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ABSTRACT 

Severe flooding from surface runoff during rain storms (‘pluvial flooding’) has caused significant 
social and economic impacts in recent months and years, as demonstrated in Schull in October 2009. 
In a departure from the traditional approach of considering surface runoff at the individual 
development level, this paper describes innovative ways in which pluvial flooding is currently being 
investigated on a catchment scale, as promoted by the Floods Directive. 
  
Detailed assessments of pluvial hazard make use of 2D hydraulic modelling to identify complex flow 
pathways. However, to achieve this at the broad scale presents many challenges.  Through the 
implementation of a purpose built 2D modelling package, running on parallel architecture graphics 
cards, country scale pluvial mapping can be completed with accuracy and at speeds previously only 
attainable through using prohibitively expensive super-computers.   
  
The current JBA grid of high performance graphics cards, housed in conventional PCs, has over 
36,000 processors and with a theoretical throughput of over 110 teraflops it would have matched the 
most powerful supercomputers in the world in 2001. 
 

 

INTRODUCTION 

Pluvial flooding is caused when rainfall cannot be absorbed by the ground or drainage system.  It is 
most usually the result of high-intensity or prolonged periods of rainfall and is characterised by 
overland flow and ponding.   
 
Recent events in Ireland and the UK have demonstrated large scale vulnerability to flooding from a 
number of other sources, that have inundated areas previously not thought to flood.  In the UK, the 
insurance industry estimated that 40% of the property damage from the Autumn 2000 floods was 
related to properties outside the indicative flood zone maps (Hankin et al., 2008) and similarly much 
of the 2007 summer flooding was largely attributed to pluvial flooding; closer to home, events in 
Newcastle West (Figure 1), Belfast and Dublin in summer 2008 dramatically raised public awareness.  
Flooding during 2009, such as in Schull, Limerick and Dublin (Figure 3) was significant, but not as 
widespread as previous years.   
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Figure 1: Newcastle West Flooding, The Irish Times, 2 August 2008 

Events such as these continue to highlight the effect of extreme rainfall and the interaction between 
the urban drainage system, small watercourses and asset failure, such as pumping station or 
embankment breach.  The issues are summarised by the source, pathway and receptor flooding 
schematic in Figure 2 which highlights the need to fully assess flood hazard and risk from a multitude 
of other sources. 

 

Figure 2:  Sources, pathways and receptors of flooding from other sources 
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At a strategic level the EC Floods Directive has driven a screening and scoping approach through its 
requirement for each member state to map the hazard and risk for areas susceptible to flooding.  JBA 
has a relatively long history of this screening and scoping approach at a river basin and often country 
level, starting with fluvial mapping (1999) and moving onto pluvial hazard mapping (2004), with 
further development of screening products for groundwater and asset failure currently in production.   
This paper will concentrate on the advances made in the screening/scoping or strategic assessment of 
pluvial risk at a countrywide scale.   
 
  

 

Figure 3:  2009 Newspaper Flooding Coverage; Limerick Leader, 15 July 2009; Irish Independent, 25 

July 2009; Southern Star, 10 October 2009. 

 

PLUVIAL HAZARD AND RISK ASSESSMENT 

A proven way of identifying complex flow pathways is to use a 2D hydraulic modelling method that 
simulates the depth, velocity and direction of rainwater coming into contact with the land surface.  
There are 2 main factors that limit the applicability of 2D hydraulic modelling methods: 

1. Blanket application of rainfall is extremely computationally demanding 

2. Fully hydrodynamic models are;  

a. slow to run 

b. prone to instability 

 
Once results are gained, a further requirement at a strategic level is to move from simply assessing the 
hazard, towards investigating the risks posed by pluvial flooding to infrastructure.  Achieving this in 
an efficient and intelligible manner at a countrywide scale requires adequate statistical data, including 
buildings information, critical infrastructure, and census data, combined with a suitable means by 
which to analyse it. 
 
Innovative Solutions 

In terms of pluvial flooding, the solutions to the problems of 2D model choice, processing time and 
result analysis, can be broken down into 5 categories, each of which will be discussed in subsequent 
paragraphs, while together they represent an innovative approach to fluvial flooding: 
 

1. Efficient 2D Modelling  
2. Hardware Performance Increases (CPU to GPU) 
3. Simplification of Model Setup and Post-Processing  
4. A Risk Based Result Analysis 
5. Innovation through Research and Development 

 
 



Irish National Hydrology Conference 2009  Morris et al 

 71

EFFICIENT 2D MODELLING 

In the early 2000’s we developed a raster based treatment of the 2D diffusion wave equation (as 
described below) to create a robust floodplain model and packaged it as JFLOW.  The basis of 
JFLOW is that each grid cell acts as a small flood cell with links to each of the surrounding cells 
calculated automatically.  It is therefore capable of simulating the inundation extent at a level of detail 
equal to the underlying DTM.  It is fundamentally volume conservative and so, in a given time period, 
will simulate peak water levels depending on the volume of water that has entered the floodplain.   
 

 

 

 

 

 

 

 

Figure 4:  Example OSi DTM and Enlargement (NTS) 

Flow across the floodplain is controlled by a balance between the depth of flow, friction (represented 
using Manning’s n) and water surface slope. This formulation is known as the 2D diffusion wave and 
is a simplification of the Shallow Water Equations (SWEs).  Further detail is presented in Bradbrook 
et al., (2004). The diffusion wave approximation leads to a robust and efficient numerical solution 
scheme and has been shown to model flood flows without significant loss of accuracy.  
There are two main limitations of the JFLOW model which must be recognised.   

1. The model is designed for relatively shallow topographically driven flow and is less accurate 
where momentum effects are important such as recirculation zones or fast, deep channel flow.  
In general, the model is suitable for use where flow depths are on a scale of approximately 1 
to 10m.  

2. There is a trade-off between greater topographic detail and the smaller time-step (and 
therefore longer run-time) that is needed with a smaller grid size.  Typically a 10m x 10m grid 
has been used for country scale modelling in Ireland.  

The model was tested under Bradbrook et al., (2004) and provided excellent agreement with 1D 
hydrodynamic calculations for a simple rural valley section and good agreement with an irregular 
valley section.  Under urban conditions, JFLOW underwent benchmark testing against five other 2D 
hydraulic models and all models produced plausible results (Hunter et al., 2008). 
 
 
HARDWARE PERFORMANCE INCREASES (CPU TO GPU) 

Development of the JFLOW software quickly resulted in its use on country scale floodplain mapping.  
In order to achieve a sufficient increase in processing power to match the scale of work, the software 
was modified to run over a grid of PCs, for example JBA’s first fluvial map of Ireland utilised a grid 
of 170 Central Processing Units (CPUs) on standard desktop PCs. 
 
The fundamental requirement of the pluvial method is to apply the rainfall in a ‘blanket’ approach 
over the entire land surface.  This represents an enormous increase in computational demand 
compared to that of floodplain modelling, where flow is only applied to discreet river valleys.   
Pluvial flood simulation was introduced in the latest release of the JFLOW software, through the use 
of a Graphics Processing Unit (GPU) rather than the CPU.  This improvement in processing 
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capability, which results in profound increases in processing speed, has its origins in the multi-billion 
Euro market for games and computer graphics.   
 
These mass produced high performance parallel processors, with dedicated high speed memory, can 
easily be installed on a workstation PC and can offer up to 128 floating-point arithmetic cores on one 
chip – that is true parallel processing, at consumer prices, without the need for a super-computer.   
The application of GPU parallelism to JFLOW involved large changes in the numerical solution 
scheme algorithms and data structures.  Once this was achieved, JFLOW was able to realise a massive 
increase in processing capability.   
 
To provide some context on the performance of JFLOW-GPU, the model has been compared with 
results from the urban 2D model benchmarking study of Hunter et al., (2008) which compared 
JFLOW with another diffusion wave model (Lisflood-FP) and four hydrodynamic (full SWE) models; 
Trent, Divast, Divast-TVD and TUFLOW.  The study was the most rigorous test available on the 
comparison of 2D hydraulic models.  Differences in output were found to be less significant than 
either the uncertainty derived from the quality of data used or the uncertainty relating to model 
parameters.  Lamb et al., (2009) showed that the GPU implementation of JFLOW produced almost 
identical results but at processing speeds of over 100 times faster than using conventional workstation 
PCs. 
 
The current JBA grid has over 36,000 processors contained on the GPU cards and with a theoretical 
throughput of over 110 teraflops it would have matched the most powerful super-computers in the 
world in 2001. 
 
JFLOW-GPU has now been successfully run over millions of square kilometres in Ireland  (         
Figure 5), UK & Northern Ireland, France and Hungary for government, insurance, re-insurance and 
utility services. 
 

 

         Figure 5:  Example of JBA Pluvial Mapping, West Dublin 

 

SIMPLIFICATION OF MODEL SETUP AND POST-PROCESSING  

The most time consuming factors of country scale pluvial modelling is the set-up and post processing 
procedures.  Automation of these processes has enabled large increases in efficiency, resourcing and 
time.  Three significant stages are described below:  
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1. Deriving rainfall hyetographs for selected design storms 
2. Removal of height errors from the DTM 

3. Post-processing results to produce coherent maps of surface water flood risk. 
 

Derivation of Rainfall Hyetographs 
Setup commences with the derivation of rainfall hyetographs over the entire land surface.  The Office 
of Public Works (OPW) has published a GIS version of the TN61 Estimation of Point Rainfall 
Frequencies (Fitzgerald, 2007).  These provide a 2km grid of point rainfall depths for a given duration 
and return period; from these rainfall hyetographs are created, using the Flood Estimation Handbook 
Volume 2 (Institute of Hydrology, 1999), to derive an intensity of rainfall over the duration of the 
storm at a specified time interval.  This process has been almost fully automated through GIS and 
database queries as illustrated below. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6:  Illustration of Model Grid, Point Rainfall Estimation and Hyetograph Setup 

 

Removal of Height Errors and Flow Obstructions from the DTM 

The DTM often represents a large source of uncertainty in model results and it is therefore important 
to ensure that, where possible, errors are removed.  A DTM is representative of a ‘bare earth’ scenario 
where buildings and infrastructure are removed.  In many instances the DTM will not have had 
bridges fully removed and these can represent false barriers to the flow of water.  Bridges and flow 
obstructions are removed from the DTM following an initial model run that identifies unexpected 
ponding of water in a semi automated process. 

1 
2 
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Generate Model Grid for Rainfall 

Apply Rainfall Depth over Time for 

each Grid Cell 
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Before cut made through structure 

 

 

 

 

 

 

 

After cut made through structure 

Figure 7:  DTM Editing for Removal of Obstructions to Flow 

 

Post Processing of Results 

As the rainfall is applied in a blanket approach, over the model grid, every cell has a depth 
value in the maximum depth grid, as illustrated in Figure 8.  However, most of these are very 
small (<5cm) and can be filtered out simply using standard GIS techniques. 
 

 

Figure 8:  Initial output - every cell wet 

 

The maximum depth outputs require further editing and manipulation in order to obtain useful flood 
extents using the following steps: 

● Results from individual JFLOW-GPU simulations are 'mosaiced' together to produce a single 
depth map for the area of interest 

● The depth map is thresholded according to Client requirements, using individually calibrated 
depth bands 

Coherent flood extent polygons are produced using automated GIS routines, including the removal of 
isolated polygons of water having an area less than 200m2 and the removal of ‘dry islands’ having an 
area of less than 750m2. 

Bridge causing flow blockage 
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The final result, illustrated in Figure 9, includes the depth threshold categorisation that has been 
calibrated to grade the potential severity of the pluvial hazard.  For example, low, moderate and 
significant vulnerability may be attributed to flood depths of >0.1, >0.3 and >1m.  Decisions can be 
made upon the choice of the Annual Exceedance Probability (AEP) design rainfall event for the 
analysis and multiple AEPs will often be investigated. 

Comparison of results using flood incidence data for the Boroughs of Kensington & Chelsea and 
Hammersmith & Fulham, London, summer 2007, provided a good level of agreement.  Despite the 
broad-scale approach, a match of 62% and 77% of flooded properties was recorded in K&C and H&F 
respectively, as pictured in Figure 9. 

 

Figure 9:  Properties Flooded (blue) and Pluvial Hazard (blue/purple), London. 

 

A RISK BASED RESULT ANALYSIS  

The EU Floods Directive recognises the importance of sustainable management of flooding and aims 
to reduce the adverse consequences for human health, the environment, cultural heritage and 
economic activity.  Since flooding can occur anywhere from different sources with different 
probabilities and consequences, a strategic understanding that identifies where ‘potential significant 
flood risk exists or might be considered likely to occur’ is required.  The drive for this type of 
information forms the basis of the Preliminary Flood Risk Assessment under Articles 4 and 5 of the 
Directive. 
 
The JBA methodology for the subsequent production of flood risk maps is set along the lines 
proposed in Article 6 of the Directive and the established Source-Pathway-Receptor Model (Figure 2).   
The Source of flooding addressed here is pluvial; Pathways to Receptors require information on the 
topography, typically in the form of a DTM.  Receptor data, which includes building polygons of 
different types, critical services of different classes (schools, hospitals, GP surgeries, emergency 
services) and their vulnerability (e.g. based on Census data of the distribution of the elderly 
population) can also be utilised, as depicted below in Figure 10. 



Irish National Hydrology Conference 2009  Morris et al 

 76

 

Figure 10:  Annual average risk metrics for pluvial flooding in Belfast (Hankin et al., 2008) 

In Figure 10 quantitative indicators of flood risk are also used, as recommended in a recent report for 
the OPW (Adamson et al, 2008, OPW, 2008) and in recent UK government guidance on undertaking 
Regional Flood Risk Assessments (DCLG, 2008), to ‘…facilitate a transparent assessment of whether 
or not a particular location is subject to significant flood risk’ (OPW, 2008). 

An in-house flood risk analysis tool called Flood Risk Lab (FRiL) the use of which has been included 
in a number of papers relating to risk mapping (Hankin, Waller et al., 2008, Hankin, Lowis et al., 
2008).  To facilitate a more interactive analysis of various flood metrics, FRiL allows the potential 
adverse consequences associated with the various flood scenarios to be assessed in an automated and 
user friendly application.  The consequences can be varied but would normally include those 
indicating the number of inhabitants, type of economic activity and critical services potentially 
affected.  Depth damage analysis can be calculated and the results can apply to very large areas, 
limited only by the extent of the relevant statistical data and is therefore suitable for catchment and 
country scale application. 

 

INNOVATION THROUGH RESEARCH AND DEVELOPMENT  

Through continued research and innovation JFLOW-GPU and 2D modelling methods are improving 
in line with the expectations of clients and from the wider scientific community.  JBA has an ongoing 
research and development programme, two such schemes directly related to JFLOW-GPU are 
discussed below. 
 
In early 2009 JBA entered into a collaboration with the University of Limerick (UL) that attracted 
Innovation funding through Enterprise Ireland.  The partnership completed a software architecture 
evaluation and investigated the use of differing programming models.  Results have found that 
converting some of the core algorithms from a Direct X platform into a General Purpose GPU 
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platform can increase run times by a factor of 26.  The improvements are currently undergoing 
implementation. 
 
The success of the UL partnership has now grown into a collaboration between JBA, UL, LERO (the 
Irish Software Engineering Research Centre) and IBM, Mulhuddart.  The aim of the research is to 
develop a framework that supports transformation of code-bases (JFLOW-GPU), towards various 
High Performance Computing (HPC) deployment platforms – ‘super-computers’.   
Use of the HPC will allow large scale probabilistic simulation of flood risk, such as Monte Carlo 
simulation of multiple-event scenarios.  This will provide new research in model uncertainty and 
includes the potential to draw links with significant advances in related areas of science such as 
climate modelling, where probabilistic methods are more commonly applied.  It will also allow 
research to further improve GPU processing capability and decrease uncertainty in the JBA model 
output. 
 

CONCLUSIONS 

This paper has highlighted a diverse range of solutions that combine to provide a measure of pluvial 
hazard and risk that is proven and that has been applied over differing catchments in a variety of 
countries.The pluvial hazard mapping has now been compared against flood incident data, with 
agreement ranging from 62-77%. 
 
The methods by which each solution is being researched are constantly under review and are central 
to the newly developing area of comprehensive flood risk approaches. 
Continued research in probabilistic methods through the collaboration with UL, LERO and IBM 
represents a clear commitment to innovation and the continuing development of information to 
support flood risk assessment. 
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