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a b s t r a c t

This paper presents a new marine water quality forecasting system for real-time and short-term pre-
dictions. The forecasting system comprises an integrated catchment-coastal model and a database
management system. The integrated model is validated in an Irish catchment-coastal system using hy-
drodynamic and water quality data. The forecasting system was then used to provide short-term and
real-time forecasts of Escherichia coli (E. coli) and Intestinal Enterococci concentrations (IE) in the near-
shore coastal waters of Bray, Ireland. Two hind-cast scenarios were simulated: 5F in which predictions
were based on rainfall forecasts only; and I-5F where forecasts of 5F were improved by incorporating
real-time data. Results indicate that predictions of E. coli of scenario I-5F are improved. Also predicted IE
concentrations by Scenario 5F were comparably higher than the I-5F predications, but due to the wide
scatter of observed IE concentrations, the superiority of one scenario over the second could not be
definitively determined.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Achieving and maintaining high marine water quality stan-
dards at all times is an essential requirement for supporting the
various activities and demands in coastal zones. Such a require-
ment has been enforced by growing and more stringent EU
environmental legislations (e.g. Bathing Water Directive 2006/7/
EC (EC, 2006a), Shellfish Waters Directive 2006/113/EC (EC, 2006b)
and Water Framework Directive 2000/60/EC (EC, 2000)). To ensure
the effective and efficient implementation of these directives,
water resources managers need immediate knowledge of the
water quality in order to take appropriate mitigating actions for
social and ecological benefits in the event of pollution. Thus, the
provision of a real-time water quality forecasting model in such
circumstances is an essential tool for the support of decision
makers.
enges in Aquatic Ecosystem

: þ353 1 7163297.
Numerous and diverse real-time and long-term predictive
models of marine water quality are reported in scientific literature.
For example, Kashefipour et al. (2005), He and He (2008) and Zhang
et al. (2012) developed real-time and long-term prediction models
of faecal indicator bacteria (FIB) in recreational waters using Arti-
ficial Neural Networks (ANN). Other approaches, such as regression
modelling of FIB are also popular (see Hou et al., 2006; Frick et al.,
2008; Heberger et al., 2008). Moreover, Chan et al. (2013) presented
a hybrid real-time model that combines an ANN model to quantify
the export of FIB from a catchment and a deterministic model
(EDFC) to simulate its transport in the adjoining coastal waters. The
spreading of harmful algal blooms in coastal waters has been pre-
dicted using a range of approaches e.g. genetic programming
(Muttil and Lee, 2005; Sivapragasam et al., 2010), a vector autore-
gressive model with exogenous variables (Lui et al., 2007) and ANN
(Lee et al., 2003). An ANN approach has also been used by Palani
et al. (2008) to predict temperature, salinity, Dissolved Oxygen
and Chlorophyll-a in coastal waters off Singapore. It is apparent
that most of the above-mentioned predictive models are based on
data-driven approaches that employ various techniques in their
attempts to describe the complex patterns involved in the real-time
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forecasting process using only available historical data. Although
reasonable results are reported using these models, their perfor-
mance will continue to be questionable if they are utilised to
extrapolate patterns outside the range of data that was used in their
development and training. Therefore, data-driven models can be of
limited use in catchment-coastal systems subjected to systemic
changes in background pollution levels.

The use of deterministic models is thus essential to fully cap-
ture the changing dynamics that describe the complex in-
teractions between catchment and coastal waters. These changing
dynamics, driven mainly by climatic forces, land-use activities,
changing performance of wastewater treatment systems and
hydro-geological behaviour, can severely impact on the marine
water quality (Lloret et al., 2008; Brito et al., 2012; Rollo and
Robin, 2010; Nikolaidis et al., 2009). This in turn has serious im-
plications on the sustainability of aquaculture (see for example
Riou et al., 2007; Almeida and Soares, 2012; Paterson et al., 2003),
siltation in estuaries and harbours (Webster and Ford, 2010;
Gleizon et al., 2003) and the recreational use of coastal waters
(Kay et al., 2007; Vinten et al., 2004). The strong complex in-
teractions between catchment and coastal zones requires the
adoption of an integrated catchment-coastal approach for the
numerical modelling of such environments in which the param-
eters that drive water and pollutant fluxes out of a catchment into
a coastal area are represented. However, numerical modelling of
such catchment-coastal systems as a single entity is often inade-
quate as the physics driving the processes in the components of
these systems often differ. Therefore, numerical models of such
systems are developed by coupling existing catchment and coastal
models. As an example, Inoue et al. (2008) integrated a hydro-
logical catchment model with a depth-averaged hydrodynamic
model to study the salinity variations in the Barataria Basin which
receives highly variable freshwater inputs. In a study investigating
the impact of Escherichia coli (E. coli) loadings from the Mignonne
River catchment, France, on the coastal water and shellfish quality,
Bougeard et al. (2011) integrated the catchment model SWAT with
the hydrodynamic model MARS 2D. Depth averaged coastal
models may be adequate for well-mixed marine environments,
but where vertical mixing is limited or absent due to stratified
flow fields which dominate the vicinity of discharge outfalls, a
three-dimensional (3D) model, as highlighted by Bedri et al.
(2011), is essential for improving the representation of the
coastal hydrodynamics. Of the few studies of integrated catch-
ment- 3D coastal models, Nobre et al. (2010) assessed the impact
of multiple land uses within a catchment on the shellfish pro-
duction in a coastal area. The assessment involved a multi-layered
ecosystem model that integrates the catchment model SWAT with
the three-dimensional coastal model DELFT3D.

The challenges of integrating catchment and coastal models are
many and depend to a great extent on the level of integration
(discussed in Brandmeyer and Karimi, 2000; Nobre et al., 2010). An
obvious problem arising from the different timescales of these
models is the synchronisation of their modelling components while
optimising the run-time. Some performance enhancing solutions
include varying the number of timesteps performed between the
coupled models as in Malleron et al. (2011) and Lieber and Wolke
(2008). Branger et al. (2010) used a discrete event simulator
“Scheduler” to synchronise the sequential execution of the com-
ponents of the coupled models in a timely manner. Nevertheless, a
major challenge that remains is the merging of real-time data for
improved predictions or forecasts of marine water quality without
compromising computational efficiency, accuracy, and robustness
of the model predictions.

In this paper, a new marine water quality forecasting system is
presented. The proposed system comprises an integrated,
deterministic catchment-coastal model for both the real-time and
short-term predictions of coastal water quality. The paper explores
the technical challenges encountered during model development
and testing (e.g. optimisation of runtime and merging of real-time
data) and presents solutions to these challenges. The integrated
catchment-coastal model is validated in an Irish catchment-coastal
system using extensive hydrodynamic and water quality data. The
coastal waters of the study area are exposed to episodic short-term
pollution incidents that are primarily associated with catchment
runoff. The direct response of water quality patterns in these
coastal waters to rainfall-related catchment runoff makes this
study area a suitable test-bed for the integrated modelling
approach. Although the simulated water quality parameters in the
current study are E. coli and Intestinal Enterococci (IE), the structure
of the coastal model used would facilitate the inclusion of other
water quality parameters (e.g. heavy metals, sediments and
nutrients).

The paper is divided into five sections. Section 2 describes the
structure and components of the proposed system. The design of
the integration interface as well as the operation of the real-time
component of the forecasting system is also explained. In Section
3, the application of the developed integrated model to the Irish
test-bed is presented. The study area is initially described and
following this, an outline of model set-up and testing scenarios is
presented. The results of the model validation and testing scenarios
together with a discussion of these results are presented in Section
4. The main findings of the current study and the conclusions
drawn from the work are summarised in Section 5.

2. Structure and components of the water quality forecasting
system

2.1. Overview

Two main components constitute the marine water quality
forecasting system: (i) an integrated catchment-coastal model to
simulate flow and contaminant transport from a catchment to
marine waters; and (ii) a database for the access and management
of the large amounts of input and output data required and
generated by the system.

The MIKE modelling suite, developed by DHI (formerly the
Danish Hydraulic Institute) is a leading environmental modelling
software applicable to a range of water bodies including rivers,
lakes, estuaries and coastal waters. Three DHI software; namely
NAM (DHI, 2013a), MIKE11 (DHI, 2013a) and MIKE3 FM (DHI,
2013b) were selected for the purpose of the integrated
catchment-coastal model for a number of reasons: (i) they offer a
robust representation of the catchment hydrological processes and
hydrodynamics of coastal waters; (ii) the coastal model, MIKE3 FM
uses a flexible (unstructured) grid that enables the discretisation of
a model domain using a highly variable-size mesh e an advanta-
geous feature in optimising computation time of the integrated
model; (iii) being of the samemodelling suite, the models share the
same metadata structures and programming language, enhancing
model integration and communication between the modelling
components; and (iv) the models’ Application Programming
Interface (API) and libraries are based on the .NET environment
which serves as a powerful platform for model integration (Argent,
2004; Rahman et al., 2004).

The main forcing function driving the processes in the inte-
grated model is rainfall. To enable the model to provide predictions
of flow and contaminant transport, the forecasting system imports
and processes forecasted precipitation obtained from meteorolog-
ical sources to serve as inputs for the hydrological model, the
modelling component first utilised in the integrated model. The
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forecasting system uses freely-available weather forecasts from the
Norwegian Meteorological Institute (see Section 2.5); however the
relevant scripts are adaptable to fetch data from other sources of
weather forecasts if required. Real-time rainfall data is incorporated
in the forecasting system and used by the hydrological model to
improve predictions of the forecasted water quality variables. The
operation of the integrated model and the procedure of merging
real-time and forecasted data are detailed in Section 2.6.

2.2. Integrated model software

2.2.1. NAM
The NAM model is a precipitation-runoff model originally

developed at the Technical University of Denmark (Nielsen and
Hansen, 1973). NAM is a deterministic, conceptual, lumped
rainfall-runoff model simulating the rainfall-runoff processes
occurring at the catchment scale. It is based on both physical and
semi-empirical formulations that describe the inter-relationship
between surface storage, intermediate storage and groundwater
storage (see Fig. 4.1 in DHI, 2013a). Using the mean areal rainfall
and evaporation as inputs, the NAM model calculates sub-
catchment inflows to the river system (DHI, 2013a), at which
point the hydraulic model MIKE11 routes the flow in the river
network.

2.2.2. MIKE11
MIKE11 is a hydraulic and water quality model that solves the

vertically integrated equations of conservation of volume and
momentum of the ‘Saint Venant’ equations. The hydraulic module
(HD) forms the core of the model, to which the advection-
dispersion (AD), sediment transport (ST) and ECOLAB modules
are added to solve for water quality parameters, sediments and
biogeochemical parameters respectively. The HDmodule of MIKE11
uses an implicit, finite difference scheme for the computation of
unsteady flows in rivers accounting for both sub-critical and super-
critical flow conditions through a numerical scheme which adapts
according to the local flow conditions (in time and space). It also
includes advanced computational modules for description of flow
over hydraulic structures (DHI, 2013a).

2.2.3. MIKE3 FM
MIKE3 FM is a three-dimensional FORTRAN code, based on a

flexible mesh approach, for simulating flows in estuaries, bays,
coasts and oceans. The model solves the hydrostatic Reynolds-
averaged NaviereStokes (RANS) equations, while taking account
of the effect of turbulence (through a turbulence closure model)
and density variation, in addition to the mass conservation of
temperature and salinity. The hydrodynamic model obtains solu-
tions for the three-dimensional continuity, momentum, tempera-
ture, salinity and density equations.

The spatial discretisation of the primitive equations is per-
formed using a cell-centred finite volumemethod. In the horizontal
plane an unstructured grid is used while in the vertical direction
the discretisation is structured. The elements are prisms or bricks
whose horizontal faces are triangles or quadrilateral elements
respectively. For the time integration, a semi-implicit approach is
used in which the horizontal terms are treated implicitly (DHI,
2013b).

Similar to MIKE11, MIKE3 FM has a modular structure where the
hydrodynamic (HD) model is the basic module. Superimposed on
the HD model, the MIKE3 FM module structure includes functions
for describing the transport of contaminants (including heavy
metals), mud and sediments. The model can also simulate oil spills
and through the ECO Lab plug-in, can model biogeochemical
processes.
2.3. Integration approach

The approach for integrating the individual component models
(NAM, MIKE11, and MIKE3 FM) is simple but efficient. The models,
interfaced to the core of the forecasting system, run sequentially,
i.e. in the form of a cascade with the forcing of each downstream
model being the result of the model upstream of it (Fig. 1). Rainfall
(both forecasted and measured) drives the hydrological processes
in the NAM model, which produces runoff that generates sub-
catchment inflows into the river network. The output from NAM
serves as the input to the MIKE11 model which routes the flow and
water quality variables in the river network and transports them to
the coastal waters. Finally the MIKE3 FM coastal model uses flow
and water quality outputs from MIKE11, together with tidal and
meteorological data, to simulate the current flow, transport and
fate of water quality variables in the marine environment. The
model inputs and outputs are summarised in Table 1.

The model integration was conducted using the C# object-
oriented language, which was chosen because of its robustness,
ease of use and compatibility with the DHI Application Program-
ming Interface (API) and libraries. Scripts were coded in order to: (i)
fetch and prepare the input data including rainfall forecasts and
real-time data files in the DFS0 format (a proprietary time series file
format of DHI) required by the MIKE models; (ii) automate the data
flow between the components of the model; and (iii) automate the
update of the configuration files (these are model set-up files in
which the model’s parameters, name and paths of input DFS0 files,
and outputs are defined) during the model execution.

2.4. Database management system

Development of an integrated modelling system of the type
presented relies on two data sources that are inherently dissimilar:
(i) weather forecasts publicly available on the Internet and (ii) real-
time data collected from sensor networks in the catchment and sea.
These, in addition to the large volumes of data generated by the
integrated model require a homogeneous mechanism for their ac-
cess and management. For this purpose, a Microsoft SQL server
database management system (DBMS) was designed and
constructed.

Within this database, each data source (e.g. weather forecasts,
coastal measurements, integrated model results) is mapped onto a
separate attribute table in which every entry is time-stamped and
geo-referenced. The two fields (time and geographical location) are
candidate keys for these tables. All information pertaining to a
particular data source can be retrieved for analysis and/or com-
parison by means of typical SQL queries. A surrogate key,
comprising an attributewith generated auto-incremented values, is
assigned as the primary key to uniquely identify the tuples in the
designed database. The surrogate key approach was adopted in
order to add flexibility to the database schema by insulating the
database relationships from future changes in data values or types
(e.g. time-stamp formats or geo-reference datum) that may
compromise the uniqueness of data. This arrangement allows for
integrating new data without affecting the database relational
design.

The use of a database offers a number of features that help to
overcome some of the challenges posed by the structure of the
forecasting system. Firstly, the database acts as an abstraction layer
that masks the complexity of handling the various formats and
structure of the numerous data sources. This enhances data
transferability among the different model components and be-
tween the model and external software, since a standardised query
language can be used to retrieve the information in a user-friendly
manner. Secondly, the storage of the model outputs within the
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database will ultimately facilitate the development of a real-time
information system to assist environmental managers and the
general public in making informed decisions based on predicted
marine water quality (for example whether or not to prohibit the
public from bathing). The database becomes the core of such in-
formation systems, acting as the feeder for different visualisation
media (e.g. websites, mobile applications) and allowing the sub-
sequent querying and analysis of data. Finally, the database itself
acts as the primary tool for data archiving and maintenance
(Michener and Brunt, 2000). A suitable archiving strategy was
needed to control the computation costs associated with data
growth (model results, weather forecasts and real-time data) while
ensuring that the original forecasts and real-time observations can
be retrieved for future analysis and potential model re-runs.

For the archiving and back-up of real-time data, weather fore-
casts and the displayable/time-series results (MIKE_TS in Section
Table 1
Forcing functions/inputs (I) and Outputs (O) of the components of the integrated m

Model Forcing functions and outputs

NAM Rainfall (I)
Potential Evapotranspiration (I)
River Discharge (calibration only) (I)
Flow at the sub-catchment outlet (O)

MIKE11 Flow at the sub-catchment outlet from NAM(I)
Flow from point sources (I)
Discharge at any point in the river network (O)
Concentrations of water quality parameters of point an
Water level at any point in the river network (O)
Concentration of water quality parameters at any poin

MIKE3 FM Temperature (I)
Wind speed and Direction (I)
Tidal elevations (I)
Salinity (I)
Flow at the catchment outlet from MIKE11 (I)
Concentration of water quality parameters at the catch
Flow and water quality concentrations from other poi
Water elevation at any point in space and time (O)
3D Current speed and direction at a point in time (O)
3D concentration of transport water quality at any poi
2.6.1) of the integrated model, a number of storing procedures have
been scheduled to: (i) move the oldest entries of these data sets on
amonthly basis to the database archive where coherent file naming
conventions using time-stamps and geographical location uniquely
identifies each file; and (ii) to conduct a weekly back-up for the
archived data where a copy of the data is saved to an external
storage device.

The storing procedures for the space and time-varying model
results (MIKE_INT in Section 2.6.1) is somewhat different due to
the larger size of files generated by the model (approximately
150 MB for a 12-h simulation in the current study) in comparison
to the real-time data, weather forecasts, and time-series model
results imported to the database (approximately 0.4, 0.6 and
0.12 MB per day respectively). The frequency and amount of space-
and time-varying integrated model data stored is described in
Section 2.6.1.
odel.

Unit

mm
mm
m3/s
m3/s
m3/s
m3/s
m3/s

d distributed sources (I) concentration/l
m

t in river network (O) concentration/l
oC
m/s, degrees to true North
m
Practical Salinity Units (PSU)
m3/s

ment outlet efrom MIKE11 (I) concentration/l
nt sources or boundaries (I) m3/s, concentration/l

m
m/s, degrees to true North

nt in time (O) concentration/l
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2.5. Data imports

2.5.1. Weather forecasts
The weather forecasts that form inputs to the model were

extracted from www.yr.no (yr.no, 2013), a joint online weather
service maintained by the Norwegian Meteorological Institute and
the Norwegian Broadcasting Corporation and based on the Euro-
pean Centre forMedium-RangeWeather Forecasts model (ECMWF)
(Molteni et al., 1996). The source www.yr.no offers a range of
forecasted weather variables (e.g. precipitation, air temperature,
wind speed and direction) and some metadata pertaining to static
parameters for the forecast validity period (e.g. geographic infor-
mation and the last and next update times). The next update time is
read by a routine scheduler designed and deployed in the current
work to check the source for weather forecast updates (generally
hourly) and to import the updated forecasts to the database when
available (Fig. 2).

The integrated model database uses the Extensible Markup
Language (XML) standard to import the forecasted weather vari-
ables from the www.yr.no website which delivers 6-hourly fore-
casts for a period of 10 days. The initial 2-days (48 h) of this 10-day
forecast are detailed into an hourly record. Scripts were coded in
order to: (i) automate the access of the hourly and 6-hourly fore-
casts twice-daily and merge them into a single record; (ii) conduct
automatic checks for the coherence of forecasts where any gaps in
the forecast data records are filled with linearly interpolated data;
and (iii) extract the required weather variables and convert the
XML files into DFS0 type files.

2.5.2. Real-time data
Real-time hydrological and meteorological data is an essential

component in a forecasting system for the improvement of pre-
dictions. However, a major issue with incorporating environmental
real-time data in forecasting systems is the wide range of sensor
output file types and formats available. Such heterogeneity, dis-
cussed by Horsburgh et al. (2009), poses a significant challenge in
achieving a universal, yet simplified configuration for handling
various formats of data files. The literature cites a number of at-
tempts to offer a solution to the problem. This includes the work of
de Roo et al. (2003) who applied a data import module that can be
configured through various settings to support new formats and
Terzis et al. (2010) and Chu et al. (2006) who used an ‘abstraction
layer’ tomask the syntactic and semantic details of data files so that
the database performs a conversion routine to produce a universal
file format irrespective of the source. The current work adopts a
flexible approach used by Werner et al. (2013) where a dedicated
Fig. 2. Extraction and manipulation of the wea
Java class has been developed for each data format. The approach
constitutes a reasonable solution for prototyping purposes where
the number of formats to be handled is limited and well-known.

As part of the current study, an Environmental Wireless Sensor
Network (EWSN) (Oliveira and Rodrigues, 2011) was deployed at a
number of strategically located stations within the study catchment
(Fig. 3) in order to provide real-time weather and flow data for the
forecasting system. This EWSN adopts a centralised topology to
automate the continuous collection of data remotely, and to
transmit the sensed data to the database via a General Packet Radio
Service (GPRS) connection. The data sensors provide a continuous
stream of rainfall, wind speed and direction, temperature and river
water levels from a number of locations within the catchment
(Fig. 3). These water levels are related to river discharge through
rating relationships established at cross-sections in the main river
stream and in the tributary network. The data loggers (commer-
cially referred to as Frogs) by Isodaq (http://www.isodaq.co.uk)
perform the temporary storage and transmission of data. The
sampling rate and transmission frequency of data can be set using
themanagement and configuration software “Harvest” provided by
Isodaq. In the current study, the sampling rate is set to 15 min,
while the transmissions are made on an hourly basis. All the data
stored and transmitted by the Frogs are retrieved by an XDQ Server
(a Windows service for remote data collection and reconfiguration
of Isodaq Telemetry Loggers). The data is then moved into the
database in a tree format folder. Each time a Frog is polled, a new
XDQA data file is created. The data file names are based on the date
and time from the logger clock at the start of the communications
session. The XDQA file has a similar file structure to that of an XML
document, albeit the data handling routine is dependent on the
rainfall data source (rainfall sensor or a conventional tipping
bucket). These real-time data sets remain in the database until they
are called/needed by the forecasting system during its operation.
The incorporation of real-time data into the forecasting system is
achieved by coding C# scripts to: (i) convert the real-time data from
XDQA format to the MIKE proprietary format DFS0; (ii) conduct
checks for the coherence of data where any gaps on the data re-
cords are filled with linearly interpolated data; (iii) define a
scheduler for checking the database for the availability of real-time
data updates; (iv) define triggers (discussed in more detail in Sec-
tion 2.6.1) that provoke fetching the data from the database; and (v)
parse the real-time data to the integrated model when needed.

Once parsed to the integrated model in the required DFS0
format, the contents of a real-time data file are read by the inte-
grated model to incorporate its data values. The exact geographical
position of the real-time data points (EWSN stations), as well as the
ther information from the XML forecasts.

http://www.yr.no
http://www.yr.no
http://www.yr.no
http://www.isodaq.co.uk


Fig. 3. Study area: (a) MIKE3 FM mesh of the coastal model with open sea boundaries, (b) Sampling points in coastal waters, (c) Water quality sampling points and location of
sensors in the Dargle catchment, and (d) Bray Harbour with the inflow boundary of the River Dargle.
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paths to their corresponding data files in the database need to be
specified within the configuration files of the integrated model.
However, the time-stamps of the real-time data file do not need to
match exactly with the required model time steps. This is because
the integrated model can linearly interpolate in time between data
values of the DFS0 file to obtain values of variables at the required
model time step.

2.6. Forecasting system: operation and challenges

2.6.1. Operation
A scheduler, or timer, defines the progress of the simulations by

acting as an alarm clock to provoke the execution of a set action in
the system. It references the time as a Gregorian date with a time
resolution of 1 s.

In the forecasting system, the integrated model is run to simu-
late a certain forecasting period (Tfor) using rainfall forecasts from
the meteorological website (www.yr.no) to drive the model. The
forecasts are routinely updated every Tup hours in which real-time
rainfall observations of the last Tup hours are used to improve the
predictions of thewater quality variables. Therefore, the forecasting
system operates in a sliding window fashion with the window size
being the routine update period (Tup).

The first model in the cascade, NAM, simulates runoff (flow) at
the sub-catchment level. NAM is driven by a rainfall data record
drawn from two sources; (i) real-time rainfall data over the pre-
vious update period (Tup) to serve as an initial condition (hot start)
for the forecasted period (Tfor); and (ii) the forecasted rainfall
amounts to produce runoff predictions for the period Tfor. The NAM
model executes the simulation for the period (Tupþ Tfor) to produce
flowat the sub-catchment outlets. MIKE11 uses these time-series of
flow in addition to contaminant loadings to route flow and water
quality components through the river network. The results from
MIKE11 (time-series of flow and water quality concentrations) at
the outlet of the catchment are automatically transferred into
MIKE3 FM.

Once the results of MIKE11 are received by MIKE3 FM, an
execution is commenced in which the simulated time (Tup þ Tfor) is
discretised into packets of duration Tm hours to produce interme-
diate result files. This was necessary due to the long execution time
(generally in the order of hours) taken by the model to complete
the simulation (Tup þ Tfor) and therefore discretising the simulation

http://www.yr.no
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time allows for intervention with the model execution to incor-
porate real-time observations without loss of completed pre-
dictions. At the end of each packet (Tm), two result files are
produced: (i) an intermediate result file (MIKE_INT) containing
timee and space-varying variables over the simulation period (Tm).
This is also used to produce time-series (MIKE_TS) outputs of
selected hydrodynamic and water quality variables (e.g. water ve-
locity and depth, E. coli, and IE) at key locations in the model
domain for display; and (ii) a hot start file to act as an initial con-
dition for the simulation in the subsequent packet.

During the simulation in MIKE3 FM, a scheduler routinely
checks the database for the availability of updates on real-time
rainfall data (e.g. every hour) and triggers a check for differences
(D) between forecasted and real-time rainfall data. Thresholds for
the differences (Dmax) between the two are based on the response
of a catchment-coastal system to certain rainfall amounts which
may vary considerably from one system to another. Therefore,
values for these thresholds, generally arrived at by trial and error,
must be specified by the user. If these differences are below the
threshold, the real-time rainfall data is ignored until the time of the
next check. Otherwise, the MIKE3 FM intermediate execution is
immediately cancelled and an emergency update is performed in
which the rainfall DFS0 input files are automatically modified by
swapping forecastedwith observed rainfall in the relevant fields for
which rainfall data is made available to the model. NAM and
MIKE11 simulations are repeated to incorporate the effects of the
recent rainfall information and the results file is again fed into
MIKE3 FM which returns to the latest valid hot start file to resume
the simulation.

The hot start files are retained only for the duration of the
simulation Tm, i.e. until the hot start file for the next packed Tm þ 1
becomes available. These are then deleted from the database. The
MIKE3 FM intermediate result files (MIKE_INT) and the time-series
outputs (MIKE_TS) are parsed to the database. Due to the large sizes
of MIKE_INT files generated (approximately 150 MB for a 12-
h simulation in the current study); the forecasted model results
are kept in the database until they have become hind-cast. These
are then deleted after one day (i.e. one day of hind-cast) except for
the now-cast (real-time) model results which remain in the data-
base for a period of one week before being moved to the external
storage device. Both the forecast and real-time files of the time-
series outputs (MIKE_TS) are archived and stored following the
procedure outlined in Section 2.4.

2.6.2. Challenges of real-time forecasts
While the design and set-up of the general structure of the

short-term forecasting mode of the system has posed some tech-
nical difficulties, the merging of real-time data has proven to be
somewhat challenging. Some of the issues and obstacles encoun-
tered are discussed below.

2.6.2.1. Active merging of real-time data. A scheduled routine of
incorporating real-time data in every update (Tup) is a reasonably
manageable task, since an alarm provokes the process by which the
database is accessed for updates of observed and forecasted rainfall
and executes a routine in which the observed rainfall (made
available due to the last routine update) is augmented to the
forecasted rainfall of the next forecasted period (Tfor) in an
advancing sliding window fashion. However, this task becomes
significantly complicated when more frequent checks (e.g. hourly)
for observed rainfall are conducted, and when these are coupled
with further checks to: (i) determine the differences between the
recent rainfall observations and forecasts and; (ii) to compare dif-
ferences to thresholds to decide whether to ignore the new infor-
mation until the next scheduled update. This detailed level of
manipulation of real-time data required a considerable program-
ming effort to facilitate the proper execution of such processes.

2.6.2.2. Speed. It has been anticipated that updates of the forecasts
will be required at least twice daily. This necessitates completing
simulations (Tup þ Tfor) before the time of commencement of the
next scheduled update (tup). This may be a smooth operationwhere
less frequent updates of observed data are conducted or when the
differences between forecasted and real-time data are insufficient
to trigger an emergency update. If successive emergency updates
are required, the delivery of the simulated forecast may be signif-
icantly delayed. This may be prevented by setting a limit/cap to the
number of emergency updates by checking at the time of a trigger
(te) whether there is sufficient time to repeat the whole simulation
(Tfor) before the next scheduled update commences (tup). In such
circumstances, careful consideration must be given to the envi-
ronmental implications of the chosen limits. This in most cases
becomes a trade-off between the achieved accuracy in real-time
water quality forecasts and the delivery of short-term forecasts.

Nevertheless, some modelling choices can enhance the delivery
speed for such a system, e.g. reducingmesh resolution of theMIKE3
FMmodel, and/or reducing the forecasted period and the frequency
of the scheduled update. Such options however, will need to be
thoroughly investigated for a particular situation as they may
impact on the accuracy and quality of the deliverables of the
forecasting system.

3. Application to an Irish catchment-coastal system

The integrated catchment-coastal model was validated in the
River Dargle catchment and Bray coastal area, Co. Wicklow
(Longitude 6.1�W, Latitude 53.22 �N) on the east coast of Ireland
(Fig. 3). The river which has a relatively steep land-slope drains to
the Irish Sea via Bray Harbour. The catchment is ‘flashy’ and the
main stream length is short. Therefore intense rainfall events in the
upland catchment produce runoff that is the main source of
episodic short-term pollution incidents in the near-shore coastal
waters. This is of particular concern given that Bray Harbour is in
close proximity to a bathing area of high local and national
importance. The relatively quick response of water quality patterns
in these coastal waters to rainfall-related catchment runoff makes
this study area a suitable test-bed for the integrated modelling
approach.

The forecasting system presented in this paper serves to predict
the bathing water quality at Bray beach. The modelling approach
followed a two-step procedure. Firstly, the integrated catchment-
coastal model was developed, calibrated, and validated using an
elaborate set of topographic, bathymetric and environmental data
drawn from the database. The simulated water quality parameters
in the current study are E. coli and IE, the two microbial indicators
set by the standards of the revised Bathing Water Directive (2006/
7/EC). Using the validated integrated catchment-coastal model,
forecasted and real-time predictions of the water quality of the
near-shore coastal waters of Bray beach, were simulated.

3.1. Study area: Dargle river and Bray coastal area

The River Dargle catchment, including its tributary catchments
totals just in excess of 133 km2. The river is characterised by a steep
gradient, particularly in its upland catchment and falls from an
elevation of 530 m to sea level over a length of approximately
20 km. This represents an average gradient of approximately 2.7%.
Lands that extend upwards to elevations in excess of 700 m sur-
round the source of the river and provide a natural attenuation
plain for direct run-off from this area. The upland catchment is
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characterised by bog and forestry while in the downstream section,
arable, sheep, dry stock and dairy farming together with an
urbanised fraction make up the land use (Bruen et al., 2001). The
Dargle river has an average dry weather discharge of 3 m3/s which
may rise to 300 m3/s for extreme flood events.

The coastal area under study is bounded in the north and south
by Dalkey and Bray headlands and extends for approximately 10 km
in length. The area is primarily comprised of sands and gravels and
falls gradually in the seawards direction (to the East) from low
water to a depth of 8 m after which it slopes more steeply to reach
20e25 m at a distance approximately 2 km offshore. Tidal streams
in the outer coastal zone run north on a flood tide and south on an
ebb tide and are roughly parallel to the coastline. Observations
show that a flood tide enters the study region strongly from the
south, but is deflected by Bray Head and runs parallel to the
coastline before being deflected outwards by Dalkey Headland. The
southwards flowing ebb tide also runs parallel to the coastline and
serves to drawwater out of Bray Harbour. Tidal ranges in this region
have a mean range of 2.75 m and mean spring and neap tides are
3.6 m and 1.9 m respectively (Mansfield, 1992).

Two main sources of pollution affect the quality of the marine
waters: municipal sewage discharges from Bray and neighbouring
townsand runoff fromtheDargle catchment. Acapital investmentof
V98.5 m was made in 2012 to upgrade the treatment works to
improve the quality of discharged sewage. Although these works
have been recently completed and their benefits remain to be
assessed, previous water quality investigations in the River Dargle
catchment indicate that rainfall-related runoff can seriously impact
the water quality of the near-shore marine waters (Bruen et al.,
2001).

3.2. Set-up of the integrated catchment-coastal model

3.2.1. Data sources
The available data sets for the set-up and calibration of the

models consist of a Digital Elevation Model (DEM), bathymetric
Table 2
Data requirements of the Dargle/Bray water quality forecasting system.

Data type Purpose

NAM
Digital Elevation model Catchment delineation
Rainfall Drive the NAM rainfall-runoff model

Potential Evapotranspiration Drive the NAM rainfall-runoff model
Water level Calibration and validation
MIKE11
Digital Elevation model River cross-sections, River Network
Water Level Calibration and validation
Water Quality measurements (E. coli and IE) Drive water quality model

MIKE3 FM
Bathymetric data Construction of model mesh
Temperature and Salinity data Drive hydrodynamic model

Velocity measurements Hydrodynamic model calibration
and validation

Tidal elevations Drive and calibrate hydrodynamic
model

Wind data Drive hydrodynamic model

Water quality measurements (E. coli and IE) Drive and calibrate water quality mod
data, flow, hydrodynamic and water quality data (Table 2). For the
set-up and calibration of the hydrological component of the
catchment model, information on the river flow, in addition to
some meteorological variables (rainfall, temperature, and wind),
were obtained from the EWSN described in Section 2.5.2. Water
quality data was collected for the set-up and calibration of the
catchment model. These consisted of: (i) weekly samples of E. coli
and IE at the catchment outlet (DRG5 in Fig. 3) just upstream of
Bray Harbour to establish baseline E. coli and IE concentrations in
the River Dargle and (ii) hourly samples of E. coli and IE taken
during four storm events (that occurred during the period Junee
September 2012) at a number of locations within the catchment
including DRG5.

In the marine waters, Acoustic Doppler Current Profiling (ADCP)
and current-meter measurements defined the vertical variations of
current speed and direction in the water column for full mean neap
andmid tidal cycles at nine locations (Fig. 3). Tidal elevations at five
reference gauges were also made available for the study. The water
quality data included E. coli and IE samples at 10 offshore locations
and these also covered the full range of tidal cycles. In addition,
effluent samples from the two plants discharging into the coastal
area (Shanganagh Waste Water Treatment Works and the Bray
Pumping Station (Fig. 3)) were collected and analysed to obtain
concentrations of E. coli and IE in the effluent. These, in combina-
tion with daily discharges at both the Shanganagh and Bray plants
were used to provide the loadings to the coastal model.

3.2.2. Catchment model
Catchment modelling is performed in two-steps. Firstly, the

NAM model simulates the rainfall-runoff processes at the sub-
catchment level and MIKE11 routes this flow through the river
network. Following this, MIKE11 simulates the in-stream processes
(advection, dispersion, and decay) of the transported water quality
parameters (E. coli and IE) in the river network.

A 5 m Digital Elevation Model (DEM) of the Dargle catchment
was used to delimit the catchment into 8 sub-catchments in ArcGIS
Details and source

Intermap Technologies Inc (www.intermap.com)
Rain gauges in catchment (EWSN)
Rainfall forecasts (www.yr.no)
Irish Meteorological services (Met Eireann) Synoptic Station
Stage gauges in Catchment (EWSN)

Intermap Technologies Inc
Stage gauges in Catchment (EWSN)
Point source and catchment loadings obtained from local authorities
Measurements within the catchment at both dry weather conditions
and storm events (current study)

Previous bathymetric surveys and Admiralty Charts
Depth profiles of temperature and salinity at different offshore locations
and tidal conditions (current study)
Weather station at Bray (EWSN)
Weather forecasts (www.yr.no)
At depth measurements of current speed and direction spanning full neap
and spring tides, taken at a number of points (Fig. 3)
MIKE global tidal database (DHI, 2013c)
Water level at five tide gauges (Fig. 3)
Weather station at Bray (EWSN)
Weather forecasts (www.yr.no)

el Sewage Treatment Works: measurements of flow (obtained from local
authorities) and E. coli and IE concentrations (current study)
Measurements of E. coli and IE concentration spanning full tidal cycle, taken
at the water surface at several locations (Fig. 3)

http://www.intermap.com
http://www.yr.no
http://www.yr.no
http://www.yr.no
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and to create the stream network. This, in addition to weighted
areal rainfall, evapotranspiration data and river flow data for a 9-
month period from 1st January to the 30th September 2012 were
required for the NAM and MIKE11 model set-up and calibration
(Table 2). Weighted areal rainfall was computed by the NAMmodel
from recorded rainfall within the sub-catchments using the
Thiessen method, and daily potential evapotranspiration data was
acquired from the nearest Met Éireann (Irish Meteorological Ser-
vice) synoptic weather station. Model simulations identified two
sensitive parameters; the maximum storage capacity in the surface
storage zone (Umax) and the time constant for routing overland flow
(CK12). Values of other model parameters were derived from the
literature (Doulgeris et al., 2012; Jennings et al., 2008).

The NAM model sub-catchments are linked to the MIKE11
model via river branch connections in the River Network Editor and
cross-sections for each river branch were extracted from the DEM
with longitudinal spacings of 200 m. A Manning’s n resistance of
0.04 was specified for the channels in the river network. Upstream
flow and downstream water levels were specified as boundary
conditions and the global wave approximation was used for the
routing of flow in the river network.

For water quality simulations, diffuse loadings of E. coli and IE in
the sub-catchments were calculated based on average daily E. coli
and IE concentrations of cattle, sheep and horse faeces, together
with animal stocking densities derived from agricultural census
data that were consistent with the land-use within the catchment.
E. coli and IE loads from wastewater treatment plants within the
catchment were included as point source discharges to the model.
Thewater quality model was calibrated by adjusting constant decay
rates for E. coli and IE and comparing concentrations of simulated
E. coli and IE to the hourly measurements collected during the four
storm events. The decay rates (k) tested for E. coli and IE were 1.31,
1.15 and 0.57/day (T90 ¼ 42, 48 and 96 h) and 0.51, 0.32 and 0.25
(T90 ¼ 4.5, 7 and 9 days) respectively. These values were consistent
with ranges for similar studies that are reported in literature (e.g.
Bartram and Rees, 2000; Anderson et al., 2005). For the dispersion
of E. coli and IE, the recommended ranges for small tributaries and
upland reaches (1e5 m2/s) and lower reaches (5e20 m2/s) were
varied along all river sections within the catchment to assess the
response of E. coli and IE to dispersion. Based on these tests, a
dispersion coefficient of 1 m2/s was assigned to tributaries and
upland reaches and for the lowland reaches, a coefficient of 5 m2/s
was used. The MIKE11 model outputs time series of discharge,
water level, E. coli and IE and these formed the inputs to the MIKE3
FM model.

3.2.3. Coastal model
The coastal model domain, extending to a maximum of 64 km in

the north-south direction and 60 km in the east-west direction, was
discretised using an extensive bathymetric data set to form a
flexible mesh of 10,210 nodes and 18,901 elements that range in
size from 10 m to 2 km (Fig. 3). For the discretisation of the vertical,
a boundary fitting (sigma transformed) approach was used. Pre-
liminary simulations were conducted in which the number of
vertical planes was varied from 5 to 11. Comparisons of model
outputs identified no significant loss of accuracy as a result of
reducing the resolution of the vertical mesh to 5 layers and this
resolution was used in the modelling process. Reducing the layers
in the vertical plane to a resolution where accuracy of predictions
was not compromised was essential for the development of a
computationally-efficient forecasting system. The three open-sea
boundaries in the model domain were defined by time-varying
water levels generated using the DHI Global Tidal database (DHI,
2013c). The global model was based on the major diurnal and
semi-diurnal tidal constituents (K1, O1, P1, Q1, M2, S2, N2, and K2),
with a spatial resolution of 0.25� � 0.25�, which was validated
against TOPEX/POISEIDON altimetry data. Locating the open-sea
boundaries far beyond the area of interest was intended to
reduce their influence on the numerical solution. To improve the
propagation from the open-sea boundaries, amplitude and phase
lags of the two largest constituents (M2 and S2) were adjusted
sequentially in an exhaustive calibration routine. Tidal level pre-
dictions at five reference tidal gauges in the model domain (Fig. 3)
were compared to observations for the period from the 29th
September to the 31st October, 1989. This period was of sufficient
duration to exceed a full lunar cycle of 29.5 days. A Fourier series
analysis was performed on both the observed and simulated tidal
levels to extract values of amplitudes and phase lags of the semi-
diurnal tidal constituents (M2 and S2) at the five reference
gauges. Default values were assigned to the parameters of the hy-
drodynamic model parameters for the purpose of these
simulations.

Using the improved tidal constituents to drive the model, the
calibration of the MIKE3 FM hydrodynamic and water quality
modules was completed using a similar approach to that for the
catchment model (hydrodynamic then water quality). Firstly, the
hydrodynamic module (HD) of MIKE3 FM was set-up using the
mesh, initial conditions (zero water velocity and mean sea water
level) and boundary conditions (calibrated open-sea tidal eleva-
tions at the three boundaries in addition to recorded time series
of wind speed and direction). The horizontal closure was resolved
using the Smagorinsky (1963) subgrid scale model which is a
commonly used scheme in maritime domains (see Marques et al.,
2009; Sato et al., 2006; Hall and Davies, 2007) where the for-
mation of small vortices can be inhibited by the mesh. This makes
the Smagorinsky model a suitable choice for model domains
where the elements of the numerical mesh vary considerably in
size. A length scale of 0.35 was chosen after testing the recom-
mended range (0.25e1.0). For the resolution of the vertical tur-
bulence, the log-law formula was selected. The effect of waves on
the hydrodynamic processes (and its possible influence on the
dispersion of E. coli and IE) was not included in the current model
due to the unavailability of high-resolution spatial wave data
required by MIKE3 FM to fully assess the effect of wave height on
dispersion. Furthermore, the use of the wave module in MIKE3
FM is not generally recommended when including the process of
wetting and drying (DHI, 2013b) and therefore a trade-off be-
tween the two processes becomes necessary. While both pro-
cesses are important, wetting and drying has a significant role in
achieving an accurate water mass-balance (which effectively in-
fluences the mass-balance of E. coli and IE) in a near-shore coastal
model and is commonly included in coastal models of the Irish
Sea (see for example Kashefipour et al., 2002) and therefore the
inclusion of the wetting and drying processes was favoured over
the wave model.

The hydrodynamic module was calibrated by adjusting the bed
friction. The available time series of measured current speed and
direction was divided, with velocities at locations H1, H3, H6, B and
O being used for model calibration and velocities at the remaining
locations being used for validation. Thereafter, the water quality
module (transport module (AD) in MIKE3 FM with a linear decay)
was set-up using: (i) Dargle catchment loads (flow and concen-
trations) of E. coli and IE computed by the MIKE11 model; (ii) E. coli
and IE flow and concentrations from Bray and Shanganagh sewage
outfalls; (iii) initial/background values of E. coli and IE e these were
set to zero but themodel was initially run for awarm-up period of 5
tidal cycles to establish background conditions; and (iv) boundary
conditions of E. coli and IE e zero concentrations were imposed at
the open-sea boundaries because previous dispersion and model-
ling studies in the Irish Sea (Crisp, 1976; Mansfield, 1992) suggest
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that the boundaries are located far out at sea where the distance
from the shoreline is sufficient to negate the effect of boundary
conditions on the computations in the area of interest (Bray beach).

The most sensitive parameters in the water quality model are
dispersion and decay coefficients. For the horizontal and vertical
dispersion of E. coli and IE, a scaled dispersion formula is recom-
mended when the Smagorinsky model is used to resolve the eddy
viscosity (DHI, 2013b) and this therefore has been adopted in this
study. Avalue of 1.0 was chosen for the scaling factor after exploring
a range of values (from 0.5 to 5). For the decay of E. coli and IE, a
variable decay rate was initially considered. However, a recent
study of waters on the east coast of Ireland (Bedri et al., 2013)
indicated that using a constant decay rate produces a very similar
variation of E. coli concentration to that obtained by using the
Mancini function (which models decay as a function of environ-
mental variables). Based on the findings of Bedri et al. (2013) and
supported by additional simulations (using TELEMAC 3D) in the
coastal area of the current study where faecal indicator bacteria
concentrations determined using constant rate and variable decay
functions were shown to be similar, a constant decay formula was
considered suitable. Three values of 12, 24, and 36 h for this con-
stant decay rate (T90) were explored. These were within the range
of T90 decay rates (7e115 h) for marine waters published by Bowie
et al. (1985). In an approach similar to the calibration and validation
of the hydrodynamic module, the available water quality data (20
time series of E. coli and IE at 10 locations in the domain) was
divided.

Furthermore, to improve the model’s computational efficiency,
numerical experiments were conducted using three meshes of the
model domain (Table 3) with a view to achieving an optimummesh
size that does not compromise the accuracy of the numerical so-
lution. In these simulations, all parameters and variables including
timestep and diffusion coefficients were kept constant, the only
variable being the resolution of the model grid. Initially a bench-
mark refined mesh (M1) was constructed with 33,366 elements
and 19,113 nodes using zones of varyingmesh elements (Fig. 3). The
element size ranged from 50 to 100 m in a 2 kmwide zone parallel
to the coastline. Element sizes were then gradually increased to
1800 m at the open sea boundaries. A second mesh, M2, was con-
structed by confining the 50e100 m strip in M1 to the area of in-
terest and using a coarser mesh of 350e1800 m elsewhere. Starting
from the mesh M2, the third mesh M21 was constructed by split-
ting the 2 km coastal zone into two subzones of element sizes 50e
100 m, and 100e200 m. Hydrodynamic and water quality simula-
tions using the three meshes were conducted and compared in
terms of computational speed and the accuracy of the simulated
velocities.

3.3. Water quality forecasting system

Using the validated catchment-coastal model of the Darglee
Bray coastal system, hind-cast water quality predictions of E. coli
and IE for the 7th August 2012 were performed for two scenarios:
(i) Meteorological forecasts only (5F) in which a 5-day rainfall
Table 3
Specifications and speed of tested grids. HD: hydrodynamic model, HD þ WQ:
combined hydrodynamic-water quality model.

Mesh Elements Nodes Elapsed time (minutes)

HD HD þ WQ

M1 33,366 19,113 298 328
M2 19,615 10,888 71 79
M21 14,125 7,683 39 42

Fig. 4. Observed and forecasted rainfall amounts in the Dargle catchment for the
period 3rde7th August, 2012.



Fig. 5. Observed and predicted accumulated volume in Glencullen sub-catchment: (a) calibration of the Umax parameter, and (b) with the optimised CK12 parameter.
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forecast (issued on the 2nd August) for the period from the 3rd to
the 7th August 2012 (Fig. 4c) was used to drive the integrated
model in order to predict thewater quality in the near-shorewaters
of Bray, and (ii) Improved Forecast (I-5F) in which the 5-day fore-
cast in scenario (5F) was improved by incorporating real-time
rainfall observations (Fig. 4a and b) from the sensor network in
the Dargle catchment.

Model simulations were performed using the optimum mesh
M21 (Section 3.2.3). The model, starting from quiescent conditions,
was initially run for a 2 day period to provide initial conditions for
the required simulations of the 5-day forecast period (3rd to the 7th
August 2012). The 5-day record of forecasted rainfall amounts were
converted to a DFS0 time series file and input into the integrated
model. For the simulation of Scenario 5F, which ran solely using
forecasted rain, it was not necessary to divide the simulation into
packets. Simulation I-5F was divided into packets of 12 h, which
each produced a hot-start file for the next 12-h simulation. At the
end of each packet, the rainfall observations of the previous 12-
h were used to re-run the integrated model and modify the hot
start file for the next computation. The last set of observed rainfall
that was input into the model was for the period from 12:00 6th
August to 00:00 7th August. Hence, Scenario I-5F in effect repre-
sented a now-cast of the water quality on the 7th August.

4. Results and discussion

4.1. Validation of the catchment component of the integrated model

4.1.1. Discharge
As previously mentioned, the two most sensitive parameters in

the catchment model were Umax, the maximum storage capacity in
the surface storage zone, and CK12, the time constant for routing
overland flow. The default auto-calibration range for Umax is 10e
20 mm, representing the storage capacity of most catchments.
Steep catchments like the Dargle catchment however, have less
storage capacity and consequently, it was considered appropriate to
reduce this range in the auto-calibration process to input values of
between 0.1 and 15 mm and this gave optimised Umax values that
improved the fit to observed runoff and water balance in most sub-
catchments. The auto-calibration range for Umax values adopted is
consistent with ranges in published literature (see for example
Jennings et al., 2008).

The Nash-Sutcliffe model efficiency coefficient (NSE) and the
percentage error in computed Water Balance (WBL) were used to
assess the fit between observed and simulated hydrographs. To
illustrate the effects of reducing the Umax range in the auto-
calibration process, Figs. 5(a) and 6(b) compare the water balance
and hydrographs respectively at the outfall of the Glencullen sub-
catchment (a significant contributor in generating flows in the
River Dargle) obtained using the reduced and the default Umax
ranges. The NSE of 0.74 for the simulated hydrograph produced
using the reduced Umax range is shown to be improved from the
value of 0.71 using the default settings. The fit between simulated
and observed runoff hydrographs was further improved in the
auto-calibration of the CK12 parameter. While default values for
CK12 between 10 and 50 h are used for most catchments, signifi-
cantly lower values are recommended for flashy or spate catch-
ments. The Dargle and its tributary catchments are fast-responding
and therefore input values of CK12 values of between 3 and
11 h were used to describe the time constant for routing the
overland flow (DHI, 2013a). Using the optimised CK12 value ob-
tained for the Glencullen sub-catchment in the auto-calibration
process was shown to further increase the NSE coefficient to 0.81
in the comparison of observed and simulated hydrographs at the
sub-catchment outfall (Fig. 6(c)). The extension of this two-stage
calibration procedure to the other sub-catchments in the Dargle
river system resulted in NSE coefficients that varied from 0.77 to
0.85.

4.1.2. Catchment water quality
The best fit between simulated and observed E. coli and IE

concentrations during peak flows was achieved using decay con-
stants (k) of 1.31 d�1 (T90 ¼ 42 h) and 0.32 d�1 (T90 ¼ 7 days)
respectively. These decay rates are consistent with values used in
similar studies that are cited in literature (see for example Bartram
and Rees, 2000; Anderson et al., 2005) and confirm that die-off
rates for E. coli in river systems are significantly lower than those
for IE. The performance of the catchment model in predicting faecal
indicator bacteria concentrations was assessed by determining the
Root Mean Square of Errors standard deviation ratio (RSR) (see
Table 6 in Bennett et al., 2013) between simulated and observed
E. coli and IE for the four calibration storm events at location DRG5
(Fig. 3). The RSR values, computed over the four events, of 2.73 and
1.13 for E. coli and IE respectively, indicate that predictions of IE are
more accurate than those for E. coli. Comparisons of simulated and
measured concentrations of E. coli and IE for the two storm events
in Fig. 7 show thatmeasured concentrations of E. coli and IE rise and
fall with the flow hydrograph. Simulated E. coli and IE concentra-
tions are also shown to rise with the flow hydrograph and reach
concentrations similar to measured values. However, on the
receding limb of the flow hydrographs as shown for the two storms
(Fig. 7), simulated concentrations are shown to return to baseline



Fig. 6. Observed and predicted runoff in Glencullen sub-catchment: (a) initial simu-
lation, (b) following the calibration of Umax, and (c) following the calibration of CK12.
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values more slowly than for measured values. Differences between
the simulated and observed concentrations in this regard suggest
that issues exist in the manner the ‘first flush’ of E. coli and IE to the
river system and subsequent dilution effects are considered in the
modelling process. A study by Haydon and Deletic (2006) high-
lights similar overestimations in simulated bacteria concentrations
whenmodelling the surface transport of pathogens to river systems
in receding floods.
4.2. Validation of the coastal component of the integrated model

4.2.1. Tidal elevations
Comparisons of predicted and observed tidal elevations over the

33 day calibration period showed that the best match was achieved
when applying a 1.1 multiplier to the tidal amplitudes and
increasing the phase lag by 15� for both M2 and S2 constituents
extracted from the MIKE Global model.

The adjustment of the M2 amplitude and phase lag resulted in a
significant reduction in the Root Mean Square of errors (RMSE)
between measured and predicted tide levels at all gauges, partic-
ularly at the Dun Laoghaire tide gauge (Table 4). The fit was further
improved following an adjustment of the S2 amplitude and phase
lag which reduced RMS errors to less than 1.0 at three of the
reference gauges and a value of 2.82 at the North Wall gauge
(Table 4). The RMS error at the Howth gauge however, although
considerably improved, remained high at 5.1. The levels at the
Howth gauge, situated on the northern extent of the headland of
Howth and just south of the Island of Ireland’s Eye, may be affected
by a headland tidal race which is common in such geographic
settings. Results of the Fourier analysis showed that the model has
accurately predicted the amplitude and phase lag at all gauges, with
the exception of that located at Howth where the M2 amplitude
was underestimated by 0.06 m (4%) and the S2 phase lag was
overestimated by 18� (5%) at Howth gauge (Table 5).
4.2.2. Current velocity
In Fig. 8, the measured current speed and direction is compared

to the modelled data using a bed roughness height of 0.05 m. The
results of two representative points (O and H5 in Fig. 3) are dis-
cussed herein.

Simulated velocities at four water depths (0.1, 0.3, 0.6, and 0.8 of
the water depth measured from the bed) were compared to mea-
surements taken for a full neap tide at location O. The model
replicated the measured values for the flood stage (period before
the time of high water (HW)) where simulated velocities at 0.6 and
0.8 of the water depth showed a good fit to surface measurements
and simulated velocities at 0.1 of the water depth correlated well to
measured velocities at the sea bed. Measurements on the ebb stage
exhibited some discrepancies but were somewhat improved close
to the time of mid ebb (HW þ 3eHW þ 6 h) where model values
showed a good fit. The fit, assessed using the RSR metric, showed
that the model exhibited a better match to measurements on the
flood stage with an RSR value of 0.64 compared to the ebb stage
which had an RSR value of 1.55.

Surface measurements of flow direction exhibited some noise,
possibly due to the erratic effect of wind on the surface currents.
The near bottom measurements however, demonstrated a flow
pattern that changes in direction from north-west during the flood
stage to south-east during the ebb tide. Model simulations showed
identical predictions for the water direction at all four water
depths. However, the simulated direction of the flooding stage
(time before high water) was slightly overestimated compared to
simulations of the ebb stage where predictions overestimated ob-
servations by approximately 20�.



Fig. 7. Observed and predicted E. coli and IE at DRG5 in the Dargle catchment.

Table 5
Phase (o) and amplitude (m) of M2 and S2 tidal constituents for reference tidal
gauges extracted from observed and simulated elevations.

M2 S2

Amp Phase Amp Phase
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At location H5, the model has satisfactorily replicated the
observed velocity pattern. However, all simulated velocities at the
varying water depths underestimated (by approximately 0.1 m/s)
the peak velocities that were measured at the time of high water.
Themodel showed a good fit to residual currents (these are random
velocities of small values that occur close to the time of the turning
tide) at both the ebb and flood stages. RSR values computed
separately for the ebb and flood stages of the tide, demonstrated a
better fit to measurements on the flood than the ebb stage (RSR
values were 0.75 and 1.27 for the flood and ebb stages respectively).
Simulations of current direction at H5 presented a good match to
observations which displayed a change in direction fromnorth-east
at mid-flood to south-east at mid-ebb.

4.2.3. Coastal water quality
The best match between simulated and measured E. coli and IE

was achieved using decay rate (T90) values of 24 and
36 h respectively. These values compare favourably to those pub-
lished for similar studies (see Bowie et al., 1985; Bartram and Rees,
2000; Anderson et al., 2005). As was the case in the Dargle river
system (freshwater), decay rates for E. coli in the marine waters
were lower than for IE. These findings are consistent with findings
Table 4
RootMean Square (RMS) errors between predicted andmeasuredwater levels at the
reference tidal gauges.

Initial error Post-M2 calibration Post-S2 calibration

North Wall 11.50 2.62 2.82
North Bank 9.83 4.41 0.95
Kish 7.88 5.66 0.34
DunL 12.61 1.78 0.36
Howth 27.33 12.90 5.11
of persistence studies in freshwater and marine environments re-
ported in Bowie et al. (1985) and Crane and Moore (1986).

The match between measured and simulated E. coli and IE was
assessed using the RSR which was computed for each simulation
(using T90 values of 12, 24, and 36 h) of all the time series of the
calibration data sets. The smallest values of RSR were achievedwith
T90 values of 24 and 36 h for E. coli and IE respectively. Simulated
E. coli using a T90 value of 12 h was shown to significantly under-
estimate the observed values (Fig. 9 (a)) and a T90 of 36 h has
resulted in overestimated predictions. Fig. 9 (b) indicates that
simulated IE concentrations for T90 decay rates of 12 and 24 h are
underestimated but that a reasonable prediction to measured
values is obtained with a 36 h decay rate.
Observed
North Wall (NW) 1.261 326.8 0.387 346.9
North Bank (NB) 1.302 324.8 0.385 358.4
Kish Bank (KB) 1.252 322 0.387 354.7
Dun Laoghaire (DunL) 1.305 327.4 0.378 356.8
Howth (HOW) 1.434 343.30 0.411 377.1
Predicted
North Wall 1.297 329.2 0.384 355.81
North Bank 1.303 329.77 0.386 356.01
Kish 1.283 328.26 0.38 355.48
DunL 1.284 329.04 0.379 355.5
Howth 1.374 330.23 0.405 358.75
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Simulated time series of E. coli and IE at two representative
points (Fig. 10) indicate a distinctive repeated pattern over the tidal
cycle where at point B, the simulated concentrations reach their
highest values close to the time of low water (approximately
6 h before the time of high water) and are then shown to drop
gradually to their lowest values around the time of high water after
which they tend to increase again. At location O, simulated E. coli
and IE concentrations exhibit a different pattern to that at location
B where the concentrations drop sharply close to the time of low
water and only start to increase again around the time of high
water. In contrast to simulated concentrations, the measured E. coli
and IE concentrations exhibit considerable random variation over
the tidal cycle. Significant random variations of faecal indicator
bacteria of the scale observed are not uncommon and have been
reported in many previous studies (e.g. Bedri et al., 2013; Quilliam
et al., 2011; Crowther et al., 2002; EPA, 2010). Such variations
illustrate the high levels of uncertainty associated with monitoring
pathogens in marine waters. Given this significant variation in
observed bacteria levels, accurate predictions of E. coli and IE
concentrations over the tidal cycle proved challenging.

4.2.4. Optimisation of numerical grid
Simulation speed was assessed on the basis of time (in minutes)

taken by themodel to complete a full tidal cycle (12 h) for two types
of simulations; hydrodynamics (HD), and hydrodynamics and wa-
ter quality (HD þ WQ). The model was executed on an Intel Xeon,
64-bit, 2.4 GHz machine using the three numerical grids; M1, M2,
and M21. The simulation speed increases with a decrease in the
Fig. 8. Observed and simulated current spee
number of elements and nodes in a grid. The simulation time
required to complete a hydrodynamic simulation using mesh M1
(approximately 5.0 h) renders it impractical and unsuitable for real-
time predictions of coastal water quality. However the mesh serves
as a benchmark against which the numerical accuracy of the
coarser meshes M2 and M21 can be compared. The reduced reso-
lution of meshesM2 andM21 are reflected in grids with in excess of
13,000 and 19,000 fewer elements respectively than in mesh M1.
For the 12-h HD simulations (Table 3), considerable savings in
computation time of 227 and 259 min were achieved with the M2
and M21 meshes. Reducing the resolution of bathymetric meshes
can compromise the accuracy of model predictions and it was
therefore necessary to ensure that the predictive capacity of the
model was not unduly affected in the trade-off between compu-
tational efficiency and mesh density.

This was assessed from the hydrodynamic simulations of
various tidal conditions using the three meshes by comparing
measured and simulated time series of depth-averaged current
speed at two locations in themodel domain (Fig.11). At station B, all
three simulations showed a reasonably good match to measure-
ments particularly those taken at 0.6 of the water depth. The M2
and M21 meshes provided almost identical velocity magnitudes to
mesh M1. At Station O, models with the three mesh configurations
were all shown to produce reasonable matches to the measured
velocity patterns but over-predictions of the second peak (ebb tide)
were observed. Mesh M21 produced a higher velocity (by approx-
imately 0.08 m/s) than M2 at the second peak. Observations from
other locations within the model domain confirmed that no loss of
d and direction at locations O and H5.



Fig. 9. Observed and predicted E. coli and IE in coastal waters using different decay rates.
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accuracy resulted from using the coarse meshes M2 and M21.
Therefore, for the purpose of the forecasting system,meshM21was
shown to be the most computationally-efficient arrangement, with
no discernible loss of accuracy, and was selected for the forecasting
system. Comparable time savings were observed in the comparison
of meshes M2 andM21 to meshM1 in the combined hydrodynamic
and water quality simulations (HDþWQ in Table 3). Extended over
a 5-day forecast period, HD þ WQ simulations using mesh M21
Fig. 10. Observed and predicted E. coli and
would be completed approximately 47 h ahead of a similar simu-
lation using mesh M1.

4.3. Water quality forecasting system: real-time and 5-day
forecasts

Simulations of Scenario I-5F took a considerably longer time
than Scenario 5F due to model re-runs necessary to incorporate
rainfall observations. Each simulation packet of 12 h was completed
IE at two offshore locations O and B.



Fig. 11. Effect of varying the mesh resolution on predictions of current speed at Stations B and O.
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in approximately 43 min, resulting in a 5-day forecast simulation
time in excess of 17 h. This contrasts with simulation times for
Scenario 5F, running only on forecasted rainfall that took approxi-
mately 7.0 h.

The simulated E. coli and IE concentrations of scenarios 5F and
I-5F were compared against measurements taken at two locations
(G and C in Fig. 3) on the 7th August 2012. E. coli simulations
showed that scenario I-5F produces a better match to measure-
ments at both locations than for scenario 5F which significantly
overestimates measured E. coli concentrations. The simulated IE
Fig. 12. Comparison of E. coli and IE predictions
concentrations of Scenario 5F were also higher than those for I-5F
at locations C and G but both captured somewhat, the order of
magnitude of the measured data (Fig. 12) which exhibited wide
scatter. Such variability in the measured data prevented the su-
periority of one forecast over the other to be determined for the
prediction of IE. To evaluate the performance of the two fore-
casting scenarios (5F and I-5F), a set of metrics derived from a
contingency table (as suggested by Bennett et al., 2013; Manzato,
2007 for forecasted data) are compared in Table 6. Individual
contingency tables for E. coli and IE were used to report the
of scenarios 5F and I-5F at Stations G and C.



Table 6
The 2*2 table of contingency and performance metrics derived from table.

Metric Symbol Definition E. coli

Scenario 5F Scenario I-5F

Accuracy aþ d
N

0.77 0.95

Bias BIAS aþ b
aþ c

4 1

Probability of
detection

POD a
aþ c

0 0

Probability of
false detection

POFD
b

bþ d
0 0

False alarm ratio FAR b
aþ b

1 0

Success index 1
2

�
a

aþc þ d
N

� 0.39 0.48
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number of occurrences where both the measured and forecasted
concentrations of E. coli and IE exceeded the ‘excellent’ standards
of 250 and 100 (cfu/100 ml) respectively as set out in the revised
Bathing Water Directive (2006/7/EC) (referred to as hits in Table 6),
the number of occurrences in which they were both below the
‘excellent’ standard (correct negatives in Table 6), the number of
alarms missed by the model (alarms in Table 6) and the number of
false alarms. Following analysis, the measured and forecasted IE
concentrations were not suitable for representation in a contin-
gency table due to the small sample size together with the fact
that all scores of both scenarios 5F and I-5F were correct negatives
given that all IE concentrations were shown to fall below the
‘excellent’ limit of the Bathing Water Directive. Data in Table 6
therefore, refers only to E. coli concentrations. The comparisons
between the accuracy and success index of scenarios 5F and I-5F in
predicting observed E. coli concentrations show that scenario I-5F
has outperformed 5F, and that scenario 5F has overestimated the
predictions (BIAS > 1).

The high predictions of E. coli and IE concentrations of scenario
5F compared with scenario I-5F can be attributed to the difference
in rainfall intensity and duration between the forecasted and
recorded rainfall used to drive Scenarios 5F and I-5F respectively
(Fig. 4). The forecasted rainfall of the period from the 3rd to the 7th
August was a continuous event (over a 4-day period) of medium
intensity. However, the measured rainfall amounts were minimal
during the period 3rde7th August, except for a short but relatively
intense storm on the 6th August which yielded approximately
10 mm of rain in a 6-h period. The disparity between the forecasted
and the actual ‘ground truth’ rain that was measured by the sensor
network in the catchment accounts to some extent for the
differences in the 5F and I-5F simulated bacteria concentrations
and highlights the improvements in predictions that are possible by
incorporating real-time observations in the forecasting
simulations.

5. Conclusions

This paper explains the development of a new real-time water
quality forecasting system for short-term and real-time predictions.
The system comprises an integrated catchment-coastal model
consisting of the NAM, MIKE11 and MIKE3 FM models of the DHI
software suite, loosely-coupled in a simple structure where the
output of one model constitutes the input to the subsequent model.
The forecasting system also incorporates a database management
system for handling andmanaging the data required and generated
by the forecasting system. While the main forcing function driving
the water quality predictions is forecasted rainfall drawn from the
web-based meteorological service (www.yr.no), these predictions
may be improved by incorporating measured real-time rainfall
data.

The water quality forecasting tool was tested on the Dargle-Bray
catchment-coastal system on the east coast of Ireland. The inte-
grated catchment-coastal model was initially set-up, calibrated,
and validated using an elaborate set of topographic, bathymetric,
and environmental data drawn from the database. The simulated
water quality parameters were E. coli and IE, the two microbial
indicators specified in the standards of the revised Bathing Water
Directive (2006/7/EC). Model calibration and validation showed
that the hydrological and hydrodynamic components of the inte-
grated model have produced a reasonable fit to measurements (e.g.
Nash-Sutcliffe efficiency coefficients of between 0.77 and 0.85 for
the computed runoff in the sub-catchments of the Dargle river
system and an average RMS error of less than 2.0 for simulated tidal
elevations at the five reference gauges). Water quality simulations
of the catchment component showed that the model has captured
well the measured E. coli and IE at the peaks of the hydrograph.
However, simulated E. coli and IE concentrations take longer to
return to baseline levels, suggesting that the model does not
accurately capture the ‘first flush’ and subsequent dilution effects as
runoff continues to the river system on the receding limb of flow
hydrographs. The coastal water quality model showed that MIKE3
FM captures the order of magnitude of observed E. coli. IE con-
centrations in the coastal domain were slightly underestimated.
Although high random variability of observed E. coli and IE con-
centrations contributed to some errors in predictions, the inte-
grated model has shown itself to be a reasonable predictor of
coastal water quality. The validated integrated catchment-coastal
model was then used to provide forecasted and real-time pre-
dictions of the water quality of the near-shore coastal waters of
Bray. Hind-cast simulations of two scenarios; 5F (predictions of
E. coli and IE based on rainfall forecasts only) and I-5F (where
forecasts of 5F were improved by incorporating real-time rainfall
data) showed that the improved forecasts of I-5F has resulted in a
better match to measurements of E. coli than 5F. This finding has
been confirmed by performance metrics computed for the two
forecasting scenarios. These also indicated that scenario 5F has
overestimated the predictions.
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