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1. Introduction

Estuaries are formed at the mouth of rivers, in the narrow boundary zone between the sea and the land.  They are partially enclosed water bodies which are either periodically or permanently open to the sea within which water from the sea mixes with fresh water from rivers and streams. Estuaries are tidally driven, but partially sheltered from the full force of ocean waves.

Estuarine systems are highly complex morphological features. They are extremely dynamic land forms and continuously react to changes in marine and fluvial environment. Likely effects of changes in environmental forcing factors such as rise in sea level, increase in storminess, etc. may cause drastic changes in sediment- and morphodynamics of estuaries. In addition, many estuaries are subjected to morphological changes following human interference. 

Understanding and predicting the morphodynamic behaviour of estuaries is still limited because of its complexity encompassing a large range of time and space scales. A central task faced by coastal and estuarine managers is to predict and manage the constantly moving coastal and estuarine environment in the medium to long term. 

Global climate change could significantly affect the morphological evolution of estuaries in the UK. In addition, a wide range of human activities such as port development, water extraction and discharge of waste and reclamation for agriculture, industry or places for dwelling directly or indirectly influenced the morphological behaviour of many estuaries in the UK. A basic requisite for making positive management decisions within the estuary environment in the future would be to have a sound understanding of estuary behaviour in both short and long time scales and local and regional space scales.

A principal task of estuary managers, planners and regulators is to be able to predict, with reasonable confidence, the impacts on estuary attributes, the functioning of the system and on user interests of possible changes in natural forcing factors or human activities within an estuary. These changes in controlling factors may be extrinsic to the system (eg. Global sea level rise) or intrinsic (e.g. Channel migration or reclamation for port development).

Within the scope of the ESTSIM (FD2117) estuaries are classified to identify the range of geomorphological elements present in each type of estuary. The estuary classification by Dyer (2002) has been amended and simplified to provide a working typology with which to progress the study for UK estuaries. The classification gives seven different types of estuaries  (ESTSIM behavioural statement report, 2005). Each generic estuary type incorporates a cluster of geomorphological elements interacting with each other. The understanding of the estuary behaviour combines those geomorphological elements, forcing parameters such as tidal and wave energy and the dynamics of the interactions between them. 

The ESTSIM Behavioural statement report reviews the systems approach to provide background understanding for developing system diagrams for estuaries. Systems methods are often applied to provide insight into an understanding of the functioning of a complex system. The system approach combines the physical elements of the system and the interactions between them and therefore, provides a model of how the different elements that make the system interact. The complexity of the system, the physical processes present and the spatial and temporal time scales involved determine how the system is represented. The changes in form and structure of the system through time and the flows governing the system are central to the understanding of the system behaviour. System diagrams provide a means of capturing the key attributes of a system by identifying the system elements and their interactions. A system diagram is a flow chart representation and its ability to capture the system behaviour depends on the fundamental knowledge of physical processes and the way in which they are expressed. 

When applying this approach to natural systems such as estuaries and coasts it is necessary to consider a number of scales of behavioural sub systems.  For the purpose of understanding the behaviour of estuary systems, the time scales of hours to decades (meso-scale) is usually considered, but the system has to be set in the context in the time scale of decades to centuries (macro-scale) to identify the effects of regional and global changes. Starting point for a behavioural system of an estuary is the energy and sediment pathways. The variations in forcing parameters and sediment supply should also be taken into account. 

The ESTSIM behavioural statement report provides a behavioural description for each generic estuary element. The report also gives a system definition and a system diagram indicating the interactions between geomorphological elements and external forcing for all generic estuaries found in the estuary classification. Figure 1 shows the system diagram for a tidal inlet.


[image: image1]
Figure 1 – Systems diagram for generic tidal inlet (ESTSIM behavioural statement Report FD2117-PR2)

2. Boolean Approach

The mathematical formulation of the estuary systems behaviour is developed by combining the estuary system diagrams with medium to long term behavioural response of geomorphologcal elements. The mathematical formulation is based on Boolean logic. 

The Boolean approach has been successfully used in the past to study complex systems such as earth atmosphere systems modelling (Nicolis, 1982). It has been shown that a Boolean approach is a natural tool for handling numerous threshold phenomena encountered in climate modelling. The method leads to qualitative results without anticipating the validity of specific phenomenological relationships between variables, rates and constraints. It also adds new insights in the understanding of complex problems. In addition, it offers the possibility to assess the effect the connectivity and topology of a network of interacting elements on the system’s behaviour. 

The formulation of the problem is described as follows: 

Let x be a state variable. If the rate of change of x is considered a continuous process, then the rate equation could be written as 
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where f is a nonlinear function of x and a set of external parameters a. In most cases, f can be split into two parts: a highly non-linear term X(x,a) describing the specific feedbacks inherent  in the dynamics of the system and a quasi-linear decay term kx. k is an appropriate decay coefficient. Then, the equation (1) could be written as 
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In the present context of morphological evolution of an estuary, the variable x represents the volume of geomorphological elements of the estuary. The set of external parameters which affect the rate of change of element volume includes waves, tides, sediment exchange rate between elements, and so on.

Now assume that X is quite small for 0 < x < x0, but becomes quite appreciable for x > x0 and saturates to a threshold value of Xmax shortly afterwards. If we idealise this situation by considering that both x and X are zero when 0 < x < x0 and x and X equal to one when x > x0 then, x and X can be considered as a discontinuous Boolean variable and a discontinuous Boolean function respectively. We can then say that x is ‘low’ when x < x0 and ‘high’ when x > x0 respectively. Similar considerations apply for X. The term kx in Equation (2) characterises a delay in temporal evolution of the Boolean function with respect to the Boolean variable.

3. Results and Discussion

Boolean networks are constructed for each type of generic estuary. Each element in a Boolean network has two states, ‘high’ or ‘low’ (also called ‘on’ or ‘off’, ‘true’ or ‘false’). To indicate its state, each element has an associated value 1 for ‘high’ and 0 for ‘low’. The future state of one element in the network depends on the states of the other elements in the network which are designated as that element’s inputs. The element may feedback its own state as a self-input. The state of an element in a Boolean network at a future time is governed by a logical rule or Boolean function, which operates on the element’s inputs. Each geomorphological element and the external forcing parameters which drive morphological changes in the estuary are represented by an individual element in the network. The network is formed by combining the estuary system diagram with medium to long term behavioural response of geomorphological elements given in the ESTSIM behavioural statement report. Once the nodal points of the Boolean network is finalised  based on the estuary system diagram, all possible feedback between geomorphological elements and external forcing which drives the morphological evolution of the estuary in the medium to long term were derived from the behavioural description and the system diagram of the geomorphological elements given in the report. The effects of change in environmental forcing parameters on the morphological evolution of the estuary are incorporated through waves and tides.  Human interference is modelled through feedback from control structures (e.g. training wall, jetties) and dredging. The feedback from the sub systems are represented by the sediment flow.  The Boolean network for a generic tidal inlet against sea level rise with constrained sediment flow is shown in Figure 2. The system diagram for a generic tidal inlet (Figure 1) together with the behavioural descriptions and medium to long term system diagrams for geomorphological element present in a tidal inlet  (ESTSIM behavioural statement Report FD2117-PR2) are used to form the above Boolean network.


[image: image4]
Figure 2 - Boolean network for a generic tidal inlet (little or no sediment flow from outside). Dark arrows and broken arrows in the network represent positive and negative feedback respectively.

Once the network is completed, a Boolean variable is assigned to each element in the network. Then, a Boolean function for each variable is derived by combining Boolean variables within a logical framework. The logical framework operates on the feedback from designated ‘input’ elements in the network. The truth table is then developed by solving the logical expressions for Boolean functions. The truth table gives Boolean states corresponding to various combinations of Boolean variables and resulting Boolean functions. Logical framework for the estuary system shown in Figure 1 is shown below.


[image: image5.wmf])

3

(

(g)

  

          

          

          

          

          

          

 

 

)

'

 

 

'

(

 

 

(f)

      

          

          

          

          

)

 

 

(

 

 

'

 

 

)

'

 

 

'

(

 

 

(e)

    

          

          

          

          

'

 

)

 

 

 

(

 

 

)

 

 

(

 

 

(d)

          

          

          

          

)

'

 

 

'

(

 

)

 

 

 

)

 

 

(

 

(

 

 

(c)

   

          

          

          

          

          

          

)

 

 

 

 

'

(

 

 

(b)

      

          

          

          

          

'

'

 

 

 

 

'

 

 

'

 

   

 

(a)

      

          

          

          

          

'

 

 

'

 

 

 

 

'

 

 

'

 

  

ï

ï

ï

ï

ï

ï

ï

þ

ï

ï

ï

ï

ï

ï

ï

ý

ü

Ù

Ú

=

Ù

Ú

Ù

Ú

=

Ú

Ú

Ù

Ú

=

Ù

Ú

Ù

Ú

=

Ù

Ù

=

Ú

Ú

Ú

Ú

=

Ú

Ú

Ú

Ú

=

dd

t

w

SS

cc

t

ss

t

w

DD

cc

dd

tf

t

w

CC

w

tf

t

cc

sm

TF

tf

t

w

SM

ss

dd

cc

tf

sm

T

ss

dd

cc

tf

sm

W


Following notations stand for the variables used in Equation 3.

	Network element
	Boolean variable
	Boolean function

	waves
	w
	W

	tides
	t
	T

	salt marsh
	sm
	SM

	tidal flats
	tf
	TF

	channels
	cc
	CC

	delta
	dd
	DD

	sand spit
	ss
	SS


Following convention is used to form the logical expressions.

	Convention
	Description

	a'
	not a

	a v b
	a or b

	a ^ b
	a and b


The mathematical framework is a set of linear equations which can be easily coded using MATLAB or any other programming language. Validity of the mathematical framework can be easily verified by the outcome of the truth table where an inconsistent logical framework leads to unrealistic Boolean output states. 

Equations 3(a) and 3(b), express that little or no existence of salt marsh, tidal flat, delta and sand spit individually enforce negative feedback on wave and tidal forcing respectively as the presence of each of these geomorphological elements causes dissipation of wave and tidal energy. According to Equation 3(c), tidal forcing enforces a positive feedback on the salt marsh by supplying sediment from tidal flats but wave forcing should be low at the same time to reduce marsh erosion. 

For each variable, the corresponding Boolean function is deduced from the logical expressions given in Equation (3) above. The Boolean matrix is then formed by considering all possible combinations of Boolean variables. The system has 27 = 128 states. Table 1 shows some selected states from the Boolean matrix. 

	
	w
	t
	sm
	tf
	cc
	dd
	ss
	W
	T
	SM
	TF
	CC
	DD
	SS

	1
	1
	1
	0
	1
	1
	1
	0
	1
	1
	0
	1
	1
	1
	0

	2
	1
	0
	1
	1
	1
	1
	1
	1
	1
	0
	0
	1
	0
	1

	3
	1
	0
	0
	1
	1
	1
	1
	1
	1
	0
	0
	1
	0
	1

	4
	1
	1
	0
	0
	1
	0
	1
	1
	1
	0
	1
	0
	1
	0

	5
	1
	1
	0
	1
	0
	1
	0
	1
	1
	0
	0
	1
	0
	0

	6
	1
	1
	0
	0
	1
	0
	0
	1
	1
	0
	1
	0
	1
	0

	7
	0
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	8
	1
	1
	1
	1
	1
	1
	1
	1
	1
	0
	1
	1
	1
	0

	9
	0
	1
	0
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1


Table 1 – Some selected states from the Boolean matrix for tidal inlet with constrained sediment inflow.

A Boolean state in which all the Boolean variables and corresponding functions take the same value indicates a stable state where the system is bound to no further changes (Nicolis, 1987). When a stable state is reached, neither the Boolean variables nor the Boolean functions are bound to change further. In certain situations, the truth table indicates oscillatory system behaviour where the system evolves between two or more states and completes a cyclic evolutionary path. If the evolution of the system initiates from a state other than the stable state or the system does not follow an oscillatory evolutionary pattern, then, for certain initial states, the system follows one or more evolutionary stages to reach the stable state.

In the present case, the truth table corresponding to the logical framework given in equation (3) indicates one stable state, which is shown by the encircled row in Table 1 (1101110). This state corresponds to a generic tidal flat with high wave and tidal forcing. At this state, the estuary possesses little or no salt marshes and a sand spit due to lack of sediment flow from outside to maintain these geomorphological elements against sea level rise. 

Now, consider the initial state where the generic tidal inlet is wave dominated and contains salt marshes, tidal flats, a delta and a sand spit (row 2 of Table 3). Sea level rise increases wave and tidal forcing within the estuary system. According to the logical matrix, salt marshes, tidal flats and the delta structure begin to recede as the initial response to sea level rise. But, the estuary evolves further by exchanging sediment between estuary elements.  Tidal flats accrete but channels become shallower. The delta is bound to change again and the sand spit recedes. The logical matrix shows that the estuary is bound to change once again to a state with deep channels, little or no tidal flats. Once the estuary reaches this state, the logical matrix indicates a reversal of its state in to the previous state thereby following a cyclic evolutionary pattern as shown below.


[image: image6]
Tidal flats are located in the lower reaches of the estuary. Therefore, tidal flats recede before that of salt marshes in the event of sea level rise. In this situation, the logical matrix shows that the estuary reaches a state where tidal flats are replenished by the sediment from receding salt marshes before it reaches the cyclic evolutionary pattern as shown below.


[image: image7]
Let us next consider a tide dominated generic tidal inlet which contains salt marshes, tidal flats, a sand spit and a delta (row 7 of Table 3). Both tidal and wave forcing in the estuary increase as a result of sea level rise. For this initial state, the logical matrix indicates the following morphological evolutionary path against sea level rise:


[image: image8]
The salt marshes and the sand spit recede as the estuary evolves due to lack of sediment inflow to maintain them against sea level rise. The estuary reaches a stable state with little or no salt marshes and a sand spit. However, the decay rates of salt marshes and the sand spit are likely to be different, and therefore the estuary will have the following alternative evolutionary paths:


[image: image9]
Irrespective of the difference in the decay rates of salt marshes and the sand spit, the estuary finally reaches the same stable state.

The selection among different evolutionary pathways depends on various factors. For example, geometry of the estuary, channel geometry, extent of salt marshes and tidal flats, sediment composition and concentrations, flood and ebb tidal current intensity and patterns, biological aspects related to sediment flocculation and deposition are some of the factors that affect the receding or accretion rate of geomorphological elements of estuaries.

In the event of anthropogenic influences such as dredging, the system was forced to a situation similar to a sudden removal of sediment. For example, if dredging of tidal flats is started at a state where tidal flats hold a state ‘high’ (associates value ‘1’), then before evolving to the next state, this value is artificially changed to ‘0’ (‘low’).

Following example illustrate the method:

Let us consider a wave dominated tidal inlet with unconstrained sediment flow and have well developed tidal flats and shallow channels (initial state before dredging is 1011011). If dredging is done to remove sediment from tidal flats and channels, the system is forced to the state 1010111 (low tidal flats and deep channels). After this stage, the system evolves according to the logical matrix and the full evolutionary path before reaching a stable state is shown below:


[image: image10]
4. Conclusions and Recommendations

A Boolean approach is used to for the mathematical formulation of the estuary simulator. Analysis of Boolean networks for various types of estuaries has shown that this is a complementary approach to model complex systems. But, it should be noted that it is not a substitute for any form of quantitative estuary morphology modelling. 

Boolean analysis was performed to investigate the response of different types of generic estuaries into sea level rise and construction of control structures, which are the most prominent causes of long-term morphological changes in estuaries and coastal seas. First, a Boolean network is formed to interpret the feedbacks involved between various elements in the complex estuary system. Then, a logical framework is developed by considering the types of feedback between the physical elements of the estuary and external forcing. The logical framework is then transformed into a Boolean matrix and different potential behavioural pathways of estuary morphology are identified and discussed. 

According to the above analysis, some generic estuaries indicate a stable state against changes in external forcing due to sea level rise or human intervention. If such a situation is reached, no further morphological changes take place. Under most circumstances, the estuary evolved through several states before it reach a stable state. In some situations, the estuary continues to evolve in a cyclic pattern where the state of the estuary changes between two or more different states. 

Mathematical framework developed using the Boolean approach is a set of simple logical expressions which could be solved using any programming language. To obtain the truth table from the logical expressions, a Matlab platform is used in the present study. Once the truth table is derived, the output Boolean states could be picked up for any given input Boolean state. 

The simulator should include Boolean networks for different types of estuaries under various sediment budget and human intervention scenarios. Then, the logical framework for each combination of conditions should be incorporated. Once the type of the estuary is identified and the sediment budget is known, a system could be developed to select the appropriate Boolean network and the corresponding logical framework when the external interference to the estuary (dredging, construction, etc.) apart from natural physical forcing is known. 
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