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Executive Summary 

This report describes Flood Studies Update Work Package 3.4, Guidance for River Basin 
Modelling.  

The aim of Work Package 3.4 was to develop guidance for dividing river models into reaches 
and choosing hydrological design inputs to models such that conditions in the river reach 
correspond to the intended flood probability.   

Part A of the project developed rules and guidance for setting design inputs for river models.  
Part B tested and adapted the rules and guidance using four case study catchments: the 
Rivers Tolka, Suir, Owenboy and Dodder.   

Development of guidance 

This report describes how daily maximum flow data from 166 gauging stations were used to 
fit marginal distributions of flood frequency and a model of inter-site dependence.  The model 
gives the distribution of flood probability (return period) at one station, during a flood event of 
specified probability at another station.  The results are illustrated using maps showing 
connections between the most dependent station pairs.  Dependence was found to be related 
to various pairwise catchment descriptors, such as distance between catchment centroids 
and difference between BFI values (a measure of catchment permeability).  There was too 
much scatter in the results to enable development of regression models; instead a 
classification of catchment pair types was introduced using various threshold values of 
pairwise catchment descriptors.  For each class of pair, the results can be used to estimate, 
for example, the expected probability at one site given a 1% annual exceedance probability 
event at the other site. 

The report describes the development of guidance for classifying river modelling problems, 
dividing models into reaches and setting inflows for design events.  The guidance is 
influenced by four important factors: 

• The extent of the model (for example, whether it includes just one watercourse or 
extends up its tributaries as well). 

• The presence of gauging stations close to points of interest within the model.   

• The degree of dependence between the upstream and downstream ends of the 
model, and between any tributaries and the main river. 

• The importance of backwater effects.   

It can be seen that only one of the factors involves dependence. The guidance is intended to 
be a pragmatic and realistic approach to encapsulating the wide variety of situations 
encountered in river networks and making the best use of available hydrometric data.  A brief 
summary of the guidance, intended for users, is provided in the final chapter of the report. 

Testing of guidance 

The report describes the selection of case studies and the methodology used for each study.  
Each case study is then described in turn.  After the first case study (River Tolka) there is an 
extra chapter describing additional work which was carried out to enable definition of the 
timings of model inflows.   

The four case studies provided useful opportunities to apply the guidance and rules of thumb 
in practice.  The most significant finding, from the Tolka case study, was that more work was 
needed as part of this study to set the relative timing of model inflows.  A regression model 
was developed which allows the difference between the timing of flood peaks on two 
catchments to be predicted from differences in catchment descriptors. 

A common theme that emerged from the case studies is that the FSU methods of flood 
estimation, all designed for application at individual locations, do not necessarily give spatially 
consistent results.  For example, if they are applied at a confluence they can sometimes 
estimate upstream design flows whose sum is greater than the downstream estimate, which 
is physically impossible. 
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This inconsistency can be seen both in the magnitudes of peak flows and the durations of 
flood hydrographs.  Both of these can lead to difficulties in river modelling, which imposes a 
structure on the hydrological response of the catchment which is not necessarily present in a 
set of design flows derived for individual locations using FSU (or FSR) statistical methods.  In 
the past this issue has not caused such explicit difficulties, often because river modelling 
studies have largely relied on the FSR design event method, in which an assumed 
catchment-wide design storm imposes a structure on the flood hydrographs that are fed into 
the model.   

Despite the difficulties associated with spatial consistency, the case studies on the Suir, 
Owenboy and Dodder showed that when inflow probabilities are set using the guidance 
developed in WP3.4a and their timings set using the regression model described in this 
report, the resulting modelled flows generally give an acceptable agreement with hydrological 
estimates at points within the model reaches.  At the downstream end of all five reaches in 
the various models, the modelled flows were within 21% of the hydrological estimates.  On 
the Owenboy and a tributary of the Dodder, the results matched to within 3%.  These are 
encouraging results which should promote confidence in use of the guidelines. 

Two of the models (Suir and Dodder) were divided into multiple reaches for simulation of 
design events, in accordance with the guidance.  In doing this it emerged that the division of 
models may be less important than was first thought, due to the way in which hydrograph 
shapes and widths are created in the FSU methodology.   

This study has been a valuable opportunity to carry out research into the representation of 
design events in river models and apply a state-of-the art statistical model of spatial 
dependence.  The approach developed in this study is an alternative to more integrated 
approaches such as continuous rainfall-runoff simulation modelling or direct application of the 
full spatial statistical approach underlying the guidance; both would require significantly more 
modelling to represent joint probabilities by simulating many different combinations of design 
flows.  Instead, the approach here has been to analyse the statistical dependence between 
catchments and use this information to guide appropriate choices of design flows when only 
one or a small number of simulations can be performed.  This is inevitably a compromise 
since it does not explore the full range of scenarios that could contribute to the design 
condition in a catchment model, but the rules of thumb help to base choice of design 
simulations on a consistent analysis of dependence between rivers. 
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1. Introduction 

1.1 Purpose of this report 

This report describes Flood Studies Update Work Package 3.4, Guidance for River Basin 
Modelling.  It combines previous draft reports on the two parts of the work package. Part A of 
the project developed rules and guidance for setting design inputs for river models.  Part B 
tested and adapted the rules and guidance using four case study catchments: the Rivers 
Tolka, Suir, Owenboy and Dodder.   

1.2 Background to project 

Work package 3.4 addresses the interface between flood estimation and basin-wide hydraulic 
modelling, an issue which is often not given enough attention.  Application of design flows to 
steady-state hydraulic models is usually straightforward, but when unsteady (hydrodynamic) 
models, or flow routing models, are applied there can be a conflict between the flow simulated 
by the model and the design flows estimated by hydrological methods.  This is particularly the 
case when models are applied to long river reaches or entire catchments. 

In the past, hydrodynamic models have tended to rely on the Flood Studies Report rainfall-
runoff method to generate design flows for subcatchments.  These inflows would then be 
routed down the modelled watercourse, with additional inflows for tributaries.  As described in 
the tender document, some modellers also add inflows for intervening areas which may drain 
directly to the modelled watercourse, or consist of numerous small tributaries. 

In many cases, the primary application of catchment-scale river models will be for flood risk 
mapping.  In this application it is necessary to model an event of the required probability at all 
points in the river system.  Because this situation does not occur in reality, it can be difficult to 
represent in river models, and often requires multiple runs, each of which aims to simulate the 
design condition in part of the river system.  One difficulty is that there is no guarantee that 
hydrographs scaled to match design flows at model inflows will result in the preferred design 
flows being reproduced further downstream within the model. 

There are other applications which require simulation of a realistic flood event throughout the 
river system.  These include model calibration and simulation of events for flood warning 
studies.  It is important for the model developer and user to be aware of what type of 
application they are dealing with. 

The brief for this project introduces various types of problems.  These boil down to two 
particular issues: 

• Setting combinations of inflows at confluences to result in the required design 
condition downstream. 

• Setting inflows for long reaches where a hydrodynamic model will alter the flood 
hydrograph (by delay and attenuation) so that at the downstream end of the reach the 
hydrograph shape and peak flow may be quite different to that which would have 
been estimated by a hydrological assessment of the entire catchment draining to the 
downstream point. 

As explained in the brief, the underlying problem is that of dependence in river flows.  To be 
more specific, the problem is the lack of total dependence between river flow at different sites.  
If all sites in a catchment always experienced the x% AEP flood during the same event, it 
would be more straightforward to specify inflows for river models  (i.e. they could all be set to 
the x% AEP event).  In reality, dependence is partial and it tends to decrease for sites that are 
further apart.  A better understanding of inter-site dependence will offer an opportunity for a 
more robust and consistent approach to river basin modelling. 
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1.3 Brief  

The brief states that the objectives of the project are: 

• To develop rules and guidelines for subdividing river models into reaches, choosing 
hydrological design inputs to river modelling studies, and “sizing” these inputs to the 
hydraulic models such that conditions in the river reach correspond to the intended 
return period. 

• To explore, trial and adapt these rules and guidelines based on case studies and 
practical experience. 

The brief gives some requirements for Work Package 3.4a, which should: 

1. Classify river-modelling applications according to the character of problem they 
present for integrating hydrological and hydraulic elements. 

2. Provide guidance on the subdivision of river models into reaches. 

3. Propose rules of thumb for setting design inputs to river models. 

The brief anticipates that the classification will distinguish three to five types of flood-risk 
modelling problem, with different sets of rules and guidance proposed in each case.  It states 
that the rules put forward should have a scientific rationale and be capable of general 
application to catchment-wide flood-risk estimation.  It lists six items of work that were 
expected to be required: 

1. Derivation of measures of pairwise dependence for floods in Irish rivers; 

2. Development of pairwise catchment descriptors based on FSU catchment 
descriptors; 

3. Using 1 and 2 above, generalisation of models of inter-site dependence for: 

  a. Upstream-downstream station-pairs 

  b. Confluent station-pairs; 

4. Development of a system to classify river-modelling problems according to their 
dependence characteristics (taking account of the position of gauges where 
appropriate); 

5. Formulation of rules and guidance for setting design inputs for three to five categories 
of problem, and identification of any additional situations that may not be amenable to 
a river-modelling approach; 

6. For each of three to five main categories of river-modelling problem, proposing: 

  a. Guidance for the subdivision of river models into reaches 

  b. Rules of thumb for setting design inputs to river models 

The brief also gives some requirements for Work Package 3.4b, which comprises five main 
items: 

• In conjunction with OPW, to select case examples that are typical of river modelling 
applications; 

• To acquire relevant model and survey information, and flood data, to support the 
case examples; 

• To develop flood estimates based on the interim (or final) methods emerging from 
WP2.2, WP2.3 and WP3.1; 

• To explore and trial the rules of thumb and guidelines proposed in WP3.4a 

• To adapt the rules of thumb and guidelines in the light of the experience gained in 
WP3.4b 
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1.4 Return periods and AEPs 

This report uses both return period and annual exceedence probability (AEP) to describe the 
rarity of a flood. This is because the brief was expressed in terms of return periods, and all 
the dependence model calculations were carried out using return periods, but the FSU 
standard is now to prefer the use of AEP.   Most of the results of the case studies are 
described in terms of AEP, and key outputs (such as Table 2.1) have been converted from 
return period to AEP.  Table 1-1 is provided to enable quick conversion between return 
periods and AEPs. 

 

Table 1-1:  Conversion between Return Periods and Annual Exceedance Probabilities 

Return Period (years) 2 5 10 25 50 75 100 150 200 1000 

Annual Exceedance 
Probability (percent) 

50 20 10 4 2 1.33 1 0.67 0.5 0.1 

 

A complicating factor is that there are two definitions of return period: 

• The average interval between flood events (this is the definition used in the 
dependence modelling, and is sometimes known as the average recurrence interval, 
ARI); or 

• The average interval between years containing a flood event (this is the inverse of 
AEP; it is the return period on the annual maximum scale). 

The difference between these alternatives is only significant for return periods shorter than 
around 20 years.   Where necessary, Langbein's equation has been used to convert the 
results of the dependence model into AEP values. 
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2. Development and results of dependence model 

2.1 Overview 

This chapter describes how a model of spatial dependence was fitted to daily maximum flow 
data from Irish gauging stations.  It includes a brief description of the model, although the 
background and statistical details are given in Appendix B.  The results of the model are 
presented in various ways, for example maps showing connections between pairs of gauging 
stations with high dependence, and plots showing how dependence is related to various 
pairwise catchment descriptors.  For application of the model, pairs of gauging stations are 
classified according to five characteristics.  The results are shown in Table 2-1 which lists the 
level of dependence for each of the 32 classes of station pairs. 

2.2 Data used for the analysis 

We obtained data from flow gauging stations classed as A1, A2 or B according to Hydro-
Logic (2006)

1
.  The analysis only considers stations with at least ten years of digital data 

available. Physical catchment descriptors
2
 were also obtained for all gauging stations.   

The minimum simultaneously observed record length needed to be able to reliably estimate 
the dependence between extreme flows at a pair of flow gauges is around 20 years.  In order 
to be able to reliably estimate the dependence between a set of flow gauges we must have 
20 years of simultaneously observed data for each pair of flow gauges.  However, it is 
possible to obtain an approximate estimate of the dependence with around 10 years of 
simultaneously observed data.  We imposed a minimum of 30 threshold exceedances for 
inclusion of site pairs in the dependence modelling, which typically corresponds to 10 years of 
overlapping records. 

The analysis has been based on daily maximum flows.  It was necessary to use continuous 
data (rather than just flood peak data) because the dependence analysis needs to account for 
dependence between locations or variables that are not extreme.  This is because several 
locations may experience conditions that are not extreme, but which combine to produce 
extreme conditions elsewhere.  Daily maxima (calculated from 15-minute data), rather than 
daily means, were chosen to ensure that the analysis captured the peak flows during flood 
events on small flashy watercourses. 

All data was quality controlled using visual assessment of time series to check for trends, step 
changes, unrealistic outliers and periods of missing data.  Tests for trend and step changes 
had already been carried out as part of Work Package 2.2, although this concentrated on the 
A1 and A2 stations.   

We incorporated the findings of WP2.2
3
 into our selection of periods of record for analysis.  

WP2.2 found significant trends in annual maximum flows at 12 out of 117 stations, mostly on 
watercourses not affected by drainage.  At six of these stations, the FSU annual maximum 
series has been separated into two periods of record.  Our analysis at these sites used only 
the more recent period of record. The trend testing in WP2.2 also identified that drainage 
works had a visible impact on annual maximum flows at 14 stations.  At these stations, we 
have again used only the recent post-drainage period of record, so that the results reflect the 
present-day state of the watercourses.  We also checked nine other stations where drainage 
took place which were not identified in WP2.2. 

166 stations were found suitable for the analysis.  They are listed in Appendix A.  The 
average record length was 31 years.  The stations covered a wide range of catchment sizes 

                                                      
1
 Hydro-Logic (2006).  Review of Flood Flow Ratings for Flood Studies Update.  Report to OPW.   

2
 Catchment descriptors are defined in Compass Informatics (2008).  Spatial and Hydrological Catchment 

Descriptors to Gauged Locations. Report to OPW. 
3
 As reported in a 67-page document on trend testing  by the National University of Ireland, Galway. 
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from 6km
2
 to 3100km

2
.  6561 pairs of stations had enough overlapping record to enable 

calculation of their dependence. 

2.3 Modelling of dependence 

2.3.1 Need for a statistical model 

The requirements of the project are to obtain ‘rules of thumb’ to aid setting inflow points for 
large hydraulic models.  To do this we need to be able to answer the following type of 
question: what flows should we enter at points B(1), B(2) and B(3) so that the flow at A is a 
100-year flood? 

   

Figure 2-1: Diagram of possible catchment 

  

 
To answer this question we need to be able to predict the likely flows at 

 when  experiences a 100-year flood.  The most straightforward way 

of doing this is to examine concurrent flows at  and , in particular those for when  is 

large.  However data is not always available and very few data records contain flows this 
large.  So, to answer this question we must build a model of the likely flows at  , when   

has a large flow.  There are two ways of building such a model.  The first is to build a 
physically-based model of the catchment and see what happens at   when   has a large 

flow (for instance taking a rainfall model, a rainfall-runoff model and using a continuous 
simulation technique) and the second is to build a statistical model.  From these two types of 
model the statistical model has the advantage that it is very quick to fit, and it can also give an 
estimate of the variation in the likely flows at  , when   has a large flow.   

2.3.2 Simple models: correlation and regression 

There are a number of possible types of statistical model to use to answer this question.  The 
simplest statistically is a correlation analysis.  In this analysis the correlation between flows at 
two different sites is measured and this correlation is related to catchment descriptors.  There 
are three commonly used correlation coefficients, Pearson’s  , Spearman’s   and Kendall’s  

.  Pearson’s  is a parametric measure that assumes that the relationship between two 

variables is linear, so a fixed increase in one variable leads to a fixed increase in the other 
variable.  Spearman’s  and Kendall’s  are both correlation measures that are based on the 

ranks of the data.  When using these correlation measures there is additional work needed to 
relate the correlation between  and  to the expected flow at   for a given flow at .  All 

correlation measures are based on examining the relationship between flows at two sites, 
having taken into account the distribution of possible flows at either of the two sites.  To get 
the likely flows at  given a flow at  these distributions of possible flows at the sites must be 

accounted for and included in the analysis.  
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A statistical model that is one step on from a simple correlation analysis is a regression 
analysis.  A regression analysis is one that attempts to find a relationship between two or 
more variables; that predicts the value of one variable given the values of the other variables.  
The simplest form of regression analysis is linear regression for only two variables, predicting 
the expected value of one variable ( ) given the value of only one other variable ( ).  This is 

exactly equivalent to performing a correlation analysis using Pearson’s ; we make the 

assumption that the relationship between  and  is linear.  General linear modelling allows 

us to relax the assumption of linearity and to fit a model to predict the expected value of one 
variable ( ) given more than one other variable ( ).  Simple and general linear models can 

be used to estimate the likely range of the values of  given the values of  (or ) if we 

make two assumptions: (1) the data follow a normal distribution and (2) the variation in the 
values of  is the same for all values of  (or ).   

The first of these assumptions can be relaxed if we use generalised linear modelling.  It is 
also possible to account for other features in the data such as dependence in the 
observations of  or  and changes in the variation of  given values of  using standard 

regression modelling techniques.  

However, standard regression modelling has the real disadvantage that the fitted model is 
only truly valid within the range of the observed data.  To use a standard regression model to 
extrapolate beyond the range of the data we must make the assumption that the relationship 
in the unobserved range of the data is the same as the relationship in the observed range of 
the data.  For river flow data it is not obvious that this will be so.  In particular it will not be 
safe to make the assumption that the variance in flows at  is constant for all values of .  

Figure 2-2 shows four pairs of gauging stations; in at least three cases this assumption 
appears to be false.  The variance of the flows of the site plotted on the  axis appears to 

increase as the flows at the site plotted on the  axis increases.    

Figure 2-2: Scatter plots of selected pairs of flow data (units are m
3
/s) 
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2.3.3 Heffernan and Tawn model 

An alternative to using a standard regression model is to use a regression model that has 
been developed specifically to enable the fitted relationship between a pair of variables to be 
extrapolated beyond the range of the data.  The model that we use is that of Heffernan and 
Tawn which uses two parameters to describe the dependence between a pair of sites; this 
model is described further in Appendix B.  The main disadvantage of using this model is that, 
due to its relative complexity, it is not straightforward to include other information in predicting 
the likely flow value at site  given a particular flow value at site .  When using a simple 

linear model there is only one parameter that is used to express the dependence between 
two variables.  When using the Heffernan and Tawn model there are two.  In using the 
Heffernan and Tawn model to explain the dependence between two flow sites we have made 
the judgement that correct estimation of the dependence between two sites at the highest 
values, and the ability to extrapolate beyond the range of the observed data, is more 
important than being able to easily incorporate additional covariates within the fitted model.  
There are a number of ways the Heffernan and Tawn can be used to characterise 
dependence.  The reason we used conditional median and other conditional quantiles to 
characterise the dependence is that it is this value that hydraulic modellers are likely to want 
to know when setting starting values in hydraulic models.  If any other dependence measure 
is used then work will have to be done when getting this value out.   

The main reason for using the Heffernan and Tawn model is its flexibility. There are two main 
classes of extremal dependence.  This first is asymptotic dependence.  If two variables are 
asymptotically dependent then the largest observations in both variables occur together with 
a positive probability.  So the 10,000-year floods, or greater, at a pair of sites could occur at 
the same time.  This implies that the quantiles of a pair of asymptotically dependent variables  
grow at the same rate.  If two variables are asymptotically independent then the probability of 
the very largest observations of each variable occurring together is zero.  There are three sub 
classes of asymptotic independence; positive extremal association; near independence; and 
negative extremal association.  These three classes correspond respectively to joint extremes 
of two variables occurring more often than; approximately as often as; or less often than joint 
extremes if all components of the variable were independent.  The Heffernan and Tawn 
model can estimate the dependence between asymptotically dependent pairs, and 
asymptotically independent pairs.  So it can handle cases when  and  are both extreme 

and when  is extreme and  is non-extreme.  We define “extreme” in this context as being 

above a certain threshold.  Typically extreme river flows exhibit asymptotical independence 
with positive association.  This class of dependence is equivalent to saying that if one site 
experiences a 10,000-year flood, or greater, then the other is almost certainly not going to 
have a flood as large at the same time, but is still likely to have a significant flood at the same 
time.  For sites that are on neighbouring rivers, or the same river with a significant intervening 
catchment, this assessment seems sensible. 

2.3.4 Data to which the model was fitted 

The data used were daily maxima from all pairs of flow gauges where the catchment 
centroids were separated by less than 100 km.  This distance was selected so that all pairs of 
connected stations were included.   

The distinction of using continuous records rather than annual maxima data is important; for a 
single pair of sites the dependence between annual maxima data and daily data is unlikely to 
be the same.  Figure 2-3 illustrates this for a single pair of sites: if the largest values on the 
daily scale for site 35005 are examined we can see that they correspond to around 50-
100m

3
/s at site 35011.  However, for the annual maxima scale the highest values at site 

35005 correspond to around 150m
3
/s at 35011.  The ordering of the extremes is also 

different.  The highest daily value for 35005 corresponds to only a moderately high value for 
site 35011, whereas for the annual maxima it corresponds to one of the highest.  So for this 
pair of sites using the annual maxima method will over-estimate the dependence between two 
variables.  Additionally, by only focusing on flood peak data it ignores the possibility that 
several moderately high flows combine to produce extreme flows. 
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Figure 2-3: Scatter plots of annual maxima and daily data for a pair of sites  
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Dependence model results were calculated for lag times of up to ± 5 days between the flows 
occurring at each pair of gauging stations.  The five day limit was chosen subjectively in an 
effort to capture the vast majority of station pairs recording flows that originate from the same 
event, while avoiding the majority of pairs recording different events.  The maximum 
dependence over all lag times has been taken as the result for each station pair. 

2.3.5 Fitting the model 

The first step in fitting the Heffernan and Tawn model is to fit a marginal distribution to the 
data at each station and transform the data to have Gumbel marginal distributions (Section 
B.3).  The transformation is carried out using the probability integral transform (Appendix B).  
The transformation is carried out so that the only the dependence has to be taken into 
account in the regression model, and Gumbel margins are used as this is the scale that is 
most likely to give a linear relationship between the extremes of the two variables.   

If we denote the flows of two sites, after transformation to Gumbel margins by  then the 

Heffernan and Tawn model is given by  for  greater than a (high) threshold 

.  The parameter  describes the overall level of dependence between  and  and the 

parameter  describes how this dependence changes as  gets large.  The residuals from 

this model are denoted by . For full details and specification of this model see the 

references described in Appendix B.  In fitting the model we used the additional constraint of 
Keef & Tawn

4
 which helps ensure that the  and  parameters are estimated correctly.    

2.3.6 Applying the model 

From the Heffernan and Tawn model we estimate five quantiles of the conditional distribution 
of .  We denote these quantiles , defined in Equation (1), where  = 

0.025, 0.25, 0.5, 0.75 and 0.975.   

                                                         (2.3.1) 

For example, if we wish to model the 100-year flood for a particular reach (denoted ), and 

this reach joins with another tributary (denoted ), it will be possible to find values at  for 

the median probable flow, i.e. the most likely ( ) and also give an estimation of the 

variability of the flows at  when  experiences the 100 year flow.   

                                                      
4
 Keef, C. and Tawn, J. A. (2010)  Additional constraints for the conditional multivariate extremes model of Heffernan 

and Tawn (submitted to Extremes). 
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We express these flows in terms of yearly return periods.  These return periods are 
estimated  from the daily non-exceedance probability, , using the following formula: 

                                                                          (2.3.2) 

where  is the probability of exceeding the -year flood on a particular day and  is the 

average number of consecutive days a flow record is extreme.  This expression is only really 
interpretable for  year as it does not account for seasonality and only for large values of 

 do these return periods give a good agreement with those from annual maxima. 

After the initial dependence modelling we identified and removed some results that were 
inaccurate due either to data problems or the method used to estimate the marginal 
distributions and yearly return periods of the daily flow data.  

2.4 Initial examination of results 

To give a geographic overview of the results, the maps in this section illustrate pairs of 
gauging stations that were found to have the highest dependence.  We define these pairs as 
having the upper quartile of the distribution of return period at the dependent site exceeding 
100 years, given a 100-year event at the conditioning site.  This is equivalent to saying that 

.   

355 high-dependence station pairs were found, of which 70 were “connected”, i.e. upstream 
and downstream on the same watercourse.  In total 5.5% of all pairs, (27.4% of connected 
pairs and 4.5% of unconnected pairs) were defined to be highly dependent.  Figure 2-4 
shows all pairs with high dependence; Figure 2-5 shows only pairs on the same watercourse.  
The colour of lines indicates the degree of dependence, measured by the median flood return 
period (in years) at station  conditional on the 100-year return period flood occurring at 

station .  Note that the number of pairs given above includes some instances when  is 

highly dependent on  and also  is highly dependent on .   This cannot be shown on the 

map, which joins each pair of stations with a single line.  It can be seen from  Figure 2-4 that 
sites a long way from each other can be highly dependent.  Admittedly the map shows the 
separation between gauging stations, rather than the separation between the centroids of 
their catchments.  However, this does not explain away some of the long lines on the map.  
85 of the 355 station pairs have centroids separated by more than 50km.  In contrast, Reed 
(2002)

5
 found that the most highly dependent pairs from 77 gauging stations in central 

Southern England were all on nested, adjacent or nearby catchments using a consensus of 
five dependence measures on annual maxima data.  

The pair with the largest separation between centroids is 7002 (Deel at Killyon) and 25025 
(Ballyfinboy at Ballyhooney) These centroids of the catchments draining to these stations are 
separated by 100km. The catchments are similar in many ways (size, mean altitude, rainfall, 
soil wetness as indexed by FLATWET).  Both are fairly permeable, with BFI values greater 
than 0.7.  Nonetheless, it is surprising that two catchments relatively far apart have such high 
dependence between their flood flows. 

Another striking feature of Figure 2-4 is that some stations appear to have high dependence 
with many others.  The station with the largest number of links is 15004 (Nore at McMahon’s 
Bridge).  This is highly dependent on 20 other stations.  There are also two stations that each 
have 14 highly dependent stations: 15002, Nore at John’s Bridge, and 25016, Clodiagh at 
Rahan (both are marked on the map).  The fact that some stations have many links suggests 
that high dependence is more likely to occur for some types of catchment, rather than merely 
being a function of the similarity between catchments in the pair.  Further analysis of the 
characteristics of highly dependent pairs is described in Section 2.7. 

                                                      
5
 Reed, D.W. 2002. Why analyse inter-site dependence in river flooding? Proc. 8

th
 BHS National Hydrol. Symp., 

Birmingham, Sept 2002, 169–174. 

 



 

 
 

Work Package 3_4 - Final Report (5) 10 
 

One complicating factor that is likely to influence the results shown on these maps is that the 
record length varies between stations.  Stations with longer records will appear in more pairs 
because there will be more stations with which they have a long enough overlapping record.  
There is therefore more opportunity for long-record stations to exhibit high dependence with 
some other stations.  This partly explains why station 25016 shows high dependence with 
many other catchments, because it has 54 years of record.  However, another station with 
numerous links, 25011, has only 17 years of data.   It therefore appears that record length is 
not unduly influencing the results. 

Finally for Figure 2-4, it is worth pointing out that the station pairs with the longest separations 
appear to have generally lower dependence (indicated by blue and green lines).  

 

Figure 2-4: Lines connecting pairs of gauging stations with high dependence 
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The results shown in Figure 2-5 are more limited because only 70 pairs of connected stations 
were found to show high dependence.  It is inevitable that there will only be a limited number 
of upstream and downstream station pairs with high dependence, because gauging stations 
do not tend to be installed close together on the same watercourse.  It is striking that 20 of the 
70 pairs occur in the Boyne catchment (this is hard to see on the map because some lines 
plot on top of each other).  The reasons for this are not entirely clear.  The Boyne is fairly 
permeable (mean BFI at the stations showing high dependence is 0.66, compared with a 
national average of 0.57).  Permeable catchments can be expected to show greater 
dependence, possibly because of the attenuated flood response that tends to give rise to 
flooding during prolonged and spatially extensive events. However, there are other 
catchments at least as permeable as the Boyne that contain several gauging stations. 
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Figure 2-5: Lines connecting pairs of gauging stations on the same river with high dependence 

 

 
To conclude, this section has shown that high dependence can be difficult to explain solely on 
the basis of geographical location.  For this reason, the next section describes work carried 
out to relate dependence to various pairwise catchment descriptors. 

2.5 Relating dependence to pairwise catchment descriptors 

Pairwise catchment descriptors describe the relationship between catchment descriptors at a 
pair of gauging stations.  The pairwise descriptors examined were chosen in accordance with 
findings from previous research

6
.  The pairwise descriptors used by Keef et al. were absolute 

                                                      
6
 Keef, C., Svensson C. and Tawn, J.A.,  (2009) Spatial dependence of extreme river flows and precipitation for 

Great Britain, J. Hydrology. 378, 240-252. 
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differences between the catchment descriptors contained in the Flood Estimation Handbook.  
The findings were inconclusive in that although there were correlations between differences in 
catchment descriptors and pairwise dependence, it was difficult to find a regression model to 
adequately describe the pairwise dependence between flow records.  The work of Keef et al. 
did not examine correlations between dependence of floods and values of the catchment 
descriptors themselves.  Another previous study of spatial dependence in southern England

7
 

developed a regression model based on two (out of a possible 25) pairwise variables: a 
hybrid index of catchment proximity and similarity in size, denoted OVERLAP, and the ratio of 
time to peak values.  The coefficient of determination (adjusted r

2
) was 26%., indicating that 

the model explained a relatively small proportion of the variance in the results. 

For the present project we chose four pairwise catchment descriptors which, from prior 
knowledge, are likely to influence dependence.  The values of Kendall’s tau between the 
conditional median probability and each pairwise catchment descriptor were:  

distance between catchment centroids  -0.24 

difference between BFI    -0.15 

difference in log(AREA)    -0.10 

difference in FARL    -0.22 

All of these values are negative, indicating that, in general, large differences between 
catchment descriptors correspond with low dependence.  However, the values are all closer 
to 0 than to -1, indicating that the strength of this relationship is rather weak.  Because we 
have used a correlation measure that is based on ranks of differences the distance measure 
that we use in defining difference between catchment descriptors is unlikely to have a large 
effect on the results.   

Relationships between dependence and selected pairwise catchment descriptors are 
illustrated in Figure 2-7 to Figure 2-10.  These graphs plot the median flood probability at a 
site conditional on the 100-year return period flood occurring at another site.  The conditional 
median probability is shown as a Gumbel reduced variate on the daily maximum scale, on 
which an event with probability QMED corresponds to a reduced variate of about 6.  Reduced 
variate values above 9 are likely to indicate asymptotic dependence. 

Each point on the plots is a different pair of gauging stations.  Red and blue points indicate 
“connected” pairs, i.e. on the same watercourse: blue points are where the conditioning site 
(i.e. the one where the 100-year flood occurs) is downstream and red points are where it is 
upstream.  

There are two main applications of the dependence results: for pairs of sites on the same 
watercourse and for pairs on confluent watercourses.  In presenting the results of the 
dependence model, we have distinguished two classes of site pairs: upstream/downstream 
pairs (“connected”) and other pairs (“unconnected”).  They are illustrated in Figure 7.  For a 
connected pair, flow recorded at one site will influence the flow downstream at the other site.  
We considered only including confluent sites in the “unconnected” class but decided against 
this for two reasons: 

• A larger sample of site pairs (for a given range of inter-site distances) can be 
obtained by considering all pairs of disconnected sites rather than just confluent 
pairs. 

• The flow measured at one confluent site does not “know” that further down the river it 
will be joining with flow from another site.  We consider it unlikely that there will be 
any significant difference in dependence between confluent site pairs and 
dependence between other nearby site pairs.  We tested this assumption by dividing 
the 177 pairs of unconnected stations with similar AREA, BFIHOST and FARL and 
nearby centroids (defined using the limits in section 2.6) into two groups: confluent 
and non-confluent.  The dependence model results for these two groups were as 

                                                      
7
 Reed, D.W. 2002. Why analyse inter-site dependence in river flooding? Proc. 8

th
 BHS National Hydrol. Symp., 

Birmingham, Sept 2002, 169–174. 
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follows: for a 100-year flood at one site, the median return period at the other site was 
14.9 years for the confluent pairs and 19.2 years for the non-confluent pairs. These 
results indicate that, as suggested, there is little difference in dependence between 
confluent site pairs and other nearby site pairs. If any difference might be expected, it 
would be other way round from what was observed, i.e. greater dependence between 
confluent pairs.  

 

Figure 2-6: Layout of connected and unconnected station pairs 

Connected pair

Unconnected pair

 
 

Figure 2-7: Conditional median flood probability versus distance between catchment centroids (km) 
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Figure 2-8: Conditional median flood probability versus difference in BFI 

 

 
 

Figure 2-9: Conditional median flood probability versus difference in log AREA 
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Figure 2-10: Conditional median flood probability versus difference in FARL 

  

 
 

There is a great deal of scatter on the plots.  For example, looking at the distance between 
centroids, it is possible for very close catchments (with centroids within 10km) to exhibit either 
high dependence or complete independence, even if the stations are on the same 
watercourse, this level of scatter is similar to that seen for plotting the correlation coefficient of 
annual maxima data against distance between catchment centroids (Figure 13.3 in FEH 
Volume 3).  However, some general patterns can be observed:   

• There is a general decrease in dependence for pairs that are more different.  

• No pairs with a large difference in BFI show high dependence (it should be borne in 
mind that large differences in BFI will often be associated with large distances 
between catchments as well).   

• Looking at connected site (red and blue points), nearly all pairs with similar 
catchment areas have moderately high dependence.   

• No connected pairs with a large difference in FARL show high dependence.  This is 
not surprising, as the presence of a large lake or reservoir on a watercourse will alter 
the response characteristics of the downstream catchment, making it sensitive to 
longer duration storms. 

We attempted to develop regression models to explain the relationship between dependence 
and pairwise catchment descriptors.  This was not successful because of the amount of 
scatter: R-squared values were less than 0.2.  We did not attempt to use more advanced 
statistical techniques such as principal component analysis or cluster analysis to further 
classify the pairs of sites according to the pairwise catchment descriptors.  The reason for this 
was the relatively low level of correlation between pairwise dependence and the catchment 
descriptors.  Instead, we developed a classification of the results using ranges of pairwise 
catchment descriptors, as explained in the next section.   

One possible criticism of our model was that selecting classes of pairs based on catchment 
descriptors will lead to ‘cliff edges’ in the dependence model.  We believe that this problem is 
overcome by the fact that we have provided conditional quantiles of the flow at one site, given 
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an extreme flow at the other site.  We also provide information on the likely range of values 
the conditional medians take.  This should encourage hydraulic modellers to use their 
judgement gained from experience about the likely level of dependence between two sites 
rather than simply believing that a fitted model will be exactly correct in all circumstances.   

2.6 Classification of types of catchment pair 

From examining the scatter plots described above and other visualisations of the model 
results, we selected threshold values for various pairwise catchment descriptors.  Pairs that 
fall below the thresholds are likely to have higher dependence.   Five characteristics were 
selected: 

• Whether the sites are connected (i.e. upstream and downstream on the same 
watercourse) 

• distance between catchment centroids (far if greater than 25km) 

• difference between BFI (large if the absolute difference is greater than 0.3) 

• difference between log AREA (large if the absolute difference is greater than 1, which 
corresponds to a factor of approximately 2.7 for the ratio of AREA values) 

• difference between FARL (large if the absolute difference is greater than 0.07) 

Each of the above characteristics has two possible values.  The total number of combinations 
is 2

5
, i.e. 32.  The level of dependence within each of the 32 classes of station pairs was 

calculated (apart the classes that contained no pairs).  For each class the aim was to identify 
the likely value of , defined in Equation (1).  To do this we calculated the median of 

 for the pairs that fall in each category.  These conditional median flows can be 
used to set input flows to river models, because the median can be regarded as the most 
likely flow at station , given a 100-year flow at station .  We also identified the median 

  for other values of : 0.05, 0.25, 0.75 and 0.95.  These give information on the 
maximum and minimum probable flows at station , and the upper and lower quartiles. 

Table 2-1 summarises the results in terms of the AEP expected at station  conditional on a 

0.01 (1%) AEP flood occurring at station .  The final column of the table interprets the 

results, informally, in terms of dependence.  The AEP values given in the table have been 
calculated from the return periods calculated by the dependence model by converting the 
return period to the annual maximum scale (using Langbein's equation) and then taking its 
inverse to give AEP. 

Results for conditioning AEPs other than 0.01 (1%) are given in Appendix C. 

The highest dependence is found for connected pairs of stations with similar BFI, AREA and 
FARL but a large distance between their centroids.  There is no obvious physical explanation 
why dependence for this class of station pairs should be higher than for connected pairs that 
are similar and nearby.  The high dependence is probably an artefact of the small number of 
pairs in this class (nine).  In general, dependence is moderately high (i.e. median AEP at 
dependent site is less than 0.05, given a 1% AEP flood at the conditioning site) for connected 
pairs with centroids within 25km and similar BFI and AREA.  Dependence drops to moderate 
(i.e. median AEP at dependent site is 0.05-0.10) when AREA is dissimilar. 

Moderate dependence is also found for some classes of non-connected sites, i.e. those that 
are nearby with similar BFI and AREA.  Some pairs of gauging stations on confluent streams 
will fall into this category. 

Some general conclusions can be drawn from the results in Table 2-1: 

• Moderately high dependence is possible with a large difference in FARL (>0.07).  

• All classes with a large difference in BFI (>0.3) show only very low dependence. 
However, large differences in BFI only tend to occur (in the dataset of gauged 
catchments) for catchments that are far apart. 
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When the same analysis is carried out on only same-day data (so only modelling the 
dependence between flows at pairs of gauging stations on the same day) the results are 
similar.  Overall the main difference is that modelled dependence is slightly lower in the same 
day analysis.   
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Table 2-1: Dependence model results (given a 0.01 AEP flood at the conditioning site) for different classes of pairwise catchment descriptors 

Classes with high or moderately high and classes with moderate dependence are highlighted. 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA 
within a 
factor of 
2.7 

Difference of 
FARL within 
0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration Dependence 

TRUE FALSE FALSE FALSE FALSE 1.000 1.000 0.989 0.732 0.102 4  Not enough data   

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0     

TRUE FALSE FALSE TRUE FALSE 0.972 0.480 0.188 0.052 0.002 4  Not enough data   

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0     

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0     

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0     

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0     

TRUE TRUE FALSE FALSE FALSE 0.596 0.295 0.140 0.054 0.006 2 Not enough data  

TRUE TRUE FALSE FALSE TRUE 0.999 0.610 0.247 0.073 0.009 8 Connected, far, AREA different, BFI and FARL similar Low dependence 

TRUE TRUE FALSE TRUE FALSE 0.888 0.505 0.193 0.079 0.007 5  Not enough data   

TRUE TRUE FALSE TRUE TRUE 0.100 0.027 0.016 0.008 0.004 9 Connected, far, similar High dependence 

TRUE TRUE TRUE FALSE FALSE 0.225 0.079 0.039 0.028 0.015 8 Connected, near, BFI similar, others different Mod high dependence 

TRUE TRUE TRUE FALSE TRUE 0.464 0.199 0.061 0.028 0.008 51 Connected, near, AREA different, others similar Moderate dependence 

TRUE TRUE TRUE TRUE FALSE 0.398 0.106 0.045 0.020 0.004 13 Connected, near, FARL different, others similar Mod high dependence 

TRUE TRUE TRUE TRUE TRUE 0.100 0.045 0.023 0.013 0.004 102 Connected, near and all similar Mod high dependence 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.995 0.396 40 Disconnected, far, all different Very low dependence 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 0.991 0.724 0.141 86 Disconnected, far, FARL similar, others different Very low dependence 

FALSE FALSE FALSE TRUE FALSE 1.000 0.997 0.824 0.319 0.028 63 Disconnected, far, AREA similar, others different Very low dependence 

FALSE FALSE FALSE TRUE TRUE 1.000 0.998 0.823 0.363 0.027 159 Disconnected, far, AREA and FARL similar, others different Very low dependence 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.996 0.871 0.337 3 Not enough data  

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data   

FALSE FALSE TRUE TRUE FALSE 0.432 0.122 0.059 0.011 0.001 3 Not enough data   

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data   

FALSE TRUE FALSE FALSE FALSE 1.000 0.962 0.712 0.354 0.060 258 Disconnected, far, BFI similar, others different Very low dependence 

FALSE TRUE FALSE FALSE TRUE 1.000 0.951 0.550 0.183 0.019 981 Disconnected, far, BFI and FARL similar, AREA different Low dependence 

FALSE TRUE FALSE TRUE FALSE 0.997 0.772 0.400 0.122 0.013 681 Disconnected, far, BFI similar, AREA and FARL different Low dependence 

FALSE TRUE FALSE TRUE TRUE 0.997 0.723 0.317 0.095 0.009 2255 Disconnected, far, all similar Low dependence 

FALSE TRUE TRUE FALSE FALSE 0.949 0.437 0.164 0.061 0.009 6 Not enough data  

FALSE TRUE TRUE FALSE TRUE 0.810 0.310 0.122 0.035 0.007 78 Disconnected, near, BFI and FARL similar, AREA different Mod low dependence 

FALSE TRUE TRUE TRUE FALSE 0.707 0.224 0.081 0.034 0.006 36 Disconnected, near, AREA and BFI similar, FARL different Moderate dependence 

FALSE TRUE TRUE TRUE TRUE 0.341 0.123 0.049 0.021 0.005 245 Disconnected, near, all similar Moderate dependence 
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The results in Table 2-1 are illustrated with schematic maps in Section 3. 

2.7 Pairs with high dependence 

Some further classification of the results may be worthwhile.  In particular, it would be useful 
to define reaches of a river where we can expect high dependence (i.e. asymptotic 
dependence, which is defined in Appendix B).  Figure 2-7 shows that connected catchments 
with centroids within 5km tend to have high dependence.  However, it also shows that high 
dependence is possible even for connected pairs with centroid distances up to around 30km.  

70 pairs of connected sites with high dependence were identified (shown on Figure 2-5).  The 
pairwise catchment descriptors of the 60 pairs that had BFI values available were compared 
with those of all other catchment pairs. 

As expected, high dependence is associated with similarity between catchments. From some 
trial and error it appears that the following criteria are a useful way to identify highly 
dependent pairs: 

• BFI is within 0.15 

• FARL is within 0.07 

• log AREA is within 2.5 (i.e. AREA is within a factor of approximately 13) 

• Centroids are within 25 km 

Some of these limits are similar to those defined in Section 2.6.  The allowable difference in 
BFI is smaller here (0.15 compared with 0.3), and the difference is log AREA is much larger 
here (2.5 compared with 1.0).   

There are 122 connected station pairs in the dataset with catchment descriptors within the 
above limits.  32% of these pairs have high dependence.  On average, the pairs in this class 
are not any more dependent than the “moderately high dependence” classes identified in 
Table 2-1 (given a 1% AEP flow at the conditioning site, the median of the 122 values of 
median AEP at the dependent site is 3%).  However, the classification above identifies 63% 
of the asymptotically dependent station pairs in the dataset, compared with just 35% identified 
in the class defining the most similar station pairs in Table 2-1. 

It is difficult to identify unique characteristics associated with asymptotic dependence.  One 
reason for this is the understandable absence of nearby gauging stations on the same 
watercourse. 

A complicating factor is that some of the small number of stations pairs that are close 
together to each other on the same river show remarkably low dependence. This is due to 
variability in the dataset.  Setting the threshold for the minimum overlapping record period at 
station pairs would remove some of the problems, but it would also reduce the sample size.  
We have made some improvements to the dependence modelling to overcome these issues, 
and further improvements would be possible, but the efforts required may not be worthwhile.  
Occasional rogue results will have little effect on the application of the model because of the 
way the results for the various classes of station pairs have been presented, as the median of 
the results for all pairs of stations within the class.  The median is a robust statistic, i.e. it is 
little influenced by the presence of outliers. 

Despite the difficulties noted above, it has proved possible to define a class of pairwise 
catchment descriptors that includes most of the asymptotically dependent station pairs 
without including an unreasonable number of pairs with lower dependence.  This finding has 
been used to develop guidance on splitting river models into reaches (Section 4.3). 

2.8 Results for other flood probabilities 

The results described so far have all been for a conditioning AEP of 1% (return period of 100 
years).  The analysis has also been carried out for return periods 2, 5, 10, 20, 50, 75, 200, 
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500 and 1000 years.  The results are summarised in Figure 2-11 and Figure 2-12 which plot 

the median (i.e. most likely) return period at station  conditional on a T-year flood occurring 

at station .  The first graph shows results for upstream and downstream station pairs and 
the second (note the different vertical scale) for disconnected station pairs.  Higher lines 
indicate classes with higher dependence.   

 

Figure 2-11: Relationship between return periods at pairs of connected sites 
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Figure 2-12: Relationship between return periods at pairs of disconnected sites 
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The patterns described above for a conditioning return period of 100 years hold true for other 
return periods.  There are a few minor exceptions, evident from lines crossing each other on 
the graphs   
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3. Illustration of results 

3.1 Introduction 

This section provides a further illustration of the typical level of dependence for various 
classes of station pairs.  The classes selected for illustration are those most likely to be found 
in river modelling problems, i.e. pairs that are on the same watercourse and pairs that are 
disconnected but with nearby catchment centroids (and hence likely to be on confluent 
watercourses). 

The results are illustrated in schematic maps showing the location of station X (at which the 
100-year flood occurs) and station Y (at which the dependence model predicts the event 
return period).  In all the connected pairs, Y is drawn upstream of X, although the results 
would be the same if the stations were swapped.  The maps also show the catchment 
boundaries for X and Y and the locations of the catchment centroids, marked Xcen and Ycen.  
The colour shading of the catchment is an indication of geology, so that catchments with 
similar BFI have similar colours.  Differences in FARL between the stations are represented 
by including a lough on the relevant watercourse.  For connected pairs, the lough is shown on 
the river between the two stations, but it could otherwise be on a tributary that joins the river 
between X and Y. 

The dependence for each class is shown both as a description (for example Low) and as the 
median return period at station Y, given a 100-year event at X.  The interquartile range of 
return periods is given in square brackets.  A real example pair of gauging stations is included 
for each illustration. 

Some classes of station pair were not present in the dataset, or present in insufficient 
numbers to give a reliable indication of dependence.  That is the reason why, for example, 
there is no illustration of connected stations that have nearby centroids with similar AREA and 
BFI but dissimilar FARL. 

Stations pairs that are connected, i.e. upstream and downstream on the same watercourse, 
are shown in the next section (3.2).  Unconnected station pairs, which are all drawn as being 
located on confluent streams, are shown in section 3.3. 

3.2 Illustrations – upstream and downstream station pairs 

 

BFI similar 
Centroids far 
AREA dissimilar 
FARL similar 

Dependence: Low 
Return period at Y given 100-year 
event at X: 3 [1 to 13] years 

 

Example: Suir at Caher Park (16009) 
and Drish at Athlummon (16001).  The 
catchment area at Caher Park is 11 
times that at Athlummon, yet there is 
some dependence between the 
stations. 

 

Y 

X 

+ Ycen 

+ Xcen 
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BFI similar 
Centroids near 
AREA dissimilar 
FARL similar 

Dependence: Moderate 
Return period at Y given 100-year 
event at X: 16 [4 to 35] years 

 

Example: Blackwater at Duncannon 
(18016) and Dromcummer (18048).  
Area draining to Dromcummer is nearly 
9 times that at Duncannon, yet there is 
considerable dependence. 

 
 

BFI similar 
Centroids near 
AREA similar 
FARL similar 

Dependence: Moderately high 
Return period at Y given 100-year 
event at X: 25 [12 to 53] years 

 

Example: 7009 Boyne at Navan Weir 
and 7012 Boyne at Shane’s Castle. 

 

3.3 Illustrations – confluent station pairs 

 

BFI similar 
Centroids near 
AREA dissimilar 
FARL similar 

Dependence: Moderately low 
Return period at Y given 100-year 
event at X: 8 [3 to 28] years 

 

Example: White at Coneyburrow Bridge 
(6033) and Dee at Charleville Weir 
(6013). Area at Charleville Weir is five 
times that at Coneyburrow Bridge. 
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BFI similar 
Centroids near 
AREA similar 
FARL dissimilar 

Dependence: Moderate 
Return period at Y given 100-year 
event at X: 12 [4 to 29] years 

 

Example: Nenagh at Clarianna (25029) 
and Graney at Scarriff (25030), both 
tributaries of Lough Derg.  Scarriff has 
a lower FARL (0.85) mainly due to 
presence of Lough Graney in the upper 
catchment. 

 
 

BFI similar 
Centroids near 
AREA similar 
FARL similar 

Dependence: Moderate 
Return period at Y given 100-year 
event at X: 20 [8 to 46] years 

 

Example: Stradbally at Derrybrock 
(14007) and Owenass at Mountmellick 
(14009).  Both are tributaries of the 
River Barrow near Portlaoise. 

X 
Y 

+ Xcen 
+ Ycen 

X 
Y 

+ Xcen 
+ Ycen 

Lough 
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4. Development of guidance and rules 

4.1 Outline of approach 

This chapter describes how the findings from the dependence model, along with existing 
knowledge and experience of river modelling problems, were used to help develop guidance 
and rules for classifying river modelling problems, splitting models into reaches and setting 
inflows to models.   

If the guidance is to be widely applied, it needs to be easy to implement.  For this reason, and 
given the limited time available for the research, we have not considered more sophisticated 
approaches to formulating decision-making frameworks such as Bayesian networks

8
.  

Instead, the guidance was developed in an evolutionary way, starting with initial ideas and 
then testing them using first idealised and then real river catchments.  The ideas presented in 
this chapter were further tested and refined during the case studies.  Further thought will also 
be needed on the presentation of the guidance during the implementation phase of the FSU 
research. 

A summary of the final version of the guidelines is given in the final chapter. 

4.2 Classification of river modelling problems 

The brief asked for “development of a system to classify river-modelling problems according 
to their dependence characteristics (taking account of the position of gauges where 
appropriate)”.   

Appendix B of the brief suggested three indicators of the character of a river modelling 
problem:  

• Degree of dominance (by a gauged catchment) 

• Degree of disparity (between subcatchments) 

• Degree of dependence 

The brief also suggested considering the geomorphological character of the river network and 
the size and character of intervening catchment areas.  It suggested a preliminary 
classification, with four classes: 

• One [gauged] river dominant  

• Two important rivers 

• One main river but notable intervening catchment 

• No dominant tributary 

Another potentially important factor, not directly mentioned in the brief, is the degree of 
attenuation.  Where there is an unusual amount of attenuation, for example a reservoir or an 
unusually extensive floodplain, it may make sense to rely more on the flow calculated by the 
river model and less on the flood estimates from hydrological methods (unless suitable flow 
data is available near the site of interest, in which case it will implicitly account for the effects 
of the attenuation).    

All four examples in the brief assume that design flows are required for what is essentially a 
single location, or a short reach.  In reality, some river models are likely to cover long lengths 
of watercourse or entire catchments.  Such models are likely to contain mixtures of the above 
classes, for example one part of a model may be dominated by a gauged catchment, and 
elsewhere there may be no dominant tributary.  The models may well cover portions of 
tributaries as well as the principal river. 

                                                      
8
 Bayesian networks are used to model dependencies between different elements of a system and conditional 

probabilities.  An example of their application to a hydrological problem is given in Shenton, W., Chan, T. and Hart, B. 
(2008).  Environmental flows in Victoria, Australia: Development of a Bayesian Network decision support tool.  Proc. 
British Hydrol. Soc. Tenth National Hydrology Symposium, Exeter, Sept 2008. 
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Rather than defining several distinct classes to which entire river models can be allocated, we 
set out below a list of factors which should determine how to subdivide river models and how 
to set inflows to them.  We suggest that the most important factors to consider are: 

• The extent of the model (for example, whether it includes just one watercourse or 
extends up its tributaries as well). 

• The presence of gauging stations (providing good quality flood peak data, for 
example at least FSU grade B) close to points of interest within the model.  This is 
often the largest influence on the choice of approach in flood estimation, and also 
affects the way in which inputs to river models are set, because of the way that flood 
peak data implicitly accounts for catchment processes which may otherwise have to 
be modelled.  Any longer-term historical flood information should be taken into 
account in a similar way to gauged data. 

• The degree of dependence between the upstream and downstream ends of the 
model, and between any tributaries (or non-modelled inflows) and the main river. 

• The importance of backwater effects.  In some situations, flow on a watercourse is 
affected not just by the upstream hydrological inputs but also downstream hydraulic 
influences that can impede the discharge, such as backwater effects at a confluence 
where a tributary might be flood-locked by high water levels on the receiving river.  
Backwater effects can persist for long distances on low-lying watercourses, 
particularly drains that are discharged by pumping.  This factor is also highly relevant 
on tidal reaches.   

A fifth factor, the dominance of watercourses at confluences, was included in the draft  report 
on Part A of the project but was dropped after testing during the case studies. Section 4.4.4  
gives more details. 

There are other factors that are occasionally influential in determining how to approach the 
hydrological aspects of river modelling problems.  We have not included them in the above 
list because they do not apply on most catchments.  However, modellers should ensure that 
they develop a good understanding of their catchment so that they find out about unusual 
factors.  Examples might include the presence of artificial features such as flood diversion 
channels, major storm sewers, or transfers between watercourses for water resource 
purposes. 

The application of the above factors is illustrated in the following sections. 

4.3 Development of guidance on subdivision of river models 

4.3.1 Need for guidance 

The problem of combining hydrological and hydraulic aspects of a river modelling study is 
generally much simpler in cases where the hydraulic model covers only a short reach of the 
river.  For the very shortest model reaches, it is usually appropriate to apply a single inflow 
hydrograph at the upstream end and assume that there will be no significant change in the 
flow along the model reach.  Slightly longer models may need inflows adding from tributaries, 
which adds some complication.  The biggest challenges occur with long models where it is no 
longer valid to assume that the entire model reach will experience the T-year flood during the 
same event.   

During the case studies it was found that division of long models into shorter reaches was 
less important than originally thought.  When model inflows are derived using a rainfall-runoff 
approach, division into reaches is important because of the sensitivity of different parts of the 
river system to different storm durations.  The degree of attenuation of a real flood 
hydrograph, or one represented in a river model, will be linked to its duration, with longer-
lasting floods having more volume of water available to fill up channel and floodplain storage.  
Within the FSU approach, the division of models appears to be less important because there 
is no direct link between design peak flow and event duration.  Event durations are controlled 
by the FSU characteristic hydrograph shapes which are derived from catchment descriptors, 
or analysis of observed hydrographs, with no link to a design rainfall event.  There is no 
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scope in the hydrograph width procedure from WP3.1 to vary the duration of the hydrograph 
in order to produce an input to a river model which is suitable for representing design 
conditions further down the catchment.  The IBIDEM approach does allow for this possibility, 
however. 

Despite the above considerations, there may still be a need to divide some models into 
reaches, for example when using IBIDEM to generate inflows or when modelling very long 
rivers.  The sections below explain how this can be approached. 

4.3.2 Factors that influence extent of models 

The extent of models is often dictated by institutional or policy factors or other technical 
requirements of the study, rather than solely by the hydrological consideration of achieving 
the best estimates of design flow.  Some models are likely to cover entire catchments or at 
least long lengths of a watercourse.  This is partly for ease of modelling, because it is often 
(although not always) easier to manage one large model than several smaller ones when the 
scope of the project covers a large area.  Additionally, some studies need to examine the 
effects of upstream scenarios (such as provision of flood storage) on flood flows, perhaps at 
locations much further down the catchment.  

In some cases there is scope for hydrological considerations to dictate the extent of the 
model.  For example, design water levels may be needed at a location that is several km 
downstream of a gauging station.  There is an argument for starting the model reach at the 
gauging station because that is the location where the best estimate of design flows can be 
obtained.  This is not always a cost-effective solution; alternatives to consider are 
representing the reach between the station and the site of interest with a flow routing model 
(rather than a detailed hydrodynamic model) or, more simply, using the gauging station as a 
donor site to adjust flow estimates at the site of interest.  The decision needs to be made 
individually for each case. 

4.3.3 Ways of dividing up models 

One way to meet the aspiration for treating large river models in small units is to carry out 
multiple runs with different inflow conditions, each run being intended to simulate the required 
design conditions in a different part of the model.  This can be easier than dividing up a large 
model into several smaller ones, which can be complicated by factors such as backwater 
effects and floodplain units which may be connected to channel units within different reaches 
of the model, including tributaries as well as the main river.  

Whether different parts of the river system are represented by separate models or merely 
separate runs of a single model, there is sometimes a need to divide the river system into 
reaches along which the design condition (for example the 100-year peak flow) can be 
expected to arise from the same set of inflows.  The dependence model results help with 
solving this problem.  Reaches that can be modelled using the same design event will have 
high dependence between their upstream and downstream ends (and all points in between, 
which we will assume holds true as long as the upstream and downstream ends are highly 
dependent). 

4.3.4 Proposed guidance 

The results in Section 2.7 show that high dependence can be expected (although not 
guaranteed) on a reach where the pairwise catchment descriptors satisfy all of these 
conditions: 

• BFI is within 0.15 

• FARL is within 0.07 

• log AREA is within 2.5 

• Catchment centroids are within 25 km 

To put this into practice, a model can be divided into reaches by starting at the upstream end 
and searching locations down the watercourse until one of the above four descriptors goes 
outside its limit when compared with the descriptors at the upstream end.  This process could 
either be automated (possibly even applied to the entire country) or else applied manually, in 
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which it would be sensible just to check catchment descriptor values at locations downstream 
of each significant confluence. 

We also suggest that new model reaches are started at each major confluence where there is 
a gauging station present near to the point downstream of the confluence.  We suggest that a 
“major” confluence is one that it likely to increase the flow in the river by more than 20-30%, 
which corresponds to a typical level of uncertainty expected in the best estimates of design 
flow.  The expected inflow could be judged using QMED estimated from catchment 
descriptors.  The reason for splitting the model at such locations is that model inflows are best 
set by estimating design flows at the gauging station rather than allowing the model to 
combine inflows from the upstream watercourses, which risks producing a flow which is 
inconsistent with the observed flood peak data.  In practice it is likely that most gauging 
stations on the modelled watercourse will result in a new model reach being started, because 
they are likely to be located near enough to a confluence to be relevant as donor sites. 

If the model extends up tributaries as well as covering the main watercourse, the tributaries 
will normally need to be treated as separate reaches, unless the modelled portion of the 
tributary is short enough to be affected by backwater from the main river.  This follows from 
the dependence model results which showed that pairs of gauging stations that are not 
upstream or downstream of each other do not exhibit even moderately high dependence.  

An exception to the above principles will occur on reaches where flows are controlled mainly 
by backwater from downstream influences such as the tide.  Divisions between model 
reaches should not be introduced on tidal reaches or other locations where discharge is 
dominated by downstream hydraulic influences.  This is because it is not sensible to define 
the flow in the model at such a location on the basis of the hydrological characteristics of the 
upstream catchment. 

4.3.5 Summary 

In summary, we recommend that, in the rare cases when it is necessary to divide up a model, 
new model reaches are created at locations where: 

• The dependence with the other end of the reach, as predicted from the pairwise 
catchment descriptors, drops below high, which will normally happen at a confluence; 
or 

• There is a major confluence (one that increases flow by more than 20-30%) with a 
gauging station near to the point downstream; 

• But not at locations where flows are controlled by backwater effects. 
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Example: Subdivision of a river model 

The red line is the extent of the model; blue lines are other watercourses. 
Reach 1: A to B (where FARL drops by more than 0.07 as the tributary enters) 
Reach 2: B to C (a major confluence with a gauging station downstream) 
Reach 3: C to D (downstream limit of model) 
Reach 4: E to F (modelled tributary) 

 

One limitation of the approach outlined above is that “high” dependence means that a return 
period of around 30-40 years can be expected at one end of the reach, given a 100-year 
event occurring at the other end.  This difference in return periods is rather large for our 
purposes.  However, during the case studies it was found that the division of models into 
reaches is rather less important than had initially been thought. 

4.4 Development of guidance on setting design inputs for river 
models 

4.4.1 Introduction 

Guidance on setting design inputs for hydrodynamic river models is the principal output of this 
work package.  It was  originally envisaged that the guidance should answer questions such 
as: 

• What combination of inflows should I use at this confluence to give the 100-year flow 
downstream? 

• What return period inflow should I apply at this tributary (or intervening area) during a 
100-year event on the main watercourse? 

• What inflow should I use at the upstream end of the model to simulate a 100-year 
flow at the downstream end? 

Some of these aspirations were amended after testing of the original guidance. 

A 

B 

C 

D 

E 

F 

Lough 

Gauging station 
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This guidance does not attempt to indicate the detailed aspects of the various FSU 
methodologies that should be used to estimate design flows at a given location.  That issue is 
being dealt with by other work packages.  However, we have pointed out how local flood peak 
data can be used, making the assumption that the best estimates of design flows are those 
made at the site of gauging stations, making direct use of good quality flood peak data (at 
least for estimating QMED, and also, where appropriate, to aid in defining the flood growth 
curve). 

The guidance was developed in two stages: first a provisional set of guidance was suggested 
during Part A of the project; then the guidance was tested and refined during Part B.  In this 
section we present the final version of the guidance but, for completeness, we also include 
brief details on aspects which were considered but later rejected or altered during the testing. 

The guidance is presented in several sections, covering different parts of a typical river 
model: first, the main watercourse in a model, then tributaries that are included in the model, 
then non-modelled inflows and finally inflows from intervening catchment areas.  The text 
below includes discussion of the motivation behind some of the proposals, and of the 
alternatives.  The guidance is summarised visually in the boxes within each section. 

4.4.2 Setting inflows on the main watercourse 

The main watercourse may need to be divided into several reaches, using the criteria set out 
in the previous section.  Each reach can then be given a single set of inflows for each return 
period, which should give an acceptable simulation of the T-year flood at all points along that 
reach.  The way to set the inflows depends largely on the availability of gauging stations: 

If there is a station near only the upstream end of the reach, its data should be used to 
estimate the inflow at the upstream end (either directly, or as a donor site).  Flows further 
downstream can be calculated by the model, which will allow for attenuation effects, because 
in this case the upstream flows are known with more confidence. 

If there is a station near only the downstream end of the reach, it should be used to estimate 
the preferred design flow at this location.  The inflow at the upstream end can be estimated 
using catchment descriptors, but if necessary it (or other inflows from tributaries) should be 
adjusted so that the flow in the model is close to the preferred flow at the downstream end.  
This is because the downstream flows are known with more confidence.  This will help to 
avoid any danger of double-counting floodplain attenuation, which might occur, for example, if 
a downstream station is used as a donor site to adjust QMED at an upstream location, and 
the resulting flood hydrograph is then routed through the model. 

If there are stations near both ends of the reach, or elsewhere in the model, design flows 
should be estimated at each station and compared with the flow predicted by the model.  It 
may be necessary to reconcile differences between flows at different stations due to artefacts 
like differing periods of record or problems with data quality.  In the absence of such 
problems, the modelled flow should compare closely with the hydrological estimate because 
the reach has been chosen to have high dependence between its upstream and downstream 
ends.  Note that there are unlikely to be many situations where there is a station part-way 
along a model reach, because many model reaches will be defined as being between two 
stations. 

If there are no stations in or near the model reach, then the inflow at the upstream end should 
be estimated from catchment descriptors.  If desired, design flows could also be estimated at 
the downstream end or intermediate points, for comparison against the modelled flows.   
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Summary: Inflows on each reach of the main watercourse 

Station near upstream end:  
Estimate inflow from flood peak data 
at the station 

Station near downstream end:  
Adjust inflow to match preferred 
design flow at the station. 

Stations near both ends (or part-way 
along reach):  
Estimate inflow from flood peak data 
at the upstream station.  Check that 
flow in model matches preferred 
estimate at downstream station. 

No stations at or near either end:  
Estimate inflow from catchment 
descriptors.  Check flow in model 
against hydrological estimates further 
down reach. 

 
 

If the watercourse is divided into more than one reach, it is necessary to develop a 
methodology for setting inflows to downstream reaches such that the flow on those reaches 
corresponds to the required return period.  We suggest three approaches below. 

One way to ensure that this is achieved is to physically split up the model so that each 
reach is modelled separately.  This approach avoids the awkward adjustments or 
compromises that are sometimes necessary to model a design event in different parts of the 
river system.  However, as already discussed, this is not always feasible or desirable.   

Another approach is to set an inflow at the top end of a model which will be suitable for 
simulating the required return period T in the reach of interest.  When generating inflows 
from rainfall-runoff methods, this is often done by applying a design storm with a duration long 
enough to match the critical duration for the reach of interest.  Some trial and error is usually 
needed.  The peak flow at the upstream end of the model is usually below the T-year flow at 
that location, but the volume of the hydrograph is large enough to reduce the attenuation so 
that the T-year flow is achieved in the downstream reach.   

This approach cannot be directly replicated by using the dependence model, which deals only 
with peak flows rather than durations and volumes of flood events.  The dependence model 
does give information on the expected return period of the peak flow at an upstream site, 
given a T-year event at a downstream site.  Comparison of the blue and red points on Figure 
2-7 shows little difference between pairs where the conditioning site is downstream and pairs 
where it is upstream.  These results could be used to set a likely value for the peak flow, but it 
would be necessary to combine this with a realistic hydrograph shape.  There is no scope in 
the hydrograph width procedure from WP3.1 to vary the duration of the hydrograph in order to 
produce an input to a river model which is suitable for representing design conditions further 
down the catchment.  Within the current framework of the FSU approach it does not appear to 
be feasible to follow this approach. 

A third alternative would be to keep the model in one piece, apply the T-year inflow at the top 
end and then “top up” the flow at the upstream end of subsequent reaches so that the 
total flow in the reach matched the required amount.  The amount of “top-up” needed could 
be derived by subtracting the hydrograph of modelled flow from the hydrograph derived from 
the FSU methods.  Clearly this would give an unrealistic increase in the flow at the point 
where the “top up” was added (even if it was added gradually as a lateral inflow), and all 
model users would need to understand that comparison of model results was only valid within 
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a reach, and not between reaches.  This is an example of the problem referred to in Section 
0, i.e. the requirement to model an event of the required probability throughout the river 
system, a situation that does not occur in reality.  

From considering the above three approaches, it would appear that the most straightforward 
one is probably to physically split up the model.  However, in many cases this may not be 
necessary because, as discussed above (section 4.3.1), it may be possible to model design 
events on many watercourses using a single reach within the FSU methodology. 

4.4.3 Setting inflows on modelled tributaries 

Inflows to modelled portions of tributaries can be set in much the same way as those for the 
main watercourse.  There is no need to distinguish between the two apart from at their 
confluence.  The guidance in 4.4.2 therefore applies to modelling of tributaries too.   It will 
usually be necessary to carry out a separate model run (or several runs) for the tributary, 
because the T-year flood on the main river is not likely to occur during the T-year event on the 
tributary (as can be seen from the results of the dependence model).   

The extra consideration for modelling tributaries is how to set the inflow(s) to the tributary 
model in order to simulate the T-year flood on the main watercourse downstream of the 
confluence.  The options are similar to those described above for setting inflows to upstream 
river reaches when the main river is split into several reaches. 

The simplest approach would be to remove the tributary from the model and apply an inflow 
hydrograph to the main river at the confluence.  The following section discusses how that 
inflow can be derived.  A similar approach can be used if the model needs to be kept intact, 
as long as the extent of the tributary model is short; in particular as long as there is high 
dependence between its upstream and downstream ends.   

4.4.4 Setting inflows from non- modelled tributaries  

Which tributaries to include 

Many tributaries will be represented in river models solely as inflows to the modelled 
watercourse.  It is necessary to decide how large a tributary should be before it is explicitly 
included in the model.  Some models use an excessive level of detail, for example including 
specific inflows from tributaries that increase the flow by only 1 or 2 %.  As a general rule, we 
suggest that inflows should be explicitly included when they are expected to contribute at 
least 10% to the flow. The expected inflow could be judged using QMED estimated from 
catchment descriptors.  Smaller inflows should be lumped together and either combined with 
larger ones or treated as an intervening area (Section 4.4.5). 

Confluences 

A common problem in river modelling is how to choose an inflow which is likely to occur 
during the T-year event on the modelled watercourse.  We suggest that the approach should 
depend on the availability of gauging stations: 
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Figure 4-1: Typical confluence layout 

Model reach

Inflow

A

B
C

 
 

 

If there is a station downstream of the confluence (at or near A), the best estimate of design 
flow can be obtained by direct estimation at the station.  The inflow from the tributary should 
be adjusted to match the required downstream estimate.  The dependence model could be 
used to provide an initial estimate of the inflow.  It is possible that a station at C could be used 
as a donor site to give a good estimate of flow at A, if the inflow from B was relatively minor. 

If there is no downstream station, then it becomes more important to consider what 
combination of inflows is likely to occur at the confluence.  The dependence model could be 
used to estimate the likely return period of the inflow (B) during the T-year event at A.   
Because we want to simulate the T-year event downstream of the confluence, the return 
period on the tributary should be calculated using the dependence for “connected” sites.  For 
example, if the catchment at B was similar to that at A in terms of BFI, AREA and FARL and 
had a centroid within 25km, we would expect a return period of approximately 25 years given 
a 100-year event on the main river (see Table 2-1).  This approach can be applied whether or 
not there is a gauging station on the tributary at B.  If there is, then the estimate of the inflow 
from B can be expected to be more certain. 

As long as the confluence occurs part-way along a model reach, the return period on the 
main river upstream of the confluence can be assumed to be the same as that downstream of 
the confluence.  The model will work out the combined flow downstream of the confluence. 

An alternative approach would be to argue that since we know (or can assume) the return 
period at C, we could use the dependence model to estimate the return period at B given that 
at C.  B and C would be treated as “non-connected” sites since they are not upstream and 
downstream on the same watercourse.  We suggest that it is preferable to use the 
“connected” version of the dependence model in this case, because the aim of the exercise is 
to determine the design flow downstream of the confluence.   

Confluences of equals 

During development of the guidance it was suggested that an exception to the above 
approach, where there is no downstream gauging station, should be made for confluences 
where the two upstream watercourses are expected to contribute similar amounts of flow (we 
suggested that “similar” could be defined as within a factor of 2).  In this case it is not obvious 
which is the dominant river and so we do not know which (if indeed any) river will experience 
an extreme flood during an extreme event on the downstream watercourse.  The brief 
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anticipated that situations like this, with two important rivers, would need to be treated as a 
special case.  We will refer to this as a “confluence of equals”. 

When the guidance was tested it was found that there were disadvantages to treating 
confluences of equals as special cases (see section 9.7), but we have retained the text below 
in italics as an explanation of what was proposed. 

The dependence model should first be used to give an initial estimate of the return 
periods of the inflows from both tributaries (B and C), given the required return period 
at A.  Both B and C should be treated as “connected” to A.    

For example, if B and C were both similar to that at A in terms of BFI, AREA and 
FARL and had centroids within 25km, we would expect a return period of 25 years at 
both B and C, given a 100-year event at A.  Other combinations could also be 
explored, for example combining the upper quartile return period at B with the lower 
quartile return period at C.  This would allow the modeller to test the sensitivity of the 
downstream flow to different statistically valid combinations of the inputs. 

A possible second stage would be to use the dependence model results for “non-
connected” sites to examine the dependence between the two upstream points, B 
and C.  If the dependence was low, then we would not expect simultaneous extreme 
events on both tributaries.  The initial choice of return periods at B and C could be 
refined using these results.  For example, if there was a major lake on tributary B, we 
would expect higher dependence between C and A than between B and A.  The 
expected return period at C could be selected from the required return period at A, as 
described in the paragraph above.  The return period at B could then be obtained 
from that at C, treating the two sites as non-connected. 

After testing the above approach, our suggestion is that when setting flows for modelling a 
reach downstream of a confluence of similar-sized rivers, analysts should normally be able to 
treat the situation like any other confluence, with care.  One check that may be worthwhile is 
to try treating each tributary in turn as the dominant one, i.e. applying the x% AEP flow on that 
tributary and using the dependence model results to select the AEP of the flow on the other 
tributary.   

Timings of inflows 

As well as the magnitude of peak flows at confluences, it is also important to consider the 
relative timings and shapes of the hydrographs. It is important to ensure that input 
hydrographs have a realistic relative timing.  The timing of sub-catchment responses is 
particularly important on larger catchments

9
.  In many river modelling studies, realistic timing 

is achieved by using a rainfall-runoff model to generate inflows from each sub-catchment, 
from a single design event over the entire catchment.  The FSU methodology takes a rather 
different approach to generation of hydrograph shapes, via the hydrograph width procedure 
developed in WP3.1.  A method for setting the timings of model inflows was developed during 
the case studies as explained in Chapter 8. 

                                                      
9
 Pattison, I., Lane, S.N., Hardy, R.J. and Reaney, S. (2008).  Sub-catchment peak flow magnitude and timing effects 

on downstream flood risk.  Proc. British Hydrol. Soc. Tenth National Hydrology Symposium, Exeter, Sept 2008. 
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Summary 

Summary: Inflows from tributaries 

Station downstream of confluence: 
Estimate combined flow from flood peak data 
at the station 

Station upstream on main river: 
If tributary is minor, use station as a donor to 
estimate combined flow downstream of 
confluence. 

Station upstream on tributary: 
Use dependence model to estimate return 
period of inflow during design event on main 
river downstream of confluence.  Estimate 
inflow for that return period using data from 
the gauging station. 

No station at or near confluence: 
Use dependence model to estimate return 
period of inflow during design event  
downstream of confluence.  Estimate inflow 
for that return period using catchment 
descriptors. 

 

4.4.5 Setting inflows from intervening areas 

Intervening areas are sometimes added to river models in order to ensure that they account 
for all the area in a catchment.  This can be important when inflows are derived using a 
rainfall-runoff method or other approaches that allow the model to work out the flow in the 
river.  Adding flow from intervening areas can help keep the flow in the river at a realistic 
value on long model reaches where there are no major confluences.  They tend to be more 
important in the headwaters of catchments, where the contributing area changes rapidly as 
one moves down the model reach.   

Intervening areas are not true catchments.  They typically consist of numerous small 
catchments plus some areas where runoff drains directly to the river rather than via another 
watercourse.  For this reason, flood estimation methods developed using flow data from real 
catchments are not guaranteed to work on intervening areas.   

This problem can be avoided using one approach to setting inflows from intervening areas, 
which involves estimating the flow hydrograph on the main river at two points, one upstream 
and one downstream of the intervening area.  Subtracting the two hydrographs gives the 
expected inflow, and this can be distributed along the reach, for example as a lateral inflow.  
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This approach would be particularly favoured if there was a gauging station close to the point 
downstream of the intervening area.  

Alternatively, the intervening area could be treated as a single catchment (despite the 
warning above), and the dependence model applied to estimate the expected return period of 
the inflow, as outlined above for inflows from tributaries. 
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5. Selection of case studies 

5.1 Requirements for case study watercourses 

The aim of the case studies was to provide an opportunity to test the guidance and rules of 
thumb by using them to set inflows for river models and comparing the modelled flow further 
downstream against design flows estimated using the FSU procedures.  Within the context of 
the case studies, the purpose of the river models is to represent the propagation of flood 
hydrographs through the watercourses. 

It was not necessary to develop full hydraulic models for the case studies.  Many of the 
detailed aspects of hydraulic models are not relevant to the propagation of flood hydrographs.  
For this reason, we have used flow routing models rather than full hydrodynamic models.  
Routing models represent the main aspects that affect flow (i.e. delay and attenuation) 
without needing nearly as much detail in terms of cross section spacing and hydraulic 
structures.  They are therefore much quicker to develop and run. 

The four watercourses chosen for case studies each ideally needed to have: 

• Gauging stations (at least one) providing flood peak data of an acceptable quality.   

• Surveyed cross section data or a hydraulic model already developed from survey 
data.  For a routing model, cross sections are needed at key locations such as 
gauging stations and confluences rather than at close intervals along the river. 

The watercourses should also include a variety of configurations, as expected by the brief, for 
example one dominated by a single tributary and another with two important tributaries.   

As discussed below, some compromises have been found necessary in order to match the 
selection to the limited amount of survey or model data available. 

5.2 Choice of case studies 

The selection of case studies was discussed at the inception meeting with OPW on 20 June 
2008.  Several potential case studies were mentioned at the meeting: 

• River Lee  

• River Slaney  

• River Suir  

• Munster Blackwater  

• River Nore and River Dynan at Kilkenny 

• Rivers Brosna and Fergus 

• River Barrow  

Some of the above possibilities were eliminated after further investigation, discussions at the 
FSU Contractors’ Workshop on 30 July 2008 and discussions with external reviewers and 
OPW.  For example, the hydraulic model of the River Barrow covers a reach just 4-5km long 
with no significant confluences, so there will be little change in flow between the upstream 
and downstream ends of the model.  For this reason it will not be very helpful for testing the 
guidance on model inflows.  The Fergus was also eliminated due to its unusual 
characteristics with extremely long flood hydrographs associated with karst geology.  The 
Blackwater and Nore were initially chosen but it was not found possible to obtain enough 
model or survey data for these watercourses.  

The final selection of case studies was as follows: 

The River Suir, due to availability of large quantity of survey data and the choice of the Suir 
for the flood attenuation investigation in WP3.3 (UCD have developed a hydraulic model of 
the Suir between New Bridge and Caher Park, although the model was not available for use 
on other work packages at the time of requesting).  Another reason for choosing the Suir is 
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the good network of flow gauging stations, with six gauges on the main river classed as A or 
B grade according to the FSU.  The Suir, at least in its middle to lower reaches (for example 
between New Bridge and Caher Park) is an example of a river dominated by a single tributary 
catchment, although it does have some inflows from tributaries and intervening catchment 
areas. 

The River Owenboy, due to the availability of hydrodynamic models recently developed by 
Halcrow for the Lee CFRAMS

10
.  The model provided by OPW was for the Owenboy, a 

tributary that flows parallel to the Lee, to the south of it, into Cork Harbour.  The Owenboy 
catchment is long and narrow, an example of a river dominated by a single tributary 
catchment.  There is one gauging station at Ballea, graded A2. 

The River Dodder, which has one main tributary which rises in the Dublin Mountains and 
flows through water supply reservoirs in its upper reaches.  Several other tributaries add a 
significant amount of catchment area; the main ones are the Tallaght Stream, the 
Owendoher/Whitechurch, the Little Dargle and the Dundrum Slang. The one FSU-standard 
gauging station, at Waldron’s Bridge, is downstream of all the main tributaries, in south 
Dublin. 

The River Tolka in north Dublin, which is dominated by a single tributary, with a long, narrow 
catchment.  There are no FSU-standard gauging stations on the river.  The absence of 
reliable flood flow data is not critical because the guidance and rules of thumb developed 
during WP3.4a are designed to apply equally well to ungauged catchments as to gauged 
catchments. 

Figure 5-1 shows the locations of the four case study rivers. 

 

Figure 5-1 Location of case studies 
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6. Methodology for case studies 

6.1 General approach 

Each case study involved the following typical steps, which are described in more detail in 
this chapter and subsequent chapters describing the individual case studies: 

• Acquisition of models, survey data and hydrometric data. 

• Development of flow routing models. 

• Dividing catchment into subcatchments and attaching inflow units to models. 

• Using methods and data from other FSU work packages to estimate design flows and 
hydrograph shapes for points at inflows to models and within model reaches. 

• Splitting models into reaches using the guidance developed in Stage WP3.4a. 

• Estimation of combination of return periods to provide design inputs to the routing 
models using the rules of thumb developed in Stage WP3.4a. 

• Comparison of resulting flows within routing model reaches with those obtained 
directly for the site of interest using hydrological methods. 

• Refinement of the rules and guidance, for example to make them more robust or 
easier to apply. 

The case studies were carried out in sequence, with refinements made to the methodology or 
guidance after each one.  The Tolka case study was carried out first, and reported in our 
progress report of April 2009.  After this, some aspects of the FSU procedures specified in 
other work packages were altered, and the revised methods were applied for the other three 
case studies. 

6.2 Development of routing models 

Flow routing models have been used on the case study catchments to represent the 
translation and attenuation of the flood hydrograph. We have developed routing models in 
ISIS using Muskingum cross-section or Variable Parameter Muskingum-Cunge routing 
section units to represent the river channel.   

Channel cross sections have been obtained from river survey data or existing hydraulic 
models provided by OPW.  A sparse cross section spacing has been adopted, with sections 
principally located at significant confluences and gauging stations.  Cross sections have been 
extended across the floodplain where necessary using elevation data from contours shown 
on 1:50,000 maps.  This level of accuracy for floodplain topography is adequate for flow 
routing models such as these, bearing in  mind the large spacing between cross sections 
(typically several kilometres).  Most hydraulic structures are not represented in the models, 
although a few weirs are included. 

6.3 Estimation of peak flows 

Design peak flows are needed to define inflows to the routing models, both at the upstream 
model limits and for tributaries and any intervening catchment areas.  It has also been 
necessary to estimate peak flows at the downstream model limits and key points within the 
model reaches such as gauging stations and confluences.  These hydrological estimates 
have been compared with the flow predicted by the model based on upstream inputs.   

The purpose of the case studies is to enable testing and refinement of the guidelines on river 
modelling, rather than to investigate flood risk on the particular catchments.  It is not therefore 
necessary to aim for the best possible estimates of the design flows.  Rather, it is sufficient 
that the magnitude and duration of the flood hydrographs are realistic for each watercourse, 
for example so that there is a sensible amount of floodplain flow so that the model predicts a 
realistic degree of attenuation. 
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We have used those aspects of the outputs of other FSU work packages that could be readily 
applied without requiring significant development of software.  Where other work packages 
have not yet led to readily applicable methods we have reverted to earlier or simpler methods.  
Design flows have therefore been estimated using a combination of FSU and FSR 
techniques.   

6.3.1 Median annual flood, QMED 

The median annual flood, QMED, was estimated from flood peak data at gauged locations.  
Elsewhere, it was estimated by regression from catchment descriptors. For the first case 
study, on the Tolka, QMED was estimated from the regression equation developed in FSU 
WP 2.3 and presented in the draft final report

11
, i.e. 

 

After the Tolka case study was completed, OPW provided a revised equation, from the 
revised final report

12
, i.e. 

 

This revised equation was used in the remaining three case studies. 

The initial estimates of QMED were adjusted, at first using a grid of interpolated residuals 
provided by NUI Maynooth.  This is the technique recommended for adjusting QMED in the 
draft final report on WP2.3. It involves taking the logarithm of QMED, adding the adjustment 
factor taken from the grid, then taking the exponent to give the adjusted estimate of QMED. 

During the course of the case studies it became apparent that the adjustment technique did 
not appear to be resulting in improved QMED estimates for some of the watercourses, and so 
the use of interpolated residuals was replaced with adjustment using a factor derived from a 
donor site.  This method is explained more in the individual case study descriptions found in 
the following chapters. 

On urban catchments, QMED was adjusted using an urban adjustment factor from WP2.3.  
For the first case study, on the Tolka, the factor was taken from the draft final report on 
WP2.3, i.e. 

UAF = 2.2389 (1+URBEXT)
0.112

 AREA
-0.152

 

where URBEXT is expressed as a percentage. 

As recommended, this was only applied on catchments where URBEXT is greater than 3%.  
After the Tolka case study we recommended (in our progress report, April 2009) that this 
urban adjustment was reformulated to give no adjustment on catchments where URBEXT is 
zero. This change was made by NUI Maynooth, resulting in a revised adjustment factor given 
in the revised final report on WP2.3: 

UAF = (1+URBEXT)
1.482

 

where URBEXT is now expressed as a proportion from 0 to 1. 

This revised adjustment was applied on subsequent case studies (although only the Dodder 
included any significantly urbanised catchments). 

6.3.2 Flood growth curves 

For flood growth curves, the FSU programme has not yet resulted in the development of any 
readily applicable software available for deriving pooling groups and pooled growth curves.  
Fitting of single-site growth curves is more straightforward, but in most cases design flows are 
likely to need to be obtained from pooled curves, either because design flows are needed for 
ungauged locations or because they are needed for floods of lower probability than can be 
reliably estimated from single-site data.   

                                                      
11

 NUI Maynooth (2009).  Flood Studies Update Work Package 2.3.  Flood estimation in ungauged catchments.  Draft 
final report, March 2009. 
12

 NUI Maynooth (2009).  Flood Studies Update Work Package 2.3.  Flood estimation in ungauged catchments. Final 
report, June 2009. 
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For the purposes of the case studies, design flows were estimated by applying the FSR Irish 
growth curve (which has a 100-year growth factor of 2.1 when standardised by QMED).  We 
acknowledge that this may have resulted in underestimation of design flows on the Tolka and 
Dodder case studies, as the FSR growth curve has been found to underestimate in the Dublin 
area

13
.   

Using the approach outlined above, design flows were derived for 56 locations covering the 
four case study catchments. 

6.4 Specification of hydrograph shapes 

Hydrograph shapes were created using the methods developed in WP3.1.  For model inflows 
at gauging stations, the HWA (Hydrograph Width Analysis) software was used to derive 
empirical hydrographs.  This was carried out for three stations on the River Suir: 

• 16003, Clodiagh at Rathkennan 

• 16004, Suir at Thurles 

• 16007, Aherlow at Killardry 

At each station, a median hydrograph shape was derived from all annual maximum flood 
events (comprising 45-55 events at each station).  The output of the HWA software is a table 
giving the widths of the rising and receding limbs of the hydrograph at a set of percentiles of 
peak flow.  This information was converted into a relationship between time and percentage 
flow using a spreadsheet.  It was found necessary to discard the lower part of some of the 
derived hydrographs due to time reversals, as shown on the example below. 

 

Figure 6-1 Example of time reversal in a median hydrograph output from HWA 

 

 

At ungauged sites, hydrograph shapes were derived using a parametric function which 
combines a gamma curve with an exponential recession.  For obtaining inputs to river 
models, this approach is more appropriate than the alternative based on specifying 
hydrograph widths, which only provides the upper half of the flood hydrograph.  The three 
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 Bruen, M., Gebre, F., Joyce, T. and Doyle, P. (2005).  THE FLOOD STUDIES REPORT UNGAUGED 
CATCHMENT METHOD UNDERESTIMATES FOR CATCHMENTS AROUND DUBLIN.  National Hydrology 
Seminar 2005, 34-45. 
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parameters of the functions have been estimated from catchment descriptors, using 
Equations 4.8 to 4.10 from the draft final report on WP3.1 (January 2009): 

n = 3.86 BFI
-0.96

 FARL
2.98

 

Tr  = 54.98 BFI
1.32

 (1+ALLUV)
-13.08

 (1+ARTDRAIN)
-3.70

 S1085
-0.20

 

C = 310.75 BFI
3.44

 FARL
-4.88

 

After using them for the Tolka case study, we commented that these equations made no 
direct allowance for the size of the catchment (although admittedly there is some correlation 
between catchment size and slope, represented by S1085).  OPW replied that there may be 
some alterations to the methodology, but they were not expected in the short term, and so we 
used the same equations for all subsequent case studies. 

The methodology from WP3.1 gives hydrographs that are defined relative to the time of their 
peak.  When specifying inflows to a river model, it is necessary to decide on their relative 
timings.  For the first case study, on the Tolka, the time of rise of the gamma curve was used 
to  control this timing, i.e. it was assumed that all inflow hydrographs started at the same time 
and peaked after the time of rise.  This approach was criticised in OPW's review of our 
progress report, and so we carried out further research into specifying timing of model 
inflows. This is described in Chapter 8 and was applied on the other three case studies. 

6.5 Applying and testing the guidance 

The guidance developed in WP3.4a was applied by dividing up each model into reaches 
within which a design flood event could be represented by a single model run, and then 
setting combinations of inflows from tributaries which were expected to yield the required 
design flood within the modelled reach.  All models were run for a target annual exceedence 
probability of 1%.  Runs for other AEPs were not feasible within the hours available. 

The guidance was tested both qualitatively and quantitatively.  Qualitative tests included: 

1. A check for any configurations of river network geometry or gauging station locations 
that were not anticipated in the development of the guidance.   

2. A check that the guidance is straightforward to apply on each of the watercourses.  

The main quantitative test carried out was: 

3. A check that the combination of flood probabilities at confluences is appropriate by 
setting the x% AEP flow as an inflow on the main river, adding an inflow from a 
tributary set according to the guidance and then comparing the modelled flow 
downstream of the confluence with the hydrological estimate.  The two values should 
be close together if the guidance provides realistic estimates of inflows to use from 
tributaries.   

We also initially aimed to carry out a fourth test: 

4. A check that the guidance on length of model reaches is appropriate, by setting the 
x% AEP flow as an inflow to the upstream end of a reach and adding appropriate 
inflows from any tributaries.  The modelled flow at the downstream end was then 
compared with the hydrological flow estimate at the same location.  The two flows 
should be similar if the reach has been correctly identified as the portion of the river 
that experiences the T-year flood during a given event.  It was anticipated that this 
test would be more valuable on long reaches without any significant inflows because 
where there are inflows, the test applied to the downstream flow will reflect the 
performance of the rules for setting inflows rather than just the guidance on dividing 
models into reaches. Unfortunately it was found difficult to identify any long enough 
reaches without inflows for this test to give meaningful results.  

 

Tests 3 and 4 above check the quantitative aspects of the guidance by comparing Qx(h) with 
Qx(m) 



 

 
 

Work Package 3_4 - Final Report (5) 47 
 

where:  Qx(h) is the “hydrological” estimate of x% AEP flow (i.e. derived using FSU 
methods applied to a complete lumped catchment) 

and  Qx(m) is the “modelled” estimate (i.e. calculated from the flow routing model 
with inputs set using the guidance).   

If the guidance is correct then the two estimates should be similar, assuming that the routing 
model performs correctly and the FSU methods give consistent flow estimates across the 
catchment.   

It was necessary to decide how to define “similar”, making some allowance for uncertainty in 
both the estimation of design flows and routing of flows within the model.  

The uncertainty in design flows is a combination of several factors, but one of the sources 
that can be quantified straightforwardly is the uncertainty in QMED.  When QMED is 
estimated from catchment descriptors, the 95% factorial confidence interval is equal to the 
square of the factorial standard error (fse) of the QMED regression equation.  The fse, from 
the revised final report on WP2.3, is 1.37.  So the 95% confidence interval for QMED is 
0.53 QMED to 1.88 QMED.  When QMED is estimated from 20 years of annual maximum 
flow, the 95% confidence interval is much narrower: approximately 0.86 QMED to 
1.16 QMED

14
. 

For practical purposes, these guidelines will most commonly be applied for river models used 
in flood mapping studies.   When sensitivity tests are carried out for such models, design 
flows are typically varied by 20-40% in order to test the effect on modelled water levels.  A 
20% difference in flow can typically change the modelled water level by 0.2 - 0.4m, which 
often has little effect on the resulting flood outline.  We therefore applied a simple approach to 
comparing flows, using an initial threshold of ±20% to check the two flow estimates, i.e. 
Qx(m) would be classed as acceptable if it is within ±20% of Qx(h).   

 

 

                                                      
14

 This confidence limit is calculated using the factorial standard error of 1.079 given in the Volume 3 of the Flood 
Estimation Handbook, which was derived using resampling of UK annual maximum flow data. 
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7. Tolka case study 

7.1 Extent of study 

The modelled reach extends for 19.2 km between Dunboyne and Dublin Harbour, passing 
though north Dublin.  The model also includes 3.3 km on a tributary, the Pinkeen River, which 
flows into the Tolka at Mulhuddart.  The catchment has no FSU-standard gauging stations 
and is heavily urbanised in its downstream reaches.  It will be typical of watercourses where 
detailed flood risk modelling is needed for planning and development control purposes. 

 

Figure 7-1 Extent of Tolka model 

 

 

7.2 Routing model 

The model was developed from survey data provided by OPW.  The survey was carried out 
by M.C. O'Sullivan & Co. in 2002 for the Greater Dublin Strategic Drainage Study.  The River 
Tolka was modelled in InfoWorks for that study, and a copy of the hydraulic model file and 
report were also provided by OPW. 

A routing model was developed from the cross section data, using MUSK-RSEC units in ISIS 
to define segments (lengths of the river channel) with averaged channel geometry.  Eight 
segments were used to define the River Tolka, and two for the Pinkeen River.  Two distinct 
weirs were represented in the model using inline SPILL units.  The downstream boundary 
was set to a constant water level of 1.24mAOD, representing an average tide level, taken 
from the InfoWorks model report.   

No attempt was made to calibrate the model.  For a routing model to be calibrated it is 
necessary to have two flow gauging stations within the model reach; then the travel time and 
attenuation predicted by the model can be compared with the observed data.   
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7.3 Dividing up the model 

The model needs to be divided into reaches in which all locations can be expected to 
experience a flood of a given AEP during the same event.  The guidance developed in 
WP3.4a recommends that new model reaches are created at locations where: 

• The dependence with the other end of the reach, as predicted from the pairwise 
catchment descriptors, drops below high, which will normally happen at a confluence; 
or 

• There is a major confluence (one that increases flow by more than 20-30%) with a 
gauging station near to the point downstream; 

but  

• Not at locations where flows are controlled by backwater effects. 

On the Tolka there are no flow gauging stations suitable for measuring flood peaks in the 
FSU dataset (although there is some high flow data at Drumcondra and a station at Botanic 
Gardens operated by Dublin City Council

15
).  The lower 1.6 km of the model reach is tidally 

influenced, up to the Distillery Weir
15

.  Design events on the tidal reach would need to be 
simulated by considering combinations of fluvial and tidal inputs.  For the purposes of this 
case study we will ignore the tidal influence.   

The model can therefore be divided by comparing catchment descriptors.  The results from 
WP3.4a show that high dependence can be expected (although not guaranteed) on a reach 
where the pairwise catchment descriptors satisfy all of these conditions: 

• BFI is within 0.15 

• Catchment centroids are within 25 km 

• ln AREA is within 2.5 

• FARL is within 0.07 

For the Tolka model, both the main reach and the modelled reach on the Pinkeen River 
tributary, the pairwise catchment descriptors fall well within the above limits (Table 7-1).  
According to the guidance developed in WP3.4a, the design event can therefore be modelled 
using two runs, one for the Tolka and one for the Pinkeen River. 

 

Table 7-1: Pairwise catchment descriptors for extremities of the Tolka model 

 BFI FARL AREA 
(km

2
) 

Easting 
of 
centroid 

Northing 
of 
centroid 

BFI differ-
ence 
(absolute) 

Centroid 
distance 
(km) 

ln AREA 
differ-
ence 
(abs.) 

FARL 
differ-
ence 
(abs.) 

Main reach 

Upstream 
end 

0.44 1 42.2 296700 247100 n/a n/a n/a n/a 

Downstream 
end 

0.49 1 150.6 304230 243570 0.05 8.32 1.27 0 

Tributary: Pinkeen River 

Upstream 
end 

0.52 1 7.9 307220 244150 n/a n/a n/a n/a 

Downstream 
end 

0.59 1 11.3 307220 242850 0.07 1.30 0.36 0 

 

7.4 Setting inflows 

The guidance developed in WP3.4a suggests that inflows should be explicitly included when 
they are expected to contribute at least 10% to the flow.  On the Tolka, there are three 

                                                      
15

 RPS/MCOS (2003)  River Tolka Flooding Study.  Technical Report No. 2: River Modeling Report. 
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tributaries that increase the area by more than 10%, so they have all been included as explicit 
inflows (see Table 7-2 and Figure 7-2).  Downstream of the Pinkeen River confluence there 
are no discrete tributaries that give a 10% increase in area, but the total catchment area 
increases from 100 to 151km

2
.  The additional area has been represented as a lateral inflow 

to the model, with flow calculated from the “intervening area” approach described in the 
WP3.4a report (treating the extra 51km

2
 as a single catchment).  The contributions from 

smaller intervening areas in the upper catchment have been included by increasing the area 
of the three discrete inflows so that the total area covered by all inflows equals the total 
catchment area at the downstream limit. 

A similar approach has been followed on the Pinkeen River model reach, where there is one 
tributary. 

 

Table 7-2: Catchment areas for inflows to Tolka model 

Location AREA 
(km

2
) 

Check: AREA for whole 
catchment downstream 
of tributary (km

2
) 

Increased tributary area 
to account for intervening 
areas (km

2
) 

Reach 1: Tolka 

Upstream limit 42.2 42.2 42.2 

Tributary  at Dunboyne 19.77 63.7 21.5 

Tributary at Damastown 16.6 87.5 23.8 

Pinkeen River (modelled) 11.3 99.5 12 

Lateral inflow in lower catchment 51.1 150.6 51.1 

Sum of tributary areas 150.6 

Reach 2: Pinkeen River 

Upstream limit 7.94 7.94 7.94 

Tributary at Tyrrelstown 1.04 11.3 3.36 

Sum of tributary areas 11.3 

 
The next step is to determine an appropriate combination of annual exceedance probabilities 
(AEPs) for the model inflows in order to simulate a realistic design flood event in each of the 
two model reaches.  It has been assumed that the 1% AEP flood is the main event of interest. 

The main factors that influence the setting of inflows, according to the findings of WP3.4a, are 
the availability of flood peak data and the pairwise catchment descriptors that describe the 
difference between each inflow catchment and the main river catchment downstream of the 
confluence.  Because there is no flood peak data suitable for deriving design flows from direct 
statistical analysis, the dependence model has been used at each confluence to find a 
suitable AEP for the tributary given the need to simulate a 1% AEP event on the modelled 
watercourse.  This gives the required peak flow.   

Table 7-3 sets out the pairwise catchment descriptors and the resulting AEP for each 
tributary.  At all confluences the results are the same.  Differences in BFI, catchment 
centroids and FARL are small.  Only AREA shows a large difference.  The results from the 
dependence model (Table 2-1) show that, for connected catchments in this situation, the 
median AEP at one site during a 1% AEP event at another site ( the "conditioning site") is 6% 
i.e. the degree of dependence is moderate. 

It is necessary to decide how to set the inflow from the Pinkeen River tributary when 
modelling the design event on the Tolka.  An inflow with AEP 6% is required from the Pinkeen 
River.  One option would be remove the Pinkeen River reach from the model so that the 
inflow can be applied directly into the Tolka at this point.  However, it is not always 
straightforward to remove parts of river models.  Another approach would be to use the 
results of the dependence model to produce a combination of inflows to the Pinkeen River 
that would be expected to produce a 6% AEP flood at its downstream end.  For reasons 
explained later, we have used trial and error in this study to adjust the Pinkeen River inflows 
in order to give a 6% AEP inflow to the Tolka. 
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Table 7-3: Pairwise catchment descriptors and dependence model results for tributaries of Tolka model 

 Catchment descriptors Pairwise catchment descriptors Results 

Location BFI of 
main 
river 

BFI of 
trib 

FARL 
of 
main 
river 

FARL 
of trib 

BFI 
differ-
ence 
(abs-
olute) 

Centroid 
distance 
(km) 

ln 
AREA 
differ-
ence 
(abs.) 

FARL 
differ-
ence 
(abs.) 

Expected 
AEP (RP) 
given 1% 
event on 
model 
reach 

Model reach 1: Tolka 

Upstream limit n/a n/a n/a n/a n/a n/a n/a n/a 1% 

Trib at 
Dunboyne 

0.45 0.45 1 1 0 1.5 1.09 0.00 6% (16 yr) 

Trib at 
Damaslown 

0.48 0.60 1 1 0.12 4.3 1.30 0.00 6% (16 yr) 

Pinkeen River 0.48 0.60 1 1 0.12 7.3 2.11 0.00 6% (16 yr) 

Lateral inflow 0.49 0.57 1 1 0.08 15.9 1.08 0.00 6% (16 yr) 

Model reach 2: Pinkeen River 

Upstream limit n/a n/a n/a n/a n/a n/a n/a n/a 1% 

Trib at 
Tyrrelstown 

0.59 0.64 1 1 0.05 0.86 1.21 0.00 6% (16 yr) 

Notes 
AEP is annual exceedence probability; RP is return period. 
Values for AREA are given in Table 7-2. 
To save space, grid references of catchment centroids are not shown. 
Pairwise catchment descriptors shown in bold blue are those which indicate a large difference according to the 
classification from WP3.4a. 

 
 

Hydrograph shapes for all inflows were derived using the gamma & exponential model from 
WP3.1.  As explained in Section 6.4, for the Tolka case study it was assumed that all inflow 
hydrographs started at the same time and peaked after the time of rise.  This approach was 
found unsatisfactory and was not followed for subsequent case studies. 

7.5 Consistency of design flows 

Before applying the inflows to the routing model, it is sensible to have a look at the peak flows 
for each inflow. They are shown in Table 7-4, along with peak flows for key points within the 
model.  Figure 7-1shows the locations of the points. 

As mentioned in Section 6.3, the Tolka case study used the QMED equation and urban 
adjustment from the draft final report on WP2.3.  A different set of equations was used for the 
subsequent case studies. 
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Table 7-4: Design flows for inflows and key sites within Tolka model 

Rows shaded pale blue are those for locations within the model reach; other rows are inflows to the 
model. 

Values in bold blue are those used as inflows to simulate the 1% AEP event on the Tolka.   

Design flows – 
FSU estimate 
(m

3
/s) 

Design flows – UAF 
applied on rural 
catchments (m

3
/s) 

Type of location Site code Area 
(km

2
) 

UAF (in 
brackets for 
sites with 
URBEXT 
<3%) 

6% 
AEP  

1% 
AEP  

6% 
AEP  

1% 
AEP  

Inflow at upstream 
limit of model (Tolka) 

Tolk_1m 42.2 (1.46) n/a 15.1 n/a 22.1 

Inflow from tributary to 
Tolka 

Tolk_1t 21.5 1.83 13.6 17.9   

Inflow from tributary to 
Tolka 

Tolk_2t 23.6 (1.60) 5.4 7.1 8.6 11.4 

Within model reach 
downstream of Tolk_2t 

Tolk_3m 87.5 1.40 n/a 42.2   

Inflow at upstream 
limit of model (Pinkeen 
River) 

Tolk_4t 7.9 (1.87) 1.6 2.1 2.9 3.8 

Inflow from tributary to 
Pinkeen River 

Tolk_5t 3.3 (2.04) 0.7 0.9 1.4 1.9 

Within model reach 
(Pinkeen River) 
downstream of Tolk_5t 

Tolk_6t 10.0 (1.78) 2.6 3.4   

Within model reach 
(Pinkeen River) 
immediately upstream 
of Tolka confluence 

Tolk_7t 11.2 1.90 5.0 6.6   

Within model reach 
immediately 
downstream of Pinkeen 
River confluence 

Tolk_8m 99.5 1.38 n/a 51.5   

Inflow from intervening 
area 

Tolk_1lat 51.1 1.92 19.0 24.9   

Downstream limit of 
model 

Tolk_9m 150.6 1.52 n/a 71.3   

Note 
At Tolk_4t, a peak flow of 4.6m3/s was necessary in order to produce the required 6% AEP flow of 5.0m

3
/s downstream at 

Tolk_&t, on the Pinkeen River as it enters the Tolka. 

 
One approach to check the spatial consistency of the design flows is to add up the peaks of 
all the inflow hydrographs.  The design flood peak at the downstream end of the catchment 
should not exceed this sum.  It should normally be less than the sum of all the inflow peaks to 
allow for the varying timing of the inflows and attenuation of peak flows.  Before considering 
the combination of return periods suggested by the dependence model, we will first sum all 
the inflows for the 1% AEP event.  Their sum is 68.0m

3
/s.  This is less than the design flood 

peak at the downstream end of the catchment (71.3m
3
/s).  The design flows are therefore not 

consistent.  Either some of the inflows are too low or the downstream peak is too high.  This 
discrepancy needs to be sorted out before we can expect the routing model to give sensible 
results. 

The spatial inconsistency may be due to the fact that the urban adjustment was not applied to 
QMED for some tributaries where URBEXT<3%. Table 7-4 includes an alternative set of 
design flows for these tributaries, in which the urban adjustment was applied universally.  
They are shown in the last two columns.  If these alternative flows are used, the sum of all the 
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1% AEP inflows increases to 82.0m
3
/s, which is greater than the design flood peak at the 

downstream end of the catchment.  We have assumed that these higher inflows give a more 
realistic representation of the catchment and therefore have applied them to the routing 
model. 

 
 

Figure 7-2 Locations of inflows and key sites within Tolka model 

 
Ordnance Survey Ireland Licence No. AR 0107209.  © Ordnance Survey Ireland/Government of Ireland. 

 
 

7.6 Application of flows to routing model 

Figure 7-3 shows the combination of inflows that were applied in an attempt to simulate the 
1% AEP design flood on the Tolka.  The 1% AEP flood was applied at Tolk_1m (the upstream 
limit), with the 6% AEP flood at other inflows.  As discussed above, an urban adjustment has 
been applied to all inflows for consistency.  There is clearly a wide variety of hydrograph 
shapes, and they do not all appear to be realistic given the nature of the various catchments. 
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Figure 7-3 Inflows to and outflow from model for simulating 1% AEP flood on model reach 1: Tolka 

Tolk_1m (upstream limit on Tolka) Tolk_1t (tributary of Tolka)

Tolk_2t (tributary of Tolka) Tolk_4t (upstream limit on Pinkeen River)

Tolk_5t (tributary of Pinkeen River) Tolk_1lat  (lateral inf low  in low er catchment)
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The figure above also shows the modelled flow hydrograph at the downstream limit of the 
Tolka.  Its peak is 51.5m

3
/s.  This is much lower than the 1% AEP design flow of 71.3m

3
/s 

given in Table 7-4.  There are several possible reasons for the discrepancy: 

1. The results of the dependence model are not appropriate for setting inflows to this 
model 

2. The magnitudes of the design flows are too low at inflow points or too high at the 
downstream end. 

3. The shapes and timing of the design hydrographs are inconsistent. 

4. The routing model does not correctly represent the propagation of design 
hydrographs in the catchment. 

To check whether the problem lies with application of the dependence model, the flow routing 
model was re-run with a 1% AEP peak at each inflow (i.e. ignoring the results of the 
dependence model and assuming naively that all subcatchments experience a 1% AEP flood 
during the same event).  The peak flow at the downstream end of the model increases to 
62.0m

3
/s, still below the 1% AEP design flow at this location.  This is not realistic. 

Reason number 3 (above) seems the most likely explanation at this stage.  The routing model 
cannot be expected to give realistic results when the shapes and timing of its inflow 
hydrographs bear so little relation to what would be expected on this catchment.  The relative 
shapes and timings of the five inflow hydrographs shown on the above figure are not realistic, 
with small tributaries and the urbanised lateral inflow having much more prolonged 
hydrographs than the inflow from the upper Tolka catchment.  
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7.7 Lessons from the Tolka case study 

The main finding from this case study was that the shapes and timings of inflow hydrographs 
were not realistic.  The shapes are controlled by the methods defined in WP3.1 and any 
changes to these methods are outside the scope of the present work package.  However, it 
was agreed with OPW that defining the timings of model inflows is an important part of this 
work package.  The next chapter describes how this problem was tackled. 

The Tolka case study also highlighted the importance of ensuring that design flows are 
spatially consistent throughout a catchment.  The nature of the urban adjustment was found 
to cause problems with spatial consistency, and this was subsequently amended by NUI 
Maynooth within WP2.3.  
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8. Setting timings of model inflow hydrographs 

8.1 Background 

Probably the biggest issue arising from OPW's comments on the Progress Report for 
WP3.4b, describing the Tolka case study, was how to represent the relative timings of inflows 
to models.   

This is something that was not clear at the start of the project because we had not yet seen 
the outputs from WP 3.1 on hydrograph shapes.  It became clear that WP3.1 provides 
hydrograph shapes but no information on their relative timings – it treats each catchment as 
an individual case.   

Various options were considered for how to set the timings of inflows.  One suggestion was 
using time to peak, Tp, to set the timings of inflows from tributaries.  Resorting to the FSR 
prediction equation based on catchment characteristics is not a practical option, so the 
obvious way of calculating Tp is to use the IBIDEM method developed in WP3.5.  In that case 
Tp would be controlled by the width of the FSU hydrographs (at various different flow rates).  
This results in a situation rather similar (but not identical) to that in the Tolka case study, in 
which the time of rise of the FSU hydrographs was used to control the timing of model 
inflows.  Using the total width of the hydrographs is not the same as using the time of rise, but 
it is possible that the results might be similar.  Another concern is that having to apply IBIDEM 
to every tributary would introduce too much complication for users and discourage uptake of 
the guidance.  

Instead, it was agreed that some analysis would be carried out to investigate the average 
time difference between peak flows for different types of catchment pairs  For example, one 
would expect that nearby catchments with similar properties would tend to peak at around the 
same time.  This should enable the development of some rules of thumb on setting the 
timings of model inflows. The aim of the analysis was to develop a regression model to 
predict the median time between flood peaks for a pair of catchments from pairwise 
catchment descriptors.   

When the regression model is applied, typically one will know the time at which the peak 
occurs on the model reach upstream of the confluence and one will want to know the time at 
which one should set the peak of the inflow (Figure 8-1). 

Figure 8-1: Typical confluence layout illustrating application of regression model 

Model reach

Inflow

We know the time of 

the peak here (from 
the river model)

We need to know the 

time of the peak here
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In other words, the regression model is needed for confluent site pairs rather than 
upstream/downstream site pairs ("connected" pairs).  As for the dependence model, it was 
developed using data from all "unconnected" pairs of gauging stations rather than only 
confluent pairs, for the reasons explained in section 2.5.  In fact two versions of the 
regression model were developed, one using only unconnected pairs of gauging stations, i.e. 
those that are not upstream or downstream of each other, and the other using all station 
pairs.  Both were found to give very similar results, and the final models were developed 
using all pairs of stations. 

Various different models were developed and tested on successive case studies, then 
refined.  This chapter describes the interim models as well as the final one, because the 
interim models were used on some of the case studies. 

8.2 Data used for regression models 

For each gauging station record, times of the peaks of high flow events were extracted. 
Events were defined as peaks over a threshold separated by five days where the flow was 
below this threshold.  The threshold chosen was the 99th percentile flow on the daily scale, 
which is about QMED for most sites.  Peaks at two gauging stations were defined as 
belonging to the same event if they occurred within 48 hours of each other.  Setting this time 
window involved striking a balance between a small window, which would have excluded 
some events on pairs of very different catchments (for example, a small tributary joining the 
Shannon) and a large window, which would have included some peaks that did not arise from 
the same event.  It should be recognised that the sole purpose of developing the regression 
model was to enable estimation of the timings of inflows to river models at confluences.  It is 
unlikely that a river model of a major river would need to include inflows from very small 
tributaries. 

To simplify the extraction of data, we included data only from OPW gauging stations, 
excluding the small number of EPA stations that were included in the development of the 
dependence model. 

The median, upper quartile, lower quartile and mean time difference was calculated for 6561 
pairs of gauging stations.  For developing the regression model, only pairs with at least 10 
events were included (to give a reliable estimate of the median).  This gave 1763 pairs.  We 
also developed models using data from a wider set of stations, with at least 5 events, but 
these alternative models had slightly poorer performance.   

8.3 Initial regression model 

An initial regression model was developed from the same pairwise descriptors that were used 
for the dependence model, the one change being that differences in BFI and FARL were 
treated as vector rather than scalar quantities, in other words they had a minus or plus sign 
attached to show which catchment was the more permeable, or the more affected by 
reservoirs and lakes.  This information is important because it affects the assessment of 
which catchment is likely to peak first.   

The plots in Figure 8-2 show how the median time difference is related to various pairwise 
descriptors: differences in BFI, FARL, AREA and distance between catchment centroids.  
Positive time difference means that the non-conditioning site (Y) peaks before the 
conditioning site (X).  So if the non-conditioning site is a tributary of a main river where the 
conditioning site is located, we would normally expect the non-conditioning site to peak before 
the conditioning, hence positive time difference.  Note that the data shown in these plots is for 
all catchment pairs where at least five events were found. 

Pairwise catchment descriptors are defined as the descriptor for site X minus the descriptor 
for site Y.  So, for area difference, positive values mean that catchment X is larger than Y. 

As expected, the results show that when X is larger than Y, X peaks after Y, and vice versa.  
There is also a clear tendency for earlier peaks at Y when it has lower BFI and when it has a 



 

 
 

Work Package 3_4 - Final Report (5) 59 
 

higher FARL, in other words catchments that are less permeable and less affected by 
attenuation tend to peak earlier. 

There also appears to be a relationship between time difference and centroid distance, with 
time differences near zero associated with the lowest centroid distances.  However, all other 
pairwise descriptors seem to show the same relationship with centroid distance (i.e. the 
closest catchments tend to be similar).  

Linear regression was used to develop a model for prediction of the median time difference.  
The variables were all found to be reasonably well approximated by a Normal distribution.  
Various models were investigated and compared using R

2
 and AIC (Akaike Information 

Criterion, a measure of the value provided by including additional variables in the model).  
The best model was found to be: 

time.diff = 29.8*BFI.diff – 104*FARL.diff + 3.70*area.diff    (5.1) 

 

where time.diff is in hours, BFI.diff and FARL.diff are arithmetic differences and area.diff is the 
difference in the logarithms of the catchment areas in km

2
.  The representation of catchment 

size was improved in a later version of the regression model, as explained below. 

All three variables were found to be significant at the 0.001 confidence level.  R
2
 for this 

model is 0.30.  The standard error is 14 hours.   

The above regression model was used to calculate inflows for the cases studies on the Suir 
and the Owenboy.  Before the Dodder case study, an improved model was developed. 
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Figure 8-2: Scatter plots showing how median time between observed  flood peaks varies 
with differences between four catchment descriptors 

 

 

8.4 Improving the regression model 

As a next step, the model was improved by adding some extra pairwise descriptors rather 
than being limited to those used for the dependence modelling in WP3.4a.  Four additional 
descriptors were initially considered, based on hydrological judgement and consideration of 
descriptors used in WP3.1 for prediction of hydrograph shape parameters.  They were: 

• Difference in logarithm of S1085 (S1085.diff) 

• Difference in logarithm of TAYSLO (TAYSLO.diff) 

• Difference in URBEXT (URBEXT.diff) 

• Difference in ARTDRAIN (ARTDRAIN.diff) 

The grid of scatter plots below shows how the median time between flood peaks (shown in 
the first row and column) is related to the above four differences.  It appears that the two 
slope descriptors and the difference in ARTDRAIN are all related to the time difference.  The 
relationship with URBEXT is harder to judge as there are few urbanised catchments. 

Median 
time 
difference 
(hours) 
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Figure 8-3 Scatter plots showing how median time between observed  flood peaks varies 
with differences between another four catchment descriptors 

 

 

As before, several trial regression models were developed.  Both slope descriptors (S1085 
and TAYSLO) were found to explain a significant amount of the variance, but it was decided 
to retain only one (TAYSLO, since it gave a slightly better model performance).  URBEXT 
was also found to be significant, but it was included in the model with a physically 
meaningless sign, i.e. urban catchments were predicted to peak later than rural ones.  This 
was found not be due to interactions between URBEXT and other variables, because even a 
regression model based solely on differences in URBEXT gave the same result.  It seems 
likely that this is due to the small number of urbanised catchments.  For this reason, URBEXT 
was excluded from the regression. 

The revised regression model was: 

time.diff = 33.6*BFI.diff - 89.0*FARL.diff + 3.31*AREA.diff - 2.03*TAYSLO.diff - 
44.6*ARTDRAIN.diff       (5.2) 

 
All differences are defined as the descriptor at the conditioning site minus that at the non-
conditioning site.  Logarithmic transformations are used for AREA and TAYSLO. Positive time 
difference means that the non-conditioning site (Y) peaks before the conditioning site (X). 
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The interpretation of the model is that the non-conditioning site peaks earlier (as it usually 
would on a tributary) if its catchment is: less permeable, less reservoired, smaller, steeper or 
more affected by arterial drainage.  This seems realistic. 

R
2
 for the revised model is 0.41 (increased from 0.30 for the previous model) and the 

standard error is 12.9 hours.  This was used for the Dodder case study. 

A further improvement was made after reconsidering the way in which catchment size is 
represented in the model.  It is not satisfactory that the model uses the ratio of AREA to 
predict the arithmetic difference in flood response time, because it means that identical time 
differences would be predicted for two pairs of catchments, one with sizes 0.1km

2
 and 1km

2
 

and the other with sizes 100km
2 

and 1000km
2
. It would be more logical to expect the 

difference in timing to be related to the difference in stream length.  Two measures of this 
difference were considered: 

• Difference in MSL (MSL.diff) 

• Difference in NETLEN (NETLEN.diff) 

Both were found (as can be seen from Figure 8-4) to be correlated with the time difference, 
and both were found to be significant when included in the regression equation.  However, it 
was decided to keep just one, NETLEN, as it gave a better model performance than MSL 
when the other variable was included. 

The performance of the regression was found to decrease markedly when the difference in 
logarithm of AREA was removed from the model.  It appears that AREA is able to explain 
something that MSL and NETLEN cannot.  It was therefore decided to transform AREA so 
that it is represented more logically in the model, using the variable: 

• Difference in square root of AREA  (SQRT.AREA.diff) 

This is another way of comparing the lengths of the catchments. Although highly correlated 
with NETLEN (Figure 8-4), it was found to increase R

2
 of the model from 0.36 (with no 

variable representing AREA) to 0.49 when it was added to the regression. 

The final regression model for predicting the time difference between flood peaks is: 

time.diff = 32.1*BFI.diff - 103*FARL.diff + 1.62*SQRT.AREA.diff - 1.94*TAYSLO.diff - 
46.4*ARTDRAIN.diff - 0.0272*NETLEN.diff    (5.3) 

 

A positive value of time difference means that the non-conditioning site (Y) peaks before the 
conditioning site (X).  All differences are defined as the descriptor at X minus that at Y.   

R
2
 of this model is 0.49, and the standard error is 11.9 hours.  The AIC of this model is lower 

than for the others investigated.  Note the negative coefficient on NETLEN.diff.  The 
interpretation of the model is that larger catchments (measured by AREA) will peak later, with 
NETLEN then used as an adjustment factor to account for the interaction between the two 
terms that measure the scale of the catchment. 
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Figure 8-4 Scatter plots showing how median time between observed  flood peaks varies 
with differences between various measures of catchment size 

 

 

The performance of the model is illustrated in Figure 8-5.  There is clearly some scatter, but 
the model is much improved compared with the earlier versions discussed above.  We 
recommend the model shown in Equation 5.3 for setting the relative timing of inflows to river 
models, in the absence of any observed data on timings. 



 

 
 

Work Package 3_4 - Final Report (5) 64 
 

Figure 8-5 Performance of final regression model 
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9. Suir case study 

9.1 Extent of study 

The model of the Suir is the longest of the four, extending for 135 km from Thurles down to 
Waterford.  There are several influential inflows along the study reach, so that the catchment 
area at the downstream end is 12 times larger than at the upstream limit.  Most of these 
inflows are gauged, and there are also several gauging stations on the Suir itself within the 
model reach.  Figure 9-1 illustrates the extent of the model. 

 

Figure 9-1 Extent of Suir model 

 

 

9.2 Routing model 

The model was developed from survey data provided by OPW.  This was mostly recent 
information from a 2007 river survey by Maltby Land Surveys in 23 areas along the River 
Suir, plus the gauging stations.   This was supplemented by some digitised survey data from 
the 1960s. Cross sections were extended across the floodplain, where necessary, using 
contours from OSI maps. 

A routing model was developed from the cross section data, using MUSK-XSEC units in ISIS 
to enter cross-section profiles from which the model calculates the wavespeed and 
attenuation parameters.  One of these units was later replaced with a MUSK-VPMC unit to 
remove an instability in the model.  VPMC (Variable Parameter Muskingum Cunge) units 
allow the user to enter curves of wavespeed and attenuation against discharge, thus 
providing an opportunity to smooth the automatically-generated curves from a MUSK-XSEC 
unit. 
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The downstream boundary of the model was set to an arbitrary constant head level which will 
have no effect on the results of the model in the reaches of interest. 

The performance of the model was tested by simulating various flood events extracted from 
the gauged record, although no attempt was made to formally calibrate the model. 

9.3 Dividing up the model 

We have not attempted to produce any results within the tidal reach of the model (because 
the routing model does not represent backwater effects).  The tidal limit is at Carrick on Suir. 

According to the guidance on dividing up models, design flood events on the non-tidal portion 
of the Suir model can be represented by dividing the model into two reaches, with the break 
being at Caher Park gauging station.  Reach 1, upstream of Caher Park, has one inflow at the 
upstream limit and five inflows from tributaries, two of which are gauged.  Other smaller 
tributaries and intervening areas have been represented by increasing the modelled areas of 
the main tributaries, so that all the catchment area is accounted for.  Reach 2 has an 
additional two inflows.   

If the original guidance was followed strictly, there would need to be another three reaches 
because it recommends creating a new reach at major confluences (ones that increases flow 
by more than 20-30%) with a gauging station near to the point downstream.  As well as Caher 
Park, there are gauging stations within the model domain at Beakstown, New Bridge and 
Clonmel.  However, two of these are close to the upstream and downstream limits of the 
model and the third (New Bridge) is not that far upstream of Caher Park.  Following this case 
study, the guidance was modified to allow some more flexibility, because from the modeller's 
point of view, the fewer reaches the better. 

9.4 Setting inflows 

On the Suir, eight significant tributaries have been included as model inflows.  Two tributaries 
which enter nearby (the Rivers Glenboy and Nier) have been combined into one inflow.  The 
contributions from intervening areas have been included by increasing the area of the 
discrete inflows so that the total area covered by all inflows equals the total catchment area at 
the downstream limit. 

 

Table 9-1: Catchment areas for inflows to Suir model 

Location AREA 
(km

2
) 

Check: AREA for whole 
catchment downstream 
of tributary (km

2
) 

Increased tributary area 
to account for intervening 
areas (km

2
) 

Reach 1: Suir upstream of Caher Park 

Upstream limit 228.6 228.6 228.6 

River  Drish confluence 205.3 437.5 269.6 

Clodiagh confluence 258.0 756.2 258.0 

Multeen confluence 181.9 1064.6 308.4 

Fidaghta confluence 52.9 1212.0 238.1 

Aherlow confluence 279.3 1582.0 279.3 

Sum of tributary areas 1582 

Reach 2: Suir downstream of Caher Park 

Upstream limit 1582.0 1582 1582.0 

Glenboy and Nier confluences 241.9 2050 468.0 

Anner confluence 444.7 2627 576.8 

Sum of tributary areas 2627 
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Design peak flows for the inflows and key points within the model reach were estimated using 
FSU methods, updating the QMED estimates to use the revised regression equation given in 
the Revised Final Report on WP2.3.  At gauging stations, QMED was estimated from annual 
maximum flow data.  At ungauged locations, it was adjusted using the grid of residuals 
provided from WP2.3.  The FSR flood growth curve was used for estimation of other return 
periods. 

Design hydrograph shapes were calculated using the parametric function which combines a 
gamma curve with an exponential recession method developed for WP3.1, apart from at 
gauging stations where the HWA software was used to create hydrograph shapes from 
analysis of observed events. 

There are several gauging stations along the Suir, so in a real study the inflows should be set 
by trial and error, aiming to give a good match with preferred design flows derived at the 
gauges, as recommended in the guidance developed for WP3.4a.  However, in order to test 
the rules of thumb for setting model inflows (i.e. the return periods obtained from the 
dependence model), these rules have been applied for the case study.  The resulting 
modelled flows have then been compared with hydrological estimates at the downstream end 
of the reach. It has been assumed that the 1% AEP flood is the main event of interest. 

Table 9-2 sets out the pairwise catchment descriptors and the resulting AEP for each 
tributary.  The catchment is fairly uniform in terms of soils and geology and is little influenced 
by lakes or reservoirs, so there are no major differences in BFI or FARL at confluences.  
Apart from the first confluence, where the River Drish joins the similarly-sized River Suir (see 
Section 9.7 for extra discussion of this confluence), all tributaries are small compared with the 
river they are joining and so most fall into the class with a large difference in area.  Some also 
have a large distance between centroids, which further increases the AEP of the inflow 
needed to represent a 1% AEP event on the main river. 

 

Table 9-2: Pairwise catchment descriptors and dependence model results for tributaries of Suir model 

 Catchment descriptors Pairwise catchment descriptors Results 

Location BFI 
of 
main 
river 

BFI 
of 
trib 

FARL 
of 
main 
river 

FARL 
of trib 

BFI 
differ-
ence 
(abs-
olute) 

Centroid 
distance 
(km) 

ln 
AREA 
differ-
ence 
(abs.) 

FARL 
differ-
ence 
(abs.) 

Expected 
AEP (RP) 
given 1% 
event on 
model 
reach 

Model reach 1: Suir upstream of Caher Park 

Upstream limit n/a n/a n/a n/a n/a n/a n/a n/a 1% 

Drish 0.56 0.57 1.000 1.000 0.01 7.51 0.48 0.00 2% (43 yr) 

Clodiagh  0.59 0.58 0.999 0.999 0.00 9.24 1.08 0.00 6% (16 yr) 

Multeen  0.59 0.56 0.999 0.997 0.03 16.97 1.24 0.00 6% (16 yr) 

Fidaghta  0.58 0.60 0.998 0.998 0.02 23.88 1.63 0.00 6% (16 yr) 

Aherlow  0.59 0.58 0.998 0.999 0.01 25.11 1.73 0.00 25% (4 yr) 

Model reach 2: Suir downstream of Caher Park 

Upstream limit n/a n/a n/a n/a n/a n/a n/a n/a 1% 

Glenboy and 
Nier  0.59 0.53 0.998 0.999 0.05 29.65 1.48 0.00 

25% (4 yr) 

Anner  0.59 0.63 0.998 0.999 0.04 18.72 1.52 0.00 6% (16 yr) 

Notes 
AEP is annual exceedence probability; RP is return period. 
Values for AREA are given in Table 9-1. 
To save space, grid references of catchment centroids are not shown. 
Pairwise catchment descriptors shown in bold blue are those which indicate a large difference according to 
the classification from WP3.4a. 
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The timing of model inflows was changed from that used on the Tolka case study, so that the 
upstream inflow peaked at an arbitrary chosen time (labelled as zero) and then subsequent 
inflows were adjusted so that their peak occurred t hours before the peak of the hydrograph in 
the model upstream of the confluence, with t estimated using the initial regression model 
described in the previous chapter (based on differences in AREA, BFI and FARL).   

Most tributaries were similar to the main channel in terms of BFI and FARL, and typically a 
factor of 2-5 smaller than the area contributed by the main channel.  These differences led 
the regression model to predict that most tributaries would peak 2 to 7 hours before the main 
river.  

Setting the timings of inflows was found to be quite a time-consuming process as it was 
necessary to run the model after addition of each inflow, in order to obtain the time of the 
peak of the hydrograph at the next confluence downstream, then adjust the inflow hydrograph 
in a spreadsheet before copying it into the model.  No doubt this process could be made more 
streamlined in practice, for example by development of software to create hydrograph 
shapes, set their timing and write them directly into hydraulic model input files. 

9.5 Consistency of design flows 

Table 9-3 shows the design flows for various probabilities at both model inflows and sites 
within the model reaches.   

 

Table 9-3: Design flows for inflows and key sites within Suir model 

Design flows – FSU estimate (m
3
/s) Type of location Site code Area 

(km
2
) 25% 

AEP  
6% 
AEP  

2.3% 
AEP  

1% AEP 

1% AEP 
flow/ 
AREA 

Upstream model limit SUI_1440
75.5 228.6 22.03 28.80 33.63 37.88 0.17 

Inflow from Drish at 
confluence Suir_1t 269.6 34.09 44.55 52.03 58.60 0.22 

Flow downstream of 
Drish Suir_2m 437.5 58.58 76.56 89.41 100.71 0.23 

Flow at Beakstown Suir_2am 483.7 63.24 82.66 96.52 108.73 0.22 

Inflow from Clodiagh 
at confluence Suir_3t 257.7 42.35 55.35 64.64 72.81 0.28 

Flow downstream of 
Clodiagh Suir_4m 757.9 101.43 132.58 154.82 174.40 0.23 

Inflow from Multeen at 
confluence Suir_5t 308.4 89.43 116.89 136.50 153.76 0.50 

Flow downstream of 
Multeen Suir_6m 1065 156.36 204.36 238.65 268.82 0.25 

Flow at New Bridge Suir_6am 1089 110.76 144.77 169.05 190.43 0.17 

Inflow from Fidaghta 
at confluence Suir_7at 238.0 47.85 62.54 73.03 82.27 0.35 

Inflow from Aherlow 
at confluence Suir_7t 279.2 90.37 118.12 137.94 155.38 0.56 

Flow at Caher Park Suir_8am 1582 194.64 254.40 297.08 334.64 0.21 

Inflow from Glenboy 
and Nier at 
confluence Suir_9t 468 149.54 195.45 228.25 257.11 0.55 

Flow downstream of 
Nier Suir_10m 2050 302.48 395.34 461.67 520.04 0.25 

Flow at Clonmel Suir_10am 2143 296.40 387.40 452.40 509.60 0.24 
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Table 9-3: Design flows for inflows and key sites within Suir model 

Design flows – FSU estimate (m
3
/s) Type of location Site code Area 

(km
2
) 25% 

AEP  
6% 
AEP  

2.3% 
AEP  

1% AEP 

1% AEP 
flow/ 
AREA 

Inflow from Anner at 
confluence Suir_11t 577 93.15 121.75 142.18 160.16 0.28 

Flow downstream of 
Anner Suir_12m 2627 387.78 506.84 591.88 666.72 0.25 

Notes 
Rows shaded pale blue are those for locations within the model reach; other rows are inflows to the model. 
Values in bold blue are those used as inflows to simulate the 1% AEP event.  

 

The spatial consistency of design flows has been checked by adding peak flows at 
confluences and dividing flow by catchment area, as can be seen in the last column of the 
table.  At most points on the River Suir, the specific flow (1% AEP flood peak per unit area) is 
0.21-0.25 m

3
/s.km

2
.  However, at New Bridge it drops to 0.17 m

3
/s.km

2
.  Design flows at New 

Bridge are derived from a QMED estimate obtained directly from the annual maximum flow 
data, so they can be treated with more confidence than flow estimates at ungauged locations.  
It appears that the method of adjusting QMED using the interpolated grid of residuals is not 
giving satisfactory results on this watercourse, given the discrepancy between the design flow 
estimates at sites Suir_6m (ungauged site downstream of Multeen River) and Suir_6am (New 
Bridge gauging station).  For this reason, this method for adjusting QMED was not used for 
subsequent case studies. 

9.6 Results  

For reach 1, the results were encouraging.  The modelled flow was 10% greater than the 
hydrological estimate at Caher Park gauging station.  Figure 9-2 compares the results of the 
routing model with the hydrological estimates at Caher Park and other key points within the 
model reach.  The only major discrepancy in Reach 1 is at New Bridge, which is due to 
inconsistency in the design flows, as discussed above. 

 

Figure 9-2 Results of Suir routing model 
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For reach 2, one question to answer was how to specify the upstream inflow, i.e. whether to 
divide up the model and apply an inflow directly to the top of Reach 2 or to keep it intact and 
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try to find an appropriate combination of inflows within Reach 1 that would lead to the design 
conditions being met within Reach 2.  Both approaches were tried, and it was found that 
keeping the model intact gave more satisfactory results in this case.  Since the inflows for 
Reach 1 were found to give a satisfactory match at the downstream end of the reach (Caher 
Park), the same combination of inflows was retained for modelling the inflow into Reach 2.   

This raised a general point about the need to divide models into reaches to ensure that 
design conditions are represented properly.  When model inflows are derived using a rainfall-
runoff approach, this division is important because of the sensitivity of different parts of the 
river system to different storm durations.  The degree of attenuation of a real flood 
hydrograph, or one represented in a river model, will be linked to its duration, with longer-
lasting floods having more volume of water available to fill up channel and floodplain storage.  
Within the FSU approach, the division of models appears to be less important because there 
is no direct link between design peak flow and event duration.  Event durations are controlled 
by the FSU characteristic hydrograph shapes which are derived from catchment descriptors, 
or analysis of observed hydrographs, with no link to a design rainfall event.  There is no 
scope in the hydrograph width procedure from WP3.1 to vary the duration of the hydrograph 
in order to produce an input to a river model which is suitable for representing design 
conditions further down the catchment.  The IBIDEM approach does allow for this possibility, 
however.  The guidance was modified to allow more flexibility, reflecting the findings of this 
case study. 

The modelled flow at the downstream end of Reach 2 (downstream of Clonmel) was found to 
be 21% less than the hydrological estimate.  This was surprising, given that at the upstream 
end (Caher Park) the modelled flow was 10% greater than the hydrological estimate.  Further 
investigation showed that the hydrological estimate at the downstream end of the reach was 
higher than the sum of the peaks of all the inflows (when they were set according to the AEPs 
specified by the guidance), so that the routing model had no hope of matching this estimate 
(once it took into account the time differences at confluences and attenuation effects). 
Another test involved using the 100-year return period for all inflows.  As expected, this gave 
a large overestimate of the design flow at Caher Park (46% over), yet at the downstream end 
of Reach 2 the overestimate was only 15%.  This result suggests that there is an 
inconsistency in the design flows used for Reach 2.  Either the flow at the downstream end is 
too high or the tributary flows are too low.  

9.7 Additional considerations for the River Drish, a "confluence 
of equals" 

As noted above, where the River Drish joins the Suir at Thurles, the areas of the two 
catchments are similar.  The Suir drains an area of 229km

2
 and the Drish drains 205km

2
.  

This situation, where neither watercourse dominates the flow downstream of the confluence, 
is referred to in the guidance (Section 4.4.4) as a confluence of equals.  The initial version of 
the guidance suggested treating these as special cases, with various options available for 
setting design inputs: 

1. The dependence model should first be used to give an initial estimate of the return 
periods of the inflows from both tributaries (A and B), given the required return period 
at C.  Both A and B should be treated as “connected” to C.  

2. Other combinations could also be explored, for example combining the upper quartile 
return period at A with the lower quartile return period at C.  This would allow the 
modeller to test the sensitivity of the downstream flow to different statistically valid 
combinations of the inputs. 

3. A possible extra stage would be to use the dependence model results for “non-
connected” sites to examine the dependence between the two upstream points, A 
and B.  If the dependence was low, then we would not expect simultaneous extreme 
events on both tributaries.  The initial choice of return periods at A and B could be 
refined using these results.  The expected return period at A could be selected from 
the required return period at C, as described in the paragraph above.  The return 
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period at B could then be obtained from that at A, treating the two sites as non-
connected. 

 

All of these options have been tried within the case study, and the resulting flow in the routing 
model downstream of the confluence compared with the FSU design flow estimate for that 
location, which is 100.7m

3
/s in the 1% AEP event (Table 9-3).   

• First, the confluence was treated like any other, assuming that the Suir dominates 
and therefore the 1% AEP flow downstream of the confluence will occur in the same 
event as the 1% AEP on the Suir upstream of the confluence.  The guidance 
suggests an AEP of 2.3% for the inflow from the River Drish, which gives a 
downstream modelled flow of  89.6m

3
/s. 

• Using method 1 above, the dependence model results suggest that we can expect an 
AEP of 2.3% on both the Suir and the Drish during a 1% AEP event on the Suir 
downstream of the confluence.  This gives a downstream modelled flow of  85.3m

3
/s. 

• Using method 2 above, the upper and lower quartile AEPs from the dependence 
model results are 4.5% and 1.3%.  These were applied on the Suir and the Drish, and 
vice versa, giving downstream flows of 84-87m

3
/s. 

• Method 3 above was considered but rejected.  Given a 1% event downstream of the 
confluence, one tributary would be expected to have an AEP of 2.3%.  Given a 2.3% 
AEP event on one tributary, the other tributary would be expected to have an event of 
AEP 9%.  This combination of inflows would result in a significant underestimate of 
flow downstream of the confluence.  The approach involves using the dependence 
model in two steps, which is likely to magnify the uncertainty. 

The provisional conclusion from this brief investigation was that treating "confluences of 
equals" as a special case can be unhelpful.  Using the dependence model to estimate AEPs 
for both upstream watercourses is rather limited because of the limited number of categories 
of catchment pair.  In reality this is a situation where at least one, and probably both, 
upstream catchments are unusually similar to the downstream catchment and so likely to 
have higher dependence than the median of the class of catchment pairs analysed for the 
dependence model.  A more reasonable approach might be to try the lower quartile AEP (i.e. 
upper quartile return period) on both tributaries.  In the case of the Suir and Drish, this would 
involve combining a 1.3% AEP flood on both tributaries, resulting in a downstream peak flow 
of 92.2m

3
/s, which is closer to the FSU estimate than any other approach tried here. 

Alternatively, and more simply, confluences of equals could be treated as any other 
confluence, making the assumption that for modelling a 1% AEP event downstream of the 
confluence it is reasonable to apply a 1% AEP on one of the tributaries, using the 
dependence model in the usual way to guide the choice of AEP for the other tributary.  IN the 
case of the Suir this seems to give reasonable results (see the first bullet point above).  We 
suggest that this approach is preferable. 

9.8 Lessons from the Suir case study 

The Suir case study showed that when model inflows are set using the rules of thumb, with 
their timings set from the regression model, they can give a good match to design flows within 
model reaches.  But they do not always give a close match. 

One key conclusion, similarly to that from the Tolka study, is that it is important to ensure that 
the design flows for tributaries and the main reach are as consistent as possible, before 
applying them to the routing model.  This is vital because river modelling imposes a structure 
on the hydrological response of the catchment which is not necessarily present in a set of 
design flows derived for individual locations using FSU (or FSR) statistical methods.  This is 
in contrast to the typical river modelling approach currently applied, in which an assumed 
catchment-wide design storm imposes a structure on the flood hydrographs that are fed into 
the model.  Consistency can be checked by comparing adjustment factors for QMED, dividing 
flows by catchment area and checking the summation of flows at confluences.  Another 
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option for assessing the physical realism of design flows is to use IBIDEM to check for any 
unrealistic implied values of Tp or SPR.    

Other lessons were that it would be worth amending the initial guidance to reduce the stress 
on the importance of dividing models into reaches, allowing modellers more flexibility in this, 
and to play down the importance of identifying confluences of equals. 

Note that it is possible that the results of this case study could change if the method for 
defining FSU hydrograph shapes for ungauged catchments was made more realistic, i.e. 
related to catchment size.  That could alter the way in which flows are summed at 
confluences. 

In reality for work on the Suir, as noted above, inflows would be adjusted to match preferred 
design flows at gauging stations rather than relying solely on the results of the dependence 
model. 
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9.9  
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10. Owenboy case study 

10.1 Extent of study 

The Owenboy model extends from near Cross Barry, in the headwaters of the catchment, 
down for 22km to Carrigaline, where the river opens out into an estuary that joins Cork 
Harbour.  The catchment area increases from 13km

2
 at the upstream limit to 116km

2
 at 

Carrigaline.  The catchment is long and narrow and consequently there are many small 
tributaries to the river.  There is an FSU-approved gauging station, Ballea, near the 
downstream limit. 

 

Figure 10-1 Extent of Owenboy routing model 

 

 

10.2 Routing model 

A model was developed by simplifying and converting a hydrodynamic model provided by 
OPW, which had been developed by Halcrow for the Lee CFRAM study.  Interpolated 
sections and hydraulic structures (bridges and culverts) were removed from the model, and 
open channel sections were grouped and converted into MUSK-RSEC units.  MUSK-RSEC 
units define segments (lengths of the river channel) with averaged channel geometry.  
Boundaries between segments were delineated by major physical changes in the system 
(e.g. gradient changes, tributary junctions and hydraulic roughness changes).  Three in-line 
weirs were retained in the model, represented using SPILL units. 
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The model includes short reaches of two tributaries, unnamed watercourses at Annagh Beg 
and Ballinhassig.  The downstream boundary was set to a tide curve taken from the Lee 
CFRAM model (Scenario 11, 5 year return period).   

10.3 Dividing up the model 

The Owenboy model is much shorter than the Suir.  According to the guidance, a design 
event can be represented by treating the model as a single reach.  No attempt was made to 
model design events on the short tributary reaches. 

10.4 Setting inflows 

Table 10-1 shows the areas draining to each inflow of the model.  As for the other case 
studies, the area was increased for each inflow to account for additional small inflows, with 
other catchment descriptors being left unchanged.  Two tributaries at Ballinhassig enter the 
Owenboy very close together, so they have been combined into one inflow.  

 

Table 10-1: Catchment areas for inflows to Owenboy model 

Location AREA 
(km

2
) 

Check: AREA for whole 
catchment downstream 
of tributary (km

2
) 

Increased tributary area 
to account for intervening 
areas (km

2
) 

Upstream limit 12.92 12.92 12.92 

Tributary at Killeady 10.92 31.91 18.99 

Tributary 1 at Annagh Beg 4.52 40.04 8.12 

Tributary 2 at Annagh Beg 10.01 50.52 10.48 

Two tributaries at Ballinhassig 6.48 70.77 20.25 

Intervening area between 
Ballinhassig and Ballea 

n/a 103.3 

32.5 (although inflow was 
produced by subtracting 
hydrographs, not from 
catchment descriptors)  

Sum of tributary areas 103.3 

 

Downstream of Ballinhassig there are numerous small catchments (1-4km
2
) entering the 

watercourse, until the gauging station at Ballea, where the area is 103.3km
2
. These 

catchments have been treated as an intervening area, a situation anticipated when 
developing the guidance in WP3.4a.  In this case, with a gauging station at the bottom end of 
the reach, the guidance recommends subtracting the upstream and downstream hydrographs 
as derived from FSU methods.  The calculated lateral inflow, for modelling the 1% AEP event, 
is shown in Figure 10-2.   

In accordance with the findings of the previous two case studies, the first step was to check 
the consistency of the FSU flow estimates.  

Initially, QMED estimates were adjusted using the grid of interpolated residuals.  This did not 
give satisfactory results on the Owenboy (and there were some doubts about it on other 
watercourses too).  At the gauging station, QMED is 15.4 m

3
/s from annual maximum flows 

and 19.1 m
3
/s from catchment descriptors without any adjustment.  The grid of adjustment 

factors gives a value of 0.325 at the site of the gauging station.  This value is added to the 
logarithm of QMED estimated from catchment descriptors, resulting in an adjusted QMED of 
26.4m3/s.  It seems that the adjustment is acting in the wrong direction.  It would be more 
appropriate to subtract the residual, but the revised final report on WP2.3 states "…the global 
regression model can be corrected by adding the error term to the predictions of ln(Qmed)". 

To avoid this problem, QMED estimates at all locations in the catchment were revised to use 
Ballea as a donor site, adjusting all estimates in the catchment by the ratio 15.4/19.1.   
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After this alteration, the design flows looked fairly consistent.  There was a slight 
inconsistency at one confluence, where the sum of the inflows is slightly larger than the 
downstream flow.  The QMED adjustment was removed on this tributary, to get rid of this 
problem. Further investigation showed that there is probably a little inconsistency in the 
design flows, similar but smaller to that seen on the lower Suir. 

Since there is a  gauging station at the downstream end of the Owenboy, the most confident 
design flow estimates will be at the downstream end and so the guidance recommends 
setting inflows by trial and error, aiming to give a good match with design flows at the gauge.  
However, in order to test the rules of thumb for setting model inflows (i.e. the return periods 
obtained from the dependence model), these rules have been applied for the case study.  
The resulting modelled flows have then been compared with hydrological estimates at the 
downstream end of the reach. It has been assumed that the 1% AEP flood is the main event 
of interest. 

Table 10-2 sets out the pairwise catchment descriptors and the resulting AEP for each 
tributary.  The catchment is uniform in terms of BFI and FARL, and small enough for the 
centroids of the main river and its subcatchments to be close together.  Most tributaries are 
much smaller than the main river, and so they fall into the class with a large difference in 
area. 

 

Table 10-2: Pairwise catchment descriptors and dependence model results for tributaries of Owenboy  
model 

 Catchment descriptors Pairwise catchment descriptors Results 

Location BFI 
of 
main 
river 

BFI 
of 
trib 

FARL 
of 
main 
river 

FARL 
of trib 

BFI 
differ-
ence 
(abs-
olute) 

Centroid 
distance 
(km) 

ln 
AREA 
differ-
ence 
(abs.) 

FARL 
differ-
ence 
(abs.) 

Expected 
AEP (RP) 
given 1% 
event on 
model 
reach 

Upstream limit n/a n/a n/a n/a n/a n/a n/a n/a 1% 

Tributary at 
Killeady 0.64 0.64 1 1 0.00 1.94 0.52 0.00 

2.3% (43 
yr) 

Tributary 1 at 
Annagh Beg 0.64 0.64 1 1 0.00 2.87 1.60 0.00 6% (16 yr) 

Tributary 2 at 
Annagh Beg 0.64 0.64 1 1 0.00 3.83 1.57 0.00 6% (16 yr) 

Two tributaries 
at Ballinhassig 0.64 0.64 1 1 0.00 4.08 1.25 0.00 6% (16 yr) 

Notes 
AEP is annual exceedence probability; RP is return period. 
Values for AREA are given in Table 10-1 
To save space, grid references of catchment centroids are not shown. 
Pairwise catchment descriptors shown in bold blue are those which indicate a large difference according to 
the classification from WP3.4a. 

 

Hydrograph shapes and timings were set using the same approach as that applied for the 
Suir case study.  The regression model (the initial version, based solely on differences in 
AREA, FARL and BFI) predicted that most tributaries would peak 3-5 hours before the main 
river.  
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Figure 10-2 Calculation of lateral inflow from lower catchment 
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10.5 Results 

The results from this case study were very encouraging (Figure 10-3).  The modelled peak 
flow at Ballea is within 3% of the hydrological estimate.  The close agreement is probably 
helped by the fact that the intervening area accounts for a significant proportion of the inflow 
to the model, and the flow from this area is not calculated from the dependence model results 
- it simply ensures that the flow is increased by the difference between the FSU design 
hydrographs at the upstream and downstream ends of the reach over which the lateral inflow 
is applied.  

 

Figure 10-3 Results of Owenboy routing model 
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10.6 Lessons from the Owenboy case study 

Lessons from this case study are similar to those from the Suir: consistency of the flows is a 
key issue.  Setting lateral inflows by subtracting FSU hydrographs for successive  points on 
the river seems to work well.  The guidance works well, giving peak flows well within the 20% 
tolerance.  It seems best to ignore the grid of QMED adjustment factors and use donor sites 
to adjust QMED instead. 
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11. Dodder case study 

11.1 Extent of study 

The Dodder model includes both the main river and also three tributaries draining the 
northern Wicklow Hills: the Owendoher River, an un-named tributary of the Owendoher and 
the Little Dargle River.  They have been included to represent the situation, typical in CFRAM 
studies, where the design flood event needs to be modelled and mapped along tributaries as 
well as along the main river.  The extent of the model can be seen on Figure 2-3, the length 
covered being 11.7km on the Dodder and 11.9km on the tributaries.  There is one gauging 
station, Waldron’s Bridge (09010), at the downstream limit. 

 

Figure 11-1 Extent of Dodder model 

 

 

The Dodder case study provided an opportunity to try an improved version of the regression 
model for predicting the relative timings of inflows, in which the difference in timings is 
affected by differences in slope and arterial drainage extent, as well as the original pairwise 
descriptors expressing differences in AREA, BFI and FARL.  There are large differences in 
FARL between the whole Dodder catchment and its tributaries due to the presence of 
reservoirs in the upper catchment. 

11.2 Routing model 

The routing model was developed from survey data provided by OPW.  The survey was 
carried out by Paul Corrigan and Associates in 2006.   

Owendoher 
River 

Little Dargle 
River 

River 
Dodder 



 

 
 

Work Package 3_4 - Final Report (5) 81 
 

The model uses MUSK-RSEC units in ISIS to define segments (lengths of the river channel) 
with averaged channel geometry.  Three distinct weirs are represented in the model using 
inline SPILL units.  The downstream boundary was set to an arbitrary constant head. 

Initially, the model also included a tributary at Tallaght, with two branches and a reservoir 
which was attached to a short hydrodynamic reach (necessary for calculating water levels 
which control spill from the river into the reservoir).  This was later removed from the model to 
simplify the case study. 

11.3 Dividing up the model 

The case study covers the main river plus two tributaries, one of which has its own tributary.  
There is a large difference in FARL between the upstream and downstream limits of the main 
river: FARL is 0.87 at the upstream end (immediately downstream of Glenasmole Reservoirs) 
and 0.96 at Waldron's Bridge.  This difference is over the threshold of 0.07 which we have 
proposed to define high dependence (from the report on WP3.4a) and so for simulating 
design events it would be wise to divide the Dodder model into two reaches.  The break point 
is at the point where the Tallaght tributary joins the Tolka, shortly upstream of the M50 
motorway. 

Each of the tributary portions of the model can be treated as a single reach according to the 
guidance. 

11.4 Setting inflows 

Table 11-1 shows the areas draining to each inflow of the model.  As for the other case 
studies, the area was increased for each inflow to account for additional small inflows, with 
other catchment descriptors being left unchanged.  Lateral inflows have been used to 
represent the lower part of the catchments on two tributaries: Whitechurch and Little Dargle. 

 

Table 11-1: Catchment areas for inflows to Dodder model 

Location AREA 
(km

2
) 

Check: AREA for whole 
catchment downstream 
of tributary (km

2
) 

Increased tributary area 
to account for intervening 
areas (km

2
) 

Reach 1: Dodder upstream of Tallaght tributary 

Upstream limit 27.76 27.76 27.76 

Tributary at Ballinascorney 3.09 31.70 3.94 

Tributary near R114 1.86 34.70 3.00 

Tributary from Tallaght 10.17 52.97 18.27 

Sum of tributary areas 52.97 

Reach 2: Dodder downstream of Tallaght tributary 

Upstream limit 52.97 52.97 52.97 

Owendoher Confluence 20.92 83.18 30.21 

Little Dargle Confluence 9.09 
94.40 (at the gauging 
station) 11.22 

Sum of tributary areas 94.40 

Reach 3: Owendoher River 

Upstream limit 10.66 10.66 10.66 

Tributary from Whitechurch 7.27 20.92 10.26 

Sum of tributary areas 20.92 

Reach 4: Un-named river at Whitechurch 

Upstream limit 5.30 5.30 5.30 

Lateral inflow before confluence 1.97 7.27 1.97 
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Table 11-1: Catchment areas for inflows to Dodder model 

Location AREA 
(km

2
) 

Check: AREA for whole 
catchment downstream 
of tributary (km

2
) 

Increased tributary area 
to account for intervening 
areas (km

2
) 

with Owendoher 

Sum of tributary areas 7.27 

Reach 5: Little Dargle River 

Upstream limit 4.50 4.50 4.50 

Lateral inflow before confluence 
with Dodder 4.59 9.09 4.59 

Sum of tributary areas 9.09 

 

Some tributaries of the Dodder are heavily urbanised.  QMED was adjusted using the 
improved urban adjustment from Revised Final Report on WP2.3, rather than the original 
adjustment method which was found to cause problems in the Tolka case study. 

There is one FSU-standard gauging station at the downstream end (Waldron’s Bridge).  As 
for the Owenboy case study, this gauge was used as a donor site for adjusting QMED at 
upstream locations.   QMED estimated from flood peak data is 48m

3
/s.  From catchment 

descriptors, with the urban adjustment, it is 29.5 m
3
/s.  So the adjustment factor is 1.63.  As a 

first step, this was applied to all locations in the upstream catchment, although it is recognised 
that using an urbanised donor catchment for adjusting upstream rural subcatchments is not 
necessarily wise.   

On one tributary, at Tallaght, it was found necessary to increase QMED still further to avoid 
an inconsistency at the confluence.  This inconsistency was investigated: it was found not to 
be due to use of the donor site, nor the urban adjustment (although it is exacerbated by it).  
The rural estimates of QMED, without any adjustment, are: 

• Dodder upstream of confluence: 11.3m
3
/s 

• Tributary from Tallaght: 2.1m
3
/s 

• Dodder downstream of confluence: 14.1m
3
/s 

The sum of the two upstream values is 13.4m
3
/s, which is smaller than the downstream 

value.  This is physically impossible: the highest value that the downstream estimate of 
QMED can take is the sum of the two upstream values.  The inconsistency is caused by the 
FSU regression equation for QMED, and it is probably an unavoidable consequence of using 
a regression which does not scale linearly with catchment area: similar effects have been 
observed in the UK when QMED is estimated using the FEH procedures. 

Since there is a  gauging station at the downstream end of the Dodder, the most confident 
design flow estimates will be at the downstream end and so the guidance recommends 
setting inflows by trial and error, aiming to give a good match with design flows at the gauge.  
However, in order to test the rules of thumb for setting model inflows (i.e. the return periods 
obtained from the dependence model), these rules have been applied for the case study.  It 
has been assumed that the 1% AEP flood is the main event of interest. 

Table 11-2 sets out the pairwise catchment descriptors and the resulting AEP for each 
tributary for Reaches 1 and 2.  To save space, the results for modelling Reaches 3-5 (the 
tributaries) are not shown.  All tributaries show a large difference between their area and that 
of the main river.  In addition, there is a large different in FARL for the first two tributaries.  
There is also some heterogeneity in terms of BFI, although not enough to be judged a large 
difference according to the results of the dependence model.  Note that the predicted AEP for 
tributaries showing a large difference in FARL is lower (4%) than that for tributaries where 
FARL is more similar (6.2%).  This correctly matches the classification of results from the 
dependence model, but it is not logical.  It probably stems from the small number of 
catchment pairs (8) falling in the category "Connected, near, similar BFI, different AREA and 
different FARL).  It may be more sensible to apply a lower AEP on these tributaries, because 
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the large FARL difference could be expected to result in a lower dependence.  However, in 
reality the results are not sensitive to the magnitude of these inflows because the regression 
model predicts that the inflows from these tributaries will peak well before the hydrograph on 
the main river, as discussed below.  

An additional model run was carried out to represent the design event on the Owendoher 
River.  Two inflows were applied, one from the Whitechurch tributary and one from the 
intervening urban area in the lower catchment.  It was found that great care was necessary to 
ensure that catchment areas, flow magnitudes and peak timings were appropriate for 
representing inflows to the tributary rather than to the main river.   

 

Table 11-2: Pairwise catchment descriptors and dependence model results for tributaries of Dodder 
model 

 Catchment descriptors Pairwise catchment descriptors Results 

Location BFI 
of 
main 
river 

BFI 
of 
trib 

FARL 
of 
main 
river 

FARL 
of trib 

BFI 
differ-
ence 
(abs-
olute) 

Centroid 
distance 
(km) 

ln 
AREA 
differ-
ence 
(abs.) 

FARL 
differ-
ence 
(abs.) 

Expected 
AEP (RP) 
given 1% 
event on 
model 
reach 

Reach 1: Dodder upstream of Tallaght tributary 

Upstream limit n/a n/a n/a n/a n/a n/a n/a n/a 1% 

Tributary at 
Ballinascorney 0.55 0.73 0.886 1 0.18 3.28 2.08 0.11 

4% (25 
yr) 

Tributary near 
R114 0.56 0.62 0.895 1 0.06 3.52 2.45 0.11 

4% (25 
yr) 

Tributary at 
Tallaght 0.55 0.54 0.927 0.986 0.01 4.63 1.06 0.06 

6.2% (16 
yr) 

Reach 2: Dodder downstream of Tallaght tributary 

Upstream limit n/a n/a n/a n/a n/a n/a n/a n/a 1% 

Owendoher 
Confluence 0.55 0.58 0.953 1 0.03 3.61 1.01 0.05 

6.2% (16 
yr) 

Little Darge 
Confluence 0.56 0.56 0.958 1 0.00 5.25 2.13 0.04 

6.2% (16 
yr) 

Notes 
AEP is annual exceedence probability; RP is return period. 
Values for AREA are given in Table 11-1. 
To save space, grid references of catchment centroids are not shown. 
Pairwise catchment descriptors shown in bold blue are those which indicate a large difference according to 
the classification from WP3.4a. 

 

As for other case studies, hydrograph shapes were defined using the gamma plus 
exponential function developed in WP3.1.  Although one might expect the small, steep 
tributary catchments to have shorter-duration flood hydrographs than the larger inflow at the 
upstream end of the model, affected by upstream reservoirs, this turned out not to be the 
case for some tributaries.  Figure 11-2 shows the characteristic hydrograph shapes for the 
inflows to Reach 1, each centred on the time of its peak.  It can be seen that the small 
tributary at Ballinascorney has a more prolonged hydrograph than the much larger catchment 
at the upstream end of the model.  This is not realistic.  The difference between the duration 
of the two hydrographs is primarily due to differences between BFI values for the two 
catchments.  As remarked for the Tolka case study, it does not seem realistic to have no 
allowance for catchment size in the procedure for determining hydrograph shapes. 
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Figure 11-2 Hydrograph shapes for inflows to Reach 1 of the Dodder model 
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Hydrograph timings were set using the "revised" version of the regression model (Section 
8.4), in which the difference in timings is affected by differences in slope and arterial drainage 
extent, as well as the pairwise descriptors expressing differences in AREA, BFI and FARL.  
The large differences in FARL (combined with differences in area and slope) between the 
main river and the tributaries result in large predicted time differences: for example, the small 
tributary near the R114 road is predicted to peak 18.6 hours before the main river.   This 
effectively means that the inflow from this tributary has no effect on the peak flow for the main 
river.   

11.5 Results 

The results are illustrated on Figure 11-3.  At the downstream end of reach 1, the modelled 
peak flow was found to be 21% smaller than the FSU estimate.  Given this discrepancy, it 
was decided to model Reach 2 by removing Reach 1 from the model so that an inflow could 
be applied directly at the top of Reach 2.  Dividing up the model in this way was 
straightforward.   The inflow at the top of Reach 2 could then be set to give an exact match to 
the FSU design flow at this location.  At the downstream of Reach 2, the modelled peak flow 
was found to be 17% smaller than the FSU estimate. 

The differences between modelled and FSU flow estimates are both close to the suggested 
tolerance of 20%.  

On the Owendoher River, the modelled flow at the downstream limit was within 1% of the 
FSU estimate.  This close agreement is partly due to the way in which the inflow from the 
intervening areas was set, by subtracting FSU hydrographs for catchments upstream and 
downstream of the intervening area. 
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Figure 11-3 Results of Dodder routing model 
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Further investigation found that, as on the other watercourses, the difference appears to be 
due at least as much to inconsistency in the design flows as to any underestimation of the 
return periods of inflows from the dependence model.  Two model tests were carried out for 
Reach 1 in support of this finding: 

• If the 1% AEP flow is applied at every inflow to the model, this would be expected to 
overestimate flows in the model reach, but in fact it results in a downstream flow 
which is less than the FSU estimate.   

• If all inflows are timed so that they peak simultaneously with the main river (with their 
magnitudes set according to the guidance), this would also be expected to 
overestimate flows in the model reach, but again it results in a downstream flow 
smaller than the FSU estimate. 

Another possibility might be that the routing model provides too much attenuation, but in fact 
the model shows virtually no attenuation along model reaches (which are relatively short and 
steep).   

It therefore appears that the design flows for the upper catchment are not spatially consistent.  
As mentioned above, it was found necessary to introduce an arbitrary adjustment factor for 
one tributary (at Tallaght) to ensure consistency at its confluence. Tallaght is the biggest 
tributary by quite some way, and it is also urbanised.  So it seems likely that either the design 
flows are too low for that tributary, or they are too high on the Dodder downstream of the 
tributary. Possible explanations for the apparent inconsistency include: 

• The use of  S1085 to estimate QMED, which just measures the slope of the main 
channel and so take no account of the entry of a much lower-gradient tributary. 

• The use of the FSR Irish growth curve for the case study rather than the FSU pooling 
method, which might give steeper growth curves for smaller catchments and hence 
increase tributary flows in comparison with the main channel. 

Similar results were found on Reach 2.  It was found that adjusting the timing of the inflows 
helped to improve the match between the downstream modelled flow and the hydrological 
estimate at Waldron's Bridge gauging station.  According to the regression model, the inflows 
to Reach 2 (Owendoher River and Little Darge River) are predicted to peak 9 and 15 hours 
respectively before the main river.  On these tributaries, the final version of the model 
described in Section 8.4 gives almost identical results to the "revised" model which was used 
for this case study.  These predicted time differences seem quite long.  They could perhaps 
be refined using any data that might be available from additional flow or level gauges.  In 
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applying the regression model it is worth recalling that its predictions are associated with a 
high standard error, 11.9 hours for the final version.  Reducing the time differences by 6 hours 
(half the standard error) was found to result in a better match between modelled and FSU-
estimated flows at the downstream end of Reach 2, with the modelled peak being 9% below 
the FSU peak. 

11.6 Lessons from the Dodder case study 

The Dodder has provided a useful example of a heterogeneous catchment, with variations in 
soils, urban extent and reservoir influence between its tributaries.  Despite the differences 
between the tributaries and the main channel, the dependence model predicts that there is a 
moderate degree of dependence and hence moderate AEPs have been used to represent 
inflows from the tributaries.  A more striking consequence of the differences has been that the 
regression model predicts a large time lag between flood peaks on the tributaries and the 
main channel.   

The Dodder case study has reinforced the finding from previous studies that design flows 
from a catchment-wide model cannot be expected to give an exact match to those derived 
from hydrological assessments at individual locations.  This should come as no surprise, but it 
does limit the extent to which the rules of thumb on setting model inflows can be verified.  
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12. Summary of case study findings  

12.1 Main findings from the case studies 

The four case studies provided useful opportunities to apply the guidance and rules of thumb 
in practice.  They were carried out sequentially, with changes that were made after each case 
study being implemented for the subsequent ones.   

12.1.1 Timing of inflows 

The most significant finding, from the Tolka case study, was that more work was needed as 
part of this study to set the relative timing of model inflows.  This is reported in Section 8 of 
the report.  A regression model was developed which allows the difference between the 
timing of flood peaks on two catchments to be predicted from differences in BFI, FARL, 
square root of AREA, TAYSLO (slope), ARTDRAIN (arterial drainage extent) and NETLEN 
(network length). 

12.1.2 Consistency of design flows 

A common theme that has emerged from the case studies is that the FSU methods, all 
designed for application at individual locations, do not necessarily give spatially consistent 
results.  This can be seen both in the magnitudes of peak flows and the durations of flood 
hydrographs.  Both of these can lead to difficulties in river modelling, which imposes a 
structure on the hydrological response of the catchment which is not necessarily present in a 
set of design flows derived for individual locations using FSU (or FSR) statistical methods.  In 
the past this issue has not caused such explicit difficulties, often because river modelling 
studies have largely relied on the FSR design event method, in which an assumed 
catchment-wide design storm imposes a structure on the flood hydrographs that are fed into 
the model.   

Consistency between peak flows at different sites can be promoted by practices such as 
careful adjustment of QMED, ensuring that adjustments are consistent with local gauged data 
and avoiding any sudden jumps in the adjustment factor.  When growth curves are estimated 
from pooled analysis, it can be helpful to apply a common pooling group to several sites along 
a study reach.  It is important to check consistency by comparing design flows (and flows 
standardised by catchment area) at upstream and downstream sites and at confluences. 
Another option for assessing the physical realism of design flows is to use IBIDEM to check 
for any unrealistic implied values of Tp or SPR.    

Consistency between hydrograph shapes is more difficult to enforce within the methods 
produced from WP3.1.  The lack of direct accounting for catchment size can give some 
unrealistic results, and we suggest that this aspect is reconsidered.  Using IBIDEM to 
generate hydrograph shapes is not likely to provide a way round this problem, because 
IBIDEM fits hydrographs to match the width of input hydrographs which have been produced 
using the WP3.1 techniques. 

12.1.3 Results of routing models 

Despite the difficulties associated with spatial consistency, the case studies on the Suir, 
Owenboy and Dodder have shown that when inflow probabilities are set using the guidance 
developed in WP3.4a and their timings set using the regression model described in this 
report, the resulting modelled flows generally give an acceptable agreement with hydrological 
estimates at points within the model reaches.  At the downstream end of all five reaches in 
the various models, the modelled flows were within 21% of the hydrological estimates.  On 
the Owenboy, the results matched to within 3%.  These are encouraging results which should 
promote confidence in use of the guidelines. 

In reality, when studying any of these three watercourses, it would not be necessary to rely 
solely on the results of the dependence model to specify inflows.  The AEPs taken from the 
dependence model could be used as a starting point, then adjusted if necessary in order to 
match the preferred design flows at the sites of downstream gauging stations.  One way to 
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adjust the inflows, where necessary, would be to try using the upper or lower quartile return 
periods from the dependence model, having started with the median.   

It was found that the suggestions in the initial draft guidance about giving special treatment to 
confluences of equals were not helpful, at least in the example considered (River Suir).  It is 
suggested that, when setting flows for modelling a reach downstream of a confluence of 
similar-sized rivers, analysts should normally be able to treat the situation like any other 
confluence, with care.  One check that may be worthwhile is to try treating each tributary in 
turn as the dominant one, i.e. applying the x% AEP flow on that tributary and using the 
dependence model results to select the AEP of the flow on the other tributary.   

12.1.4 Division of models into reaches 

Two of the models (Suir and Dodder) were divided into multiple reaches for simulation of 
design events, in accordance with the guidance.  In doing this it emerged that the division of 
models may be less important than was first thought.  The reason why it was first thought 
important was stated in the inception report for WP3.4a: "There is a need to divide the river 
system into reaches along which the design condition (for example the 1% AEP peak flow) 
can be expected to arise from the same set of inflows".  This is necessary in applications 
such as flood risk mapping in which it is necessary to model an event of the required 
probability at all points in the river system.  Because the situation does not occur in reality, it 
can be difficult to represent in river models, and often requires multiple runs, each of which 
aims to simulate the design condition in part of the river system.  It was expected that the 
dependence model would enable development of guidance on two aspects of this problem: 

• Dividing models into reaches; 

• Setting inflows for long reaches where a hydrodynamic model will alter the flood 
hydrograph (by delay and attenuation) so that at the downstream end of the reach the 
hydrograph shape and peak flow may be quite different to that which would have 
been estimated by a hydrological assessment of the entire catchment draining to the 
downstream point. 

The results of the Suir case study, illustrated in Figure 9-2, suggest that it was not necessary 
to divide the model into separate reaches, despite its long length and low dependence 
between upstream and downstream ends (according to the classification of catchment pairs 
from the dependence model results).  Within Reach 1 there is a good match between 
modelled and hydrological estimates of peak flow.  When modelling reach 2, the Reach 1 
inflows were left unchanged.  If the dependence model were used to choose different inflows 
to Reach 1 suitable for representing design events in Reach 2, it would account for the lower 
dependence between Reach 1 tributaries and the main river in Reach 2 by reducing the 
inflows to Reach 1.  Yet it can be seen from Figure 9-2 that the modelled flows in Reach 2 are 
already rather lower than the preferred hydrological estimates.  There may be at least two 
reasons for this: 

• The inflows to Reach 2 need to be increased.  It is possible that there is more 
dependence between the inflows and the main river than suggested by the 
dependence model.  However, what seems more likely is that the design flows for the 
tributaries to Reach 2 are underestimated.  In general, the results from all the river 
models used in the case studies seem to be affected more by the magnitudes of 
inflows than by the dependence between upstream and downstream ends of 
reaches.   

• The flows within Reach 2 are sensitive to the volume and duration of inflows to the 
model.  When modelling design events in the lower catchment, longer-duration 
hydrographs would normally be used for the inflows because the lower catchment is 
more likely to flood in prolonged events.  This is an important consideration when 
using a rainfall-runoff approach, because the duration of the design storm can have a 
major effect on the peak of the flood hydrograph.   

In the FSU approach, the hydrograph shape and duration are chosen independently of the 
estimation of the peak flow.  However, when the hydrograph is applied to a river model, the 
degree of attenuation will be related to the duration of the flood.  There is currently no scope 
in the hydrograph width procedure from WP3.1 to vary the duration of the hydrograph, for 
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example in order to produce an input to a river model which is suitable for representing 
design conditions further down the catchment.  Perhaps surprisingly, this might suggest that 
there is a good reason not to include any allowance for catchment size in the procedure for 
determining hydrograph shapes, despite the suggestion above to do so.  Because catchment 
size is not considered, there is no particular reason to think of a hydrograph as being 
appropriate for the size of catchment on which it was derived.  It is therefore possible that 
hydrographs derived for model inflows might be suitable for representing design floods on the 
main river, even if it drains a much larger catchment.   

If river modellers are uncomfortable with this assumption, an alternative approach would be to 
use IBIDEM (FSU WP3.5) to obtain rainfall-runoff model parameters for each inflow, then 
apply a longer-duration design storm (using a consistent duration for each subcatchment) and 
using the resulting hydrographs as inputs to the river model.  This could be approached in 
either of two ways: 

• Using the hydrograph shapes from IBIDEM, and scaling to match peak flows derived 
from FSU procedures for AEPs specified by the dependence model; or 

• Ignoring the dependence model and allowing IBIDEM to control the magnitudes of 
the inflow hydrographs, i.e. reverting to a rainfall-runoff approach, albeit one in which 
the parameters are derived from matching FSU design flows and hydrograph shapes. 

It would be interesting to compare the results of the second approach with those from the 
present study.  However, the methodology developed in WP3.4 is more consistent with the 
FSU approach which has moved away from the concept of using rainfall-runoff methods. 

In the summary of the guidance given in the next chapter, we suggest that modellers check 
the assumption that a single design run can be carried out by first running a design run for the 
entire model and then looking at the peak flow and hydrograph at the downstream end.  If 
they is not realistic (for example, the peak is too low or the hydrograph too short) then it is 
advisable to divide the model up. 

 

12.1.5 Ease of applying the guidance and rules of thumb 

In general, the guidance was found to be straightforward to apply.  Catchment descriptors 
were extracted from a GIS shapefile and entered into a spreadsheet, which was used to 
calculate pairwise descriptors and hence to find the appropriate category of catchment pair, 
from which the appropriate AEP could be found within the table of dependence model results 
produced in WP3.4a.  

The procedure for setting the timings of inflow hydrographs was found to be quite time-
consuming to apply, but most aspects of it could be automated if necessary for widespread 
application. 
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13. Summary of the final guidelines 

This summary is aimed at hydrologists carrying out river modelling studies. 

13.1 Purpose of the guidelines 

These guidelines are intended to help you carry out river flood modelling studies in a way 
which ensures that the resulting flows in your modelled watercourse correspond to the 
required annual exceedance probability (AEP).    

13.2 What you need before applying the guidelines 

To apply the guidelines you will need: 

• An unsteady hydraulic model of the river system (1D or linked 1D-2D); 

• Information on the locations of flow gauging stations in the catchment; 

• Flood peak data; 

• Access to catchment descriptors; 

• Access to the FSU procedures for estimating design flows and hydrograph shapes; 

• Understanding of the river system, such as the type of events which have caused 
flooding in the past, the effects of artificial influences and the influence of backwater 
effects on flood levels; 

• Understanding of the background to the FSU procedures and these guidelines so that 
you can apply professional judgement in carrying out the study. 

13.3 Factors to consider in river modelling problems 

The most important factors you should consider are: 

• The extent of your model (for example, whether it includes just one watercourse or 
extends up its tributaries as well). 

• The presence of gauging stations (providing good quality flood peak data, at least 
FSU grade B) close to points of interest within the model.  This affects the way in 
which inputs to river models are set, because of the way that flood peak data 
implicitly accounts for catchment processes which may otherwise have to be 
modelled.  You should also take into account any longer-term historical flood 
information. 

• The degree of dependence between the upstream and downstream ends of the 
model, and between any tributaries and the main river.  This is explained further 
below. 

• The importance of backwater effects.  In some situations, flow on a watercourse is 
affected not just by the upstream hydrological inputs but also downstream hydraulic 
influences that can impede the discharge, such as backwater effects at a confluence 
where a tributary might be flood-locked by high water levels on the receiving river.  
Backwater effects can persist for long distances on low-lying watercourses, 
particularly drains that are discharged by pumping.  This factor is also highly relevant 
on tidal reaches.   

There are other factors that are occasionally influential in determining how to approach the 
hydrological aspects of river modelling problems.  You should develop a good understanding 
of your catchment so that you become aware of any unusual factors.  Examples might include 
the presence of artificial features such as flood diversion channels, major storm sewers, or 
transfers between watercourses for water resource purposes. 
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13.4 Dividing models into reaches 

13.4.1 Is it important? 

When model inflows are derived using a rainfall-runoff approach, division into reaches is 
important because of the sensitivity of different parts of the river system to different storm 
durations.  The degree of attenuation of a real flood hydrograph, or one represented in a river 
model, will be linked to its duration, with longer-lasting floods having more volume of water 
available to fill up channel and floodplain storage.   

Within the FSU methodology, the division of models is rather less important because there is 
no direct link between design peak flow and event duration.  Event durations are controlled by 
the FSU characteristic hydrograph shapes which are derived from catchment descriptors, or 
analysis of observed hydrographs, with no link to a design rainfall event.  There is no scope in 
the hydrograph width procedure to vary the duration of the hydrograph in order to produce an 
input to a river model which is suitable for representing design conditions further down the 
catchment.  However, the IBIDEM approach (see below) does allow for this possibility. 

13.4.2 When and how to divide up models 

If you are modelling a very long river, or using IBIDEM (see below) to generate model inflows, 
you should consider dividing the model up into reaches and carrying out a separate design 
run for each reach.  First try running a design run for the entire model and then look at the 
peak flow and hydrograph at the downstream end.  If it is not realistic (for example, the peak 
is too low or the hydrograph too short) then try dividing the model up.  

Good places to create new reaches are where: 

• There is a major confluence (one that increases flow by more than 20-30%) with a 
gauging station near to the point downstream; or 

• The centroid of the catchment becomes more than 25km away from the centroid of 
the catchment at the upstream end of the reach; or 

• The BFI of the catchment becomes 0.15 more or less than the BFI of the catchment 
at the upstream end of the reach; or 

• The FARL of the catchment becomes 0.07 more or less than the BFI of the 
catchment at the upstream end of the reach; 

• But not at locations where flows are controlled by backwater effects. 

 

13.4.3 Relevance of IBIDEM 

IBIDEM was developed as part of the FSU programme.  It is a software package which allows 
the user to fit an FSR rainfall-runoff model to the hydrograph shape and peak flow estimated 
from FSU methods.  In river modelling, you could use IBIDEM to obtain rainfall-runoff model 
parameters for each inflow, then apply a longer-duration design storm (using a consistent 
duration for each subcatchment) and use the resulting hydrographs as inputs to the river 
model.  You could approach this in either of two ways: 

• Use the hydrograph shapes from IBIDEM, and scale to match peak flows derived 
from FSU procedures for AEPs specified by the guidance below; or 

• Ignore the guidance below and allow IBIDEM to control the magnitudes of the inflow 
hydrographs, i.e. revert to a rainfall-runoff approach, albeit one in which the 
parameters are derived from matching FSU design flows and hydrograph shapes. 

At this stage it is difficult to recommend which approach might be preferable because neither 
has been tested yet. 
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13.5 Setting design inputs for river models 

The guidance is presented in several sections, covering different parts of a typical river 
model: first, the main watercourse in a model, then tributaries that are included in the model, 
then non-modelled inflows and finally inflows from intervening catchment areas.   

13.5.1 Setting inflows on the main watercourse 

The way to set the inflows depends largely on the availability of gauging stations in the 
modelled reach, as shown below. 

 

Station near upstream end:  

Estimate inflow from flood peak data at the station. 

Flows further downstream can be calculated by the 
model, which will allow for attenuation effects, because in 
this case the upstream flows are known with more 
confidence. 

Station near downstream end:  

Estimate inflow at upstream end from catchment 
descriptors, and if necessary adjust it (or other inflows 
from tributaries) so that the flow in the model is close to 
the preferred flow at the downstream end.  This is 
because the downstream flows are known with more 
confidence.   

Stations near both ends (or part-way along reach):  

Estimate inflow from flood peak data at the upstream 
station.  Check that flow in model matches preferred 
estimate at downstream station. 

No stations at or near either end:  

Estimate inflow from catchment descriptors.  Check flow 
in model against hydrological estimates further down 
reach. 

 

If your watercourse is divided into more than one reach (see 13.4.2), the simplest way to 
ensure that flows on downstream reaches correspond to the required return period is to 
physically split up the model. This approach avoids the awkward adjustments or compromises 
that are sometimes necessary to model a design event occurring in different parts of the river 
system: a situation that does not occur in reality. 

13.5.2 Setting inflows on modelled tributaries 

Inflows to modelled portions of tributaries can be set in much the same way as those for the 
main watercourse.   

The extra consideration for modelling tributaries is how to set the inflow(s) to the tributary 
model in order to simulate the design flood on the main watercourse downstream of the 
confluence.  The simplest approach is to remove the tributary from the model and apply an 
inflow hydrograph to the main river at the confluence.  The following section explains how that 
to derive that inflow.  You can use a similar approach if the model needs to be kept intact, as 
long as the extent of the tributary model is short.   

13.5.3 Setting magnitudes of inflows from non- modelled tributaries  

Many tributaries are represented in river models solely as inflows to the modelled 
watercourse.  As a general rule, you should explicitly include any inflows that are expected to 
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contribute at least 10% to the flow. You could estimate the magnitude of the expected flow 
contribution using QMED estimated from catchment descriptors.  You should usually lump 
together smaller inflows and either combine them with larger ones or treat them as an 
intervening area (see below). 

A common problem in river modelling is how to choose an inflow which is likely to occur 
during the design event on the modelled watercourse.  The recommended approach depends 
largely on the availability of gauging stations near to the confluence, as shown below.  In all 
cases it is assumed that the AEP of the flood on the main river is the same upstream and 
downstream of the confluence, i.e. there is high dependence between those two locations.   

 

Summary: Inflows from tributaries 

Station downstream of confluence: 

Estimate the combined flow from flood peak data at the 
station.   Adjust the inflow from the tributary to match the 
required downstream estimate.  You could use the 
dependence model results (below) to provide an initial 
estimate of the inflow.   

Station upstream on main river: 

In most cases, use the station as a donor site/pivotal site to 
guide the estimate of combined flow downstream of the 
confluence.  Then adjust the inflow from the tributary to 
match the required downstream estimate, as above. 

Station upstream on tributary: 

Use the dependence model results (below) to estimate the 
AEP of the inflow during a design event on main river 
downstream of confluence.  Estimate the inflow for that 
AEP using data from the gauging station. 

No station at or near confluence: 

Use the dependence model results (below) to estimate the 
AEP of the inflow during a design event on main river 
downstream of confluence.  Estimate the inflow for that 
AEP using catchment descriptors. 

Confluence of equals: 

When setting flows for modelling a reach downstream of a 
confluence of similar-sized rivers, you should normally be 
able to treat the situation like any other confluence, with 
care. Check the results by treating each tributary in turn as 
the dominant one, i.e. applying the design AEP flow on that 
tributary and using the dependence model results (below) 
to select the AEP of the flow on the other tributary.   
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What to do when there are many small tributaries 

Intervening areas are sometimes added to river models in order to ensure that they account 
for all the area in a catchment.  This can be important when inflows are derived using a 
rainfall-runoff method or other approaches that allow the model to work out the flow in the 
river.  Adding flow from intervening areas can help keep the flow in the river at a realistic 
value on long model reaches where there are no major confluences.  They tend to be more 
important in the headwaters of catchments, where the contributing area changes rapidly as 
one moves down the model reach.   

Intervening areas are not true catchments.  They typically consist of numerous small 
catchments plus some areas where runoff drains directly to the river rather than via another 
watercourse.  For this reason, flood estimation methods developed using flow data from real 
catchments are not guaranteed to work on intervening areas.  This problem can be avoided 
using one approach to setting inflows from intervening areas:  

• Estimate the flow hydrograph on the main river at two points, one upstream and one 
downstream of the intervening area.   

• Subtract the two hydrographs to give the expected inflow.  

• Distribute this flow along the reach, for example as a lateral inflow.   

This approach would be particularly favoured if there was a gauging station close to the point 
downstream of the intervening area. Alternatively, you can the intervening area as a single 
catchment (despite the warning above), and use the approaches outlined above. 

 

Dependence model results 

Use this table to work out what AEP to apply at an inflow, 
depending on the AEP you are aiming to represent on the 
modelled watercourse.  You need to know the relationship 
between the catchment properties of the modelled 
watercourse (at A, downstream of the confluence) and the 
tributary (at B). 

 

Model reach

Inflow

A

B
C

 

 
Table 13-1: Summary of dependence model results giving recommended AEP of an inflow for a range of 

design AEPs on the modelled watercourse 

Design AEP required in model downstream of 
confluence 50% 20% 10% 5% 2% 1% 0.5% 0.1% 

Equivalent return period (years) 

2 5 10 20 50 100 200 1000 

Centroids 
within 25 km 

Ratio of AREA 
within a factor 
of 2.7 

Difference of 
FARL smaller 
than 0.07  

FALSE FALSE TRUE 93% 79% 65% 51% 34% 25% 17% 7.5% 

FALSE TRUE FALSE 87% 63% 49% 38% 26% 19% 14% 6.6% 

FALSE TRUE TRUE 58% 29% 15% 7.9% 3.2% 1.6% 0.8% 0.2% 

TRUE FALSE FALSE 72% 42% 26% 16% 7.2% 3.9% 2.1% 0.5% 

TRUE FALSE TRUE 71% 46% 35% 23% 10% 6.1% 3.8% 1.2% 

TRUE TRUE FALSE 57% 34% 23% 15% 7.6% 4.5% 2.6% 0.7% 

TRUE TRUE TRUE 57% 30% 17% 9.4% 4.3% 2.3% 1.2% 0.3% 

 

All of the above results are for cases where the BFI values of the two catchments differ by 
less than 0.3.  No results were available for pairs with larger differences in BFI because this is 
rarely observed in pairs of gauging stations where one is upstream of the other.  You should 
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check the difference in BFI values for your pair. If it is greater than 0.3, use a higher AEP 
(lower return period) than that suggested in the table.  For similar reasons, results are not 
given for some other combinations of classes. 

 
Understanding uncertainty in the results 

The recommended AEPs in the table above are the medians calculated from the results of a 
dependence model which was applied to numerous pairs of catchments. In reality, some pairs 
will show a higher AEP and others will show a lower AEP than the median.  For example, for 
the bottom row of the table, given a design 1% AEP in the model reach, the lower quartile 
AEP is 1.3%, the median is 2.3% and the upper quartile AEP is 4.5%.  There is not enough 
room in the table to show  this extra information.  You can find the inter-quartile ranges for 
other types of catchment pair and other design AEP values in Appendix C.   

Some types of catchment pair have larger inter-quartile ranges of AEP than others, which 
indicates that you are more likely to encounter cases where the dependence in your 
catchment differs markedly from the median results given above.  The largest ranges are for 
catchment pairs:  

• FALSE, FALSE, TRUE, i.e. centroids are far apart, AREAs are dissimilar and FARL 
values are similar.  For a design flood of AEP 1%, the median (expected) AEP of the 
inflow is 25% and the inter-quartile range is from 61% to 7%. 

• TRUE, FALSE, TRUE, i.e. centroids are near, AREAs are dissimilar and FARL values 
are similar.  For a design flood of AEP 1%, the median (expected) AEP of the inflow 
is 6.1% and the inter-quartile range is from 20% to 0.28%. 

You can use these ranges to contribute to understanding of the uncertainty in the results of 
your model. 

If there are gauging stations on the modelled river and on tributaries it would be possible to 
calculate a specific estimate of dependence rather than relying on the generalised model 
results for types of catchment pairs as given above.  However, this is unlikely to be necessary 
in most cases because the presence of gauging stations on the modelled reach should lead 
you to prefer the alternative approaches given above whereby the magnitude of inflows is 
adjusted in order to match a preferred peak flow obtained from analysis of flood peak data on 
the model reach. 

  

13.5.4 Setting timings of inflows from tributaries  

The sections above describe how to set the AEP, and hence the peak flow, for model inputs.  
You also need to ensure that the input hydrographs have a realistic timing relative to each 
other.  In the FSU approach, the timing of model inputs is not defined in relation to the a 
design rainfall event. Instead, you need to examine the time difference between the peak of 
the various input hydrographs.  Start with the input at the top of the model, and set its peak to 
occur at some convenient time, for example 0 hours (this would mean starting the model run 
at a negative time, which is possible in ISIS, at least).  

At the first confluence where the first inflow joins the modelled reach, examine the model 
results to determine the time at which the hydrograph in the modelled reach peaks (this may 
be after the time at the upstream limit due to the travel time in the watercourse).  Use the 
regression equation below to estimate the time difference between the peak of the inflow and 
that of the modelled reach upstream of the tributary. 

time.diff = 32.1*BFI.diff - 103*FARL.diff + 1.62*SQRT.AREA.diff - 1.94*TAYSLO.diff - 
46.4*ARTDRAIN.diff - 0.0272*NETLEN.diff    

where:  

time.diff is the time difference (hours) between the inflow and the modelled reach.  A 
positive value of time difference means that the inflow peaks before the modelled 
reach (which it normally will) . 
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BFI.diff is the BFI of the modelled reach (upstream of the confluence) minus that of 
the tributary. 

FARL.diff is the FARL of the modelled reach (upstream of the confluence) minus that 
of the tributary. 

SQRT.AREA.diff is the square root of the AREA (km
2
) of the modelled reach 

(upstream of the confluence) minus that of the tributary. 

TAYSLO.diff is the Taylor-Schwartz slope of the modelled reach (upstream of the 
confluence) minus that of the tributary. 

ARTDRAIN.diff is the arterial drainage index of the modelled reach (upstream of the 
confluence) minus that of the tributary. 

NETLEN.diff is the network length (km) of the modelled reach (upstream of the 
confluence) minus that of the tributary. 

Once you have calculated the time difference, adjust the timing of the inflow so that its peak 
occurs at the predicted time before or after that of the hydrograph in the modelled reach.  
Follow the same procedure for other inflows, working down the catchment. 

The standard error of this regression model is 11.9 hours, so it will not always give an 
accurate prediction of the time difference.  If you think that the prediction is unrealistic for your 
catchment, try adjusting it (adding or subtracting up to 11.9 hours). 

13.6 Applying the guidance in practice 

The first step in applying the guidance is to understand the catchment and the watercourse, 
particularly the aspects listed in section 13.3 above. It is particularly important to be aware of 
the locations of flow gauging stations. 

Many aspects of the guidance require calculation of differences or ratios between pairs of 
catchments.  It would be easier to apply the guidance if these calculations could be 
automated, for example within the web-based software which is due to be developed for 
implementing the FSU procedures.  For example, for estimating the AEP of model inflows, the 
user could select the point of interest on the main river (downstream of the confluence), 
followed by the point of interest on the tributary.  The software could then evaluate the 
differences in AREA, BFI and FARL and the distance between the centroids, and hence 
select the appropriate class of catchment pair from the dependence model results.  For 
estimating the timing of model inflows, the user would need to select the point on the main 
river upstream of the confluence followed by the point of interest on the tributary.  The 
software could then evaluate the differences in catchment descriptors needed to calculate the 
time difference between the tributary and the main river hydrographs. 

It would be possible to automate most aspects of the guidance, but may well be preferable 
not to so that users are required to understand how the guidance works and use their 
judgement.  At a minimum, however, we suggest that the software include a facility for 
calculating the required differences or ratios between catchment descriptors and outputting 
them to a spreadsheet. 
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14. Concluding remarks 

This study has been a valuable opportunity to carry out research into the representation of 
design events in river models and apply a state-of-the art statistical model of spatial 
dependence.   

The approach developed in this study is a major step forward towards more integrated 
approaches such as continuous rainfall-runoff simulation modelling or direct application of the 
full spatial statistical approach underlying the guidance; both would require significantly more 
modelling to represent joint probabilities by simulating many different combinations of design 
flows.  Instead, the approach here has been to analyse the statistical dependence between 
catchments and use this information to guide appropriate choices of design flows when only 
one or a small number of simulations can be performed.  This is inevitably a compromise 
since it does not explore the full range of scenarios that could contribute to the design 
condition in a catchment model, but the rules of thumb help to base choice of design 
simulations on a consistent analysis of dependence between rivers. 
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Appendices 

 

A. List of gauging stations analysed 
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Station 
Number 

Station Name River Name Gauging 
Authority 

Catchment 
Area (km2) 

Rating 
Quality 
Classification 

Drainage Data 
supplied - 
start 

Data 
supplied - 
end 

Years of 
data 
supplied 

01041 Sandy Mills Deele OPW 113 B No 01-Oct-73 17-Oct-06 33 

03051 Faulkland  BLACKWATER EPA 126 A2  86-90 29-Aug-90 14-May-08 18 

06011 Moyles Mill Old Bridge Fane OPW 234 A1 No 01-Oct-72 09-Jul-02 30 

06012 Clarebane Fane OPW 167 A1 No 01-Oct-72 11-Jan-04 31 

06013 Charleville Weir Dee OPW 307 A1  Possibly 29-Oct-75 21-Jun-07 32 

06014 Tallanstown Weir Glyde OPW 270 A1 50-57 23-Oct-75 29-Mar-02 26 

06026 Aclint  Lagan (Glyde) OPW 144 A1 50-57 01-Jan-72 24-Apr-08 36 

06030 Ballygoly BIG EPA 10.2 B   17-Jan-75 12-Jun-08 33 

06033 Coneyburrow Br.  WHITE(DEE) EPA 57.4 B   10-Aug-78 25-Nov-95 17 

06070 Muckno MUCKNO L. EPA 153.5 A1   04-Apr-75 23-Jan-85 10 

07001 Tremblestown  Tremblestown OPW 150 A2 No 21-May-75 16-Jan-03 28 

07002 Killyon  Deel OPW 285 A2 73-78 01-Oct-70 07-May-03 33 

07003 Castlerickard  Blackwater (Enfield) OPW 179 A1 70-75 11-Jul-75 29-Oct-04 29 

07004 Stramatt  Blackwater (Kells) OPW 256 A2 No 15-Oct-56 16-Oct-05 49 

07005 Trim  Boyne OPW 1282 A1 71-74 28-Aug-75 02-Jan-07 31 

07006 Fyanstown  Moynalty OPW 176 A2 82-85 05-Nov-56 19-Oct-05 49 

07009 Navan Weir  Boyne OPW 1610 A1   05-Nov-76 10-Jan-07 30 

07010 Liscartan  Blackwater (Kells) OPW 717 A1 No 14-Nov-52 19-Jan-07 54 

07011 O'dalys Bridge  Blackwater (Kells) OPW 294 A2 80-82 15-Oct-56 30-Sep-07 51 

07012 Slane Castle Boyne OPW 2408 A1 69-86 27-Jun-40 27-Mar-07 67 

07033 Virginia Hatchery Blackwater (Kells) OPW 129 A2 No 10-Jan-80 31-Oct-05 26 

08002 Naul  DELVIN EPA 37 A1   04-Jun-80 22-Aug-01 21 

08003 Fieldstown  BROADMEADOW EPA 76.2 B   14-Oct-82 10-Mar-98 15 

08005 Kinsaley Hall  SLUICE EPA 10.1 A2   03-Nov-83 22-Aug-01 18 

08007 Ashbourne BROADMEADOW EPA 34 B Yes 30-Aug-77 10-Dec-97 20 

08009 Balheary  WARD EPA 62 A1   04/10/1984 26/06/1996 12 

08011 Duleek  Nanny OPW 181 B No 14-Nov-79 17-Jan-06 26 

08012 Ballyboghil STREAM EPA 22.1 B   10-Aug-81 29-Mar-99 18 

09001 Leixlip  Ryewater OPW 215 A1 No 15-Oct-56 27-Feb-08 51 

09002 Lucan GRIFFEEN EPA 41.2 A1   24-Mar-77 08-Mar-02 25 

09011 Frankfort  SLANG EPA 6.5 B   21-Aug-86 09-Jul-07 16 

09035 Killeen Road CAMMOCK EPA 54.7 B   27-Mar-96 16-May-08 12 
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Number 

Station Name River Name Gauging 
Authority 

Catchment 
Area (km2) 

Rating 
Quality 
Classification 

Drainage Data 
supplied - 
start 

Data 
supplied - 
end 

Years of 
data 
supplied 

10002 Rathdrum AVONMORE EPA 233 B   26-Mar-53 10-Jun-08 50 

10004 Laragh GLENMACNASS EPA 28 B   31-Dec-74 04-Aug-98 24 

10021 Common's Road SHANGANAGH EPA 30.9 A1   12-May-80 17-Apr-08 26 

10022 Carrickmines  CABINTEELY EPA 10.4 A1   10-Jul-84 24-Jan-05 17 

10028 Knocknamohill AUGHRIM EPA 204.1 B   22-Oct-86 14-May-08 20 

11001 Boleany  Owenavorragh OPW 148 B no 07-Mar-72 10-Sep-07 36 

12001 Scarawalsh Slaney OPW 1036 A2 No 05-Sep-55 10-Sep-07 52 

14005 Portarlington Barrow OPW 398 A2 No 20-May-55 06-Dec-05 51 

14006 Pass Bridge Barrow OPW 1096 A1 No 01-Jan-72 02-Jan-06 34 

14007 Derrybrock Stradbally OPW 115 A1 No 01-Feb-80 09-Sep-02 23 

14009 Cushina Cushina OPW 68 A2 No 01-Jan-80 16-Feb-02 22 

14013 Ballinacarrig  Burren OPW 154 A2 No 01-Jan-72 19-Oct-07 36 

14018 Royal Oak Barrow OPW 2415 A1 No 01-Jan-72 10-Oct-05 34 

14029 Graiguenamanagh Barrow OPW 2762 A2 No 18-Sep-96 29-Jan-08 11 

14033 Mountmellick  OWENASS EPA 91 B   01-Jan-77 26-Jul-90 14 

14034 Bestfield BARROW EPA 2060 A2   23-Nov-77 14-Aug-94 17 

15001 Annamult Kings OPW 443 A2 No 01-Jan-72 03-Oct-05 34 

15002 Johns Bridge  Nore OPW 1605 A2 2001 14-Nov-53 08-Jan-08 54 

15003 Dinin Bridge Dinin OPW 298 A2 No 01-Jan-72 15-Jun-03 31 

15004 Mcmahon's Bridge  Nore OPW 491 A2 No 01-Jan-72 17-Feb-05 33 

15005 Durrow Foot Bridge Erkina River OPW 387 A1   01-Jan-72 21-Mar-05 33 

15007 Kilbricken  Nore OPW 343 A2 No 01-Jan-72 04-Jun-02 30 

15012 Ballyragget  NORE EPA 945 B   02-Nov-88 07-Jul-98 10 

16001 Athlummon  Drish OPW 140 A2 No 01-Oct-72 15-May-07 35 

16002 Beakstown Suir OPW 512 A2 No 01-Oct-54 02-Aug-07 53 

16003 Rathkennan  Clodiagh OPW 246 A2 No 01-Oct-54 22-Sep-02 48 

16004 Thurles  Suir OPW 236 A2 No 01-Oct-54 17-Jan-08 53 

16005 Aughnagross Multeen OPW 87 A2 No 01-Oct-54 12-Jun-05 51 

16007 Killardry  Aherlow OPW 273 B No 01-Oct-54 28-May-07 53 

16008 New Bridge Suir OPW 1120 A2 No 01-Oct-54 20-Jul-07 53 

16009 Caher Park Suir OPW 1602 A2 No 22-Oct-53 23-Jul-07 54 

16011 Clonmel Suir OPW 2173 A1 No 24-Oct-53 07-Feb-08 54 

16012 Tar Bridge  Tar OPW 228 B No 02-Dec-63 22-Jan-08 44 
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Authority 

Catchment 
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Drainage Data 
supplied - 
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16013 Fourmilewater  Nire OPW 91 B   01-Oct-72 20-Jul-07 35 

16051 Clobanna Suir OPW N/A B   22-Jan-92 03-Dec-02 11 

18001 Mogeely Bride OPW 335 B No 01-Oct-72 01-Nov-01 29 

18002 Ballyduff Blackwater OPW 2338 B No 01-Oct-55 01-Jan-08 52 

18003 Killavullen  Blackwater OPW 1258 A2 No 01-Oct-55 23-Dec-07 52 

18004 Ballynamona Awbeg OPW 324 A2 No 01-Jan-72 11-Jan-08 36 

18005 Downing Bridge Funshion OPW 363 A2 No 01-Jan-72 13-Dec-07 36 

18006 Cset Mallow BLACKWATER EPA 1058 B   15-Jul-77 15-Apr-08 31 

18016 Duncannon  BLACKWATER EPA 113 B   03-May-82 01-Jan-01 19 

18048 Dromcummer BLACKWATER EPA 881 B   17-Sep-81 28-Jan-01 19 

18050 Duarrigle BLACKWATER EPA 244.6 B   05-Oct-81 08-Jul-08 27 

19001 Ballea Owenboy OPW 106 A2 No 01-Oct-72 31-Jul-07 35 

19020 Ballyedmond OWENNACURRA EPA 75 A2   15-Jun-77 22-Apr-08 31 

19046 Station Road Martin OPW 60.4 B   02-Oct-92 21-Feb-05 12 

20002 Curranure Bandon OPW 431 B No 01-Jan-75 19-Dec-06 32 

21001 Cummeragh Weir CUMMERAGH EPA 47 B   25-Jan-77 01-Jan-92 15 

22006 Flesk Bridge Flesk (Laune) OPW 325 B No 08-Jan-47 01-Dec-07 61 

22035 Laune Bridge Laune OPW ? B   22-Jul-91 01-Mar-08 17 

22071 Tomies Pier L. Leane OPW N/A A2 No 01-Oct-73 01-Mar-08 34 

23001 Inch Bridge  Galey OPW 196 A2 No 05-Jun-72 19-Dec-05 34 

23002 Listowel  Feale OPW 646 A1 No 18-Oct-46 05-Mar-08 61 

23012 Ballymullen  Lee (Kerry) OPW 60 A2 no 04-Apr-74 01-Dec-84 11 

24001 Croom  Maigue OPW 774 A2 75-76 01-Oct-72 23-Jan-07 34 

24004 Bruree Maigue OPW 246 B 73-86 01-Oct-72 04-Apr-07 35 

24008 Castleroberts Maigue OPW 805 A2 No 28-Nov-73 22-Dec-03 30 

24011 Deel Bridge  Deel OPW 273 B 62-68 01-Jan-89 16-May-07 18 

24012 Grange Bridge  Deel OPW 359 B   24-Sep-64 03-Apr-07 43 

24013 Rathkeale  Deel OPW 426 A1   01-Oct-72 03-Apr-07 35 

24030 Danganbeg DEEL EPA 248 B   05-May-80 07-May-08 21 

24082 Islandmore Weir Maigue OPW 764 A2 75-76 03-Nov-75 21-Feb-01 25 

25001 Annacotty  Mulkear OPW 646 A2 No 01-Oct-72 26-Mar-07 35 

25002 Barrington's Bridge Newport OPW 223 A2 No 01-Oct-53 02-Apr-07 54 

25003 Abington Mulkear OPW 397 A1 No 03-Apr-95 02-Apr-07 12 
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Drainage Data 
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25005 Sunville  Dead OPW 190 A2 No 01-Oct-72 26-Mar-07 35 

25011 Moystown  Brosna OPW 1227 B 48-55 01-Jan-87 30-Sep-03 17 

25014 Millbrook Silver OPW 165 A1 48-56 01-Oct-72 19-Sep-05 33 

25016 Rahan  Clodiagh OPW 274 A2 No 01-Oct-51 25-Sep-05 54 

25020 Killeen Killimor OPW 197 B 62-68 01-Jan-86 11-Aug-03 18 

25021 Croghan Little Brosna OPW 493 A2 No 22-Sep-61 01-Feb-07 45 

25023 Milltown  Little Brosna OPW 116 A1 No 01-Oct-72 31-Jan-08 35 

25027 Gourdeen Ollatrim OPW 118 A1 55-65 01-Jan-72 01-Feb-05 33 

25029 Clarianna Nenagh OPW 301 A2 No 01-Jan-72 01-Feb-05 33 

25030 Scarriff Graney OPW 279 A1  No 01-Oct-72 11-Dec-05 33 

25034 Rochfort L. ENNELL TRIB EPA 12 A2   31-Dec-76 07-Apr-08 30 

25038 Tyone  NENAGH EPA 139 B   22-Sep-90 30-May-08 18 

25040 Roscrea BUNOW EPA 30 A2   01-Jun-80 05-Jun-08 22 

25044 Coole  KILMASTULLA EPA 98.9 A2   08-Jul-62 08-Aug-01 39 

25124 Ballynagore  BROSNA EPA 254 A2   01-Jan-95 20-May-08 12 

25158 Cappamore  BILBOA EPA 116 A1   29-Apr-88 02-Jul-99 11 

26002 Rookwood  Suck OPW 626 A2 No 01-Oct-72 01-Nov-05 33 

26005 Derrycahill Suck OPW 1050 A2 No 01-Oct-54 08-Dec-07 53 

26007 Bellagill Suck OPW 1184 A1 No 01-Oct-72 13-Aug-03 31 

26008 Johnston's Bridge Rinn OPW 292 A1 No 26-Sep-79 13-Feb-07 27 

26009 Bellantra Bridge Black OPW 97 A2 No 01-Oct-72 01-May-07 35 

26012 Tinacurra  Boyle OPW 520 A1 82-92 01-Oct-57 09-Jan-07 49 

26014 Banada Bridge  Lung OPW 222 B 86-89 26-Sep-89 15-Mar-07 17 

26019 Mullagh Camlin OPW 260 A1 No 16-Sep-53 24-May-07 54 

26058 Ballinrink Br. INNY UPPER EPA 59 B   10-Nov-81 01-Jan-91 9 

26108 Boyle Abbey Bridge  Boyle OPW 533 B No 28-Nov-90 06-Aug-03 13 

27001 Inch Bridge  Claureen OPW 48 A2 No 01-Oct-72 13-Feb-07 34 

27002 Ballycorey  Fergus OPW 562 A1 No 03-May-54 01-Mar-07 53 

27003 Corrofin Fergus OPW 168 A2 No 01-Jan-85 01-Oct-99 15 

29001 Rathgorgin Raford OPW 119 A1 No 07-Oct-57 15-Feb-04 46 

29007 Craughwell Dunkellin OPW 278 B No 15-Feb-83 14-Feb-04 21 

29011 Kilcolgan Dunkellin OPW N/A A1 No 11-Feb-83 06-Jan-03 20 

30004 Corrofin  Clare OPW 695 A1 No 01-Jan-75 19-Jan-07 32 
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30005 Foxhill Robe OPW 250 A1 79-86 14-Oct-55 29-May-07 52 

30020 Ballyhaunis  DALGAN EPA 20.2 B   15-Dec-87 21-May-08 20 

30021 Christina's Br.  ROBE EPA 138 B   01-Jan-97 13-May-08 11 

30037 Clooncormick  Robe OPW 210 B   03-May-83 15-Apr-02 19 

30061 Wolfe Tone Bridge  Corrib Estuary OPW 3111 A1 No 01-Jan-83 13-Feb-04 21 

31002 Cashla CASHLA EPA 72 A1   05-Apr-79 31-Mar-08 29 

31072 Derryclare DERRYCLARE    L. EPA 111.9 B   09-Apr-79 23-May-08 29 

32011 Louisburg Weir BUNOWEN EPA 68.6 B   25-Mar-81 11-Jun-08 27 

32012 Newport Weir NEWPORT EPA 138.3 A2   19-May-81 30-Apr-08 27 

33001 Glenamoy  GLENAMOY EPA 73 B   01-Aug-87 27-Feb-08 21 

34001 Rahans  Moy OPW 1911 A2 60-71 07-Feb-69 09-Jan-08 39 

34003 Foxford MOY EPA 1737 A2   14-Sep-76 29-May-08 32 

34007 Ballycarroon Deel OPW 156 B 1960-71 01-Oct-72 31-Jan-08 35 

34009 Curraughbonun  Owengarve OPW 113 A2 71 01-Jan-72 30-Jan-08 36 

34018 Turlough Castlebar OPW 93 A1 60-71 12-Aug-76 31-Jan-08 31 

34024 Kiltimagh POLLAGH EPA 128 A2   01-Feb-77 31-Mar-07 30 

35001 Ballinacarrow  Owenmore OPW 299 A2 No 08-Nov-55 05-Feb-01 45 

35002 Billa Bridge Owenbeg OPW 90 A2 No 19-Jan-72 14-Oct-03 32 

35005 Ballysadare Ballysadare OPW 642 A2 No 01-Jan-46 22-Mar-07 61 

35011 Dromahair  Bonet OPW 294 B 66-86 09-Oct-57 19-Jan-04 46 

35071 Lareen  L. Melvin OPW N/A A2 No 04-Dec-74 08-May-08 33 

35073 L.    Gill L.    GILL EPA 384 A2   20-Mar-75 08-Dec-97 23 

36010 Butlers Bridge Annalee OPW 774 A1 No 01-Oct-72 18-Apr-02 30 

36011 Bellahillan Erne OPW 318 B No 01-Oct-72 02-Sep-02 30 

36012 Sallaghan Erne OPW 263 A1 No 01-Oct-72 28-May-02 30 

36015 Anlore  Finn OPW 175 A1 No 29-Oct-56 19-Jan-04 47 

36018 Ashfield Dromore OPW 233 A1 No  01-Oct-72 31-Jan-02 29 

36019 Belturbet Erne OPW 1501 A2 No 19-Dec-57 31-Mar-02 44 

36021 Kiltybardan Yellow OPW 23 A2 No 14-Mar-78 01-Feb-07 29 

36027 Bellaheady  Woodford OPW 324 A2 No 08-Aug-74 24-Jul-89 15 

36031 Lisdarn  CAVAN EPA 52 A2   07-Nov-74 01-Jan-83 8 

36071 Gowly L. Scur OPW 66 B Yes 07-Nov-73 01-Jan-90 16 

38001 Clonconwal   Owenea OPW 109 B   01-Oct-72 05-Jan-04 31 
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39001 New Mills Swilly OPW 49 B   01-Jan-73 07-Oct-03 31 

39008 Gartan Bridge Leannan OPW 78 A2 No 07-Nov-72 01-Apr-02 29 
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B.1 Introduction 

This appendix introduces the statistical science relevant to understanding and modelling the 
joint probability of extreme river flows.   

In the statistical review, we start by identifying features of the data that need to be considered 
and then assess how well the available and developing statistical techniques can incorporate 
these features. 

We then summarise the theory behind fitting marginal distributions to extremes of variables 
and the principles behind the techniques of separating marginal and dependence 
characteristics (the theory of copulas). 

In the following sections we will provide descriptions of relevant groups of statistical 
techniques.  These groups are, broadly speaking  

• Methods that are only suitable for asymptotically dependent data (where the largest 
values of each variable tend to occur together) 

• Methods than can only be used for pairs of variables 

• Multivariate methods that do not account for changes in dependence at extreme 
levels 

• Multivariate extreme value methods that do account for changes in dependence at 
extreme levels 

B.2 Key statistical issues 

The statistical models used in this project must be able to give estimates of the likelihood of 
simultaneous extreme flows.  In order to be able to do this any model used must take account 
of the following features.   

Joint distribution function 

Any statistical model used must be able to describe the full tail structure of the joint 
distribution.  This joint distribution is required so that the probability of all possible 
combinations of the flow variables can be estimated. Consequently we require a model for 
both the marginal distributions and dependence structure between of a set of variables.   

Multidimensionality and consistency in marginal distributions   

Any statistical model used must be able to handle multivariate data sets of high 
dimensionality.  Another desirable feature is that the absence (or presence) of any variable 
should not affect the marginal characteristics of, or dependence between, the remaining 
variables.  It must also be able to handle multivariate data sets of low dimensionality – so sets 
with only two or three variables.   

Change in dependence at extreme levels 

As a pair, or set, of variables become extreme the dependence between them may change.  
If a pair of variables is highly dependent at lower levels it does not automatically follow that 
they will be highly dependent at extreme levels.  An example is flood flows in different areas 
of the country, on a normal day to day basis river flows in different areas of the country are 
likely to be highly correlated.  This correlation is largely due to the fact that flows are 
dominated by seasonality and average previous rainfall, both of which are largely consistent 
over the whole country.  However, extreme flows are often precipitated by a single heavy 
rainstorm, or a sequence of storms, on wet ground.  The spatial extent of rain that is heavy 
enough to cause extreme flows is much less likely to cover the large areas, and so we might 
expect a decrease in dependence in extreme flows.  Alternatively, in some cases extreme 
events may be caused by widespread phenomena such as snowmelt, in which case there 
might be an increase in dependence.  The statistical model we have used allows for a change 
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in dependence with return period, without making any assumptions about the direction of this 
change. 

Incorporating both extreme and non-extreme values 

Any method used must be able to model events where some variables are extreme, other 
variables are moderately large, and some variables are non-extreme.  Most established 
approaches for modelling the joint tail distribution, or associated summary measures, make 
an inappropriate assumption (at least for river flows) that the very biggest events in all the 
variables have a possibility of occurring together.  So they can only handle occurrences when 
all the variables have an extreme observation.   

B.3 Marginal models 

When fitting a statistical model to a single source variable it is tempting to fit a standard 
statistical distribution to the whole data.  However this approach is very unlikely to lead to a 
good fit in the tails of the distribution which is the region of most concern when extrapolating.  
Instead it is common to focus on the extreme values.  When working with univariate extreme 
values there are two main approaches – block maxima (or minima) and threshold 
exceedances (often termed the peaks over thresholds method).   It is widely known that the 
block maxima method is less efficient in estimating return levels than the threshold 
exceedance approach.   

The standard approach for modelling threshold exceedances is to specify a high threshold, 
for example the 95% or 99% quantile of the marginal variable, and to estimate the rate of 
exceedance of that threshold and the distribution of the excesses of that threshold.  The 
model used for the excesses of the threshold is the Generalised Pareto Distribution (GPD), 
see Davison and Smith

16
, as this model has the properties: (i) that following asymptotic 

probability theory it is the only distribution that is possible to describe the excesses as the 
threshold tends to the maximum possible value of the threshold and (ii) that if excesses of 
some threshold follow a GPD then excesses for any higher threshold will also follow a GPD.  
No attempt is made to fit a parametric model to the distribution of values below the threshold 
in this case.   

Transforming margins 

Most methods of estimating the dependence structure of extreme variables rely on an 
assumption that the variables have a standard marginal form. This assumption is, in general, 
inappropriate for most data sets. However, it is possible to change the distribution of any 
univariate random variable. The transformation is performed by use of the probability integral 
transform.   

The probability integral transformation states that if any continuous random variable  has 

distribution function , then the random variable , defined by , has a 

Uniform(0,1) distribution, so , and the converse also holds.  

If we start with random variable , with distribution function , and we wish to transform this 

variable to a random variable  which has distribution function  we apply the probability 

integral transformation in two steps.  The first step is to transform the variable  to the 

random variable , with , where  has a uniform marginal distribution.  The 

distribution function  this is used can be estimated by the methods described above for the 
marginal models or by use of the empirical distribution function.  To transform the uniformly 

distributed variable  to a random variable , which has distribution function , we take 

,  i.e. the inverse of the distribution function .   
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B.4 Copulas 

It is possible to separate the features of any multivariate distribution into marginal 
characteristics and dependence structure.  This can be useful when examining the extremes 
of a multivariate process.  For instance, if we are interested in the joint tail of a multivariate 
process where the variables have very different scales, or some of the variables have light 
tails and some heavy tails, then the extremes will be dominated by these variables with heavy 
tails, and/or larger scales.  By examining the dependence characteristics separately from the 
marginal characteristics it is possible to obtain a clearer picture of the dependence structure.   

This separation of marginal and dependence characteristics can be achieved using the 

copula function (Nelsen
17

) which can be described as follows.  Let  

be a -dimensional multivariate distribution function with marginal distributions , 

.  Then we can write  as  

 

The function  is called the copula, it has domain  and contains all the information 

about the dependence structure of .  Each multivariate distribution has a unique copula 
so it is possible to construct any multivariate distribution using just its copula and marginal 
distributions.   

B.5 Multivariate extreme value methods 

As in the univariate case, modelling the whole dependence structure via copula methods is 
likely to lead to substantial bias as the extreme events may possess a different dependence 
structure than the typical day to day values. Therefore simply taking a multivariate normal 
copula is not likely to be a sufficiently good model of dependence for the extreme events.  

For example, extreme river flow events at different sites often show weaker dependence than 
non extreme events and so fitting a multivariate normal copula to all the river flow data in this 
case would lead to an over estimate of the joint probability of large river flows occurring 
simultaneously at the different sites. Therefore specific methods are required for describing 
the dependence of the extreme values. 

Classes of extremal dependence – asymptotic dependence and asymptotic 
independence 

Asymptotic dependence 

There are two main classes of extremal dependence.  The first is asymptotic dependence.  If 
two variables are asymptotically dependent then the largest observations in both variables 
occur together with a positive probability.   

Asymptotic independence 

If two variables are asymptotically independent then the probability of the largest observations 
of each variable occurring together is zero.  There are three sub classes of asymptotic 
independence, positive extremal association, near independence, and negative extremal 
association.  These three classes correspond respectively to joint extremes of two variables 
occurring more often than, approximately as often as, or less often than joint extremes if all 
components of the variable were independent.  Variables that have a multivariate normal 

dependence structure with correlation function, ρ, greater than zero are examples of 
asymptotic independence with positive extremal association.   

Examples 

It is important to know which class of extremal dependence a pair of variables falls into.  For 
example, if river flows on neighbouring catchments are asymptotically dependent then there 
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is a chance that they will both experience severe flooding at the same time and so this 
possibility should be taken into account in modelling the flood risk.  If two rivers are 
asymptotically independent, but have positive extremal association, then the risk of joint 
flooding can be considerably greater than if the river flows at the different sites were 
independent, but severe flooding at both is less likely (particularly for long period return level 
events) than if the variables are asymptotically dependent. How close asymptotically 
independent variables are to being independent and to asymptotically dependent is important 
to quantify as any form of positive extremal association can significantly raise the receptor 
risk relative to an approximation of that risk when assessed under an independence 
assumption.  

Pairwise dependence measures 

The first collection of methods that are based on multivariate extreme value theory are those 
that describe asymptotic dependence and asymptotic independence but are only defined in a 

bivariate context.  The simplest of these methods are the dependence measures  and , 
these are both described fully by Coles et al.

18
 although the measure  had been used 

previously (Buishand
19

).  These measures can be described as follows.  Let  be a 
bivariate pair of random variables, not necessarily identically distributed.  We can transform 

 to uniform margins using the probability integral transform. Let  and 

 denote the variables after transformation to uniform margins and let them have 

copula function .  The dependence measure  is defined as  

 

So,  is equal to the limiting probability that the variable  is above a high probability 

threshold conditional on the variable  being above the same probability threshold.  It is 
more convenient to obtain  using the following, asymptotically equivalent, function.   

 

We define  

 

it follows that  So, if ,  then  are asymptotically 

dependent and if  then  are asymptotically independent.  Also if  are 

independent then  for all . 

As  for all pairs of asymptotically independent variables it is necessary to define a 
second dependence measure to provide information on the relative strength of dependence 

under asymptotic independence.  We denote the joint survivor function of  as .  

The copula survivor function  is defined as follows 
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So .  By analogy with ,  is defined as  

 

We have that  and define  as .  If  are asymptotically 

dependent then , if  are asymptotically independent then .  So we can see 

that both  and  are needed to describe the extremal dependence of bivariate random 
variables.   

A theoretical foundation for both  and , and other pairwise dependence measures, and an 
improved framework for their estimation is given by Ledford and Tawn

20
.   

Models based on an asymptotic dependence assumption 

A large proportion of the previous work of multivariate extreme value theory is based upon the 
assumption that the data exhibit asymptotic dependence.  This is equivalent to assuming that 
the probability of the largest values of each variable occurring simultaneously is greater than 
zero.  Over short distances this assumption may be appropriate for rainfall, Svensson and 
Jones

21
,
22

, however over longer distances and for river flows this assumption is inappropriate.  
A recent methodological development for extreme values under the assumption of asymptotic 
dependence is that of Buishand et al.

23
 who use the theory of continuous stochastic 

processes to describe the spatial extremes of rainfall.   

Models based on an asymptotic independence assumption 

Two variables are asymptotically independent if the probability of the largest observations on 
each variable occurring simultaneously is zero.  The multivariate Gaussian tail model of 
Bortot et al.

24
 is a dependence model that makes the assumption that all variables are from a 

multivariate normal copula in the joint tail region. This corresponds to assuming that the 
variables are asymptotically independent of each other.   

B.6 Conditional method 

Heffernan and Tawn
25

 developed a method for multivariate extreme values that can be used 
for both asymptotically dependent and asymptotically independent data.  It is a conditional 
approach that uses all the observations such that the conditioning variable is above a certain 
threshold.   As with all other approaches described here this approach separates the marginal 
and dependence characteristics of the data and models them separately.  The dependence 
characteristics of the data are accounted for by use of a specialised regression model.  This 
model has the property that its residuals are independent of the size of the conditioning 
variable so that it can be used to extrapolate beyond the range of the data.   
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The method is based on a model of the distribution of  when  is large.  Here  is 

a vector variable, , of dimension one and  of dimension , with known, identical, Gumbel 

margins.  So  is a single variable and  is a set of variables.  The original model also 
assumed that the set of observations was complete on each variable, so at each observation 
point none of the variables had any missing data.   

The method is motivated by the relatively weak assumption that there exist vector-valued 

normalising functions,  and , such that  

 

 

where the  marginal distribution  of  is a non-degenerate distribution function for all 

 where  is the set .  Here and throughout the vector algebra is to be 

interpreted as componentwise.  To ensure that  is well-defined the following additional 
condition is required: 

 

so there is no mass at  in any margin. 

The model is based on the approximation that limiting relationship (3) holds exactly for all 

values of  for a suitably high threshold  which has probability  of being exceeded.  

A consequence of this assumption is that when , with , the random variable , 
defined by 

 

is independent of  and has distribution function .  It is this assumption of independence 
that allows us to extrapolate the model beyond the range of the data.   

The assumption of the existence of normalising functions can be expressed simply as the 

assumption that the distribution function of the normalised variables, , does not tend to a 

constant as the conditioning variable  tends to infinity.  This is equivalent to the 
assumptions made in using the GPD distribution to model the marginal distributions of the 

data.  The assumption of independence of the random variables  and the conditioning 

variable  is much more important.  If this assumption is invalid then any results inferred 

above the range of the observations of  will be invalid.  Therefore a key step in the method 
is the assessment of the validity of this assumption. This simply requires a test of 

independence between  and  when . 

The theory suggests that there should always be some level  above which independence of 

 and  is an appropriate assumption. Therefore  needs to be selected large enough to 
achieve this independence. 

In Heffernan and Tawn
25

 the normalising functions  and  were derived for a number 
of different distributions.  They found that the functions were all special cases of the 
parametric family  
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where, on the right hand side, , ,  and  are vector constants and  is an indicator 

function.  The vectors of constants have components such that , , 

 and  for all .  

The dependence class into which pairs of variables  fall can be determined by the 

vector parameters in the following way; if  and  then  and  are 
asymptotically dependent, otherwise the variables are asymptotically independent.  If at least 

one of  or  holds then the variables exhibit positive extremal dependence; 

if  and  then the variables exhibit extremal near independence; and if 

,  and  then the variables exhibit negative extremal dependence.  In 
practice, for most flood risk applications it is possible to assume that the variables exhibit 
either asymptotic dependence or asymptotic independence with positive extremal 

association.  So we can set  and so the normalising functions are simply 

 

 

For a pair of variables  it is possible to think of the Heffernan and Tawn model as a 

regression model of  upon  conditional on  being above a certain threshold.  The 

constant parameters  and  describe the strength of dependence between  and . Two 

examples are given in Figure B-1 showing samples of  when  > 4.5.  In the left hand 

plot both large and small values of  can occur with large , with large values of  more 

likely than if  and  were independent. In the right hand plot, only large values of  occur 

with large values of . 

The parameter  describes the overall strength of dependence between the two variables, as 

 increases the overall strength of dependence between  and  increases.  The main 

purpose of parameter  is to describe how the dependence changes with threshold, for 

positive values of  the variance of  increases as  increases. Consequently large 

values of  can occur with large values of  if either  is large or if  is large. However, small 

values of   occur with large  only when  is large. 
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Figure  B-1: Plots of data simulated for Heffernan and Tawn model, solid lines median value of Y|X, 
dashed lines 2.5th and 97.5th percentiles of the distribution of Y|X.  Left plot a = 0.3, b = 0.7, right plot 
a = 0.9, b = 0.1.  In both Z follows a normal distribution with mean 0.5, variance 0.25.  
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Figure B-2: Diagram of modelled dependencies, solid lines indicate dependencies modelled 
parametrically (through a and b), dashed lines indicate dependences modelled non-parametrically 
(through the random variable Z).   
 

Figure B-2 shows how the dependence model is structured for more than two variables.  The 

dependence of  and each variable in  is modelled parametrically using the Heffernan and 
Tawn model.  So, in this case, we estimate the distribution of  

 

By modelling the dependencies of the individual variables  with  we remove some 

of the dependence between the  variables.  This is because, if all variables in  are 

positively associated with , if  is big all variables in  are also likely to be big.  This 

tendency is captured by the  and  parameter constants.  However, not all the dependence 

between the  variables is captured in the  and  parameters.  This additional 

dependence is captured by the  variables, which are modelled as being correlated with 

each other.  The dependencies between the  parameters are modelled non-parametrically.   
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Because the Heffernan and Tawn model covers the whole joint distribution of the variables 

 conditional on  being above the chosen threshold it is possible to use it to estimate 
a wide variety of summary measures. Two such summary measures which have been used in 
practice are  

 

 

Where  is equal to the probability that variable  is extreme and  is the 

expected proportion of variables in  that are extreme.   

Keef et al.
26

 show how it is possible to extend the Heffernan and Tawn model to handle the 
presence of missing data and also temporal dependence.  The method of handling temporal 
dependence is to use the Heffernan and Tawn model to model the joint distribution of 

 where ,  with  and  being the upper and 

lower limits that define a set of lags of interest between the variables  and .  It is then 

possible to extend the definitions of  and  to  

 

 

 

DisplayText cannot span more than one line!

So,  is the probability that  has at least one threshold exceedance within a specified 

window of time around a threshold exceedance of  and  is the expected proportion of 

variables in  that have at least one threshold exceedance within a window of time around a 

threshold exceedance of . 
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C. Dependence model results for all flood 
probabilities and all classes of catchment pair 
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AEP at conditioning site: 0.5 
Equivalent return period: 2 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA within 
a factor of 
2.7 

Difference 
of FARL 
within 0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.989 0.498 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 1.000 0.992 0.859 0.428 0.045 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.999 0.945 0.739 0.400 0.070 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 1.000 0.999 0.931 0.628 0.176 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 1.000 0.986 0.866 0.531 0.118 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 1.000 0.866 0.580 0.360 0.103 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 1.000 0.974 0.723 0.532 0.159 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.999 0.941 0.712 0.484 0.168 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.998 0.887 0.565 0.372 0.123 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.990 0.774 0.574 0.345 0.121 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.999 0.652 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 1.000 0.982 0.456 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 1.000 0.985 0.769 0.206 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 1.000 0.996 0.868 0.231 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.999 0.931 0.294 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 1.000 0.983 0.729 0.316 0.032 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 1.000 1.000 0.997 0.879 0.268 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 1.000 0.988 0.787 0.227 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 1.000 1.000 0.948 0.639 0.161 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 1.000 1.000 0.951 0.642 0.165 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 1.000 1.000 0.969 0.716 0.213 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 1.000 0.994 0.857 0.547 0.162 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 1.000 0.978 0.707 0.440 0.165 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 1.000 0.956 0.735 0.446 0.144 245 Disconnected, near, all similar 
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AEP at conditioning site: 0.2 
Equivalent return period: 5 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA within 
a factor of 
2.7 

Difference 
of FARL 
within 0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.988 0.394 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 1.000 0.967 0.718 0.278 0.022 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.992 0.819 0.609 0.289 0.048 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 1.000 0.988 0.790 0.409 0.087 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.999 0.935 0.632 0.327 0.050 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.964 0.513 0.287 0.159 0.058 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.997 0.781 0.419 0.299 0.119 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.983 0.764 0.462 0.283 0.094 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.975 0.726 0.341 0.216 0.061 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.821 0.504 0.301 0.175 0.058 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.999 0.678 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 1.000 0.954 0.382 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 1.000 0.973 0.660 0.144 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 1.000 0.987 0.773 0.154 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.999 0.924 0.432 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.995 0.816 0.477 0.142 0.013 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 1.000 1.000 0.981 0.783 0.205 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 1.000 0.950 0.611 0.129 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 1.000 0.994 0.862 0.466 0.104 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 1.000 0.994 0.840 0.459 0.087 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 1.000 0.992 0.855 0.480 0.094 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 1.000 0.927 0.645 0.317 0.080 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 1.000 0.847 0.525 0.251 0.080 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.995 0.777 0.464 0.245 0.068 245 Disconnected, near, all similar 
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AEP at conditioning site: 0.1 
Equivalent return period: 10 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA within 
a factor of 
2.7 

Difference 
of FARL 
within 0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.976 0.334 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 1.000 0.916 0.591 0.250 0.013 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.968 0.694 0.473 0.197 0.033 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 1.000 0.954 0.648 0.282 0.051 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.996 0.865 0.488 0.240 0.027 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.771 0.285 0.153 0.082 0.031 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.947 0.538 0.263 0.187 0.085 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.964 0.577 0.355 0.168 0.052 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.914 0.538 0.229 0.130 0.033 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.582 0.305 0.167 0.096 0.034 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.998 0.637 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 1.000 0.924 0.323 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 1.000 0.951 0.577 0.098 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 1.000 0.974 0.683 0.097 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.998 0.911 0.405 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.947 0.579 0.314 0.076 0.006 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 1.000 1.000 0.956 0.692 0.177 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 0.999 0.890 0.484 0.087 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 1.000 0.978 0.764 0.369 0.064 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 1.000 0.976 0.724 0.329 0.052 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 1.000 0.968 0.688 0.344 0.050 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 0.999 0.830 0.484 0.213 0.048 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 0.995 0.662 0.371 0.171 0.047 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.954 0.589 0.301 0.142 0.037 245 Disconnected, near, all similar 



 

 
 

Work Package 3_4 - Final Report (5) VI 
 

 
AEP at conditioning site: 0.05 
Equivalent return period: 20 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA within 
a factor of 
2.7 

Difference 
of FARL 
within 0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.944 0.256 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 1.000 0.817 0.445 0.165 0.008 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.914 0.557 0.351 0.131 0.021 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 1.000 0.886 0.505 0.190 0.030 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.986 0.769 0.378 0.173 0.016 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.483 0.145 0.079 0.041 0.016 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.729 0.309 0.155 0.110 0.056 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.867 0.419 0.228 0.099 0.029 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.785 0.337 0.146 0.075 0.018 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.356 0.175 0.094 0.054 0.019 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.997 0.550 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 0.999 0.907 0.245 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 1.000 0.920 0.462 0.068 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 1.000 0.950 0.560 0.071 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.998 0.899 0.382 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.837 0.364 0.196 0.043 0.003 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 1.000 0.998 0.902 0.588 0.123 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 0.995 0.810 0.371 0.055 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 1.000 0.945 0.654 0.266 0.039 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 1.000 0.935 0.587 0.229 0.031 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 0.999 0.861 0.489 0.213 0.034 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 0.994 0.697 0.321 0.128 0.029 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 0.975 0.518 0.268 0.107 0.026 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.823 0.391 0.178 0.084 0.020 245 Disconnected, near, all similar 
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AEP at conditioning site: 0.02 
Equivalent return period: 50 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA within 
a factor of 
2.7 

Difference 
of FARL 
within 0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 1.000 0.998 0.850 0.158 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 0.995 0.638 0.281 0.084 0.004 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.744 0.416 0.214 0.087 0.010 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 1.000 0.741 0.342 0.111 0.014 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.946 0.619 0.260 0.111 0.010 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.206 0.057 0.032 0.016 0.007 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.380 0.146 0.072 0.052 0.027 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.629 0.291 0.104 0.048 0.015 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.560 0.173 0.076 0.036 0.008 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.179 0.078 0.043 0.024 0.008 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.996 0.434 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 0.996 0.803 0.191 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 0.998 0.872 0.385 0.043 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 0.999 0.885 0.415 0.037 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.997 0.883 0.355 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.609 0.200 0.100 0.020 0.001 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 1.000 0.984 0.814 0.461 0.085 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 0.978 0.666 0.254 0.030 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 1.000 0.868 0.502 0.174 0.022 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 1.000 0.833 0.421 0.139 0.016 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 0.984 0.603 0.273 0.107 0.016 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 0.931 0.461 0.199 0.065 0.014 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 0.865 0.320 0.136 0.056 0.012 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.536 0.201 0.089 0.039 0.009 245 Disconnected, near, all similar 
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AEP at conditioning site: 0.0133 
Equivalent return period: 75 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA within 
a factor of 
2.7 

Difference 
of FARL 
within 0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 1.000 0.994 0.785 0.123 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 0.986 0.545 0.223 0.064 0.002 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.658 0.342 0.168 0.066 0.007 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 0.999 0.665 0.283 0.087 0.011 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.915 0.552 0.218 0.091 0.008 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.136 0.037 0.021 0.011 0.005 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.282 0.102 0.050 0.037 0.019 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.549 0.243 0.075 0.035 0.011 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.462 0.130 0.056 0.025 0.006 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.131 0.057 0.030 0.016 0.006 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.995 0.403 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 0.994 0.756 0.160 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 0.997 0.838 0.350 0.032 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 0.999 0.857 0.384 0.031 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.996 0.876 0.344 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.503 0.150 0.073 0.014 0.001 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 1.000 0.973 0.757 0.403 0.071 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 0.964 0.604 0.208 0.023 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 0.998 0.816 0.443 0.143 0.017 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 0.999 0.772 0.356 0.111 0.011 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 0.967 0.487 0.204 0.077 0.011 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 0.859 0.370 0.151 0.045 0.010 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 0.781 0.266 0.104 0.044 0.008 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.415 0.152 0.063 0.027 0.006 245 Disconnected, near, all similar 
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AEP at conditioning site: 0.01 
Equivalent return period: 100 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA within 
a factor of 
2.7 

Difference 
of FARL 
within 0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 1.000 0.989 0.732 0.102 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 0.972 0.480 0.188 0.052 0.002 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.596 0.295 0.140 0.054 0.006 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 0.999 0.610 0.247 0.073 0.009 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.888 0.505 0.193 0.079 0.007 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.100 0.027 0.016 0.008 0.004 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.225 0.079 0.039 0.028 0.015 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.464 0.199 0.061 0.028 0.008 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.398 0.106 0.045 0.020 0.004 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.100 0.045 0.023 0.013 0.004 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.995 0.396 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 0.991 0.724 0.141 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 0.997 0.824 0.319 0.028 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 0.998 0.823 0.363 0.027 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.996 0.871 0.337 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.432 0.122 0.059 0.011 0.001 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 1.000 0.962 0.712 0.354 0.060 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 0.951 0.550 0.183 0.019 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 0.997 0.772 0.400 0.122 0.013 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 0.997 0.723 0.317 0.095 0.009 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 0.949 0.437 0.164 0.061 0.009 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 0.810 0.310 0.122 0.035 0.007 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 0.707 0.224 0.081 0.034 0.006 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.341 0.123 0.049 0.021 0.005 245 Disconnected, near, all similar 
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AEP at conditioning site: 0.005 
Equivalent return period: 200 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA 
within a 
factor of 
2.7 

Difference of 
FARL within 
0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 0.999 0.961 0.589 0.063 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 0.904 0.339 0.121 0.032 0.001 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.450 0.201 0.090 0.033 0.003 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 0.994 0.480 0.175 0.048 0.005 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.804 0.400 0.141 0.055 0.005 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.048 0.013 0.008 0.004 0.002 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.128 0.042 0.021 0.015 0.008 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.333 0.114 0.038 0.016 0.005 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.268 0.064 0.026 0.011 0.002 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.054 0.026 0.012 0.007 0.002 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.993 0.413 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 0.984 0.660 0.103 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 0.995 0.769 0.255 0.018 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 0.996 0.734 0.276 0.016 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.995 0.859 0.321 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.288 0.073 0.034 0.006 0.000 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 0.999 0.922 0.629 0.270 0.041 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 0.910 0.456 0.134 0.012 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 0.991 0.669 0.309 0.089 0.009 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 0.985 0.596 0.237 0.065 0.006 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 0.877 0.321 0.095 0.034 0.005 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 0.685 0.224 0.071 0.021 0.004 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 0.522 0.152 0.054 0.019 0.004 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.206 0.068 0.028 0.011 0.003 245 Disconnected, near, all similar 
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AEP at conditioning site: 0.002 
Equivalent return period: 500 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA 
within a 
factor of 
2.7 

Difference of 
FARL within 
0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 0.993 0.879 0.403 0.032 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 0.728 0.198 0.065 0.017 0.001 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.289 0.116 0.049 0.017 0.002 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 0.968 0.331 0.109 0.028 0.003 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.668 0.284 0.092 0.035 0.003 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.018 0.005 0.003 0.002 0.001 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.058 0.018 0.009 0.007 0.003 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.213 0.054 0.020 0.008 0.002 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.151 0.032 0.013 0.005 0.001 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.023 0.012 0.005 0.003 0.001 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.987 0.441 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 0.965 0.564 0.068 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 0.987 0.681 0.187 0.012 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 0.987 0.639 0.195 0.009 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.994 0.845 0.303 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.157 0.036 0.016 0.003 0.000 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 0.998 0.848 0.494 0.190 0.027 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 1.000 0.815 0.340 0.089 0.007 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 0.959 0.522 0.212 0.055 0.004 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 0.937 0.447 0.150 0.038 0.003 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 0.723 0.202 0.044 0.015 0.002 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 0.509 0.115 0.036 0.011 0.002 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 0.316 0.080 0.031 0.009 0.002 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.101 0.032 0.013 0.005 0.001 245 Disconnected, near, all similar 
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AEP at conditioning site: 0.001 
Equivalent return period: 1000 years 

Table C-1: Dependence model results for different classes of pairwise catchment descriptors 

Connected Difference of 
BFI within 
0.3 

Centroids 
within 25 km 

Ratio of 
AREA 
within a 
factor of 
2.7 

Difference of 
FARL within 
0.07 

5%ile 
AEP 

25%ile 
AEP 

Median AEP 
period at 
dependent site 

75%ile 
AEP 

95%ile 
AEP 

No. of 
pairs in 
data 

Interpretation of site configuration 

TRUE FALSE FALSE FALSE FALSE 1.000 0.974 0.782 0.286 0.019 4  Not enough data 

TRUE FALSE FALSE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE FALSE TRUE FALSE 0.560 0.127 0.040 0.010 0.000 4  Not enough data 

TRUE FALSE FALSE TRUE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE FALSE FALSE NA NA NA NA NA 0  

TRUE FALSE TRUE FALSE TRUE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE FALSE NA NA NA NA NA 0   

TRUE FALSE TRUE TRUE TRUE NA NA NA NA NA 0   

TRUE TRUE FALSE FALSE FALSE 0.199 0.075 0.030 0.010 0.001 2 Not enough data 

TRUE TRUE FALSE FALSE TRUE 0.922 0.241 0.075 0.018 0.002 8 Connected, far, AREA different, BFI and FARL similar 

TRUE TRUE FALSE TRUE FALSE 0.558 0.216 0.066 0.024 0.002 5  Not enough data 

TRUE TRUE FALSE TRUE TRUE 0.008 0.003 0.002 0.001 0.000 9 Connected, far, similar 

TRUE TRUE TRUE FALSE FALSE 0.031 0.009 0.005 0.003 0.002 8 Connected, near, BFI similar, others different 

TRUE TRUE TRUE FALSE TRUE 0.124 0.034 0.012 0.004 0.001 51 Connected, near, AREA different, others similar 

TRUE TRUE TRUE TRUE FALSE 0.095 0.019 0.007 0.003 0.001 13 Connected, near, FARL different, others similar 

TRUE TRUE TRUE TRUE TRUE 0.012 0.006 0.003 0.002 0.001 102 Connected, near and all similar 

FALSE FALSE FALSE FALSE FALSE 1.000 1.000 1.000 0.988 0.416 40 Disconnected, far, all different 

FALSE FALSE FALSE FALSE TRUE 1.000 1.000 0.942 0.489 0.052 86 Disconnected, far, FARL similar, others different 

FALSE FALSE FALSE TRUE FALSE 1.000 0.976 0.621 0.148 0.009 63 Disconnected, far, AREA similar, others different 

FALSE FALSE FALSE TRUE TRUE 1.000 0.971 0.572 0.142 0.007 159 Disconnected, far, AREA and FARL similar, others different 

FALSE FALSE TRUE FALSE FALSE 1.000 1.000 0.993 0.834 0.290 3 Not enough data 

FALSE FALSE TRUE FALSE TRUE NA NA NA NA NA 1 Not enough data 

FALSE FALSE TRUE TRUE FALSE 0.097 0.021 0.009 0.002 0.000 3 Not enough data 

FALSE FALSE TRUE TRUE TRUE NA NA NA NA NA 1 Not enough data 

FALSE TRUE FALSE FALSE FALSE 0.987 0.779 0.399 0.150 0.019 258 Disconnected, far, BFI similar, others different 

FALSE TRUE FALSE FALSE TRUE 0.999 0.728 0.262 0.065 0.005 981 Disconnected, far, BFI and FARL similar, AREA different 

FALSE TRUE FALSE TRUE FALSE 0.910 0.426 0.159 0.038 0.003 681 Disconnected, far, BFI similar, AREA and FARL different 

FALSE TRUE FALSE TRUE TRUE 0.867 0.345 0.108 0.025 0.002 2255 Disconnected, far, all similar 

FALSE TRUE TRUE FALSE FALSE 0.579 0.138 0.027 0.008 0.001 6 Not enough data 

FALSE TRUE TRUE FALSE TRUE 0.379 0.076 0.023 0.007 0.001 78 Disconnected, near, BFI and FARL similar, AREA different 

FALSE TRUE TRUE TRUE FALSE 0.205 0.051 0.020 0.005 0.001 36 Disconnected, near, AREA and BFI similar, FARL different 

FALSE TRUE TRUE TRUE TRUE 0.063 0.018 0.007 0.003 0.001 245 Disconnected, near, all similar 
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