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Abstract 

The UK research council funded Cloud to Coast (C2C) project has integrated models to allow an 

improved understanding of faecal indicator organism (FIO) contamination from source to bathing 

waters.  This paper outlines the data collection carried out in the project, the models used and the 

way they are integrated.  A selection of results is presented both at catchment level and at the basin 

outlet, indicating the potential uses of the C2C methodology. 

 

Introduction 

The Cloud to Coast (C2C) project had two key drivers, both related to the revised bathing water 

directive (Council Directive (EC) 2006/7/EC) which came into force in 2015.  The first driver relates to 

the tighter standards in the 2006 directive requiring a further step change in bathing water quality, 

thus improved modelling techniques are required to understand which sources to target to achieve 

optimum cost-benefit.  Secondly, the revised directive allows regulatory samples failing to meet the 

required standards to be discounted if the public had been warned in advance of the likelihood of 

poor water quality, hence rapid predictive modelling of water quality is required.  This paper will 

focus on the first driver. 

The water quality standards in the 2006 bathing water directive references more specific FIOs than 

the 1976 directive (Council Directive (EC) 76/160/EEC) which it replaces.  E. Coli replaces Total and 

Faecal Coliforms while Intestinal Enterococci replaces Faecal Streptococci.  The revised directive also 

specifies three concentrations instead of two (Sufficient, Good and Excellent instead of Mandatory 

and Guideline) and makes some changes to the percentile evaluations of these concentrations.  Only 

E. Coli is considered in this paper. 

The project used the Ribble basin as a test catchment for data collection and modelling.  The Ribble 

was chosen for its wide variety of land uses, from sheep farming and forestry in the northern 

uplands to large urban areas and arable areas in the south.  The Ribble potentially impacts on 
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several bathing beaches, including Lytham St Annes, Southport and Blackpool, the outer reaches of 

the Ribble estuary also contain shellfish waters subject to further EC Directives. 

 

Data Collection 

In order to provide data to build, calibrate and validate the models, a large amount of data has been 

collected.  The main period of data collection was summer and autumn 2012 when flow 

measurements and FIO samples were collected from the river system, and FIO samples from urban 

drainage network outfalls.  In total over 2,700 samples, including over 1,000 from the urban 

drainage network were collected and analysed for FIO concentrations as well as other water quality 

parameters including turbidity and pH.  Further details on the data collection and analysis 

procedures are included in Shepherd et al (2013).  Data collected as part of the C2C project will be 

made available through the NERC data centre. 

 

Modelling 

The C2C modelling has three key elements: Urban, Rural and River-Estuary-Coast.  The individual 

sub-models and the linkages between them are shown in Figure 1 and also further described below. 

  
Figure 1: Schematic of C2C sub models. 

Urban Drainage Modelling 

In total, 43 InfoWorks CS urban drainage network models covering urbanised areas in the Ribble 

basin and ranging in size from < 10 to > 15,000 nodes were supplied by United Utilities for use in 

C2C.  These models were run with rain gauge data supplied by the Environment Agency for the year 

of 2012.  As InfoWorks CS does not have any in-built FIO generation, only the flow data is used.  

InfoWorks outfall flows were categorised into combined sewer overflows (CSO, including storage 

tank overflows), flow to full treatment (FFT), wastewater treatment works (WwTW) storm tanks and 

surface water.  Time series data for all outfalls were exported to csv files for analysis in a Matlab 

script, termed the ‘Urban FIO generator’. 

The urban FIO generator applies event mean concentrations to the InfoWorks outfall flows, based on 

the outfall category and its location.  Event mean concentrations were used following the conclusion 

by Shepherd et al (2013) that FIO concentrations do not exhibit a first foul flush.  Where local FIO 

data had been collected this was used on nearby outfalls from the same category, elsewhere 
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geometric means of data collected across the Ribble basin was used.  For FFT, flows were split into 

wet and dry weather, with appropriate treated effluent FIO concentrations applied (only one WwTW 

with ultra violet (UV) treatment installed was sampled, hence this data was used at all works with UV 

treatment). 

Rural Catchment Modelling 

HSPF (Hydrological Simulation Program-Fortran) was used to model catchment hydrology and FIOs; 

it was selected because it is freely available, was able to run at hourly time steps and had the ability 

to model FIOs.  HSPF models were not available for the Ribble basin and hence were built from 

scratch; Figure 2 shows how the basin is divided into 28 headwater catchments, defined by 

hydrological watersheds.  Each of these catchments is further sub-divided into up to 35 sub-

catchments.  Additionally, not shown in Figure 2, are 24 ‘direct’ catchments which flow directly into 

the main rivers.   

 
Figure 2: Main hydrological catchments for HSPF modelling of the Ribble basin. 

Catchment hydrology is purely driven by HSPF as this was found to produce better results than also 

inputting flows from InfoWorks.  HSPF calculates basic routing of flows and pollutants (including 

decay) through the sub-catchments to the catchment outlet.   

The Bacteria Indicator Tool (BIT) is used to produce data on FIO build up rates on the catchment 

surface and loads from continuous sources; these are both calculated at the sub-catchment level.  
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FIO build-up on the catchment is a function of parameters including land use, stocking densities and 

manure application practices; build-up of FIOs on the catchment surface has a limiting value which is 

a multiplication of the daily build-up rate.  Continuous sources of FIOs are cattle with direct access to 

streams and failing septic tanks.  The continuous sources from BIT are input to HSPF along with 

InfoWorks FIO loads as point sources.  The build-up rates and limiting values are input to HSPF in 

tabular form and used alongside meteorological data to drive wash-off processes.  A fuller 

description of the application of HSPF to UK catchments has been produced (Phillips, 2014). 

River-Estuary-Coastal Modelling 

The river, estuary and coastal modelling takes the time series flows and FIO concentrations from 

HSPF and routes them downstream, applying dispersion and decay processes.  Within C2C, two 

different models have been used, the main river network and upper part of the estuary is modelled 

in 1D FASTER (Flow And Solute Transport in Estuaries and Rivers), while the remainder of the estuary 

and coastal waters are modelled in 2D / 3D EFDC (Environmental Fluid Dynamics Code).  Further 

details of the River-Estuary-Coastal modelling are included in Huang et al (2015). 

 

Results and Discussion 

As the study area is large with many sub-models, there are a lot of results which could be presented.  

It is the intention here to only present a selection of results to highlight the potential of the 

integrated models. 

Figures 3 and 4 show hydrologic verification from summer 2012 for catchment 2 (mainly rural) and 

catchment 17 (with significant urban areas).  Calibration had been carried out with data from several 

previous years.  It can be seen that the model is tending to over-predict base flows in catchment 2, 

but the prediction is much better for the largely urban catchment 17.  For both catchments wet 

weather flows vary from significant over-prediction to significant under-prediction.  This is partially a 

function of spatial variability in rainfall not being correctly captured from the limited number of rain 

gauges, however it is acknowledged that given further resources the calibration could be further 

improved. 

Figures 5 and 6 show time series E. Coli concentrations from August 2012 for the same two 

catchments, with flows for reference on the secondary y-axis.  E. Coli concentrations are plotted on a 

log scale as is common practice due to variations of several orders of magnitude being expected.  

Data points show the measured E. Coli concentrations, while the lines show the modelled 

concentrations resulting from only rural, only urban and combined rural and urban (i.e. total 

concentrations).  These have not been termed verification plots because the data series was not split 

into calibration and verification sets, however, nor was any significant calibration of the models 

made.  The only adjustments to the default model parameters have been to the assumptions made 

for the proportion of failing septic tanks. 

The fit of the modelled E. Coli concentrations (Rural + Urban) to the measured data in Figure 5 is 

considered to be acceptably good for catchment 2, especially considering the fit between the 

measured and modelled flow data.  It is clear to see that in this catchment, E. Coli concentrations are 

dominated by the rural contribution.  Considering Figure 6, the fit is much poorer and more variable, 

especially in dry weather.  The main hypothesis for this variability is that the output from the main 
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WwTW showed higher variability in E. Coli concentrations than some others WwTWs, and this 

variability is not considered in the modelling. 

 
Figure 3: Flow verification for catchment 2.  Map © Crown Copyright and Database Right 2015. 

Ordnance Survey (Digimap Licence) 

 
Figure 4: Flow verification for catchment 17.  Map © Crown Copyright and Database Right 2015. 

Ordnance Survey (Digimap Licence) 
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Figure 5: FIO time series for catchment 2. 

 
Figure 6: FIO time series for catchment 17. 

Total flows and E. Coli loads for 2012 are presented in Figure 7, the basin is divided into 7 regions, 

formed by combining HSPF hydrological catchments.  These regions have been used because they 

allow the results to be presented in a more accessible way than if presented for the 52 HSPF 

catchments.  The data presented in Figures 7 and 8 is taken from the HSPF models, and thus decay 

processes in the main river downstream of the region boundaries is not accounted for.  Figure 7 

shows that the larger, hillier and predominantly rural regions 1 and 2 account for over 40% of the 

annual flow, but less than 20% of the E. Coli load.  Conversely, regions 3 and 4 which have significant 

urban areas contribute around 25% of the annual flow, but almost 50% of the E. Coli load.  The 

proportions of flow and E. Coli for the remaining three regions are more similar, most likely due to 

significant investments prior to 2012, including the addition of UV treatment to a number of 

WwTWs. 
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Figure 8 plots the same basic data as Figure 7, but instead is split by FIO source.  This highlights that 

(as would be expected), the vast majority (84%) of annual flow volume originates from rural areas 

(including any urban runoff which does not enter drainage networks), but this rural runoff accounts 

for just under 25% of E. coli load.  Untreated intermittent discharges from CSOs and storm tanks 

remain the most significant source of E. Coli, while treated effluent makes up a much smaller 

proportion.  

 
Figure 7: Proportions of flow and E. Coli load from 7 river network regions for 2012, based on data at 

region boundary.  Map © Crown Copyright and Database Right 2015. Ordnance Survey (Digimap 

Licence) 

 
Figure 8: Proportions of flow and E. Coli load by source for 2012, based on data at region boundary. 

Figures 9 and 10 include data output from the 1D river network model (RNM) at the 11 mile post 

which is near the downstream end of the estuary.  Figure 9 compares annual E. Coli loads at the 

region boundaries and at the 11 mile post, the latter thus including decay of the FIOs during 

transport through the river network.  It is interesting to note that while the decay is undoubtedly 
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significant, comparing the proportional effects of bacterial decay between the upstream and 

downstream regions shows little difference.  A significant proportion of FIOs from the upstream 

regions are therefore shown to be reaching the 11 mile post, and hence be capable of impacting on 

bathing waters. 

 
Figure 9: Annual (2012) E. coli load at region boundaries (HSPF) and at 11 mile post in estuary (RNM) 

showing effect of decay. 

Figure 10 changes the focus from annual loads to high percentiles which are the measures used in 

legislation.  The 90 percentile E. Coli concentrations at the 11 mile post are presented for the entire 

basin (All) and separately for each of the seven regions.  The 90 percentile is used in the 2006 

bathing water directive with a value of 500 cfu/100 ml defining the upper boundary of the ‘sufficient 

quality’ classification.  While the 11 mile post is not at a designated bathing water, it can be seen 

that significant dispersion and decay needs to take place before the minimum bathing water 

standard is met.  Furthermore, the values from individual regions are mainly above the sufficient 

quality standard, including region 2 which is a significant distance upstream and almost entirely 

rural.  
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Figure 10: High percentile concentrations at 11 mile post in Ribble estuary. 

 

Conclusions 

Cloud to Coast has integrated and tested a suite of models for the prediction of FIO loads at bathing 

waters.  While calibration of some of the models could be improved, it is suggested that this 

modelling methodology is suitable for use in targeting investments for improvement of bathing 

water quality.  This paper has concentrated on results at the downstream reach of the 1D river 

network model because of the capability to run this for multiple scenarios and longer periods of 

time, however in order to fully assess impacts on bathing waters it would be necessary to also run 

the 2D / 3D estuary and coastal model, which by virtue of its complexity takes orders of magnitude 

longer to run and hence within C2C only limited results have been able to be produced. 

 

Further Information 

Additional papers and presentations from C2C are available at www.shef.ac.uk/c2c/dissemination. 
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