is the tidal pum ping efficiency defined by Eq. 6.7.

Assuming th a t the pum ping efficiency in the flood and ebb channel is the same, we 
can determ ine the salt flux Fe (L3T _1) in downstream  direction through the ebb 
channel as:

F, = ~ S tA A v ,  = - S A j e „  (6.10)

in which A e (L2) is the cross-sectional area of the ebb channel and 5) (-) is the salinity 
at the end of the loop.

In order to close the salt balance, under a steady-state situation (Ippen and 
Harleman, 1961), the sum of salt fluxes Ff and Fe should equal the salt flux caused by 
freshwater discharge.



6.2 M ethodology 117

Assuming th a t the cross-sectional areas in the ebb and flood channel are equal, then
EEq. 6.11 becomes: Af — ep (5) -  S0} = QfS1

or:
. E  AS  ^  0

y  y ' 'X  Ax  -  V  - ( 6 . 12)

If the salinity gradient d S  /  dx  may be considered constant over the loop, Eq. 6.12 
corresponds w ith the steady state  salt transport equation (see Ippen and Harleman, 
1961 or Savenije, 1989):

.  d £  ^  ^ 
A D —— -  QfS

dx
(6.13)

Combining Eq. 6.12 and Eq. 6.13, we obtain the expression for the effective 
longitudinal dispersion resulting from ebb-flood channel interaction:

A f E
D f  = - ^  —  e L f

A T  p
(6.14)

in which Def (L2T _1) is the effective longitudinal tidal average dispersion coefficient 
caused by the ebb-flood channel interaction.

Equation 6.14 is analogous to the equation introduced by Arons and Stommel (1951) 
and Zimmerman (1976, 1981), (i.e. D = kAU0l0), where kA — ep [Af /  A) , U0 —E / T  
and l0 -  Lej . In the newly developed equation, the tidal-driven mixing is determ ined 
by the pum ping efficiency, the tidal excursion and the loop length. The shape of the 
estuarine geometry (i.e. the loop length and w idth) plays a significant role in 
determ ining the ebb-flood channel residual transport dispersion and this agrees well 
w ith the findings of Zimmerman (1981), who concluded th a t the shape of the coastal 
geometry or the bo ttom  morphology is im portant to any tidal residual flow 
mechanism.

Combination of Eq. 6.14 and Eq. 6.8 yields:

n Af E
ef = A T 6*®1

I - -
Br Bn

- 1 (6.15)

Assuming an exponential shape of the estuary (see C hapter 3), we obtain:

D ef =  A,
Eb

f  B r ( x \ ^  
. ---- — exp —

Bn \b

Bn

(6.16)

in which <pp = ocLep ^Af /  Al) is the scaling coefficient, which depends on the pum ping 
efficiency of the estuary.
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6.3 Results

6.3.1 Residual circulation characteristics of the Western Scheldt obtained from the 
“virtual laboratory” and the conceptual model
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Figure 6.7 (a) Computation of residual salt transport using the “virtual laboratory” data; (b) 
Comparison between the conceptual box model and the “virtual laboratory” in determining 
the flood channel residual transport.

Using the "virtual laboratory" ou tpu t and applying the m ethod of Uncles et al. 
(1985), we are able to com pute the residual salt transport for the entire estuary. The 
com puted results are presented in Fig. 6.7a. One can see th a t over one tidal cycle, 
there is indeed an upstream  residual salt transport in the flood channels and a 
downstream  transport in the ebb channels. This confirms the assum ption underlying 
in the conceptual model.
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If the estuary is in a steady state, the net salt transport over the cross-section equals 
zero. As we can see in Fig. 6.7a, the mean value of the net salt transport over the 
cross section is close to zero. Near the estuary m outh, there is a large deviation. This 
may be due to the sea boundary condition, irregular topographies or non­
perpendicular flows close to the estuary m outh. We can see in Fig. 6.1 th a t especially 
in the first two loops, there are connecting channels and higher order meanders, 
which may cause this strong fluctuations. Given the large m om entary fluxes in the 
ebb and flood branches, the residual flux is expected to have a high relative error.

A comparison between the conceptual model and the “virtual laboratory” results for 
Fj (i.e. residual salt transport over one tidal cycle in flood channels) is presented in 
Fig. 6.7b. The main input d a ta  used were: Area of the flood channel Af (from 
topographical data); S0 (salt content at upstream  end of the loop) and ep (pumping 
efficiency) estim ated w ith Eq. 6.7 using the velocities com puted by the hydrodynam ic 
model. From Fig. 6.7b, we can conclude th a t the conceptual model results com puted 
w ith Eq. 6.9 and the “virtual laboratory” results fit reasonably well. One can see th a t 
jum ps occur at the crossover points of the loops and these are generally spread over a 
certain distance w ith connecting channels.

6.3.2 Comparison between the conceptual model, the salt intrusion model and the 
virtual laboratory in computing the dispersion coefficient

We use three m ethods to com pute the dispersion value: (i) the conceptual model and 
its analytical equation (Eq. 6.16); (ii) the "virtual laboratory" based on the 3-D 
hydrodynam ic model; and (iii) the salt intrusion model of Savenije (1989, 1993c). For 
details on the salt intrusion model, reference is m ade to Savenije (1993c) as well as 
C hapter 3 of this thesis. A comparison among these models when applied to 
determ ine the tidally averaged longitudinal dispersion coefficient is presented in Fig. 
6.8. The tidal pum ping efficiency coefficient and other relevant param eters used in 
Eq. 6.16 have been obtained from the sim ulation of the hydrodynam ic model as well 
as from observations.

The dispersion coefficient values com puted by the salt intrusion model reflect the 
“to ta l” effective dispersion, i.e. the sum of horizontal circulation and gravitational 
circulation (curve num ber 1 in Figs. 6.8a and 6.8b). The values com puted by the 
conceptual box model only refer to the dispersion by the horizontal ebb-flood channel 
circulation Def (i.e. D (Pum p), curve num ber 2 in Figs. 6.8a and 6.8b). The “virtual 
laboratory” dispersions for tidal pum ping and gravitational circulation are shown in 
curves num ber 4 and 5 in the same figures, respectively.

Between 10 and 25 km from the m outh, the Def curve does not agree the values 
com puted by the tidal pum ping virtual laboratory (curve number 4). However, the 
agreement is good in the other reaches. After subtracting the Def curve from the 
curve of the to ta l dispersion (i.e. curve num ber 1), we obtain  a curve for gravitational 
circulation, which is presented by curve num ber 3. One interesting thing is th a t, 
although there is considerable scatter, curve num ber 3 reasonably fits the 
gravitational dispersion values com puted by the v irtual laboratory.
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Figure 6.8 Salinity and dispersion in the Western Scheldt: (a) log-scale tidal average 
dispersion a function of x: Comparison between conceptual model, salt intrusion model and 
"virtual laboratory" results; (b) same as (a) on normal-scale; (c) Salinity distribution from 
"virtual laboratory" and salt intrusion model; (d) same as (b) compared to gravitational 
dispersion computed by Thatcher and Harleman and -dS/dx.  Legends: (1) D (Tot): Dispersion 
computed by salt intrusion model; (2) D(Pump): Dispersion caused by ebb-flood channel 
circulation (Eq. 6.16); (3) D(Grav): Dispersion caused by gravitational circulation, D(Grav) 
=  D (Tot) - D (Pump); (4) D(PumpVL): Virtual laboratory tidal pumping dispersion; (5) 
D(GravVL) Virtual laboratory gravitational circulation dispersion; (6) D(TotVL): Virtual 
laboratory total dispersion, D(TotVL) =  D(PumpVL) +  D(GravVL); and (7) D(GravH&T): 
Halerman-Thatcher's gravitation dispersion.

Looking at Figs. 6.8a and 6.8b, the dispersion values com puted by the v irtual 
laboratory indicate th a t at the downstream  (seaward) reach of the estuary, the 
gravitational circulation plays a minor role in producing dispersion. As expected, 
these figures confirm th a t dispersion by the residual ebb-flood channel circulation is 
dom inant in the seaward part of a well-mixed ebb-flood system estuary. However, 
starting  from 60 km from the m outh (middle of the estuary), it appears th a t not only 
the residual circulation bu t also gravitational circulation becomes an im portant 
mixing mechanism. U pstream  from the 65 km m ark, where the separation of ebb and 
flood channels no longer exists, dispersion by residual ebb-flood channel circulation 
disappears and dispersion by gravitational circulation is the m ajor mechanism. The
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relative im portance of gravitational circulation can hardly be seen on the log scale of 
Fig. 6.8a, but it can be clearly seen at the linear scale of Fig. 6.8b.

A lthough scattered and fluctuating over the considered reach, the to ta l dispersion 
values (red triangles in Figs. 6.8a) com puted by the v irtual laboratory agree w ith the 
results of the salt intrusion model. This agreement allows us to conclude th a t despite 
the different approaches applied to the system, the overall result in determ ination of 
the dispersion is similar.

It is rem arked th a t when applying the m ethod of Uncles et al. (1985) to compute 
dispersion values, the "virtual laboratory" d a ta  obtained from the hydrodynam ic 
model give some unexpected small values for the tidal pum ping dispersion between 10 
and 25 km from the m outh and unexpected high values for the gravitational 
dispersion at this location (see Figs. 6.8a and 6.8b). The relatively high gravitational 
dispersion and low tidal pum ping dispersion may be due to the difficulty of the 
“virtual laboratory” to reproduce the salinity field (see Fig. 6.8c) or due to the 
lim itations of the decomposition m ethod (see Section 2.3.2, C hapter 2). It may also 
due to the interaction between flood and ebb channels having different salinity or due 
to effects of the SIPS (i.e. Strain-Induced Periodic Stratification) mechanism 
(Simpson et al., 1990), tidal trapping (Jay and Musiak, 1994) and effects of junction 
(A braham  et al ,  1986).

The conceptual model does not provide a solution to determ ine the gravitational 
circulation. In order to obtain a complete solution, we decide to use the m ethod of 
H arlem an and Thatcher (1974) to com pute this type of dispersion. Harlem an and 
Thatcher introduced a relationship for density driven (gravitational) and geometric 
dispersion;

D = D,p + Dg (6.17)

I  8 ~
DAP = m ß j f v L - ^ -  (6.18)

d —
L

Dg = m 22QRu* (6.19)

in which Dap (L2T _1) is the coefficient for density driven dispersion and Dg (L2T _1) is 
the coefficient for geometry driven dispersion. In these equations: m 1 and m2 are 
dimensionless coefficients, v  (LT_1) is the tidal velocity am plitude, u* (LT_1) is the 
shear velocity, L  (L) is the length of the salt intrusion, R  (L) is the hydraulic radius 
and Ed (-) is the estuary num ber defined in C hapter 2, Section 2.2.4.

The results are p lo tted  in Figs. 6.8d. We can see th a t for the cases of the W estern 
Scheldt, the agreement is not very good. Particularly, the maxim um  value of 
gravitational circulation dispersion com puted by the m ethod of H arlem an and 
Thatcher appears at the 55-km m ark, while the maxim um  value for this dispersion 
com puted by the combination between the conceptual model and the salt intrusion 
model lies in the 65-km m ark, which is the point where the separation of ebb and 
flood channels no longer exists.
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6.3.3 Application to observations in the Western Scheldt and the Pungue

We apply the newly developed equation (i.e. Eq. 6.16) to observations in the W estern 
Scheldt and the Pungue to validate the expressions for the TA dispersion due to 
residual ebb-flood channel circulation and gravitational circulation under different 
discharge regimes.
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Figure 6.9 Salinity computation in the Western Scheldt: (a) Modelled and observed salinity 
distribution corresponding with Qf = 90 m3/s  and (b) TA dispersion coefficient and its 
components related to (a); (c) Modelled and observed salinity distribution corresponding with 
Qf = 95 m3/s  and (cl) TA dispersion coefficient and its components related to (c). The 
legends have already been indicated in Fig. 6.8.

D ata of the W estern Scheldt have been obtained from Savenije (2005, p. 147), based 
on observations w ith Q¡ =  90 m3/s , and from Regnier et al. (1998) for the case Q¡ =  
95 m3/s. The salt intrusion curves and the longitudinal d istribution of the to ta l 
dispersion, the dispersion by residual circulation and the dispersion by gravitational 
circulation are presented in Fig. 6.9. In Figs. 6.9b and 6.9d, the dashed line indicates 
the salinity gradient, which, as expected, has a similar shape as the dispersion by 
gravitational circulation. The “virtual laboratory” case of the W estern Scheldt is also 
presented in Figs. 6.8c and 6.8d for reasons of comparison. In Figs. 6.9b and 6.9d, the 
gravitational circulation dispersion com puted by the m ethod of H arlem an and
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Thatcher appears to be in the same shape w ith the dispersion com puted by the 
com bination between the conceptual model and the salt intrusion model, except it 
underestim ates the maxim um  value.
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Figure 6.10 Salinity computation in the Pungue: (a) Modelled and observed salinity 
distribution corresponding with Qf = 200 m3/s  and (b) TA dispersion coefficient and its 
components related to (a); (c) Modelled and observed salinity distribution corresponding with 
Qj, = 20 m3/s  and (cl) TA dispersion coefficient and its components related to (c). The 
legends have already been indicated in Fig. 6.8.

D ata of the Pungue estuary have been obtained from Grass (2002), based on 
observations in 1993 (with Qf =  20 m3/s) and 2002 (with Qf =  200 m3/s). The salt 
intrusion curves and the longitudinal distribution of the to ta l dispersion, the 
dispersion by residual circulation and the dispersion by gravitational circulation are 
presented in Fig. 6.10. It appear th a t the com putation for the Pungue does not give 
the satisfactory results in the case of 2002 (Fig. 6.10b), and in general the results of 
Harlem an and T hatcher’s m ethod do not agree well w ith the dispersion com puted by 
the com bination between the salt intrusion model and the conceptual model.

The tidal pum ping efficiency values obtained are presented in Table 6.2. One can see 
in this table th a t for the higher discharge, the tidal pum ping efficiency is smaller and 
the TA salinity intrusion length is smaller as well. It can be explained as follows: 
Looking at Eq. 6.7, when the river discharge increases, the mean flood velocity in the
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flood channel decreases and the mean ebb velocity in the flood channel increases. As 
a result, v decreases, while vf remains more or less the same. Therefore, the tidal 
pum ping efficiency decreases. A smaller tidal pum ping efficiency causes a smaller D0 
(i.e. the dispersion coefficient at the m outh). Combined w ith a higher discharge, this 
gives a smaller a0 (i.e. the mixing coefficient at the m outh), and subsequently, a 
shorter salinity intrusion length L TA according to the salt intrusion model (see 
C hapter 3, Section 3.2). This fact is well dem onstrated in Table 6.2.

Table 6.2 Tidal pumping efficiency values for the Western Scheldt and the Pungue

Western Scheldt Pungue

Year 1987 
(observations) 
Qf = 90 m3/s

Regnier e t  al. 
(observations) 
Qf = 95 m3/s

DELFT3D 
(virtual 

laboratory) 
Qf = 120 m3/s

Year 1993 
(observations) 
Qf = 20 m3/s

Year 2002 
(observations) 
Qf = 200 m3/s

V
12.5xl0"2 11.5xl0"2 10.5xl0"2 19xl0"2 9xl0"2

(-) 3.1xl0"2 2.9xl0"2 2.6xl0"2 4.8xl0"2 2.3xl0"2

L ta

(km) 105 100 92 85 34

6.4  D is c u s s io n

It appears th a t the newly developed equation for com puting the ebb-flood channel 
residual circulation dispersion (i.e. Eq. 6.16) performs well, especially at the 
downstream  section of the estuary. Eq. 6.16 is dependent on x  (i.e. dispersion is a 
function of x). This agrees w ith findings in Ippen and Harlem an (1961), Stigter and 
Siemons (1967), Van der Burgh (1972) and Savenije (2005). However, at the limit of 
the zone where ebb-flood separation no longer exists, near the point where B = B L, the 
equation does not provide a good solution (See Figs. 6.8d, 6.9b and 6.9d). It is 
understood th a t after the ebb-flood separation zone, tidal pum ping only plays a 
minor part in producing dispersion and the "virtual laboratory" da ta  confirm this. In 
this zone, where Eq. 6.16 dem onstrates a sudden transition, there should be a sm ooth 
transition  between tidal pum ping dispersion and gravitational dispersion. Further 
research needs to be done to improve this relationship.

There may be other deficiencies in the approach. Firstly, the model assumes a 
constant salt gradient w ithin one loop, while in reality the salt gradient can vary. In 
Fig. 6.8d, it appears th a t the -d S /d x  curve gradually increases upstream  until 
reaching a maximum at 55 km from the estuary m outh, after which it gradually 
decreases upstream . For the longest loop of the system  (i.e. the 2nd loop w ith a length 
of 14.6 km ), the “virtual laboratory” shows th a t the -d S /d x  value ranges from
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1.95xl0"4 to 2.3xl0"4 between the most upstream  and the downstream  point of the 
loop. Secondly, there is a lim itation on the length of the tidal excursion in relation to 
the loop length. For the first three loops of the W estern Scheldt and the first loop of 
the Pungue, the loop length is larger than  the tidal excursion, therefore it is correct 
to assume th a t w ater particles only travel forward or backward w ithin the designated 
channels (i.e. ebb channel and flood channel). However, if the loop length is shorter 
th an  the tidal excursion, then  it is not correct to assume th a t all w ater particles move 
w ithin the designated channel. Therefore in this case the conceptual model is less 
accurate. The “tidal random  walk” theory of Zimmerman (1976) could possibly be a 
b e tte r in terpreta tion  for the mixing mechanism in these short loops.

Throughout this chapter, it has been assumed th a t only physical processes are 
responsible for the modeled salinity field in the hydrodynam ic model, which in tu rn  is 
used to estim ate the salt dispersion. This poses some lim itations for the study. 
Firstly, the numerical scheme used in the hydrodynam ic model has numerical 
dispersion. However, the numerical dispersion is expected to be minimized due to the 
use of an A lternating Direction Implicit (ADI) scheme denoted as a “cyclic m ethod” 
(Stelling and Leendertse, 1991), which is dem onstrated to be com putationally 
efficient in Lesser et al. (2004). The numerical dispersion therefore is not significant 
in the area of interests (i.e. the estuarine sections w ith ebb-flood channel system) due 
to the large effective dispersion. Secondly, as we mentioned in Section 6.2.1, the 
com puted w ater levels, discharges and salinities in the model are in good agreement 
w ith observations, while velocity measurem ents taken in the center of a channel are 
reasonably well reproduced by the model. However, the com puted velocity results are 
not in good agreement w ith observations on side slopes of channels, where often a 
transition  occurs from ebb-directed to flood-directed residual transport. This is partly  
caused by the resolution of the model grid, which is not sufficiently high to resolve 
relatively steep gradients of the bathym etry. In addition, W interwerp et al. (2006) 
using a grid cell size of approxim ately 25 m in the area of interest (i.e. at the river 
bend near Antwerpen, Belgium) indicated th a t the velocity profiles are very sensitive 
to the salinity structure. Therefore as we use a coarser grid size, it may be th a t the 
structure  of the flow field is not fully correct and subsequently, there may be an 
unsatisfactory representation of the salinity field.

Moreover, the hydrodynam ic model does not explicitly include other processes 
producing residual currents, such as “Tidal random  walk” of Zimmerman (1976), or 
SIPS, which is a mechanism resulting in particle trapping because of the occurrence 
of tidal velocity asym m etry and its interaction w ith the tim e-varying concentration 
field (Simpson et al,  1990), or nonlinear effects (Tee, 1978). However, the model 
computes the entire velocity field and in principles implicitly takes account of all 
these processes. W hether this is fully in agreement w ith reality may be questioned 
but the model has been calibrated to correctly reproduce the velocity field, including 
residual circulation, adequate enough for morphological com putation, for which 
purpose the model was originally made. In the model, we also do not include the 
effect of wind, therefore freshwater may rem ain too long near the downstream  
boundary w ithout being replaced by ocean water, resulting in a lower salinity near 
the sea boundary (see Fig. 6.8c).
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The perform ance of the new conceptual model when applied to the "virtual 
laboratory" and observations in the W estern Scheldt provides a promising picture. We 
consider th a t the conceptual m odel’s equation is indeed applicable in the case of the 
W estern Scheldt, bu t it may not yet be a good solution for general applications as we 
can see in Fig. 6.10 for the case of the Pungue. The equation is definitely a function 
of the identified param eters, such as the tidal pum ping efficiency, the tidal excursion 
and the estuary shape, particularly  the width. However, the right form of the 
equation needs to be investigated further when we have proper da ta  sets from real 
world observations.

The newly developed equation does not account for gravitational circulation. The 
m ethod of H arlem an and Thatcher provides a reasonable estim ate for this type of 
dispersion. However, it is noted th a t this m ethod takes into account mostly vertically 
gravitational dispersion and this is the reason why we do not obtain  a very good 
correspondence w ith the subtraction of the to ta l dispersion and the ebb-flood channel 
dispersion (Figs. 6.8d, 6.9b, 6.9d, 6.10b and 6.10d). Nevertheless, it is advised to 
consider the newly developed equation together w ith the m ethod of Harlem an and 
Thatcher in order to obtain  the full dispersion in an ebb-flood channel estuary.

The dispersion values com puted from the virtual laboratory appear to agree fairly 
well w ith the other two models (i.e. the conceptual model and the salt intrusion 
model) for the case of the W estern Scheldt. W hen com puting the dispersion 
coefficient on the basis of the observed salinity distribution, the values obtained 
depend on the salinity gradient. This gradient is very sensitive to errors in the 
observed salinities at subsequent grid points. As a result, we notice th a t a small 
variation in the observed salinity values along the estuary can lead to large 
fluctuations in the com puted dispersion values, as one can see in Fig. 6.8a and 6.8b. 
The average values, however, follow the main pattern . Furtherm ore, it is possible th a t 
the relative error th a t we make when subtracting fluxes can be very large, 
particularly  if the residual fluxes are small com pared to the m om entary fluxes.

6.5  C o n c l u sio n s

This chapter presents a study on the tidal pum ping effect caused by the large-scale 
residual circulation through ebb and flood channels. It has been dem onstrated th a t in 
the seaward p art of converging estuaries such as the W estern Scheldt and the Pungue, 
where the density gradient is small, this kind of tidal pum ping is the m ain mixing 
mechanism.

Based on a conceptual model, a new equation determ ining the tidal pum ping 
dispersion has been derived. The new equation provides an opportunity  to evaluate 
the large-scale mixing mechanism caused by the residual ebb-flood channel circulation 
in term s of a dispersion coefficient, which is not feasible to obtain from field 
observations. The equation takes into account two im portant param eters of the 
residual circulation, i.e. the tidal pum ping efficiency and the ebb-flood loop length. 
The new equation has subsequently been compared w ith “virtual laboratory” da ta  of 
the W estern Scheldt estuary in the N etherlands generated by the DELFT3D
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hydrodynam ic model and w ith the steady-state salt intrusion m odel’s results. The 
comparison confirms an agreement between the new equation and the existing models 
in determ ining the residual transport and the tidal pum ping dispersion coefficient. 
Finally, the equation has been applied to observations in the W estern Scheldt and the 
Pungue estuary. The good perform ance of the newly developed equation in 
comparison w ith observations in the W estern Scheldt indicates th a t it is applicable in 
practice. However, the perform ance of the equation com pared to observations in the 
Pungue appears less convincing, suggesting th a t it may not yet be a good solution for 
the general application, therefore further research needs to be carried out to improve 
the equation. It is recommended to further study and apply this equation to other 
ebb-flood channel estuaries, such as the Columbia, several estuaries in the 
Chesapeake Bay in U.S., and the Tham es in U.K., in order to get new insights.





C hapter 7

C o n c l u sio n s  a n d  R ec o m m e n d a t io n s

The aim of this study was to address a num ber of knowledge gaps related to salt 
intrusion, mixing and tides in multi-channel estuaries. The objectives of this research 
were form ulated as: (i) to investigate and to develop a predictive steady sta te  salt 
intrusion model for a multi-channel estuary; (ii) to develop a new m ethod for 
estim ating the distribution of freshwater discharge over the branches of a m ulti­
channel estuary; (iii) to analyse characteristics of tidal waves in multi channel 
estuaries; and (iv) to develop a theory analysing effects of tidal pum ping caused by 
residual ebb-flood channel circulation on salinity distribution in multi-channel 
estuaries and to propose a new analytical equation quantifying the 1-D effective salt 
dispersion coefficient for the tidal pum ping mechanism. W ith  the results presented in 
the previous chapters, these objectives have been met. As a result, a num ber of 
conclusions and recom m endations have been formulated, which are presented below.

7.1 C o n c lu s io n s

Investigation and development of a predictive steady state salt intrusion model for a 
multi-channel estuary

For a 1-D predictive model, one needs adequate hydraulic param eters and a 
predictive theory on mixing processes as a function of the river discharge and tidal 
regime. In particular, the dispersion coefficient should be predictable in tim e and 
space. To date, a model has not yet been developed to cope w ith salinity intrusion in 
multi-channel estuaries such as the Mekong Delta, which consists of eight branches. 
On the basis of salinity measurem ents during the dry season of 2005 and 2006, an 
analytical model, and subsequently, a predictive steady-state  model for salt intrusion, 
based on the theory for the com putation of salt intrusion in single alluvial estuaries, 
have been developed to com pute the longitudinal salinity d istribution (at HWS and 
LWS) for the estuary branches of the Mekong Delta. In view of the similar hydraulic, 
topographical and salinity characteristics of the branches, it is concluded th a t the
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multi-channel estuarine system  functions as an entity  and th a t paired branches can 
be considered as a single estuary branch. This procedure has been successfully applied 
and tested in the Dinh An and Tran De branches, the Co Chien and Cung Hau 
branches and the Tieu and Dai branches. The model has been validated w ith da ta  of 
the dry seasons in 1998 and 1999 for the combined Hau and Co Chien - Cung Hau 
estuaries. The overall results of the salinity com putation indicate th a t combining 
branches is bo th  practical and physically sound, while the simplified m ethod produces 
good results for a complex multi-channel estuary such as the Mekong Delta. In 
addition, an innovation introduced is th a t the predictive model can now be used in 
estuaries where the tidal excursion is not constant, bu t dam ped (Mekong) or 
amplified (Scheldt).

Development of a new method for estimating the distribution of freshwater discharge 
over the branches of a multi-channel estuary

The determ ination of the fresh w ater discharge in estuaries is complicated, as it 
requires detailed measurem ents during a full tidal cycle. Moreover, in the dry season 
when the salt intrusion m atters most, the m agnitude of the freshwater discharge is 
small com pared to the tidal flow (often w ithin the m easurement error of the tidal 
flow). It is even more difficult to determ ine the discharge in a complex system  such as 
the Mekong Delta, which consists of eight branches over which the fresh w ater 
discharge is distributed. Especially, the distribution of the discharge over the branches 
in the saline reaches depends on a complex interaction of topography, tide, network 
layout (hydraulic structures, canals, etc.) and additional withdrawals or drainage. We 
have seen th a t the analytical model for salt intrusion in the Mekong D elta can be 
used to predict the salinity d istribution in the estuary branches, if topography, tide 
and river discharge are known. But the reverse also applies. If the salinity distribution 
in the Mekong branches is known, we can estim ate the fresh w ater discharge. The 
discharge of a branch can be com puted by the predictive equation (i.e. Eq. 4.2), 
making use of the two param eters, a ^ ws and E0, obtained from the predictive salt 
intrusion model. It appears th a t the results of the new analytical approach agree well 
w ith observations and w ith the results of a more complex hydrodynam ic model and 
w ith observations upstream  of the system. The study shows th a t w ith relatively 
simple salinity measurem ents and making use of the predictive salt intrusion model, 
the new m ethod can provide a correct picture of the discharge distribution over a 
multi-channel estuary.

Tidal wave characteristics in multi-channel estuaries

Observations in alluvial estuaries indicate th a t a dam ped tidal wave moves slower 
th an  is indicated by the classical equation for wave celerity, whereas the celerity is 
higher if the tidal wave is amplified. The tidal dam ping p a tte rn  in an estuary appears 
in one of three types: amplified, un-dam ped (ideal) or damped. The phase lag 
between HW  and HWS (and LW-LWS) lies between zero and vr /  2. In this study, the
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tidal wave characteristics of the two multi-channel estuaries, i.e. the Mekong D elta 
and the Scheldt, have been investigated on the basis of analytical equations, 
hydrodynam ic models and observations.

The Mekong D elta estuaries are mostly riverine in character. They have a small 
estuary shape number, therefore have a large phase lag and host a dam ped tidal 
wave, which moves slower than  indicated by the classical celerity equation. It is 
concluded th a t in a complex system containing a num ber of branches, there is a 
dom inant branch, which represents the characteristics of the system  as a whole and it 
forces other branches to adapt and to adjust. For the Tien river system, which is a 
complex system  containing three big branches and five sub-branches, the My Tho 
river is the dom inant branch while being the longest branch. For a less complex 
system  (i.e. the Hau river, which contains only two paired branches of the same 
length), the analytical equations agree very well w ith observations and w ith the 
calibrated hydrodynam ic model. The agreement between the analytical equations, 
hydrodynam ic model and observations in the Tien river system appears less 
convincing. Therefore, it is concluded th a t the analytical equations do not well 
represent for a complex multi-channel system  such as the Tien river; while the 
hydrodynam ic model may require more detailed da ta  on topography and hydrology. 
The junctions between branches play a significant role in changing the p a tte rn  of 
tidal range, phase lag and tidal wave propagation. The calibration of the 
hydrodynam ic model should be done w ith special care to the junction of branches.

The Scheldt estuary is a more marine estuary w ith a large estuary shape num ber, a 
small phase lag and an amplified wave. The tidal wave propagation in the Scheldt 
estuary is faster than  suggested by the classical celerity equation due to the 
amplification of the tidal range. It is concluded th a t the tidal wave celerity in the 
Scheldt estuary depends m ainly on the topography. The analytical equations are very 
well able to describe the tidal dynamics in the Scheldt, which has a complex structure 
of ebb and flood channels.

Development of a new theory for analysing effects of tidal pumping caused by residual 
ebb-flood channel circulation in multi-channel estuaries and a new analytical equation 
quantifying the 1-D effective salt dispersion coefficient due to tidal pumping

In the seaward part of converging estuaries w ith a distinct ebb-flood channel system, 
such as the W estern Scheldt and the Pungue, where the density gradient is small, 
tidal pum ping caused by the residual circulation through ebb and flood channels is 
the m ain mixing mechanism. Results obtained from the schém atisation of a 
hypothetical ebb-flood channel estuary reveal th a t there is a direct relation between 
the longitudinal salt transport and the ebb-flood loop length, as well as the tidal 
pum ping efficiency. Therefore, the loop length and the tidal pum ping efficiency are 
likely the two most im portant param eters for the residual circulation mixing. On the 
basis of these param eters, a new equation for dispersion by ebb and flood channel 
interaction has been derived. A 3-D hydrodynam ic model in DELFT3D has been 
employed as “virtual laboratory” to generate a solution of the circulation p a tte rn  for 
the W estern Scheldt estuary. This solution has been subsequently decomposed to
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isolate the influence of different mixing hydrodynam ic processes. The new analytical 
equation has been compared w ith the decomposition results and reasonable 
agreement has been found. Mixing caused by gravitational circulation is not 
estim ated by the analytical equation, but this can be addressed by the m ethod of 
Harlem an and Thatcher (1974). Observations from the W estern Scheldt estuary and 
the Pungue have been used to validate calculated dispersion values. The good 
perform ance of the newly developed equation in comparison w ith the existing models 
as well as w ith observations indicates th a t the equation is indeed applicable in 
practice. The new equation provides an opportunity  to evaluate the large-scale 
mixing mechanism caused by the residual ebb-flood channel circulation, which is not 
feasible to analyse from field observations.

7.2  R e c o m m e n d a t io n s

Predictive salinity model and discharge predictive equation for multi-channel estuaries

It is suggested to incorporate the analytically predictive function of the dispersion 
coefficient into hydrodynam ic models. The analytical model can provide the 
dispersion as a function of tim e and space. As a result, a new generation of 
dynamic w ater quality models will be developed th a t are predictive w ithout the 
need for detailed information.

It is recommended to further apply the predictive salinity model and the 
freshwater discharge predictive equation to other multi-channel estuaries in the 
world, e.g. the Loire (France), the Tanintharyi (M yanm ar), the D ham ra (India) 
or the Yangtze (China). These applications will yield useful m anagement 
inform ation, while a t the same tim e new insights may be obtained.

It is recommended to carry out complete salinity measurem ents by moving boat 
m ethod for seven branches of the Mekong D elta w ithin the same day, preferable 
during spring tide in the dry season, when the salt intrusion m atters most and 
the system is close to a steady state. These m easurem ents shall provide a good 
overview of how salinity and discharge distribute over the branches of the 
Mekong.

Tidal wave characteristics in multi-channel estuaries

More detailed field observations of the longitudinal tidal dam ping and phase lag, 
which are two im portant factors for classifying estuaries, are recommended to be 
carried out in the two study areas. The m easurem ents will provide more 
confidence in the m ethod used in this study and improve the perform ance of the 
set of analytical equations and the hydrodynam ic models.

It is recommended th a t the analytical equations can be used to facilitate the 
calibration of hydrodynam ic models. Especially for rivers and estuaries where
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there are not m any observations available, the set of the analytical equations is a 
good tool to interpolate between observations and to check the reliability of a 
hydrodynam ic model. However, further improvement of the phase lag equation 
(i.e. Eq. 2.51) is needed by taking into account effects of the freshwater discharge 
and the bo ttom  slope.

Sudden jum p in tidal wave propagation occurring at the junction point (for 
example w ith the case of the Tien river system  in the Mekong Delta) is a very 
complicated phenomenon. It could be useful to have observations and to employ a 
"particle-tracking" model to analyse this phenomenon.

Mixing in estuaries with a distinct ebb-flood channel system

The use of the 3-D “virtual laboratory” d a ta  (i.e. model-derived data) creates a 
unique chance to analyse large-scale mixing mechanisms such as tidal pum ping 
caused by ebb-flood channel residual circulation. It is recommended to make 
more use of model-derived d a ta  to obtain  insights in circulation patterns, 
whereby it is suggested to concentrate on the larger scale processes, since small 
scale processes show large fluctuations, mostly due to the inadequacy to correctly 
represent small-scale topography in the models.

It is suggested th a t the newly developed equation (i.e. Eq. 6.16) may not yet be a 
good solution for the general application, therefore further research needs to be 
carried out to improve the equation. It is also recommended to further study and 
apply the equation to other ebb-flood channel estuaries, such as the Columbia, 
several estuaries in the Chesapeake Bay in U.S., and the Tham es in U.K., in 
order to get new insights.

At the limit of the zone where ebb-flood separation no longer exists, near the 
point where B  = B L, the new equation does not provide a good solution. It is 
understood th a t after the ebb-flood separation zone, tidal pum ping only plays a 
minor p art in producing dispersion and the "virtual laboratory" da ta  confirm this. 
In this zone, where the equation dem onstrates a sudden transition, there should 
be a sm ooth transition  between tidal pum ping dispersion and gravitational 
dispersion. Further research needs to be done to refine this transition.

The new equation does not account for gravitational circulation and therefore it 
has to be combined w ith other approaches in order to obtain  a complete solution 
for the dispersion coefficient. The m ethod of H arlem an and Thatcher (1974) 
provides a good starting  point for this type of dispersion. However, it will be 
necessary to refine the m ethod to be tte r account for the large-scale and small- 
scale topography, and in particular for estuaries w ith a distinct ebb-flood channel 
system.
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NOTATIONS

Sym bols

a Area convergence length (L)

A  Cross section area (L2)

A 0 Cross sectional area at the estuary m outh (L2)

B  W idth  convergence length (L)

B  E stuarine channel w idth (L)

B 0 W idth  at the estuary m outh (L)

c Tidal wave celerity (LT_1)

ct x-dependent coefficient equal to the ratio  between dispersion coefficient and
the freshwater velocity (-)

c0 Classical tidal wave celerity (LT_1)

C  Chezy coefficient (L°'5T _1)

D  Dispersion coefficient (L2T _1) (C hapter 3, 4 and 6)

D  Dam ping term  (-) (C hapter 2 and 5)

Dm Coefficient of proportionality (L2T _1)

D ta T idal and cross-sectional average dispersion (L2T _1)

f l ™  HWS dispersion coefficient at the m outh (L2T _1)

DqWS LWS dispersion coefficient at the m outh (L2T _1)

ep Pum ping efficiency (-)

E  T idal excursion (L)

Ed E stuary  num ber (-)

E0 T idal excursion at the m outh (L)

ƒ Darcy-W eisbach’s roughness (-)

F  Solute mass flux vector per unit w idth (ML_1T _1)

F  Froude num ber (-) (C hapter 2)

F2 H ydrostatic forces (ML"2T"2)

Fd E stuarine densim etric Froude num ber (-)

g Acceleration due to gravity (LT-2)

h0 D epth at the estuary m outh (L)

H  T idal range (L)
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h T idal average depth  (L)

k Bed friction (-)

kA Arons and Stommel constant (-)

K  Van der B urgh’s coefficient (-)

Z0 Mixing length scale (L)

L  Sait intrusion length (L)

Li Sait intrusion length at HWS, LWS or TA (L)

m  W idth  variation coefficient (-)

M  M om entum  driven by gravitational circulation (ML_1T"2)

n D epth variation coefficient (-)

N  Volumetric ratio  (-)

N r E stuarine Richardson num ber (-)

P t T idal prism  (L3)

Q Discharge (L3T _1)

Q Instantaneous ra te  of w ater transport (L3T _1) (C hapter 2)

Qf Freshwater discharge (L3T _1)

Qs Instantaneous ra te  of salt transport (L3T _1)

Qt T idal discharge (L3T _1)

(Q) T idal average (residual) w ater transport (L3T _1)

(Qs) T idal average (residual) salt transport (L3T _1)

rs Storage w idth ratio  (-)

R s Source term  (L2T _1)

s Mass concentration of diffusing solute (ML-3)

S  S teady-state salinity (-)

Sf Freshwater salinity (-)

Salinity at the river m outh (x=0) for the HWS, LWS or TA conditions (-) 

t Time (T)

T  T idal period (T)

Ts System response tim e (T)

m Flow velocity (LT_1)

u {) Freshwater velocity at the estuary m outh (LT_1)

uf Freshwater velocity (LT_1)

U Mean cross-sectional flow velocity (LT_1)
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U0 Velocity scale (LT_1)

v 1 Eulerian residual current (LT-1)

V2 Stokes drift current (LT-1)

VL Lagrangean residual current (LT-1)

VSA Cross-sectional residual flux of salt transport due to the residual transport 
of w ater (LT_1)

Vs,2 Cross-sectional residual flux of salt transport due to tidal pum ping (LT_1)

Vs,3 Cross-sectional residual flux of salt transport due to gravitational circulation 
(L T 1)

X D istance from the m outh (L)

z Vertical axis (L)

Z b M ean cross-sectional bo ttom  elevation (L)

a Tidal Froude num ber (-)

a s Shape factor (-)

5 Tidal damping number (-)

s Phase lag (T)

7] Tidal am plitude (L)

À Celerity number (-)

ß Velocity number (-)

V Tidal velocity am plitude (LT-1)

v 0 Tidal velocity am plitude at the river m outh (LT-1)

Ap Density difference between seawater and river w ater (MT"S)

P Density of fresh w ater (MT"S)

r E stuary  shape num ber (-)

x Friction num ber (-)

0) Angular velocity (T_1)

A b b rev ia tio n s

LWS Low w ater slack

HWS High w ater slack

LW Low water

HW High w ater

TA Tidal average
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