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Abstract: 

The new flood defence strategy known as managed realignment is being considered 

as flood defence for the United Kingdom to prevent loss of lives and properties with 

the climate change debate. This “soft” engineering strategy is being used instead of 

traditional hard engineering methods, mainly as it is a less expensive solution and is 

less invasive.  

Paull Holme Strays was the first site to be breached in the Humber estuary, NE 

England, as part of the new flood defence strategy from the Environment Agency. 

After breaching, an intensive monitoring survey of the site was started to observe its 

morphological evolution. The monitoring survey showed a rapid evolution of the 

site. 

In order to achieve an accurate forecast for the site evolution, a new modelling 

approach was thought to be necessary to verify the site evolution in the long term. 

This new approach consisted of the implementation of a cellular automaton adapted 

to the specificity of the site.  

The results indicate that this type of modelling tool can be applied, as the model 

output replicated the observed patterns of sedimentation, in a qualitative sense. These 

results can be used as an indicator for the geomorphological evolution of Paull 

Holme Strays. Sediment deposition/erosion is not homogeneous within the site, but is 

dependent on location relative to the breaches and to the adjacent topography which 

conditions the water flow.  
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I-1: Context  

Estuaries have been used for both commercial and leisure purposes for many 

centuries. The fact that they are located near a sea has provided a location for 

commercial trading and travelling. With population living in areas close to water 

courses, the risk of damage, caused by water, is increased. People have always tried 

to minimise the effect of water inundation and protect human lives and property.  

The Humber Estuary is located in NE England with a connection with the North Sea. 

The estuary drains a catchment area of some 23,690 km
2
, and is approximately 60 

km long with a width varying between 1.5 km, at its head, to 13 km, at its mouth, 

located at Spurn Head (Jarvie et al., 1997). This estuary is most important in terms of 

commercial use, with its ports, and for the population in general, for either travel or 

leisure purposes. As the population increased in the catchment area of the Humber, 

the necessity to protect population and industrial property from the effects of water 

level increase has become of paramount importance. 

The first defences were simple earth embankments built along the shores of the 

estuaries. With the introduction of cement and concrete, the defences were built as 

vertical walls to protect the land behind. With developments in engineering, new 

solutions have been developed, hoping to protect both land and population. Prior to 

any construction, several studies were performed to ascertain which type of build to 

implement. Each location requires a different solution, depending on its location and 

local conditions (Reeve et al., 1994).  
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A new flood defence strategy, known as managed realignment, is being considered 

for flood defence in the United Kingdom to prevent loss of lives and property with 

the changing climate (Environment Agency, 2000; 2002; Pethick, 2001). This “soft” 

engineering strategy is being used instead of traditional hard engineering methods, 

mainly to be a less expensive and less invasive solution.  

Paull Holme Strays was the first site to be breached in the Humber estuary, NE 

England, as part of the managed realignment programme from the Environment 

Agency. The Humber estuary is surrounded by several cities and industrial sites, 

including commercial ports and petro-chemical industry.  

Prior to Paull Holme Strays site breaching, several studies were performed to study 

the location and the evolution of the different sites considered for the Humber, using 

numerical modelling (Environment Agency, 2000). After the site breaching, an 

intensive monitoring survey of the site was started to observe the site evolution; the 

monitoring survey showed a rapid evolution of the site (Environment Agency, 2005). 

From this, a new approach was thought to be necessary to verify if its results would 

provide better results than the previous numerical modelling. 
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I-2: Objectives 

The main objectives for this project are 

1. To perform an intensive monitoring survey for the Paull Holme Strays site, 

including measurement of erosion/deposition, hydrodynamic flow conditions 

and suspended sediment concentration; 

2. To develop and test a numerical model to simulate sedimentation and 

morphological change for Paull Holme Strays; 

3. Compare the results for the numerical modelling work to the field data. 

The purpose of the monitoring survey is to identify the main morphological and 

hydrodynamic features of the site, the interactions between them and the 

development of the site over time. This will be used to understand how and why the 

site is evolving. This understanding is necessary to identify the mechanisms that need 

to be implemented in the model, which is the second objective. 

The numerical model will be used to replicate the morphological evolution of Paull 

Holme Strays. The rationale for using a cellular model, which is a new approach in 

an estuarine context, is that it has potential to give a longer forecasting range when 

compared with traditional modelling tools.The increase in the forecasting range can 

provide a longer-term perspective of how the site will evolve and also provide some 

insight into the design of managed realignment schemes elsewhere. 

The third objective is to compare the model output with data collected during the 

surveys. This comparison is aimed to verify the accuracy of the model output when 

compared with the actual evolution of the site.  
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I-3: Thesis structure 

This thesis is divided into ten chapters. Following this brief introduction, Chapter II 

describes the main features of an estuary and also refers to the threats from climate 

change. In addition, Chapter II describes the Humber estuary, referring to its features 

and the features of its catchment. Chapter III gives a discussion about modelling 

tools, followed by a description of cellular modelling. In Chapter IV, the 

methodology for the field and laboratory work performed is explained. In Chapter V, 

results from the field work are presented which are intended to support the 

parameters implemented in the numerical model. Chapter VI gives a description of 

the cellular model developed for this project explaining all the features included. 

Chapter VII discusses the first runs of the cellular model developed for Paull Holme 

Strays and some preliminary results for its implementation. Chapter VIII refers to the 

comparison between model outputs and data from the site, followed by its 

discussion. Chapter IX resumes the findings that result from this research and 

outlines some conclusions. The final chapter provides the list of all references used 

to develop this project and write this thesis. 
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II-1: Estuaries 

II-1.1: Definition  

Estuaries form at the mouth of rivers, in the land between the open sea and the river 

mouth. Their existence is usually short, in terms of geological time scales, due to the 

constant changes in morphology caused by cycles of deposition and/or erosion. Most 

contemporary estuaries appeared after the last ice age, ca. 20,000 years ago, when 

retreating glaciers entrained large amounts of rocks, leaving valleys in which 

estuaries formed. Their formation has also been promoted by sea-level rise caused by 

the melting ice which flooded previous river valleys. 

 
Figure 2.1: Historical Humber estuary and formation, 10,000 BP (IECS, 1994) 
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There are several definitions for an estuary; Cameron and Pritchard (1963) state: “An 

estuary is a semi enclosed coastal body of water which has free connection to the 

open sea and within which sea water is measurably diluted with fresh water derived 

from land drainage”. 

Other authors give more emphasis to different aspects of the estuary such as the tide, 

according to Dionne, 1963: “An estuary is an inlet of the sea reaching into the river 

valley as far as the upper limit of tidal rise, usually being divisible into three sectors: 

a) a marine or lower estuary in free connection with the open sea; b) a middle 

estuary, subject to strong salt and fresh water mixing; and c) an upper or fluvial 

estuary, characterised by fresh water but subject to daily tidal action”. For 

Dalrymple et al (1992), the sediment aspect is more relevant and their definition of 

an estuary is: “The seaward portion of a drowned valley system, which receives 

sediment from both fluvial and marine sources and contains facies influenced by 

tides, wave and fluvial processes. The estuary is considered to extend from the 

landward limit of tidal facies at its head to the seaward limit of coastal facies at its 

mouth.” One of the most recent definition comes from Perillo (1995) which states: 

“An estuary is a semi-enclosed coastal body of water that extends to the effective 

limit of tidal influence, within which sea water entering from one or more free 

connections with the open sea, or any other saline coastal body of water derived 

from land drainage, and can sustain euryhaline biological species for either part or 

the whole of their life cycle.”. 

An estuary can be seen as defining the pathway from which the sediment originating 

in rivers is transported to the open sea. Along this pathway, sediment distribution is 

altered due to the constant deposition, re-entrainment and transport. The larger 

particles are deposited in river floodplains due to gravitational influence, the finer 
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material is transported down to the estuary. Within the estuary, sediment coming 

from the river flow interacts with the sediment originating from the sea (Miranda et 

al., 2002).  

There are interesting effects where river and sea water meet. The difference in water 

density causes turbulence at the interface between the two layers, allowing the two 

water masses to mix and develop into a homogeneous body of water with a varying 

salinity. The salinity depends on the ratio of the sea and freshwater, and therefore 

also depends on the location within the estuary (Pontee et al., 2004). Closer to the 

mouth, the water will tend to be more saline, due to the proximity of the sea; at the 

other end, the water will tend to be fresh, as it is closer to the river sources. This 

balance between salted and fresh water will determine the suspended sediment 

concentration. This is because the greater the difference between the water densities, 

the higher the turbulence intensity will be, which promotes sediment re-entrainment 

(Dyer, 1986, 1997; Miranda et al., 2002; van Rijn, 1993). 

In flowing conditions, sediment, particularly the finer particles, can be held in 

suspension for longer periods of time, as gravity has a very low influence on these 

particles (Dyer, 1997). If the velocity is low, usually during the slack water stage, 

some sediment might have enough time to settle, but, during the ebb and flood 

stages, particles which were recently deposited can be easily re-entrained as the flow 

accelerates. 

Estuaries have different shapes, due to the interaction of the marine and river 

environment. This constant cycle of fresh and saline water is the main driving force 

for the morphological evolution of an estuary, water movement and sediment 

transport (Miranda et al., 2002). 
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II-1.2: Estuary classification 

The main factor used to classify estuaries is the tidal range (Hayes 1975). Tidal range 

is the difference between the highest of the Astronomical Spring tides and the lowest 

Astronomical neap tide. Using this criteria, there are three types of estuaries: a) 

microtidal, with a tidal range lower than 2 m; b) mesotidal, with a tidal range 

between 2 and 4 m; and c) macrotidal, with a tidal range greater than 4 m. Dyer 

(1997) adds a fourth type, the hypertidal, with a tidal range greater than 6 m, leaving 

the macrotidal with a tidal range between 4 and 6 m. An example of a hypertidal 

estuary is the Mersey Estuary in the UK.  

Microtidal estuaries are mostly dominated by wind and wave action. The tidal 

influence will only occur close to the inlet. If the sediment load of the river input is 

sufficiently high, it can lead to the formation of a delta. Mesotidal estuaries are the 

most common and they have been studied more intensely. In this case, the marine 

influence due to tidal currents dominates the influence of the river inputs. Macrotidal 

estuaries are less frequently studied, although this tendency has been changing in the 

later part of the 20
th

 century, particularly given the importance of this type of estuary 

for navigational and economical purposes. The dynamics are mostly dominated by 

the tidal input, particularly close to the mouth of the estuary. Hypertidal estuaries 

have a similar behaviour to macrotidal estuaries, only differing in the tidal range 

(Dyer, 1997); however, some authors (e.g. Hayes, 1975; Perillo, 1995) would not use 

this classification and simply designate this as a macrotidal estuary.  

Estuaries have also been classified according to their hydraulic regime, some 

estuaries are dominated by tides and others by river flow. Looking at the previous 

classification, an estuary with a tidal range below 2 m would be dominated by river 
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flow; whilst in contrast, a macrotidal estuary will be dominated by the tidal regime. 

A tidal dominated estuary is the one where the tidal currents determine the hydraulic 

regime for the estuaries (Dyer, 1997; Miranda et al., 2002; Whitehouse et al., 2002). 

The hydraulic regime is important because it determines the sediment transport 

within the estuaries. 

This thesis will use the Hayes designation of three types of estuaries: Microtidal, 

Mesotidal and Macrotidal. 

The common shape of a macrotidal estuary is a large mouth following a funnel shape 

up to the river inputs. Generally it has sand bodies in its middle part with extensive 

tidal flats and salt marshes bordering the coast. The Humber Estuary is classified as 

macrotidal, since its tidal range is approximately 5.3 m (www.eurosion.org)  

II-1.3: Estuarine circulation 

Estuaries generally have a range of complex bathymetric features. They contain 

tributary rivers, scour holes, bends and headlands, which can increase the complexity 

of the water circulation within the domain (Miranda et al., 2002; Perillo, 1995). 

When the tidal waters enter the estuary, they interact with these features, 

conditioning and altering the flow patterns. There are also some anthropogenic 

factors that may interfere with the circulation pattern; most estuaries are used for 

commercial and leisure use, and the estuary may be dredged and straightened to 

allow these activities to develop in a safe environment. 

The size and shape of the estuary also contributes to the main circulation (Hibma et 

al., 2004). If the estuary is narrow, the shores will influence the flow with the area 

constriction, creating turbulence which will propagate within the main channel 
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(Darlrymple et al., 1992; Dyer, 1997; Miranda et al., 2002). This turbulence can be 

relevant as it can create conditions for carrying sediment or re-entrain sediment from 

the bed (van Rijn, 1993). In terms of estuary length, the main concern is where the 

tidal water will reach and where its influence will end. If the tidal water reaches the 

contributory rivers, the saline water can reach further inland where it can condition 

agricultural land (Dyer, 1986; Open University, 1999).  

 

II-1.4: Sediment  

II-1.4.1: Sediment classification 

Sediment is a word originating from the Latin “Sedimentum”, which means 

“settling” (Thurman and Trujillo, 2004). The classification of sediment is based on 

its grain size, which extends from particles smaller than 2 μm to particles larger than 

256 mm. The classification mainly used for the particle size is the Wentworth grain 

size scale (Pugh, 1987, Soulsby, 1997), as presented in Table 2.1. 

Table 2.1: Sediment classification by particle size (Pugh, 1987) 

Particle designation Particle size (mm) 

Boulder > 256 

Gravel, pebbles, cobbles 2 – 256 

Very coarse sand 1 – 2 

Coarse sand 0.5 – 1 

Medium sand 0.25 – 0.5 

Fine sand 0.125 – 0.25 

Very fine sand 0.0625 – 0.125 

Silt 0.002 – 0.0625 

Clays < 0.002 

 



Chapter II – Estuaries and the Humber 

13 

In estuaries, sediment sources can be both from the sea and from rivers. From the 

sea, particles are usually gravels and coarse sand, and from rivers, particles are finer 

sands and mud (Komar, 1976; van Rijn, 1993). The heaviest materials, such as sands 

and gravels, are usually deposited close to the estuary mouth, as they are deposited 

due to gravitational forces (Komar, 1976; Thurman and Trujillo, 2004). From rivers, 

some of the finer sands are also deposited before the water reaches the estuary (Dyer, 

1986; Pugh, 1987). In extreme events, such as heavy rain fall, this finer material can 

be transported further into the estuary. From the sea, sediment is mainly from 

sedimentary rocks, originating from coastal erosion and including a large range of 

sizes. The process of sediment transport will vary depending on local conditions 

(Miranda et al., 2002). 

II-1.4.2: Sediment dynamics 

Sediment is usually treated as either mud or sand due to their very different 

behaviour and characteristics. Sands have been thoroughly studied by many 

researchers, e.g. Soulsby (1997) and van Rijn (1993), but mud has a very random 

behaviour and is very site specific; there are no rules and equations which can be 

applied in all cases.  

Under experimental conditions, fine particles can take from many hours to a few 

days to settle out (French, 1997). Under these conditions, the particles settle 

according to Stokes’ Law , which states that the particle settling rate varies according 

to its diameter and the water temperature (French, 1997; Soulsby, 1997; van Rijn, 

1993). Clearly, in estuarine environments large areas of intertidal mudflats are found, 

where the Stokes’ law does not apply for fine particles (Dyer, 1986; van Rijn, 1993). 

The suspended sediment will be transported by the flow as long as the velocity is 
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high enough to keep the sediment in suspension. The deposition for fine particle 

normally occurs during the slack water stage, when velocities are at their lowest 

(Perillo, 1995). The deposition of fine sediments is very complex as it varies 

depending on local conditions; the physics of mud and silt deposition is not well 

understood due to its variability and random events (van Rijn, 1993). The behaviour 

of fine sediment can be as follows: fine sediment can flocculate (cohesive sediment); 

or can deposit as individual particles. Individual particles are mostly likely to remain 

in suspension as the time they are in motionless waters is not sufficient for the 

particles to be deposited. Being in an estuary, the tidal cycle will not allow for 

individual particles to settle. 

Estuarine cohesive sediment, commonly called mud, is mainly composed of silt and 

clay. The main processes involved in cohesive sediment transport dynamics are: 

erosion, transport, deposition and consolidation. Erosion is the process of removing 

particles from the bed due to flow velocity being high enough in order to create 

shear-stress sufficient to entrain particles. Transport is the process of suspended mud 

movement with the flow. Deposition is the process of the flocculated particles 

settling through the water column and on the bed. Consolidation is the process of 

removing water content from the accumulation of flocculated sediment on the bed, 

simply by the increased pressure of the accumulated sediment weight. It is important 

to remember that sediment will be deposited only when it becomes too heavy to be 

transported by the flowing water (French, 1997).  

The flocculation of particles occurs as a result of the electrical charge on the particles 

and the enveloping electrical double layer, forces of Van der Walls, the property of 

which depend on factors such as pH and organic coating (Anderson, 1986; Perillo, 

1995). When the particles are in close proximity, there is an overall attraction which 
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leads to the formation of aggregates of particles or flocs. The formation of flocs is a 

two-step chemical-physical process. The particle outer layer must be compressed by 

a modification in the water characteristics; the mixing of fresh water, from the rivers, 

and salted water, from the sea, causes an electrolytic perturbation to occur, which 

means that clay particles become electrically attracted to each other and aggregate 

together, altering suspension patterns (French, 1997). The flow must be turbulent to 

enhance particle collision, without particles moving randomly and colliding with 

other particles, the formation of flocs may not occur. This turbulence occurs mainly 

due to the settling velocity differential, where particles can be caught by particles 

which are settling at higher velocities or by particles being transported by the water 

flow. If finer particles join together forming larger particles, thus increasing the 

effective size and weight, gravity forces will act by increasing the settling velocity, in 

some cases by a factor of 100 (French, 1997; Whitehouse et al., 2000). The 

flocculated sediment settling velocity can be as high as 1mms
-1

, which in slack water 

stages, in shallow water, can allow particle deposition (Whitehouse et al., 2000). 
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II-2: Climatic alteration 

II-2.1: Storminess  

In this era of the climate change debate, the fear of an increase in storm frequency 

and intensity is a major concern for the United Kingdom. Its location and being an 

island with low-lying land makes the country vulnerable to storms arriving from the 

North Atlantic (Independent World Commission on the Oceans, 1998). In addition, 

many major cities are located near the coastline or close to a major water courses, 

making them vulnerable to storm intensity. 

Global warming is derived from the concept of long-wave radiation emitted from the 

Earth surface would be trapped inside the atmosphere and would warm it (Houghton, 

2004). This radiation entrapment occurs due to the increase of greenhouse gas 

concentration which absorbs this long-wave radiation. The atmospheric temperature 

increase would also cause the ocean temperature to increase, consequently increasing 

the interaction at the air-sea interface. For example, the rise in ocean temperatures, 

could lead to greater water evaporation, thus increasing the moisture content and the 

resultant energy transfer from the latent heat could increase storms intensity (Iribarne 

and Godson, 1981; Salby, 1996). Most storms transport heat from the tropical 

regions to the poles and the inverse effect, transport cold air from the poles to the 

tropical region. These storms are caused by the radiation imbalance between Tropical 

and Polar Regions (Balling et al., 1991; Holton, 1992; IPCC, 2007). According to 

some Global Climate Model (GCM) runs, the atmosphere would be more stable in a 

situation where the CO2 concentration is twice the present value (Balling et al., 

1991). A decrease in the temperature gradient, between the tropics and the poles, 
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would diminish the intensity of storms necessary for the heat exchange between 

these two regions (Balling et al., 1991).  

Another consequence of ocean warming is water expansion. This expansion is one of 

the main factors responsible for sea-level rise (Gross, 1995; Houghton, 2004; IPCC, 

2007; Komar, 1976; Mellor, 1996; Open University, 1989; Pugh, 2004). The second 

factor that may contribute to sea-level rise is the melting of the ice caps, with 

particular concern for Greenland and the Polar ice caps (Houghton, 2004; IPCC, 

2007). 

There are several studies since the early 1990’s which attempt to determine the trend 

for what will happen to the British Isles in changing climate scenarios. Authors like 

Betts et al., 2004; Senior et al., 2002; Lowe et al., 2005 focus on the increase of 

storms in numbers and intensity, whilst Balling et al., 1991, claims that the warming 

of the atmosphere will diminish storm frequency and intensity. This discussion is still 

ongoing, particularly with regard to some extreme events which occurred during 

2007 in Yorkshire and Gloucestershire, where severe floods occurred within city 

limits. 

 

II-2.2: Water surges 

The main issue for the UK is the fact that storms are usually associated with low 

pressures areas and strong winds (French, 1997; Pugh, 1987, 2004). This 

combination can create a massive surge in the sea-level, above the astronomic tidal 

level, causing damage in low-lying coastal areas. The effect of the pressure on the 

sea surface is quantified by the horizontal pressure gradient, for each milibar in 
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pressure decrease/increase; the sea surface will increase/decrease by 1 cm (French, 

1997; Pugh, 1987). These types of surges are known as meteorological surges 

because they are caused by atmospheric factors. 

 
Figure 2.2: Rough sea in the Southeast coast of the UK (RNLI) 

One of the most extreme events was in 1953 on the East Anglian coast causing 

destruction of property, and land, and loss of human life (Open University, 1989). 

This event was due to a massive surge in the North Sea, caused by a low pressure 

system located in northern North Sea, leading to strong winds from the north. The 

combined effect of low-pressure and the northern wind contributed to a surge on top 

of high tides (Pugh, 1987), which overtopped the coastline inundating low-lying 

land.  

The United Kingdom is at risk since it is an island with a fragile coastline in some 

points and needs protection from these events. From the report from the International 

Panel for Climate Change (IPCC, 2007), climate will change drastically in the future 

and more extreme events are to be expected. 
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II-2.3: Flood risks from sea-level rise 

In order to protect open coastline, sea defences are constructed to prevent sea water 

entering land and property. According to Burgess and Reeve, (1994), some 1300 km 

of the 3700 km of the open coast of England and Wales have some type of sea 

defence protection. Floods can still happen in coastal area when the defences fail. In 

some particular cases, sea level combined with extreme wave climate can lead to the 

defences being overtopped by sea water (Burgess and Reeve, 1994; French, 1997). 

Usually behind these defences, the land is open and low-lying, allowing for the water 

to progress almost with no restrictions. In addition, with some extreme weather 

conditions, the sea defences can fail and be destroyed by the rough sea, leaving an 

opening for the water to enter freely and cause significant damage. Looking in terms 

of climate change, there is the possibility for the defences being out-of-date if sea 

level rises by the values issued by some scientific committees. 

The worst predictions refer to a sea-level rise value of approximately 6 mma
-1

 for the 

21
st
 century (Environment Agency, 2000), which represents a 0.6 m rise by 2100. For 

countries like the UK with an extensive coastline and low-lying land, this represents 

a severe threat. Constructing defences can only be manageable up to a certain point. 

Large and high structures cannot be built on the coast as it would not be 

environmentally beneficial and would represent a huge investment for any country. 

Of course these solutions are “hard” engineering which involves a large investment 

in evaluating the design and costs of such structure.  

In coastal regions, flooding occurs when something out of the ordinary happens, like 

a storm-surge. On some occasions, the combination of several factors, such as high 

spring tides, extreme rain fall, low atmospheric pressure and northerly wind, can 
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produce a massive flood (Pugh, 1987, 2004). In an estuary, the freshwater flowing 

from rivers will naturally follow its course seaward, but if this freshwater mass 

encounters a “wall” of salt water, which is denser than freshwater, the river flow can 

be slowed down and backed up. This will increase the water level on the river shores. 

This phenomenon can happen in the Humber estuary and catchment area, affecting 

several settlements on the shores of the Humber and its tributaries (Edwards et al, 

1997). If this river water cannot flow freely into the estuary, it will be retained in 

highly populated areas causing damage. The shape of the estuary also influences the 

flow of the water, since it narrows from the mouth to the head, which can cause the 

water level to increase due to the channel constriction blocking fresh water from 

flowing naturally (Environment Agency, 2000; Miranda et al., 2002). 

The tidal range in coastal areas can be low, but in an adjacent estuary this tidal range 

can increase dramatically. Referring to the Humber, the tidal range in the north east 

coast of England is around 2 m, inside the Humber, at Hull, the tidal range is 

approximately 5 m due to shape of the estuary (Dyer, 1997; Smith and Ward, 1998). 

For some cities, such as Kingston-upon-Hull, there is a considerable population to be 

protected from potential flooding. The city of Hull has a population of 300,000 and 

an extensive waterfront, with the river Hull flowing through the city. These are some 

of the facts that need to be considered when discussing flood risk for a city like Hull. 

Looking at hard engineering solutions, Hull has a tidal barrier (Figure 2.3) which is 

designed to stop the tidal flow from the Humber from entering the river Hull. This 

type of solution is expensive and a large structure needs to be built in a populated 

area. In addition, the barrier was built to prevent water higher than the largest spring 

tide plus 1 m, but with the current concern about climate change and consequent sea 

level rise, this barrier may not prevent flooding in the future (French, 1997). 
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Figure 2.3: Tidal Barrier in Kingston-upon-Hull (Kingston-upon-Hull City Council) 

 

II-3: The Humber estuary 

II-3.1: General information 

The Humber estuary is located on the east coast of England and drains a catchment 

area of some 23,690 km
2
 (Figure 2.4). The Humber estuary is approximately 60 km 

long and its width varies between 13 km, at the mouth, Spurn Head, and 1.5 km at its 

head. Freshwater flows to the estuary through many rivers, the largest of which are 

the Ouse, Don, Aire and Trent. At the seaward end, there is a large tidal range due to 

the North Sea basin and the estuary is dominated by tidal conditions, despite the 

significant freshwater inputs (Townend & Whitehead, 2003).  
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Figure 2.4: Map of the Humber Estuary and the Humber catchment 

 

The tidal range varies from 3 m for neap tides and 6 m for spring tides 

(www.eurosion.org), therefore the Humber estuary is considered to be macrotidal. 

The tidal range varies within the estuary; at Spurn Point the tidal range is 5.7 m and 

at Saltend is 7.1 m, the highest in the Humber. From Saltend, the tidal range starts to 

decrease due to the increase in friction from the narrowing of the estuary. The 

Humber Estuary receives runoff from a fifth of the area of England, covering an area 

of wide diversity in terms of natural environment and land use, much which is 

densely populated and industrialised. The Humber is one of the principal estuaries of 

the North Sea and provides the largest contribution of freshwater to the ocean of all 
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the British rivers, approximately 250 m
3
s

-1
 (Jarvie et al., 1997), in extreme events 

this flow can increase to 700 m
3
s

-1
 (www.eurosion.org). 

There are nearly 11 million people living in the Humber catchment, which includes 

the cities of Birmingham, Bradford, Derby, Kingston-upon-Hull, Leeds, Leicester, 

Nottingham, Sheffield and Stoke-on-Trent (Environment Agency, 2000). The 

principal industries in relation to water management are agriculture, food and drink, 

chemical, iron and steel, non-ferrous metals, engineering, electricity generation and 

coal mining, although the latter has been greatly reduced in scale during the last 10 

years. The Humber itself is one of the largest UK port complexes with associated 

chemical industries. The rivers draining the major cities of South and West Yorkshire 

and the West Midlands have experienced serious pollution since the mid Nineteenth 

Century (Edwards et al., 1997). 

The river systems, such as the River Trent, River Ouse, River Don and River Hull 

have been much altered by abstractions, effluent discharges, inter-river water 

transfers and changes to the physical habitat of channels (www.eurosion.org). The 

water inputs from rivers, sediment and contaminants have a major influence on the 

environment of the Humber Estuary and the North Sea (Environment Agency, 2000). 

The flow of water to the estuary is of great importance as this effects saline 

penetration, water quality and sedimentation.  

The Humber Estuary is formed at the confluence of the River Ouse and River Trent 

on the eastern side of the vale of York and flows eastward through a gap in the 

Yorkshire and Lincolnshire Wolds. At Kingston-upon-Hull, it is joined by the river 

Hull, which drains Holderness to the north. The Humber then flows south eastwards 
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between the low-lying land of Holderness and the Lincolnshire Marsh, entering the 

North Sea between Spurn Point and Grimsby (Law et al., 1997). 

 
Figure 2.5: General overview of the Humber Estuary (Microsoft Corporation) 

 

The Humber Estuary Shoreline Management Plan (HESMP) (Environment Agency, 

2000) provides the framework for investment in defences to reduce the risk of 

flooding to population and property. Key issues are the rise in sea level, which is 

reducing the standard of protection provided and increasing erosion. The plan was 

developed from detailed geomorphological and ecological studies, and extensive 

consultation with interested organisations and the community. It takes into account 

the urban and industrial development on the floodplain, high-grade agricultural land, 

the historic environment and the Humber’s status as an outstanding site for wildlife 

(Summerhayes and Thorpe, 1996). The key aims are wherever possible to work with 

natural processes and to ensure that there is no net loss of protected intertidal habitat. 

The options investigated include changes to the existing alignment of the 

embankments to provide protection and preservation of wildlife habitats.  
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The overall strategy provides for a continuing line of defence around the estuary and 

tidal rivers but with the use of managed realignment in some places, either to allow 

space for the estuary to roll over in response to sea level rise or for any other reason. 

The meaning of roll over is the tendency for erosion of the upper intertidal in the 

outer estuary and transport of derived sediment to the estuary head where its 

intertidal deposition results in head ward transgression (ABP mer, 2008). 

Doing this in the outer estuary or in the outer part of the middle estuary will make 

space for roll over and offer natural protection to the flood defences (Environment 

Agency, 2000). It will not however result in lowered water levels, and it will have 

little effect elsewhere in the system, even with a large setback area. Doing it in the 

inner part of the middle estuary, from downstream of Hull to the Humber Bridge, 

could raise water level further inland (Environment Agency, 2000). Setting back in 

the inner estuary, on the other hand, could lower water level at this location and the 

effect would be enhanced if the setback also takes place in the rivers. 

The scale of the effect depends strongly on the size, level and location of the setback. 

Preliminary studies suggest that an area of about 400 ha in the river sections could 

reduce water levels in the area by some 300 mm, counteracting the effect of 50 years 

of sea level rise (Environment Agency, 2000). Further studies are needed to examine 

the dependency on location, the long-term effects and to confirm that the results are 

sustainable. The managed realignment strategy could also be a more effective 

solution in terms of economical saving. The construction of these sites is less 

expensive than the construction of large concrete structures, and in addition less 

invasive. 



Chapter II – Estuaries and the Humber 

26 

II-3.2: Coastal defence strategy 

The purpose of building coastal defences is to alter hydrodynamic conditions at a 

location expecting to improve safety and avoid the flooding of populated and/or 

industrial areas (Environment Agency, 2002; Reeve et al., 2004). To achieve 

protection, flood defences can be defined in two different ways: by traditional flood 

engineering methods, and by flood abatement methods. The first solution is done 

using “hard” engineering solution, such as building structure with non-natural 

materials like concrete, building dams and sea-walls. The tidal barrier in the Humber 

Estuary is one clear example of a “hard” engineering solution (Figure 2.3). For the 

second solution, “soft” engineering is used, basically to provide flood defence, 

natural materials such as earth embankment, forestation to avoid free water flowing. 

For coastal areas, salt marshes and/or intertidal mudflats (Figure 2.6) have widely 

been used expecting to reduce wave and tidal impact (Chang et al., 2001). Managed 

realignment is included in the flood abatement method, as it is considered to be a soft 

engineering solution (Environment Agency, 2000; French, 1997). 

Much of the low-lying coastal areas of southeast and northeast England were once 

intertidal salt marshes that were subsequently drained and converted to farmland 

(Summerhayes and Thorpe, 1996); these areas were protected from the sea by earth 

embankments (Environment Agency, 2000). The combination of sea-level rise and 

land subsidence, coupled with lowered priority on agricultural production, means 

however, that it is becoming increasingly uneconomical to maintain these earth 

embankments (Environment Agency, 2000). An alternative is known as managed 

realignment (Environment Agency, 2000; Watts et al., 2003). Here the embankments 

are removed or relocated further inland in an attempt to recreate an intertidal salt 
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marsh. Two major benefits of this approach are: salt marshes provide considerable 

natural protection to the new embankment by attenuating wave energy and salt 

marshes are a particularly productive ecosystem both above and below ground, and 

occupy a key role in the functioning of estuarine systems.  

In temperate regions, salt marshes develop in coastal and estuarine areas, where 

morphological and tidal conditions are favourable, and are vegetated by herbs, 

grasses or low shrubs. Salt marshes are among the world most productive ecosystems 

and also act as buffer zones, which stabilize coastal areas and in many instances 

protect sea walls from damage by dissipating wave energy (Chang et al., 2001). The 

management of coastal areas is therefore of great ecological and economic 

importance and many countries engage in strategies to redevelop salt marshes and 

mudflats with the dual functions of flood defence and ecological conservation 

(Summerhayes and Thorpe, 1996). 

 
Figure 2.6: Aerial overview of intertidal mudflats, Humber North shore, East of Paull 

village (Environment Agency) 
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Due to the actual and predicted sea level rises, some coastal areas in Essex, Southeast 

UK (Watts et al., 2003) are threatened by flood, and increased salt marsh erosion has 

been extensively reported (Hughes and Paramor, 2004). This erosion is related to the 

subsidence of the southern North Sea basin, the effect of which is most pronounced 

along the Essex coast of Southeast England (Watts et al., 2003). Traditionally, hard 

engineering solutions have been adopted to protect low-lying land from flooding. 

However, there is a growing recognition of the role of more cost-effective soft 

engineering options such as salt marsh management, beach recharging and managed 

setback of some defences (Environment Agency, 2000; Pethick, 2001, 2002). In the 

UK, such strategies have been undertaken and low-value agricultural land has been 

allowed to revert to salt marsh by controlled breaching of flood defences in carefully 

designated areas, a technique known as managed realignment. Several areas along 

the Blackwater Estuary, Essex, have been selected as managed realignment sites and 

different strategies have been used at these sites to develop salt marshes 

(Environment Agency, 2000; Watts et al., 2003). 

To help identify suitable sites for managed realignment in the Humber estuary, the 

EA have been looking at how the estuary as a whole is likely to develop in the future 

and at the potential impact of individual sites. The main aim of realignment is either 

to lower peak water levels, by storing floodwater, or to provide replacement habitat 

or both. An effective way of storing floodwater is to leave the existing defences 

where they are but make the top of the bank lower and build a new, full-height line 

of defences behind them. When the water rises above the bank in the front, some will 

flow into the area between the two lines, limiting any further rise. 
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Figure 2.7: Map of the realignment sites proposed by the Environment Agency (HESMP, 

Environment Agency) 

Either of these changes will have a major impact on how the land between the 

existing and new defence lines can be used and therefore on the people owning or 

occupying it. The process began by identifying places where moving the line would 

have an undue effect on property or infrastructure. Some sites were discarded and the 

remaining assessed, leading to a short-list of the 12 most promising ones 

(Environment Agency, 2000, 2002). Together, the 12 sites would provide flood 

storage for reducing extreme water levels as well as more than double the area 

needed to compensate for expected coastal squeeze losses over the next 50 years, 

after allowing some uncertainty in the predictions. The coastal squeeze is the loss of 

land due to either sea-level rise or land reclamation for agricultural usage or other 

type of usage. This was intentional, giving flexibility to discard sites or adjust their 

boundaries. The short-list was published in June 2002 and all the landowners and 

tenants who might be affected were contacted to determine their response. Since 



Chapter II – Estuaries and the Humber 

30 

publishing the short-list, detailed studies were carried out in order to predict how the 

estuary is likely to develop, so it can assess how effective the sites are and how much 

replacement habitat will be needed. The impacts of moving the defences have also 

been looked at for each site, to determine which ones are most advantageous. 

The way in which any natural system will develop can never be completely 

predictable since there are so many factors that could affect it (Environment Agency, 

2000, 2002; www.eurosion.org). The studies conducted so far suggest that managed 

realignment sites in the middle and outer estuary (seaward of the Humber Bridge) 

will have a minor impact on water levels while sites landward of the bridge will be 

more effective. The site at Alkborough, for example, will lower water levels by up to 

100 mm (Environment Agency, 2002) during an extreme event for significant 

distances along both the Trent and the Ouse. Adding other flood storage sites on the 

Rivers Trent and Ouse will enhance the effect (Environment Agency, 2000). How 

much land will provide the most cost-effective arrangement is still uncertain and 

depends on the results of more detailed technical and economic studies. These 

studies also indicate that over the last 50 years the estuary has lost about 85 ha of 

mudflat and salt marsh overall, made up of a loss of some 535 ha in the middle 

estuary balanced by a gain of about 450 ha in the inner estuary (Edwards et al., 1997; 

Environment Agency, 2000). These studies suggest, however, that if sea level rises at 

the expected rate, 6 mm/yr, over the next 50 years there will be an overall loss of 

about 460 ha, mostly in the middle estuary with a small gain further upstream, a 

small additional loss further seaward and little change in the rivers (Environment 

Agency, 2000, 2002). 

As well as looking for managed realignment sites, the EA has been reviewing the 

condition and standard of protection provided by all the 235 km of defences around 



Chapter II – Estuaries and the Humber 

31 

the estuary. By making broad assumptions about how the condition will deteriorate, 

what standard of protection can be justified and at what rate sea levels will rise in the 

future, a preliminary study has been made to estimate when each defence length will 

need to be repaired or improved and what works will need to be carried out 

(Environment Agency, 2000, 2002). The EA is checking the results before they put 

them together to draw up a long-term programme of works for the estuary’s 

defences. This will give the EA good information about future costs and will warn 

when works are likely to be needed, so they can set in hand the more detailed studies 

that will be required. The long-term programme, which includes managed 

realignment schemes where appropriate, allowed the EA to refine the Humber 

Estuary Shoreline Management Plan produced in September 2000. The EA published 

the refined Plan for consultation in late 2003. Once the consultations were 

completed, the Plan was revised to take the comments received into account and then 

submitted for approval by the relevant Flood Defence Committees and by Defra. 
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III-1: Modelling review 

III-1.1: Introduction 

Numerical models are simplifications of reality and models use a set of equations to 

transform input data into outputs. Theses outputs are the representation of the 

behavioural alterations within the domain represented by the model. Despite 

simplifications, models are developed to maintain the important features and 

relationships of the system. All models are subjective, because ultimately it is the 

modellers who choose which elements are important for the system (Hardisty et al, 

1993).  

The first question in any modelling exercise is to determine the purpose of the model 

and to decide what type is the most appropriate. The choice of model type will 

depend on the outcomes required, the nature of the system to be represented and the 

level of understanding of the processes acting in the system. The availability of 

appropriate data may also be a major issue, and ideally, data should be collected 

within a framework of hypothesis testing within which hypothesis modelling will be 

a vital component. In particular, the model may provide the basis for testing 

hypothesis, so that data collected under such circumstances would be appropriate for 

testing the model outcomes (Hardisty et al, 1993; Beck et al, 1993).  

The next steps are then to identify an appropriate model structure, to estimate the 

parameters which will characterise the model and finally to validate the model. 

Parameter estimation and model validation pose particular problems with respect to 

modelling environmental systems. The complexity of such systems may make it 

difficult to identify the relationships and mechanisms upon which they depend. 
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Parameterisation is a way of expressing an assumed relationship between variables in 

a mathematical form. Estimates of some parameters may be based on observations or 

laboratory experiments, which are empirically derived, or based on scientific 

principles, which are theoretically derived (Pickup, 1988). In some cases, a process 

or group of processes may simply be left out, meaning null parameterisation 

(Bathurst, 1988; Hardisty et al, 1993). 

The level of understanding of the system to be modelled and the uncertainties 

involved therefore provide the essential basis for model development. Models can 

only be as good as the knowledge or understanding at the time of their construction 

(Bathurst, 1988; Beck et al, 1993). Once a model is running, the values of parameters 

may be adjusted during calibration to make the model output match observations 

more closely. Though, in complex systems, it may simply not be practical to spend 

time setting and resetting parameters. One solution to this is to carry out a sensitivity 

analysis; this involves deliberately changing parameter values to assess their effects 

on model outputs. A relatively small number of parameters may prove to be those 

with most influence and as a result, these should receive the greatest attention. 

Adjustment of parameter values should not take them beyond the bounds of reality 

just to improve the match between output and observations; if this occurs, something 

significant is clearly missing from the model. Ultimately, numerical models will be 

simpler than the system they are trying to replicate (Pickup, 1988). 

The ultimate step of a model is validation, in other words comparison of the model 

with the real world system it is supposed to portray. In principle, validation requires 

the use of a completely different set of data from that used to construct the model in 

the first place. Considering of how the validation is carried out, some uncertainty will 

always exist in the model output. Models are only valid within the context they are 
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applied. Modelling has its limitations, the desire to simplify, to make modelling 

possible, may be taken too far. Therefore, models must also remain realistic in the 

way that systems are represented. If due care is not taken then the predictions 

produced by the model will be invalid. 

In recent decades, there has been a rapid development of models for environmental 

systems, based on the ability of computers to solve by numerical techniques the 

partial differential equations (Beck et al, 1993; Hardisty et al, 1993).  

 

III-2: Types of models 

The choice of model depends very much on the intended application, and on the 

computational and pre-processing and post-processing capabilities available. A 

compromise is essential for success to provide an adequate set of output data, 

without taking a large amount of time.  

There are a wide range of models and techniques developed for the study of estuarine 

systems. These models can be divided in two major categories, flow models and 

morphological models (Kantha and Clayson, 2000). The first is applied to simulate 

hydrodynamics; the second is to simulate morphological changes. Computer 

modelling is generally recognized as a valuable tool to understand and predict 

morphological evolution (Hardisty et al., 1993). In practice, state-of-the-art models 

are one or two-dimensional (depth averaged) and have a limited ability to reproduce 

some of the three-dimensional phenomena found in nature (Mellor, 1996; Miranda et 

al.,2002). These models are built to operate in different time and spatial scales, 
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according to the demands of the problem. This review intends to describe some of 

the existing models, focusing on their parameters, advantages and limitations. 

III-2.1: Global or regional 

A global model necessarily requires high performance computing capabilities, 

whereas it may be possible to run a regional model on powerful modern 

workstations. Even then, the resolution demanded, grid sizes in the vertical and 

horizontal, is critical. An increase, by a factor two, of the resolution in a 3D model 

requires almost an order of magnitude increase in computing and analysis resources. 

It is therefore quite easy to overwhelm even the most powerful high performance 

computer. Regional models have to contend with the problem of how to inform the 

model about the state of the rest of the ocean; in other words, of prescribing suitable 

conditions along the open lateral boundaries. Often the best solution is to nest the 

fine resolution regional model in a coarse resolution of the rest of the basin (Kantha 

and Clayson, 2000). These types of model are used for global circulation model at 

the planetary scale, for ocean and atmospheric circulation (Holton, 1992).  

 

III-2.2: Deep basin or shallow coastal 

The prevailing physical processes and the underlying driving mechanisms are 

essentially different for the deep basin and for the shallow coastal. Circulation in 

shallow coastal regions is highly variable, driven primarily by synoptic wind and 

other rapidly changing surface forcing (and near river outflows, by buoyancy 

differences between the fresh river water and the saline ambient shelf water). Wind 

mixing at the surface and processes at the bottom are important, and a numerical 
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model that has reliable mixing physics and which resolves the bottom boundary layer 

is therefore better suited to coastal applications. A model such as the one developed 

at Princeton University, USA (www.aos.princeton.edu), that employs a bottom 

following, sigma-coordinate vertical grid and incorporates an advanced turbulence 

may be essential for such applications. The sigma-coordinate is a vertical coordinate 

calculated using the free surface elevation and the depth by the following equation: 

                                                        (3.1) 

 

With η, the free water surface elevation; H+ η, the total water depth and z, the 

distance from the reference level 

Deep basins, on the other hand, are comparatively slow moving, and the horizontal 

density gradients, especially below the wind-mixed upper layers, are a dominant 

factor in the circulation. The upper mixed layer can often be modelled less 

rigorously, especially for applications that did not require consideration of air-sea 

interaction processes (Kantha and Clayson, 2000). 

 

III-2.3: Rigid lid or free surface 

Oceanic response to surface forcing is usually divided into two parts: fast barotropic 

response mediated by external Kelvin and gravity waves on the sea surface, and 

relatively slower baroclinic adjustment via internal gravity, Kelvin, planetary Rossby 

and other waves (Mellor, 1996).  

For shallow water application, such as storm surges and tide modelling, free surface 

dynamics must be retained. On the long time scales, it is the internal adjustment that 

http://www.aos.princeton.edu/
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is important to model and it is possible to suppress the external gravity waves by 

imposing a “rigid lid” on the free surface. This permits larger time stepping of the 

model, and models used for climatic-type simulations are usually of the rigid lid kind 

(Kantha and Clayson, 2000). 

 

III-2.4: Hydrostatic, quasi-hydrostatic, or non-hydrostatic 

Most, if not all, large scale circulation models for the oceans, and the atmosphere, are 

based on the hydrostatic form of the incompressible Navier-Stokes equations. This 

exploits the fact that the aspect ratio, the ratio of vertical to horizontal scale of 

motion, of such motions is usually small and that the static stability of the water 

column in the stably stratified oceans is significant. 

Hydrostatic approximation requires neglecting the horizontal component of the 

Coriolis acceleration for energetic consistency, which means that the angular 

momentum is only approximately conserved. Approximation, where the strict 

hydrostatic approximation is relaxed to the extent that the horizontal component of 

the Coriolis acceleration is retained, is known as quasi-hydrostatic approximation. 

Fully non-hydrostatic models can be used at all horizontal scales, but unlike 

hydrostatic models that requires the inversion of only a 2D elliptic equation, they 

involve the solution of a 3D elliptic subject to a Neumann boundary conditions and 

can therefore be computationally intensive (Kantha and Clayson, 2000). The 

Neumann boundary conditions are a set of values imposed for the solution of the 

differential equations at the boundaries of the domain.  
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III-2.5: Quasi-geostrophic  

In the seventies and early eighties, the limited computing power available then led 

some to explore simplifications to the governing equations to be solved. Quasi-

geostrophic (QG) models assume that there is a near balance between the Coriolis 

acceleration and the pressure gradient in the dynamical equations in the rotating 

coordinate frame of reference in which most ocean models are formulated. The 

resulting simplification enables longer time steps to be taken at a given resolution or 

equivalent higher vertical and horizontal resolutions for a given computing capability 

to be achieved. QG models have strong limitations with respect to the accuracy with 

which some physical processes can be depicted, and are becoming obsolete in the 

modern computing world (Kantha and Clayson, 2000). 

 

III-2.6: Barotropic or baroclinic 

The definition of baroclinic is that it is characterized by a condition in which surface 

of constant pressure intersect surfaces of constant density; for the barotropic, 

surfaces of constant pressure coincide with surfaces of equal density.  

In a barotropic model, the density gradients are neglected so that the currents become 

independent of the depth in the water column. Many phenomena such as tidal sea 

surface elevation fluctuations and storm surges can be simulated quite adequately by 

a barotropic model, which is a 2D (in the horizontal) model based on the vertically 

integrated equations of motion. One of its advantages is that it requires an order of 

magnitude less computing resources than a comparable baroclinic model. However, 
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when it is important to model the vertical structure of currents, or the density field, a 

fully 3D baroclinic model is necessary (Kantha and Clayson, 2000). 

 

III-2.7: Hydrodynamic models 

This type of model is the most widely used within the scientific community as they 

are the ones which have seen the largest research. These models are indispensable 

tools for engineers working in coastal, river and estuarine systems, in order to assess 

morphological impacts of human interference and natural processes (Lesser et al, 

2004). The 20
th

 century has seen the development of these models from simple 

models to 1D network, coastal profile and coastline. During the decades of the 80s 

and 90s, depth-averaged two-dimensional models (2DH) started to be developed. 

These models came mostly from river engineering and some had a complex quasi-

three dimensional extension to allow spiral flow in the bends. Later they were used in 

coastal environment where waves played an important part in driving currents. Quasi 

3D concepts have also been implemented to account for cross-shore processes such 

as return flow, bed slope influence and wave effects. 

Péchon and Teisson, (1996), presented a morphological model based on a 3D flow 

description, where near-bed velocity was coupled with a local transport formula; this 

model also produced irregular results, as the turbulence at the near-bed is quite 

difficult to replicate. In coastal environments, such efforts were not entirely 

successful. The resulting transport fields were extremely sensitive to small variations 

resulting in very irregular patterns. More recently, Gessler et al, (1999), developed a 

3D model for river morphology, which includes separate routines for bedload 
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transport and 3D suspended transport. It considers several size fractions of suspended 

material and keeps track of the bed composition and evolution during each time step. 

As the transport in the near-bed layer is particle size dependent, keeping track of the 

bed composition and separating the different sizes can improve the results. 

As a result, the present state-of-the-art is that quasi 3D and 3D approaches are 

successfully applied in river engineering, but their practical application in estuarine 

and coastal areas is limited. The use of 2DH morphological models has become more 

common, particularly in relatively large areas such as estuaries and tidal inlets. 

In complex situations, several processes can alter the logarithmic velocity profile, 

such as curvature, acceleration and deceleration, wind and wave driven currents, 

density gradients and Coriolis force (Lesser et al, 2004). In addition, the shape of 

concentration profiles may differ substantially from those found in equilibrium 

conditions, this happens near river mouth, in complex geometry estuaries and near 

structures. The prediction of these complex systems behaviour requires the 

implementation of numerical models that are able to simulate several combinations 

of processes. 

 

III-3: Storm surge modelling 

An important application of barotropic models is for the prediction of storm surges 

effect along the coastline due to tropical and extra-tropical storms. This problem is of 

great importance in regions like the coast around the Gulf of Mexico and the North 

Sea with broad, shallow coastal oceans that respond vigorously to wind forcing. 

While summer time tropical storms and hurricanes are the principal agents of coastal 
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devastation in the tropics and subtropics, it is the strong winter time depressions that 

can cause flooding in the mid-latitude regions. The winds are primarily responsible 

for most of the surge in both cases, the principle difference between the two being 

the spatial scale of the resulting surge (Pugh, 1987). Tropical storms have strong, 

intense cores, and therefore they tend to cause intensive but localised surges 

extending over a few tens of km, usually to the right, in the Northern Hemisphere, of 

the point of landfall of the storm centre. They also move fast and hence the effect is 

localised in time as well. In contrast, strong winter time depressions have low 

pressure regions associated with strong winds extending over hundred of km from 

the low pressure centre, and the resulting surge is less intensive but more widespread. 

They also tend to move slowly and linger longer, and it is the action of sustained but 

less intensive winds (when compared to tropical storms) on a shallow sea that can 

cause surges on the order of a few meters. On the other hand, strong winds in a fast 

moving tropical storm (augmented by the pressure drop in the eye of the hurricane) 

pile up water rather quickly against the coast that often leads to an increase in sea-

level of several meters and consequent inundation of structures along the coastline. 
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III-4: Example of numerical models 

Amongst the several models available, I have chosen three examples: the Princeton 

Ocean Model, MIKE3 from DHI and the DELFT3D by Delft Hydraulics. Princeton 

University has been involved in the development of numerical modelling following 

World War II; Danish Hydraulic Institute is a world renowned institute for numerical 

tools to be applied in natural environment and Delft Hydraulics possess a large 

experience in these models. 

 

III-4.1: Princeton Ocean Model (POM) 

The POM is a 3D hydrodynamic ocean circulation model, which was developed by 

Blumberg and Mellor (1983) (www.aos.princeton.edu/). This package is used mostly 

for ocean circulation, but can also be applied to river and estuarine environments. 

The model uses the sigma coordinate (equation 3.1) in the vertical direction to track 

free water surface and smoothly represent the bottom topography and the curvilinear 

orthogonal coordinate in the horizontal direction to fit the irregular shoreline. The 

POM contains an embedded second moment turbulence closure sub-model: the 

Mellor-Yamada turbulence closure model to provide vertical turbulent diffusion 

coefficient (Mellor and Yamada, 1982). The Smagorinsky formula is used to 

calculate horizontal diffusion coefficient. The model uses a split time step method. 

The external mode of the model is depth-averaged to predict free water surface. The 

solution of the external mode is entirely explicit. The internal mode is three-

dimensional to calculate three velocity components. The numerical method for 

internal mode calculation is semi-implicit and all terms of the governing equation are 
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treated explicitly except for the vertical flux, which is treated implicitly. In the POM, 

complete thermodynamics have been implemented, and the distribution of salinity 

and temperature can be simulated. 

 

III-4.2: MIKE 3 

The MIKE 3, by DHI Water and Environment, is another general 3D hydrodynamic 

modelling system to simulate flows in estuaries, bays and coastal areas as well as in 

oceans. The MIKE 3 is an evolution from a 2DH model from DHI, the MIKE 21 

model. This model consists of a package of different modules implemented 

according to the particular needs of the study area. This model uses a multi-level 

coordinate system in the vertical direction and a rectangular coordinate system in the 

horizontal direction. The vertical grid spacing size in the modelling system is 

constant, Δz, except for the surface layer and bottom layer; the free surface is limited 

to change only in the top layer and the bottom layer thickness is fixed and changes 

only with location. Some assumptions are made in the relationship between the free 

surface and the top level to track free water surface in the multi-level coordinate 

system. Compared to the σ coordinate system with the same number of layers in both 

shallow and deep regions, fewer layers are used in the shallow water and more layers 

are computed in the deep water in the multi-level coordinate system model. In the 

MIKE3 flow model, the standard turbulent k-ε model and Smagorinsky formula can 

be used for calculating vertical and horizontal diffusion coefficients. The MIKE 3 

flow model uses the Alternating Direction Implicit (ADI) numerical technique to 

integrate the equations for mass and for each direction or each individual grid line, 

are resolved by a Double Sweep (DS) algorithm without resort to iteration. The 
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MIKE 3 flow model also provides the simulation for the distribution of salinity and 

temperature. The description of the governing equations and numerical formulation 

used in the model is given in the literature (DHI Water and Environment, 2003). 

 

III-4.3: DELFT3D 

The DELFT3D package, developed by Delft Hydraulics in close cooperation with 

Delft University of Technology, is a model system that consists of a number of 

integrated modules. Together allow the simulation of hydrodynamic flow, under 

shallow water assumption, computation of the transport of water constituents, 

salinity and heat, short wave generation and propagation, sediment transport and 

morphological changes and the simulation of ecological processes and water quality 

parameters. 

One of the most important parts of the DELFT3D modelling system is the flow 

module. It performs the hydrodynamic computations and simultaneously calculates 

the transport of salinity and heat. Recently, a sediment transport and morphological 

changes module was added to the Flow module. The main advantages of this 

approach are: 

 Three-dimensional hydrodynamic processes and the adaptation of non-

equilibrium sediment concentration profiles are automatically accounted for 

the suspended sediment calculation; 

 The density effects of suspended sediment, which may cause density currents 

and/or turbulence damping, are automatically included in the hydrodynamic 

calculations; 
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 Changes in bathymetry can be immediately fed back to the hydrodynamic 

calculations 

 Sediment transport and morphological simulations are simple to perform and 

do not require a large data file to communicate results between the 

hydrodynamic, sediment transport and bottom updating modules. 

The main equations used in the flow module for Delft3D are: 

Vertical σ-coordinate system, to convert the vertical scale into σ coordinate: 

h

z 





                                                           (3.2) 

 

with z, layer’s height;  , free surface height and h, total depth. With this ratio, σ will 

vary between -1 and 0; 

Generalized Langrangean Mean velocities: 
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                                                          (3.3)

 

 

where U and V, Generalized Langangean Mean Velocity components; u and v, 

Eulerian velocity components and us and vs, the Stokes drift components. This 

relation allows to converts Eulerian velocities into Langrangean components; 

Hydrostatic Pressure Assumption: 

gh
P









                                                        (3.4)
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This equation is under shallow water assumption, this means that the vertical 

acceleration due to buoyancy is not taken into account; 

Horizontal Momentum equations 
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The horizontal momentum equations are derived from the Navier-Stokes equations. 

On the left side we can find the time variation of the horizontal velocity component 

combined with the horizontal gradient and the Coriolis factor. On the right side, we 

have the hydrostatic assumption, the sum of the external and internal forces, and 

finally the terms for the vertical advection. 

The large number of processes included in DELFT3D-FLOW, e.g. wind shear, wave 

forces, tidal forces, atmospheric forcing, mean that it could be applied to a wide 

range of river, estuarine and coastal areas. The addition of the sediment transport 

module allows the calculation for morphological changes due to the transport, 

erosion and deposition of both cohesive and non-cohesive sediment in conjunction 

with any combination of the above processes. This makes the DELFT3D-FLOW 

with the sediment transport module a very useful tool to investigate sediment 

processes in complex hydrodynamic environments (Lesser et al, 2004). 
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III-4.4: Similarities and differences between POM, Mike3 and 

Delft3D 

The many 3D numerical models with different numerical techniques have been used 

for a variety of applications, ranging from small-scale process studies to basin-scale 

ocean circulation modelling. All three models use the Momentum equations as a base 

for the hydrodynamic flow, adapted to the different vertical coordinates. The POM 

and DELFT3D use the σ vertical coordinate and the MIKE3 uses a multi-level 

coordinate. Zhang, (2006), made a comparison between the POM and MIKE3, the 

main conclusion was that POM is more time consuming than the MIKE3. Comparing 

the model results, the major differences of the maximum velocity, up to 20%, 

happened mainly in the top layer. The POM model gives better simulation for the 

tidal current, but was more time consuming. With the need of rapid results, a more 

time consuming model could be a disadvantage (Zhang, 2006). 

 

III-4.5: Problems in application of these models 

The implementation of numerical models has certain problems, some of which are 

enunciated below: 

1. Model simplifications and approximations: the equations used should not be 

applied to conditions beyond the validity of their basic assumptions, this 

means that the simplifications made are only valid for the local were there 

been applied. Its accuracy depends, at least in part, on the correct choice of 

time and distance steps 
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2. Lack of accurate and appropriate data: this may come from inaccurate 

measurements, badly located gauges and other problems in field data 

collection. In addition, though, as models have become more sophisticated, 

their requirements have begun to overcome the ability of existing field 

techniques to provide the necessary data.  

3. Phenomena not taken into account: many models do not allow directly for 

certain processes, such as secondary flows, over bank processes, such as 

energy losses in the interaction between over bank and in-channel flow, and 

process of lateral inflow. 

4. Poor schematization of topographic features: this is partly a question of scale. 

The grid used to represent the system must have a density of calculation 

nodes sufficient to account for the significant features. Similarly, the model 

time step should be small enough to allow adequate resolution of temporal 

variations in the conditions of the system. 

These issues are common for numerical tools, there is the need for a compromise to 

minimise the effects in the model outputs.  
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III-5: Cellular modelling  

Due to the range of issues associated with the application of traditional modelling 

tools, as outlined above (section III-4.5), an alternative approach was adopted for this 

study, the application of a cellular model. A cellular model reduces the complexity of 

the implementation when compared to other numerical tools, through the execution 

of a number of rules derived from abstraction of the governing physical processes 

(Coulthard, 1999). Cellular models have been implemented with success in different 

environments, such as braided rivers and alluvial fans (Murray and Paola, 1994; 

Coulthard et al, 1999), but have not been applied to estuarine contexts before now.  

For this particular project, model implementation would need to replicate several key 

features of the environment. The first is the flow routing which is fed by the water 

height variation from the tidal cycle in the Humber Estuary; the second is the 

transport of fine sediment with the water flow; and the third a sediment deposition 

routine. Another important factor is the time range for the model outputs. As the 

model is to be implemented in a managed realignment site, the forecasting range 

needs to be for the long term, if possible for 2 or 3 decades.  

To reduce complexity for the flow routing element, the cellular model uses a simple 

equation for the flow velocity instead of using the “heavy” hydrodynamical equation 

derived from Navier-Stokes. These latter equations are much more complex and 

require a careful parameterization in order to implement them into a model. For the 

cellular model, the complexity is significantly reduced by the use a free-surface slope 

equation for the calculation of the flow velocity. 
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The transport and deposition of fine sediment is not fully understood as its behaviour 

is stochastic and difficult to classify (Dyer, 1986; Soulsby, 1997; van Rijn, 1993; 

White et al., 2000). With the implementation of site specific rules for the transport 

and deposition of sediment within the model, it was expected to improve the output 

results. 

Due to the reasons mentioned above, along with factors referred in the beginning of 

chapter VI: Model Development, the implementation of a cellular model was thought 

to be more adequate than the traditional modelling tools available. The following 

sections explain the main characteristics of cellular models.  

 

III-5.1: Definition  

In the last two decades, the application of cellular modelling has increased, where a 

natural process can be represented within a two-dimensional ensemble of grid cells. 

With the development of geographical software, most data comes in a grid form, 

which suits cellular models, as they work in this type of domain. Five key factors can 

briefly define a cellular model (Wolfram, 1984): 

1. they consist of a discrete lattice of cells 

2. they evolve in discrete time steps 

3. each cell takes on a finite set of possible states 

4. the state of each cell evolves according to the same deterministic laws 
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5. the laws for cell evolution depend only on interactions with immediately 

neighbouring cells 

The development of cellular approaches to modelling river form and process 

represents one of the most important advances in fluvial geomorphology over the 

past two decades. Murray and Paola (1994, 1997) started to work in a braided model 

and their work has been followed by several others for different applications. 

Cellular models can be applied in a wide range of fluvial environments including 

upland streams, braided rivers, alluvial fans, fan delta, coastal areas and experimental 

channels (Coulthard, 1999; Coulthard et al, 2002; Sun et al, 2002; Thomas and 

Nicholas, 2002). 

 

III-5.2: Basic concepts 

Cellular modelling (CM) is a rule-based approach, discretizing and simplifying 

complex differential equations and solving them across a regular spatial domain. For 

example, using a spatially distributed version of Manning’s equation instead of the 

“heavy” physical equations such as the Navier-Stokes equation. The basic principles 

of cellular modelling in geomorphology are that an ensemble of cells defines 

landforms and the interactions between cells, water flow or sediment transport, are 

treated using simple rules based on abstractions of the governing physics (Coulthard, 

1999). A landform is described as a series of neighbouring cells with rules applied to 

each one, these rules will determine the evolution of the neighbouring cells. In each 

iteration, the state and condition of the cell are updated allowing the rules to apply on 

those new conditions. The same rule is applied to all the cells at the same time, as the 
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CM must be homogeneous. Although the concept of CM is basic, the interaction 

between the cells can give complex and, sometimes, non-linear behaviour. This 

capability to replicate complex system behaviour, even with simple rules has enabled 

them to be applied in many contexts (Murray and Paola, 1994, 1997). 

The first step to use a CM is to define the domain in which the model will be applied; 

this domain is discrete in time and space. In a one-dimensional (1D) CM, the domain 

is defined as a linear series of numbers. In a two-dimensional (2D) CM, the domain 

is represented by a grid or lattice, similar to a checkerboard, this type of 

representation is the most widely used to simulate geomorphological environments. 

Three-dimensional (3D) CM is defined as several 2D grids on top of each other, 

forming a space-time cube (Wolfram, 1984). Although the most common type of 

grid is a square shape one, there are other shapes which can be used such as a 

triangular or hexagonal (Figure 3.1) 

 
Figure 3.1: Different cell shapes: (A), Square shape; (B), Triangular; (C), Hexagonal 

(Wolfram, 1984) 
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III-5.3: Grid and cell size 

The grid size will depend on the size of the landform to model and the level of detail 

required. There is no fixed rule to calculate which cell size is most appropriate as 

several conditions have to be taken into account. Choosing large enough cell 

dimension to restrict interactions to nearest neighbours maximizes the speed and 

simplicity of simulations, but in some cases it reduces the detail of the results. 

Choosing smaller cell dimensions can refine outputs, but could increase computing 

time. The definition for the rules acting on a cell must be as well defined as possible, 

but it can consume more computing time, because of high resolution. There must be 

a balance between the resolution and available time for the simulation to run. 

Generally, the CM will start with the definition of the rules at one starting point and 

it will apply to the remaining cells. An alternative is to divide the grid in sub-grids 

with the same rules applying within the sub-grid, this is called patch modelling 

(Poole et al, 2004), because most of the time, the same rule is not appropriate for the 

entire local and needs some refinement dividing the original grid according to the 

dynamics of each sub-grid. Basically, there will be sub models running in the 

different patches, with their specific rules, and then another sub model to determine 

the interaction between neighbouring patches. 

 

III-5.4: Interaction between cells 

A complication in rectangular grids is that every cell has two different kinds of 

nearest neighbour, orthogonal, or adjacent, neighbours across its edges, as well as 

diagonal neighbours at its corners. Orthogonal and diagonal interactions may be 
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expected to differ in strength but can be related. Furthermore, their relative strength 

will depend on the scaling of the model (Fonstad, 2006). These interactions can be 

separated into to different approaches: the Van Neumann neighbourhood; meaning 

that a cell will only interact with its 4 adjacent cells; the Moore neighbourhood 

meaning that adding to the Van Neumann neighbourhood, a cell will interact also 

with the 4 cells in a diagonal direction (Figure 3.2) (Wolfram, 1984). 

 

Van Neumann neighbourood                                      Moore neighbourood 

Figure 3.2: Representation of interaction between cells 

 

When coupling is small because cell dimensions are large, or time steps are short, 

orthogonal interactions will predominate. This is because orthogonal interactions 

only require a short range interaction to be initiated from near an edge, whereas a 

diagonal interaction with equal range must be initiated near a corner (Law et al, 

1997). As cell dimensions decrease and time steps increase, the relative importance 

of diagonal interactions will increase. Therefore, parameters in models representing 

intercellular interactions will not scale in simple proportion to the grid dimension, 

this means if a grid is increased, or decreased, in size by a certain factor, this does 

not mean that cell interaction will decrease, or increase, by the same factor. 
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III-5.5: Boundary conditions 

The boundary conditions can play a significant role in the computation of CM. 

Different specifications of boundary conditions can be found, depending on the 

application of the CA. Some cases will use a no-boundary condition, where the cells 

in one edge are connected to the cells on the other edge; whilst others will use the 

“bounce-back” edges, where there is no interaction between the edges and the areas 

outside the grid. Another alternative is the absorbing boundary, where the cells at the 

edge can flow to the outside of the grid, but the outside areas will not interact with 

the setting rules of the grid. In addition, a “no-slip” boundary condition can be 

implemented, where the cell at the edges will not change during the simulation. The 

application of boundary conditions has to be well defined, because in some cases 

they can induce significant errors trying to replicate an existing universe. In some 

cases, a grid larger than the actual local is defined to avoid losing the outputs from 

the edges and the results from the cells defined outside the domain would simply not 

taken into account.  
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III-6: Why use a cellular model in a managed realignment 

site 

One of the limitations of conventional hydrodynamical models is the timescale of 

their response. Conventional models usually only give a temporal response of a few 

days or month in terms of morphological evolution, even with the present computer 

capacity, particularly for tidal basin (Dearing et al, 2006). For this case, there is the 

necessity for a longer forecasting range, in terms of several months, even years.  

The Cellular Model for Coastal Simulation (CEMCOS) project (Dearing et al, 2006) 

aimed to develop a CA model for coastal evolution and to have a range for prediction 

of 10 to 100 years for the Blackwater estuary, SE England. For CEMCOS, a cellular 

approach was considered necessary due to the response time limitation of 

conventional models. Similarly, the Cellular Automaton Evolutionary Slope And 

River (CAESAR) model (Coulthard et al, 2002) has been used for simulation of past 

time behaviour, hindcasting. This work from Coulthard, (2002), was aimed to assess 

the evolution of a small upland catchment and the alluvial fan at its base for periods 

up to 10,000 years. These examples indicate the potential for this cellular approach at 

Paull Holme Strays site, in order to understand the longer term evolution of the site. 

One of the main differences between hydrodynamical and cellular modelling is that 

the latter is a rule-based approach which avoids the need to resolve complex Navier-

Stokes equation. In order to resolve the Navier-Stokes equation, several steps have to 

be made before implementation in a conventional model. To achieve this, the Navier-

Stokes has to be decomposed and parameterized to reduce its complexity, which is 

time consuming. Using simple rules derived from the basic equations for 
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hydrodynamics, this can lead to a substantial reduction in computer time required to 

run a simulation compared to complex hydrodynamical models (Coulthard, 1999; 

Murray and Paola, 1994, 1997; Wolfram, 1984). This reduction yields extra time 

necessary to run several simulations with different starting conditions, to predict the 

evolution over long periods of time and/or using different boundary conditions or 

rule dynamics.  

With this type of rule-based algorithm, several rules can be introduced which account 

for processes not modelled by hydrodynamics. For example, additional rules can be 

implemented to account for the influence of vegetation on sediment settling e.g. 

Fonstad, 2006, or the influence of bio-films on sediment stability and agglomeration. 

Ultimately, almost any rule can be implemented in the model, as long as the rule is 

judged to be relevant for the site.  

Another difference from conventional hydrodynamical models is that the 

computational grid is updated every iteration, meaning that after one iteration, the 

model will apply the rules on the updated results from the previous iteration and run 

again. This continuous updating could improve the final outputs. In addition, with the 

reduction of computer time, the forecast range can increase, whereas with other 

models, the equations complexity can lead to simulation times longer than the actual 

forecasting range. 

In conclusion, the basic idea for this new approach is to develop a cellular model 

based on rules derived from physical equations in a simplified way. This 

simplification does not mean that the final results will be inaccurate, but that they can 

be reached with the same efficiency. 
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This Chapter describes the fieldwork data collection undertaken during this project. 

Fieldwork was conducted during an 18 month period with regular surveys of 

sediment erosion and deposition at Paull Holme Strays (PHS).  

IV-1: Field data collection 

Table 4.1 shows all the data to be collected at the site, frequency of collection and 

the equipment used for it. 

Table 4.1: Data to be collected during surveying at PHS: frequency of collection and 

equipment 

Data Frequency of Collection Equipment used 

Accretion/Erosion Levels Once a month for 18 months Mild-steel stakes 

Vertical velocity profiles 5 surveys during Spring tides 
Acoustic Doppler 

Current Profiler 

Suspended sediment 

concentration (SSC) 
5 surveys during Spring tide Water Samples  

Vertical suspended 

sediment profiles 
5 surveys during Spring tide Acoustic BackScatter  

Conductivity and 

temperature  
5 surveys during Spring tide Water Probe  

 

For this project, monthly surveys were undertaken for the accretion/erosion 

measurements. The periodicity for these surveys was chosen due to the intense 

changes in some parts of the site, particularly in the area closer to the NW breach. A 

monthly collection of accretion/erosion was thought to provide a clearer idea of the 

changes occurring inside the site. For the hydrodynamics surveys, the collection 

happens when certain conditions were in place. These conditions regard mainly the 

water height predicted for the day and the time when the high water occurred. The 

location where the hydrodynamic data is taken is only accessible during the low 

water stage and start to flooded 3 hours before high water, therefore it gives a narrow 
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time window to access the location. Most of the highest tides in the Humber estuary 

are either very early in the morning, before sunrise, or late during the day, as the tide 

in the estuary is semi-diurnal. In addition, the logistics involved in performing these 

surveys required several people and risk assessment to do this in a safe environment. 

In addition, to register sufficient data during these surveys, the NW breach would 

have to be flooded for 3 to 4 h, to provide a better idea of what are the flow 

conditions at this location. The days were chosen in accordance to the high water 

predicted for the day, which needed to be at least 7 m (Chart Datum). It was also 

decided to collect data during extreme high tide during the Autumn Equinoctial 

period where high water would reach values above 8 m. This was intended to register 

flow velocities during extreme events.  

The large amount of data collected during these surveys was intended to provide a 

better understanding of the site. This data was to be used in the development of the 

model, what are the more important mechanisms for the evolution of the site, and in 

addition to compare with the model result. The following sections detail the method 

used to gather the field data. 

 

IV-2: Measurements of accretion and erosion 

Vertical stakes is one of the methods used to measure sediment accretion/erosion and 

they were employed to measure morphological changes at the site. Usually, the 

stakes are made of bamboo canes (Environment Agency, 2005), buried in the ground 

to measure the sediment accretion/deposition. For this project, mild-steel stakes were 
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used to reduce the risk of the stakes being swept away by the tide or being pulled up 

from the site.  

 
Figure 4.1: Two measuring stations, in the NW part of the site (black circles) 

 

Prior to the measurements, the metallic stakes had to be set up. They consist of a 

steel stake, of approximately 1.4 m in length, which is hammered in the ground 

leaving exactly 1 m of the stake above the ground surface. The site was covered with 

several stations and each station had 5 equally spaced stakes as shown in Figure 4.1. 

To verify the amount of sediment deposited or eroded, the distance between the top 

of the stake and the ground surface was measured. Since all the stakes started with 

the same elevation of 1 m, it is straightforward to measure the accumulation or 

removal of sediment relative to the initial surface (Figure 4.2). The distance is 

measured at the centre point between two stakes, by placing a spirit level along the 

top of the stakes. Therefore, for each station, there are 4 measurements, which are 
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expected to provide a reliable measure of the sediment deposition or erosion. The 

measurement of sediment accretion/erosion was taken once a month, during the 18 

month period, starting in March 2006 until October 2007. 

 

 
Figure 4.2: Measuring the sediment accretion/erosion 

 

In Figure 4.3, the thick black lines represent the transects where the measurement 

stations were located. The SE part which is the narrowest area of the site was 

covered by three transects with 4 stations in each transect. A lower density of 

transects stations was used since this area was less active because it was only 

inundated when tides exceeded 7 m. In addition, part of this area is covered by high 

vegetation which made it difficult to set up measuring stations. The NW area of the 

study site was covered with three transects of 5 stations each to cover the wider part 

of the site and some additional stations were added to cover additional areas of 
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interest, particularly closer to the NW breach. This area is very active due to the 

inundation by tidal water almost twice daily, following the semi diurnal periodicity 

of the tide in the Humber Estuary. 

 

 
Figure 4.3: Location of the sediment accretion/erosion stations (thick black lines) 

The data collected consisted of four height measurements for each station, measured 

every month over 18 months, to ascertain rate of accretion/erosion and cumulative 

sediment accretion/erosion. These data was to be later used for comparison with the 

model outputs. 

IV-3: Current velocity vertical profile 

The site has two breaches connecting PHS to the estuary and measurements were 

taken at the NW breach due to its relevance and also for practicalities in terms of 

transporting the equipment to the site. The SE breach was not measured since is 

NW Breach 

SE Breach 
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much less active than the NW breach, due to the breach being higher above 

Ordnance Datum Newlyn (ODN) and in addition, the accessibility of the SE breach 

is unpractical as it is inaccessible by car and too far away to transport all the 

equipment necessary to collect current velocity data. 

To determine the characteristics of flow velocities entering the site, vertical current 

profiles were measured using an Acoustic Doppler Current Profiler (ADCP). This 

instrument works using acoustic pulses from three transducers and measures the 

Doppler shift of backscattered signal which is used to calculate the velocity and 

direction of the current. The backscattered signal is sampled at different range gates 

to enable velocities to be measured across a range of flow depths. ADCPs can be 

configured in many ways: side-listening, into rivers and canals for long term 

continuous discharge measurements, downward-listening and mounted on boats for 

instantaneous surveys in the ocean or rivers, and mounted on moorings, or the seabed 

for long term current and wave studies. 

Depending on the field application, an ADCP may use one or more ceramics or other 

piezoelectric materials for transducers, which work in water similar to directional 

loudspeakers in air. These transducers are aimed such that the sound pulse travels 

through the water in different, but known directions. As the sound energy leaves and 

arrives at the transducer face, it is shifted in frequency, known as the Doppler Effect, 

by the relative velocity of the water. The Doppler Effect is named after the Austrian 

physicist Christian Doppler who proposed it in 1842. It states that the change in 

frequency of a wave for an observer moving relative to the source of the wave. It is 

commonly heard when a vehicle sounding a siren or horn approaches, passes, and 

recedes from an observer. The received frequency is higher, when compared to the 
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emitted frequency, during the approach, it is identical at the instant of passing by, 

and it is lower during the recession. 

As that sound energy is returned by scatterers in the water, the sound may also be 

shifted in frequency, if there is relative velocity of scatterer to the emitter. 

Trigonometry, averaging and some critical assumptions are used to calculate the 

velocity of the group of echoing scatters in a volume of water. By repetitive sampling 

of the return echo, the ADCP can produce a profile of water currents over a range of 

depths.  

In addition to the transducers, an ADCP typically has an electronic amplifier, 

receiver, mixer, oscillator, accurate clock, temperature sensor, compass, pitch and 

roll sensor, analogue-to-digital converters, memory, digital signal processor and 

instruction set. The analogue-to-digital converters (ADCs) and digital signal 

processor (DSP) are used to sample the returning signal, determine the Doppler shift, 

and sample the compass and other sensors in order to calculate range and a velocity 

vector relative to a known orientation. The direction of the flow relative to the 

instrument is obtained from the internal compass and the pitch and roll sensors 

located in the ADCP head.  

There are a number of factors that affect accuracy, resolution and profile range. Most 

notable are: absorption, spreading, speed of sound in water, bandwidth of the sound 

energy, signal strength of the transmitted pulse and echo, size of transducer, beam 

width of the energy pulse travelling through the water, frequency, and a host of 

limitations associated with the signal processing techniques and hardware, including 

clock/oscillator accuracy. 
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The ADCP head is mounted on a floating device, a trimaran, and connected to the 

main processing unit via a waterproof cable. The trimaran is anchored in the NW 

breach, at low tide, to allow the setting up of the ADCP head (Figure 4.4). The main 

unit is on the shore, where it is connected to a power supply and also to a laptop. The 

connection to the laptop allows the user to set the parameters for the ADCP to 

operate and also to record and view the data in real time. The manufacturer provides 

software to visualize and process the data, where the current vertical profile can be 

visualized in all three directions and also in layers, depending on the depth chosen to 

view. 

 
Figure 4.4: Trimaran deployed with ADCP and Acoustic BackScatter 

 

These data are important to provide initial conditions for the hydrodynamics inside 

the site, as the main driving mechanism is the tide from the Humber estuary. 
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IV-4: Suspended sediment concentration 

To obtain the Suspended Sediment Concentration (SSC), water samples were 

collected at the NW breach, when the ADCP was deployed. During the tidal stage of 

flooding and ebbing, water was collected in bottles at regular intervals, to verify the 

variation of SSC with respect to the tidal stage. These data were collected 

simultaneous to the ADCP measurements to enable the calculation of the relationship 

between water velocity/depth with SSC.  

Plastic sample bottles with a 2000 ml capacity were used and samples were taken at 

half hour intervals, starting when the water reached the NW breach, which is when 

the tidal water reaches 5.4 m (Chart Datum). These data are used to determine the 

sediment budget for the site, trying to relate the patterns of accretion and erosion. 

 
Figure 4.5: Water sampling at the NW breach, with both bottle sizes 
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IV-5: Suspended sediment concentration vertical profile 

For this part, the objective was to use an Acoustic BackScatter System (ABS), Figure 

4.6. The ABS is used to measure the vertical profile of the suspended sediment 

concentration (SSC). To measure SSC, a transducer emits a pulse of acoustic energy. 

As it moves away from the transducer, it hits any suspended material in the water. 

The sound energy is thus scattered with an amount being reflected back towards the 

transducer, which also acts as a receptor. To calculate the SSC, mathematical 

processing was used to obtain the relation between the intensity of the reflected 

signal and the suspended material (Smerdon, 1998; Thorne and Hardcastle, 1997; 

Thorne and Buckingham, 2004). This processing consisted of inversion algorithms 

that use the sound propagation characteristics in water and the strength of scatter 

from the suspended material. The ABS has three of these transducers, all set at 

different acoustic frequencies, that measure different sediment size ranges. This 

instrument will give a vertical profile of the size and concentration of the sediment at 

the NW breach. 
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Figure 4.6: Picture of the ABS assembled for deployment 

 

Initially, these data were collected with the purpose of building the variation of the 

SSC profile through a whole tidal cycle and combining this with the current profiles 

from the ADCP, it was expected to obtain a clear picture of the relation between 

both. The software from the ABS manufacturer is to process data from locations 

where the sediment sizes are greater than 60 m, which are considered to be fine 

sands. But the Humber estuary, as most estuaries, has sediment below this size range, 

mostly mud and clays, which have sizes below 20 m. Unfortunately, we were 

unable to process and use the data collected with the ABS for the purpose intended of 

building a vertical profile for the suspended sediment concentration.  

 

ABS Hard 

Drive 

ABS 

Transducers 
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IV-6: Conductivity and temperature  

Other properties of the water are necessary to define the parameters for the ADCP 

and the ABS, the water salinity and temperature. As both the ADCP and the ABS 

work with acoustic pulses, the sound velocity in water has to be determined and it 

varies according to the water characteristics such as the density, and the density 

varies according to the water temperature and salinity.  

A Horiba W-21SDI Multi-Probe was used to measure the water conductivity, thus 

the water salinity, and water temperature. Measurements are taken by immersing the 

probe in water and the values are stored in an internal hard drive. The advantage of 

PHS location is that by this point in the estuary, the tidal water is well mixed; 

therefore the water column is homogeneous in salinity and temperature. This can also 

indicate a homogeneous suspended sediment concentration in the water column. 
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IV-7: Laboratory methods 

IV-7.1: Suspended sediment sampling 

During the surveys, several water samples were taken to determine the suspended 

sediment concentration (SSC). They consisted of water samples from different stages 

of the tide. To calculate the SSC, the water samples were filtered through a filter with 

a porosity of 0.2 µm. By weighing the filters before and after the filtering stage, the 

weight of sediment particles larger than 0.2 µm can be determined and combined 

with the sample volume, the SSC can be calculated simply dividing the sediment 

weight by the water volume, obtaining the SSC in kg per m
3
. To test the accuracy of 

this SSC, several samples were collected, with different bottles sizes, 500 and 2000 

ml, at the same time to measure an average SSC. The use of these two different 

bottles sizes was done in the first surveys to determine which one is the best method 

to collect samples; this is necessary because of the logistics involved in the 

fieldwork. After the first surveys, it was determined that the 2000 ml bottle was the 

most appropriate for water collection. The water collection was made every 30 

minutes after reaching the tidal mid-stage, particularly because the water only 

reaches the site at a level of 5.4 m, which is the elevation at the NW breach (Chart 

Datum). 

 

IV-7.2: Particle grain-size 

To assess particle grain size, soil samples were collected. The soil samples were from 

the top layer of the ground, leading to the assumption that this material was from the 

Humber estuary. This collection was performed in winter and in summer, to obtain 
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the seasonal variation of the particle grain size. To cover the whole site, the samples 

were collected along cross section transects in the NW part of PHS and in the SE 

part, due to terrain restrictions, the samples were collected along the boundaries of 

the fields. The main conclusion from the sampling is that the large majority of the 

sediment, ca. 85%, is made from particles below 20 µm, which classifies the 

sediment as cohesive, increasing the complexity of sediment deposition and/or 

erosion. 

 

IV-8: Data from the Environment Agency 

Accretion levels and vegetation data from the PHS realignment site were collected 

every two weeks for four months at 28 sampling stations on behalf of the EA, 

immediately after the former flood defences were breached. After this first period, 

data were collected biannually from 60 monitoring stations, mainly within the site 

with some on the mudflats outside. The initial data were used as a baseline for 

subsequent modelling.  

The Environment Agency also provided high resolution LIDAR topographic surveys. 

The spatial resolution is 50 cm covering the entire site and it provides the initial 

raster map for the domain where the numerical model will run. These data also 

provides a base for comparison between high resolution data, field data collection 

and model output. The data were processed by ESRI ArcGIS to build a digital 

elevation map for Paull Holme Strays. 
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V-1: Fieldwork results 

In this section, the collected data from Paull Holme Strays (PHS) site are examined. 

The information gathered will be used to determine the parameters to be used in the 

numerical model, developed for this project. 

 

V-1.1: Current velocity vertical profile 

This section will analyse the data collected from the Acoustic Doppler Current 

Profiler (ADCP). The ADCP was deployed at the breach a during a full tidal cycle at 

the NW breach, this cycle lasts for 5 to 6 hours, depending on the high water level. 

The NW breach is located at 5.4 m above Chart Datum. The ADCP measures the 

current velocity in the vertical water column. These data are necessary to compare 

with the model outputs and validate it. The software used to process the data, 

ViewADP, is provided by the manufacturer which uses a specific algorithm to 

analyse the data and display it graphically. This provides information about the flow 

conditions at the breach which represent the driving forces that influence flow within 

the site.  

The flow velocities depend on the energy slope of the water free-surface. The 

velocities will vary according to the tidal stage, with higher values during the mid-

tide stages of the flood and ebb tides. During slack water stages, velocities diminish 

to zero as the tide reverses its direction due to the shift from the flood to the ebb tide.  

The flow conditions interfere with the sediment routing inside the site, therefore 

influencing the sediment transport within the site. This will also influence the 
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suspended sediment concentration as the sediment is transported by the water flow. 

The section follows with the graphs from the ADCP data collected. 

The maximum velocity was registered during an 8.4 m high water tide, with 1.2 ms
-1

, 

either for the ebb or the flood. In some cases, the higher velocities are registered 

during the ebb stage, showing a flushing effect. The measurements were only taken 

during a time when the water was inside the site and had at least 30 cm of water 

height, due to the working settings of the instrument.  

A few examples of the data collected during some of the surveys performed with the 

ADCP are shown below. The figures display the velocity range during a full tidal 

cycle, flood and ebb stages, this represents approximately 4 hours of data collection. 

The site starts to be inundated when the water height reaches 5.4 m Chart Datum, 

which is the height above ODN for the NW breach where the ADCP was deployed. 

The left side axis represents the depth below the ADCP head. The horizontal axis 

represents the number of profiles taken during the deployment. To produce a profile, 

the ADCP takes data during a defined amount of time, usually 30 seconds, and 

averages the flow velocity during this period of time and registers the value. The 

graph in the bottom of the figure displays the average velocity for the layer located in 

the middle of the vertical water column. This is intended to give a perspective of the 

flow velocity in this layer. The location of the layer was chosen expecting to 

minimise the effects of the bottom friction and the wind effect in the top layer, and 

consequent turbulence propagation along the water column. 
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Figure 5.1: Variation of the absolute speed for December the 8

th
, 2005 

 

 
Figure 5.2: Variation of the absolute speed for July the 19

th
, 2006 

 

Figure 5.3 displays the usual behaviour of a tidal regime. When the readings start, the 

values are quite fluctuating due to the reduced water depth and the varying 

bathymetry which conditions the water flow. When the water height reaches 50 cm, 

the flow regime starts to be better defined, two regions can be observed, one close to 

the bottom and a second region near the free surface. The bottom region shows a 
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turbulent regime due to the influence of the bottom friction which propagates along 

the water column; closer to the free surface, the velocity presents a homogeneous 

behaviour along the water column. The flow velocity increases with the increase in 

water height following the rising tide, reaching its maximum during the mid-tidal 

stage and the decreases until it reaches high water. At the centre of the image, an area 

with zero flow velocity is clearly observed, showing the slack water stage, where the 

flow stagnates and starts to switch from the flood to the ebb stage of the tide. The 

flow velocity presents the same direction because the floating device follows the 

currents and changes also its direction with the tidal switch. The flow starts to 

increase once more, following the water level decrease. The change in bathymetry is 

clearly visible when the floater changes its location. The black circle displays the 

change in bathymetry, an abrupt variation in water height is observed as the site has a 

varying bottom particularly at the breach where the ADCP was deployed. 

Immediately after the slack water stage, the flow velocity increases to values 

between 0.2 and 0.3 ms
-1

. After this, the flow velocity increases as the ebb stage 

starts, although the bottom region has a variable velocity, probably due to the bottom 

friction. Some parts of the display have stable flow velocity, showing a 

homogeneous velocity pattern.  
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Figure 5.3: Variation of the absolute speed for August the 16

th
, 2006 

 

The increase in depth due to the rising water level which is linked with the velocity 

variation can be observed. The velocity increases with the flooding stage of tide, 

where it reaches its maximum at the tidal mid-stage; a similar behaviour is found for 

the ebb stage. In addition, it is a way to observe in the field the change of the tidal 

stage. This behaviour is already discussed in previous section when the SSC is 

explained.  

 

Shift zone 
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Figure 5.4: Variation of the absolute speed for October the 17

th
, 2007 

 

 
Figure 5.5: Variation of the absolute speed for October the 31

st
, 2007 

The fact that the trimaran is located at the NW breach of PHS leads to unstable 

conditions in terms of topography, which propagates along the water column. The 

experimental conditions are not ideal, since the ADCP was not mounted in a fixed 

location, because the instrument had to move with the change in flow depth and the 

method of deployment had to have a minimal impact on the site due to its 

conservation status. 
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V-1.2: Suspended sediment concentration 

The data collected for the Suspended Sediment Concentration (SSC) is useful to 

assess the behaviour of the SSC with varying water height as the tide changes. The 

behaviour of the SSC is necessary to obtain a rule to implement in the model. The 

following tables and graphs display the data collected between May and September 

2006. The SSC is compared to the tidal curve to verify whether there is a relation 

between these two variables. All graphs are in GMT to avoid any time mismatch and 

the water heights are in metres above Chart Datum. 

Table 5.1 and Figure 5.6 show the data from the survey performed in May, 23
rd

 2006. 

The high water had a level of 6.8 m, at 15h40 (GMT). The average tidal height in the 

Humber is 6.7 m, thus this tide is just above the average tidal height.  

Table 5.1: Suspended sediment concentration for May 23
rd

 2006 

Time (GMT) Water Height (m) 
Suspended Sediment 

Concentration (g/l) 

13:35 5.5 0.178 

14:05 6.0 0.253 

14:35 6.4 0.469 

15:05 6.6 0.470 

15:35 6.8 0.268 

16:05 6.7 0.437 

16:35 6.5 0.179 

17:05 6.1 0.140 

17:35 5.7 0.237 
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Figure 5.6: Variation of SSC and water height vs. time, May 23

rd
 2006 

 

Figure 5.6 shows that the SSC follows the water height for the flooding stage of the 

tide; the same behaviour, in terms of magnitude, is not found during the ebb stage, 

Table 5.1. When the water is entering the site, the SSC increases during the tidal 

mid-stage, when the water velocity is at its maximum; this is expected as the 

sediment is kept in suspension due to the disturbance caused by the water flow. The 

SSC reaches its maximum one hour before high tide, when the water is still flowing 

towards the site. As the tide reaches its high water stage, the flow reduces its velocity 

to a minimum, the slack water stage, when the velocity reduces towards zero and 

starts to reverse its direction. When the ebb stage starts, the SSC rapidly increases to 

a value close to its maximum; this could be caused by the velocity direction shift, 

when the tide reverses its course from the flooding to the ebbing stage, which can 

cause a flow disturbance re-entraining sediment particles. During the ebb flow, the 
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velocity increases, but the SSC does not have the same behaviour as in the flooding 

stage; the magnitude of the SSC is lower, when compared to the same tidal stage 

during the flood. A possible explanation for this could be the fact that inside the site 

the water is less disturbed than in the Humber. During the flood stage, the water from 

the Humber is more homogeneous vertically in terms of SSC, as the water is more 

disturbed. During the slack water stage, the water column is less homogeneous as 

inside PHS the water is less disturbed, forming layers of SSC within the water 

column. When the ebb stage starts, the water sample is taken approximately at the 

same depth as during the flood stage; due to this SSC layering, the sample could 

have less sediment at the same level.  

 

Table 5.2 and Figure 5.7 show the data from the survey performed in July 19
th

 2006. 

The high water had a level of 6.7 m, at 12h30 (GMT).  

Table 5.2: Suspended sediment concentration for July 19
th
 2006 

Time (GMT) Water Height (m) 
Suspended Sediment 

Concentration (g/l) 

10:40 5.8 0.106 

11:10 6.2 0.258 

11:40 6.5 0.271 

12:10 6.6 0.170 

12:40 6.7 0.117 

13:10 6.5 0.152 

13:40 6.2 0.263 

14:10 5.9 0.284 
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Figure 5.7: Variation of SSC and water height vs. time, July 19

th
 2006  

The graph, for the survey performed on July 19
th

 2006, shows an increase in SSC 

during the tidal mid-stage, this increase is very rapid as observed from the first to the 

second measurement, Table 5.2. The water rise is very smooth, as this is a neap tide, 

and observing Figure 5.7, a small water rise can cause disturbance sufficient to 

change the SSC very sharply. The site starts to be inundated when water level 

reaches 5.04 m. As the slack water stage is approaching, the SSC decreases to a 

value close to the first measurement. When the flow starts to empty the site, the SSC 

increases again, even reaching a value higher than the values obtained during the 

flood stage, last measurement. The tidal curve is from a neap tide, thus representing a 

smooth increase in water height consequently a slower flow velocity.  
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Table 5.3 and Figure 5.8 show the data from the survey performed in August 16
th

 

2006. The high water had a level of 7.0 m, at 11h50 (GMT).  

Table 5.3: Suspended sediment concentration for August 16
th
 2006 

Time (GMT) Water Height (m) 
Suspended Sediment 

Concentration (g/l) 

08:50 5.6 0.066 

09:20 6.2 0.116 

09:50 6.6 0.356 

10:20 6.9 0.123 

10:50 7.0 0.048 

11:20 7.0 0.092 

11:50 6.7 0.054 

12:20 6.4 0.067 

12:50 5.9 0.167 

 

 
Figure 5.8: Variation of SSC and water height vs. time, August 16

th
 2006 

The survey performed on August 16 displays low values of SSC, below 0.20 g/l, 

there is only one measurement with a significant value for 9h50, where SSC is 0.356 

g/l. This value occurs during the tide mid-stage, when flow velocities are high. The 
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SSC follows the water level increase, up to the high water where velocities are 

shifting from one direction to its opposite. During the ebb stage, there are no 

significant changes in the SSC; a possible explanation for this occurrence is that the 

weather conditions were favourable for low disturbance, e.g. low wind. There a sharp 

increases in SSC for the last measurement; this could be caused by the low water 

height inside PHS and the sediment being concentrated in the top layer. 

 

Table 5.4 and Figure 5.9 show the data from the survey performed in September 11
th

 

2006. The high water had a level of 8.4 m, at 8h10 (GMT). This survey was 

performed during the spring tides, one of the highest registered in the Humber 

estuary during this project. 

 

Table 5.4: Suspended sediment concentration for September 11
th
 2006 

Time (GMT) Water Height (m) 
Suspended Sediment 

Concentration (g/l) 

06:00 6.1 0.500 

06:30 6.9 0.647 

07:00 7.6 0.595 

07:30 8.1 0.260 

08:00 8.3 0.607 

08:30 8.3 0.156 

09:00 7.9 0.267 

09:30 7.3 0.196 

10:00 6.6 0.457 
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Figure 5.9: Variation of SSC and water height vs. time, September 11

th
 2006 

This survey was performed with a very high tide, thus strong flow conditions. The 

first measurement, taken at 6h00, contains 0.500 g/l and this concentration continues 

to increase during the flooding tide. The measurement taken at 7h30 shows a sharp 

drop in SSC, this could be due to the fact of the sample not being taken in the same 

location as it was inundated from the very high water level. During the slack water 

stage, the SSC falls abruptly to its minimum, which is consistent with the sediment 

behaviour during slack water. As the water level falls, the SSC increases once more 

due to the increasing flow velocity. As this tide was particularly high, the location 

where the water samples were taken was different. Usually, the site has 1 to 1.5 m of 

water height at the NW breach, but during this tide the water rose up to 3 m, and the 

water samples were not taken from the same location as it was not accessible.  

To summarise, SSC follows the water level variation, reaching its maximum during 

the tidal mid-stage, either for the flood or for the ebb stages, when flow velocities are 
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higher. When the tide is flooding or ebbing, the flow velocities depend on the tidal 

curve slope, therefore when the tide increases rapidly, or decreases rapidly, the flow 

velocities are higher. The sediment is kept in suspension due to the disturbance 

caused by the flow velocities. Another factor that can influenced SSC is the weather 

conditions; in high wind conditions the water surface is disturbed and this 

disturbance propagates towards the bottom of the water column, thus disturbing the 

sediment.  

The maximum SSC found is 0.647 g/l, at 6h40 during the flood stage of a 8.4 m high 

tide in September 11
th

 2006, Table 5.4. This was a particularly high tide, with high 

flow velocities. The minimum SSC value occurred in August 16
th

 2006 at 10h50 with 

a SSC value of 0.048 g/l; for a high water level of 7 m. This happens during the slack 

water stage, which is expected as the water flow velocity is close to zero and the flow 

is less disturbed. In addition, the low wind conditions favoured a less disturbed 

water.  
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V-1.3: Sediment deposition/erosion 

This section discusses the variation in sediment deposition or erosion, during the 

period when the surveys were performed, between March 2006 and September 2007. 

During this 18 month period, measurements were taken every month, but not always 

at the same time since the tidal schedule dictates when the site is accessible. Figure 

5.10 shows a map of the location of the measuring transects inside the site. These 

transects were selected to cover as much ground as possible; some parts were 

inaccessible due to the constant presence of water or because the terrain was too 

dangerous to walk on. The transects and measuring stations layout is explained 

below Figure 5.10. 

 
Figure 5.10: Location of the measuring transects inside Paull Holme Strays 

The layout of the measuring stations is as follows: the number gives which transect 

the station belongs to in the site; the letter is the station position within the transect. 

Transects 1, 2, 3 and 7 have 4 measuring stations each, from “a” to “d”. A station 
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with the designation “a” will the furthest away from the water front, being “d” the 

station closer to the water line. For transects 4 and 5, the layout is similar as the 

previous ones, but with the inclusion of a fifth measuring station, designated as “e” 

which is right in the front of the NW breach. Transect 6 has 3 measuring stations, the 

first two, “a” and “b” are aligned with the drainage channel; a third station, “c”, is 

turned to the east, towards the NW breach. This station, “6c”, was included to cover 

the west side of the NW breach. Transect 8 has 2 measuring stations to cover the area 

where the SE and the NW part of PHS connect, particularly in the corner close to the 

new embankment. This small area was interesting due to its location as it can be 

influenced by both the NW and SE breaches and also due to the presence of several 

secondary channels which could influence the flow routing and sediment supply to 

this area.  

Figure 5.11 displays the cumulative values for the sediment deposition/erosion, for 

the whole 18 months of the fieldwork. 
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Figure 5.11: Cumulated sediment deposition/erosion from March 2006 until September 

2007 

 
Figure 5.12: Monthly sediment deposition rate from March 2006 until September 2007 

(Clapp, 2009) 

 

No data 
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Observing Figure 5.11, we can verify that for the first two transects, transects 1 and 

2, the sediment deposition did not have a significant variation for the whole 18 

month survey period. These two transects are located in the SE part of PHS, where it 

is not very active in terms of water flow and sediment deposition. There is a third 

transect in the SE part of PHS, transect 3, which is located in the area where the SE 

is connected to the NW part; this area is under the influence of the NW breach. This 

transect is more active than the other two from this part of the site. As the SE part of 

the site is not very active, Figure 5.12 only displays the NW part of PHS.  

For transect 3, stations 3a and 3b do not have any measurements since they were 

constantly being vandalised. The remaining transects, transect 4, 5, 6, 7 and 8 are 

located in NW part with transect 4, 5 and 6 facing the NW breach, the most active 

part of the site. Transect 6 is located on the left side of the NW breach where the 

water remains for a long period of time. Transect 7 is located in the west part of the 

site, which is separated from the main area by a drainage channel. Transect 8 is 

located near the separation between the NW part and the SE part, close to the new 

earth embankment. This area is quite protected from high velocity flow which can 

lead to increased sediment deposition. 

Transects 4, 5 and 6 are inundated for long periods of time allowing the sediment to 

slowly deposit leading to high accretion levels, particularly for station 6c, with a 

cumulative 340 mm for 18 month; this is also observed in Figure 5.12 where it shows 

the highest value of sedimentation rate. This can be considered a high value as it 

represents an average of 18 mm per month. In contrast, station 5e displays erosion of 

55 mm over the 18 month period. This station is located directly in front of the 

breach of the former seawall, Figure 5.12, where it suffers the effects from the 

incoming water from the tide; this can explain the erosion recorded in this station.  
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Analysing all transects, we can observe that transects 1 and 2 are not significantly 

active, with very low values for sediment. This can occur due to their location in the 

SE part of the site which is not very active in terms of water flow that transports the 

suspended sediment. Transect 3 is located close to the area connecting the NW part 

to the SE one. As this transect is under the influence of the NW breach, the values for 

the sediment deposition increase when compared to transect 1 and 2.  

In transect 4, station 4c registers a value for sediment deposition of 226 mm. Due to 

its location in the low-lying area in front of the breach, where water remains for long 

period than in other parts of the same transect. Station 4d and 4e, located close to the 

NW breach, have a lower sediment deposition probably caused by the higher 

velocities registered which do not favour sediment deposition. These two stations are 

located in the area between stations 6c and 5e, Figure 5.12.The stations located in the 

back of the site, station 4a and 4b, have low deposition as their location is the 

furthest from the NW breach. This area is not always flooded and when it is, the 

water remains for a short period of time. 

Transect 5 displays very different behaviour depending on the location of each 

station. Station 5a has a deposition value similar to station 4a, as they are 

approximately at the same distance from the NW breach; in addition both stations are 

connected to the channels linking the low-lying area in front of the breach and the 

back of the site. Station 5b shows erosion due to its location right next to the 

channels which transport the water from the low lying area to the back of the site; 

here, the flow velocities do not allow sediment to deposit. Station 5c and 5d are 

located in the low lying area; the difference in sediment deposition is probably due to 

the fact that station 5d is located closer to the breach where the water has a higher 
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SSC. Station 5e is right in front of the breach where the flow is diverted to both 

sides, creating turbulence that causes erosion.  

Transect 6 has three stations; stations 6a and 6b are located between the low lying 

area and the drainage channel; station 6c is located on the left side of the NW breach. 

All three station show high deposition values, with the highest deposition for station 

6c, Figure 5.12. The location of this transect is responsible for this high sediment 

deposition as all stations are inundated for long periods by water with high SSC. 

Transect 7 shows higher sediment deposition in the back of the site than the area 

closer to the NW breach. This could be due to the connecting channels which supply 

the back of the site through the low-lying area in front of the NW breach. The front 

of this transect does not show significant deposition probably due to the drainage 

channel which diminishes the water input to this area, Figure 5.12. 

Transect 8 is located in the connecting area of the NW and the SE. Its flow is highly 

conditioned by the NW breach, which is the most active. Because of the location 

close to the earth embankments, the flow is slow, thus promoting sediment 

deposition; this is confirmed in Figure 5.12.  

In summary, all stations close to the NW breach have high accretion levels due to the 

longer presence of water during the tidal stage. This is the area which is inundated 

during 4 to 5 hours starting right from the time when the water reaches the breach at 

a level of 5.4 m above Chart Datum. At the back of PHS, some stations have 

sediment deposition mainly due to the channels connecting the low lying pool to the 

back of the site, which promotes sediment warping.  
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V-2: Conceptual model 

The understanding of the data gathered during the field work provided a baseline for 

the model development. The main driving mechanism, at the site, is the flow velocity 

resulting from the water height variation as a consequence of the tidal cycle; this was 

verified by the deployment of the ADCP at the breach. This provided the first step 

for the model: the flow velocity conditions the whole evolution of the site.  

Another finding is the identification of the link between SCC variation and the tidal 

cycle. As observed in section V-1.2, the SSC follows the water height variation, 

being at its highest during the tide middle stages, for both the flood and ebb stages. 

From this observation, the way to implement the variation of SSC in the model is 

ascertained: the SSC input needs to vary according to the water elevation. 

From the particle size analysis, the size distribution provides the information for the 

sediment settling velocity to be implemented in the model. As the particles are very 

fine, the settling velocity would need to be low.  

These three important features observed during the surveys provide a baseline for the 

development of the cellular model.  
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V-3: Implementation of the field data in the development of 

the model 

The gathering of whole this fieldwork data provided a clearer understanding of the 

site. The analysis of the fieldwork data provided three important parameters to be 

implemented in the development of the cellular automaton; the flow velocity, the 

particle size distribution and the suspended sediment concentration. 

The first one would provide a comparison for the flow velocities obtained during the 

model runs. As observed for the tide in September 2006, the maximum velocity 

registered was 1.2 ms
-1

, during the mid-tidal stages, when the flow velocities are at 

its maximum. This flow velocity was set to be the maximum value allowed by the 

model.  

For the particle size distribution, the classification of the particles sizes provided the 

settings for the sediment settling velocity. As the large majority of the particles are 

below 20 m, the sediment is classified very fine, mud and clays, thus also classified 

as cohesive sediment (Pugh, 1987). As the particles are very fine, the settling 

velocity is also very low; these results gave the baseline for the sediment settling 

velocities to be implemented in the model. 

For the SSC, the values obtained were set as conditions for the building of the input 

files for the SSC, during a tidal cycle. As the SSC varies according to the water 

height, the input would vary accordingly following a rule defined by the user. 

Basically, the values for the SSC would be attributed depending on the water height 

present at the source. This SSC attribution is explained in VI-6.3. 
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VI-1: Development of the cellular automaton 

The decision of developing a modelling tool from the beginning was decided by the 

supervisory panel, mainly due to the lack of funding to buy a license for a 

commercial model and due to the fact that the whole purpose of this project was to 

develop a cellular automaton (CA) for a managed realignment site. The use of 

CAESAR was not considered as it is designed to work in river channels and does not 

work with tidal water variation, which is main feature for this site. Compiling all this 

and also the reasons presented in section III-5, the decision was made to build a 

model from the start using a series of assumption based on the data collected at the 

site and using the definition for the development of a CA. 

 

VI-2: Program language 

The initial programming language used for the model was MATLAB mostly due to 

past experience and also its ability to process matrix type data. Due to the slow speed 

of Matlab, Microsoft Visual C# 2008 Express Edition was used, which is a language 

from the Microsoft Visual Studio environment and is available free from the internet.  

 

VI-3: 1D Model 

The first stage of the model development was to start with a simple 1D model 

allowing only the flow in one direction. The flow was controlled by the difference in 

the volume of cells, simply by comparing the volume of a cell with the one 
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downstream, only allowing the flow if the volume in the cell is greater than the one 

downstream. The volume passing from one cell to the other is calculated simply 

multiplying the difference in volume (volume (i+1) - volume (i)) by a constant 

defined by the user. The constant value has to be less than one, otherwise the volume 

flowing would be greater than the actual volume existing inside the cell. This 

equation was run with a simple input of tidal volumes with a total duration of two M2 

tidal cycles period (24h50), simulated using the following equation: 

(m)     
)T(M

2
sin A  height water 

2











                             (6.1) 

 

with A, amplitude in meters and T (M2), period for the M2, the Lunar Principal tidal 

constituent. For this particular case, the values used were A = 4 m and T (M2) = 

12h25. For the amplitude, this value was used because it is appropriate for the 

Humber Estuary and the period for the M2, the Lunar Principal tidal constituent, is 

found in literature about tides (Open University, 1999). To obtain a volume, the 

water height was multiplied by a cross-section area using a defined cell width of 10 

m. These values were used due to their simplicity and easy resolution. 

The model was implemented in a 1D grid of adjacent cells to simulate the flow in a 

single channel with a unitary dimension (Figure 6.1). Several runs were made using 

different multiplying factors and different grid sizes ranging from 10 to a 100 cells. 

At this moment, the cell size was not important because it was not used in the 

calculation for the discharge between cells. The cell size will be relevant for future 

implementations using different conditions for the flow. 
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Figure 6.1: Diagram of a 1D grid with 10 cells with flow downstream only 

 

After several tests with these conditions, the model was upgraded to allow flow in 

two directions, using the same condition of difference in volume between adjacent 

cells for the flow. The upgrade was necessary to verify the model behaviour in both 

directions as the main driving mechanism is the tide which has a flood and an ebb 

stage, meaning a flow in two opposite directions. 

The same methodology was used for both model simulations to assess the model 

behaviour with different starting conditions. The simulations were stopped either 

when the input reached its end or by implementing a stopping condition. This 

condition was the difference, in volume, between the first and the last cell: when the 

difference reached a value lower than the value defined by the user, the model simply 

stopped, allowing the system to reach water volume equilibrium in all cells. The 

volume difference value defined varied between 1×10
-7

 to 1×10
-4

 m
3
, which is 

relatively low comparing to the input volume which has as a maximum a value of 

400 m
3
. These values were chosen because when the difference, in water volume, 

between the first and the last cell is as low as these meant that all the cells had, 

approximately the same water volume; thus the volume discharge between cells 

would have been insignificant, meaning that the system had reach equilibrium. 
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VI-3.1: Manning equation for flow velocity 

After several simulations, a new equation was introduced to calculate the discharge. 

Instead of using equation 6.1, a new equation was implemented to calculate the flow 

velocity between cells, the Manning equation: 

)(  
1 12

1
3

2
 msSR

n
v h                                                  (6.2) 

 

with n, Manning’s roughness coefficient, for this particular case n = 0.02 (Sharp, 

1981), Rh, hydraulic radius and S, the water free surface slope. The hydraulic radius 

was obtained by the following equation: 

)m(   
P

A
R

wet

h                                                     (6.3) 

 

with A, cross-section area in m
2
 and Pwet, the wetted perimeter which was calculated 

by the following equation: 

(m)     WD2Pwet                                               (6.4) 

 

with D, water depth and W, width of the channel, basically, the wetted perimeter is 

the dimension of the channel which is under water (Figure 6.2).  
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Figure 6.2: Diagram for the wetted perimeter 

 

The choice for the Manning equation for velocity was mainly due to be a simplified 

way to calculate the velocity than the traditional differential equation derived from 

the Navier-Stokes equations and it has been used in cellular modelling (Bates et al, 

2005; Coulthard, 1999; Coulthard et al, 2005; Horrit and Bates, 2002; Hunter et al, 

2005; Liu et al, 2003). 

D D 

W 
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VI-4: 2D Model 

The following step was to simulate the flow in a 2D square grid to replicate the 

environments where the model will be implemented. In the first instance, the same 

methodology, as with the 1D model, was used to assess the behaviour of the 

discharge equation, start with a simple discharge equation and then increasing the 

complexity. This first stage was made to assess the best method to define array sizes 

and how to program the different steps of the model using a computer program. 

Initially, the flow was allowed only downstream and upstream, as it was on the 1D 

version, the difference resides in the fact that the 2D grid is a stack of 1D grids 

joined together. Basically the algorithm uses a loop to compare one cell with the one 

adjacent in both vertical directions (Figure 6.3).  

 
Figure 6.3: Diagram for the flow routing 

In case of the cell water height, in grey, was higher than the one adjacent, in either 

both vertical directions; the discharge was calculated according to the difference in 

height multiplied by a defined coefficient. This coefficient was always lower than 

one, as a cell can never discharge an amount greater than the volume it contains. 

After the discharge calculations, another loop updates the cell water height simply by 

adding or subtracting the discharge depending on either the cell will receive or loose 

water. The water height was calculated by dividing the water volume by the cell area, 

to be dimensionally correct. 
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This new grid was tested several times to verify the model behaviour on a square grid 

and the results were satisfactory allowing the move to the next stage. This next stage 

was to introduce the Manning’s equation for velocity in this 2D grid. At first, the 

flow was only calculated in both vertical directions to assess the equation behaviour 

in a square domain.  

After a few experiments, the following step was to implement the flow in all 

orthogonal directions, meaning a cell would interact with the 4 adjacent cells (Figure 

6.4). The algorithm compares the cell water height, in grey, with the 4 adjacent ones, 

in red; this is called the Van Neumann neighbourhood (Packard and Wolfram, 1985). 

If the cell water height is higher than the adjacent one, the program calculates the 

flow velocity using Manning equation and then calculates the discharge to the 

adjacent cell, in m
3
s

-1
, simply multiplying the flow velocity by the cross section area. 

If the water height is lower or equal, the flow is zero. The slope, between two 

consecutive cells, used for the calculation of the flow velocity was as follow: 

   
 widthcell

j)1,-hgt(iwat - j)hgt(i,wat 
j)slope(i,                                 (6.5) 

 

With wat hgt – cell water height and cell width – horizontal distance between the 

centres of two consecutive cells. 

The program compared all cells with the respective four adjacent ones and calculated 

all velocities and flows in all 4 directions. After this, the cell water height was 

updated by adding or subtracting the respective discharges. One of the important 

parameters of the Manning’s velocity equation is the Manning roughness coefficient, 

n. For this particular case the value was quite low, n=0.02 (Sharp, 1981), and because 

in the equation this value was under 1, the whole equation was multiplied by a factor 
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of 50. This caused a problem with a rapid growth on the velocity leading to the 

model to crash as the velocity values were too high. 

 

 
Figure 6.4: Van Neumann Neighbourhood 

 

One way to control this was to use a smaller time step to calculate the flow velocity 

in smaller steps to avoid a rapid growth, as the input file was a tidal simulation with a 

one second time step (Bates et al., 2000; Coulthard, 1999; Hunter et al., 2005). The 

input used, at first, was the highest tide to experiment the model behaviour in terms 

of velocities values and flow conditions. With the increase size of the source cells, 

the model behaviour was satisfactory, but using a 0.01 s time step, otherwise the flow 

was oscillating due to a too high time step. 

The first experiments, with Manning velocity equation with a 2D grid, only allowed 

a square domain, same number of lines and columns, as it facilitated the size 

definition for the arrays used to input and store data. Also, the model was tested with 

different domain sizes and different number of source cells.  
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The experiments started with a 25 by 25, 2D grid having 5 source cells in the centre 

of one of the sides, allowing only the flow in two directions, downstream and 

upstream. Several runs were made with different time steps and cell sizes with the 

same input file, tidevol.txt’. This input file consisted in a sequence of water volumes 

following a sinusoidal profile similar to a tidal curve, simply by multiplying a fixed 

water volume by the sine of the time. Then, the input file was modified to half the 

length of the first one, thus obtaining ‘tidevol1.txt’. This was made to control the 

flow, since reducing the volume of water entering the domain would result in lower 

velocities. The difference between the runs was the time step, either 0.1 s or 0.01s, 

and the cell size, either 10 m or 20 m. Using a 0.1s time step, allowed the model to 

be run using as an input either ‘tidevol.txt’ or ‘tidevol1.txt’. The best results came 

with ‘tidevol1.txt’ because the input volume was reduced, thus reducing the 

velocities to more acceptable values.  

 

VI-5: Rectangular domain 

After running the program several times with different starting conditions in a 

square-shaped domain, the program was modified to run for a rectangular domain. 

Two different domains were build, a lozenge shape and an L-shape; both were run 

with the Manning’s equation for velocity. The preliminary results were encouraging, 

although the main issue was the time step, conditioning the time consumption for a 

run. The program worked well with the Manning equation with both grids. The tidal 

input used was ‘tidevol.txt’ on both grids, having 6 source cells splitting the input 

volume in equal parts amongst the 6 cells. 
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In these two cases the main issue was the time step. Using a 0.1 s time step, the 

velocities were very high, causing some un-natural waves and oscillations, this 

means that the water profile was not regular; this was due to the sequence of 

discharge and backed up flow. Using a 0.01 s time step, the profile had a very regular 

surface (smooth), thus was the best time step to be used. The negative aspect was the 

time taken to run the program. To improve this, a variable time step was introduced. 

The variable time step was controlled by the maximum discharge allowed between 

cells (Coulthard, 1999; Hunter et al., 2005). If the discharge was higher than the 

defined value, the time step was halved, if not, the discharge proceeds normally. 

Adding this sensitivity test should diminish the running time drastically, increasing 

the forecasting range, which was one of the purposes for this exercise. Implementing 

a maximum discharge of 1 m
3
 per time step, this limits the discharge velocity to 

regular values for a natural environment such as Paull Holme Strays. The time step 

was introduced to reduce the accelerating flow into the sum of several quasi-steady 

flows.  

The time step was the same for the whole grid, as cellular models have to be 

homogeneous (Coulthard, 1999; Wolfram, 1984). This increased the computing time, 

but it was necessary to control flow discharge and velocities. This behaviour 

happened mainly in the most active area, close to the breach, where the tidal flow 

occurs. 

The next stage was to test the equation behaviour in non-square domain, particularly 

as any natural environment can rarely be defined by a square shape domain. This was 

also done to learn how to define the arrays dimension for the implementation in a 

natural environment such as Paull Holme Strays. 
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VI-6: Applying the model to Paull Holme Strays  

VI-6.1: Model description 

VI-6.1.1: Grid cell resolution 

The first step was to define the grid resolution for the model to run. There is no fixed 

rule to determine the most appropriate cell size, it was necessary to test different cell 

sizes to verify which one was the most suitable. The Digital Elevation Map (DEM) 

available from the EA dates from spring 2003 and has a 0.50 m grid resolution 

(Figure 6.5). To run the model in this high resolution could lead to a long computing 

time. To reduce the computing time, the domain was resampled into a coarser 

resolution. The tests to assess the resolution to be used were conducted with a 5, 10 

and 20 m cell width. The altitudes in the map were relative to ODN, for the location 

the altitudes had to be converted to Chart Datum. This conversion was necessary so 

the land elevation and the water height from the tide had the same order of 

magnitude. For this, the correction value is 5.4 m, which is the value for Immingham 

port, located opposite to Paull Holme Strays. This value was obtained consulting the 

Chart Datum conversion table from the Proudman Oceanographic Laboratory. 

The raw data from the EA was processed with ESRI ArcGIS to build a raster map to 

be loaded by the model as the grid where the model would run. For the 5m 

resolution, the raster has 370 rows by 405 columns; for the 10 m, the raster has 185 

rows by 203 columns and the 20m raster has 93 rows by 102 columns.  
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Figure 6.5: Raster map from the Environment Agency (2005) 

 

The spatial resolution of 5, 10 and 20 m were chosen due to the necessity of retaining 

as most topographic features as possible, without compromising the quality of 

output. Also by the observation of the site, these spatial resolutions seemed to be 

adequate to implement the site in the model. 

The different grid resolutions were used to test the model, particularly the 

hydrodynamic part, to assess computing time and the water flow velocity. The main 

difference between each grid was the computing time; the fastest one was the 20 m 

grid, as it has fewer cells to run, but due to the cell size, some features were lost. 

Alternatively, the 5 m cell width took an excessive time to run as it quadruples the 

cell number comparing it with the 10 m raster. In addition, the output from the 5 m 

was very similar to the 10 m grid and its computing time was multiplied by a factor 

four. Using the 20 m grid, many features are lost because Paull Holme Strays has a 
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very irregular topography, particularly in the area close to the breaches, and with a 

width of 20 m, a very large area had the same height and topographical features can 

be lost. The best compromise was to use the 10 m resolution grid as the best choice 

to run the model. This resolution replicated most features of the site and with a 

reduced computing comparing with the 5 m grid. 

The grid implemented for the model is a 10 m cell size grid, with 185 rows and 203 

columns. The total number of cells is 37,555, but the model did not run in all cells, as 

some were inactive or outside the boundaries of the site, therefore ignored by the 

model. 

 

VI-6.1.2: Flow routing 

The water input was simply based on the tidal heights predicted with the TotalTide 

software from the British Admiralty. The nearest prediction point for Paull Holme 

Strays is the King George Dock, located 5 km upstream, which gives an accurate 

prediction for the water height at this location. The values for the water height were 

in 10 min intervals with a full length of 366 days, for the long-term runs.  

The input was set on an artificial channel created in front of the NW breach, with a 

width of 120 m, equivalent to 12 cells. The input varied according to the tidal cycle, 

either ebbing or flooding. These source cells only flow towards the inside of the site, 

so no water flow upstream from the source. During the flood stage of the tide, the 

water rises following the water heights obtained from the TotalTide software and 

flow downstream to the NW breach. During the ebb stage, the water level falls in the 
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twelve source cells and the water level will fall also inside the site as there is no flow 

towards the site. 

The flow velocity was calculated by the Manning’s equation for velocity (Equation 

6.2). Figure 6.6 is a representation of the index nomenclature for the domain, this 

helps to understand the following description of the velocity and discharge 

calculations.  

 

 
Figure 6.6: Representation of the matrix index for Paull Holme Strays domain 

 

The cell height, elevation plus water height (i, j), was compared with one of the four 

adjacent cells, for example cell (i-1, j). If the cell height in cell (i, j) was greater than 

the cell height in cell (i-1, j), the model started the calculation for the discharge from 

cell (i, j) to cell (i-1, j). If this did not happen, the model continued to scan the 

domain comparing the cell to its adjacent ones. 

When the cell height (i, j) was greater, the model started by calculating the slope to 

insert in the Manning’s equation. The slope was calculated using the two adjacent 

cells, cells (i+1, j) and (i-1, j) of the main cell (i, j), as shown in equation 6.6. In 
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some cases, this slope was negative which cannot be used in the equation; a square 

root of a negative number gives a complex number. When this happens, the slope 

was calculated between the cell (i, j) and the adjacent one (i-1, j), as shown in 

equation 6.7:  

   
 widthcell

j)1,elev(ij)1,-hgt(iwat  - j)1,elev(ij)1,hgt(iwat 
j)slope(i,


        (6.6) 

 

If the slope calculated with equation 6.6 is negative, alternatively equation 6.7 is 

used: 

   
 widthcell

j)1,elev(ij)1,-hgt(iwat - j)elev(i,j)hgt(i,wat 
j)slope(i,


            (6.7) 

 

With wat hgt, the water height inside the cell in meters; elev, the cell elevation above 

Chart Datum in meters and the cell width in meters. The notation of i and j refers to 

the position inside the domain. The cell (i, j) is the one which is being compared; the 

(i+1, j) is the cell downstream to (i, j); the (i-1, j) is the cell upstream to (i, j) (Figure 

6.6). Equation 6.7 always gives a positive value, as cell (i, j) has to be greater than 

cell (i-1, j) to calculate the slope. The value obtained for slope (i, j) is inserted in the 

Manning’s equation along with the hydraulic radius, to obtain the flow velocity 

(Equation 6.2). The velocity obtained was inserted in equation 6.8 to calculate the 

discharge between cell (i, j) and cell (i-1, j): 

)s(m       vA  Q 13                                            (6.8) 

 

with A; the cross-section area in m
2
 and v; the flow velocity in ms

-1
, calculated with 

the Manning’s equation for the velocity.  
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To control the flow, the discharge was multiplied by a time step, to avoid any large 

discharge of water and consequent high velocity (Coulthard, 1999; Hunter et al., 

2005). The discharge equation used was as follows: 

)s(m    timestepj)v(i,widthj)height(i,water j) Q(i, -13              (6.9) 

 

With Q, the discharge in m
3
s

-1
; water height, the water contained inside the cell (i, j) 

in meters; width, the cell width which is fixed and equals to 10 m. By multiplying the 

water height and the width, we obtained the cross-section area of the wetted 

perimeter. After the water discharge, the cell water height was calculated by dividing 

the water volume, contained in the cell plus the volume discharged, by the cell area 

and this way obtaining the cell water height.  

The process of comparing cell (i, j) is done with all four adjacent cells, cell (i+1, j), 

cell (i-1, j), cell (i, j+1) and cell (i, j-1). In order to calculate the discharge from cell 

(i, j) towards all four cells, the equations for the slope calculation, Equations 6.6 and 

6.7, had to be modified depending on which of the four cells were being compared 

with. These modifications only concern the indexes of the variables.  

When comparing cell (i, j) with cell (i+1, j), the slope calculated was as follow:  

   
 widthcell

j)1,elev(ij)1,hgt(iwat  - j)1,elev(ij)1,hgt(iwat 
j)slope(i,




       (6.10) 

 

   
 widthcell

j)1,elev(ij)1,hgt(iwat - j)elev(i,j)hgt(i,wat 
j)slope(i,


                (6.11) 
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When comparing cell (i, j) with cell (i, j-1), the slope calculated was as follow:  

   
 widthcell

1)-jelev(i,1)-jhgt(i,wat  - 1)jelev(i,1)jhgt(i,wat 
j)slope(i,


         (6.12) 

 

   
 widthcell

1)-jelev(i,1)-jhgt(i,wat - j)elev(i,j)hgt(i,wat 
j)slope(i,


               (6.13) 

 

When comparing cell (i, j) with cell (i, j+1), the slope calculated was as follow: 

   
 widthcell

1)jelev(i,1)jhgt(i,wat  - 1)jelev(i,1)jhgt(i,wat 
j)slope(i,


         (6.14) 

 

   
 widthcell

1)jelev(i,1)jhgt(i,wat - j)elev(i,j)hgt(i,wat 
j)slope(i,


             (6.15) 

 

These slopes were only calculated when cell (i, j) had a greater cell height than the 

four adjacent cells individually. The process for the velocity and the discharge 

calculations was the same as mentioned in equations 6.2 and 6.9. 

In certain cases, the four individual discharges added together were greater than the 

water volume inside cell (i, j); the cell cannot discharge more than it contained. To 

prevent this, the individual discharges were added and compared with the water 

volume inside the cell. If the total discharge was lower, the discharge values were 

correct and the model continued. If the total discharge was greater, the individual 

discharges were recalculated using a weighted average. 

In order to prevent high flow velocities, which are common with this type of flow 

routing (Bates et al, 2000; Hunter et al, 2005), flow velocities were limited to 1 ms
-1

 

in all four orthogonal directions; the resulting maximum velocity was 1.41 ms
-1

 with 
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a 45° angle between the two components. This flow velocity limitation was 

recommended by my supervisory panel. This maximum resulting velocity only 

occurred when the flow reached the maximum velocity in two directions with a 90° 

angle between them. In this particular exercise, this only occurred in the input 

channel, where the maximum slopes existed. 

Combining the flow velocity limitation and the use of a small time step, it was 

intended to diminish the effect of increasing flow velocities linked with the Manning 

equation for flow velocity. As the greatest flow velocity recorded was approximately 

1.2 ms
-1

 at the NW breach, with this implementation the values for the flow velocity 

were within a reasonable range of what occurred at the site. 

 

VI-6.2: Flow routing at Paull Holme Strays 

This section will present some screen shots of the flow routing simulated by the 

model. The model used the original DEM from the Environment Agency. The 

following figures display the variation of the flow routing through time. These 

images were obtained by recording a snapshot from the model interface at defined 

times, for this particular case every hour. This provides a picture of the water flow 

propagation inside the site. The maps do not present a scale as the model interface 

would not support it. Looking at the colours represented, the lighter blue represents 

the lower water heights and the darker blue, a higher water level. The rose colour 

represents the highest levels which only occur in the artificial channel that is used to 

input the water into the site. 
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Figure 6.7: Starting DEM for the model 

 

The DEM has an artificial channel from where the water input is implemented, the 

black line (Figure 6.7). From here the water rises following a tidal prediction for the 

location. For this particular case the maximum water height is 8 m with a period of 

12h25, the same as the Lunar Principal tidal constituent. 

 

Artificial 

channel 

Source 

cells 
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Figure 6.8: Flow routing after 3 hours 

Figure 6.8 represents the water flow after 3 hours of simulation. The water is starting 

to rise in the artificial channel, as the tidal input rises with time. The water needs to 

reach a level of 5.4 m to reach the NW breach.  

 
Figure 6.9: Flow routing after 4 hours 
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After 4 hours, the water reaches the inside of the site, meaning that the water input 

height has reached 5.4 m. the water starts to flow in the channels around the breach. 

These channels were mainly from previous land usage as drain channels. 

 

 
Figure 6.10: Flow routing after 5 hours 

 

After 5 hours, water starts to fill up a low-lying area just in front of the NW breach. 

The filling up of the channels is clear on both sides of the breach, as the water is 

rising, about an hour before reaching its maximum height. The water will continue to 

flow towards the inside of the site until reaching the maximum height. 
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Figure 6.11: Flow routing after 6 hours 

The water has reached its higher stage at the source cells, but the site continues to fill 

up with water as it flows through the artificial channel. The high water stage is 

reached after 6h12, with an 8 m water height. 

 
Figure 6.12: Flow routing after 7 hours 
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The water is now decreasing at the source cells, although the figure above (Figure 

6.12) gives the impression of the site still being filled up. The water is still high 

enough in the channel and inside the site to propagate inside the site. 

 

 
Figure 6.13: Flow routing after 8 hours 

 

The behaviour of the flow in Figure 6.13 continues similar to the previous screenshot 

in Figure 6.14. Although the blue colour gives the impression of the presence of 

water, actually the water in the light blue areas is very low. This behaviour continues 

almost until the end of the tidal cycle, at 12h25 after the start of the time simulation. 



Chapter VI – Model Development 

121 

 
Figure 6.14: Flow routing after 9 hours 

 

 
Figure 6.15: Flow routing after 10 hours 

Some areas are starting to clear up as the water is receding, as the ebb stage is now at 

its maximum. The light blue, as previously mentioned, are of very low values. 
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Figure 6.16: Flow routing after 11 hours 

 

 
Figure 6.17: Flow routing after 12 hours 

These screenshots were used to illustrate the hydrodynamics behaviour of the model 

over the domain representing Paull Holme Strays. These figures, 6.7-6.17, are 

representing the flow behaviour for a maximum water height of 8 m, which 
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represents a value close to the maximum tide predicted for the location, which is 

approximately 8.4 m.  

 

VI-6.3: Sediment transport and deposition routine 

The sediment deposition routine used to deposit particles inside the site consists of a 

sequence of steps. The first step is to build a file with the values for the SSC for the 

source cells; the values vary according to the tidal level of the source cells. The range 

of values is from 0 g/l, for a no water condition, inside the site, to 0.6 g/l for water 

heights over 2.6 m, Table 6.1. The water height values are measured using the 

minimum water height necessary to reach the NW breach, which is 5.4 m, meaning 

that for first values, the actual tidal height is from 0 to 5.4 m (Chart Datum); and for 

the last one is for tidal height greater than 8 m. This assumption is based on the fact 

that to have sediment inside the site, water needs to reach the site too. The values for 

the SSC were derived from the results obtained for the SSC during the surveys 

performed at the site.  

Table 6.1: Values for the SSC according to the water height 

Water height range (m) 
Tidal height range (m) 

(Chart Datum) 

Suspended sediment 

concentration (g/l) 

No water < 5.4 0 

0 - 0.59 5.4 to 5.99 0.10 

0.60 - 1.09 6.0 to 6.49 0.20 

1.10 – 1.59 6.5 to 6.99 0.30 

1.60 – 2.09 7.0 to 7.49 0.40 

2.10 – 2.59 7.5 to 7.99 0.50 

> 2.6 > 8.0 0.60 
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The SSC is implemented in the source cells at the NW and SE breach and then the 

particles are transported by the water flow, as the driving mechanism for sediment 

transport is the water flow. Each cell contains a certain mass of sediment depending 

on the water volume and SSC, which is transported from cell to cell with the water 

flow. This transport is calculated with the volume flowing from one cell to the 

adjacent one multiplied by the SSC of the feeding cell.  

To calculate the sediment deposition a settling velocity is used, either a fixed one or 

a variable one; the settling velocity is detailed in the following chapter. At every time 

step, sediment storage is calculated with the SSC and the settling velocity. This uses 

the assumption that only the sediment within the layer between the bed and the 

height corresponding to the value for the settling velocity will deposit. The value 

obtained is stored in a temporary array, accumulating during 10 minutes. After this 

time, the total amount of sediment stored is deposited within the cell, requiring a 

recalculation of its height. When all the depositions are made, a new DEM is built 

and implemented in the model as the new grid. 

This process is repeated every ten minutes allowing the model to run in the new grid 

with the new elevations inside the site. The results from the runs with the sediment 

deposition routine implemented are displayed in chapter VII. 
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VII-1: Sediment settling  

VII-1.1: Sediment settling velocity 

The model was first implemented in the domain of Paull Holme Strays (PHS) with 

different settings to represent the processes of sediment deposition. The settling 

velocity for fine sediment varies depending on the water temperature and also 

salinity, which affect the water density. As PHS is located in the middle of the 

Humber estuary, the water is already well mixed and with the same temperature, 

which simplifies the choice for the settling velocity. Here two different methods for 

representing the sediment settling velocity were tested; first with a fixed sediment 

settling velocity and second with a variable sediment settling velocity. 

The first runs were made with a fixed velocity ranging from 1 to 5 mms
-1

. The result 

revealed a high deposition rate within the site, which does not replicate the values 

from the collected data. From this, the next step would be to reduce the velocity to 

values below 1 mms
-1

, which was done. The values used were 0.5, 0.25 and 0.01 

mms
-1

. The site has 85% of particles with an average size below 20 μm, which 

consists in silt and clay. These particles have a very low settling velocity, even in 

some cases, they will not deposit because of the constant motion caused by the tidal 

stages. According to Owen, 1970, the settling velocity for fine sediment is very low, 

in some cases less than 1 mms
-1

. For this test, there are no spatial variations and the 

settling velocity is fixed and constant for the whole site.  
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Figure 7.1: Variation of the sediment settling velocity with water salinity and suspended 

sediment concentration (Owen, 1970) 

 

For the variable settling velocity, the values would vary according to the flow 

velocity. A simple equation would be used to calculate the settling velocity by using 

a threshold velocity, from which there would not be any deposition and for flow 

velocities below, the settling velocity would vary according to a linear trend. Using a 

simple rule, the settling velocity would vary from zero, for flow velocities greater 

than the threshold velocity, to 1 mms
-1

 with a linear trend. The settling velocity 

would be at its maximum for flow velocities equal to zero, where the sediment in 

suspension has time to settle during the slack water stage, which last between 1 to 2 

hours for a semi-diurnal tidal regime like in the Humber estuary. During the ebb or 

flood stages, the fine sediment would not deposited as it would be in suspension 

caused by the flow. 



Chapter VII – Model results and testing 

128 

The main objectives of this exercise is to ascertain the optimum settling velocity 

calculation for this particular site and to verify whether a fixed or a variable settling 

velocity is the more appropriate for this model. 

 

VII-1.2: Sediment deposition routine 

The sediment deposition routine used to deposit particles inside the site consists in a 

sequence of steps. The first step is to build a file with the values for the suspended 

sediment concentration (SSC) for the source cells; the values vary according to the 

tidal level of the source cell. The range of values is from 0 g/l, for a water height of 0 

to 0.6 m, to 0.6 g/l for water heights over 2.6 m. The water height values are 

measured using the minimum water height necessary to reach the NW breach, which 

is 5.4 m, meaning that for first values, the actual tidal height is from 0 to 6 m; and for 

the last one is for tidal height greater than 8 m. This assumption is based on the fact 

that to have sediment inside the site, water needs to reach the site too. The values for 

the SSC were considered as this due to the results obtained for the SSC during the 

surveys performed at the site.  

The SSC is implemented in the source cells at the NW and SE breach and then the 

particles are transported by the water flow, as the driving mechanism for sediment 

transport is the water flow. Each cell contains a certain amount of sediment 

depending on the water volume and SSC and it is transported from cell to cell with 

the water flow. This transport is calculated with the volume flowing from one cell to 

the adjacent one multiplied by the SSC of the feeding cell.  
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To calculate the sediment deposition a settling velocity is used, either a fixed one or 

a variable one. At every time step, sediment storage is calculated with the SSC and 

the settling velocity. This uses the assumption that only the sediment within the layer 

between the bottom and the height corresponding to the value for the settling velocity 

will deposit. The value obtained is stored in temporary array, accumulating during 10 

minutes. After this time, the total amount of sediment stored is deposited within the 

cell, needing a recalculation of its height. When all the depositions are made, a new 

DEM is built and implemented in the model as the new grid. 

This process is repeated every ten minutes allowing the model to run in the new grid 

with the new elevations inside the site. 

VII-1.3: Boundary conditions 

The boundary conditions set for the following runs were as follow: 

1. No flow conditions at the edges of the domain: there an infinite wall at the 

limits of the site meaning that no water flows outside the site, the water 

rebounds at the edges. 

2. The grid resolution is 10 m width for square grid cells, for a domain with 185 

rows and 203 columns. This grid is based on the raster map obtained from the 

LIDAR survey commissioned by the EA, as explained in section VI-6.1.1: 

Grid cell resolution. 

3. Water input is based on the tidal predictions from the British Admiralty for a 

period of 366 days. 

These boundary conditions were implemented after testing other sets of conditions. 

These were thought to be the more adequate for the purpose of the project. 
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VII-2: Fixed sediment settling velocity 

The fixed settling velocity for sediment is to respect one of the main principles of 

cellular modelling; it must be homogeneous, which signifies that the same rule must 

be applied at the same time, to the whole extent of the area. Although, this principle 

must be respected, the whole site does not behave in the same way in terms of flow 

routing and consequent sediment routing. 

This site is located in the middle of the Humber estuary and the water is 

homogeneous in terms of temperature and salinity. The maximum height of water 

inside PHS will not exceed 2 m, except in very high spring tides, and is well mixed, 

so a fixed settling velocity for the whole water column is implemented, as the settling 

velocity depends on the water salinity and temperature.  

The following section will present the results from the runs with a fixed settling 

velocity. For each simulation, the spatially distributed pattern of sediment deposition 

is calculated as the difference between the DEM of the original site morphology and 

the DEM of the morphology after a 12 month simulation, for a given settling velocity 

which is set as a constant value throughout the model domain. 
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VII-2.1: Settling velocity = 5 mms
-1

 

Figure 7.2 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 5 mms
-1

.  

 

 
Figure 7.2: Deposition of particles with a 5mms

-1
 settling velocity 
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VII-2.2: Settling velocity = 4 mms
-1

 

Figure 7.3 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 4 mms
-1

.  

 

 
Figure 7.3: Deposition of particles with a 4 mms

-1
 settling velocity 
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VII-2.3: Settling velocity = 3 mms
-1

 

Figure 7.4 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 3 mms
-1

.  

 

 
Figure 7.4: Deposition of particles with a 3 mms

-1
 settling velocity 
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VII-2.4: Settling velocity = 2 mms
-1

 

Figure 7.5 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 2 mms
-1

.  

 

 
Figure 7.5: Deposition of particles with a 2 mms

-1
 settling velocity 
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VII-2.5: Settling velocity = 1 mms
-1

 

Figure 7.6 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 1 mms
-1

.  

 

 
Figure 7.6: Deposition of particles with a 1 mms

-1
 settling velocity 
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VII-2.6: Settling velocity = 0.5 mms
-1 

Figure 7.7 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 0.5 mms
-1

.  

 

 
Figure 7.7: Deposition of particles with a 0.5 mms

-1
 settling velocity 
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VII-2.7: Settling velocity = 0.25 mms
-1

 

Figure 7.8 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 0.25 mms
-1

.  

 

 
Figure 7.8: Deposition of particles with a 0.25 mms

-1
 settling velocity 
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VII-2.8: Settling velocity = 0.1 mms
-1 

Figure 7.9 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 0.1 mms
-1

.  

 

 
Figure 7.9: Deposition of particles with a 0.1 mms

-1
 settling velocity 
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VII-2.9: Settling velocity = 0.05 mms
-1

 

Figure 7.10 shows the spatially distributed sediment deposition for a fixed settling 

velocity of 0.05 mms
-1

.  

 

 
Figure 7.10: Deposition of particles with a 0.05 mms

-1
 settling velocity 
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VII-2.10: Comparing the different fixed settling velocities 

All runs revealed areas of high sediment deposition, particularly the runs with 

settling velocities greater than 1 mms
-1

 (Figures 7.2 to 7.6). The main areas for 

deposition are close the breaches, which are areas where the water stays present for a 

longer period of time, particularly in the South East (SE) part as the water remains 

stagnant and enclosed within the boundaries left from the previous land usage, Figure 

7.2. The SE breach is only reached by tides above 7 m, which contain high 

concentrations of suspended sediment. The region around both breaches show 

increased deposition due to the continuous presence of water. The pool area is a 

region of low-lying land directly in front of the NW breach (Figure 7.2), which 

remains submerged, even during low water stages. This area is connected to the back 

of the site through a channel network left from previous land usage. The water 

reaches the back of the site very rapidly, running through this channel network, 

transporting sediment to this part of the site; this phenomenon is known as warping 

(Tomkins et al., 2005; Yong et al., 2006). The areas further from the NW breach, to 

the west side, do not show deposition as water rarely inundates these parts, thus no 

water, no sediment. 

When sediment settling velocities are below 1 mms
-1

, the deposition rates decrease as 

less sediment is deposited (Figures 7.7 to 7.10). Considering Figure 7.1, this would 

be expected as settling velocities for this very fine sediment are quite low. The pool 

area behind the NW breach is still visible, but less significant. The presence of the 

channels leading to the back of the site is still visible, although showing less 

deposition, as less sediment is deposited when compared to higher settling velocities. 
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When comparing the different fixed settling velocities, the best results are for the 

lower settling velocities values, below 1.0 mms
-1

. The higher values of settling 

velocity lead to high deposition rates, up to 10 cm per month, which are unrealistic 

when comparing with the data collected at the field site. The fine sediment will 

aggregate to form larger particles which are heavier, promoting deposition due to the 

gravitational effect. With this condition, the deposition will occur despite high flow 

velocities that do not favour deposition. Analysing Figure 7.1, the settling velocity 

for very fine particles, such as those found at this site, is below 1.0 mms
-1

, even in 

some cases under 0.1 mms
-1

. This would suggest that for PHS, the settling velocity 

has to be very low, and that sediment deposition is most likely to occur in locations 

where the water stays for a period of time long enough for the sediment to settle 

down.  

In terms of cellular modelling rules, this fixed settling velocity rule respects the 

homogeneity for cellular modelling, as the same rule must be applied in whole the 

domain at the same time step. This homogeneity may be questioned as it is difficult 

to have the same behaviour in a domain such as PHS.  

To summarise, all runs show high deposition in the areas close to the breaches; this 

behaviour is more visible in the area at the SE breach where the boundaries from the 

previous land usage act as barriers keeping the water trapped for long periods of time 

which promotes the deposition of the sediment. The fine sediment has enough time 

to deposit in those shallow pools. Those barriers also act as dams not allowing water 

to inundate the front part of the site close to the SE breach (the green areas). The 

water only accesses those parts in very high tides; this could also explain the high 

and dense vegetation found there.  
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In the NW section, the area just behind of the NW breach forms a pool because of its 

low-lying land, showing significant sediment deposition. The raster map displays 

some channel formation, which promotes the sediment transport to the back of the 

site, as the water flows to back even in average tide. The low-lying land fills up very 

rapidly and the water travels through those channels to the back, transporting 

sediment to these areas. The areas further from the NW, to the west side, do not show 

deposition as water rarely inundates these parts, thus no water, no sediment. 
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VII-3: Variable sediment settling velocity 

VII-3.1: Description of the variable settling velocity 

The variable settling velocity was introduced to follow the behaviour of the tidal 

cycle. In a semi-diurnal tidal environment, the period of time between two 

consecutive high water peaks is 12h25 and there are two main stages, the flood and 

the ebb, which are the stages of the rising and the descent of water, respectively. 

During both stages, the flow velocities will difficult the particles to settle as they are 

kept in suspension. The issue is related with areas inside the site where the flow 

velocity is very low, particularly areas further away from both breaches, leading to 

very high deposition rates.  

 
Figure 7.11: Sediment settling velocity vs. flow velocity 
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Figure 7.11 displays the values used for the settling velocity which varies according 

to the flow velocity inside the site. The sediment settling velocity is calculated 

according to the flow velocity for each cell during the model run. As the environment 

where this is applied is so variable, this was intended to improve accuracy in the 

results, because the flow velocity is very different depending on the location inside 

PHS; thus varying the settling velocity.  

The main concern with this strategy is being able to replicate the patterns of sediment 

routing, but not obtaining the quantitative values which are very difficult to obtain. 

For each simulation, the spatially distributed pattern of sediment deposition is 

calculated as the difference between the DEM of the original site morphology and 

the DEM of the morphology after a 12 month simulation, for a variable settling 

velocity which is set as shown in Figure 7.11 for the different threshold flow 

velocities.  
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VII-3.2: Threshold flow velocity 0.5 ms
-1

  

The sediment deposition will only occur for flow velocities below 0.5 ms
-1

; Figure 

7.12 shows the spatially distributed sediment deposition for a variable settling 

velocity as described in Figure 7.11. 

 

 
Figure 7.12: Deposition of particles for a threshold flow velocity = 0.5 ms

-1
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SE breach 



Chapter VII – Model results and testing 

146 

VII-3.3: Threshold flow velocity 0.7 ms
-1

  

The sediment deposition will only occur for flow velocities below 0.7 ms
-1

; Figure 

7.13 shows the spatially distributed sediment deposition for a variable settling 

velocity as described in Figure 7.11. 

 

 
Figure 7.13: Deposition of particles for a threshold flow velocity = 0.7 ms

-1
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VII-3.4: Threshold flow velocity 0.8 ms
-1

  

The sediment deposition will only occur for flow velocities below 0.8 ms
-1

; Figure 

7.14 shows the spatially distributed sediment deposition for a variable settling 

velocity as described in Figure 7.11. 

 

 
Figure 7.14: Deposition of particles for a threshold flow velocity = 0.8 ms

-1
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VII-3.5: Threshold flow velocity 0.9 ms
-1

  

The sediment deposition will only occur for flow velocities below 0.9 ms
-1

; Figure 

7.15 shows the spatially distributed sediment deposition for a variable settling 

velocity as described in Figure 7.11. 

 

 
Figure 7.15: Deposition of particles for a threshold flow velocity = 0.9 ms

-1
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VII-3.6: Threshold flow velocity 1.0 ms
-1

  

The sediment deposition will only occur for flow velocities below 1.0 ms
-1

; Figure 

7.16 shows the spatially distributed sediment deposition for a variable settling 

velocity as described in Figure 7.11.  

 

 
Figure 7.16: Deposition of particles for a threshold flow velocity = 1.0 ms

-1
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VII-3.7: Comparing the different variable settling velocities 

Looking at the outputs, the deposition patterns are largely coincident with the 

patterns found at the site. The main areas of deposition are located in the surrounding 

of the breaches and also in an area located at the back of the NW part of the site, 

where some sediment warping exists. The area right in front of the NW breach is 

formed by a low-lying land, forming a pool. This pool has a channel connection with 

the back of the site, allowing a flow routing directly to the back of PHS. These 

patterns of warping are present in all runs, as the sediment routing is directly 

connected with the flow routing.  

Figure 7.12 to 7.16 show areas where the flow velocities are the lowest inside the 

site. The areas with a darker blue colour are inundated with less frequency than other 

areas, but when flooded the water circulates at a very low velocity, which leads to a 

high rate of deposition, following the rule for the sediment settling velocity. The 

areas closer to the breaches do not show deposition due to the higher flow velocities 

in these areas. Near the SE breach, there is deposition, mainly due to the fact of the 

water remains stagnant for longer periods and is sometimes trapped within former 

land boundaries. The area behind the NW breach shows patterns of deposition related 

to the topography of the location. The pool area, directly in front of the NW breach 

(Figure 7.12), has deposition due to the low lying terrain and the warping area is 

present following the channels connecting the pool area to the back of the site 

(Tomkins et al., 2005; Yong et al., 2006). A cross shaped area of sediment 

deposition is observed, these are two channels existing in the site, one is a drainage 

channel from nearby farm land; the other is formed by the previous land boundary. 

The water remains in these channels for longer periods of time, allowing sediment to 
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deposit in greater quantities. The outputs for these different variable settling 

velocities show similar behaviour, in terms of total deposition and deposition 

patterns (Figures 7.12 to 7.16).  

When both settling velocity methods are compared, we can verify that the outputs for 

whole the variable settling velocities (Figures 7.12-7.16) have similar behaviour as 

the output for a fixed settling velocity of 1 mms
-1

 (Figure 7.6); this is due to the 

method used to implement the variable settling velocity. The variable settling 

velocity has a maximum of 1 mms
-1

, which is the same settling velocity for the fixed 

one, and decreases following a linear trend as explained in section VII-3.1. This 

shows that, in the long term, using a variable settling velocity do not influence the 

deposition rates.  
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This chapter compares the outputs from the cellular model with the data collected 

during the fieldwork survey. The values compared are the sediment deposition rates 

for Paull Holme Strays (PHS). 

VIII-1: Cross sections 

The site was divided in two parts; the first part was an area with a square region 

connected to the estuary by the NW breach; the second was an elongated rectangular 

shape that is connected to the other part, at one end, and has the SE breach at the 

other end (Figure 8.1). In each part, cross sections were made following the positions 

of the transect layout used for the fieldwork; the cross sections were in both 

directions. The cross sections in red, from A to E, are parallel to the earth 

embankment from the site; the cross-section in black, 1, 3, 4, 5 and 7, follow the 

layout of the sediment accretion stations described in Chapter IV. 

 
Figure 8.1: Map of the cross-sections used for the comparison 
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VIII-2: Comparing model outputs vs. fieldwork data 

This section presents a comparison between the model outputs, performed for this 

project, with the field data collected during this project. The model outputs are from 

the runs with both a fixed sediment settling velocity and a variable sediment settling 

velocity. The parameter used is the sediment settling velocity; one fixed sediment 

settling velocity, 1.0 mms
-1

 and one variable sediment settling velocity which varies 

according to the flow velocity, threshold 1 ms
-1

. The starting grid was from a LIDAR 

survey performed by the Environment Agency, in 2003. The values presented are 

monthly sediment deposition for the whole period. The time elapsed from the start 

and the end of the runs is 18 months. All graphs have a time scale of 18 months and 

the designations of the stations are in agreement with the stations layout for the 

fieldwork survey. 

 
Figure 8.2: Monthly sedimentation for cross-section A (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 
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Figure 8.3: Monthly sedimentation for cross-section B (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 

 

 
Figure 8.4: Monthly sedimentation for cross-section C (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 
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Figure 8.5: Monthly sedimentation for cross-section D (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 

 

 
Figure 8.6: Monthly sedimentation for cross-section E (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 
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Figure 8.7: Monthly sedimentation for cross-section 1 (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 

 

 
Figure 8.8: Monthly sedimentation for cross-section 3 (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 
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Figure 8.9: Monthly sedimentation for cross-section 4 (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 

 

 
Figure 8.10: Monthly sedimentation for cross-section 5 (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 
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Figure 8.11: Monthly sedimentation for cross-section 7 (FD: Fieldwork; F: Fixed sediment 

settling velocity; V: Variable sediment settling velocity) 

 

Table 8.1 presents the values for the average monthly sedimentation for the stations 

which compose each cross section. The values are calculated using the total sediment 

accumulation, for the whole 18 months period, using the individual values for each 

station divided by the 18 months and averaging it across the cross section. The table 

presents the values for the field data, first column, and the modelled outputs using a 

fixed sediment velocity, second column, and using a variable sediment settling 

velocity, third column.  
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Table 8.1: Average monthly sediment deposition/erosion and standard deviation for 18 

month  

  Field Data Fixed settling velocity Variable settling velocity 

 
Average (mm 

per month) 

Standard 

deviation 

Average (mm 

per month) 

Standard 

deviation 

Average (mm 

per month) 

Standard 

deviation 

Cross 

Section A 
1.7 1.9 8.6 4.3 7.4 4.3 

Cross 

Section B 
0.8 1.6 6.4 5.2 5.2 4.2 

Cross 

Section C 
4.6 2.2 2.2 2.1 1.5 1.7 

Cross 

Section D 
6.9 4.9 4.2 2.8 3.1 2.1 

Cross 

Section E 
6.7 11.2 5.5 1.2 2.8 2.1 

Cross 

Section 1 
0.8 0.8 10.2 0.3 8.5 0.9 

Cross 

Section 3 
2.2 1.3 7.1 1.5 4.1 3.0 

Cross 

Section 4 
5.9 4.0 4.7 2.5 2.9 2.0 

Cross 

Section 5 
3.6 6.3 4.3 1.9 2.5 1.6 

Cross 

Section 7 
5.1 2.4 2.5 3.2 2.1 3.1 

 

Analyzing Table 8.1, we can verify that the monthly sedimentation for the fixed 

settling velocity is greater than for the variable settling velocity, for all cross 

sections. This is due to the way the routine for the sediment deposition is built. For 

the fixed velocity, sediment deposits at every stage of the water flow, in opposite, for 

the variable settling velocity, sediment only deposits when the flow velocity is lower 

than 1 ms
-1

, for this particular case, and following a linear trend, as explained in 

section VII-3.1. When comparing the field data with the model outputs, we can 

verify that there is no agreement for the cross sections. Some cross sections have 

similar values, such as cross sections E, 4 and 5 (shaded grey, Table 8.1), but there is 

always a difference greater than 15 % between the values, when comparing the field 
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data with the fixed settling velocity. Looking at the standard deviation columns, the 

values are quite high for almost all the cross sections, maybe due to the way the 

values are obtained, across a large area along a cross section. For the field data, these 

high standard deviations are due to the fact of having both positive and negative 

values for sedimentation, from accretion and erosion respectively. For the model 

outputs, the averages are calculated across a long section, leading to large differences 

between each individual station.  

Analysing Figures 8.2 to 8.11, we can verify that the sedimentation values are not in 

accordance when the field data are compared with the model outputs. These 

discordances are both in terms of magnitude and in terms of periodicity. Looking at 

the field data, an oscillating pattern is observed, this may be due to climatic factors. 

The field data started to be collected in March and the lower values are registered 

during the summer month when the sediment supply us lower and the water is less 

disturbed by storminess. In addition, the model runs with a fixed sediment supply, 

which depends only on the water level inside the cell, which may not replicate the 

sediment supply inside the site. The higher field values are registered during the 

winter months, when the disturbance caused by weather conditions promotes 

sediment availability and transport. One point to address is the fact that the sediment 

input, for the model runs, is likely not accurate and does not have seasonal variation 

along the year. Another point that needs to be addressed is that the model does not 

have a routine which accounts for sediment erosion; therefore the sediment can only 

accumulate. This is why the outputs only show positive values, whilst the fieldwork 

data show parts with negative values meaning sediment erosion. 
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However, when comparing the models outputs, they follow the same pattern along 

the running time, except for a couple of cases, such as cross section 3 where an 

oscillation of the outputs for the fixed settling velocity is observed, and for cross 

section 7, where the oscillation is observed for both the fixed and the variable settling 

velocity. The values obtained are in the same order magnitude for the whole period. 

In addition, for the models outputs the sedimentation rates have a significant increase 

in the first 6 months and then remain fairly stable for the remaining running time. 

This increase may be a sign of greater deposition in the first few months and then 

equilibrium may have been reached leading to an almost constant sediment 

deposition. 

Looking at the location of the cross-sections inside PHS, the highest values 

registered for the field are for cross-section C and E. Both cross-sections are in the 

NW part of the site, cross-section C is at the back of the site and cross-section E is 

right in front of the NW breach, Figure 8.1. For cross-section E, the availability of 

sediment and the long residence time of the water in this part can explain this 

occurrence; for cross-section C, this may be due the flow routing inside the site as 

the back part of the site is fed by channel network which directly connects the front 

to the back of the site. This may be indicative of sediment warping.  

In some cross-sections, the output shows the opposite behaviour compared to the 

field data, in particular, there are high rates of deposition in the area less active. For 

the cross-sections closer to the NW breach, model outputs are better, maybe due to 

location and a more accurate flow routing which conditions the sediment transport.  

This indicates that the model needs improvement which will be discussed in the 

following sections. 
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VIII-3: Cellular model vs. traditional modelling tools 

The development of a cellular model for a managed realignment site gives a different 

approach for understanding sedimentation patterns. The application of this type of 

modelling tool has the intention of reducing computing time and to increase the 

forecasting range. This is achieved by reducing the complexity of the mathematical 

equations used and also by implementing simple rules that are approximations for the 

main features of the location. 

One of the advantages of the complexity reduction is to increase the grid refinement 

where the model is to be implemented. For PHS, the bathymetry is very variable in 

both directions, N-S and E-W; a more refined grid should take into account this 

variable bathymetry which conditions the flow direction and consequent sediment 

transport dynamics.  

The site is mainly driven by the hydrodynamic conditions, the tidal water, and the 

availability of sediment. In traditional modelling tools, the hydrodynamics are dealt 

using differential equations which need to be parameterized and discretized; this 

process takes time and requires high computing capacity. The cellular model uses the 

Manning equation for velocity, which is already discretize and simply needing the 

adequate roughness coefficient for the location of the implementation. This process 

is far simpler and requiring less computer capacity, when compared to the traditional 

modelling tools. The Manning equation does not take into account the turbulence 

generated by the site bathymetry and shallow water, it only takes into account the 

free energy slope of the water height inside the cell. The turbulence term can be 

important mainly due to its effect in the suspended sediment concentration which 

promotes sediment collision leading to particle aggregation and flocculation. 
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The implementation of a sediment routine is quite complex, since the science behind 

the behaviour of fine sediment is not fully understood, particularly when the particles 

involved are very small, 85% of the sediment is below 20 µm, mainly mud and silt. 

In traditional models (van Rijn, 1993), the sediment routines are mainly implemented 

for coarser particles, like sand and gravel. As PHS is mainly composed by mud and 

silt, a routine would have difficulty to replicate the behaviour of such fine particles 

with. In this particular research, the rule implemented for sediment deposition is 

simple with a fixed, or variable, setting velocity, which deposits the amount of 

sediment inside the cell which is at a distance from the bottom equals to the velocity 

multiplied by the time step. A better understanding of the sediment conditions inside 

the site would provide more information which could improve the rule for sediment 

deposition.  

As PHS is driven by the hydrodynamics of the tide from the Humber estuary, a better 

tidal input may improve the flow conditions. The tides used as an input were 

generated by the Admiralty Total tide software, which gives the tidal predictions for 

the site, as explained in section VI-5.1.2. Although the predictions from the software 

are quite accurate, a modification in the way the water flow is implemented may 

provide better hydrodynamics, thus improving the other feature which depens on the 

water flow. 

One possible way to improve the sediment routine is to alter the sediment supply, 

taking into account the seasonal variation of this supply. The model runs with a fixed 

sediment input, which is distributed across the site following the hydrodynamics. As 

the sediment supply varies along the year, this could be implemented trying to 

improve the sediment deposition rates 
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VIII-4: Fieldwork methodology and data quality 

Fieldwork data collection should cover the largest area possible of the site to be 

study. There must a balance between the amount of data necessary to properly study 

the site and the timeline to do the research. A large amount of data does not 

necessarily mean better results and understanding of the local conditions. This 

collection should also be performed in accordance with the safety rules and also the 

limitations imposed by the site managing board. As PHS is a natural environment, 

the procedures need to have the minimum possible impact. 

The accessibility of the site limits the data collection, particularly within the site. 

Although PHS is driven by the hydrodynamics of the tidal water, there is no water 

flow data collection inside the site, leaving only the ADCP data collected at the NW 

breach. At this location, it only gives the flow velocity at the entrance, which is an 

approximation for the flow conditions inside PHS. The water enters freely and it is 

routed by the site bathymetry and the water free energy slope. A better understanding 

of the flow conditions inside would provide comparison data for the hydrodynamics 

of PHS.  

The coverage of the site with vertical stakes was done according to the literature 

found, to cover as much ground as possible. The areas covered were deemed more 

important than other by its location and also by its access. The stations layout was 

chosen to provide coverage in both length and width along the whole site. Most of 

the stations were measured every month, except in some cases when the stations 

were not accessible due to the presence of water or when the measuring station was 

damaged, preventing the measurement. The damaged stations were replaced, but 
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fortunately the damaged ones were in areas not very active in terms of sediment 

deposition.  

Another limitation is related to the suspended sediment concentration (SSC) data 

collection. This data was only collected at the NW breach because it was not possible 

to collect data inside PHS as it is flooded by the tidal water. The only way to access 

the interior of the site would have been by boat, but the boat movement would alter 

the water column, thus the SSC. Although the water column is homogeneous, in 

terms of sediment concentration due to the location of PHS in the Humber, a water 

sample may not be enough to assess the exact SSC.  

As the site is open to the general public, there is also the problem with people 

damaging the equipment, as it happened with the vertical stakes used to measure 

sediment deposition/erosion. Some of the stations were damaged during the period of 

the data collection. In addition, the coverage of the site is limited due to the 

instability of some areas of the mudflat, which are inaccessible due to the mud. 

The data collected during this project provided an important contribution for the 

development of the cellular model, for both flow conditions and sediment deposition.  
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VIII-5: Implementation of cellular models in similar 

locations 

Cellular modelling tools are site specific, as any other modelling tools, trying to 

replicate the features of the location by using abstracted rules derived from the local 

conditions. The consequent simplification of the model provides the possibility of 

implementing several rules which are related with the site evolution. In addition, this 

simplification may facilitate the parameterisation of the mathematical equations 

implemented in the model, thus simplifying the modification of a cellular model to 

be implemented in a similar site. For PHS, the main driving mechanism is the tidal 

water from the Humber estuary which transports water and suspended particles. The 

application of this type of models in other similar sites is possible, with proper 

modifications.  

Prior to the implementation, an intensive survey would be necessary to assess the 

main features of the site, e.g. driving mechanism, bathymetry and surface roughness. 

As the model uses an equation for water flow velocity, the understanding of the 

hydrodynamics of the site is very important and also its implication in the other 

features. A managed realignment site, such as PHS, is connected to a water source, 

e.g. estuary, river; and its dynamics are related to the water course which is 

connected to, thus the necessity to understand the hydrodynamics and its influence in 

the transport of sediment. The bathymetry of the site is also necessary to understand 

the flow routing inside the site and also to be used as a starting point for the grid 

where the modelling tools will run. The type of the site surface needs to be assessed 

as the Manning’ equation for velocity needs this parameter to calculate the flow 

velocity.  
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The understanding of the sediment dynamics can also provide a precious help to 

assess the best way to implement the sediment routine. For this particular case, the 

sediment is very fine, thus having a random behaviour which is difficult to replicate 

in a computer model. Nevertheless, implementing a simple rule for the sediment 

deposition has given interesting results, although needing an improvement mainly 

introducing a sediment erosion routine and also the necessity to better understand the 

variation of the sediment supply along time. 

In addition an understanding of other factors that may influence the evolution of the 

site is necessary, as this or these factors can be implemented in the model. These 

factors can be the vegetation influence in sediment deposition and also its influence 

in the flow routing and turbulence. The sediment is mainly transported by the water 

and can be kept in suspension for long periods of time, if the flow is turbulent. This 

turbulence can be created by the vegetation cover as it re-routes the flow. 

As cellular model uses a set of rules to replicate the features of the location, this 

leads to a simplification of the routines to be implemented, thus promoting an 

increase of the forecasting range. This increase can be an advantage to implement 

this type of modelling tool. A managed realignment site is used, primarily, as flood 

defence and a long term forecast could be important to verify for how long the site 

could be used for this purpose.  

 



Chapter IX – Conclusion 

169 

 

 

 

 

 

 

 

Chapter IX – Conclusion 
 



Chapter IX – Conclusion 

170 

IX-1: Conclusion 

Resuming the achievements for this research we can conclude the following: 

1. The implementation of a cellular automaton in a managed realignment is 

possible although with some limitations. There is an issue with the flow 

velocity inside the site that have to be limited to prevent rapid growth, which 

is not desirable. 

2. The problem with the flow velocity condition the sediment routine, as the 

whole process depends on this driving mechanism to transport sediment 

within the site. 

3. A better understanding of the sediment deposition would be more adequate, 

but quite difficult to replicate in the model, as the dynamics for very small 

particles is not fully understood and very random depending in a number of 

factors such as sediment flocculation and very low settling velocities. 

4. The sediment deposition obtained by the model outputs, shown in chapter 

VIII, reveal a greater deposition in the SE part of the site, which is not in 

accordance with the data collected during the surveys. This reveals the 

necessity of an improvement in the sediment routine. He patterns of sediment 

deposition in the NW part are achieved, but in term of quantity, only 

qualitatively.  

5. The use of a fixed settling velocity do not present better results than when a 

variable settling is used, although the latter is not in agreement with the 

homogeneity rule for CA. The use of a variable settling velocity seems to be 

more adequate as very fine particles only deposit when flow velocities are 

low. 
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IX-2: Further work 

This section will show some possibilities for a continuation in the implementation of 

cellular automaton in similar sites as Paull Holme Strays. 

1. The implementation of this type of tools is achievable, but requires an 

extensive understanding of the driving mechanisms of the site to be 

replicated. 

2. A thorough research in fine and very particle deposition dynamics could 

improve the response for the sediment routine in a model similar as the 

one developed for this project. 

3. The introduction of sediment routine which accounts for both sediment 

deposition and erosion. 

These three points can be important in the future for the implementation of these 

cellular automata in site such as Paull Holme Strays. 



Chapter X - References 

172 

 

 

 

 

 

 

 

Chapter X - References 
 

  



Chapter X - References 

173 

Anderson, R.N., (1986), “Marine geology: a planet Earth perspective”, John Wiley & 

Sons, 328 pp 

Associated British Ports, Marine Environment Research, (2008), “Analysis and 

modelling guide”, Guide report for the Environment Agency and DEFRA, 17 pp 

Balling, R.C., Cerveny, R.S., Miller, T.A. and S.B. Idso, (1991), “Greenhouse 

warming may moderate British storminess”, Meteorology and Atmospheric Physics, 

46, 181-184 

Bates, P.D., Dawson, R.J., Hall, J.W., Horritt, M.S., Nicholls, R.J., Wicks J. and M. 

Hassan, (2005), “Simplified two-dimensional numerical modelling of coastal 

flooding and example applications”, Coastal Engineering, 52, 793–810 

Bathurst J.C., (1988), “Flow processes and data provision for channel flow models”, 

Modelling Geomorphological Systems, M. G. Anderson (Ed), John Wiley & Sons 

Beck M.B., Jakeman A.J. and M.J. McAller, (1993), “Construction and evaluation of 

models of environmental systems”, Modelling Change in Environmental Systems, 

Jakeman A.J., Beck M.B., and McAller M.J. (Eds), John Wiley & Sons 

Betts, N.L., Orford, J.D., White, D. and C.J. Graham, (2004), “Storminess and surges 

in the south-western approaches of the eastern North Atlantic: the synoptic 

climatology of recent extreme coastal storms”, Marine Geology, 210, 227-246 

Bijl, W., Flather, R., de Ronde, J.G. and T. Schmith, (1999), “Changing storminess? 

An analysis of long-term sea-level data sets”, Climate Research, 11, 161-172 

Birch C.P.D., (2006), “Diagonal and orthogonal neighbours in grid based 

simulations: Buffon‟s stick after 200 years”, Ecological Modelling, vol. 192, 637-

644 

Black, K.S., (1998), “Suspended sediment dynamics and bed erosion in the high 

shore mudflat region of the Humber Estuary, UK”, Marine Pollution Bulletin, Vol. 

37, Nos 3-7, pp 122-133 

Black & Veatch for the Environment Agency, (2004), “Humber Estuary Shoreline 

Management Plan, phase 2, summary of geomorphology studies” 

Blackwell, M.S.A., Hogan, D.V. and E. Maltby, (2004), “The short-term impact of 

managed realignment on soil environmental variables and hydrology”, Estuarine, 

Coastal and Shelf Science, 59 (2004) 687-701 

Blum, M.D. and T.E. Törnqvist, (2000), “Fluvial responses to climate and sea-level 

change: a review and look forward” Sedimentology, 47 (Suppl. 1), 2-48 

Brown, S.L. and A. Garbutt, (2004), “Paull Holme Strays monitoring: intertidal 

vegetation, accretion and erosion monitoring”, NERC Centre for Ecology and 

Hydrology 

 



Chapter X - References 

174 

Chang, Y.H., Scrimshaw, M.D., Macleod, C.L. and J.N. Lester, (2001), “Flood 

defence in the Blackwater estuary, Essex, UK: the impact of sedimentological and 

geochemical changes on salt marsh development in the Tollesbury managed 

realignment site”, Marine Pollution Bulletin, Vol. 42, No 6, pp 470-481 

Clapp, J, (2009), “Managed realignment in the Humber estuary: factors influencing 

sedimentation”, Ph. D thesis, Department of Geography, University of Hull, 284 pp 

Coulthard, T.J., (1999), “Modelling Upland Catchment Response to Holocene 

Environmental Change”, Ph. D Thesis, School of Geography, University of Leeds, 

181 pp. 

Coulthard T.J. and M.G. Macklin, (2001), “How sensitive are river systems to 

climate and land-use changes? A model-based evaluation”, Journal of Quaternary 

Science, vol. 16 (4), 347-351 

Coulthard T.J., Macklin M.G. and M.J Kirkby, (2002), “A cellular model of 

Holocene upland river basin and alluvial fan evolution”, Earth Surface Processes 

and Landforms, vol. 27, 269-288 

Coulthard, T.J., Lewin, J. and M.G. Macklin, (2005), “Modelling differential 

catchment response to environmental change”, Geomorphology, 69, 222– 241 

Dalrymple, R.W., Zaitlin, B.A. and R. Boyd, (1992), “Estuarine facies models: 

conceptual basis and stratigraphic implications” Journal of Sedimentary Petrology, 

62,1130-1146 

Dawson, A.G., Dawson S. and W. Ritchie, (2007), “Historical climatology and 

coastal change associated with the „Great Storm‟ of January 2005, South Uist and 

Benbecula, Scottish Outer Hebrides”, Scottish Geographical Journal, 123, n° 2, 135-

149 

Dearing J.A., Richmond N., Plater A.J., Wolf J., Prandle D. and T.J. Coulthard, 

(2006), “Modelling approaches for coastal simulation based on cellular automata: the 

need and potential”, Philosophical Transactions of The Royal Society, vol. 364, 

1051-1071 

Delft Hydraulics, “Delft3D Suite”, http://delftsoftware.wldelft.nl/, (cited 20/03/2009) 

Directorate General Environment European Commission, “Eurosion portal for 

European initiative for sustainable coastal erosion management” 

http://www.eurosion.org, (cited in 10/03/2009) 

DHI water and environment, “Mike by DHI”, http://www.mikebydhi.com, (cited 

20/03/2009) 

Douglas, B.C., Kearney, M.S. and S.P. Leatherman (eds.), (2001), “Sea-level rise: 

history and consequences”, Academic Press  

Dyer, K. R., (1986), “Coastal and estuarine sediment dynamics”, John Wiley & Sons, 

Chichester, 342 pp 

http://delftsoftware.wldelft.nl/
http://www.eurosion.org/
http://www.mikebydhi.com/


Chapter X - References 

175 

Dyer, K. R., (1997), “Estuaries: a physical introduction”, 2
nd

 edition, John Wiley & 

Sons, Chichester, 192 pp 

Edwards, A.M.C., Freestone, R.J., Crockett, C.P., (1997), “River management in the 

Humber catchment”, The Science of Total Environment, 194-195 (1997) 235-246 

Environment Agency, (2000), “The Humber Estuary Shoreline Management Plan” 

Environment Agency, (2002) “The Humber estuary; Consultation on managed 

realignment: information for landowners and tenants” 

Environment Agency, (2002), “Sediment sources, sinks and pathways at the mouth 

of the Humber Estuary”, Coastal Geoscience and global change impacts programme, 

Commercial report CR/04/159 

Environment Agency, (2005), “Humber Estuary flood defence strategy- Paull Holme 

Strays, Environmental monitoring report 2005” 

Fonstad, M.A., (2006), “Cellular automata as analysis and synthesis engines at the 

geomorphology-ecology interface”, Geomorphology, vol. 77, 217-234 

French, P.W., (1997), “Coastal and estuarine management”, Routledge, 251 pp 

Gross, M.G., (1995), “Principles of oceanography”, 7
th

 Edition, Prentice-Hall Inc, 

230 pp 

Goodess, C.M., Osborn, T. J. and M. Hulme, (2003), “The identification and 

evaluation of suitable scenario development methods for the estimation of future 

probabilities of extreme weather events”, Tyndall Centre Technical Report 4 

Hardisty J., Taylor D.M. and S.E. Metcalfe, (1993), “Computerised Environmental 

Modelling: a practical introduction using Excel”, John Wiley & Sons  

Hibma A., de Vriend H.J. and M.J.F. Stive, (2003), “Numerical modelling of shoal 

pattern formation in well-mixed elongated estuaries”, Estuarine, Coastal and Shelf 

Science, vol. 57, 981-991 

Hibma, A., Stive, M.J.F. and Z.B. Wang, (2004), “Estuarine morphodynamics”, 

Coastal Engineering, 51 (2004) 765-778 

Holton, J.R., (1992), “An introduction to dynamic meteorology”, 3
rd

 Edition, 

Academic Press Inc, 507 pp 

Horritt, M.S. and P.D. Bates, (2002), “Evaluation of 1D and 2D numerical models 

for predicting river flood inundation”, Journal of Hydrology, 268, 87–99 

Houghton, J.T., (2004), “Global warming: the complete briefing”, 3
rd

 Edition, 

Cambridge University Press, 351 pp 

Hughes, R.G. and A.L. Paramor, (2004), “On the loss of saltmarshes in south-east 

England and methods for their restoration”, Journal of Applied Ecology, 41, 440-448 



Chapter X - References 

176 

Hunter, N.M., Horritt, M.S., Bates P.D., Wilson M.D. and M.G.F. Werner, (2005), 

“An adaptive time step solution for raster-based storage cell modelling of floodplain 

inundation”, Advances in Water Resources, 28, 975–991 

Independent World Commission on the Oceans, (1998), “The Ocean, our future”, 

Cambridge University Press, 247 pp 

Institute of Estuarine and Coastal Studies, (1994), “Humber Estuary & Coast”  

IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of 

Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on 

Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. 

Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, 

United Kingdom and New York, NY, USA, 996 pp. 

Iribarne, J.V. and W.L. Godson, (1981), “Atmospheric thermodynamics”, 2
nd

 edition, 

D. Reidel Publishing Company, 259 pp 

Jarvie, H.P., Neal, C. and A.J. Robson, (1997), “The geography of the Humber 

catchment”, The Science of Total Environment, 194-195 (1997) 87-89 

Jenkins, G.J., Perry, M.C. and M.J. Prior, (2008), “The climate of the United 

Kingdom and recent trends”, Met Office Hadley Centre, Exeter, UK 

Kantha L.H. and C.A. Clayson, (2000), “Numerical models of oceans and oceanic 

processes”, International Geophysics Series, vol. 66, Academic Press 

Kari J., (2005), “Theory of cellular automata: a survey”, Theoretical Computer 

Science, vol 334, 3-33 

Kingston-upon-Hull City Council, “City council webpage”, http://www.hulcc.gov.uk 

(cited in 15/02/2009) 

Komar, P.D., (1976), “Beach processes and sedimentology”, Prentice-Hall Inc, 429 

pp 

Law R., Herben T. and U. Dieckmann, (1997), “Non-manipulative estimates of 

competition coefficients in a montane grassland community”, Journal of Ecology, 

vol. 85, 5005-517 

Lesser G.R., Roelvink J.A., van Kester J.A. and G.S. Stelling (2004), “Development 

and validation of a three-dimensional morphological model”, Coastal Engineering, 

vol. 51, 883-915 

Lowe, J.A. and M. Gregory, (2005), “The effects of climate change on storm surges 

around the United Kingdom”, Philosophical Transactions of the Royal Society, 363, 

1313-1328 

Lozano, I., Devoy, R.J.N., May, W. and U. Andersen, (2004), “Storminess and 

vulnerability along the Atlantic coastline of Europe: analysis of storm records and of 

a greenhouse gases induced climate scenario”, Marine Geology, 210, 205-225 

http://www.hulcc.gov.uk/


Chapter X - References 

177 

Liu Y.B., Gebremeskel, S., De Smedt, F., Hoffmann L. and L. Pfister, (2003), “A 

diffusive transport approach for flow routing in GIS-based flood modeling”, Journal 

of Hydrology, 283, 91–106  

Mellor, G.L., (1996), “Introduction to Physical Oceanography”, American Institute 

of Physics, 260 pp 

Microsoft Corporation, “Bing maps”, http://www.bing.com/maps/ (cited 21/12/2010) 

Miranda, L.B., Castro, B.M. and B. Kjerfve, (2002), “Princípios de oceanografia: 

Física dos Estuários”, Universidade de São Paulo 

Mitchell, S.B., Couperthwhaite, J.S., West, J.R. and D.M. Lawler, (2003), 

“Measuring sediment exchange rates on an intertidal bank at Blackfoot, Humber 

estuary, UK”, The Science of Total Environment, 314-316 (2003) 535-549 

Murray, A. B. and C. Paola, (1994), “A cellular model of braided rivers”, Nature, 

371, 54–57 

Murray A.B. and C. Paola, (1997), “Properties of a cellular braided-stream model”, 

Earth Surface Processes and Landforms, vol.22, 1001-1025 

Nicholas A.P. (2005), “Cellular modelling in fluvial geomorphology”, Earth Surface 

Processes and Landforms, vol. 30, 645-649 

Nicholls, R.J., (2002), “Analysis of global impacts of sea-level rise: a case study of 

flooding”, Physics and Chemistry of the Earth, 27 (2002) 1455-1466 

Open University Course Team, (1987), “The Oceans basins: their structure and 

evolution”, Pergamon Press 

Open University Course Team, (1999), “Wave, tides and shallow water processes”, 

Butterworth Heineman, Oxford, 227 pp 

Packard N.H. and S. Wolfram, (1985), “Two-dimensional cellular automata” Journal 

of Statistical Physics, 38, 901-946 

Perillo, G.M.E. (Ed), (1995), “Geomorphology and sedimentology of estuaries”, 

Elsevier Science, 471 pp 

Perillo, G.M.E., Pérez, D.E., Piccolo, M.C., Palma, E. and D. Cuadrado, (2005), 

“Geomorphologic and physical characteristics of a human impacted estuary: 

Quequén Grande river estuary, Argentina”, Estuarine, Coastal and Shelf Science, 62, 

Issue 1-2, 301-312 

Pethick, J., (2001), “Coastal management and sea-level rise”, Catena, 42 (2001) 307-

322 

Pethick, J., (2002), “Estuarine and tidal wetland restoration in the United Kingdom: 

policy versus practice”, Restoration Ecology, vol. 10 No3, pp 431-437 

http://www.bing.com/maps/


Chapter X - References 

178 

Pickup G., (1988), “Hydrology and sediment models”, Modelling Geomorphological 

Systems, M. G. Anderson (Ed), John Wiley & Sons, 1988 

Pontee, N.I., Withehead, P.A. and C.M. Hayes, (2004), “The effect of freshwater 

flow on siltation in the Humber estuary, north east UK”, Estuarine, Coastal and 

Shelf Science, 60 (2004) 241-249 

Poole G.C., Stanford J.A., Running S.W. Frissel C.A., Woessner W.W. and B.K. 

Ellis, (2004), “A patch hierarchy approach to modelling surface and subsurface 

hydrology in complex flood-plain environments”, Earth Surface Processes and 

Landforms, vol. 29, 1259-1274 

Princeton University, “Princeton Ocean Model”, 

http://www.aos.princeton.edu/WWWPUBLIC/htdocs.pom/ (cited 20/03/2009) 

Proudman Oceanographic Laboratory, “Chart Datum and Ordnance datum”, 

http://www.pol.ac.uk/ntslf/tides/datum.html, (cited 15/01/2007) 

Pugh, D.T., (1987), “Tides, surges and mean sea-level”, Wiley & Sons, Chichester, 

472 pp 

Pugh, D.T., (2004), “Changing sea-level: Effects of tides, weather and climate”, 

Cambridge University Press, 265 pp 

Reeve, D., Chadwick, A. and C. Fleming, (1994), “Coastal engineering processes, 

theory and design practice”, Spon Press, Taylor & Francis, 416 pp 

Rijn, L. van, (1993), “Principles of sediment transport in rivers, estuaries and coastal 

seas”, Aqua Publications, The Netherlands 

Rose, C.P. and P.D. Thorne, (2001), “Measurements of suspended sediment transport 

parameters in a tidal estuary”, Continental Shelf Research, 21 (2001) 1551-1575 

Royal National Lifeboat Institution, “RNLI Photo Library” 

http://www.rnli.org.uk/who_we_are/press_centre/photos (cited in March 2009) 

Salby, M.L. (1996), “Fundamentals of Atmospherics Physics”, Academic Press, 627 

pp 

Senior, C.A., Jones, R.G., Lowe, J.A., Durman, C.F. and D. Hudson, (2002), 

“Predictions of extreme precipitation and sea-level rise under climate change”, 

Philosophical Transactions of the Royal Society, 360, 1301-1311 

Sharp, J.J., (1981), “Hydraulic modelling”, Butterworth & Co (Publishers) Ltd, 

London, 242 pp 

Shennan, I., Tooley, M., Green, F., Innes, J., Kennington, K., Lloyd, J. and M. 

Rutherford, (1999), “Sea-level, climate change and coastal evolution in Morar, 

Northwest Scotland”, Geologie en Mijnbouw, 77, 247-262 

Smerdon, A.M., Aquatec Electronics limited, Private communication, 1998. 

http://www.aos.princeton.edu/WWWPUBLIC/htdocs.pom/
http://www.pol.ac.uk/ntslf/tides/datum.html
http://www.rnli.org.uk/who_we_are/press_centre/photos


Chapter X - References 

179 

Smith, K. and R. Ward, (1998), “Floods: Physical processes and human impacts”, 

John Wiley & Sons, Chichester, 382 pp 

Smits, A., Klein Tank, A.M.G. and G.P. Können, (2005), “Trends in storminess over 

the Netherlands, 1962-2002”, International Journal of Climatology, 25, 1331-1344 

Soulsby, R, (1997), “Dynamics of the marine sands: a manual for practical 

applications”, Thomas Telford, 248 pp 

Summerhayes, C.P. and S.A. Thorpe, (1996), “Oceanography, an illustrated guide”, 

Manson Publishing, 352pp 

Thorne, P.D. and P.J. Hardcastle, (1997), “Acoustic measurements of suspended 

sediments in turbulent currents and comparison with in-situ samples”, Acoustical 

Society of America, 101 (5) Part 1, 2603-2614  

Thorne, P.D. and M.J. Buckingham, (2004), “Measurements of scattering by 

suspensions of irregularly shaped sand particles and comparison with a single 

parameter modified sphere model”, Acoustical Society of America, 116 (5), 2876-

2889  

Thurman, H.V. and A.P. Trujillo, (2004), “Introductory Oceanography”, 10
th

 Edition, 

Pearson Prentice Hall, 608 pp 

Tomkins, J.D and S.F. Lamoureux, (2005), “Multiple hydroclimatic controls over 

recent sedimentation in proglacial Mirror Lake, southern Selwyn Mountains, 

Northwest Territories”, Canadian Journal of Earth Sciences, vol 42, 1589-1599 

Townend, I. and P. Withehead, (2003), “A preliminary net sediment budget for the 

Humber Estuary”, The Science of Total Environment, 314-316 (2003) 755-767 

Wolfram S., (1984), “Universality and complexity in cellular automata”, Physica D, 

vol 10, 1-35 

Weaver C.E., (1989), “Clays, muds, and shales, Development in sedimentology, 44”, 

Elsevier Science Publishers, Amsterdam 

Weisse, R., Von Storch, H. and F. Feser, (2005), “Northeast Atlantic and North Sea 

storminess as simulated by a regional climate model during Spring 1958-2001 and 

comparison with observations”, Journal of Climate, 18, 465-479 

Whitehouse, R., Soulsby, R.L., Roberts, W. and H.J. Mitchener, (2000), “Dynamics 

of estuarine muds: a manual for practical applications”, HR Wallingford and Thomas 

Telford, 232 pp 

Yong, L., Guoting, L. and J. Naiqian,(2006), “A morphological numerical model for 

a warping area in the Yellow river basin”, Proceedings, US-China Workshop on 

Advanced Computational Modelling in Hydroscience and Engineering, September 

19-21, Oxford, MS, USA.  

Zhang Q.Y. (2006), “Comparison of two three-dimensional hydrodynamic modelling 

systems for coastal tidal motion”, Ocean Engineering, vol. 33, 137-151 


