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Abstract 

Elisabeta-Cristina Ani 

Minimization of the experimental workload for the prediction of pollutants 

propagation in rivers. Mathematical modelling and knowledge re-use. 

Lappeenranta 2009  

Acta Universitatis Lappeenrantaensis 355 

Diss. Lappeenranta University of Technology 

ISBN 978-952-214-829-2; ISBN 978-952-214-830-8 (PDF)
ISSN 1456-4491 

The present thesis in focused on the minimization of experimental efforts for the 

prediction of pollutant propagation in rivers by mathematical modelling and 

knowledge re-use.  

Mathematical modelling is based on the well known advection-dispersion equation, 

while the knowledge re-use approach employs the methods of case based 

reasoning, graphical analysis and text mining. 

The thesis contribution to the pollutant transport research field consists of:  

(1) analytical and numerical models for pollutant transport prediction;  

(2) two novel techniques which enable the use of variable parameters along rivers 

in analytical models;  

(3) models for the estimation of pollutant transport characteristic parameters 

(velocity, dispersion coefficient and nutrient transformation rates) as functions of 

water flow, channel characteristics and/or seasonality;  

(4) the graphical analysis method to be used for the identification of pollution 

sources along rivers;  

(5) a case based reasoning tool for the identification of crucial information related 

to the pollutant transport modelling;  
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(6) and the application of a software tool for the reuse of information during 

pollutants transport modelling research.  

These support tools are applicable in the water quality research field and in practice 

as well, as they can be involved in multiple activities. The models are capable of 

predicting pollutant propagation along rivers in case of both ordinary pollution and 

accidents. They can also be applied for other similar rivers in modelling of 

pollutant transport in rivers with low availability of experimental data concerning 

concentration. This is because models for parameter estimation developed in the 

present thesis enable the calculation of transport characteristic parameters as 

functions of river hydraulic parameters and/or seasonality. The similarity between 

rivers is assessed using case based reasoning tools, and additional necessary 

information can be identified by using the software for the information reuse.  

Such systems represent support for users and open up possibilities for new 

modelling methods, monitoring facilities and for better river water quality 

management tools. They are useful also for the estimation of environmental impact 

of possible technological changes and can be applied in the pre-design stage or/and 

in the practical use of processes as well.  

Keywords: pollutant transport modelling; advection-dispersion equation; 

knowledge reuse; case based reasoning; graphical mining; river water quality; river 

pollution; dispersion coefficient. 

UDC 556.531 : 504.5 : 574.64 : 51.001.57
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*omenclature 

�otations 
Unit of 

measure 
Significance 

A  river reach 

B  river reach 

Br m river channel width 

a  parameter of A used in similarity calculation 

b  parameter of B used in similarity calculation 

c mg/l pollutant concentration 

Dx m
2
/s longitudinal dispersion coefficient 

E m river bed elevation 

H m water depth 

k  number of parameters for similarity calculation 

Q m
3
/s water flow 

Ss  pollution sources term 

St  transformations term 

S m/m river bed slope 

sim  similarity of two parameters 

SIM  similarity of two river reaches 

t S time 

vx m/s water velocity 

x m stream-wise co-ordinate  

w  weight of importance of parameter 

Chemical 

symbols 
 Significance 

NH4  Ammonium 

NO3  Nitrate 
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Subscripts   

x  space coordinate along the river length 

i  parameter characterizing a river reach A 

j  parameter characterizing a river reach B 

Abbreviations  Significance 

1D  one-dimensional  

3D  three-dimensional  

ADE  advection-dispersion equation 

CBR  Case Based Reasoning 

LOIS  Land Ocean Interaction Study 

OP  organic phosphorus 

PDE  partial differential equation 

QUESTOR  
Quality Evaluation and Simulation Tool for River 

systems 

SRP  soluble reactive phosphorus 

WQM  water quality model 
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1 Introduction 

1.1 Pollutant transport modelling background 

Ordinary pollution taking place along rivers and moreover the ecologic accidents 

pose an important threat on surrounding ecosystems and human health. In these 

cases the environmental constraints require urgent measures in order to preserve 

water quality. And growing expectations related to water quality can be fulfilled by 

using specific decision support systems for responsible environmental 

management. Therefore the computational estimation of in-stream pollutant 

concentration is of great importance, and the present thesis is focused on it.  

In-stream pollutant transport modelling regards the prediction of pollutant 

concentration and their movement along the water body. This research field is a 

part of water quality modelling, which is focused on the prediction of water quality 

indicators (e.g. chemical concentration, pH) by using mathematical modelling and 

simulation techniques. Rajar and Cetina (1997) state that a “water quality model 

(WQM) means a complete model for the simulation of water quality processes”, 

comprising a hydrodynamic module, a mass transfer module and a sedimentation 

module, which are inter-dependent. According to this idea pollutant transport 

(propagation) models are components of the mass transfer module. This motivates 

the frequent use in the literature and in this thesis of the term water quality model 

when referring to a pollutant transport model.  

One of the research paths in pollutant transport modelling in rivers concerns the use 

of the fundamental convective-diffusive mass transport equation, also named the 

fundamental advection-dispersion equation (ADE), in order to predict the transport 

of pollutants in the water body. This is a widely discussed problem, and a lot of 

progress has been done in the field, but the present thesis is aimed to address some 
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important issues which are still requiring attention. These concern parameter 

estimation techniques and the high cost of the development of such models.  

1.2 Thesis objective and structure 

Traditionally the development of good models for the prediction of pollutant 

transport in rivers based on ADE relies on a large amount of experimental data, in 

order to guarantee the highest prediction accuracy. Sometimes it is barely feasible 

to make all needed measurements. One example consists of the measurements of 

transversal and vertical profiles of the hydraulic parameters and of dynamic cross-

sectional profiles of concentration to be used for the estimation of dispersion 

coefficients along all space coordinates (river length, depth and width).  

The gathering of experimental data for pollutant transport modelling requires 

significant effort and high costs. In some cases good models are too difficult to 

develop or they could be economically inefficient, due to high expenses. 

Consequently, there is a need to undertake research in order to overcome 

difficulties related to the large amount of necessary experimental data.  

Taking into account all the above discussed issues the present thesis is focused on 

the minimization of experimental efforts for the prediction of pollutant propagation 

in rivers.  

This general objective is served by four specific objectives fulfilled through 

fourteen publications, as presented in Table 1.  

Eight of the fourteen publications are listed in the thesis (hereafter referred to as 

publications I to VIII, or just with the roman numbers I to VIII), and the remaining 

papers are cited in the references list. Each specific objective corresponds to a 

chapter of the thesis (chapters 3 to 6). Publications corresponding to each objective 

and author’s original contribution are shown in Table 1. 
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Table 1 Thesis specific objectives and corresponding publications. 

 

Specific 

objective 
Author’s original contribution Publications 

Thesis 

chapter 

Development and 

evaluation of 

pollutant transport 

models. 

Development of analytical and 

numerical pollutant transport models 

for two river stretches. 

The use of a novel method to 

parameterize study area in order to 

use variable parameters along the 

river for analytical models.  

The formulation of parameter 

estimation models (velocity, 

dispersion coefficient, 

transformations). 

I 

II 

III 

IV 

Ani et al. 

(2009h, 

2009i) 

3 

Identification of 

pollution sources 

from long term 

monitoring data. 

The application of the graphical 

analysis method. 

V 

Avramenko et 

al. (2009b) 
4 

Reuse of 

knowledge in 

modelling 

pollutant transport 

in rivers. 

The implementation of a case based 

reasoning (CBR) tool for the selection 

of crucial information for modelling 

pollutant transport in river riches. 

The use of a software tool for 

automated intelligent pre-processing 

and reuse of information for the 

selection of methods to estimate 

longitudinal dispersion coefficients.  

VI 

VII 
5 

Modelling 

pollutant transport 

in a river without 

using detailed 

concentration 

measurements.  

The development of analytical and 

numerical models for pollutant 

transport in Somes River. 

The implementation of a second novel 

method to facilitate the use of variable 

parameters along the river for 

analytical models. 

VIII 

Ani and 

Agachi 

(2007) 

Ani et al. 

(2007a) 

Ani et al. 

(2008) 

6 

The first research step consists of the development of mathematical models for 

pollutant transport in order to offer methods and tools to be applied to studied 

rivers and to other rivers as well.  
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The fulfilment of sub-objectives two and three provides knowledge for modelling 

pollutant transport, by offering three support tools: (1) a graphical analysis tool for 

the identification of pollution sources; (2) a case based reasoning tool to assist 

pollutant transport modellers in identifying crucial information and in decision 

making; and (3) software for the reuse of information. All three tools have been 

applied to Somes River as case study. 

Knowledge from the first sub-objectives is further used to fulfil the last sub-

objective, when River Somes (a river stretch with low availability of detailed 

experimental data) is subjected to pollutant transport modelling.  

1.3 Applicability of results 

At this point it is worth mentioning the usefulness of thesis results, as they are 

valuable for the water quality research sector and for the water quality business 

sector as well.  

From the academic point of view the thesis offers several important techniques and 

tools to be used in pollutant transport modelling. Some techniques are novel (e.g. 

parameterisation of a river stretch) and could be the base for the development of 

new methods to be used in water quality modelling. The tools (e.g. models) are 

useful to study the phenomenology of pollutant transport, interdependencies of 

parameters, and could also represent the support for the development of new tools 

to predict and counteract the effects of pollutants released into rivers.  

In the water quality business sector the tools are able to help water quality 

managers when dealing with pollution scenarios, but also to take routine decisions 

regarding water quality. For example when an accidental pollution happens 

somewhere along the river the user has to specify the pollution source spatial 

coordinates, the quantity of pollutant, the type of release and other specific 

parameters. The program will display graphical information about pollutant 

concentration in the river enabling user to decide on monitoring and counteracting 
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measures. The impact of technological or demographical changes on river water 

quality could be assessed in a similar way.  

The case based reasoning tool and the software for intelligent pre-processing and 

reuse of information can provide support for all kind of potential users in 

identifying crucial knowledge for modelling pollutant transport.  

The graphical analysis tool is an inexpensive and fast way to provide information 

on: river pollution sources; critical zones along a river; the cause of unknown 

accidental pollution releases. It could be helpful in water quality modelling and 

management as well.  

The utilisation of knowledge reuse tools and models as decision making support 

tools, as learning or training tools represents a realistic achievement of the present 

thesis. 
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2 Studied river stretches 

This chapter contains a short presentation of the river stretches involved in the 

research. The first two rivers (Murray Burn and Swale) have been involved in the 

fulfilment of the first sub-objective of the thesis, while River Somes has been 

involved in the last three objectives.  

At this point it is worth clarifying the use of terms: “river stretch” (or “stretch” for 

short) and “river reach” (or “reach” for short).  

The stretch is a certain fragment of a river subjected to the study. The river stretch 

could be composed of reaches.  

The reaches are fragments of a river or river stretch, which has been split according 

to a certain criteria. In most cases the river/stretch is split in reaches according to 

the non-uniformity of its hydraulic parameters. The division facilitates the 

inclusion of influences in models (e.g. tributaries, pollution sources) and ensures a 

better representation of river features for highly non-uniform and/or very long 

rivers. The use of reaches is important in both analytical and numerical modelling 

(I; Eatherall et al., 1998; Fischer et al., 1979).  

2.1 Murray Burn 

Murray Burn is a short stream crossing Heriot-Watt University’s Riccarton campus 

in Edinburgh, Scotland. The studied stretch is 540 m long.  

The experimental data available for this case consists of channel parameter 

measurements (e.g. river bed slope, channel width) and concentration profiles 

collected during tracer tests. The tracer experiments were organized over a large 

range of flows (up to 3m
3
/s), and Rhodamine WT, a conservative tracer, was used 

to mimic the instantaneous point pollutant release. Monitoring of concentration in 

time was performed downstream the source at up to four sites. A conservative tracer 
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is the river pollutant preserving its mass during the transport along the river. It is 

assumed to be inert to in-stream processes, not to suffer chemical transformations or 

degradation and to change concentration due to dispersion. The non-conservative 

pollutants do not preserve mass during the transport because they are involved in 

transformation processes, which could lead to quantity increase (sources of 

pollutant) or decrease (sinks of pollutant). 

A detailed description of the study site and experiments is provided in publication I. 

2.2 River Swale 

River Swale is situated in north-east England, and its catchment consists of an 

upland zone followed by a lowland zone. The lower half of the river (50.4 km), 

crossing lowland zone is the area of interest for this thesis. Along this river stretch 

there are three major tributaries discharging high amounts of pollutants and major 

pollution sources mostly originating in sewage treatment works, agriculture, 

farming and industrial activities.  

River Swale field data consists of: physical data (e.g. channel characteristics); 

sources information (e.g. water flow and concentration of the effluents); 

abstractions data (e.g. water uptake); and time-series data from monitoring in the 

main channel and tributaries. More details on the study site and field data are 

available in publication III. 

2.3 River Somes 

Somes River is one of the most important rivers in Romania, and of great 

importance for Transylvania. The analysed section of Somes River is 421 km long.  

This river stretch starts at one of the springs (Somesul Cald), 178 km downstream 

meets Somesul Mare River and flows towards the Romanian-Hungarian border. 

The Romanian Waters National Administration, Somes-Tisa Water Department has 

12 hydrological stations situated along the studied river stretch. These points are of 
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big interest for the present research, because monthly monitoring is carried out 

there.  

The experimental data consist of water quality monitoring data (e.g. pollutant 

concentration) and hydraulic parameters measurements (e.g. water flow, channel 

characteristics). Concentration data concerns 60 profiles of concentration along the 

river, monitored on a monthly basis at up to 12 monitoring points, during 2001 – 

2005. Hydraulic parameters along with 25 water quality parameters (e.g. water pH, 

dissolved oxygen, concentration of some anions and cations, phenols, detergents) 

were measured during each monitoring campaign.  

More information on the study area and experimental data is available elsewhere, 

along with studies carried out on specific problems (e.g. river channel 

characteristics, pollution sources, pollutant transport models development) (V; VI; 

Avramenko et al., 2009; Ani and Agachi, 2007; Ani et al., 2007a). 
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3 Development and evaluation of pollutant transport 

models 

During the first research step a number of pollutant transport models were 

developed and evaluated in order to identify new techniques and methods useful for 

modelling pollutant transport in rivers with lower availability of monitoring data. 

The most important findings are presented in this chapter.  

3.1 The models based on the advection-dispersion equation  

The proposed pollutant transport models are based on the one-dimensional (1D) 

form of ADE, a partial differential equation (PDE), which describes mass transport 

in running waters (equation 1). 
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where the evolution of pollutant concentration (c [mg/l]) in time (t [s]) along the 

river (x [m]) is influenced by the convective velocity of water (vx [m/s]), which 

carries the pollutant downstream, and by the (longitudinal) dispersion coefficient 

(Dx [m
2
/s]), which is responsible for the pollutant spreading all over the river 

channel. Ss ([mg/l]) represents sources discharging pollutant into the river (e.g. 

industrial sites, sewage treatment works); and St ([mg/l]) stands for pollutant 

transformations during transport.  

More details on the convective-diffusive transport in rivers, on ADE and its 

analytical solutions are provided elsewhere (Socolofsky and Jirka, 2005; Rajar and 

Cetina, 1997). Extended literature studies on pollutant transport modelling 

employing ADE are available as well in publications I and III. 

Transformation processes (e.g. chemical reactions, sedimentation) lead to the 

modification of concentration. They are termed: (i) sources, when causing pollutant 
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accumulation and (ii) sinks, in case of pollutant loss. Pollutant transport models 

could take into account transformations (non-conservative models) or not 

(conservative models). Conservative models assume pollutants to have similar 

behaviour to conservative tracers, even if in reality they suffer transformations 

during the transport; while non-conservative models take into account pollutant 

transformations. The non-conservative models complexity depends a lot on the 

level of detail used for the representation of transformation processes.  

In addition to the employed transformation model a series of other factors influence 

the complexity of pollutant transport models as well. The most important are: 

tributaries, the length of study area, the non-uniformity of river channel, 

abstractions, pollution sources, and the way they discharge pollutant into the river.  

Models presented in this thesis have different complexity levels, as discussed in a 

later section. Equation (1) is employed for the development of two kinds of 

mathematical models, as Figure 1 shows: (1) a numerical model, employing the 

PDE itself, implemented in COMSOL Multiphysics; and (2) three analytical 

models, employing the analytical solutions of PDE, implemented in MATLAB.  

 

Figure 1 Model building methodology. 
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As the form of analytical solution is strongly dependent on the type of pollutant 

releasing source a lot of effort has been spent in calculating analytical solutions 

corresponding to specific pollutant releases (Chin, 2006; Dunnivart and Anders, 

2005; Fischer et al., 1979). Analytical models are the subject of many studies (e.g. 

Piotrowski et al., 2007; Pujol and Sanchez-Cabeza, 2000; Zoppou and Knight, 

1997; Runkel and Bencala, 1995); while studies on numerical modelling are less 

numerous (e.g. Russell and Celia, 2002; Wallis, 2007). Differences between 

analytical and numerical modelling and characteristics of the two approaches are 

discussed in publications I and VI, where extensive literature studies are available 

as well. 

3.2 The novelty of proposed models  

Two kinds of mathematical models for pollutant transport in rivers were developed 

and evaluated using experimental data from two case studies in Great Britain: 

Murray Burn and Swale.  

These two rivers were chosen due to high availability of experimental data, which 

enabled the development and evaluation of pollutant transport models; and also due 

to their different hydraulics, which offered the possibility to evaluate different 

types of models. 

Water quality modelling literature is quite rich in studies regarding Murray Burn 

and Swale. Broad literature studies regarding water quality modelling in the two 

rivers are presented in publications I, for Murray Burn and respectively III and Ani 

et al. (2009i), for River Swale.  

Murray Burn is the subject of several recent publications focused on: the estimation 

of parameters (e.g. travel times by Wallis, 2005; dispersion coefficients by Wallis et 

al., 2007), prediction of concentration by using neural networks (Piotrowski et al., 

2007) or semi-Lagrangian, control volume numerical schemes (Wallis and Manson, 

2005). 
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Existing studies are mostly focused on a short reach of Murray Burn, while this 

thesis extends the study area to four reaches (I; II). The modelling approach is also 

different from previous work related to this stream as it is aimed at a deeper 

understanding of phenomenology and interdependencies between characteristic 

parameters.  

Two kinds of mathematical models for an instantaneous pollutant release were 

developed and evaluated (an analytical model and a numerical one) in this thesis for 

Murray Burn. They are useful for the prediction of conservative pollutant 

concentration in case of usual and/or accidental chemicals release, through 

instantaneous point discharge, under steady-state water flow. 

Along with models, the added value of Murray Burn case study is represented: by 

(1) the development of models for the evaluation of velocity and dispersion 

coefficients, which enable the application of the two pollutant transport models to 

other rivers; and (2) a novel approach to describe the study site in order to enable 

the use of parameters variable in space for analytical model.  

River Swale was subjected to even more water quality research studies. The 

inclusion of the river catchment in the Land Ocean Interaction Study (LOIS) is 

maybe the most significant one, as LOIS is a major environmental research 

initiative in Great Britain, facilitating water quality assessment, and including the 

development of a water quality modelling software named QUESTOR (Boorman, 

2003; Eatherall et al. 1998). LOIS studies and the QUESTOR application address to 

entire Swale catchment as part of the bigger Ouse catchment. Rather than for the 

detailed modelling studies of short river stretches, (e.g. plume dispersion studies, 

pollutant transport after accidental release) QUESTOR is suitable for the modelling 

of large rivers at daily time resolution (Deflandre et al., 2006).  

In LOIS very little research has been directed to detailed study of short river 

stretches. Swale is the subject of several studies focused on the estimation of 

nutrient dynamics (e.g. Bowes et al., 2003; Bowes and House, 2001; House and 
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Warwick, 1998a; House and Warwick, 1998b), but none of these deals with the 

prediction of pollutant transport along the river.  

Extensive literature studies (III; Ani et al., 2009i) motivated the development of 

models for the transport of nitrate, ammonium, SRP and OP, as they are very 

important nutrients for River Swale. The nitrogen and phosphorus compounds are 

very common pollutants of running waters, and especially of rivers crossing 

inhabited areas or agricultural fields, due to anthropogenic pressure. They are 

critical nutrients limiting the quality of river water, being vital for the development 

of biological organisms and also damage via eutrophication (Hilton et al., 2006; 

Bowes et al., 2003).  

The prior studies (Bowes et al., 2003; Bowes and House, 2001; House and 

Warwick, 1998a; House and Warwick, 1998b) reveal the major role played by these 

pollutants and the importance of in-stream transformation processes they suffer 

during transport. This requires the identification of a proper transformations model 

and motivates the substantial attention given in publications III and Ani et al. 

(2009i) to parameters controlling transformation processes.  

The research presented in the two papers, along with paper IV, concerns nutrient 

transport modelling at small time steps (up to one hour), using analytical solutions 

of ADE, not employed previously in a similar way for River Swale. Developed 

models are useful for the prediction of pollutant concentration in case of usual 

and/or accidental chemicals release, from both continuous and/or instantaneous 

sources, under unsteady water flow.  

The added value of the present thesis with respect to River Swale case study 

consists of: (1) the development of models for the estimation of transport 

parameters (velocity, dispersion coefficient and reference transformation rate 

constants); and (2) the development of a model able to predict pollutant 

concentration at small time and space steps.  
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3.3 Description of proposed models  

One numerical model (1 in Table 2) and one analytical model (2) were developed 

for Murray Burn (I; II); and two analytical models (3 and 4) for River Swale (III; 

Ani et al., 2009i; IV).  

This thesis section presents a short description of the developed models taking into 

account the main characteristics listed in Table 2. A part of these features 

correspond to the criteria according to which pollutant transport models can be 

classified (e.g. the type of solution employed for ADE; the release duration; the 

representation of transformations) (I; V). 

 

Table 2 Main features of developed models. 

 

Model  1 2 3 4 

River Murray Burn Murray Burn Swale Swale 

ADE 

solution 
numerical analytical analytical analytical 

Release type instantaneous instantaneous continuous 
continuous  

Instantaneous 

Sources 1 1 4 4 

Tributaries 0 0 3 3 

Abstractions 0 0 15 15 

Pollutants 
Rhodamine 

WT 

Rhodamine 

WT 

NH4, NO3, 

SRP, OP 
NH4, NO3 

St conservative conservative 
non-

conservative 

non-

conservative 

St number 0 0 5 2 

Parameter 

models 
Dx, vx Dx, vx Dx, vx, St Dx, vx, St 

Water flow steady state steady state unsteady unsteady 

Other 

features 
4 reaches 

other release 

types 

possible to implement non-

point sources as well 

Publication I I, II  III IV 

 

Pollution sources have a big influence on the development of models relying on 

ADE (V). Numerical models use the original PDE form of ADE and have specific 

boundary and initial conditions depending on the type of source releasing 
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pollutants. This enables the use of a numerical model to simulate multiple kinds of 

releases and is one of the main advantages of model 1, broadly discussed in 

publication I.  

On the other hand analytical models use solutions of ADE calculated for a specific 

type of release, and need significant modifications in order to be able to simulate 

other kinds of releases (I; V). But they have as main advantages the quality of 

results, the short computation time they need, lower computation resources and the 

user-friendly post processing of results (I; II; III). 

One possible disadvantage of analytical model is represented by difficulties related 

to: (1) the representation of hydraulic non-uniformity of study area; and (2) the 

inclusion of influences (tributaries, pollution sources, abstractions). In this respect 

pollutant transport modellers split the river into reaches, each one having a constant 

average value of hydraulic parameters and including influences at the beginning of 

reach (Deflandre et al., 2006; Eatherall et al., 1998; I; II; III; VIII). This approach 

complicates the applicability of the model to other rivers, by requiring its further 

modification (I).  

The present thesis tries to overcome this problem by proposing two novel 

approaches which enable the use of a single river reach with space variable 

parameters.  

The first approach implies the recalculation of parameter values along the study 

area as a weighted average of upstream values of the parameter (II). The method 

was applied (1) for Murray Burn, improving concentration predictions compared to 

classical reach-based approach (II); and (2) to River Swale offering good 

concentration prediction results (III; Ani et al., 2009i).  

The second novel approach implies the re-evaluation of pollutant mass flow 

characterizing the polluting source at each computation step (VIII). It was applied 

during the modelling of River Somes and provided results similar to the ones of a 

numerical model (VIII).  
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The two methods enable the modelled location of pollution sources, tributaries and 

the abstractions to be made precisely at the actual place along the main channel and 

not at the beginning of reaches. They also support the easier application of 

developed models to other rivers.  

Pollutant transport models rely heavily on the ability to make good estimations of 

the transport specific parameters, especially dispersion coefficient and 

transformation rates (for non-conservative models) (I; Ani et al., 2008). Therefore 

during the development of models a significant effort was spent in the study of 

parameter estimation methods in order to offer models for accurate parameter 

estimation. Dx and vx were closely investigated for Murray Burn; while for River 

Swale even more attention was given to the transformations model. The parameter 

estimation models enable increased skill in concentration prediction and offer the 

possibility to apply concentration models to other rivers, as discussed in 

publication I.  

An interesting feature of models 3 and 4 is the possibility to consider the water 

flow change in time, not just in space along the river. In this way the model 

parameters depending on water flow are described as changing in time as well; 

tributaries are characterised by unsteady pollutant concentration and discharge; and 

pollution sources also. 

The use of unsteady parameters for River Swale enabled the formulation of a 

transformation model accounting for temporal variability of transformation rates. 

The model captures the influence of temperature, seasonality and/or unsteady water 

flow on the constants controlling transformation rates (III; Ani et al., 2009i). The 

formulation of such model is crucial for River Swale, where nutrient 

transformations play a major role in their transport along the river. It also enabled a 

better concentration prediction to be achieved.  

The River Swale models are able to simulate pollutant release from point sources, 

but non-point sources could be simulated as well. This is possible through a higher 
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discretisation of the river stretch length and the implementation of non-point 

sources as a sum of point-like sources (III). 

The four models were calibrated and evaluated in order to ensure their ability to 

make accurate concentration predictions. And results proved to be satisfactory. It is 

worth mentioning here that calibration of models 3 and 4 is made using an original 

approach, with an optimization algorithm in two steps, each one consisting of two 

sub-steps employing different objective functions (III). 

The development of models presented in this thesis reveals that concentration 

prediction accuracy can increase by using a larger amount of calibration data. This 

enables the formulation of good models for transport parameters estimation.  

Model calibration and validation are essential steps before using models as analysis 

or decision support tools. However, Rode et al. (2007) state that the validation 

(evaluation) of water quality models is often neglected. This could be related to the 

amount of experimental data required for calibration and validation of such models, 

and also to the difficulty of the calibration process (see III). In the present thesis 

models 1 to 3 were calibrated and validated, while model 4 was developed on the 

basis of model 3, and is using the same transport characteristic parameters that had 

already been evaluated (III), in order to ensure the correctness of concentration 

prediction (IV).  

After evaluation models 1 to 4 can be used for several purposes for Murray Burn 

and Swale and could also be applied to other rivers with similar hydraulics (VI).  

They are useful to assess the effects of pollution sources on river water quality 

(Deflandre at al., 2006), as it is possible to estimate the river distance affected by 

pollutant release, the duration of release effects, and the magnitude of problems. 

Models enable the study of technological improvements (e.g. changes to effluent 

treatment systems) or investigations related to the development of new facilities 

(e.g. industrial sites, houses, livestock farms). The study of environmental effects 

of these modifications is important as they affect water quality of rivers.  
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The parameters interdependence (e.g. water flow, transformation rates, dispersion 

coefficient) and their influence on pollutant transport could also be investigated 

using pollutant transport models. And from this perspective the models are very 

useful for the research sector.  

3.4 Summary 

In this research step, four pollutant transport models have been developed and 

calibrated. Three of them were evaluated through comparison with field data as 

well. The four developed models have different levels of complexity, starting from 

the simple conservative models 1 and 2, for the short stretch of the Murray Burn 

stream, representing one pollutant; to the complicated non-conservative model 3, 

for a bigger river stretch of River Swale, including four pollutants with inter-

dependent transformations. 

Along with the development of models the added value of this research step 

consists of the novel approach in representing the space-variable parameters of 

analytical models; the original approach used for calibration and the modelling 

methods used for parameter estimation.  

The development of the four models discussed above revealed that pollutant 

transport modelling requires considerable time, large amounts of resources and 

capacity to solve complex problems. Even a conservative model involving a short 

river stretch and a single pollution source (e.g. model 2 for Murray Burn) raised a 

lot of problems, and proved to be a complex modelling case study.  
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4 Identification of pollution sources based on long term 

monitoring data 

Pollution sources are one of the most important features for the development of 

pollutant transport models. This chapter presents a method for the identification of 

pollution sources. The method involves the graphical analysis (hereafter also 

referred to also as graphical mining) of long term concentration monitoring data, 

and is broadly discussed in publication V.  

4.1 Importance of pollution sources  

Water quality models are widely employed to assess the effect of pollution sources 

on river water quality (Deflandre et al., 2006). The development of models depends 

a lot on the characteristics of pollution sources, as they influence model 

complexity, the initial and boundary conditions and even the form of underlying 

mathematical equations for analytical models. Therefore a proper characterization 

of pollution sources is crucial, especially when water from rivers is used for 

different purposes, each requiring specific standards of quality. More information 

on the importance of pollution sources, types and their implications upon the 

development of models are available elsewhere in the thesis (V). 

Despite the importance of pollution sources, studies dealing with their 

identification in rivers are not very numerous compared to the ones regarding the 

characterization of pollution sources and/or the assessment of their effects on water 

quality (e.g. Ma et al., 2009; Neal et al., 2005; Wood et al., 2005). Some of 

methods used for the identification of pollution sources are the geographic 

information system, the dispersion theory and the magnetic screening (e.g. Basnyat 

et al., 2000; Wehland et al., 2002; Whitehead et al., 1986). The graphical analysis 

method was employed by Kney and Brandes (2007) to assess stream water quality 

using conductivity and alkalinity data. The method is able to indicate 



 34 

anthropogenic influence on the river but was not used to detect pollution sources 

location. 

However, none of the existing studies uses the method of graphical analysis for the 

identification of pollution sources location from long term concentration 

monitoring.  

The objective of this research step is to identify major pollution sources along the 

river employing a less expensive method, not employed before in a similar way. A 

graphical analysis tool was developed and applied to pollutant concentration 

profiles resulting from typical long term monitoring. The method is aimed at the 

identification of both point and non-point pollution sources, and is applicable to 

monitoring data regarding different pollutant kinds. 

4.2 Graphical analysis: methodology 

The identification of pollution sources through graphical analysis is based on 

comparison of shapes detected in the image of concentration profiles. Two types of 

profiles are involved in the analysis: a concentration profile resulted from 

monitoring of pollutant concentration along the river (hereafter referred to as 

measured profile); and reference profiles, showing pollutant concentration 

evolution after a certain type of release.  

The changes in concentration profiles are caused by release of pollutant from 

sources. The developed software takes into account these changes, using the 

automatic method of graphical analysis, in order to identify the presence of a 

source.  

The sources identification procedure is composed of three stages: (1) reading the 

concentration profiles, (2) recognizing characteristic zones of the curve and their 

storage as dimensionless shapes, and (3) finding the most similar generalized 

shape. They are represented in Figure 2. 
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Figure 2 Steps of the graphical analysis. 

 

At the end of the identification process the applicability of the method is verified 

by comparing the identified set of sources with a reference set of sources. The 

location of these known sources is used to test the software accuracy in detecting 

the location of sources.  

4.3 Graphical analysis: case study 

The graphical analysis method is applied to Somes River in order to identify 

pollution sources discharging nitrate and lead. In this research task the study area 

consists of 331 km of river, along which monitoring of concentration was carried 

out.  

Concentration profiles of nitrate and lead collected during 2004 on a monthly basis 

were independently analysed (11 profiles for nitrate and 12 for lead), through 

Sources identification 

(3) Concentration profiles comparison and 

measurement of similarity 

(1) Recognize the characteristics zones 

(Concentration increase/decrease) 

(2) Decompose characteristic 

zones into vectors 

(2) Decompose the reference 

shapes into vectors 

Verify the applicability of the proposed method 

Measured concentration profile Reference concentration profiles 

Reference set of real pollution sources 
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comparison with reference graphs. The identified sources are compared to a 

reference set of sources (see  

Table 3 for lead), for verification purposes.  

 

Table 3 Lead pollution sources data for 2004 year. 

 

*r. Source 
Location 

[km] 
Type Observations 

1. 
Cluj 

Napoca 
95 – 103 

Multiple point 

= a non-point 

Continuous 

Sum of multiple point sources 

Nadas River, Industrial sites 

Quite small contribution 

Source A in Figure 3 

2. 
Bontida 

- Gherla 
140 – 150 

Multiple point 

Continuous 

Industry, WWTP 

Smaller than source 1 

Source B in Figure 3 

3. Dej 178 - 180 
Multiple point 

Continuous 
Industry 

4. Ulmeni 237 
Point 

Continuous 

Industry 

(just few information available) 

Source C in Figure 3 

5. Jibou 270 
Multiple point 

Continuous 

Industry, WWTP 

Smaller than source 4 

6. 
Lapus 

River 
330 

Non-point 

Continuous  

Rivers Sasar, Firiza and Cavnic 

Industry 

Source D in Figure 3 

7. 
Satu 

Mare 
400 – 420 

Multiple point 

Continuous 

Relatively small contribution 

Industry, WWTP 

 

The reference set of sources was extracted from technical reports on the pollution 

sources of Romanian running waters in 2004 (e.g. Serban and Rosu, 2005). These 

reports specify the source location, discharged substances (quantity and nature), 

and often the type of releasing system (pipe, open channel, etc.), as shown in  

Table 3 for lead. However, at times the information concerning some sources is 

incomplete.  

The graphical analysis results show that from analysed profiles most of nitrate and 

lead sources were successfully detected (e.g. 4 lead sources out of 7 in August 2004 

presented in Figure 3). Pollution sources discharging other types of pollutants 
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could be also identified when working with multiple concentration profiles of 

different pollutants. 

 

Figure 3 Location of identified lead sources (August 2004). 

 

Source detection appeared to be impossible in two situations. The first one is 

related to small sources located in the proximity of very big sources (source 5 in 

Table 3), because big sources mask the influence of small sources on concentration 

changes. The concentration increase due to smaller contribution is not visible in the 

concentration profile.  

A second case arising detection difficulties regards sources located near the 

downstream boundary of study area (source 7 in Table 3). The concentration 

change downstream such pollution source is not visible in the analysed 

concentration profiles because there is no monitoring point in the far field 

downstream the source. In such situation, the characteristic curve is of insufficient 

length to enable the software to detect the pollution source. 
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Consequently a more efficient detection of pollution sources can be achieved when 

the spatial frequency of monitoring points is higher and when the study area is 

extended enough along the river in order to enable capture of concentration 

changes in the profiles.  

Despite these difficulties the software was capable to detect the majority of sources 

and has two main advantages: (1) makes accurate location of sources; and (2) is 

inexpensive, as does not require special monitoring campaigns. The use of 

concentration measurements from ordinary monitoring, carried out by national 

authorities, is sufficient.  

The tool can be used to identify major permanent polluters along rivers; to identify 

critical zones regarding pollution; to give information about sources to be included 

in water quality models or to locate agents causing unknown accidental or 

permanent pollutant release.  

The study of seasonal presence of sources is possible as well, by using pollutant 

concentration profiles collected in the same river during a long period of time (few 

years).  

4.4 Summary 

In this research step the long term concentration monitoring data has been used for 

the identification of pollution sources. The employed method is the graphical 

analysis and enabled accurate detection of the majority of nitrate and lead sources 

along Somes River. Results reveal that efficiency of source detection depends on 

the amount of monitoring points along the river.  

The effective and inexpensive method could be very useful for both water quality 

modellers and managers, as it enables the identification of the exact location of a 

pollution source discharging effluents into the river. 
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5 Reuse of knowledge in modelling pollutant transport in 

rivers  

The reuse of knowledge has been found as appropriate solution to overcome 

difficulties related to unavailability of large amount of data needed for modelling 

pollutant transport in rivers. In this respect the thesis is proposing two knowledge 

reuse support tools, described in this chapter and in publications VI and VII.  

5.1 Background 

In the field of pollutant transport modelling research is quite advanced and there is 

a lot of information available to support modellers in solving new problems. In 

those cases where a large number of methods are available to solve a problem there 

is a danger of using the inappropriate method. A clear example would be the 

estimation of dispersion coefficient using empirical formulae. It has been proved 

that different formulae could give very different results for the same river (or even 

river reach (I; Wallis and Manson, 2005)). This thesis offers the tools for 

identifying the appropriate formula to use in such situations; and generally for 

identifying the most suitable information to be used in solving a pollutant transport 

problem. 

The modelling of pollutant transport in rivers relies on data regarding concentration 

and hydraulic parameters, related to channel features (e.g. river sinuosity, bed 

rugosity, bed slope, channel width, cross sectional area) and water flow (e.g. water 

flow velocity, water level, cross sectional area). In this research mean values of: 

cross sectional velocity, water level, river bed slope, channel width and cross 

sectional area; are used.  

Rivers and/or river reaches could be similar from the point of view of hydraulics 

enabling the application of the same technique in solving a pollutant transport 

problem for many rivers/reaches. Consequently expertise and knowledge from a 
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studied river/reach (e.g. a pollutant transport model) could be used to solve new 

problems in similar rivers/reaches. This offers the possibility of modelling pollutant 

transport in rivers with low availability of concentration-related data, but where 

hydraulic parameters are known.  

The present sub-objective of the thesis is focused on offering two different tools for 

the reuse of knowledge: (1) a case based reasoning (CBR) tool capable to identify 

the similarity of cases by comparing sets of numbers/variables; and (2) a tool for 

automated intelligent pre-processing and reuse of information, using multiple 

knowledge-management methods.  

5.2 Case based reasoning (CBR) tool  

A CBR tool was developed in order to assist users to identify crucial information 

for pollutant transport modelling. This information could be manifested in form of 

a model for the estimation of parameters, a method or even a model for pollutant 

transport.  

The method is based on the idea that similar problems have similar solutions. The 

CBR tool evaluates the similarity of problems and offers the most suitable existing 

solutions for the addressed problem. In this way modellers are aided in making the 

correct decision regarding methods, techniques or tools to be used in solving a new 

problem.  

According to present literature CBR is being applied in multiple engineering fields 

in order to find solutions for new problems using the past experience (Avramenko 

and Kraslawski, 2008). In the field of water quality modelling, decision support 

systems were developed for the water quality management of large catchments 

(Matthies et al., 2006; Assaf and Saadeh, 2006) and a knowledge management 

system (Chau, 2007) was built for the selection of models and parameters for 

coastal hydraulic and transport processes. They are all based on the CBR concept, 
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but none of the published studies is focused on the modelling of in-stream pollutant 

transport in river reaches.  

In this thesis the CBR approach is different and relies on a larger amount of solved 

cases (see VI). According to our literature survey no similar CBR tools have been 

developed yet. The aim is to offer a CBR tool capable of using existing knowledge 

in order to identify the most suitable information for pollutant transport modelling.  

As a case study the developed CBR tool was applied for the identification of proper 

pollutant transport models for the Romanian Somes River.  

5.2.1 Description of CBR method  

The method is based on the idea that similar problems have similar solutions. In the 

case of pollutants transport modelling similar rivers/ reaches could be modelled 

using the same mathematical model. The rivers similarity can be calculated based 

on variables representing channel geometry and water flow.  

There are rivers which have been the subject of water quality modelling work, and 

can be used as old, solved cases in the present research. The information related to 

the problem statement and to the assigned solution for each case is stored in a case 

base. Each stored case is characterised by the following variables corresponding to 

the investigated river reach: channel width, river bed slope, water depth, reach’s 

length, width to depth ratio, mean water velocity, and longitudinal dispersion 

coefficient. Somes River is divided into reaches which are also assigned with 

values corresponding to these variables. 

The similarity value between two river reaches is calculated as a weighted sum of 

similarity measures corresponding to the reaches parameters (ai, bi for A and B 

respectively): 
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where wi is the weight of importance of parameter i; simi is the similarity function 

for the parameters; k is the number of parameters.  
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The similarity function for the parameters is based on the difference between the 

solved case and the new one. The smaller is the difference the bigger the similarity 

is. The similarity sim for two parameters a and b is defined as: 

range

ba
BAsim

−
−=1),(     (2) 

where range is the difference between maximum and minimum values in the 

overall set of parameters’ values. 

The solutions assigned to cases with the highest similarity degree are further used 

in order to formulate the mathematical model for pollutant transport in Somes 

River. After solving the problem of pollutant transport in Somes River the five 

investigated reaches are going to be added to the case base, and further used in 

studies related to modelling of pollutant transport in other rivers.  

5.2.2 CBR tool: development and application  

The developed CBR tool is a single computer application with supplemented data 

files (e.g. the case base, the literature sources). The architecture of the tool and the 

steps in solving problems are presented in Figure 4.  

 

Figure 4 Problem solving with the help of CBR tool. 

The interface is presented in Figure 5 and Figure 6. 

CBR tool 

(Similarity evaluation utility) 

Most similar cases 

 

New problem 

 

Information (data) 
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Case Base  

 

Problem solution 
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Figure 5 CBR tool interface showing case names (left side) and variables of stored case Swale 

3 (right side). 
 

 
Figure 6 CBR tool interface showing Somes River reaches (upper left side), variables of first 

reach (right side) and similarity level of stored cases (low left side). 
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The case base is prepared and implemented as Microsoft Excel workbook 

consisting of information on solved cases retrieved from the published literature 

and from existing databases about rivers. Each stored case is characterized by: the 

problem statement, the solution, and values of variables used in analysis. Figure 5 

shows how the case base is displayed after import in the CBR tool. 

For the identification of information for pollutant transport modelling the case base 

contains 147 solved cases regarding studies on pollutant transport in rivers. 

The problem to be solved is also assigned with values of variables used in analysis 

(see Figure 6). This set of variables is going to be further compared against the 

ones characterizing cases from the case base. The CBR tool evaluates the similarity 

of the new problem with stored cases, ranking stored cases according to the value 

of similarity to the case under consideration.  

Further the user is guided to retrieve information from data sources (usually PDF 

files), and to decide which of the most similar cases could be used in solving the 

present problem. After the problem has been solved its specifications and the 

solution are stored in the case base as a solved case to be used in further studies.  

5.2.3 CBR tool: case study 

Somes River is divided into five reaches according to the non-uniformity of 

hydraulic parameters. The features of reaches are introduced in the CBR tool in 

order to perform the comparison of each reach against cases stored in the case base. 

The similarity between Somes reaches and the stored cases is measured, and the 

ranking of stored cases is done according to the level of similarity.  

Results in Table 4 reveal that reaches of Swale, Rhine and Ebro rivers have the 

highest level of similarity to Somes River reaches (93% to 96%). Consequently the 

models developed for these cases are the most appropriate published models to use 

in modelling pollutant transport in Somes.  
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Table 4 Cases with the highest similarity degree corresponding to Somes River reaches. 
 

Case name Available information 
Similarity 

value (%) 
Example of references 

Reach #1 

Swale 3 

QUESTOR, LOIS, in-stream water 

quality modelling 

Intensive monitoring campaigns  

94.63 
House and Warwick (1998a,b) 

Eatherall et. al. (1998) 

Cowaselon 

Creek 

tracer experiments  

dispersion coefficient estimation 

reaeration coefficients estimation 

93.65 
Socolofsky and Jirka (2005) 

Kilpatrick et al. (1989) 

Narew 3 

tracer experiments 

dispersion coefficient estimation  

Rhodamine WT transport model  

93.24 Rowinski et al (2007) 

Reach #2 

Rhine 4 
model for pollutant transport 

alarm system for accidents 
95.11 

Dunnivant and Anders (2005) 

Broer (1991) 

Waikato 1 

nutrients transport 

dispersion coefficient 

surface heat transfer 

93.04 

Sanchez-Cabeza and Pujol (1999) 

Rutherford and Williams (1992) 

Alexander et. al. (2002) 

Swale 4 

QUESTOR, LOIS, in-stream water 

quality modelling 

Intensive monitoring campaigns 

91.84 
House and Warwick (1998) 

Eatherall et. al. (1998) 

Reach #3 

Waikato 1 see above 95.65 see above 

Rhine 4 see above 93.08 see above 

Ebro 2 

tracer experiments 

hydrodynamics study 

two pollutant transport models 

91.56 

Mestres et al. (2003) 

Sanchez-Cabeza and Pujol (1999) 

Pujol and Sanchez-Cabeza (2000) 

Reach #4 

Ebro 2 see above 95.31 see above 

Waikato 2 

nutrients transport 

dispersion coefficient 

surface heat transfer 

94.02 

Sanchez-Cabeza and Pujol (1999) 

Rutherford and Williams (1992) 

Alexander et. al. (2002) 

Swale 4 see above 84.04 see above 

Reach #5 

Ebro 2 see above 95.31 see above 

Waikato 2 see above 94.02 see above 

Rhine 4 see above 89.37 see above 
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The developed CBR tool has general applicability with respect to river reaches, as 

it could be used to propose pollutant transport models for other rivers apart Somes. 

It is useful in the research field for the selection of crucial information for 

modelling pollutant transport, and in the practical water quality work for the 

identification of the most suitable model to make predictions.  

5.3 Software for information pre-processing and reuse 

A second tool for the reuse of knowledge is the software for automated intelligent 

pre-processing and reuse of information, presented in publication VII. The tool has 

been developed at Lappeenranta University of Technology and applied in the 

present thesis for the selection of methods to estimate longitudinal dispersion 

coefficients.  

As mentioned before pollutant transport modelling literature is rich in publications 

related to the study of phenomena, its modelling, and the development of methods 

to be used either in modelling or for pollution assessment. Literature search is time 

consuming and could result in too many different options for solving a problem, 

some of them useful/appropriate, some others not. There are multiple available 

tools to assist users in searching information, mostly using keywords. However, 

there are problems related to them (e.g. unstructured data collection, or collection 

of noisy data), as discussed in publication VII.  

This problem of data and information oversupply, caused by deficiencies of 

“keywords-based” tools, could be overcome by the use of knowledge management 

methods and tools. The solution offered in this thesis is the automated intelligent 

pre-processing and reuse of knowledge carried out through CBR and knowledge 

discovery (KD) (VII).  

The two techniques (CBR and KD) are combined in a software suite for knowledge 

retrieval, which could be used during the study of processes and/or phenomena. 

The software is able to extract potentially interesting knowledge from a set of 
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documents in order to be used in explaining the mechanism of a studied process or 

in solving phenomena-related problems. The literature survey revealed that no 

similar tools were employed before in the study of pollutant transport related 

phenomena.  

5.3.1 Software architecture and applicability  

The software is composed of a source searching tool, a plot comparator and a 

semantic analyzer (Figure 7), and is based on a combination of several techniques: 

(1) subject-driven document clustering; (2) shape analysis; (3) trends 

understanding; and (4) relevant context retrieval via semantic analysis. 

 

Figure 7 Steps and tools involved in the software application. 

Information sources 

Source searching tool 

Plot comparator 

Graphical information 

retrieved from sources 

Semantic analyzer 

Valuable sources (clusters) 

Retrieved knowledge 

Valuable graphs 

Sources containing the valuable graphs 

Graphical information from 

the case to be solved 
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The source searching tool relies on the subject-driven document clustering. It is 

able to extract relevant documents from data bases and organize them according to 

user specified topics.  

Those documents might contain relevant graphical information, which is rich in 

valuable data. Fortunately the plot comparator is capable to identify the most 

valuable graphs, and retrieve data from them, by using the shape analysis and 

trends understanding. This is a very important advantage the software has over 

common tools used for retrieving data from sources, which are unable to process 

data from graphs.  

Documents containing valuable graphs are further used by the semantic analyzer in 

order to retrieve relevant data and information related to graphs. The tool will 

identify knowledge in form of text which is most relevant to each graph. The text is 

further extracted and organized in abstract to describe the investigated 

process/phenomena or as a solution to the problem.  

Difficulties in using the software arise from the need to pre-process certain 

information before some automatic steps. The graphical mining method compares 

shapes based on their characteristic zones. These zones are recognized in automatic 

way by the software, but for complex shapes, where there are many options for 

selecting zones, the choice has to be done carefully. In those cases human 

assistance is needed in order to select the characteristic zone of interest. Additional 

research has to be done in order to improve the automatic process of zone selection.  

Another difficulty could arise from the lack of information sources providing 

graphical items. In such case the amount of material to be processed is small and 

useful results could be hardly obtained.  

The application of developed software in the field of water quality modelling 

represents an innovative way to identify methods and tools. It enables water quality 

stakeholders to take advantage of the rich literature in the field in a fast and 

economically efficient way.  
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A main improvement compared to traditional search and information processing 

tools is the capability to make use of figures and diagrams, the most data reach 

items to be found in unstructured information sources (e.g. scientific articles or 

technical reports).  

The software is able to classify extremely large amount of data relevant to the 

studied topic and to select and process automatically the most useful content. This 

makes it useful for finding, selecting, organizing, distilling and presenting 

information in a way that improves understanding in other areas of interest also, to 

facilitate the identification of mechanisms and trends of processes (e.g. operation 

regimes). 

5.3.2 Software application to a dispersion coefficient study 

The software was applied for the identification of methods to estimate dispersion 

coefficients in Somes River.  

Dispersion coefficient calculation was chosen as subject of the case study due to 

the oversupply of formulae and evaluation methods which give inconsistent results 

for the same river/river reach and have different levels of accuracy from one 

river/reach to another one (I; VII; Kashefipour and Falconer, 2002).  

The application is based on the similarity of channel profiles between rivers, and is 

motivated by the fact that parameter evaluation methods usually rely on physical 

characteristics of the river channel. Longitudinal (L-profiles) and transversal 

(cross-section = T-profiles) profiles of Somes River were used to identify rivers 

with similar profiles for which the study of dispersion coefficient was carried out 

and published.  

The problem was formulated and implemented in the software as follows: (1) 

transversal and longitudinal profiles of Somes River were prepared for the analysis 

as generalized shapes (dimensionless); and (2) the given set of topics for the 



 50 

document-processing stage were specified (e.g. terms related to: river geometry, 

dispersion coefficient or modelling). 

The profiles were used as dimensionless shapes because the main idea of the 

graphical analysis method is to compare shapes trends and not just their magnitude. 

Of course the river scale is very important when calculating dispersion coefficients 

and other pollutant transport characteristic parameters. And it was taken into 

account by pre-selecting the graphical information to be compared according to the 

range of channel profile magnitude. L and T profiles of rivers in the same scale 

range as Somes River were used in the analysis.  

Further, using the problem formulation, the software carried out the automated 

steps described below (also presented in Figure 7). 

(1) Documents containing valuable data (from online data bases, e.g. Science 

Direct, Springer) are collected and organized according to a given set of 

topics. The result consisted of 28 relevant documents.  

(2) Important graphs, consisting of longitudinal and transversal river profiles, 

were selected from the relevant set of documents.  

(3) Selected graphs, along with generalized shapes, are involved in the mining of 

graphs. The most valuable graphs, consisting of profiles similar to the ones of 

Somes River, are identified (see Figure 8 and Figure 9). As a result the number 

of relevant sources is reduced, but the selected documents include reference to 

similar channel geometries (5 identified cases) and could contain specific 

information of relevance for the estimation of dispersion coefficient in those 

similar cases.  

(4) In the last step the semantic analyzer is processing the set of sources provided 

by the previous tool (plot comparator) to retrieve the content relevant to 

dispersion coefficient calculation. 
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Figure 8 L-profiles similarity based on width and depth. 

 

 

Figure 9 T-profile of Somes River and its most similar profile from the set of sources (sim = 

similarity value). 

 

At the end of the process the method was able to extract information from five 

relevant publications containing empirical formulae for the calculation of 

dispersion coefficient and even a comparative analysis of formulae applied on 

different rivers.  

The results of the analysis of formulae (e.g. accuracy in estimating the dispersion 

coefficient) assigned to the rivers similar to Somes reveal which are the most 

appropriate formulae to use in the case of Somes River.  

5.4 Summary 

The modelling of pollutant transport in rivers is vital for water quality research and 

management, but the development and evaluation of models is expensive and relies 
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on large amount of data. A solution to overcome difficulties related to the large 

amount of data required is the reuse of knowledge in modelling pollutant transport 

in rivers.  

The present thesis offers two knowledge reuse tools to support pollutant transport 

modelling: a CBR tool and a software suite for intelligent pre-processing and reuse 

of knowledge.  

Both of them were applied to the study of specific problems related to pollutant 

transport modelling in the Romanian Somes River. The results consist of 

information from studies regarding other rivers, similar to Somes River in terms of 

hydraulic parameters. They could be further used for modelling pollutant transport 

without employing detailed concentration monitoring data (e.g. at hourly 

resolution), which is unavailable.  

The two developed tools could be used in the decision process undertaken by water 

quality managers when dealing with problems in rivers. Along with models for 

pollutant transport they could be the core of a decision support system focused at 

river stretch scale. The very important added value would be the applicability of the 

system in the management of acute environmental situations (e.g. accidents). 
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6 Modelling of pollutant transport in a river with limited 

amount of concentration measurements 

This chapter presents the results regarding modelling of pollutant transport in River 

Somes, published in VIII, Ani and Agachi (2007), Ani et al. (2007b) and Ani et al 

(2008).  

6.1 Water quality in Somes River 

The basin of Somes River has been subjected to increased attention from the 

Romanian Environmental Protection Agency due to accidents that happened along 

its branches (Macklin et al., 2003), but also due to the large amount of population 

living in the area of the basin and to the high industrialization (Ani et al., 2008; 

Romanian Waters National Agency, Somes-Tisa Water Department, 2005; Serban 

and Rosu, 2005). 

Despite its importance only a few studies related to Somes River water quality have 

been carried out until now. Most of them concern water quality assessment (e.g. 

Moldovan et al., 2007; Marutoiu et al., 2003), accidents that happened during 

recent years along Somes River tributaries (e.g. Macklin et al., 2003; Wehland et 

al., 2002; BMTF, 2000), or the inventory of pollution sources (e.g. Serban and 

Rosu, 2005). The studies reveal the existence of pollutants along the river, and 

offer a motivation for the use of pollutant concentration prediction tools and water 

quality management tools. Nevertheless no studies focused on modelling the 

pollutant transport in Somes River have yet been published. 

The last sub-objective of this thesis concerns the water quality modelling in Somes 

River using experience and knowledge accumulated during previous research steps.  
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6.2 Modelling of pollutant transport in Somes River 

A study on river hydrodynamics and pollution was carried out before the models 

implementation (Ani et al., 2007a; Ani et al., 2007b). The information involved in 

this study concerns the years 2001-2005, consists of data described in paragraph 

2.3 of the present thesis (water quality monitoring and hydraulic parameters) and 

reports on water quality and pollution sources (e.g. Romanian Waters National 

Agency, Somes-Tisa Water Department, 2005; Serban and Rosu, 2005). The 

results revealed that heavy metals and nutrients are the major pollutants of Somes 

River. This is a reason why the case study in chapter 4 concerns the identification 

of nitrate and lead sources. 

The factors influencing pollutant transport were also investigated, revealing that 

from this point of view water flow and transformation rates (for non-conservative 

pollutants) are the most important parameters (Ani et al., 2008; Ani et al., 2007a). 

The changes in water flow (1) lead to a direct modification of water velocity and 

dispersion coefficient, used for the concentration calculation in ADE, and (2) even 

influence pollutant transformation rates, as it was revealed in studies on River 

Swale as well (III; Ani et al., 2009i).  

The modelling of pollutant transport in Somes River was done by implementing 

analytical models for the following types of release: (1) continuous point (VIII; Ani 

et al., 2007b); (2) instantaneous point (Ani et al., 2007a); and (3) instantaneous 

non-point (Ani et al., 2007a). Numerical models were used as well for comparative 

purposes during the modelling of pollutant transport in Somes River (VIII; Ani et 

al., 2007a; Ani et al., 2007b). Those models were developed elsewhere, not in the 

present thesis.  

Models are very important for water quality investigation and management in River 

Somes, especially taking into account that such instruments were not available 

before (see literature studies in VI and VIII).  
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Another added value of this sub-objective of the thesis is the implementation of a 

second novel technique which enables the use of variable parameters along the 

river in analytical models. The first technique (II) regards the parameterization of 

the study area, while this second one involves the re-evaluation of the pollutant 

mass flow characterizing the polluting source at each computation step (VIII).  

When the second novel technique is implemented models make different 

concentration predictions compared to the use of constant channel parameters. 

Differences are visible in Figure 10 to Figure 13, where results obtained when 

simulating two different pollutant releases are shown. 

 

Table 5 Average values of Somes River channel parameters at monitoring sites.  
 

Monitoring station x [km] E [m] 1000*S [m/m] Br [m] H [m] 

Cheile Somesului Cald 2 1145.00 11.15 4.00 0.20 

Doda Pilii 15 1000.00 11.35 12.00 0.30 

Tarnita Amonte 52 580.00 8.57 18.00 0.40 

Gilau 73 400.00 3.08 19.00 0.60 

Cluj Amonte 90 347.59 2.26 35.89 0.85 

Apahida 113 295.70 1.02 31.41 0.90 

Salatiu 170 237.83 1.94 56.39 1.58 

Dej 178 222.30 0.41 57.00 1.99 

Rastoci 237 197.91 1.01 65.00 2.31 

Ulmeni 308 157.12 0.92 107.50 1.38 

Cicarlau 341 140.98 0.68 85.00 1.91 

Satu Mare  402 116.07 0.13 115.00 2.58 

 

The models were used to simulate the transport of pollutant discharged by sources 

identified with the graphical analysis method (publication V and paragraph 4.3 of 

present thesis). Furthermore longitudinal dispersion coefficient was estimated using 

the McQuivey-Keefer formula from Table 6 (Jolankai, 1997), chosen with the help 

of the knowledge reuse software, as described in paragraph 5.3 of present thesis. 
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For the exemplification of parameters magnitude and river non-uniformity along 

study area a set of average values of channel parameters measured at monitoring 

stations are presented in Table 5. Such sets of values were used to establish third 

order polynomials (see Table 6) for the estimation of river parameters dependence 

on the river length. 

 

Table 6 Regression equations used to estimate parameters dependence on the river length. 
 

Parameter Symbol Units Equation 

Slope S m/m 37212317 103.210104.2107.1 −−−− ⋅+−⋅+⋅− xxx  

Width Br m 9.35106.6104.2105.1 428313 +⋅−⋅+⋅− −−− xxx  

Water depth H m 16210315 105.8105.9104.4105.5 −−−− ⋅+⋅+⋅−⋅ xxx  

Water flow Q m3/s 1.19101.3107.6104.4 328313 +⋅+⋅−⋅ −−− xxx  

Longitudinal 

dispersion 

coefficient 

Dx m2/s 
r

x
SB

Q
D 058.0=  (Jolankai, 1997)  

Velocity vx m/s 
r

x
HB

Q
v =  

The first exemplified pollution scenario regards a non-point source located between 

km 95 and km 100 along one bank of Somes River. Figure 10 Figure 11 show 

simulation results of the same model using constant and variable parameters of the 

channel. The total simulation time is 15 hours, and the river distance represented in 

the figure starts at the upstream boundary, where the source is located (km 95), and 

is extended 80 km downstream. 

Even if the same discharged quantity of pollutant is employed in both simulations, 

concentration profile has different shape and values. When constant parameters are 

used the value of initial concentration is about 3 times smaller (Figure 10), 

compared to the similar case with variable channel parameters (Figure 11). After 

15 hours of travel (total simulation time) the upstream boundary of the pollutant 

spill (0.001 mg/l) is located at 68 km downstream of the source when using 

constant channel parameters, compared to 73 km when using variable channel 

parameters. The peak is located at different distances as well (76 km, respectively 

78 km), and has different values (0.035 mg/l respectively 0.101 mg/l).  
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Figure 10 Transport of pollutant discharged through non-point release: constant channel 

parameters. 

 

 

Figure 11 Transport of pollutant discharged through non-point release: variable channel 

parameters. 
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Figure 12 Transport of pollutants discharged through point release: constant channel 

parameters. 

 

 
Figure 13 Transport of pollutants discharged through point release: variable channel 

parameters. 
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The second pollution scenario regards a point source located at 100 km 

downstream the river spring, discharging a pollutant flow which results in a 

concentration of 0.09 mg/l
 
(Figure 12) and respectively 0.26 mg/l (Figure 13) in the 

river channel at discharge place. Simulation results show different concentration 

values and affected river length when using constant and variable parameters of the 

river channel. 

For both scenarios the concentration (initial, peaks) has bigger values when 

employing variable parameters of the channel. From the point of view of the impact 

of these results on water quality management, scenario in Figure 13 would warrant 

keeping the predictions on the safe side, as the overestimation of concentration 

would lead to a more cautious treatment of the environmental problem. However, 

such a large overestimation could have damaging effects as well (e.g. when 

counteracting the pollutant by using what would prove an unnecessarily 

overestimated release of chemicals into the river). 

Simulation results obtained when using constant and variable parameters show 

substantially different values of concentration, profile shape and affected river 

length. This reveals that the variability of parameters has to be correctly 

represented in models. Models employing variable parameters made good 

concentration predictions during the modelling exercises presented in the thesis (II; 

III; VIII), and behaved well during the evaluation process for both Murray Burn 

(II) and Swale (III). The use of variable parameters would be recommended taking 

into account these considerations and also the fact that constant parameters 

transform the river into an idealised study area, and simplify the hydraulics of the 

channel.  

6.3 Summary 

A pollution study was carried out for River Somes. Its results show that nutrients 

and heavy metals are amongst the most important pollutants.  
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Further, three analytical models have been implemented in order to simulate 

pollutant transport in Somes River. The models are able to make concentration 

prediction after accidental and routine pollutant releases. The model regarding 

continuous pollutant discharge employed a novel technique which enabled the use 

of variable parameters (hydraulic parameters, dispersion coefficient and velocity) 

along the river and provided good results.  

The factors affecting the pollutant transport were investigated as well, revealing 

that the biggest influence is given by water flow and transformation rates.  

Implemented models are very important for water quality assessment in River 

Somes, especially in the present situation when no similar models have yet been 

developed. 
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7 Conclusions 

The objective of this thesis in focused on the minimization of experimental efforts 

for the prediction of pollutant propagation in rivers by mathematical modelling and 

knowledge re-use. This main objective is full field through four specific objectives 

consisting of: (1) the development and evaluation of pollutant transport models; (2) 

the identification of pollution sources from long term monitoring data; (3) the reuse 

of knowledge in modelling pollutant transport in rivers; and (4) modelling pollutant 

transport in a river without using detailed concentration measurements. 

The reuse of knowledge has been found to be an appropriate solution to reduce 

experimental effort, since the modelling of pollutant transport already has a very 

rich literature. The employed knowledge management methods: case based 

reasoning, graphical analysis and text mining; served for the fulfilment of specific 

objectives 2 and 3 mentioned above. The accomplishment of other two specific 

objectives was possible due to: (i) the implementation of new technique for the 

identification of pollution sources, (ii) the proposal of methods for parameter 

estimation and (iii) the development of a series of models for pollutant transport.  

Four advection-dispersion models having increasing level of complexity were 

developed: from the simple conservative models for a short stream (540 m) 

representing one pollutant, to a complicated non-conservative model for a bigger 

river stretch (50.4 km) including multiple pollutants with inter-dependent 

transformations. Models for pollutant transport are able to simulate accidents and 

also continuous pollution.  

The interest was not just to have the best prediction tools for pollutant transport, 

but also to use reliable parameters, and to make models applicable for other similar 

case studies. This second goal was achieved through extensive parameter studies 

and by presenting models for the estimation of transport characteristic parameters 

(dispersion coefficient, velocity, transformation rate constants). The thesis 

contribution could be summarized as consisting of several support tools designed to 
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be used in the modelling of pollutant transport in rivers where the availability of 

experimental data is scarce:  

(1) analytical and numerical models for pollutant transport prediction;  

(2) two novel techniques which enable the use of variable parameters along rivers 

in analytical models;  

(3) models for the estimation of pollutant transport characteristic parameters 

(velocity, dispersion coefficient and nutrient transformation rates) as a 

function of the water flow, channel characteristics and/or seasonality;  

(4) the graphical analysis method to be used for the identification of pollution 

sources along rivers;  

(5) a case based reasoning tool for the identification of crucial information related 

to pollutants transport modelling; and  

(6) the application of a software tool for the reuse of information during pollutant 

transport modelling research.  

The design of specific pollutant transport modelling tools is of interest for 

economic agents, environmental agencies and universities. Such systems offer 

support and open up possibilities for new modelling methods, monitoring facilities, 

and for river water quality management tools. They are useful also for the 

estimation of the environmental impact of possible technological changes. 

Developed mathematical models and knowledge reuse tools can be applied in the 

pre-design stage and in practical use of processes as well, for scientific and 

economic reasons.  

The implemented models show the dynamic state of pollutant concentration 

behaviour and support water quality managers in the decision process. In case of 

large accidents there are a lot of measures to be taken, such as the planning of 

monitoring and pollutant counteracting measures. Time is very short in these 

situations and decisions have to be made fast. For the right decisions a lot of 

experience, expertise, and support are needed. The results of the present thesis can 

provide the necessary decision support.  
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a b s t r a c t

The present research has two main objectives (1) to build two models for concentration prediction in

a stream subject to a pollutant release and (2) to investigate options for estimating the parameters of the

models. The models rely on the fundamental advection–dispersion equation and were developed, cali-

brated and evaluated using tracer data from experiments conducted in the Murray Burn in Edinburgh,

UK. During the evaluation by comparison against field data both models were able to predict the main

features of the observations at the first three monitoring sites, but results at the final site were less good.

These types of models rely very much on the ability to make good estimates of velocity and dispersion

coefficients along the stream. Although these parameters could be estimated using tracer experiments, it

would be easier if they could be estimated from other hydraulic data such as the water flow rate and the

channel characteristics. For the Murray Burn such models for parameter estimation were developed in

the form of non-linear relationships with flow rate. This approach could be used to calculate the

parameters for other similar streams, if the coefficients in the equations were similar. Alternatively,

further work would be needed to explore how these coefficients vary between streams.

Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years general interest in preserving the quality of the

environment has considerably increased. This is due to a need of

ensuring the availability of resources for the next generations. In

the field of surface waters many problems are caused by pollutant

release. Many rivers and especially those crossing inhabited areas

(as Murray Burn) are subjected to pollutant discharge due to

increasing industrialization and/or urbanization.

A lot of research is carried out in order to provide information

about the availability of water, its quality and the possible ways to

improve it. The prediction of pollutant transport in rivers is one of

the fields offering support tools for suchwater quality management

activities. The models for pollutant transport are useful for the

simulation of accidental pollutant release in rivers as well as for the

simulation of ordinary discharges.

River pollution events are of many types according to the spatial

distribution of the source along the river and to the duration of the

release. The present paper focuses on the instantaneous point

pollutant release, characterised by a very fast injection (Dirac

signal) of a known pollutant mass in the middle of a stream. At the

release site the pollutant spill is highly concentrated and appears as

a small patch in the water. As the pollutant is transported down-

stream through advection it is also spread across the channel due to

diffusion. The patch becomes bigger, having the highest pollutant

concentration in themiddle and decreasing towards its boundaries.

Under conventional (Fickian) dispersion theory concentration

measurements in space at a certain time after release will result in

a graph similar to a Gaussian curve, however, concentration

measurements in time at a fixed location will follow a skewed

profile. The main features of such temporal profiles, which have to

be predicted by the pollutant transport models, are the peak (the

highest concentration value) and the leading and trailing edges of

the profile. A study on these features and the travel times of the

pollutant spills can be found in Wallis (2005).

In this paper the capacity of pollutant transport models to

predict the peak and the edges is a means of assessing model

performance. This is a way to ensure that models are able to predict

with accuracy the concentration of a pollutant along a river after its
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release. Some key questions are: when is the pollutant spill going to

arrive at a certain point downstream and what will the dynamic

evolution of the pollutant concentration be at that point.

A main approach for pollutant transport modelling is to rely on

the fundamental advection–dispersion equation (ADE), a partial

differential equation (PDE) describing the advective–diffusive mass

transport in surface waters (Socolofsky and Jirka, 2005; Wallis and

Manson, 2004; Fischer et al., 1979; Guymer, 1998). The ADE is

widely employed to build models for pollutant transport, and it has

proved to be suitable for a large number of cases (Marsili-Libelli and

Giusti, 2008; Rowinski et al., 2007; Boxall and Guymer, 2007; Jirka

and Weitbrecht, 2005; Pujol and Sanchez-Cabeza, 2000).

In the research presented here, the ADE is used for the devel-

opment of two kinds of mathematical models for an instantaneous

pollutant release. The first model uses an analytical solution of the

ADE, and is implemented in Matlab (hereafter named the analytical

model). The second one uses a numerical solution of the ADE, and is

implemented in COMSOL Multiphysics software (hereafter named

the numerical model).

Analytical solutions of the ADE have been proposed by several

workers, e.g. Van Genuchten and Alves (1982), and have been used

in water quality modelling for many years, e.g. Runkel and Bencala

(1995), Zoppou and Knight (1997), Socolofsky and Jirka (2005) and

Dunnivant and Anders (2005). Very many studies on different

numerical models have been published as well. The majority

concern the numerical discretisation of the ADE using finite

difference, finite element or finite volume methods (e.g. Noye,

1987; Morton and Sobey, 1993; Russell and Celia, 2002; Wallis,

2007a). Most recently, Rubio et al. (2008) developed a numerical

code to simulate advective–diffusive–reactive solute transport in

rivers. Other papers describe software packages, e.g. OTIS (Runkel,

1998) and/or approaches based on particle tracking, e.g. Rodriguez-

Molina and Garcia-Martinez (1998).

According to our knowledge no pollutant transport models for

surface flows in open channels (e.g. rivers) have been implemented

in COMSOL Multiphysics, a software package which solves PDEs by

using the finite element method (COMSOL Multiphysics User’s

Guide, Version 3.3, 2006). Although, the existing predefined

modelling support examples in the Earth Science Module of

COMSOL concern the transport of solute in porous media taking

into account advection, dispersion, sorption, and reaction, this kind

of transport is governed by different laws and needs different tools

compared to solute transport in open channels. It was found that

the Chemical Engineering Module comprises the most appropriate

predefined equations to describe the transport of pollutants in

rivers by means of the (Fickian) advection–dispersion equation.

Our interest is to see if the modelling results given by a numer-

ical model implemented in the Chemical Engineering Module of

COMSOL Multiphysics are satisfactory. A good numerical model,

giving accurate predictions, would be able to simulate other types

of pollutant releases in theMurray Burn, while the analytical model

is able to simulate just instantaneous pollutant releases. This would

be possible by changing the boundary conditions and initial

conditions for the source.

We apply the analytical and numerical models to the Murray

Burn, which is the subject of several recent publications. Some of

them are focused on the prediction of tracer concentration profiles

by using neural networks (Piotrowski et al., 2007) or by a semi-

Lagrangian, control volume numerical scheme (Wallis and Manson,

2005b). Others concern the prediction of dispersion coefficients in

the stream, also by using neural networks (Wallis et al., 2007), and

a study related to the prediction of travel times (Wallis, 2005). Most

of these studies are focused on one short reach of the stream. The

present paper extends the study area to four reaches. The model-

ling approach is also different from the previous work related to

this stream as it is aimed at a deeper understanding of the

phenomenology and of the interdependencies between the char-

acteristic parameters. The interest is not just to have the best

prediction tool for pollutant transport, but also to use reliable

parameters, and to make the models applicable for other similar

case studies by presenting a model for dispersion coefficient and

velocity estimation.

The need for reliable parameter estimation is motivated by the

fact that the ADE relies heavily on the ability to estimate the

dispersion coefficient and the velocity. This incentive has driven

a lot of research focused on the calculation of dispersion coeffi-

cients. The methods employing concentration measurements give

the best results in estimating the dispersion coefficients (Guymer,

1998; Chin, 2006), even though these are also subjected to some

errors (Liu, 1977). Since experimental data on concentration

profiles is not easy to get, many researchers have tried to find

empirical formulas for the calculation of dispersion coefficients

(e.g. Fischer et al., 1979; Liu, 1977; McQuivey and Keefer, 1974; Seo

and Cheong, 1998; Deng et al., 2001; Kashefipour and Falconer,

2002; Singh, 2004). Detailed reviews and comparison of these

calculation methods are presented in Seo and Cheong (1998),

Kashefipour and Falconer (2002) and Wallis and Manson (2004).

As was shown by Wallis and Manson (2004), the values of

dispersion coefficient obtained for the same stream are different

when using the different formulas. Even when using the same

calculation technique, for a certain reach of a stream, the values can

be inconsistent for similar water flow rates (Piotrowski et al., 2007).

Seo and Cheong (1998) find accuracy varying between 0% and 67.8%

when analysing the performances of several well known formulas.

They propose a new formula, having a declared accuracy of 79.2%.

The formula is actually a modification of the Fischer formula,

reported as giving satisfactory results for a wide number of cases

(Fischer et al., 1979).

The difficulties in estimating the dispersion coefficient are

related to the complexity of the phenomena occurring during

pollutant transport, the different nature of the analysed cases when

deriving the formulas, the specific assumptions, and the non-

uniformities of the same river along its channel. The latter is

another issue which motivates us to find a proper model to predict

these parameters for the case of the Murray Burn. The parameter

estimation model relies on the optimized parameter values

obtained during the calibration of the concentration model. The

velocity and dispersion coefficient are estimated as functions of the

water flow rate and/or the channel characteristics. A proper model

ensures the accurate parameter estimation, while the use of the

already existing formulas could lead to inaccurate estimations, as

shown later on in the paper when the results of multiple formulas

for the estimation of dispersion coefficient are compared.

2. The study area and experimental data

The model development relies very much on experimental data

of concentration profiles collected during tracer tests organized by

Heriot-Watt University in the Murray Burn, a small stream which

crosses the University’s Riccarton campus. The tracer used for all

the experiments was Rhodamine WT, considered as being

a conservative tracer. The water flow rates are different between

the 26 tracer tests, and have values up to 3 m3/s. The tracer tests

were organized in order to mimic an instantaneous point pollutant

release: a known mass of tracer, chosen as a function of the water

flow, was injected (instantaneously discharged) into the middle of

the stream. Themonitoring of concentration in timewas performed

downstream of the source at up to four sites. For each experiment

the sampling intervals were different and depended on the water

flow rate: at higher flows, sampling was made more often in an

E.-C. Ani et al. / Environmental Modelling & Software 24 (2009) 1139–11521140



attempt to capture the profile at a good resolution. More details

about the monitoring procedure are given in Wallis (2005) and

Piotrowski et al. (2007), and comments related to the analytical

methods are given in Wallis (2005).

The experimental data set consists of concentration versus time

curves at the monitoring sites. After careful analysis of the data set,

including visual inspection and comparison of the area under the

curves it was decided to exclude about 10% of the experiments, due

to the poor quality of those data. The problems concerning the

quality of the data in the excluded experiments were related to

some poorly captured concentration profiles. In a few cases,

equipment or human failure led to data not being successfully

collected (see Piotrowski et al., 2007). For some of the experiments

the monitoring was done just at the first two or three sites. Due to

this there is much less data available for the last site and it is

expected that the predictions of the model for estimating the

velocity and dispersion coefficient for the lowest reach could be

affected.

The Murray Burn channel is hydraulically non-uniform, which

makes it difficult to model. A summary of some relevant charac-

teristics of the study site, which extends for 540 m between the

tracer source and the last monitoring site, is shown in Table 1. Due

to the non-uniformity of the channel, the values of the hydraulic

and mixing parameters are not constant along the investigated

distance. In order to work with parameters that varied in space, it

was decided to split the stream length into four reaches defined by

the monitoring points (as shown in Tables 1 and 2).

The reaches are different for the two models due to their

different nature. For the numerical model the computation is done

continuously from the source to the last monitoring site, consid-

ering that the parameters are changing along the river. The output

concentration from the first reach is the input concentration for the

second reach, and so on, as the pollutant is transported

downstream.

For the analytical model the requirements are different, because

the analytical solution is only valid for constant parameters. Hence,

each reach is computed separately, and considers the channel

parameters as having a constant average value between the reach

boundaries, see Table 2. In order to avoid confusion the sets of

reaches for the two models are hereafter referred to as analytical

and numerical reaches.

For each reach the solute transport parameters were indepen-

dently estimated. This kind of approach was first suggested by

Fischer as a solution for taking into account the variations of

dispersion coefficients within one meandering river. He proposed

the evaluation of dispersion coefficients at various cross sections

along the analysed river length, as a function of the geometry of the

channel and velocity (Deng et al., 2002).

This approach allows the best estimation of the parameters for

each reach, as the stream is non-uniform along the study area, and

the reaches are characterised by different values of the channel

parameters (see Tables 1 and 2). The use of four reaches influences

the numerical model application on other rivers, requiring some

additional changes. For example, the reaches of a new river to be

studied would have to be defined before adapting either model for

that river. In COMSOL the number of numerical reaches could be

changed easily by suppressing or adding internal boundaries in the

computational domain. It is also easy to reduce or increase the

number of reaches in the analytical model.

3. Overview of the modelling approach

The mathematical models for concentration prediction are

based on the one-dimensional (1D) ADE for conservative mass

transport in rivers, having the form shown in equation (1) (Row-

inski et al., 2007).

vc

vt
¼ v

vx

�

Dx
vc

vx

�

ÿ Vx
vc

vx
(1)

where t is time [s], x is distance from the source [m], c is tracer

concentration [mg/m3], Dx is the dispersion coefficient and Vx is the

cross-sectional average flow velocity [m/s].

At this point it is worth considering the complexity of water

quality models and the motivation to apply the 1D approach. The

parameters characterizing pollutant transport in surface waters are

variable along the space coordinates, represented by the length of

the river, the channel width and the water depth. Trying to include

all the variables in 3D space would lead to very complex models

and some arising difficulties related to the availability of experi-

mental data for themodels’ creation and evaluation. The alternative

is the use of 1D and 2D models which are still able to represent the

modelled system in a satisfactory manner.

In the case of the Murray Burn the question is: which is

preferred, a 1D simpler model or a more complicated 2D one? The

1D model is easier to use, and all the necessary data to build it and

evaluate it is available. The limits of this model can also be inves-

tigated. The 2D model represents more features of the system, but

more data is needed. Some of the data is not available, for example

dynamic cross-sectional profiles of the concentration field to

calculate the transversal dispersion coefficients. An alternative

option would be to use an empirical formula for these, but the

values of the coefficients might not be very reliable, due to the

limitations of such methods, limitations which are similar to those

for predicting the (longitudinal) dispersion coefficients discussed

later in the present paper.

Table 1

Physical characteristics of the study site and the reaches for the numerical model.

Reach

number

Boundaries

(upstream

downstream)

Length

[m]

Mean

width

[m]

Mean

slope

[m/km]

Other

characteristics

1 Source

Site 1

120 3.6 3.9 Boulders.

2 Site 1

Site 2

137 3.7 24.9 Boulders.

Contains two bends.

3 Site 2

Site 3

99 3.3 16.4 Cobbles.

Straight.

The upper fifth is wider

and shallower than the

lower four-fifths.

4 Site 3

Site 4

184 2.4 9.3 Cobbles.

Contains one long curve.

The two upper thirds are

wider and shallower than

the lower third.

Table 2

The reaches for the analytical model.

Reach

number

Boundaries

(upstream

downstream)

Length

[m]

Mean

width [m]

Mean

slope

[m/km]

1 Source

Site 1

120 3.6 3.9

2 Source

Site 2

257 3.65 15.1

3 Source

Site 3

356 3.56 21.1

4 Source

Site 4

540 3.16 13.3
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Another argument for the use of the simpler model is the fact

that a 2D model is suitable within the advective zone, but beyond

this distance the 1D model can be employed because the dominant

mixing process is then longitudinal dispersion (Jobson, 1996;

Fischer et al., 1979; Chin, 2006; Wallis and Manson, 2005a). Due to

the relatively small dimensions of the Murray Burn, the tracer is

well mixed before it reaches the first monitoring site. This is

consistent with the distance between the source and the first

monitoring site being around 30 times the channel width and the

flow being subject to vigorous cross-sectional mixing caused by the

very rough nature of the channel. Although it is difficult to predict

where the advective zone finishes, the absence of excessive skew in

the observed tracer profiles indicates that it too ends before the

first monitoring site.

An alternative and popular modelling approach is the transient

storage model (see, e.g. Runkel, 1998), which was originally

designed to explicitly cater for the retention of material in so-called

dead zones. More recently, the same model has been applied more

widely to address the interaction of streams with their surrounding

hyporheic zone (see, e.g. Worman and Wachniew, 2007). In both

applications, the model can replicate the extended tails sometimes

found in tracer experiment results. However, there is little or no

evidence that the transient storage mechanism plays a significant

role in the Murray Burn (Wallis and Manson, 2005b), so this

approach is not considered any further here. Finally, another

alternative model is worth a mention. This is the aggregated dead

zone (ADZ) model, which is also based on the idea of transient

storage of material in dead zones. However, it is radically different

to the ADE approach and contains parameters that are not as easily

related to conventional descriptions of mass transport in rivers. As

such it does not sit comfortably within the modelling framework

being considered in this paper. An application of the ADZ model to

the Murray Burn is described in Wallis (2007b).

The 1D models proposed in this paper take into account the

changes of the factors affecting the pollutant transport (water flow

rate, channel width, water depth, river bed slope) along the river

stretch under investigation, demonstrating that even a short

stream length can provide a complex study case when dealing with

pollutant transport.

The analytical model was developed by using the solution of the

ADE for an instantaneous injection of a mass of conservative tracer

(Chin, 2006; Jirka andWeitbrecht, 2005; Guymer,1998), as given by:

cðx; tÞ ¼ M

A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4ptDx

p exp

 

ÿ ðxÿ ðx0 þ VxtÞÞ2
4Dxt

!

(2)

whereM is the mass of released tracer [mg]; A is the cross-sectional

wetted area of the channel [m2], and x0 is the location of the

source [m].

The numerical model was developed in the Chemical Engi-

neering Module of COMSOL Multiphysics by using the 1D form of

the convection and diffusion terms. Starting from this predefined

form of the PDE it was possible to develop the model at the desired

level of complexity.

One of the most difficult tasks in building the numerical model

is related to the boundary conditions regarding the source. The

source was introduced in COMSOL as an impulse signal, to repre-

sent the instantaneous discharge of a known mass of tracer at the

beginning of the simulation. A smoothed switch function was used

in order to avoid discontinuity problems associated with the

computation of the Dirac signal. This function emulates steps when

computing the solution, to improve the numerical reliability and

the convergence of the algorithm. The Dirac signal is computed as

being a continuous signal during a very short period of time. During

the computation our observations were similar to those of

Kachiashvili and Melikdzhanian (2006) who reported that results

given by their own numerical models were more exact when the

function representing a pollutant source discharge was smooth.

The smoothed switch function has continuous derivatives and

allows the computation of the Dirac signal in such way that

numerical instabilities are avoided. If the Dirac signal is imple-

mented as an impulse during the computation there could appear

concentration oscillations at the source and negative values of the

concentration along the computational domain. The smoothed

switch function helps to eliminate this kind of numerical problem.

More details about the smoothed switch functions and its imple-

mentation are available in COMSOL Multiphysics User’s Guide,

Version 3.3 (2006).

In order to avoid describing the parameter change between

reaches by the means of simple step functions, smoothed functions

also have to be used at the monitoring points, where the bound-

aries between the reaches are located. This technique allows the

consideration of the variation of the parameters along the stream in

a reach-wise constant form without the introduction of undue

numerical errors arising from discontinuities in parameter values.

For both analytical and numerical models the assumptions are

similar, and they use the same information: values of the estimated

parameters, boundary conditions and channel characteristics, but,

as described earlier, the fragmentation of the stream into four

reaches is different. The methodology for the evaluation of the

parameters and the evaluation of the models is presented in Fig. 1.

Following common practice, the experimental data was divided

into two sets: model building data (containing 14 experiments) and

model evaluation data (containing 3 experiments) (step 1 in Fig. 1).

The first estimation of the parameters was made by using the

method of moments (Chin, 2006) applied to the concentration in

time profiles (Cmeasured). The calculation algorithm was imple-

mented in Matlab, and the results were exported in several text

files, which were later (step 2) imported into the analytical and

numerical models. By using these ab-initio values of the parameters

the first concentration output of themodels (Cmodel) was obtained

(step 3).

For the calibration of the model (step 4) non-linear optimization

algorithms were used in order to obtain the optimum values of the

velocity and dispersion coefficient, i.e. the values that give the best

Calculation of parameters (e.g.

Dx, Vx) based on theory

Optimization algorithm

min(Cmeasured - Cmodel)

Validated model for

concentration prediction
Mathematical model for

concentration prediction

Mathematical model for

parameter estimation

Optimized values of

Dx and Vx

Model building

data sets

Experimental data

(change of concentration in time,

channel geometry)1 1

3

2

4

5

6

5 6

Evaluation

data sets

Fig. 1. Methodology for the evaluation of the models (bold numbers indicate the steps

referred to in the text).
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fit between the concentration outputs from the models and the

experimental concentration curves. The optimized values of the

parameters were also used to build mathematical models for esti-

mating the parameters as functions of the water flow rate and/or

the channel characteristics (step 5). At all stages, the prediction

accuracy of the models was measured by the coefficient of deter-

mination, R-squared (Migliaccio et al., 2007).

For the evaluation of the models (step 6) the values of velocity

and dispersion coefficient predicted by the parameter estimation

models were used in the models for concentration to simulate the

experiments from the evaluation data set.

The creation of models for estimating the parameters of the

analytical and numerical models was motivated by the need to

estimate the pollutant transport parameters in similar cases where

no detailed concentration measurements are available for the ab-

initio calculation. Such an exercise is planned for the Somes River in

Romania, which has suffered environmental damage due to

industrial activity (MMDD, 2004; Serban and Rosu, 2005).

The concentration prediction in such cases could be done

according to Fig. 2. Assuming the estimation of the parameters is

possible by using water flow and/or channel characteristic data

(e.g. river bed slope, channel width, water depth) (Fischer et al.,

1979; Deng et al., 2002), then this information would be the input

of the parameter estimation model. The output would consist of

values of the velocity and dispersion coefficient.

4. Results and discussion

4.1. Ab-initio calculation of parameters

The model building data set was used for the ab-initio calcula-

tion of the velocity, water flow rate, dispersion coefficient, and

wetted cross-sectional area of the channel. The method of

moments (Chin, 2006) was used to calculate the velocity and the

dispersion coefficient, while the dilution gauging method was

employed for the estimation of the water flow rate. The wetted

cross-sectional area of the channel was calculated from the velocity

and the water flow rate. The results show that the theoretical

method of dilution gauging (Piotrowski et al., 2007) and the

method of moments (Chin, 2006) are sensitive to the quantity and

quality of the tracer concentration measurements. It was intended

that flow rates would be available from a calibrated weir; however,

visual inspection of the weir showed that it was not properly sealed

around its edges and that it was not wide enough to cater for high

flows. Therefore, flow values from it were not reliable. Hence,

instead, dilution gauging using the data from the tracer experi-

ments was used.

For each of the four reaches (in both the analytical and the

numerical model) the parameters were independently estimated,

as the study site is non-uniform. The values of the dispersion

coefficient and velocity are different between the reaches as

expected and as found in other studies, e.g. Deng et al. (2001). The

parameters also vary significantly between the experiments,

increasing with the flow rate, as would be expected from the

principles of open channel hydraulics and from previous dispersion

studies. The velocity is calculated from the reach length and the

centroid travel time (Wallis, 2005). The ab-initio values reveal that

the velocity increases relatively smoothly and non-linearly with the

flow rate and is not affected very much by any problems with the

concentration data (e.g. incomplete or poorly resolved profiles). The

variation of velocity between the reaches proved to be consistent

with the variation of the bed slope, e.g. velocities from the analyt-

ical reaches were biggest in reach 3 and smallest in reach 1;

see Table 2 for reaches details and Table 3 for velocity values.

The dispersion coefficient is calculated by using the reach

length, the centroid travel time, and the variances of the concen-

tration distributions. The ab-initio values of Dx increase with the

water flow rate as well, but not as smoothly as the velocity

increases. There is more scatter in the dispersion coefficients than

in the velocities, especially for the second and last reaches.

Some illustrative values of the parameters obtained from the

ab-initio calculation for the second analytical reach in the case of

experiments conducted at three different flow rates are presented in

Table 3. The data in the final three columns is commented on later.

Results from the method of moments have previously proved to

be sensitive to the quality and quantity of the experimental data

used (Chin, 2006; Wallis, 2005). Both missing and noisy data

(particularly in the trailing edge of the concentration profiles) can

seriously affect the estimation of the dispersion coefficient, while

the velocity is not so sensitive to such issues. This is due to the

dependence of the dispersion coefficient on the variance of the

concentration distribution, which is heavily influenced by the

information in the distributions’ trailing edges. The results of

parameter calculation for the Murray Burn reaches confirm this

fact, which has been observed in many previous studies (Rowinski

et al., 2007; Wallis et al., 2007; Boxall and Guymer, 2007).

Although these first estimates of velocity and dispersion coef-

ficient may contain errors, this was not of great concern because

optimized values were going to be obtained later, using the first

estimates as the initial values. Had better estimates been required,

Fischer’s routing procedure (Rowinski et al., 2007; Wallis et al.,

2007; Deng et al., 2005; Seo and Cheong, 1998; Fischer et al., 1979)

could have been used. For example, Boxall and Guymer (2007) used

the method of moments to obtain initial estimates of dispersion

coefficients and the results were further refined by using the

routing procedure.

Mathematical model

for concentration

prediction

Mathematical model for

parameter estimation

River geometry

Water flow

Solving new pollutants

transport problem

Fig. 2. Model building methodology when no detailed concentration data is available.

Table 3

Values of the model parameters for the second analytical reach.

Flow rate

(ab-initio)

Parameter Ab-initio value Optimized

value

Predicted

simple

model

Predicted

modified

Fischer

59.5 l/s Vx [m/s] 0.16 0.17 0.17 –

Dx [m
2/s] 0.82 0.50 0.52 0.53

142.3 l/s Vx [m/s] 0.26 0.27 0.27 –

Dx [m
2/s] 1.09 0.81 0.81 0.82

273.1 l/s Vx [m/s] 0.39 0.41 0.39 –

Dx [m
2/s] 2.14 1.28 1.13 1.20
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Some large errors in the values of the ab-initio calculated

dispersion coefficients were observed for some cases where the

experimental data is incomplete or of poor quality. Such an

example was found at the second site for a high flow experiment

(experiment 26). The value of the dispersion coefficient obtained

when using the method of moments for the second numerical

reach was 0.48 m2/s, while the value for the other reaches was

typically ten times bigger (e.g. 3.9 m2/s for the first reach). During

calibration any such clear outlying parameter values were replaced

with more representative ones.

The dilution gauging method was employed for the estimation

of the water flow rate at the sites. The area under the concentration

in time profiles is used in this method, and gives information about

the tracer mass at each site. In the Murray Burn data sets the areas
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Fig. 3. Velocity estimation with the simple non-linear model for the analytical reaches.
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Fig. 4. Velocity estimation with the simple non-linear model for the numerical reaches.
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under the curves show the same trend for most of the experiments.

The area has approximately the same values at the first two sites,

but decreases at sites three and four. When the area is different

from one site to another there could be two reasons: loss of tracer

along the river or problems with the data.

The loss of tracer could be real (e.g. because of retention in

vegetation or sedimentary material) or apparent (due to dilution

caused by water entering the stream via man-made drainage and/

or natural infiltration from surrounding paved and grassed areas).

The calculated flow rate increases from the tracer source to the last

monitoring site, following the trend of the area under the

concentration curves. In some of the cases the bigger values appear

to be real, but in some other cases they are heavily influenced by

problems with the data.

Quite often the problems concern a tail of a concentration

profile with incomplete measurements, which diminishes the

calculated value of the area under the curve, leading to a higher

calculated value for the flow rate at that site. This is the case for two

of the very low flow (13 l/s and 16 l/s) experiments at site four,

where the area under the curve is under-estimated because some

monitoring data from the trailing edge is missing. In these cases the

evaluated flow rate at site four has a bigger value than the true one,

and this may affect the values of the estimated model parameters.

For example, the dispersion coefficient could be over- or under-

estimated, either by being evaluated by a formula depending on the

flow rate, or by evaluation directly from the tracer data, using the

method of moments, which uses the variance of the concentration

distribution.

The ab-initio values of the parameters were used in the

concentration models (step 2 in Fig. 1) to make the first concen-

tration predictions, which were the starting points for the param-

eter optimization algorithms (step 3 in Fig. 1).

4.2. Optimized values of the parameters

The optimized values of the velocity and dispersion coefficient

were obtained by solving a non-linear least-squares optimization

problem. For the numerical model COMSOL gives the possibility to

implement the problem in COMSOL Script by using specific built-in

functions (COMSOL Script, Version 1.0, 2006). For the analytical

model the non-linear least-squares optimization problem was

solved by using a built-in Matlab function that finds the minimum

of an objective function by using the derivative-free method (The

MathWorks, 2008).

In both cases the algorithm is based on the minimization of the

objective function calculated as the sum of the squared differences

between Cmodel and Cmeasured (Rode et al., 2007; Piotrowski

et al., 2007; Kavetski et al., 2006). This type of objective function for

calibration is widely used in the field of water quality modelling

(Ng and Perera, 2005). The minimum of the objective function is

reached by varying the values of the velocity and dispersion coef-

ficient. The initial search values are provided by the ab-initio

calculations.

A problem related to the use of squared differences is that the

optimization algorithm is focused on the concentration profile’s

peakmagnitude and arrival time, while the prediction of the profile

edges plays a smaller role. In practice a model could be very good in

predicting the short exposure to high and medium concentrations,

but less accurate in predicting the long exposure to the smaller

concentrations. In consequence the selection of the objective

function was carefully done based on the investigation of several

options. Objective functions based on the Nash–Sutcliffe criteria,

proposed by many researchers and often used in hydrology (Chu

et al., 2008; Rode et al., 2007; Migliaccio et al., 2007; Kavetski et al.,

2006) were implemented, as well as the index of agreement

(Rode et al., 2007) and the weighted root mean squared error (Rode

et al., 2007). The simulation results show that these functions did

not bring significant improvement in the predictions, and the time

required for the computation was increased, especially in the case

of the index of agreement. Theweighted sum of squared differences

(Rode et al., 2007) was not considered, as it can be subjective due to

the weights attached to the data points (Ng and Perera, 2005).

Following consideration of the issues discussed above it was

decided to use the objective function based on the sum of squared

differences.

Our observations revealed that for the analytical reaches the

optimized values of the dispersion coefficient are always smaller

than the ab-initio calculated values, while the optimized velocity is

always bigger than the ab-initio velocity, see Table 3. This may

suggest that the method of moments tends to underestimate

dispersion coefficients while overestimating velocities, but it is not

known if this is a general result. The perceptual differences

between the optimized and ab-initio values are generally bigger for

the dispersion coefficient than for the velocity, especially in the

case of experiments affected by errors in the edges of the tracer

profiles.

An example of the values obtained for experiments conducted at

different flow rates is presented in Table 3 to illustrate this finding.

The values in the last two columns were obtained using the

parameter estimation models, which are described in the next

section.

Finding the optimized values of the parameters for the

concentration models completes the calibration (step 4 in Fig. 1).

The optimized parameter values are also employed to build models

for parameter estimation (step 5), which are used later in the

evaluation phase (step 6) of the concentration modelling. Some of

the simulated concentration profiles from the calibration runs are

shown later as illustrations of the best possible fits that can be

obtained between modelled and observed concentrations.

4.3. Parameter estimation models

The simple non-linear equations (3) and (4) are proposed for the

estimation of the velocity and, in the first instance, also for the

estimation of dispersion coefficients. The same form of non-linear

dependence was proposed by Whitehead et al. (1986), and it has

been employed by Uluatam (1993) and Jobson (1996) as well. It is

also used to calculate dispersion coefficients for water quality

modelling in the well known river modelling software, MIKE11

(DHI Software, 2000) and for thewater quality models QUASAR and

QUESTOR (Deflandre et al., 2006; Lewis et al., 1997).

Vx ¼ C1Q
C2 (3)

Dx ¼ C1Q
C2 (4)

where C1 and C2 are coefficients that have different values for each

of the 4 reaches and for each of the 2 parameters.

These expressions have the advantage of simplicity and follow

the tradition of geomorphological parameters scaling non-linearly

with flow (see, e.g. Leopold et al., 1995). However, since C2 generally

take non-integer values the equations are usually not dimension-

ally correct and therefore doubts could be raised about their

physical meaning.

The values of C1 and C2 are found by fitting the equation to the

optimized values of the velocity and dispersion coefficient,

obtained in step 3 in Fig. 1. The results are shown in Figs. 3 and 4

which show details from the parameter calculation for the

analytical model and in Fig. 4 for the numerical model (Fig. 5).
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The results show that the velocity and the dispersion coefficient

increase non-linearly with the water flow rate confirming previous

results from the Murray Burn (Wallis and Manson, 2005b). In all

reaches equations (3) and (4) describe the flow dependence of both

parameters satisfactorily, but a comparison of the R-squared values

suggests the velocity data is represented better than the dispersion

data, see Fig. 6, which shows that for velocity values of R-squared in

all analytical reaches are greater than 0.97, while for dispersion the

values are 0.98, 0.95, 0.98 and 0.91 for the analytical reaches 1, 2, 3,

4, respectively (comments on themodified Fischer results shown in

Fig. 6 appear later). In the case of the numerical reaches R-squared

values for the prediction of velocity are similar (greater than 0.97),

while for the dispersion coefficient the values are between 0.80 and

0.86.

The lower R-squared values for the dispersion coefficients may

simply be a reflection of the greater amount of scatter in some of

the dispersion data rather than anyweakness in the trends. Equally,

the cause of the scatter is difficult to identify since it may emanate

from variations in the quality of the tracer data between experi-

ments or it may reflect a genuine greater sensitivity of dispersion

(compared to velocity) to local flow dependence, perhaps stem-

ming from the way in which dispersion is affected by changes in

geometry, roughness of the channel and cross-sectional mixing of

solute as flow increases.

An alternative way of assessing the accuracy of these parameter

estimation models is to consider the relative errors in the predic-

tions. Following the method used by Migliaccio et al. (2007) to

evaluate the relative error, Fig. 7 shows the percentage error in the

predictions as a function of normalized values of the optimized

parameter values. The normalized values resulted from dividing

each parameter value by the maximum of the optimized values

(Lindenschmidt et al., 2007).

In general the errors are considerably lower for the velocity

estimation than for the dispersion coefficients. For both analytical

and numerical reaches the errors in predicting the velocity are

between similar limits (ÿ18% to þ52%). For the dispersion

coefficient the errors associated with the numerical reaches are

slightly bigger. The values are between ÿ85% and þ69%, excepting

experiment 16 (low flow), for which the dispersion coefficient is

over-estimated by more than 69%, especially for the last two

numerical reaches.

The values obtained for the coefficients (C1 and C2) in the case of

dispersion are similar to the ones published by Whitehead et al.

(1986) for two large rivers. For the velocity, although values of C2
are similar to Whitehead et al.’s, the values of C1 are bigger,

showing a faster increase of the velocity with the water flow in the

case of the Murray Burn (see Table 4).

These bigger values of C1 compared to those in the literature

reveal differences between the Murray Burn and the other inves-

tigated cases (River Ouse in Whitehead et al. (1986) and River

Karasu in Uluatam (1993)) related to the physical parameters that

influence pollutant transport, which are themselves influenced by

the hydraulic parameters, particularly the channel characteristics

such as slope, roughness and cross-sectional shape.

Comparing results from the two type of reaches, although there

are small differences between values of velocity and between

values of dispersion coefficient, the non-linear dependence on

water flow for the numerical reaches is similar to the one presented

in Fig. 3 for the analytical reaches. The values of C1 and C2 associated

with the velocity and the dispersion coefficient are almost equal for

the first analytical and numerical reaches, but there are some

differences for the other reaches, which is consistent with the

definition of the reaches shown in Tables 1 and 2. Hence in the first

reach the optimized parameters corresponding to each experiment

have very similar values for the two models. For the other three

reaches, generally the velocities are bigger and the dispersion

coefficients are smaller for the numerical reaches compared to the

analytical ones. It was also observed that the scatter of the opti-

mized dispersion coefficients is bigger for the numerical reaches

than for the analytical ones.

An alternative to this simple model for the estimation of

dispersion coefficients as a function of the water flow rate is to use
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Fig. 5. Dispersion coefficient estimation with the simple non-linear model for the analytical reaches.
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a more complicated formulation, which includes other channel

and/or flow parameters. Five formulas (Table 5) widely used in the

literature were applied to the Murray Burn reaches in order to find

if any of them were able to make comparable estimates to the

simple non-linear approach (equation (4)).

It was found that none of them makes better estimations than

the above proposed simple non-linear equation. The comparative

results for the second reach are presented in Fig. 8 (for the

analytical reach) and Fig. 9 (for the numerical reach) as an illus-

tration of this finding.

Liu’s formula overestimates for low flows and underestimates

for high flows. Kashefipour and Falconer’s formula overestimates in

all the cases, while McQuivey and Keefer’s formula consistently

underestimates. The closest values to the optimal ones, but which

are still underestimates, are given by the formulas of Fischer et al.

(1979) (hereafter referred to as the Fischer formula) and Seo and

Cheong (1998). It was also observed that the worst estimations

from all the formulas were given for reach 4, which might be as

a result of its greater non-uniformity (since it extends from the

source to the final monitoring site, it naturally contains sub-reaches

of quite different characteristics, as shown in Table 1).

Considering these results, it was decided to look closer at the

Fischer formula, which has been successfully used either in its

original form or in a modified form to predict dispersion coeffi-

cients by other workers (e.g. Dunnivant and Anders, 2005;

Socolofsky and Jirka, 2005; Borchardt and Reichert, 2001). Equation

(8) (see Table 5) written in a general way has the form of equation

(5). The value of the non-dimensional dispersion coefficient (C)

proposed by Fischer equals 0.011.

Dx ¼ C
B2V2

x

u*H
(5)

It was decided to adapt the value of C for the reaches of the

Murray Burn as in some recent literature C is presented as having

different values for different rivers (Borchardt and Reichert, 2001;

Wallis et al., 2007). The values of C were calculated by fitting the

equation (5) to the optimized values of the dispersion coefficient,

obtained in step 3 in Fig. 1.

The values of C for the analytical reaches are 0.001, 0.019, 0.027

and 0.039, for reaches 1, 2, 3, 4, respectively. For the numerical

reaches C is smaller compared to the analytical reaches, being

consistent with the smaller dispersion coefficients found in the

numerical reaches using the simple non-linear equation (4). The

value of C obtained for the second numerical reach is very close to

the results of Wallis et al. (2007), who found a value of 0.017 when

trying to predict the dispersion coefficients for this reach using

artificial neural networks.

Themodified Fischer formula, i.e. equation (5) with the different

values of C associated with each analytical reach, gives better

results compared to the original Fischer equation and to Seo and

Cheong’s equation for all analytical and numerical reaches, e.g. see

Figs. 8 and 9. However, when comparing it to the simple non-linear

model, for the analytical reaches, the modified Fischer formula

gives improvements only for the second reach, and provides less

accurate estimations for the other reaches, with reach four being

particularly poor. R-squared values are shown in Fig. 6, relative

errors are shown in Fig. 7 and values for three example flow rates

are shown in Table 3. In the case of the numerical reaches the

Table 5

Formulas for the calculation of dispersion coefficients.

Formula Reference Number

Dx ¼
h

7:428þ 1:775
�

B
H

�0:620�
u*

Vx

�0:527
ðHVxÞ

�

Vx

u*

�i

Kashefipour and

Falconer (2002)

(6)

Dx ¼ 5:915
�

B
H

�0:620�
Vx

u*

�1:42
ðHu*Þ Seo and

Cheong (1998)

(7)

Dx ¼ 0:011
B2V2

x

u*H

Fischer

et al. (1979) (8)

Dx ¼ 0:18
�

B
H

�2�
Vx

u*

�0:5
ðHu*Þ Liu (1977) (9)

Dx ¼ 0:058 Q
SB McQuivey and

Keefer (1974)

(10)
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Table 4

The values of the coefficients of the Vx and Dx estimation model for the analytical

reaches.

Parameter Coefficient Reach 1 Reach 2 Reach 3 Reach 4 Whitehead

et al. (1986)

Velocity C1 0.81 0.83 0.84 0.47 0.046

C2 0.59 0.57 0.57 0.47 0.64

Dispersion

coefficient

C1 1.74 2.19 2.87 1.67 1.82

C2 0.51 0.51 0.61 0.38 0.66
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modified Fischer formula makes poorer estimations at all sites,

compared to the simple non-linear equation.

The Fischer formula includes more parameters, allowing any

dependence of the dispersion coefficient on e.g. geometrical

channel features and the velocity to be represented, but it does not

give the best estimations for all the reaches. Equation (4) is simpler

and useful when no measurements of the physical parameters are

available. From the cost point of view, the modified Fischer formula

is more expensive, as it requiresmoremeasurements. If the formula

ensures a considerable improvement in the estimation of disper-

sion coefficients, then it is worth using it. If not, the simpler formula

is more effective and the cost is lower. However, good estimates of

C1 and C2 are required.

The models for parameter estimation are aimed to the calcu-

lation of the dispersion coefficient and velocity without using

tracer experiments data. The authors’ proposal for further research

is to use the present models to estimate the parameters for the

Romanian Somes River reaches, where no tracer data is available.

The approach is applicable if the coefficients in the equations are

similar. A first stage of this work consists of the development of

a case based reasoning tool for the calculation of the similarity

between river reaches based on hydraulic parameters (Ani et al.,

2009). Another knowledge-based computer tool was developed

recently and employed to identify information for the calculation

of dispersion coefficients in the Somes River (Avramenko et al.,

2009).

4.4. Calibration results

In this section we present concentration-time profiles from the

calibration runs of the analytical and numerical models and

compare them against the observed data at the downstream

boundary of the reaches. These illustrate the highest quality of

model fit because they use the optimum values of the velocity and

dispersion coefficients, obtained in the calibration step.

In these runs the values of R-squared (correlation between

simulated and observed concentration curves) for the analytical

model are between 0.96 and 0.99, with the majority of them being

bigger than 0.97. The values associated with the numerical model

runs are between 0.5 and 0.99, with the majority being above 0.90.

In general, therefore, both models are able to give quite accurate

simulations of the concentration at all sites, with those of the

analytical model being generally better than those of the numerical

model.

To illustrate the quality of the results, simulations for a medium

flow experiment are shown in Figs. 10 and 11. The four curves

represent the simulated tracer concentration in time at the four

monitoring sites, while the crosses mark the monitored concen-

tration. Each colour is associated to amonitoring site. The analytical

model (Fig. 10) slightly over-predicts the peak at the first moni-

toring site, but captures the peak well elsewhere. The numerical

model (Fig.11) is less good at simulating the peak value, particularly

at sites 3 and 4. The peak arrival time is predicted well by both

models at all sites. The analytical model gives good predictions for

the leading edges, but the trailing edge is not predicted very well at

the first three monitoring sites. The numerical model is equally

good at predicting the leading edges (except at site 4), but the

trailing edges are slightly poorer at all sites.

0 5 10 15 20 25 30 35
0

0.5

1

1.5

2

2.5

Comparison of 
concentration values for experiment 20

Time [min]

Co
nc

en
tra

tio
n [

mg
/m

3 ]

Experimental

Predicted − optimum Dx and Vx

Fig. 10. The results of analytical model for medium flow experiment (Q¼ 261 l/s).

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

0.5

1

1.5

2

2.5

Dispersion coefficient values at reach  2

Flow [m3/s]

Dx
 [m

2 /s
]

optimized values

simple nonlinear

modified Fischer

Fischer

McQuivey

Liu

Seo

Kashefipour

Fig. 9. The results of comparing various formulas for Dx estimation for the second

numerical reach.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.5

1

1.5

2

2.5

Dispersion coefficient values at reach  2

Flow [m3/s]

Dx
 [m

2 /s
]

optimized values

simple nonlinear

modified Fischer

Fischer

McQuivey

Liu

Seo

Kashefipour

Fig. 8. The results of comparing various formulas for Dx estimation for the second

analytical reach.

E.-C. Ani et al. / Environmental Modelling & Software 24 (2009) 1139–11521148



When working with pollutant transport models there is

a discussion regarding the most important features of the

concentration in time profiles to be predicted: leading and trailing

edges versus peak. From one point of view the peak is important to

be predicted because it gives information about the magnitude of

the event. On the other hand edges are important because they

show for how long the pollutant is present. Any in-river flora and

fauna could possibly resist a short exposure to a high concentration,

but might be damaged very much when a longer exposure to

a lower concentration occurs. In the present case the models are

able tomake good predictions of the peak value and also of the time

of exposure to medium and low concentration values, i.e. the width

of the predicted concentration profiles are well simulated (Figs. 10

and 11).

Considering the simulation of all of the calibration experiments

by both models, the peaks are the best predicted feature and the

trailing edges are the least well predicted feature. Furthermore,

reaches 1 and 2 are the best simulated reaches, while reach 4 is

generally the worst. The quality of the concentration prediction for

the last site could be related to the long distance between the

source and this last site along which the channel is non-uniform.

Also the real or apparent spatial variation in the flow rate (see

earlier) might have an influence.

4.5. Evaluation of the concentration models

This section concerns predictions from the analytical and

numerical models for the evaluation data set. The values of the

velocity and dispersion coefficient used in the concentration

models were obtained from the parameter estimation models

described earlier. As well as discussing how well the concentration

models simulate the observed concentration profiles for the eval-

uation experiments, some issues regarding the parameter estima-

tion models are also raised.

Results from the analytical model for a low flow experiment and

for a high flow experiment are shown in Figs. 12 and 13. The four

curves represent the simulated tracer concentration in time at the

four monitoring sites, while the crosses mark the monitored

concentration. Each colour is associated to a site. The velocities

were estimated from the simple non-linear equation approach, but

the dispersion coefficients were estimated in two ways – using the

simple non-linear equation and using the modified Fischer equa-

tion. The values are shown in Table 6.

For both flow cases the profiles at the first threemonitoring sites

are quite well predicted, although the peaks tend to be over-pre-

dicted and the trailing edges are rather poor. Predictions at these

sites made using the modified Fischer equation for the dispersion

coefficient are not significantly better than those made using the

simple non-linear equation, which is consistent with the earlier

discussion (see Fig. 6). Nevertheless, the differences are reflected in

the dispersion coefficients shown in Table 6. For example, at the

third site in the low flow case (Fig. 12) the modified Fischer equa-

tion yields a larger value than the simple non-linear equation and

the corresponding predicted peak concentration is somewhat

lower. In contrast at the third site in the high flow case (Fig. 13) the

dispersion coefficients from the two methods are very similar and

so are the predicted peaks.
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Fig. 11. The results of the numerical model for a medium flow experiment (Q¼ 261 l/s).
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At the final monitoring site, there are significant timing errors

for the whole profiles as well as errors in the peak concentrations,

both of which are most likely caused by a poor estimation of the

velocity for this long reach. The values listed in the last column of

Table 6 reveal the over-estimation of velocity at the last reach for

the low flow experiment (Fig. 12) and the under-estimation for the

high flow experiment (Fig. 13), which cause the poor prediction of

the peak arrival time in the concentration profiles at the last site.

For the other three sites the peak arrival time is more accurately

predicted due to the better estimation of the velocity. It is also

interesting to note that the differences between the two estimated

dispersion coefficients are very large for reach 4 compared to the

other reaches.

Results from the numerical model for the same two evaluation

experiments are shown in Table 7 and Fig. 15. For these runs only

the simple non-linear equation approach was used to estimate the

velocity and the dispersion coefficient.

As for the analytical model, the first three reaches are modelled

better than the final reach (see Table 7), and the edges of the

profiles are rather poor. In contrast to the analytical results,

however, the low flow case peaks are generally under-predicted by

the numerical model, but the high flow case peaks are over-pre-

dicted. The comparative values of R-squared calculated for the

predictions of both models for the experiments presented in Figs.

12–15 are listed in Table 7.

As would be expected, the quality of the concentration-time

profiles from the evaluation runs (using estimated parameters) is

less than that from the calibration runs (using optimized parame-

ters). Clearly, errors in the estimation of the velocity and dispersion

coefficient influence the concentration prediction.

Fig. 16 compares the overall predictive performance of the

analytical and numerical models for all monitoring sites. The R-

squared values shown are averages based on all three evaluation

cases and both methods for estimating the dispersion coefficient.

Overall, both models give comparable predictions at the first two

monitoring sites, the analytical model is better than the numerical

model for site 3 and both models are relatively poor for site 4. One

possible reason for the relatively poor predictions at site 4 is that

there were fewer experiments for calibrating the models for the

final reach. Hence the parameter estimation is probably less

reliable.

The differences in the model performance for site 3 could be

caused by the under-estimation of the dispersion coefficient at high

flows for the numerical model, while the predictions are accurate

for the analytical model. This is visible in Figs. 12 and 13 showing

the good prediction made by the analytical model for the peak

magnitude and in Fig. 15 showing the over-estimation of the peak

by the numerical model.

From the point of view of resource requirements the analytical

model is less expensive and provides results in a shorter time

compared to the numerical model. For the analytical model

everything was undertaken using Matlab, giving the opportunity to

visualise and compare results quickly. For the numerical model the

situation was different because the processing of data was more

complicated. Although most of the parameters and results could be

visualised by using COMSOL’s software interface, further process-

ing of results (e.g. the evaluation of R-squared values) required the

export of data files and subsequent import to Matlab. All of this

increased the time required to calibrate and evaluate the model.
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Fig. 15. Numerical model results for high flow experiment (Q¼ 535.4 l/s).

Table 7

The values of R-squared for the evaluation of the concentration models.

Experiment, water flow [l/s] Model/site 1 2 3 4

23, Q¼ 62.1 Analytical 0.85 0.89 0.96 0.51

Numerical 0.9 0.89 0.95 0.48

24, Q¼ 535.4 Analytical 0.94 0.94 0.93 0.71

Numerical 0.95 0.89 0.88 0.73

Table 6

Optimum and estimated values of the parameters for the validation experiments

(results from the analytical model).

Experiment, water flow Parameter/reach 1 2 3 4

23, Q¼ 62.1 l/s Vx optimum [m/s] 0.15 0.16 0.17 0.16

Vx Eq. (3) [m/s] 0.16 0.17 0.17 0.18

Dx optimum [m2/s] 0.41 0.51 0.55 0.54

Dx Eq. (4) [m
2/s] 0.59 0.53 0.52 0.52

Dx Eq. (5) [m
2/s] 0.62 0.60 0.72 0.81

24, Q¼ 535.4 l/s Vx optimum [m/s] 0.55 0.57 0.57 0.52

Vx Eq. (3) [m/s] 0.56 0.58 0.59 0.47

Dx optimum [m2/s] 1.30 1.70 1.76 1.67

Dx Eq. (4) [m
2/s] 1.27 1.59 1.96 1.96

Dx Eq. (5) [m
2/s] 1.52 1.73 2.02 1.07
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Fig. 14. Numerical model results for low flow experiment (Q¼ 62.1 l/s).
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Another advantage of the analytical model is that it facilitates

the simultaneous computation for all the experiments, while the

numerical model is only capable of simulating one experiment at

a time. On the other hand the analytical model simplifies the

representation of the physical processes more than the numerical

model by using spatially constant parameters, whilst the numerical

model attempts to include the sub-reach variation of the parame-

ters when long reaches are modelled. Unfortunately, the numerical

model results do not indicate much advantage in using the more

sophisticated treatment of the parameters. This may stem from

general numerical discretisation errors or from numerical difficul-

ties in handling the spatial variations of the velocity and dispersion

coefficient, although the worst of the latter (oscillations in the

predicted concentration values when there were big differences

between the values of the parameters in two successive reaches)

were removed by using the smoothed switch functions described

earlier.

Nevertheless a main advantage of the numerical model is the

ability to cater for a wide variety of initial and boundary conditions.

This makes it possible to use for other kinds of releases of pollut-

ants, such as the steady or unsteady releases over finite time

intervals in contrast to the ‘‘sudden release’’ case presented in this

paper. These facts motivated its development along with the

interest to see how such numerical models behave since no COM-

SOL-based models for solute transport in rivers have been pub-

lished before.

5. Conclusions

The paper has described the development of two mathematical

models for pollutant transport in streams based on the ADE. Both

models were calibrated and evaluated for reaches of the Murray

Burn in Edinburgh, UK. The results of the evaluation runs showed

that both models were able to capture the main features of

observed concentration-time profiles. R-squared values at the first

two monitoring sites were typically greater than 0.90 for both

models; at the third site the analytical model performed a little

better, while the numerical model was somewhat poorer; both

models gave rather poor results at site 4 (R-squared values being

typically between 0.5 and 0.6). The relatively poor performance at

site four compared to the other sites could be related to the lack of

tracer experiments that contained data at that site. This affected the

accuracy in estimating the parameters for the reach and resulted in

a less good calibration of the models.

In this work a lot of attention was given to the methodology for

the estimation of velocity and the dispersion coefficients because

good prediction of concentrations in streams relies heavily on the

ability to estimate both parameters well. As was expected, when

using the method of moments dispersion coefficients proved to be

more difficult to evaluate than the velocity, because the former is

more sensitive than the latter to incomplete or poor quality

concentration profiles. Optimized values of the parameters

obtained in the calibration phase of the model development,

however, were quite robust and showed well defined increasing

trends with increasing flow rate.

Such parameter estimation models give the possibility to obtain

the velocity and dispersion coefficient values independently of

tracer experiments. The proposed non-linear model for velocity

and dispersion coefficient proved to make satisfactory estimations

for the first three reaches, but the fourth reach was not as well

catered for. There was little evidence that a more sophisticated

model for estimating dispersion coefficients provided significantly

better predictions of solute concentrations.
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Abstract

This  paper  concerns  the  simulation  of  pollutant  transport  in  a  small  river,  using  a
dynamic model. The aims of the study are (1) to describe the features of the developed

concentration model; (2) to compare two approaches of parameterising the study site;

(3) to propose a model for the evaluation of the velocity and dispersion coefficients, and

(4) to present the results of the concentration model calibration and validation.

Keywords: pollutant transport modelling, analytical model, tracer experiments,

dispersion coefficient.

1. Introduction

The need to satisfy the growing expectations regarding the availability of acceptable

quality water requires the development of specific simulation tools and decision support

systems for a responsible management of the environment. Such tools are offered by

water quality modelling workers, who have developed analytical models based on the

fundamental advection-dispersion equation (ADE) for pollutant transport in rivers.

Despite the large quantity of existing results (Socolofsky and Jirka, 2005; Marsili-

Libelli and Giusti, 2008; Boxall and Guymer, 2007; Jirka and Weitbrecht, 2005;

Rowinski et al., 2007) there are still difficulties related to the evaluation of the

parameters characterising mass transport in rivers (e.g. the dispersion coefficients).

The present paper contributes to the above field by proposing (1) a mathematical model
for pollutant transport in a stream, (2) a novel approach to describe the river length, and

(3) a model for parameter evaluation.

The pollutant transport model is calibrated and validated for the Murray Burn stream.

The methodology as well as the level of detail in representing the river features bring

added value to our research, compared to previous work on the Murray Burn

(Piotrowski et al., 2007; Wallis and Manson, 2005).
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2. The mathematical model background

The model uses the analytical solution of the ADE for an instantaneous injection of a
mass of conservative tracer (Jirka and Weitbrecht, 2005):
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where x is the distance along the river [m]; t is the time from the tracer release [s]; M is

the mass of released tracer [g]; A is the cross-sectional wetted area of the channel [m2],

Dx is the dispersion coefficient [m2/s], Vx is the velocity of the water [m/s], and x0 is the

location of the source.

Most of the existing analytical models for pollutant transport use a classical approach to
describe a study site. This implies splitting the river into independent reaches

characterised by constant average parameter values. Each reach starts at the source and

ends at a certain downstream monitoring site (as shown in Table 1). The present paper is

proposing a novel technique to describe the study area, with the purpose of improving

the concentration prediction.

3. Comparison of the two approaches for parameter evaluation

3.1. Study area and experimental data
The studied river stretch of the Murray Burn is 540m long and flows through Heriot-

Watt University’s campus in Edinburgh. The experiments were conducted at different

water flow rates, between 14 l/s and 2931 l/s. In each case a known quantity of

Rhodamine WT was injected in the middle of the stream, and the evolution of the

concentration in time was measured at 4 sampling sites. More information about the

study area and the experimental arrangements are provided in Piotrowski et al. (2007)
and Wallis and Manson (2005).

The experimental data consisting of concentration versus time curves at the monitoring

sites were organized in two parts: a calibration data set (14 experiments) and a

validation data set (3 experiments).

3.2. The calibration and validation methodology
The calibration set was used to develop and calibrate the model. The parameters of the
model were estimated from the concentration versus time curves using the method of

moments (Piotrowski et al., 2007; Chin, 2006). Then these predictions were used as

initial values in a non-linear optimization algorithm along with the experimental data

from the calibration set, the purpose being to obtain the optimal values of Dx and Vx.

Using the optimal values, models for parameter estimation were developed. For Vx a

simple non-linear dependence on the water flow rate was proposed (eq. 2), while for Dx

a modified form of the well known Fischer formula (Fischer et al., 1979) was used (eq.

3):

2

1

C

x QCV = (2)
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where Q is the water flow rate [m3/s]; B is the river width [m]; H is the water depth [m];
u* is the friction velocity with the river bed [m/s]; C, C1 and  C2 are coefficients. The

values of all these parameters are different for the two approaches used to describe the

study site. Hence the models for parameter estimation have the same form for each

approach, but different coefficient values. And the calibration and validation were made

separately.

The models for parameter estimation were used to make predictions of Dx and  Vx for

the experiments in the validation data set. The validation was made by comparing the

predicted against the measured concentration profiles. The prediction accuracy was

measured by calculating R-squared for each concentration profile.

3.3. The approaches used to describe the study site
The river channel is hydraulically non-uniform between the source and the last

monitoring site. In the present model the variation of the parameters along the channel

is expressed in two ways. First by using the classical approach of considering the study

site using four independent reaches, presented in Table 1. Each reach is characterised by

constant average parameters. And second by using a novel approach which considers

the study site as one single reach with variable parameters along it.

Table 1. The reaches of Murray Burn in the classical approach

Reach number 1 2 3 4

Boundaries (up-downstream) source- site 1 source - site 2 source - site 3 source - site 4

Length [m] 120 257 356 540

In the novel approach the upstream boundary is the source and the downstream

boundary is site 4. During the computation this length is discretized into spatial steps,

and the parameters are calculated according to this arrangement. All model parameters

(B, H, S, Q, A, Dx,  Vx) are re-evaluated at each spatial step such that the parameter

values corresponding to a certain point along the river are equal to weighted averages of

the upstream values.

4. Results and discussion

In the calibration runs, when the optimum values of Vx and Dx were used the model was

able to give quite accurate prediction of the concentration at all sites, for both of the

approaches. The values of R-squared are above 0.93, as shown in Table 2. In the

validation runs R-squared values are lower (as would be expected), but apart from site 4

they are above 0.91.
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Table 2. The average values of R-squared at calibration and validation

R-squared/Site 1 2 3 4

calibration 0.98 0.98 0.98 0.98Classical
approach validation 0.91 0.94 0.94 0.60

calibration 0.98 0.98 0.98 0.93Novel
approach validation 0.94 0.97 0.97 0.86

During calibration and validation the best correlations are at sites 2 and 3, the results at
the first site are within acceptable limits in all cases, and the poorest correlations are at

site 4, where the peak is sometimes under-predicted. Even though the calibration results

for the novel approach at the fourth site are the poorest the results of the validation show

improvements at site 4 when using the novel approach compared with the classical one

(note the larger R-squared values for the novel approach in the last column of Table 2).

Interestingly, in the validation runs the novel approach of describing the study site

brings improvements in the concentration prediction at all the monitoring sites.

Figure 1. Validation results for a low flow experiment (62.1 l/s)

Some comparative results of the model validation when using the two approaches are

presented in Figure 1 (for a low flow experiment) and Figure 2 (for a high flow

experiment). The peak arrival time is well predicted for most of the concentration

curves, showing a good estimation of the velocity made with the simple non-linear
model. The only site with poor Vx prediction is the last one, although the novel

approach performs well for the high flow experiment.
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For the low flow experiment at the first site Dx is under-estimated with the novel

approach and at the third site it is over-estimated with both approaches. Dx is estimated

well at all sites for the high flow experiment.

The poor validation results at site 4 compared to the other sites could be caused by the

relatively small number of experiments that had measurements at the last monitoring
site (Piotrowski et al., 2007), which leads to a less accurate estimation of velocity and

dispersion coefficients.

Figure 2. Validation results for a high flow experiment (535.4 l/s)

The overall results show that the model is efficient for the simulation of pollutant

transport in the Murray Burn. Clearly, such prediction tools are very important in the

field of environmental modelling, and their prediction accuracy depends very much on

the ability to make good estimations of Vx and Dx.

5. Conclusions

The paper proposes a mathematical model for pollutant transport in small rivers;

compares two different approaches of parameterising the river and proposes models for

the evaluation of the velocity and the dispersion coefficient. The concentration model

was calibrated and validated with satisfactory results. The interest was not just to have

the best prediction tool for pollutant transport, but also to use reliable parameters. In this

regard, the novel approach of describing the study site brings improvements in the

concentration prediction at all the monitoring sites.
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Abstract 

The River Swale in Yorkshire, northern England has been subjected to a wealth of studies 

concerning water quality. This paper builds on existing data resources and previous 1D river water 

quality modelling applications at daily resolution (using QUESTOR) to provide a different 

perspective on understanding pollution, through simulation of the short-term dynamics of nutrient 

transport along the river. The two main objectives are: (1) building, calibration and evaluation of a 

detailed mathematical model (Advection-Dispersion Model: ADModel), for nutrient transport under 

unsteady flow conditions, and (2) the development of methods for estimating key parameters 

characterising pollutant transport (velocity, dispersion coefficient and transformation rates) as 

functions of hydrological parameters and/or seasonality.  

The study of ammonium and nitrate has highlighted temporal variability in processes, with 

maximum nitrification and denitrification rates during autumn. Results show that ADModel is able 

to predict the main trend of measured concentration with reasonable accuracy and accounts for 

temporal changes in water flow and pollutant load along the river. Prediction accuracy could be 

improved through more detailed modelling of transformation processes by taking into account the 

variability of factors for which existing data were insufficient to allow representation. For example, 

modelling indicates that interactions with bed sediment may provide an additional source of 

nutrients during high spring flows. 

Keywords: nutrient dynamics, pollutant transformation, nitrogen, pollutant transport modelling, 

river water quality, transport parameter model, dispersion coefficient, QUESTOR, River Swale. 
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1 Introduction 

1.1 Background 

Nutrients play a major role in the quality of water and have a significant influence on the 

aquatic ecosystem. When nutrient loads are too high, eutrophication takes place causing water 

quality problems, changes in the biotic population structure and even fish-kills (Neal et al., 2008; 

Migliaccio et al., 2007; Bowes et al., 2003). Mobile water-soluble forms of nitrogen and 

phosphorus are the main freshwater nutrients (Neal et al., 2000), with the most important species 

being nitrate (NO3) and soluble reactive phosphorus (SRP), followed by ammonium (NH4) and 

organic phosphorus (OP). They are of critical environmental concern (Davies and Neal, 2007), 

limiting vegetation growth, influencing aquatic life and playing a major role in oxygen depletion 

(Pauer and Auer, 2009; Kim et al., 2006; Butturini and Sabater, 2002). Hence, nutrients have been 

widely studied, revealing the significance and complexity of their dynamics and in-river controlling 

processes (Whitehead et al., 1986; Bowes and House, 2001).  

Regarding nitrogen, different studies relate to: pollution at catchment scale (Wade et al., 2008; 

Neal et al., 2008; Hutchins et al., 2007); catchment pollution studies across Europe (Wade et al., 

2002); in-stream water quality modelling (Marsili-Libelli and Giusti, 2008) including identification 

of unknown sources and sinks (Whitehead et al., 1986); water quality assessment (Neal et al., 

2006); use of export coefficients to predict nitrate loads in waters (Whitehead et al., 2002) and 

combining research at in-stream and watershed level (Migliaccio et al., 2007). GIS is used to relate 

river nutrient concentrations to catchment characteristics (Davies and Neal, 2007). 

The complex behaviour of nutrients in River Swale and its tributaries has been extensively 

studied, providing an invaluable basis for modelling. It formed an important part of the 

comprehensive Land Ocean Interaction Study (LOIS) (Boorman, 2003; Neal et al., 2000l; Leeks 

and Jarvie, 1998; Jarvie et al., 1998). Mass-balance approaches and estimation of fluxes, sources 

and sinks (Bowes et al., 2008, 2003; Bowes and House, 2001; House and Warwick, 1998a,b) have 

been conducted, highlighting the major influence of complex in-stream nutrient transformations 

along lower reaches. House and Warwick (1998b) cited the need to understand kinetics of riverine 

processes and their seasonal variability. Any modelling study that summarises main features of 

nutrient dynamics must acknowledge that involved transformation processes cannot be uniquely 

identified. 

1.2 Modelling of pollutant transport 

In LOIS, two models were used for water quality simulation (QUESTOR and its precursor 

QUASAR). The focus was on modelling catchments larger than Swale, although since, transport 

models of nutrients (Kim et al., 2006) have been developed specifically in the Swale. QUASAR 
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(Lewis et al., 1997; Whitehead et al., 1997) gave satisfactory results, but was deemed inflexible and 

time-consuming when implementing new applications (Boorman, 2003) which led to the 

development of QUESTOR (Eatherall et al., 1998). Boorman (2003) gives a broad view on methods 

and applications, but characteristics relevant to the present study follow in Section 3. 

Less modelling effort has been directed to the detailed study of pollutant transport in short river 

stretches. A sensitivity analysis of QUESTOR (Deflandre et al., 2006) included the Swale and 

highlighted suitability for modelling large rivers rather than detailed studies of short river stretches. 

An example of the latter would be plume dispersion studies which are carried out using small 

spatial (meters) and temporal steps (minutes or seconds). For nutrient transport, in keeping with 

examples of many river models (e.g. interactions of nutrients with organic contaminants by 

Deksissa et al. (2004)), QUESTOR assumes perfect mixing along a succession of reaches. Given 

the wealth of data for Swale, rather than further develop QUESTOR it was deemed more 

appropriate to develop a new nutrient transport model using analytical solutions of partial 

differential equations for advection-dispersion (hereafter referred to as analytical model). 

Analytical modelling of pollutant transport in rivers has been studied extensively. It is well 

known that the form of analytical solution is strongly dependent on the type of pollutant releasing 

source. Sources are characterized according to: location along the river bank (point, diffuse), 

geometry (line, point, cubic) and duration of release (instantaneous, continuous) (Avramenko et al., 

2009; Socolofsky and Jirka, 2005). A different equation is needed to represent each source type due 

to specific initial and boundary conditions to be applied to the advection-diffusion equation (ADE) 

(Socolofsky and Jirka, 2005). Many researchers have calculated analytical solutions of ADE for 

specific pollutant releases (Chin, 2006; Dunnivant and Anders, 2005; Fischer et al., 1979) yet 

greater effort has concerned the use of analytical solutions to predict pollutant transport (Ani et al., 

2009a,b; Dunnivant and Anders, 2005; Socolofsky and Jirka, 2005). The point instantaneous type of 

discharge is the most widely investigated whereas (unfortunately) the majority of the analytical 

models are tailored towards a single ”constant discharge” pollution source (Chin, 2006; Pujol and 

Sanchez-Cabeza, 2000; Fischer 1979). In practice the exposure concentrations of environmental 

pollutants are variable (Deksissa et al., 2004) due to changes in the source discharge and its 

pollutant load, and the flow rate of diluting river.  

1.3 The present paper 

Our challenge is to take into account the dynamics of pollutant transport whilst including 

multiple sources each of comparable importance: an ambitious task, due to the amount of data 

needed and complexity of processes. Most analytical models focus on simulation of a single 

pollutant (see Ani et al., 2009a,b) whereas here four transported pollutants (NO3, NH4, SRP and 
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OP) are considered. The model is calibrated and evaluated by considering the transport parameters 

and associated nutrient transformations. 

The present paper objectives are: (1) to develop a new tool for the prediction of nutrient 

transport along a short river stretch (50.4 km) under unsteady flow conditions; (2) to make the 

model (hereafter referred to as ADModel – AdvectionDispersionModel) consistent with 

QUESTOR, which is also applied; in order (3) to relate nutrient dynamics in the river stretch to 

variability in nutrient transformation rates; and (4) to illustrate the benefits gained in terms of model 

skill with the new ADModel approach. ADModel was to be developed using experimental data 

from lower River Swale (those data cited earlier: House and Warwick, 1998a,b; Bowes and House, 

2001; along with additional field data). 

The research is important from two major perspectives: (1) the model development and 

calibration; and (2) the pollutant transformation model. We give necessary attention to the 

development and evaluation of the model and discuss findings in relation to previous studies on 

River Swale and elsewhere, focusing on nitrogen. A similarly detailed focus on phosphorus 

transformation processes is out of the scope of the present paper.  

2 Field data for sub-daily resolution modelling (ADModel) 

River Swale is a tributary of the Yorkshire Ouse River, a major river in north-east England, 

flowing into the Humber Estuary and the North Sea (Fig. 1). Its catchment is formed of an upland 

zone (above Catterick) and a lowland zone (above Crakehill) (Fig. 1). Detailed description of the 

entire catchment is given (Bowes et al., 2003; and House and Warwick, 1998a), though our research 

focuses on the lowland zone. The investigated river length of 50.4 km (see Table 1: further referred 

to as the river stretch or study area), lying between Catterick Bridge and Crakehill, (bounded by the 

first and respectively last black triangles in Fig. 1) is described in Kim et al. (2006) and Bowes and 

House (2001). 10 km downstream of Crakehill the River Swale joins River Ure forming River 

Ouse. 

Nutrient pollution in the lowland zone is mostly caused by farming, but also by commercial and 

industrial activities associated with large population centres (e.g. Catterick) (Kim et al., 2006; 

Bowes and House, 2001; House et al., 1997). Major tributaries (Bedale Beck, Wiske and Cod Beck) 

also introduce significant quantities of nutrients (House and Warwick, 1998a,b; Bowes et al. 2008). 

The biggest contribution to nitrate load is given by the discharge of the three main tributaries (Kim 

et al., 2006), the point source loads being significantly smaller. This is also the case for SRP and OP 

(Bowes and House, 2001). House et al. (1997) appreciate that the majority of nitrate (74%) and SRP 

(78%) in the river stretch is discharged by River Wiske and Cod Beck. S4, located downstream of 
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M2 (see Fig. 1, Table 1) makes the biggest contribution (approximately 90%) to the discharge of 

nutrients from point sources. 

  

Fig. 1 Map showing the location and details of the study area. 

 

The field data comprise four categories: physical data; time-series data; sources and abstractions 

data. The physical data provides information about channel characteristics. River bed slope values 

along all study area were provided by a digital terrain model calculated using GIS at the Centre for 

Ecology and Hydrology, Wallingford, UK. Measurements for other physical parameters e.g. 

channel width, water depth, mean velocity (V), water flow rate (Q), at monitoring sites are available 

(Booker and Dunbar, 2008). The transit time between points M1 and M4 was estimated as 12-24 

hours, similar to previous studies (Bowes and House, 2001; House and Warwick, 1998b and House 

et al., 1997). More details on the estimation of model parameters from these field data sources are 

provided later.  

Time-series data were collected during ten sampling campaigns (House and Warwick, 1998a 

and Bowes and House, 2001) under a wide range of flow conditions: (1) 14-15 Sept 1994 (high 

flow), (2) 27-28 Feb 1995 (high), (3) 27-31 Oct 1995 (low), (4) 22-26 Feb 1996 (high), (5) 25-29 

Apr 1996 (medium), (6) 3-11 Mar 1998 (high), (7) 14-22 July 1998 (medium), (8) 6-14 Oct 1998 

(medium), (9) 12-23 Jul 1999 (medium), (10) 11-25 Feb 2000 (high). Monitoring was carried out at 

four sites along the main channel (M1-M4) and at three sites located in tributaries (T1-T3). At these 

sites time series of flow rate and concentration for NO3, NH4, SRP and OP are available. In some 
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campaigns, water level was also monitored. The monitoring period was the same across all sites and 

samples were collected every one, two or three hours, depending on campaign. On several 

occasions data from tributaries were not available and it was necessary to resort to default values 

based on expert knowledge. These are displayed in Table 1along with default values associated with 

point pollution sources (marked “X” on the map in Fig. 1). There are four main point pollution 

sources (S1-S4) characterized by their location, discharged water flow and its nutrient 

concentration. The locations of the fifteen most important abstractions and the quantity of water 

removed from the river are also known.  

Table 1 Characteristics of the studied stretch of River Swale. This includes the distance downstream and 

delineation of sub-stretches used in models, illustrating differences between QUESTOR and ADModel. 
 

Site1 Description 
Distance 

(km) 

Source default values2: 

NO3-N, NH4-N, SRP, OP, Q 

QUESTOR 

zone3: 

rate 1, rate 2 

ADModel 

reach, no. 

Abstractions 

M1 Swale at Catterick 0  

S1 Quarry  0, 2, 0, 0, 0.005 

S2 STW
4 

 10, 5, 5, 1, 0.006 

S3 STW  10, 5, 5, 1, 0.01 

Zone 1: 

4, 0 

  16.4  

T1 Bedale Beck  6.87, 0.15, 0.03, 0.03, 2.47 

S4 STW  10, 5, 5, 1, 0.2 

Reach 1 

7 

M2 Swale at Maunby 26.1  

T2 Wiske at Kirby Wiske  12.12, 0.15, 0.03, 0.03, 2 

Zone 2: 

2, 1.25 

  44.6  

T3 Cod Beck at Dalton  6.007, 0.15, 0.03, 0.03, 1.5 

Reach 2 

6 

M3 Swale at Leckby 47.6  

M4 Swale at Crakehill 50.4  

Zone 3: 

5, 0 
Reach 3 

2 

1 
Specification of monitoring sites (M), tributaries (T) and point sources (S). 

2 
Default values used in models when necessary ([mg/L], except for Q [m3/s]). For S2, S3 and S4 estimates of Q values 

are based on local population data.  
3 

Process rates quoted are the optimum reference rate constants [1/day] used by QUESTOR for 1. nitrification (kref_nit) 

and 2. denitrification (kref_den) respectively. 
4
 STW = Sewage Treatment Works 

3 Water quality modelling at daily time-step (QUESTOR) 

3.1 Methodology 

QUESTOR, a 1D water quality modelling framework for river networks, was implemented on a 

daily time step over a three year period (1997-99). The 50.4 km stretch of River Swale was 

represented as a set of 26 reaches, with perfect mixing assumed to occur in each. Whilst ADModel 

just represents this 50.4 km stretch (Section 2), QUESTOR differs in that the modelled network is 

more extensive, making it more responsive to perturbations in inputs; continuing (i) 4.6 km 

downstream of Crakehill (4 reaches, to Thornton Manor), (ii) upstream of Catterick (10 reaches) 



 7 

and (iii) up the Wiske (7 reaches) and Cod Beck (8 reaches) tributaries. QUESTOR is primarily 

designed to accept daily flows and routine chemical monitoring data from national authorities, both 

to be used as model inputs and in the process of testing model performance. Monitoring of the 

quality parameters active in the model (pH, Temp, BOD, DO, nitrogen and phosphorus species) 

consists of fortnightly or monthly spot sampling.   

The point and non-point pollution sources identified in Section 2 were all to be represented as 

daily time series, for both quality parameters and discharge. Where possible these were derived by 

interpolation of measurements. However, for smaller tributaries and many of the point sources, 

measurements were insufficient. Daily flow and nitrate-N inputs from smaller tributaries where 

derived using CASCADE, a diffuse pollution model of catchment hydrology that has been tested 

extensively in northern England (e.g. Cooper and Naden, 1998; Hutchins et al., 2007, 2009) and 

gives a better foundation for river quality modelling than default values. In other cases and for all 

other parameters default values based on expert judgement were adopted (for nitrate-N and 

ammonium-N see Table 1).  

In-stream processes are represented on a reach-by-reach basis. Conceptually, for simplicity and 

to guard against shortcomings of over-parameterisation, in the original development of model 

(Whitehead et al., 1997) it was assumed that nitrogen sources and sinks are dominated by 

microbially-mediated nitrification and denitrification processes (see Table 2).  

Table 2 Equations of nitrogen compounds transformations. 
 

Transformation Equation Reference 

Nitrification 
OHH"OO"H bacteriaasnitrosomon

2224 25.1 ++ →+ +−+
 

−−  →+ 322 5.0 "OO"O bacteriarnitrobacte  

Denitrification )(3 223 gas"O"O bacteriangdenitrifyi + →−  

Whitehead 

et al., 1997 

 

Transformations related to nitrogen as defined in QUESTOR are as follows: 

4333
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+
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where τ is travel time (a function of reach volume and discharge: τ =V/Q) [day]; c is the 

concentration of pollutants in the reach [mg/L]; c’ is the input (upstream) concentration for a reach 

[mg/L]; DO is the dissolved oxygen concentration [mg/L]; PON is reach particulate organic 

nitrogen concentration [mg/L]; SDO is half saturation constant for DO [mg/L]; and rhyd is rate of 

deamination/hydrolysis [1/day]. 
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The rate constants are optimised by calibration. In the Swale rhyd is always zero and DO levels 

are substantially in excess of SDO. Transformation rates are temperature dependent (reference 20°C) 

based on the Arrhenius equation, but otherwise are invariant in time. Wherever sufficient stream 

quality observations were available calibration was undertaken. In this case observations from UK 

Environment Agency (a different source to the sub-daily data in Section 2) were available at 3 

locations along the stretch of Swale to test the model. Hence, the reach structure differs from that to 

be used in ADModel and comprises three zones each having a set of optimised values of rate 

constants (Table 1). The constants used by QUESTOR are variable in space but invariant with time, 

because only the temperature dependency is modelled directly in the transformation rate; other 

influences (e.g. concentration of bacteria involved in the transformations; pH) being combined 

within the reference constants.  

3.2 Results 

Time-series of observed and simulated ammonium-N and nitrate-N and concentrations are 

shown on Fig. 2 and Fig. 3 respectively.  
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Fig. 2 QUESTOR results and observations for ammonium-4 at the downstream end of each zone. 4S goodness-

of-fit values: -0.50 (zone 1), -0.22 (zone 2) and 0.07 (zone 3). 
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Fig. 3 QUESTOR results and observations for nitrate-4 at the downstream end of each zone. 4S goodness-of-fit 

values: 0.06 (zone 1), 0.34 (zone 2) and 0.09 (zone 3). 
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It should be noted that performance optimisation for nitrogen species was constrained in this 

case by calibration of other parameters (notably DO and BOD). The valued-judgement is made that 

an acceptable multi-determinand model of river flow and quality is of more wide-ranging validity 

and usefulness than one simply focusing on nitrogen. In this regard efficiency (Nash and Sutcliffe, 

1970) values of -0.24 and 0.48 for BOD and DO respectively at Thornton Manor and of 0.60 for 

flow at Crakehill were achieved. 

Whilst temporally invariant values of transformation rate constants yield acceptable 

performance there are some substantial errors. These in part are a consequence of uncertainties in 

characterising headwater inputs and point sources, but there are also systematic mismatches. There 

is often considerable underestimation of ammonium and nitrate between late winter and early 

summer with minor overestimation in autumn, implying that some additional seasonal biological 

controls are substantial in the Swale channel system. Processes of nitrogen uptake by macrophytes 

during growth and release on dieback, for example, are likely to vary substantially on a seasonal 

basis. We hypothesise that operationally in our model applications (QUESTOR and ADModel) 

performance can be improved by invoking seasonal variability into the rate parameters defining 

sources and sinks of ammonium-N and nitrate-N. A more detailed treatment of short-term dynamics 

is appropriate to address these issues and for this reason the ADModel is developed and applied (see 

Section 4). Implications for our conceptual understanding of nitrogen dynamics are revisited in the 

discussion.  

4 ADModel development, calibration and evaluation 

This section (a) outlines the model building methodology, (b) presents underlying equations 

(ADE and transformations) used for calculation of parameters and prediction of concentration, and 

(c) describes in detail the model development, calibration and evaluation.  

4.1 Methodological Overview 

Four nutrient pollutants (NO3, NH4, SRP and OP) were to be modelled in River Swale including 

time-series representation of significant sources along the main stem: four point sources and three 

tributaries (see Table 1). However the data at the first monitoring point (M1) has the most important 

influence, establishing conditions at the upstream boundary. In addition flow rates of 15 

abstractions were considered. ADModel was developed and calibrated using data from 8 monitoring 

campaigns, and evaluated using data from the other 2 (#2 and #9). 

Step 1 (Fig. 4) involves calculation of velocity (V [m/s]) and dispersion coefficient (D [m2/s])) 

using time-series data and physical measurements. Preliminary estimates of V and D made use of 

non-linear relationships, established by Whitehead et al. (1986) with flow reported for River Ouse. 

This model was adjusted for River Swale, in order to more accurately evaluate V and D, using the 
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preliminary estimates as initial search values to constrain optimisation and prevent the delivery of 

outlandish values. The velocity model was adjusted during Step 2 by using experimental flow and 

velocity data as initial values, and was subsequently included in the concentration model (Step 3).  

 

 

Fig. 4 Methodology used for ADModel building, calibration and evaluation. 
 

The concentration model was first set to behave conservatively (transformation rates equal zero) 

and then subjected to calibration. The calibration was carried out in two steps. During calibration I 

(Step 3) D was optimized and a model for the estimation of D was proposed. The calibrated 

concentration model resulting from calibration I is further used: (1) to make concentration 

predictions as a conservative model (kref = 0) (Step 4) and using kref values determined by 
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QUESTOR (Step 5); and (2) during calibration II (Step 6) where transformation rate parameters 

were optimized and a model for their estimation was proposed.  

The calibrated concentration model was then subjected to evaluation runs, taking advantage of 

models developed to estimate D and kref. The model performance assessment involved comparing 

time series of simulated concentration with observations at M2, M3 and M4. The goodness-of-fit 

was assessed using the Nash Sutcliffe efficiency (NS) (Step 7). 

4.2 ADE analytical solution  

The mathematical model relies on the one-dimensional (1D) form of ADE (3) used to predict 

convective-diffusive pollutant transport in rivers.  
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Equation (3) describes the change in pollutant concentration (c) [mg/L] in time (t) [s] along the 

river (x) [m] taking into account the longitudinal dispersion coefficient (D) [m
2
/s], the convective 

velocity (V) [m/s] and pollutant transformations through first order kinetics (k) [1/s]. 

The release type to be modelled is the continuous time variant point pollutant discharge. For a 

single source the release is described by the following initial and boundary conditions: 
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where c0 [mg/L] is the initial concentration along the river stretch (x [m]), assuming nonzero initial 

condition throughout the river; cS0 [mg/L] is the initial concentration at the source (xS [m]); and cS 

[mg/L] is the concentration at the source during the release (t [s]).  

The corresponding analytical solution (5) was previously used in several exercises of 

conservative pollutant transport modelling and provided successful results (Fischer et al., 1979; 

Pujol and Sanchez-Cabeza, 2000).  
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The analytical solution (5) along with transformation model (Section 4.3) was implemented in 

Matlab as core equations of ADModel. 

In such work the superposition of releases coming from each source is needed, as explained by 

Socolofsky and Jirka, (2005). The cS0 and cS have different values for each releasing source and for 

each modelled nutrient, while V and D are common for all nutrients, and depend on water flow rate, 

channel parameters and other hydraulic parameters.  
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In the present work the model is used to simulate transport of pollutant discharged from point 

sources, but it is capable of taking into account non-point pollution sources as well. This is possible 

through a higher discretisation of the stretch length and the implementation of non-point sources as 

a sum of point-like sources.  

4.3 Transformations model 

The main chemical processes responsible for the loss and/or accumulation of nitrate, 

ammonium, SRP and OP during transport in water are nitrification, denitrification and 

mineralization. Along with these chemical transformations, physical processes of sedimentation and 

re-suspension are significant in modifying the concentration of OP. Nitrate is formed during the 

nitrification of ammonium and is consumed in denitrification. SRP is formed through 

mineralization, while OP is consumed. Sedimentation decreases the concentration of dissolved OP, 

while re-suspension is increasing it. Table 2 shows the equations of processes related to N, while 

Table 3 shows the model formulation of transformations for N and P compounds.  

Table 3 Transformation processes dependence on influencing factors.  
 

Process 4itrification Denitrification Mineralization Sedimentation Re-suspension 

Transformed 
amount 

[mg/L] 

nitrefk _ , T, 

4"Hc  

denrefk _ , T, 

3"Oc  

min_refk , T, 

OPc  
sedrefk _  resrefk _  

Factors 

influencing kref   

Q, 

seasonality 
Q, seasonality Q, seasonality Q Q 

T is the measured water temperature [
o
C] 

4"Hc , 
3"Oc , SRPc and OPc  [mg/L] are the concentrations of NO3, NH4, SRP and OP.  

nitrefk _
, 

denrefk _
 and 

min_refk  [1/day] are reference rate constants for nitrification, denitrification and mineralization. 

sedrefk _
 and 

resrefk _
 [mg/L] are reference rate constants for sedimentation and re-suspension.  

 

The rates of chemical transformations are considered as having first order kinetics, while 

physical processes are zero order kinetics. Conceptually the formulations of process rate (second 

row of Table 3) are analogous to those used in QUESTOR, while the formulations of kref (third row) 

go further in that provision for temporal variability (as controlled by water flow (Q) and 

seasonality) in process rates is introduced in addition to basic temperature dependencies as 

introduced in Section 3. 

4.4 Parameter evaluation (Fig. 4: Steps 1-2) 

An overview of the approach used to estimate parameters is given; the model for estimation of 

V and D is described; and the adjustment of the velocity model for River Swale is discussed.  

4.4.1 Background 

To predict concentrations, Fickian advection-dispersion models (including ADModel) require V 

and D to be determined, along with transformation rates. These all have a very complex behaviour, 
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cannot be directly measured, and are difficult to estimate based on experimental data. An illustrative 

example would be the estimation of D using the method of moments, which requires very high 

resolution of concentration monitoring (seconds to minutes) in several points along the river stretch. 

A short discussion on these issues and details on the methods to estimate the dispersion coefficient 

are provided elsewhere (Ani et al., 2009a; Avramenko et al., 2009). 

Two common approaches used by models with analytical solutions of ADE are (1) 

consideration of constant average values of parameters along the river stretch (Socolofsky and Jirka, 

2005; Dunnivant and Anders, 2005), and (2) splitting the river into a sufficient number of reaches in 

order to take into account the hydraulic non-uniformity (Eatherall et al., 1998; Fischer et al., 1979). 

The second approach is used in the case of QUESTOR, where the influences (e.g. tributaries, 

sources, abstractions) are placed at the beginning of the reaches, and the computational domain is 

composed of several connected segments, representing the reaches.  

In contrast to these approaches ADModel employs variable parameters along the river, by using 

the technique of Ani et al. (2009b) enabling the location of pollution sources, tributaries and 

abstractions precisely rather than at the beginning of the reaches. The computational domain is a 

continuum characterized by variable parameters. As ADModel considers the unsteady water flow 

the model parameters depending on the flow are changing in time as well as in space along the 

river. 

Three reaches delimited by the monitoring points in the main channel (Table 1) are used during 

the model development to evaluate parameters from experimental data and further to establish 

relationships for parameter estimation during calibration. The empirical relationships used are 

similar to the ones employed by QUESTOR and rely on water flow values and river hydraulic 

characteristics.  

4.4.2 The estimation of V and D (Fig. 4: Step 1) and adjustment of V model (Fig. 4: Step 2) 

Velocity and dispersion coefficient are firstly estimated each as a non-linear function of 

flow, as employed by Whitehead et al. (1986) in the River Ouse. The form of the relationships (their 

scalar and power terms: C1V and C2V for V and C1D and C2D for D) and application is described in 

Ani et al. (2009a). The empirical coefficients vary for different rivers, and even between river 

reaches (see: Ani et al., 2009a; Deflandre et al., 2006; Lewis et al., 1997; Whitehead et al., 1986). 

Consequently the two relationships need to be reach-specific to obtain good estimates of V and D 

throughout the river stretch. For each reach the new values of C1D and C2D are identified during 

calibration I, while C1V and C2V are calculated using flow rates measured at the monitoring sites, as 

described in Ani et al. (2009a) for reaches corresponding to the numerical model.  

Results presented in Fig. 5 show how new values of C1V (0.09; 0.03 and 0.3; for reaches 1, 2 

and respectively 3) and C2V (0.70; 0.82 and 0.20) provide better estimates of V compared to 
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Whitehead et al.’s (1986) values for the Ouse (C1V=0.046 1/m
2
 and C2V=0.64), which underestimate 

in the Swale relative to values calculated from experimental data. 

 
Fig. 5 Values of velocity at river stretch boundaries (obs=observation; estimated=estimated by using new values 

of C1V and C2V; Whitehead=estimated using values of C1V and C2V published by Whitehead et al., 1986). 

 

New estimated velocity values show agreement with physical characteristics of the channel. 

Velocity is higher at M1 and in the first reach, where the river bed is steeper, and is decreasing 

downstream until M4 (see values of C1V and C2V). This is consistent with the study site description 

(section 2), with shallower channel gradients in the lower reaches. 

4.5 ADModel calibration (Fig. 4: Steps 3-6) 

4.5.1 Overview 

As the river stretch is non-uniform (both from hydraulic point of view and chemical and 

biological characteristics) D and kref can be expected to vary both in time and space. Therefore, as 

for velocity, separate calibrations were carried out for the three reaches. Each campaign in the first 

set was to be simulated separately; a series of optimums from each of the 8 campaigns permitting 

models for estimation of parameters to be established. 

In the calibration of water quality models the number of parameters and the quantity of required 

data can be very high leading to sizeable and complex optimisation processes. Here, for each 

campaign, optimization involves the concentration time series of all four nutrients, finding the 

optimum value of six parameters (D, denrefk _ , nitrefk _ , min_refk , sedrefk _ and resrefk _ ) as time series 

having a minimum of 50 and a maximum of 350 steps. The computation time step is one hour 

(except the first campaign where it is 30 minutes). An efficient optimisation process depends on 

available data, the number of variables and the nature of the constraints (linear or non-linear; fixed 
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boundaries; equalities or non-equalities), but also on the characteristics of objective functions. The 

more variables included the greater are the demands on quantity of data to provide a good 

optimisation. Constraints help the identification of optimum values, but they can create difficulties, 

especially if they depend on the variables to be optimized.  

Therefore the calibration used two objective functions (OF) which were minimized using the 

Matlab build-in tools for constrained nonlinear optimization. The first function (OF1 in equation 6) 

is based on the simple sum of squared differences (SSD). The second (OF2 in equation 7) is based 

on the Nash-Sutcliffe efficiency criteria (NS) (Nash and Sutcliffe, 1970), considered a very exacting 

test when assessing the performance of a water quality model (Wade et al., 2008).  

( )OPSRP"H"OSSDOF ,,, 43
min1 =   (6) 

( )OPSRP"H"O"SOF ,,, 43
min2 −=   (7) 

Whilst OF1 enables the algorithm to provide faster results OF2 gives a better calibration. The 

minimization of OF2 produces a better estimation of the general trend of data rather than the 

accurate prediction of the extremes, e.g. the large peaks (Lewis, 1997). Hence an original approach 

to calibration in two steps, both involving OF1 and OF2, is undertaken. Calibration I and II each 

consist of two sub-steps and are schematically illustrated in Fig. 6 and Fig. 7 respectively. OF1 is 

used in the first optimization sub-step to obtain rough estimates of optimized variables and to 

provide initial search values for OF2. In the second optimization sub-step the minimization of OF2 

provides the final values of the optimized variables.  

4.5.2 ADModel calibration I (Fig. 4: Step 3) 

During calibration I (Fig. 6) simulated concentrations from the conservative model are fit to 

experimental data in order to optimise dispersion coefficient values.  

The optimization of D is carried out in two sub-steps (sub-steps 3.1.1 and 3.1.2 in Fig. 6) 

employing OF1 and OF2, as described earlier in the paper. The initial search values for sub-step 

3.1.1 are the preliminary estimates of D (see Section 4.4.2). The final optimum values of D, two 

time-series from each campaign in the first dataset, along with corresponding water flow series are 

used to formulate the model for the estimation of D (sub-step 3.2) in River Swale, described in 

section 5.1.1.  
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Fig. 6 Calibration I of ADModel (involving D) (step 3 in Fig. 4). 

 

4.5.3 ADModel calibration II (Fig. 4: Step 6) 

The estimated values of D from Calibration I are used in Calibration II (Fig. 7) during which an 

optimization algorithm identifies optimum values of kref for each campaign (as time series).  

Although the campaign-specific calibration procedures for nitrogen compounds and for 

phosphorus compounds (Fig. 7) are similar they are carried out separately, due to the large amount 

of data to be handled. Following this, the optimum values from all campaigns are used to formulate 

models for the estimation of kref (Step 6.3 in Fig. 7) to be included in ADModel at the end of 

calibration. In the case of nitrogen, a model for estimating kref_nit and kref_den, based on seasonality, is 

discussed in Section 5.1.3.  

The nitrification rate, kref_nit, is optimized first, using the ammonium concentration. The initial 

search values of kref_nit are taken from the optimum application of QUESTOR (section 3), and the 

optimization is carried out in two steps (6.1.1 and 6.1.2) as described earlier. Further in optimization 

sub-steps 6.2.1 and 6.2.2 the algorithm uses nitrate concentration depending on both kref_nit (already 

optimised) and on kref_den (subject to optimization).  

Optimized values of kref_nit and kref_den are used to establish models to estimate these parameters. 

Along with other models for parameter estimation (for V and D: Steps 1 and 3 in Fig. 4 

respectively) thy are valuable, giving the opportunity to evaluate the parameters as functions of 

water flow and/or seasonality and temperature, in the absence of detailed concentration 

measurements.  
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Fig. 7 Calibration II of ADModel (involving kref) (step 6 in Fig. 4). 
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5 Results and discussions 

This section presents results of calibration and evaluation of ADModel; comments on the use of 

QUESTOR’s optimum transformation rates in ADModel; on how predictions are improved when 

the rates are calibrated for ADModel; and looks at the temporal variability of process rates.  

5.1 ADModel: the models for parameter estimation 

To summarise, model development revealed that for the Swale system:  

• Higher values of the dispersion coefficient are required at high flows, although D is 

more sensitive to actual levels of flow at lower flows. 

• Nitrification takes place at all flows, with denitrification restricted to low flows. For both 

processes complex behaviour is seen with respect to flow, but with strong seasonal 

influences (autumn maxima and spring minima) 

5.1.1 Calibration I: dispersion coefficient optimization and estimation  

The optimum values of D for all campaigns from the first data set are shown in Fig. 8. Along 

with corresponding values of water flow they are used to adjust C1D and C2D in order to obtain an 

appropriate model to evaluate D for River Swale.  

 
Fig. 8 Calibration results for dispersion coefficient (D) for the last reach (optimized=obtained during 

optimization; estimated= estimated D by using the adjusted model for D resulted in calibration I; 

Whitehead=estimated using values of C1D and C2D published by Whitehead et al., 1986). 

 

The results displayed in Fig. 8 confirm our expectations (Ani et al., 2009a) that a wide scatter of 

D would be obtained at similar levels of flow reflecting complex behaviour in relation to 

hydrological parameters. The solution for overcoming the problem is to use different values of C1D 

and C2D under different flow regimes, in order to give better results than a single set of coefficients.  
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In this research it was decided to calculate two different sets of coefficients, for flows lower 

than 40 m
3
/s and for higher flows. Use of a 40 m

3
/s threshold is the result of an optimization 

process. For each coefficient set the prediction efficiency was evaluated using NS criteria. The 

chosen option (40 m
3
/s) is the one allowing the best estimates of D with respect to optimized D.  

The values of C1D and C2D (Table 4) and the D values obtained therein including comparison 

with those obtained by Whitehead et al. (1986) are shown for the last reach (Fig. 8). They result in 

bigger values of D for high flows but reveal a stronger dependence of D to flow at low flows. This 

is due specifically to the bigger value of C2D at low flows confirmed by the trend of data in Fig. 8. 

In comparison the coefficients of Whitehead et al. (1986) give smaller values of D for flows up to 

120 m
3
/s, and higher values above 155 m

3
/s. Between these flow values both coefficient sets behave 

similarly. 

Table 4 Values of coefficients for the evaluation of dispersion coefficient for the last reach. 
 

Flow [m
3
/s] C1D [1/m] C2D 

< 40 1.21 0.88 

> 40 5.11 0.45 

all range 2.87 0.58 

Whitehead et al. (1986) 1.82 0.66 

 

5.1.2 Calibration II: optimum values of transformation rates 

During calibration II the optimization algorithm identified values of kref_nit and kref_den. Results 

show that ammonium concentration is very much affected by nitrification rate, which has large 

values of kref, while denitrification has very low values of kref, thereby having less effect on nitrate. 

Notably nitrification takes place at all times (see Fig. 9 and Fig. 10 for site M4), unlike 

denitrification which is absent for long periods. Simulated denitrification is largely restricted to 

flows below 30 m
3
/s. A similar behaviour can be observed at the upstream sites with available data, 

although at M2 nitrification is lower and denitrification a lot higher, compared to M3 and M4.  

Large differences in magnitude between kref_nit and kref_den are revealed: kref_nit takes values up to 

6.57, with minimum values during late winter, while values of kref_den are up to 2.14, with minimum 

during spring. During autumn (top right corner of Fig. 9), at low flows (3 m
3
/s to 6 m

3
/s) kref_nit and 

kref_den increase with water flow, while at higher flows (16 m
3
/s to 35 m

3
/s) kref_nit is decreasing non-

linearly and kref_den has no specific trend. During spring, for the entire flow range kref_nit is very 

scattered, possibly with lower kref_nit at higher flows (Fig. 9).  
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Fig. 9 Optimum reference transformation constants (kref) and water flow (Q) values during calibration 

campaigns.  

 
Fig. 10 Reference transformation rate constants against water flow at M4 (Optimum values resulted from the 

optimization algorithm).  

 

5.1.3 Calibration II: model for transformation rates 

As nitrogen dynamics depend a lot on numerous unsteady abiotic and biotic factors, a model 

able to represent those influences is required. Kaste and Skjelkvale (2002) discuss the climate 

factors: air temperature, precipitation, snow accumulation, the level of nitrate compounds in soil; 

while others (Pauer and Aurt, 2009; Butturini and Sabater, 2002; Wade et al., 2002; Ruiz et al., 

2002) discuss the influence of seasonality, water flow, water temperature, bacteria concentration, or 

river channel parameters. In this study the influence of an ambient temperature factor upon 

transformations is directly modelled. Other influences are modelled through kref_nit and kref_den, 

which are given a direct dependence on seasonality (FS): 

( ) ( )( )refrefSref krangekFfk ,min,=  (8) 
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The seasonality has a strong influence on kref_nit and kref_den, and thereby on the concentration of 

nitrate and ammonium, as revealed by previous studies (Neal et al., 2006; Wade et al., 2002) and 

the present research (as discussed above). This issue, along with the impossibility of measuring 

some of other influences (e.g. bacteria concentration), motivated the formulation of equation (8). To 

represent seasonality, FS, a non-dimensional scalar determined by the sine of the Julian Day number 

takes values between 0 and 1. The minimum is allocated in early spring with and the maximum in 

early autumn. This is a consequence of the optimisation of kref (Calibration II) whereby kref_nit and 

kref_den have highest values during autumn (Fig. 9 and Fig. 10), together with absolute nitrate and 

ammonium concentrations being greater in winter to early spring (Neal et al., 2006; Worrall and 

Burt, 1999).  

Table 5 Values of kref for the sub-stretch between km 44.6 to and km 50.4 (opt = optimum; est = estimated; a = 

autumn; w = winter; s = spring). 
 

Parameter 
nitrefk _  [1/day] denrefk _  [1/day] 

Campaign  1 a 2 w 3 a 4 w 5 s 1 a 2 w 3 a 4 w 5 s 

opt Minimum 

value est 

2.36 

5.17 

- 

1.59 

1.87 

2.35 

0 

1.59 

0 

1.61 

0 

0.87 

- 

0.01 

0 

0.26 

0 

0.01 

0 

0.03 

opt Average 

value est 

5.40 

5.19 

- 

1.59 

2.45 

2.43 

2.00 

1.59 

1.05 

1.62 

0.80 

0.88 

- 

0.01 

0.28 

0.29 

0.10 

0.01 

0.05 

0.03 

opt Maximum 

value est 

6.57 

5.21 

- 

1.59 

3.07 

2.52 

3.95 

1.59 

2.09 

1.62 

2.14 

0.88 

- 

0.01 

1.00 

0.31 

0.92 

0.01 

0.48 

0.04 

Estimated values for campaigns 1 to 5 are presented in Table 5 along with corresponding 

optimum values. For the majority of campaigns estimated kref_nit and kref_den values are close to the 

average of campaign optimum.  

5.2 Simulation results 

In summary, introducing time-variant Kref values to ADModel: 

• Leads to an improvement in fit of nitrate and (especially) ammonium during 

calibration but no clear improvement in capturing within-campaign variability 

• Under model evaluation yields slight improvements in fit for nitrate performance 

• Shows that whilst ammonium concentrations are sensitive to nitrification, nitrate 

concentrations are generally not, being more sensitive to denitrification.   

5.2.1 ADModel results after calibration I 

Example ADModel simulations (i) as a conservative model (Fig. 4: Step 4) and (ii) using 

reference transformation rate constants from QUESTOR (Fig. 4: Step 5) are presented in Fig. 11 
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(Campaign 1) and Fig. 12 (Campaign 5). Also shown for comparison (discussed later in 5.2.2) are 

the two simulations using optimised and estimated rates (Fig. 4: Step 6).  

 
Fig. 11 Comparative results of ADModel for conservative and non-conservative transport during campaign 1 

(storm conditions) (obs = observations; cs = simulation using conservative model; Q = simulation using non-

conservative model with kref from QUESTOR; s-o = simulation using optimum kref; AD = simulation using non-

conservative model with kref from the model developed during calibration II). 

 

 
Fig. 12 Comparative results of ADModel for conservative and non-conservative transport during campaign 5 

(normal flow conditions) (obs = observations; cs = simulation using conservative model; Q = simulation using 

non-conservative model with kref from QUESTOR; s-o = simulation using optimum kref; AD = simulation using 

non-conservative model with kref from the model developed during calibration II). 

 

As expected, a conservative model lacks accuracy, only capturing the main trend of pollutant 

concentrations. The absence of nitrification process causes ammonium to be overestimated and may 

cause nitrate to be underestimated (see Fig. 11). In some cases there will clearly be insufficient 
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(overestimated) ammonium to fully cure an underestimation of nitrate through nitrification. In such 

cases the nitrate is expected to be slightly under-estimated even after the final calibration of kref.  

The non-conservative model using QUESTOR optimum kref gives better results for ammonium 

compared to the conservative model showing that transformations play a significant role in the 

transport of nitrate and ammonium along the stretch. Even though prediction accuracy improves 

when using QUESTOR optimum kref, the model does not capture within-campaign temporal 

changes. This is due to kref being constant in time and unable to account for between-campaign or 

within-campaign differences in transformations. In reality kref is time dependent, because factors 

affecting transformations are changed from one campaign to next one, and even during the same 

campaign. A time-variable kref would give scope to improve the predictive capability of the model. 

This reveals a need to correlate kref with other parameters besides spatial variability.  

5.2.2 ADModel results after calibration II 

Results reveal that following Calibration II, ADModel is better able to predict approximate 

values of concentration and the main trend of average data. However, although use of optimised kref 

gives a clear improvement, introducing variability in kref values using the estimation model does not 

discernibly improve the ability of ADModel to capture within-campaign changes in ammonium or 

nitrate concentrations, although the prediction accuracy is generally improved, as discussed later. 

Ammonium concentration is affected more by transformations than nitrate: the bias between 

predictions of ammonium concentration when ADModel is using different kref is visible in the upper 

graphs of Fig. 11 and Fig. 12.  

5.2.3 ADModel evaluation  

For the model to be useful common practice demands evaluation runs to test the capability to 

predict experimental data independent of that used in model development. In this case this 

represents a tough test as downstream observations for validation (Campaign 2) were available for 

sites M2 and M3, as opposed to site M4 where the calibration process had been focused. Results 

reveal that predictions are in rough agreement with observations, performing better for nitrate than 

ammonium (see Fig. 13, Fig. 14 and Table 6). Predictions improve when ADModel uses estimated 

values of kref (Table 5), as opposed to QUESTOR optimum kref (Table 1).  
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Fig. 13 4itrate concentration prediction during evaluation runs for the second campaign (obs = observations; Q 

= simulation using non-conservative model with kref from QUESTOR; AD = simulation using non-conservative 

model with kref from the model developed during calibration II). 

 

 
Fig. 14 Ammonium concentration prediction during evaluation runs for the second campaign (obs = 

observations; Q = simulation using non-conservative model with kref from QUESTOR; AD = simulation using 

non-conservative model with kref from the model developed during calibration II). 

 

ADModel is able to account for the increase of nitrate concentration at M4 compared to M2 

(Fig. 13), which shows significant contribution of Rivers Wiske and Cod Beck between M2 and 

M3. The other tributary and the point sources enter the river upstream of M2 (Table 1 and Fig. 1). 

For nitrate, the effect of introducing temporal variability in rate parameters (Fig. 13) is higher at M2 

than further downstream at M3 where the effect is negligible. This is because denitrification is more 

important relative to nitrification at M2 than at M3 or M4. Also the nitrification kref produced by the 

model for kref_nit developed during calibration II is lower at all sites than the QUESTOR kref_nit, 

resulting in higher values of predicted NH4 concentration. 

The high variability in ammonium is apparent during Campaign 2 (see Fig. 14). Furthermore 

anomalous peaks are observed (Campaigns 2, 3 and 5 in the main channel and tributaries). House 

and Warwick (1998a) suggest that this variability of ammonium data could be caused by instability 

of ammonium in field samples, despite the rapid filtration and analysis made after sample 
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collection. Analytical uncertainties associated with ammonium data hamper the predictive skill of 

ADModel.  

5.2.4 ADModel goodness of fit 

The goodness of fit during all calibration and evaluation runs was assessed with the NS criteria. 

Results for both nitrate and ammonium are presented in Table 6. In terms of specifying 

transformation rates all four implementations of the model were assessed. As expected the best 

statistics were obtained using optimum values of kref   

Table 6 Goodness of fit for campaigns from the first data set. 
 

Campaign 1 2 3 4 5 
Pollutant  

Model run / Site M4 M2 M3 M3 M4 M4 

Conservative -39.68 -2.56 -43.95 -27.58 -1.58 -1.58 

QUESTOR kref -2.67 -0.76 -0.37 -1.27 -2.44 -2.93 

Optimum kref 0.90 - - 0.97 0.78 0.96 
Ammonium 

Estimated kref  -1.91 -1.04 -9.81 -0.22 -0.14 -0.62 

Conservative -4.20 -0.58 -0.72 -0.77 -2.86 0.32 

QUESTOR kref  -7.48 -0.37 -0.59 -0.84 -1.65 -2.93 

Optimum kref 0.64 - - 0.45 -2.35 0.73 
Nitrate 

Estimated kref  -3.73 -0.53 -0.64 -0.60 -2.48 0.57 

 

The prediction of ammonium during calibration is generally better compared to nitrate, while 

during evaluation nitrate is predicted more accurately. For the majority of runs, ADModel 

employing estimated kref gives better results compared to conservative runs or to the use of 

QUESTOR kref.  

6 Summary and Conclusions 

6.1 Wider Discussion 

6.1.1 Large scale patterns in concentration and their representation in models 

For most of the campaigns (1, 4 and 5) ammonium concentration profiles generally show an 

increase downstream, confirming the presence of pollution sources and tributaries, which discharge 

significant loads along the system. This is despite the high rates of nitrification obtained during 

calibration II (previous studies revealed loss of ammonium along the river stretch: e.g. House and 

Warwick, 1998a). Large values of nitrification and denitrification were also found by Lewis et al. 

(1997), when applying QUASAR in River Swale. As ammonium concentrations are much lower 

than nitrate they are much the more sensitive to nitrification rate; and furthermore, nitrification is a 

first order process with respect to ammonium. In all campaigns nitrate concentration also increases 

downstream, due to inputs from sources and tributaries, and the nitrification process. A significant 

increase is seen downstream of the confluence with Bedale Beck and further downstream due to 

high loads from River Wiske. Although our study suggests nitrate concentration is particularly 
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sensitive to denitrification, reflecting a large amount of worldwide research on its controls (Boyer et 

al., 2006), the process is not causing large decreases in the Swale, as it often appears absent and at 

most other times has smaller rate constants than nitrification.  

Nitrate and ammonium concentrations show spring maxima and autumn minima. Because of 

this seasonality, whilst ADModel suggests an opposing trend in the Kref values, the absolute 

magnitudes of the respective sources and sinks will still be highest in spring.  

In general ADModel accounted for observed concentration changes between sites and for 

variation in concentration levels at a site during different campaigns. To certain extent within-

campaign variability at each site is also captured, as shown by goodness-of-fit statistics (Table 6). 

In this regard, model performance could be enhanced: (1) by including other processes in the 

transformations model; and (2) by improving the representation of those factors influencing 

transformation rates that are likely to vary during a campaign (e.g. bacteria concentration, 

temperature). As an example in this research, available temperature measurements consisted of a 

single mean value for each campaign, at each site. As nitrification and denitrification rates are very 

sensitive to temperature there is scope for improvement especially in very long campaigns where 

large temperature fluctuations are more probable. Mismatches are explored further below. 

6.1.2 Improving process understanding through model performance assessment 

Details of the model output focus attention on the representation of processes, with insights 

gained through reconciliation of mismatches. Questions arise relating to the river dynamics of 

nitrogen compounds: why is within-campaign variability not fully captured, and are these errors 

consistent with mismatch at the longer time scale as seen using QUESTOR? 

From both long-term (QUESTOR) and shorter-term modelling (ADModel) underestimation of 

both ammonium and nitrate is apparent. This could reflect on the nature of process representation in 

the models or an underestimation or omission of a source. These possibilities are considered in 

detail, providing a general focus for future investigation. 

Representation of existing concepts (microbially-mediated transformations): Seasonal influence 

on in-river rates of nitrification and denitrification is clearly evident from our research. Our current 

representations are basic but theoretically there is scope to also include (i) flow dependency, (ii) 

active temperature dependency within campaigns, (iii) changes in microbial concentrations. The 

first two would be achievable with additional, longer and more thoroughly characterised campaigns, 

to give more comprehensive seasonal coverage. For example, Royer et al. (2004) observed 

substantial temporal variation in denitrification rates relating them to concepts of nutrient spiralling 

and identified flow and seasonal related variability. Relative to other components of river nitrogen 

cycling, Royer et al. (2004) found denitrification to be of most significance in early autumn, with 



 27 

higher rates than at other times, a finding consistent with our modelling. The analysis presented for 

calibration II (Sections 0 and 5.1.3) indicates lower rates of denitrification at highest flows, in 

agreement with understanding of nutrient spiralling and the formulation adopted in the THMB 

model (Donner et al. 2002). The third refinement (quantifying active microbial communities) is 

more challenging and overly ambitious at this stage given the paucity of existing studies. 

Nevertheless additional monitoring in itself would allow better identification of kref variability 

within campaigns. 

Representation of sources: Uncertainties over the characterisation of sources are manifested in 

model calculations as interactions build up along the river stretch. Firstly there are data 

shortcomings: at the bottom of the Wiske (T2) and Cod Beck (T3) near the Swale confluences, the 

reliability of observations is suspect, particularly at high flows (Marsh and Hannaford, 2008). 

Secondly, it is known that flow and pollutant concentrations from sewage effluents vary on a sub-

daily basis. Although there are data to suggest variation across longer-time steps (e.g. fortnightly) 

which has been incorporated into QUESTOR applications, our models currently assume that on a 

sub-daily basis the discharges into rivers from these sources are time invariant. 

Additional sources and in-river processes: Due to reductions in fertiliser applications in the UK 

over the last 30 years (BSFP, 2005) long-residence time groundwater often has elevated nitrate 

content relative to present day diffuse pollution in surface water. Such sources provide prolonged 

elevation of nitrate concentration throughout the summer during low flows with little impact on 

ammonium. Groundwater seems insignificant in the Swale however, as (i) soil types are in the main 

poorly drained with no major aquifers (ii) the underestimation is typically earlier in the year 

(spring) and is also apparent for ammonium. It seems more likely that additional in-river processes 

are active. Macrophyte uptake and release on dieback may be important, varying greatly by season 

with a potentially substantial influence on in-river concentrations. Indeed, studies show (e.g. 

Mulholland et al., 2004) that biotic uptake can have greater influence on nitrate concentration than 

denitrification. Nitrification has only minor influence as a nitrate source, being limited by low 

ammonium concentrations. However, hydration of PON is represented in QUESTOR as a source of 

ammonium, which could potentially be converted to nitrate; although our calibration in the Swale 

for 1997-1999 suggested this source to be insignificant. Ammonium simulation in river quality 

models would benefit from inclusion of sediment interactions (Wade et al., 2004). In reality our 

study lacks data on suspended sediments to define this part of the river N cycle with much 

confidence.  

At this stage, in the absence of relevant data, we can make the following hypothesis. In upper 

reaches, bed sediments are likely to become nutrient-rich at the end of the winter as mineralisable 

organic matter from decomposing macrophytes accumulates. At these times of year, short term flow 
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increases may re-suspend this nutrient-rich material and could trigger a water column source of 

ammonium and nitrate.  

Representation of these additional processes in models is problematic, requiring detailed 

characterisation of the bed sediment (e.g. benthic microbes, texture and organic C characterisation, 

in addition to nutrient content) and channel hydraulics, both of which may have properties of an 

ephemeral nature. Little information has been reported in this regard (Boyer et al., 2008), making 

any generalisation that could be incorporated in models hard to justify. Model complexity is largely 

controlled by the availability of data to test the embodied concepts and drive the applications. 

Routinely, aside from water chemical composition, monitoring authorities have rarely been able to 

collect detailed information on spatially variable properties in their monitoring programmes. 

Largely for this reason the widely-applied river nitrogen models typically focus on mixing and 

dilution of the various sources and, in terms of transformations, microbial nitrification and 

denitrification are considered to suffice (Donner et al., 2002; Wade et al., 2002), with autotroph and 

possibly heterotrophic interactions also included in some cases (e.g. Filoso et al., 2004). The 

context of the Swale case study was no different. 

6.2 Conclusions 

The research develops and implements a detailed mathematical model (ADModel) for nutrient 

transport based on analytical solutions of the fundamental advection-dispersion equation. When 

accounting for the complexity of unsteady parameters, multiple pollution sources and tributaries, an 

optimum model structure will remain to a significant extent unknown (Wade et al., 2008); so 

successful implementation of such an analytical model is a significant achievement, as the majority 

of the existing analytical models are tailored towards a single ”constant discharge” pollution source 

and constant transformation rates. For nitrogen dynamics, a model to predict the reference 

transformation rate constants of nitrification and denitrification as a function of seasonality was 

formulated. This improved the representation of dynamics between campaigns and to some extent 

within campaigns, although the procedure for estimating variability in transformation rates needs 

further development. Ultimately, ADModel should be applied to other rivers such as the Romanian 

Somes River, where some reaches were found to be hydraulically similar to the 50.4 km stretch of 

the River Swale studied here (Ani et al., 2009c). 

At four sites along the Swale, ADModel reproduced the main trend of hourly resolution 

ammonium and nitrate concentrations, showing predictive capability for simulation of accidental 

discharges and detailed study of pollutant transport along the river stretch. This capability is absent 

in an existing model applied to the Swale (QUESTOR) which is designed for prediction of water 

quality over long periods in daily steps and is more appropriate for larger river networks (hundreds 
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of kilometres). Although giving better results than a conservative model, the nitrification and 

denitrification rates calibrated using QUESTOR over long-time periods from fortnightly monitoring 

proved not optimal for the simulation of short-term changes. Modelling river nutrient response to 

season-specific short-term changes in flow is far more demanding of model structure than 

applications spanning many years where periodic datasets capture little information beyond average 

status. Yet, in doing the former, ADModel yields goodness-of-fit statistics broadly similar to what 

QUESTOR achieves in doing the latter. 
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Abstract 

This paper presents two mathematical models for non-conservative transport of nitrate and 

ammonium under unsteady water flow conditions, capable to simulate customary and accidental 

pollutant release. The models were developed and tested employing experimental data from River 

Swale in England. At first, a model concerning the transport of pollutant under customary 

circumstances was developed and verified. The considered pollutants are discharged from multiple 

point sources and from tributaries. Based on this model, a second model was developed for the transport 

of accidentally released pollutants. This is capable of simulating accidental releases made: (1) through a 

bulk instantaneous discharge and/or (2) through a continuous variable discharge. The developed models 

are useful to (i) evaluate the downstream river distance affected by pollutant release; (ii) estimate 

environmental damage and (ii) support decisions on where and how to counteract pollutant discharge.  

Introduction 

During the past years there was major public interest concerning the management of water 

resources. A hot spot of this field is the availability of water of acceptable quality under circumstances 

of pollutant discharge into rivers. The water quality management in such situations requires fast 

decisions based on knowledge related to the distribution of pollutant concentration along the river 

downstream of the releasing source. This information can be facilitated by computer tools such as 

mathematical models for pollutant transport in rivers.  

The pollutant transport modelling literature is rich in information regarding the transport and 

transformations of nitrate (NO3) and ammonium (NH4), often published along with other nutrients (e.g. 

phosphorus compounds). This information regards: (1) in-stream models for the prediction of pollutant 

concentration (Marsili-Libelli and Giusti, 2008; Deksissa et al., 2004); (2) software for water quality 

modelling (Boorman, 2003; Eatherall et al., 1998); (3) water quality assessment studies (Neal et al., 
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2006); or (4) the transport of nutrient fluxes in catchments (House and Warwick, 1998a and 1998b). 

Some of these studies consider River Swale (Boorman, 2003; Eatherall et al., 1998; House and 

Warwick, 1998a and 1998b), but none of them is focused on the prediction of pollutants transport at 

small time steps (less than one hour) or after accidental release. 

This paper presents two mathematical models for the transport of nitrate and ammonium along a 

river stretch. Experimental data regarding river channel characteristics and concentration measurements 

in normal pollution conditions was used for model development and testing. The models are capable to 

predict pollutant concentration along the river at small time steps (minutes) under customary pollutant 

discharge and also in the case of accidental release.  

The experimental data and model development 

The experimental data (measurements of concentration, flow rate and hydraulic parameters) used 

for model building, calibration and evaluation were collected from River Swale in England during five 

sampling campaigns with the river in low flow, normal flow and storm conditions. Detailed description 

of the study area and monitoring campaigns (hereafter referred to as campaigns 1 to 5) is provided in 

(House and Warwick, 1998a and 1998b). The sampling was done along a river stretch of 50.5 km at 

four monitoring sites (hereafter referred to as M1 to M4) in the main channel and at three other sites in 

the main tributaries (rivers Bedale Beck, Wiske and Cod Beck).  

Available concentration data concerns the unsteady state of the river in normal pollution 

conditions. Time series of water flow, nutrient concentration and sometimes water depth are provided at 

monitoring points. This allowed the authors to calibrate and verify the first model (model I) regarding 

continuous pollutant release from multiple sources and tributaries. The model, described in detail in a 

previous paper (Ani et al., 2009a) is further used as a core to develop a second model capable to 

simulate the transport of pollutant during accidental release, along with customary pollution conditions. 

The employed methodology is presented in Fig. 1.  

Both models take into account the variability of channel parameters along the river, pollutant 

transformations during transport (sources and sinks), unsteady water flow, unsteady tributary and point 

pollution source influences. The models were developed based on the analytical solutions of the 

fundamental advection-dispersion equation (ADE) for mass transport in rivers, published by Fischer et 

al. (1979). It is well known that each ADE analytical solution corresponds to a certain type of pollutant 

release. In modelling, this implies the use of different equations simulating multiple discharges from 

pollution sources of different types (Ani et al., 2009b). The main difference between models I and II is 

that model II contains an additional module for the simulation of accidental point release based on the 

analytical solutions of ADE for instantaneous point release and continuous point release. The 

implementation of this module enables the development of model II based on the structure of the 
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already validated model I. Consequently model II can be applied to River Swale with no further 

validation. 

 

Fig. 1 The methodology followed during the development of the models. 

Results and discussion  

The model for customary pollution circumstances was developed, calibrated and tested. In all 

cases the predicted concentration (sim) was compared against the measurements (obs), in order to 

assess the goodness of fit. Fig. 2 shows results of the calibrated model for the 3rd monitoring campaign. 

The red lines represent the observed concentration at the upstream boundary of the river stretch (one of 

the model inputs). The blue markers show the measurements at M3 (one of the model outputs).  

The results reveal a big increase of NH4 and NO3 concentration along the investigated river 

stretch. The higher concentration at M3 compared to M1 is caused by pollution sources and tributaries 

discharging into the main channel of River Swale. Most of the simulations show that model I was 

capable to cope with this concentration increase along the river and to reproduce the main trend of 

observations. The less accurate fit of predictions to specific measurements could be related to the 

transformation model which needs further improvements, as explained later on in the paper. In the case 

of campaign 3, calibrated consumption rates of both NH4 and NO3 sink, should be slightly higher than 

they are during the first 25 hours and lower during the last 30 hours.  

Fig. 3 shows results of model II simulating accidental release (red lines) and also normal 

pollution (blue lines). The combined effect of two different accidents is shown: (1) a point bulk 

instantaneous discharge and (2) a continuous point discharge. The first accident takes place at the 

beginning of the monitoring when a point source situated 27 km upstream M3 discharges in the river a 

bulk of NO3 and NH4. The bulk travels downstream and arrives at M3 several hours later. The second 

accident takes place in the second tributary, where NO3 and NH4 are discharged continuously from a 

Parameter calculation from the experimental data 

(Velocity, dispersion coefficient, transformation rates) 

Build dynamic model for usual pollution 

(model I) 

Develop dynamic model for usual and accidental 

pollution (model II) 

Calibrate model I 

Verify model I 
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point source during a whole day. The effects at M3 can be observed later, and the pollutant level in the 

river is still high even after the release stop, due to the travel time of the pollutant between the source 

and M3.  
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Fig. 2 The evolution of nitrate and ammonium concentration at M3 during the 3
rd

 monitoring campaign 

(obs = experimental data; sim = simulated concentration). 
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Fig. 3 The evolution of nitrate and ammonium concentration at M3 during usual (sim) and accidental 
(accid) pollution. 

 

It is well known that variations in nutrient concentration (increase and/or decrease) during their 

transport in rivers are caused by multiple processes that are difficult to represent and quantify, taking 

place in or outside the stream (House and Warwick, 1998b; Whitehead et al., 1997). An example to 

illustrate this complex behaviour related to influencing factors is what happens with nitrate 
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concentration in the river during a strong rainfall. A short and intense rainfall could greatly decrease the 

nitrate concentration due to a high amount of diluted water entering to the river, while a prolonged 

rainfall could cause an increase in concentration due to leaching of water through the soil (from where 

large quantities of nutrient are taken) before reaching the river. But in the case of very long wet periods 

(weeks) “system flushing” could take place (House and Warwick, 1998a), causing the nitrate 

concentration to decrease greatly along the stretch. 

The main pollutant transformations affecting nitrate and ammonium during the transport are 

nitrification (sink of ammonium and source of nitrate) and denitrification (sink of nitrate), controlled by 

factors such as: water temperature, water flow or seasonality. In the present research transformation 

rates are variable along the river, depending on temperature, but constant with respect to water flow and 

seasonality. A next research task is the investigation of transformation rates dependence on water flow 

and seasonality (see Ani et al., 2009), in order to achieve a better representation of the transformation 

processes and a more accurate prediction of nutrient concentration.  

The utility of the models as water quality management tools 

The present models are capable of simulating the pollutant concentration in customary situations 

and under accidental release. They are useful for understanding the propagation of pollutants along the 

river and also to carry out pollution management. For example when an accident happens somewhere 

along the river the model user has to specify: the pollution source spatial coordinates, the flow level, the 

discharge type and pollutant quantity. The model will display graphical information on the 

concentration evolution in time and space. Based on the predicted concentration distribution water 

quality professionals will be able to take the best decisions to counteract pollution. This knowledge is 

needed in normal situations, but especially in the case of accidental pollutant release, when the 

stakeholders have to be prepared for fast decision making. It also aids in the identification of critical 

zones along the river; of suitable points for siting monitoring stations and of places to apply pollution 

counteraction measures.  

In this respect mathematical modelling and simulation of the transport and transformation 

processes of chemicals in rivers could play a major role. The mathematical models and similar 

computer systems can be applied in pre-design and practical use of processes, and not only for 

economic reasons. They represent a support for the selection of scientifically justified and practically 

reasonable programs for long-term measures for a rational use of water resources (Benkhaldoun et al., 

2007) and open up possibilities for new monitoring facilities, for river water quality management tools 

and for the estimation of the environmental impact of possible technological improvements. This brings 

them into the area of interest of economic agents, environmental agencies and also universities.  
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Conclusions 

This paper presents two models for the non-conservative transport of nitrate and ammonium 

under unsteady flow conditions. The developed models are useful for the prediction of pollutant 

concentration in case of customary and/or accidental chemicals release. They are intended to offer 

support in water quality management and water quality research.  
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Abstract 

The paper describes a method for the identification of pollution sources along a river based on 

the analysis of graphical information obtained from long term monitoring data. Concentration 

profiles collected during 2004 at monthly resolution in the Romanian Somes River are employed. 

The graphical analysis method is based on the comparison of experimental concentration profiles 

against reference profiles showing concentration evolution along the river after pollutant release.  

Known nitrate and lead pollution sources along the river were used as reference in order to 

verify the applicability of the proposed method. The results show that graphical analysis method 

enables the detection of the majority of sources, and it could be used in studying the seasonal 

existence of pollution sources. 

Keywords: graphical analysis; case based reasoning; water quality monitoring; pollution sources 

identification; river pollution. 

1 Introduction 

River water quality models are important tools capable to estimate the chemical composition of 

river water and also to predict pollutant transport along river under normal pollution and in case of 

accidents. These tools use information on the characteristics of pollution sources. The identification 

of pollution sources, the assessment of their magnitude and the estimation of their effects on the 

water body are three major steps to be carried out at the beginning of any river water quality 

research. This information together with the measurements of river channel characteristics is 

included in water quality models.  
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There is a high number of publications on the assessment of pollution sources. The studies 

characterize sources (Wood et al. 2005; Sainz et al., 2003; Zhu et al. 2008), discuss the magnitude 

of factors affecting river water quality (Vassiljev et al., 2008; Neal et al. 2005; Leone et al., 2008; 

Ma et al., 2009; Ribbe et al., 2008) or the ecosystem (Othman and Al-Masri, 2007); show how 

pollutants are transported along the stream after the release from a given type of source or 

demonstrate the distribution of pollutants between the aqueous phase and sediments.  

Studies dealing with the identification of water pollution sources are less numerous. They use 

techniques like geographic information system - GIS (Leone et al., 2008; Matejicek et al. 2005; 

Basnyat et al., 2000; Zhu et al. 2008), dispersion theory (Whitehead, 1986), magnetic screening 

(Wehland et al., 2000) or remote sensing (Oki and Yasuoka, 2008; Basnyat et al., 2000). The 

graphical analysis method was employed by Kney and Brandes (2007) to assess stream water 

quality using conductivity and alkalinity data. The method is able to indicate anthropogenic 

influence on the river but was not used to detect pollution sources location.  

Surveys and chemical analysis have been also used for the identification and assessment of 

pollution sources (Ma et al., 2009; Ribbe et al., 2008; Kney and Brandes 2007; Neal et al. 2005). 

The availability of field data is really important in such research, but sometimes concentration 

measurements are difficult to provide. Multiple monitoring points are needed for data collection 

when working on large river distances and samples have to be taken often enough in order to 

represent useful concentration profiles. Gathering such data is usually very expensive and time 

consuming.   

A lot of work has been focused on the identification and evaluation of effects of diffuse 

pollution sources on water quality (Ribbe et al., 2008; Basnyat et al., 2000). Most of studies 

concentrate on one class of pollutants (e.g. pesticides) or deal with only one specific pollutant (e.g. 

a metal) (Matejıcek et al. 2005; Neal et al. 2005; Vassiljev et al., 2008; Ribbe et al., 2008; Leone et 

al., 2008).  

However, none of the existing studies uses the method of graphical analysis for the 

identification of pollution sources location from long term concentration monitoring. Our method is 

aimed at the identification of both point and non-point pollution sources, and is applicable to 

monitoring data regarding different kinds of pollutants.  

The objective of this study is to identify major pollution sources along Romanian Somes River. 

The presence of chemicals in water and the concentration distribution along the river facilitate the 

analysis aimed at the identification of pollution sources. The analysis is performed based on 

concentration profiles of pollutants along the river. The case study regards two pollutants: nitrate 
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and lead. The results will be used for the development of river water quality models to predict 

pollutant transport in Somes River. 

However, pollution sources discharging other types of pollutants could be identified when 

working with multiple concentration profiles of different pollutants.  

2 Description of the environmental situation 

Somes River Basin is located in north-west of Romania, in a relatively well-developed region, 

inhabited by more than 1.9 million people (Batuca 2005). The length of river to be studied in this 

paper (hereafter referred to as study area) measures 331 km and is situated along one of the Somes 

River main branches (Fig. 1).  

 

Fig. 1 Study area map. 

 

The experimental data was collected in the vicinity of 12 monitoring stations placed along the 

study area and marked with red circles in Fig. 1. Monitoring was carried out at monthly intervals 

during 2004. In this research are used 24 concentration profiles measuring the analysed pollutants 

along the river (12 for nitrate and 12 for lead). 

Six urban and over 100 rural municipalities are situated along the studied river branch, along 

with a large number of industrial and agricultural sites. This results in the existence of a large 

amount of pollution sources which put pressure on the river water quality. At certain points along 



 4 

the river water is extracted and consumed for different purposes. Each type of consumer requires a 

different level of water quality. Some consumers are equipped with facilities to analyse water 

quality and to improve it for reaching the desired level (e.g. industrial sites). However, others are 

not in such position (e.g. small agricultural sites) and need proper information on the quality of 

water they take directly from the river. 

In common situations, when no unusual events take place (e.g. accidental pollutant releases) 

water quality managers, by using previous monitoring data, have the capability to estimate the level 

of pollutants in the river. But in case of special events (e.g. accidental pollution, extreme rainfall) 

there is a need of reliable support tools for water quality assessment. Such tools are water quality 

models, discussed later in the paper, along with the importance of pollution sources for model 

development.   

The characteristics of pollution sources have to be taken into account when building water 

quality models. Data regarding pollution sources is usually provided from sources monitoring. For 

many rivers such data is not complete or not available at all. Consequently there is a need to provide 

information on pollution sources using other techniques. Along with this incentive the selection of 

model type (analytical vs. numerical), model stability and resources needed for computation are 

additional important aspects that motivated our research related to the identification of pollution 

sources. 

3 Method description 

3.1 Problem statement 

The identification of pollution sources along the studied river length is carried out by analysing 

graphical data consisting of concentration profiles which visualize the experimental data collected 

at monitoring points. The changes in the concentration profiles (increasing curves) are caused by 

the release of pollutant from the sources.  

The developed pollution sources identification tool (hereafter referred to as the tool) takes into 

account these changes, using the automatic method of shape analysis, in order to identify the 

presence of a source. This method is based on the comparison of the most descriptive fragments 

(characteristic shapes) belonging to two types of concentration profiles: reference (provides 

reference shapes) and measured (provides measured shapes); described further in the paper. The 

sources are located at the river point where the reference shape is the most similar to the measured 

shape.  
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3.2 Types of pollution sources 

The pollutants are released at the sources; they are transported downstream through convection 

mechanism and spread into the water body by means of dispersion. In general, the concentration of 

the pollutant decreases as it travels downstream the point of release. This is due to dispersion and 

also to the pollutant transformations (physical, chemical or biological).  

Water can be consumed downstream the source and simultaneously some other pollutants could 

be discharged into the water by other pollution sources. The location of the releasing units, the 

amount and type of the released chemicals are changing with time. New sources could appear along 

the river, but is also possible that the active source stop release (e.g. closing of a factory). The 

characteristics of discharged polluted water can change as well. All these variations affect the water 

quality along the river.  

The tool presented in this paper is capable to support users to study pollution sources dynamics 

by comparing the results of analysis performed on multiple pollutant concentration profiles 

obtained from monthly monitoring carried out over a large period of time (during more than one 

year).  

There are two major criteria to classify pollution sources: space distribution and duration of 

release.  

One can identify point and distributed pollution sources from the point of view of their spatial 

distribution along the river channel. A point source is characterized by the possibility to precisely 

locate the discharge at a certain point of space. The most common example is the discharge of waste 

water from an industrial plant through a pipe.  

Non-point source pollution does not take place at one single point; pollutants get into rivers 

through large areas, located along the channel, and usually they are difficult to identify. Any 

outdoor area coming into contact with the river water body represents a possible non-point pollution 

source. This type of pollution source is difficult to measure as the discharge place covers a wide 

area; it is largely unregulated, or composed of numerous small point sources. Such sources are 

associated to livestock farms and agricultural activities, forestry, tourism resorts, parking places and 

any other units linked to the urbanization process. In case of the agricultural and livestock farms 

pollutants can be pesticides, herbicides, insecticides, farm fertilizers or manures. During snowmelt, 

rainfall and irrigation the waters infiltrate into the ground and is loaded with pollutants which are 

further transported and discharged into the river water body through the river banks as non-point 

pollution source. 

There are two types of pollution sources according to release duration: instantaneous and 

continuous. In the first case, the discharge takes place very fast and could be mathematically 
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described by means of Dirac function (impulse). In the latter case the release takes place along a 

certain period of time and the concentration of various compounds and effluent’s flow rate could be 

constant or variable. In case of continuous pollution the pollutant is usually discharged in larger 

quantity compared to instantaneous events, causing considerable decrease of river water quality.  

Fig. 2, Fig. 3 and Fig. 4 present simulation results of two pollution scenarios for different point 

sources: continuous and instantaneous. Graphical information of this kind is used as reference 

profile during the analysis of concentration profiles.  

 

 

Fig. 2 Distribution of pollutant concentration in case of instantaneous point release (the lines mark 

different times after discharge). 

 

When the pollutant is instantaneously discharged, the pollution plume has the shape of a bell 

(Fig. 2). Nearby the source, and at short time after release, the concentration distribution looks like 

a peak. Because of convection the substance is transported downstream, and due to dispersion it 

spreads trough the channel. The concentration decreases as the pollutant travels downstream and the 

pollutant plume is spread along a larger river length. 



 7 

 

Fig. 3 Longitudinal evolution of concentration in case of continuous release – less than one day (the 

lines mark different times after the start of discharge). 

 

In case of continuous point release the transport mechanism and transformation phenomena 

are the same, but due to the longer release time the pollution plume has different shape (Fig. 3 and 

Fig. 4). The concentration at the release point remains constant during the discharge (when the 

pollutant concentration of the source and the hydrodynamic conditions are constant), and decreases 

downstream. If the discharge continues for a longer time the maximum concentration will be 

registered along a certain distance downstream the source. 

Along rivers like the Romanian Somes River there are multiple pollution sources of different 

types and magnitude. The impact of various sources has to be evaluated carefully as they influence 

pollutants distribution in different ways (Socolofsky and Jirka, 2005). 
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Fig. 4 Longitudinal evolution of concentration in case of continuous release – longer than one day 

(the lines mark different times after the start of discharge). 

 

3.3 The importance of sources for the model building 

A good water quality model has to approximate well the real situation but also to have an 

optimum level of complexity in order to ensure its rational development time and costs as well as 

usability. However, even for the most simplified environmental models building process is rather 

complex. Multiple phenomena, as convective transport, dispersion, or physical and bio-chemical 

transformations of pollutants have to be taken into account. The model structure depends on 

morphological, hydrological and hydrodynamic characteristics of the river, and also on the nature of 

pollution sources. A high number of pollution sources included in the model considerably increases 

its complexity. On the other hand, if important sources are not included in the model, there is a 

danger to underestimate the amount of discharged pollutants. Therefore, it is needed to include an 

optimum number of releasing sources to ensure a reasonable compromise between model 

complexity and its accuracy.  
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A common approach in pollutant transport modelling is to rely on the fundamental advection-

dispersion equation (ADE) for the transport of pollutant in running waters (Socolofsky and Jirka, 

2005). The one-dimensional form of ADE is: 
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where the evolution of pollutant concentration (c [mg/l]) in time (t [s]) along the river (x [m]) is 

influenced by the convective velocity of water (vx [m/s]), which carries the pollutant downstream, 

and by the (longitudinal) dispersion coefficient (Dx [m
2/s]), which is responsible for the pollutant 

spreading all over the river channel. Ss ([mg/l]) represents the sources discharging pollutant into the 

river (e.g. the industrial sites, the sewage treatment works); and St ([mg/l]) stands for the pollutant 

transformations during the transport.  

Two kinds of mathematical models could be derived based on ADE: numerical models (using 

ADE in original form, as partial differential equation (PDE)) and analytical models (using analytical 

solutions of ADE). Detailed comparison between analytical and numerical models is provided in 

Ani et al., 2009. 

Both model types require information about pollution sources. But the way pollution sources 

influence model development is different in the two approaches.  

A different analytical solution corresponds to each type of pollution source (Socolofsky and 

Jirka, 2005). One specific solution of ADE is to be used when modelling a release from a singular 

source (e.g. point continuous release through a pipe) or from multiple sources of the same type (e.g. 

five point continuous sources having different location along the river). But in the case of multiple 

sources of different types the modelling problem becomes more complex. A number of different 

analytical solutions, each one corresponding to a specific type of source, have to be superposed in 

order to get the model of pollutant transport along the considered river distance.  

One approach in such cases would be the development of model based on simulation modules 

coupled in a single framework. Each module is able to simulate a different type of pollutant release 

and relies on the analytical solution corresponding to that specific release type. The framework 

provides information to be used by all modules; such as river characteristic parameters and models 

for the estimation of pollutant transport parameters. When simulating the transport of pollutants 

released from multiple successive sources the model is using the modules corresponding to each 

source type. 

When applying the numerical modelling approach, the equation used in the model does not 

change. The PDE implemented in the model is solved using the finite elements method, taking into 

account the specified conditions related to the river characteristics, the sources and the boundaries. 
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The models are more flexible, because adding, modifying or crossing out a source is possible 

anytime. The core of the model remains the same, and the new elements to be specified are: the 

location of the source, its space distribution, release duration, nature of discharge, the initial and 

boundary conditions.  

The same kind of information about pollution sources along the river, e.g. source location, 

discharged pollutant, effluent quantity; is necessary in both analytical models. The results of our 

analysis are valid for both model types despite the fact that their nature and the solving algorithms 

are different.  

3.4 Shape comparison and analysis 

The identification of pollution sources is based on comparison of shapes detected in the image 

of concentration profiles. Two types of profiles are involved in the analysis: a concentration profile 

resulted from monitoring of pollutant concentration along the river (hereafter referred to as 

measured profile) and reference profiles showing pollutant concentration evolution after a certain 

type of release.  

The method is implemented by utilizing case-based reasoning (CBR) approach and nearest-

neighbour technique (Avramenko and Kraslawski, 2006).  

First the shapes are detected (recognized) in the measured profile (measured shapes) and in all 

reference profiles (reference shapes). Next, a recognized shape is presented as whether a set of 

vectors or a set of polynomial curves with supplementary information about scale.  

Further a measured shape is compared against each reference shape, and the level of similarity 

between them is calculated. The reference shape with highest similarity level will give information 

about the pollution source discharging pollutant in the river. The procedure continues until all 

measured shapes were analysed.  

Since a shape is represented as a set of vectors (or polynomials) the overall shape similarity is 

developed from the similarity between vectors or parts of the curves. Therefore the degree of 

similarity between the measured shape, Sm, and the reference shape, Sr, is calculated as follows: 

∑∑
==

⋅=
k
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i
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where k is number of intervals or vectors in the curve representation, wi – weights of importance, 

and simi – vectors or polynomial similarity.  

The weights of importance might be equal to 1 when flat comparison is used but typically they 

depend on the changes between start and end of the vector (or polynomial) – the higher change is 

greater weight value is. This approach allows the method to emphasise during comparison the part 



 11 

of shape representing dramatic changes of concentration. This is important for pollution source type 

identification. 

The key problem in the shapes representation is translating the measured profile into 

dimensionless shape to be comparable with those from the reference set. Therefore, the profile is 

recorded as a set of proportions of the curve regardless to absolute values and scale of the profile. 

However the information about scale of the plot is attached as supplementary resource for 

additional adjustments. Only the specific characteristic part of the curve can be recorded as the 

researcher might be interesting only in certain behaviour. 

The similarity value for the components of shape representation (vectors or polynomials) is defined 

based on distance function as the degree of similarity and the degree of difference are 

complementary notions. Therefore the similarity between the elements of the shape is defined as: 

)b,a(d1)b,a(sim −=  (2) 

where d(a,b)∈[0,1] is the degree of difference (distance) of two elements a and b. If the features are 

completely different d equals 1. The distance of vector elements a and b is calculated according to 

the following equation: 
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If elements of compared shapes are represented as polynomials (e.g. spline functions) then 

the parameters of polynomials are represented in form of vectors (corresponding coefficients are 

allocated to specific coordinates), and the distance is calculated according to Eq. 3.  

The described method has been implemented in a computer tool capable to recognize 

characteristic shapes of concentration profiles, decompose them into vectors or polynomials, and 

perform comparison (Avramenko et al. 2009). The computer tool has been used to detect pollution 

sources location along Somes River. 

4 Results and discussions 

The objective of graphic analysis is to identify pollutant sources along Somes River. As 

discussed earlier nitrate and lead concentration monitoring data is analysed.  

4.1 Data preparation 

Following common practice, the existing concentration profiles are evaluated by visual 

inspection and inter-comparison. During this process the nitrate profile from November 2004 was 
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excluded from the data set as not trust worthy due to probable monitoring errors (almost straight 

line showing constant value of concentration along all study area). All other profiles (11 for nitrate 

and 12 for lead) were analysed. Two examples of analysed profiles are shown in Fig. 5 and Fig. 6. 

 

 

Fig. 5 Example of nitrate concentration profile in July 2004. 

 

 

Fig. 6 Example of lead concentration profile in August 2004. 
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The original set of sources for nitrate and lead, used as reference, was extracted from technical 

reports on pollution sources of Romanian running waters in 2004 (MMDD, 2004; Serban and Rosu, 

2005). Data for nitrate is presented in  

Table 1 and for lead in Table 2.  

 

Table 1 Nitrate pollution sources data for 2004 year. 

#r. Source Location [km] Type Observations 

1. Cluj-Napoca 95 – 103 

Multiple point = one 

non-point 

Continuous 

Industrial sites 

Sewage  

WWTP 

2. 
Bontida – 

Gherla 
140 – 150  

Multiple point = non-

point 

Continuous 

WWTP 

Agricultural sites 

Animal husbandry 

Smaller than source 1 

3. Dej 178 - 180  
Multiple continuous 
point sources 

WWTP  
Industry 

4. Vad 199 
Multiple point and 
non-point 

Continuous 

Agriculture 
Animal husbandry 

Rural municipality sewage 

5. Jibou  270 
Point 

Continuous 

WWTP, Sewage 

Smaller than source 4 

6. Lapus River 330  
Non-point 

Continuous  

Polluted water from WWTP, 

industry and agriculture 

7. Satu Mare  400 – 420  

Multiple point and 

non-point 

Continuous 

WWTP; Industry  

Agricultural sites 

Animal husbandry 

 

Table 2 Lead pollution sources data for 2004 year. 

#r. Source Location [km] Type Observations 

1. Cluj Napoca 95 – 103 

Multiple point = 

one non-point 

Continuous 

Sum of multiple point sources 

Nadas River 

Industrial sites 

Quite small contribution 

2. 
Bontida - 

Gherla 
140 – 150 

Multiple point  

Continuous 

Industry, WWTP 

Smaller than source 1 

3. Dej 178 - 180 
Multiple point 

Continuous 
Industry 

4. Ulmeni 237 
Point 

Continuous 

Industry 

(just few information available) 

5. Jibou 270 
Multiple point 

Continuous 

Industry, WWTP 

Smaller than source 4 

6. Lapus River 330 
Non-point 

Continuous  

Rivers Sasar, Firiza and Cavnic 

Industry 

7. Satu Mare 400 – 420 
Multiple point 

Continuous 

Relatively small contribution 

Industry, WWTP 

 

The used reports contain data about the main pollution sources discharging pollutants along the 

studied river length in 2004. The specifications regard: approximate location of the source, 
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discharged substances (quantity and nature), and quite often the type of releasing system (pipe, open 

channel, etc.). However, the information is sometimes incomplete. 

The location of known sources is used to test the tool’s accuracy in detecting the location of 

pollution sources along the river when analyzing measured concentration profiles. 

4.2 Use of method and tool  

The source identification procedure is composed of three stages: (1) reading the measured 

concentration profile; (2) its recognition, when the most characteristic parts of the profile (measured 

shape) are stored as dimensionless shapes; and (3) finding the most similar reference shape, 

corresponding to a type of pollution source. 

Concentration profiles monitored in 2004 were analysed independently. The curve for a given 

month was divided into characteristic shapes (when decreasing/increasing trend can be spotted) and 

the computer tool was used to find similarity between those shapes and reference shapes of each 

specific pollution type. The generalized concentration profiles presented in Fig. 2, Fig. 3 and Fig. 4 

were used to create the reference profiles set. 

The recognized characteristic shapes of the analysed month were compared with those from 

other months to refine the identified sources. During refining occasional and pseudo-sources due to 

monitoring errors or accidental releases (which cause increase of concentration) are eliminated from 

the list of identified sources.  

For verification purposes the location of identified sources is compared against the location of 

known real pollution sources (reference sources) extracted from technical reports.  

4.3 (itrate sources identification  

During method application on nitrate a number of 11 concentration profiles were analysed, in 

order to identify pollution sources releasing nitrate along the study area. The comparison of results 

against the list of reference sources in  

Table 1 reveals the tool’s capability to identify the majority of sources during each analysis. 

The best accuracy corresponds to sources 1, 3 and 6, while source 5 was not detected in any of the 

profiles. 

Fig. 7 presents as example the result of analysis of the profile corresponding to July 2004. The 

graph presents nitrate’s concentration profile along the studied river length and the identified 

sources are marked with capital letters. It shows that from the point of view of location along the 

river the tool was able to detect sources with satisfactory accuracy. The method was able to detect 4 

from 7 actual sources. 

The first pollution source from  
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Table 1 was identified and is marked as Source A in Fig. 7. Sources 3 (Source B) and 6 (Source 

D) were also clearly identified.  

Sources 2 and 4 were not identified, probably due to their small magnitude compared to other 

sources located in their proximity. Source 1 is discharging nitrate which is transported along the 

river. About 40km downstream, at the point were source 2 is discharging; nitrate is already present 

in the water, at high concentration, due to the activity of source 1. Source 2 is listed in the technical 

reports (MMDD, 2004 and Serban and Rosu, 2005) as discharging considerably less nitrate than 

source 1. Consequently, the increase of concentration due to source 2 could hardly be captured 

during the monitoring.  

The last pollution source (Satu Mare) was not identified due to technical reasons related to 

experimental data. As discussed earlier the identification of sources from concentration profiles is 

based on the recognition of shape changes (increasing and decreasing concentration). The method 

of graphical analysis is using fragments of profiles where concentration changes are shown; and 

compares those fragments against generalized shapes. Concentration change downstream the last 

pollution source is not visible in the analysed concentration profiles because there is no monitoring 

point further than 10 km downstream that source. In such situation, there is not enough length of the 

characteristic shape downstream that source and the tool is unable to detect the pollution source. 
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Fig. 7 Location of nitrate pollution sources identified by the tool (July 2004). 

 

From all analysed nitrate profiles the tool identified a pollution source which is not present in 

the original list of sources ( 

Table 1). The detected source is placed at approximately 240 km from the river spring and 

presented in Fig. 7 as Source C. During the investigation of Somes Basin map (Fig. 1) it was 

observed that Ulmeni locality and one monitoring station are located in the spatial proximity. 

Consequently it is possible that waste waters are discharged in Somes River nearby Ulmeni. In the 

reports (MMDD, 2004; Serban and Rosu, 2005) there is not enough available information in order 

to include discharges around Ulmeni in the original set of sources for nitrate.  

4.4 Lead sources identification  

The analysis was carried out on 12 concentration profiles to identify lead pollution sources. For 

all cases the majority of the sources were identified. The analysis results of the concentration profile 

corresponding to August 2004 are presented in Fig. 8. The tool identified 4 pollution sources out of 

7. The small source 1 was identified, but source 2 not. 
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Fig. 8 Location of lead pollution sources identified by the tool (August 2004). 

 

The background concentration of lead in the river during August 204 is very low compared to 

the concentration increase downstream big pollution sources. Therefore, the fragment of 

concentration profile corresponding to first 100 km next to the upstream boundary of the study area 

has almost flat aspect (the concentration seems to have a constant value) due to small concentration 

changes. In order to illustrate the identification of the first pollution source the concentration profile 

corresponding to the proximity of the source is magnified, as shown in left top framed corner of 

Fig. 8. 

Source 3 was not detected because there were no measurements taken at the monitoring site 

located in the vicinity of that source. In this case, a possible change in the concentration profile, due 

to release of lead from source 3, was not captured in the experimental data.  

Sources 4 (source B), 6 (source C) and 7 (source 7) were identified, but not source 5, which is 

smaller than source 4 located 33 km upstream.  

The impossibility of detecting the source 5 could be related to the scarcity of monitoring data. 

This source discharges smaller amount of pollutant compared to sources 4 and 6. As in the case of 

nitrate source 2, discussed in the prior section, the concentration change caused by the small release 

of source 5 might be hardly detected in the measured concentration profiles used for analysis.  
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4.5 Perspectives and limitations 

The analysis results reveal the capability of the present method to detect nitrate and lead 

pollution sources with satisfactory accuracy.  

The developed computer tool gives the possibility of prompt identification of pollution sources 

presence, but also to analyse their activity and presence during the year.  

Agricultural sites are important pollution sources in Somes River Basin. As it is well known 

they mostly pollute during few months throughout the year. Some other type of activities also cause 

seasonal pollution (e.g. tourist resorts). The specific timing of each type of these sources can be 

investigated using the present computer tool. Concentration profiles corresponding to multiple 

months during a sufficiently long period (e.g. longer than one year) have to be used. In the first 

analysis step they are individually analysed and further the results obtained from individual analysis 

are compared.  

A limitation of the method is its sensitivity to the scarcity of monitoring data. The concentration 

profiles to be analysed have to show changes in the measured profiles, in order to facilitate the 

source identification. These changes can be better captured by using higher density of monitoring 

points along the river. More points along the study area would improve the quality of concentration 

profile and increase (1) the number of identified sources, as changes due to small sources could also 

be visible; and (2) the source location accuracy.  

5 Conclusions 

The presented method is used to identify river pollution sources based on the analysis of 

graphical information retrieved from monitoring data collected along a river length. The analysis 

was performed using exclusively concentration profiles of nitrate and lead, measured monthly 

during 2004. 

The location of identified sources was compared against the location of real pollution sources 

of Somes River active during 2004. The results show that most of sources were identified with 

satisfactory accuracy for both nitrate and lead concentration profiles. The impossibility of source 

detection appeared in the case of small sources located in the proximity of very large ones. The 

latter ones mask the influence of small sources and the concentration increase due to theirs 

contribution is not visible in the concentration profile.  

Analysis revealed that a more efficient detection of pollution sources can be achieved when the 

spatial frequency of monitoring points is higher. This would lead to a better representation of the 

measured concentration profile.  
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The pollution sources identified in the present study will be included in water quality models 

for the prediction of pollutant transport along Somes River. 
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Abstract

The paper presents a case based reasoning (CBR) tool designed for the identification of

crucial information for the modelling of pollutant transport in river riches. The

developed CBR tool is using a case base comprising published information about

several rivers which have been a subject of research on water quality modelling.
The models from the case base use the characteristics of a specific river reach. For an

unstudied reach it is possible to find a model for pollutant transport based on the

comparison of characteristics of that river reach with the characteristics of the already

studied reaches, stored in the case base.

The reaches of Somes River were compared against the reaches in the case base. The

developed tool is also applicable in the case of other rivers were no detailed

concentration measurements are available and the mathematical models for pollutant

transport are needed.

Keywords: pollutant transport modelling, water quality modelling, case-based

reasoning, Somes River.

1. Introduction

This work is motivated by environmental and as well economic issues encountered in

everyday environment management. The experience in solving problems related to river

pollution shows that mathematical models for the evaluation of pollutant concentration

along rivers are very important for the assessment of the water quality. The specific

models for simulation of pollutant transport are needed for every studied river.

However, creation of such models requires a lot of time and resources.
Our aim is to use of the existing knowledge in order to identify the most suitable

pollutant  transport  models  for  the  case  of  Somes  River.  To achieve  this  goal  the  case

based reasoning (CBR) approach is being used. The method is based on the idea that the

similar problems have the similar solutions. According to the present literature, CBR is

being applied in multiple engineering fields (Avramenko and Kraslawski, 2008; Botar-

Jid, 2007) in order to find solutions of new problems using the past experience. In the

field of water quality modelling Chau (2007) is proposing a prototype knowledge

management system (KMS) useful for the selection of models and parameters for

coastal hydraulic and transport processes. This KMS is using the principles of CBR to

extract information from a knowledge base comprising 11 scenarios related to the water

quality (e.g. flood forecast, water pollution and eutrophication).

In the presented paper, the case base is much bigger and the CBR is going to rely on the
similarity between the characteristics of river reaches in order to find suitable models
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for  pollutant  transport  in  Somes  River.  According  to  our  literature  survey  no  similar

CBR tools have been developed yet.

The Somes River, one of the most important rivers in Romania, covers an area inhabited

by approximately 2 millions people. The river has to be subjected to an increased

attention, due to the accidents which took place, and found the authorities in charge

unprepared (Moldovan, 2006). Another reason is a continuous pollution taking place

along the river branches due to the increasing industrialization and urbanization

(Moldovan, 2006; Serban and Rosu; 2005). Consequently, a good model is needed for

the assessment of the water quality. The literature search on Somes River reveals the
existence of works aimed at the assessment of the water quality (Moldovan et al., 2007;

Laszlo, 2006; Serban and Rosu; 2005; Ponta et al., 2003), but there are no studies

focused on the modelling of pollutant transport.

The models for pollutant transport are very complex due to the large number of factors

affecting the transport, the variable geometry of the channel along the river, and the

multiple phenomena occurring simultaneously: convective-diffusive mass transport,

chemical and biochemical transformations as well as physical processes (Socolofsky

and Jirka, 2005). The model has to rely on field data in order to obtain the best estimates

of the parameters and a high accuracy of the concentration prediction (Lee and Seo;

2007; Socolofsky and Jirka, 2005). This kind of data is obtained thanks to monitoring,

with high frequency, of the concentrations along large river distances. Such approach is
time and resources consuming, and sometimes difficult for carrying out. The existing

pollutant concentration data for the Somes River was collected on a monthly basis in

just 12 monitoring points along 421km. This could be used to test a model, but not to

build a reliable one. The other kind of available data is related to the channel features of

the Somes River.

Usually, the mathematical models for pollutant transport in the rivers rely on variables

capturing the river channel characteristics. A solution to overcome the lack of data is the

use of already existing validated models as the geometry of the channel could be similar

from one river reach to the another one. For the case of Somes River, or any other case

where data are missing, it is possible to identify and implement the old, commonly-

accepted models by applying the published knowledge related to the pollutant transport.
These models will be selected using CBR.

2. Method description

The identification of the models for pollutant transport in the rivers requires several

research steps including (1) the division of the river length into five reaches; (2)

building a case base; (3) the development of the CBR tool and (4) the comparison of the

stored cases with the reaches of the Somes River in order to (5) identify the most similar

cases (6) retrieving the model description and related data from the sources.
The case base is built using information from the published literature and from existing

databases of the rivers. There is a number of rivers which have been subject of research

on water quality modelling, and can be used as old, solved cases in the present research.

The information related to the problem statement and to the assigned solution for each

case  is  stored  in  the  case  base.  Our  interest  is  focused  on  the  details  related  to:

mathematical models for pollutant transport; models for the calculation of the transport

parameters (water velocity, dispersion coefficients) and models for pollutant

transformation during the transport.

Each stored case is characterised by the following variables corresponding to the

investigated river reach: channel width, river bed slope, water depth, reach’s length,
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width to depth ratio, mean water velocity, and dispersion coefficient. The Somes River

reaches are also assigned with values corresponding to these variables.

Further on each river reach from the stored cases is compared against the reaches of

examined river  (in  this  work  –  Somes  River),  in  order  to  find  the  most  similar  stored

cases for each of the reaches.

The similarity value between two river reaches is calculated as a weighted sum of

similarity measures of parameters of the reaches. (ai, bi for A and B respectively):
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and b is defined as:
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where range is the difference between maximum and minimum values in the overall set

of parameters’  values.

More details related to the CBR approach and to the development of the CBR tools are

provided in Avramenko and Kraslawski (2008), Avramenko and Kraslawski (2006),

and Botar-Jid (2007).

The solutions assigned to the cases with the highest similarity degree are further used in

order to formulate the mathematical model for pollutant transport in the Somes River.

After solving the problem of pollutant transport in the Somes River, all its reaches are

going to be added to the case base, and further used in the studies of the modelling of
pollutant transport in other rivers.

3. Results and discussions

3.1. The Somes River reaches
The measurements show that Somes River has non-uniform channel geometry along the

studied area, which is causing the longitudinal variability of characteristic parameters of

the pollutant transport and makes the modelling task more difficult.

Table 1 Normalized parameters of the reaches of Somes River

Reach
number

Reach
length
[km]

Width Depth Slope
Width/
Depth

Flow rate
-average-

Flow rate
–min–

Flow
rate

-max-

1 90 0.16 0.19 1.00 0.82 0.11 0.138 0.053

2 80 0.42 0.51 0.18 0.82 0.19 0.290 0.118

3 8 0.58 0.83 0.09 0.70 0.43 0.489 0.401

4 59 0.78 1.00 0.10 0.78 0.70 0.715 0.723

5 113 1.00 1.00 0.07 1.00 1.00 1.000 1.000
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The approach to use in these complex cases, firstly suggested by Fischer and colleagues

(1979), is to split the river into reaches, according to the characteristics of each river

fragment. Somes was preliminarily divided into five reaches of unequal length, as

presented in Table 1. The CBR approach is used to find the suitable models for each of

the Somes River reaches.

3.2. The case base
The case base contains 147 cases regarding different kind of studies related to the

pollutant convective-diffusive transport. One river could be represented as different

cases if it consists of multiple reaches studied on the different occasions.

Most  of  the  stored  cases  (90  cases)  provide  information  about  the  estimation  of

dispersion coefficients. This knowledge can be used to formulate the model for

parameter estimation which next could be included in the pollutant transport models.

Other 26 cases are related to travel time studies, velocity as a function of the river

morphology or tracer experiments. The most important stored examples (31 cases) are

the ones presenting details about pollutant transport modelling, including employed

equations, initial and boundary conditions, pollutant transformation models and/or
parameter estimation models.

The case base is implemented as Microsoft Excel workbook.

3.3. The CBR tool
The CBR tool has been developed in order to realize the described approach. The tool is

a single computer application with supplemented data files.

The function of the tool is as following: (1) import the data from Excel documents or set

of text files with parameters of the river reaches; (2) input (or import) the parameters of

specific river reach to be compared with those in the case base; (3) rank the cases
according to the value of similarity to the case under consideration and present a

number of most similar cases; (4) retrieve the model for pollution transport from the

data source (usually a PDF file).

3.4. The most similar cases and utility for the Somes River reaches
The CBR tool ranked all stored cases according to the similarity to the Somes River

reaches. For each reach the three cases assigned with the highest similarity value are

listed in Table 2. The first column contains the name of the river reach in the case base,
the second column contains a synthesis of the available information, then the level of

similarity is listed, and in the last column is mentioned at least one of the used

references.

The results reveal that the models developed for the Swale, Rhine and Ebro rivers are

the most appropriate to use in the modelling of the pollutant transport in Somes River.

By analysing the similarity level two approaches could be proposed for the models

allocation to the Somes River reaches. In the first approach the existing model for Swale

3 is used for reach #1; Swale 4 for reach #2; Rhine 4 for reach #3 and Ebro 2 for reaches

#4 and #5. In the second approach the model for Swale 3 is used for reach #1, Rhine 4

for reaches #2 and #3 and Ebro 2 for reaches #4 and #5.

Since the order of Somes reaches is in relation to distance from the spring it  could be

stated that the model from case Swale 3 is suitable to beginning of Somes river (reach
#1),  model  from case  Rhine  4  could  be  applied  for  the  upper  middle  part  of  the  river

(reaches #2 and #3), and for the down middle part (reaches #4 and #5) the model from

case Ebro 2 can be used.
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Table 2 The cases with the highest similarity degree corresponding to the Somes River reaches

Case name Available information
Similarity
value (%)

Example of references

Reach #1

Swale 3
QUESTOR, LOIS, in-stream
water quality modelling
Intensive monitoring campaigns

94.63
House and Warwick (1998)
Eatherall et. al. (1998)

Cowaselon

Creek

tracer experiments

dispersion coefficient estimation
reaeration coefficients estimation

93.65
Socolofsky and Jirka (2005)

Kilpatrick et al. (1989)

Narew 3
tracer experiments
dispersion coefficient estimation
Rhodamine WT transport model

93.24 Rowinski et al (2007)

Reach #2

Rhine 4
model for pollutant transport
alarm system for accidents

95.11
Dunnivant and Anders (2005)
Broer (1991)

Waikato 1
nutrients transport
dispersion coefficient
surface heat transfer

93.04
Sanchez-Cabeza and Pujol (1999)
Rutherford and Williams (1992)
Alexander et. al. (2002)

Swale 4
QUESTOR, LOIS, in-stream

water quality modelling
Intensive monitoring campaigns

91.84
House and Warwick (1998)

Eatherall et. al. (1998)

Reach #3

Waikato 1 see above 95.65 see above

Rhine 4 see above 93.08 see above

Ebro 2
tracer experiments
hydrodynamics study
two pollutant transport models

91.56
Mestres et al. (2003)
Sanchez-Cabeza and Pujol (1999)
Pujol and Sanchez-Cabeza (2000)

Reach #4

Ebro 2 see above 95.31 see above

Waikato 2
nutrients transport
dispersion coefficient
surface heat transfer

94.02
Sanchez-Cabeza and Pujol (1999)
Rutherford and Williams (1992)
Alexander et. al. (2002)

Swale 4 see above 84.04 see above

Reach #5

Ebro 2 see above 95.31 see above

Waikato 2 see above 94.02 see above

Rhine 4 see above 89.37 see above

4. Conclusions

The paper presents the development and application of a CBR tool for the identification

of pollutant transport models for the reaches of Somes River.

The results reveal that the prior developed models for reaches of the rivers Swale, Rhine

and Ebro could be applied to the reaches of Somes River in a further research studies.

The developed CBR tool has general applicability with respect to river reaches, as it

could be used to propose pollutant transport models also for other rivers than Somes.
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trends. Or to detect the similar behaviour of the different objects
based on graphical representation of their characteristics when the
similarity is not obvious.

6. Example identification of the methods for the
calculation of dispersion coefficients in the rivers

The focus of the present case is to find the most suitable ways to
calculate the longitudinal dispersion coefficients for one branch of
the Somes river, Romania, using the channel geometry characteris-
tics.

6.1. Description of the environmental problem

The study area measures 421 km and is situated along one of
the main water streams of the Somes river basin. The basin, sit-
uated in north-west of Romania, is relatively well-developed and
inhabited by more then 1.9 million people (Batuca, 2005). Along
the studied river branch, there are situated 6 urban and over 100
rural municipalities as well as industrial and agricultural sites. The
reliable water management tools are needed to ensure the sup-
ply of good quality water for this complex environment. Some
of them are the water quality models, which are able to pre-
dict the changes in time of the pollutants concentration along the
river.

The evolution of pollutants concentration in the river is depend-
ing on the convective and diffusive mass transport, and also on the
chemical transformations of the pollutants. In the majority of the
concentration prediction approaches the diffusive mechanism is
taken into account by using the dispersion coefficients. The ability
to evaluate the dispersion coefficients is very important in order to
ensure an accurate concentration prediction.

The most reliable way to evaluate dispersion coefficients is the
use of theoretically based methods applied to the experimental
data. However, it is very expensive to get the experimental data
on the detailed channel profile as well as the changes in time of
the pollutants concentration. Consequently, a lot of research have
been done in order to find the methods to calculate dispersion coef-
ficients for rivers without using concentration profiles (Guymer,
1998; Wallis & Manson, 2004). It resulted in a big number of formu-
las (e.g. Deng, Singh, & Bengtsson, 2001; Fischer, Liet, Koh, Imberger,
& Brooks, 1979; Liu, 1977; Seo & Cheong, 1998), which is claimed
to be more accurate than others or applicable to a wider num-
ber of rivers (Kashefipour & Falconer, 2002; Seo & Cheong, 1998).
The formulas include variables related to the convective transport
(the water velocity), to the river channel characteristics, such as:

channel width, water depth or river bed slope, and to the shear
velocity (calculated by using channel parameters and the gravita-
tional acceleration).

The values of the dispersion coefficients are very different for
the various case due to the complexity of the phenomena occurring
when pollutants are transported. Moreover, the estimations given
by the different empirical equations for the same stream/channel
could vary dramatically, as it was reported by Wallis and Manson
(2004).

An accurate evaluation of the dispersion coefficients is essential
for the prediction of the pollutant concentrations. Therefore it is
very important to select the most appropriate empirical formulas
to be used for a particular case.

The presented method and the software suite were used to
search for the appropriate ways of the calculation of dispersion
coefficients in the Somes river, Romania. The goal is to find relevant
description (empirical formulas, theoretical models and estima-
tions) of the dispersion coefficient determination in those river
channels that have similar geometry to the Somes river.

6.2. Generalised problem description

Due to the fact that the empirical formulas rely on the physical
characteristics of the river channel, the presented study is using the
geometry parameters like longitudinal and transversal profiles of
the channels as comparison criteria. The attributes of Somes river
are to be compared with those of the other rivers, presented in the
publications in order to identify similar cases and to retrieve infor-
mation related to the evaluation of dispersion coefficients from the
various sources.

The experimental data was collected in 2005–2006 along the
study area of the Somes river in 14 different points. The measure-
ments include channel width, water depth and river bed slope.

The values of those three parameters along the distance of
421 km were normalized and summarised in single figure, pre-
sented in Fig. 7, which is giving the generalised longitudinal profile
of the study area.

Three examples of the shapes used for the comparison in terms
of transversal profiles are presented in Fig. 8. These cross sections
were measured in three different points along the river, situated
between 90 and 170 km downstream the springs. The horizontal
axis is representing the river channel width and the vertical one the
water depth. The profiles are presented in the problem description
as the dimensionless curve because only geometry of the channel
is important.

Fig. 7. The generalised longitudinal profile of the Somes river.
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ABSTRACT 

The present paper is aimed to the river water quality modelling. A numerical and an analytical 

model have been developed in order to predict the transport of pollutants in the Somes River. 

A novel approach for the analytical modelling offers the opportunity to use variable 

parameters along the river length. Space dependent model parameters have been used for both 

solutions. The modelling results provide information on the time and space evolution of the 

pollutant concentration. Comparison between the results of the two models reveals their 

incentives and limitations. 

 

Keywords: pollutant transport model; Somes River; numerical model; analytical model.  

 

1. I%TRODUCTIO% 

Prediction of flowing water quality and characteristics is having an important place in the 

research work at global level due to the need to counteract the effects of the natural disasters 

or accidents that might take place. The river water quality modelling (WQM) literature is very 

rich in transport models of specific substances, which may be conservative or non-

conservative compounds.  

A large part of the WQM publications present only one-dimensional (1D) experimental 

models useful to a certain river case or focused on only one pollutant. Considering nitrogen as 
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an example, the literature survey shows the existence of several models for the nitrogen 

compounds [11, 12]. These models are dynamic and include first order kinetics for the 

transformations. They describe the factors influencing nitrate transport in flowing waters [12] 

and kinetics of the nitrogen transformations [4, 17 and 23].  

Another type of models predicts the evolution of pollutant concentration in rivers and 

describes water quality parameters for large river lengths, or even for basin scale [3, 8 and 9]. 

They consider daily or even monthly time-steps for the computation algorithm. These models 

are useful to assess the situation of the river water quality over long periods of time, but they 

may be hardly used in cases of severe calamities. For these cases models having smaller 

computation steps are suitable. Such features are characteristic for the following presented 

models, developed for the Somes River.  

For the simulation of different pollution scenarios several water quality simulators are 

available [1, 14, 27 and 28]. Short reviews of the available WQM software products are 

presented in several papers [6, 22]. Among them there are two types of software. One type is 

represented by the simple water quality simulation tools based on a significant number of 

simplifying assumptions [10]. They take into consideration only few input variables 

concerning pollution sources or pollutants, use average values for the river hydraulic 

parameters and take into account simple kinetics for the pollutant transformations or even 

consider the transport as being conservative.  

On the other hand, complex software is also available for making real time predictions, and 

for presenting biological and chemical processes along with the physical ones (e.g. BASINS, 

CE-QUAL-RIV1, MIKE11, PC QUASAR, QUAL2K, SWAT, SWIM, QUESTOR). These 

software products are very useful but they usually do not allow the user the desired access to 

the underlying equations in order to modify them and make the software suitable for the 

particular case of interest. Usually, the costs for implementing such software are considerable.  

Considering the existing research discussed above it was decided to build flexible models 

suitable for the Somes River, which have the ability to predict both the space (along the river) 

and time evolution of conservative and non-conservative pollutants concentration.  

Screening the literature on the Somes River it was noticed that only few water quality 

studies have been carried out until now. Some of them show accidents that happened in the 

last years [13, 15, 19 and 29]. Another set of papers presents the state of the water quality [15, 

20 and 21] or specific aspects related to the chemicals affecting the water [16]. None of these 

studies has as subject the prediction of the Somes River water quality and the pollutants 

transport along the river. 
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Consequently, the development of a specific simulation tool for water quality prediction is 

of great interest for the environment management in the Someş River Basin. The present 

paper considers the transport and transformation of non-conservative pollutants, without 

aiming to a specific type of pollutant, but rather to develop an efficient software framework 

for building applications able to cope with different potential pollutants. It is dedicated to 

pollutant transport modelling by using both (1) numerical methods for solving the underlying 

PDE and (2) implementation of the analytical solution of the underlying PDE.  

2. EXPERIME%TAL DATA A%D POLLUTIO% SCE%ARIO 

The Somes River is the fifth largest river in Romania and the most important in 

Transylvania. The investigated area considered in the present paper consists in a river length 

of 88 km and was chosen after analysing the information regarding the pollution sources 

possibly to act along the main branch of the Somes River.  

The upstream end of the investigated river stretch is located at the entrance of the river in 

the city of Cluj-Napoca and the downstream end is located near the municipality of Dej. The 

experimental data consists in: concentration measurements collected between years 2001 and 

2005 on a monthly basis, information about the discharge of pollution sources in the river, 

collected during year 2004, and river channel cross sectional profiles.  

The reasons for studying this river segment are related to the high diversity of pollution 

sources along it, but also to the dense population living in its basin [18, 25]. The pollution 

sources within the investigated area are diverse: industrial sites, waste water treatment plants, 

sewage systems, agricultural fields, and livestock farms. Most of the sources may be 

characterised by continuous point pollutant discharge and the pollutant released in a specific 

point, as shown in Figure 1. 

 

Figure 1. Transport of pollutant emerging from a point release 

 
When the discharge starts the pollutant is present just in the vicinity of the source. In time, 

the pollutant stretches across the channel and along its length. Due to convection the pollutant 

is transported downstream and because of dispersion it is spread in the river channel. The 

water 
flow 

Pollution source 

Damaged area 
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dispersion may also cause the presence of the pollutant upstream the source along a short 

distance. 

In the present paper the source is considered as being located in the industrial site of the 

Cluj-Napoca city at 90 km downstream the river spring. The release, of 5g/s of non-

conservative pollutant is originating from a discharge pipe and it is assumed to be instantly 

distributed over the cross section of the river. 

 

3. RESULTS A%D DISCUSSIO% 

Mathematical models formulation 

To illustrate the propagation of the pollutant discharged by the continuous point source two 

mathematical models have been developed. The 1D form of the basic equation (1) for WQM 

is the common basis for both models and it is describing the pollutant concentration (c 

[mg/L]) change in time (t [s]) along the river length (x [m]), depending on the mass transport 

and transformation mechanisms. 

( )x x

c c
D V c kc

t x x x

∂ ∂ ∂ ∂ = − − ∂ ∂ ∂ ∂ 
 (1) 

The mass transport is caused by convection (second term on the right side of eq. (1)) and 

diffusion (first term on the right side of eq. (1)). The convective velocity (Vx [m/s]) and the 

longitudinal dispersion (Dx [m2/s]) are depending on the water flow (Q [m3/s]) and river 

channel characteristic parameters, as described in Table 1. In all equations x denotes the 

distance downstream the pollution source [m]. 

The transformation parameter (k) is including the biological, chemical and physical 

transformations of the pollutant during the transport. These transformations may cause loss of 

pollutant (k is positive), and they are named pollutant sinks, or gain of pollutant (k is 

negative), being named pollutant sources.  

For the numerical modelling the PDE having the form presented in equation (1) is 

implemented in COMSOL Multiphysics software. The software is able to solve PDEs using 

the finite element method, taking into account the specified conditions related to the river 

characteristics, the source and the boundaries. For the analytical modelling an analytical 

solution of the PDE is implemented in MATLAB software. Details on the analytical solutions 

for WQM are provided in the literature [7, 26]. Both numerical and analytical solutions have 

been developed on the same assumptions for the initial and boundary conditions, 
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transformation kinetics (characterised by first order constant (k)) and using the same channel 

parameter values. 

According to most of the pollutant transport models presented in the literature the river 

parameters are considered as having averaged values for the modelled segment, or 

considering the split of the river segment into reaches characterised by averaged values of the 

parameters [7, 9]. In contrast with these models an important feature of both models presented 

in this paper is that river characteristic parameters are variable along the modelled river 

segment.  

It is well known that the equations corresponding to the analytical solutions for the 

prediction of pollutant transport along the rivers are dependent on the type of the pollution 

source [26]. A distinct form of the analytical solution corresponds to each type of pollution 

source. The analytical solutions take into account simplifying assumptions which characterize 

the river by constant values of the hydraulic parameters, and the source as having constant 

discharge. The models presented in the literature consider that the average pollutant 

concentration or pollutant mass flow at the source is the input at each time and space 

integration step in order to make predictions for the pollutant concentration in the river [7, 10 

and 26]. 

In the present paper, for the dynamic simulator based on the analytical model, a novel 

approach is implemented in order to offer the possibility of using space dependent river 

parameters. This approach implies re-evaluating the pollutant mass flow characterizing the 

polluting source at each computation step. In this novel approach the pollutant mass flow at 

the source, having the real discharged value at each time step, is used to make predictions in 

the first computation step according to space (in the vicinity of the source). Afterwards, the 

pollutant mass flow associated to the computed pollutant concentration from the current space 

step is used to predict the concentration in the next step. This procedure enables the analytical 

solution to take into account the space dependent parameters along the modelled river length, 

but also to compute the solution for time dependent pollutant discharge. 

Model parameters 

The model parameters have been computed on the basis of the river measured data. The 

measurements reveal non-uniform channel features and water flow along the investigated 

river section, as presented in Figure 2. The normalized parameters have been obtained by 

referencing their values to the maximum value of each parameter.  
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From the rich set of available measurements, the channel characteristics and the water flow 

have been first evaluated, and afterwards they have been used to compute Dx and Vx. In the 

models these parameters are evaluated by the equations presented in Table 1. 

%ormalized longitudinal profile of the investigated river segment
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Figure 2. Normalized channel parameters and water flow along the investigated river segment. 

 
For the channel parameters (S [m/m], B [m], H [m]) and for the flow rate (Q [m3/s]) the 

dependence on the river length (x [m]) is given by third order polynomials determined by 

using the polynomial regression functions of MATLAB. The velocity and dispersion 

coefficients are computed using literature proposed relationships [10, 24]. The mathematical 

expressions presented in Table 1 have been included in both mathematical models, along with 

k equal to 10-5 s-1. 

 

E Symbol 
Measuring 

Unit 
Equation 

Slope S m/m 37212317 1026.21000.11041.21070.1 −−−− ⋅+⋅−⋅+⋅− xxx  
Width B m 90.351059.61037.21053.1 428313 +⋅−⋅+⋅− −−− xxx  
Water depth H m 16210315 1050.81047.91043.41049.5 −−−− ⋅+⋅+⋅−⋅ xxx  
Water flow Q m3/s 05.191007.31072.61042.4 328313 +⋅+⋅−⋅ −−− xxx  
Longitudinal 
dispersion 
coefficient 

Dx m2/s 
SB

Q
Dx 058.0=  [10] 

Velocity Vx m/s 
HB

Q
Vx =  

 

Table 1. Regression equations used to compute the river space dependent model parameters. 
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Simulation results 

The models were used to simulate the pollution scenario described above, in order to 

assess the consequences of the continuous release of 5g/s of non-conservative pollutant over a 

period of 24h. The combined effects of the convective-dispersive transport and transformation 

driving forces on the pollutant distribution along the river length are taken into account, as 

well as the influence of the space dependent river parameters on the pollutant wave.  

The simulation results are shown as graphical representation of the pollutant concentration 

evolution in both space and time. They reveal similar behaviour of the analytical and the 

numerical models for the simulated pollutant continuous point release effect.  

 

Figure 3. Simulation results of the analytical model 
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Figure 4. Simulation results of the numerical solution 
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Both models allow the assessment of the river distance affected by the pollutant at certain 

moments of time after the release starts, as presented in Figure 3 and Figure 4. The pollutant 

released at the source will be transported along all the investigated area in less than one day 

(Figure 3 and Figure 4). Both models predict a concentration of 0.125 mg/L at the 

downstream boundary (178 km from the spring), reached after 23 h from the release start.  

The concentration profile in time at a certain distance downstream the polluting source 

may also be computed. For example the time evolution of the pollutant concentration at the 

distance of 44 km downstream the polluting source is shown in Fig. 5a and Fig.5b.  

 

  
a) analytical model results b) numerical model results 

Figure 5. Evolution of pollutant spill at 44 km downstream the source (134 km from the 
spring) for: a) the analytical model and b) the numerical model 

 

According to the results of the analytical model the pollutant spill reaches the point 

situated at 44 km downstream the source after 6.7 h from the start of the release, Fig.5a. The 

concentration is increasing fast in the next 2.2 h, until it reaches the maximum value of 0.2 

mg/l, further maintained constant during the release (if the discharged pollutant flow and the 

hydrodynamic conditions of the river are constant). The same value of the concentration is 

achieved also according to the simulations of the numerical model, Fig.5b.  

The computation time needed for obtaining the numerical solution (24 hours of the real 

process time) is of 142 seconds, compared to 43 seconds simulation time requested by the 

analytical model. The analytical approach shows to be less expensive and able to provide 

simulation results in shorter computation time. 

The analytical model requires less time for the development, compared to the numerical 

one, needs less computer resources and is easier to implement. But on the other hand the 

numerical model is more flexible compared to the analytical one because adding; modifying 

or crossing out a source of any type is possible and easy to implement at any time. The core of 
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the numerical model (the PDE) remains the same, and the elements to be specified are: 

location of the source, space distribution of the source, release duration, nature of discharge, 

initial and boundary conditions. For the case of the analytical model, in order to simulate the 

pollutant release from another type of source it is needed to implement in the model the PDE 

solution corresponding to that specific type of pollutant release [26]. 

Both models may be used to assess the transport of pollutants in the Somes River in case of 

accidental release as well, as any kind on conservative or non-conservative pollutant can be 

simulated, and the source location can be specified and positioned anywhere along the 

investigated river section. They offer the opportunity to estimate the effects of pollutant 

release and to support the users in taking decisions in order to manage efficiently the 

necessary counteracting measures. 

4. CO%CLUSIO%S 

For the simulation of the continuous pollutant release into the Romanian Somes River two 

mathematical models were implemented, using MATLAB (for the analytical model) and 

COMSOL (for the numerical model). They provided similar results for predicting the time 

and space pollutant concentration evolution. The analytical model proved to demand less 

resources and computation time, compared to the numerical model which needed the triple 

amount of time for the simulation of the same pollution scenario.  

The models use the same initial and boundary conditions and variable parameters along the 

investigated river segment. The proposed modelling approach based on the analytical solution 

offers the possibility of using space dependent parameters along the modelled river length due 

to a novel technique of computing the pollutant mass flow released by the source. This 

approach considers the mass flow released by the source to predict the pollutant concentration 

in the river at the first computation step. Further, the mass flow of the source is replaced by 

the mass flow corresponding to the predicted concentration from the previous computation 

step.  

The models open up possibilities for the development of new and computation efficient 

computer tools for WQM and waste water treatment in the Someş River Basin. The numerical 

model will be further used to develop a system for continuous monitoring and on-line control 

of pollutant concentration, in order to counteract the negative effects of pollution on the 

Someş River ecosystem.  
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