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There is a growing use of integrated catchment studies that represent all drainage assets in 
a catchment including urban drainage, watercourses, large rivers and tides.  Each of these 
has a different pattern of response and it is not straightforward to correctly represent their 
interaction. 

The WaPUG guide on integrated modelling provides some guidance but it does not set out a 
standard approach that can readily be applied.  WaPUG User Note 22 (Osborne 1991/96) 
sets out guidance on representing tidal interaction but this also is due for review. 

As part of recent Integrated Catchment Studies for Scottish Water covering the counties of 
Aberdeenshire and Ayrshire we developed a proposed approach to representing this 
interaction and then, with the learning from those two studies we have improved it, including 
using the just published ReFH2 rural runoff model and the recent DEFRA research on the 
joint probability of surge tide and heavy rainfall. 

1  Building the model 

1.1 Representing the drainage system 

The first task is to identify the watercourses in the catchment and which of them need to be 
represented. 

All of the known watercourses should be mapped on a GIS layer and overlaid on the 
background mapping and sewerage system data.  The mapping should include culverted 
watercourses.  It is also useful to overlay the national mapping of surface water flood risk as 
this may indicate the route of “lost” watercourses that may be culverted or that may only flow 
in heavy rainfall. 

 Watercourses that could have a flood impact in the urban area or that could interact 
with outfalls from the sewerage system(s) will need to have a hydraulic model to be 
able to represent these impacts; but a further decision will be required as to whether 
this will be integrated or stand alone.   

 The boundary of an urban area is often a road or railway line where the watercourse 
passes through a culvert.  The hydraulic modelling should generally be extended to 
include the culvert as it may control the inflows and flood storage upstream of the 
culvert. 

 Upstream watercourses that lie outside the urban area will generally need only an 
inflow model. 

 Where there is a string of urban areas along a river then the whole length of the river 
will generally need to be included in the hydraulic model. 

 The hydraulic model should be extended downstream to a point where it is free-
flowing so that a normal depth boundary condition can be used or extended to a tidal 
boundary if tidal influence is significant. 

The watercourses to be included in the hydraulic model should then be checked to ensure 
that they join up without any gaps and that all sewerage outfalls can be connected to them.  
There should generally not be any sewerage outfalls with a free discharge unless they are 
into a large watercourse and are at a high enough level that they cannot be affected by the 
watercourse level. 

1.2 Identifying large watercourses 

A “large” watercourse is one that is large enough that the local inflows from sewerage 
systems or urban watercourses do not cause short term changes in flow and level?   
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A large watercourse has just a one way impact on the other components of the drainage 
system and so can be run as a separate stand-alone model and the appropriate water levels 
applied as level hydrographs on the outfalls of the sewerage systems and tributary 
watercourses.  This simplifies and reduces the size of the model.  The choice of water levels 
is discussed later in this guide. 

Classification of a watercourse as large requires a combination of it responding slowly to 
rainfall (long Time to Peak (Tp) or Time of Concentration) and having only a small fast urban 
flow component.  Both of these can be assessed from the parameters for the watercourse at 
the downstream boundary taken from the Flood Estimation Handbook (FEH) CD.  A 
watercourse with a time to peak of more than 12 hours and an URB2000 of less than 12.5% 
can be classified as Large and so run separately (12.5% is taken as the limit as it is used in 
the ReFH method as the change from winter flows to summer flows being critical.  This value 
may need to be adjusted). 

As an alternative a large watercourse can be integrated within the urban drainage model and 
treated as an intermediate watercourse.  This should have little impact on the results 
although the model will need to be checked to ensure that the calibration of the watercourse 
model is retained. 

For other smaller watercourses the channel hydraulics should either be included in an 
integrated model or, if they are upstream of the urban area, then they should be represented 
just as large contributing areas. 

1.3 Representing contributing areas 

Large watercourses included in stand-alone models will have their own allocation of 
contributing areas and these must not be double counted in the integrated model. 

The other rural contributing areas should now be identified to provide inputs to the modelled 
watercourses.  These should be represented with the minimum number of large contributing 
areas compatible with the watercourse layout.  Inflows may need to be applied along the 
length of watercourses as well as at their head. 

At this stage all areas that are not part of a stand-alone large river model should be included 
in the integrated model as FEH contributing areas.  (FEH is used here to describe all 
versions of the FEH rainfall runoff model including ReFH and ReFH2). 

Care should be taken not to double count the urban contributing areas already included in 
the integrated model.  This means that some catchment descriptors from the FEH CD may 
need to be adjusted to represent the actual contributing area being included: 

Some rural contributing areas will be changed to steady state hydrographs for historical 
verification and needs assessment.  This is described in Section 3. 

2 Historical verification 

Historical verification should be carried out for the integrated model to check the 
representation of rural inflows and watercourses.  We propose to do this for 1:2 year and 
1:10 year probability design storms and also for any significant flooding events where rainfall 
data is available. 

In theory the same integrated model as described above could be used for historical 
verification with the rural contributing areas be included as runoff areas responding to the 
same rainfall as applied to the urban areas.  However this would require the range of storm 
durations to be extended up to about twice the response time of the largest area.  It might 
also require consideration of skewed rainfall events rather than the conventional symmetrical 
events to ensure that the interaction of peak flows from urban and rural areas was correctly 
represented. 

To avoid this problem the slower responding areas are represented as steady state flows. 



 
This same problem approach is used for the analysis of needs and options using design 
storms.  The changes required to the model are described in Section 3 but the way in which 
it should be used for historical verification is described here. 

The large watercourses represented as stand-alone models will generate steady-state peak 
design water levels for each outfall and tributary.  Rural areas with long response times will 
each generate steady-state peak design inflow rates.  The FEH methods do not generate 
separate summer and winter peak design values; just a single worst case. 

Historical verification should be carried out for 1:2 year and 1:10 year probabilities for both 
summer and winter rainfall and runoff conditions for the areas included within the model.  
The winter rainfall should include the reduction in depth due to the seasonal correction 
factors in the ReFH rainfall model. 

The steady-state flows and levels should be generated for mean annual flow Qmed and 1:10 
year probabilities.  These steady state values should be used with the runoff generated from 
rainfall as shown in the table below.  The steady-state values should start at zero and be 
ramped up at the start of the event as described in Section 3. 

Table 1 Historical verification scenarios 

 River flow 

Rainfall Summer Winter 

1:2 Qmed Qmed 

1:10 Qmed 1:10 

Where tide levels affect the catchment then the analysis should be run for steady-state mean 
sea level for historical verification, although varying tide levels will be used for risk 
assessment. 

The resulting water levels and flood extents should be compared with known out of bank 
flows and flood impact. 

If there is local information on a specific large event then this should also be analysed either 
using measured rainfall data or a design storm of the same probability and duration and the 
flood extent compared.  If using measured rainfall it may be necessary to run several days 
rainfall in advance of the main event to generate appropriate watercourse levels. 

The most likely reasons for poor agreement of flood extent is poor representation of bank 
lines and connection of cross section survey data to LiDAR data or adjustment of channel 
roughness.  However if the results do show that flow rates need to be adjusted then the 
BFIHOST term of the ReFH model can be adjusted although any changes should be well 
justified with other evidence for why it needs to be changed. 

3 Selection of steady state inflows 

3.1.1 Time varying or steady state 

This section describes how to change contributing rural areas from a time varying 
representation to a steady-state representation for historical verification and risk 
assessment. 

In theory all of the rural contributing areas could be included as runoff areas responding to 
the same rainfall as applied to the urban areas.  However this would require the range of 
storm durations to be extended up to about twice the response time of the largest area.  It 
might also require consideration of skewed rainfall events rather than the conventional 
symmetrical events to ensure that the interaction of peak flows from urban and rural areas 
was correctly represented. 

To avoid this problem the slower responding areas are represented as steady state flows. 



 
The time to peak Tp of each contributing area should be assessed from the catchment 
parameters as used in the model. 

Rural areas with a time to peak of greater than about 6 hours should then have their 
contributing areas removed from the integrated model and their inflows replaced with steady 
state peak flows.  These steady state flows should be modelled using the ReFH software 
using the same model parameters as used when they were included in the integrated model.  
This should include any changes made to the model parameters for calibration against flow 
data. 

The required peak flow rate in the downstream reaches of the river will generally be less 
than the sum of all of the tributary inflows because of attenuation in the river.  Where this is 
significant then all of the inflows should be reduced proportionately to give the correct peak 
flow at the critical flood locations. 

To further reduce this problem of representing attenuation, the steady state river inflows 
should be ramped up from baseflow to the steady state flow over a ramp time of 3 hours.  
For rainfall events with durations of less than 6 hours then the ramp time should be reduced 
to half of the event duration. 

Contributing areas with a time to peak of less than about 6 hours continue to be represented 
as contributing areas in the integrated model responding to the rainfall applied to the model. 

3.1.2 Selecting appropriate rural inflows 

This section sets out the selection of an appropriate steady state flow to use for the rural 
components. 

A key consideration is whether the responses of the different components are effectively 
independent of each other or are driven by the same causes. Ultimately all of the runoff 
components from both rural and urban areas are driven by rainfall but this may be rainfall at 
different times. 

For example, in a catchment with an outlying rural contributing area, the watercourse level 
may be dependent on rainfall that occurred several days ago whereas the urban drainage 
flows depend on the rainfall falling on the local catchment in the last few hours.  They are 
therefore effectively independent of each other.   

In another catchment, the responses to rainfall of watercourses and urban drainage may be 
very similar so that they are both dependent on the same rainfall.  Sections 20 – 22 of the 
IUD Guide has more discussion on potential modes of interaction. 

We make the simplifying assumption that in summer conditions the critical conditions are 
relatively short duration rainfall events and that the response of the urban areas are 
effectively independent of the response of the large rural for these events.  The large rural 
areas are therefore represented with flows representative of typical summer conditions.  For 
flood risk studies this should be the Qmed river flow; representing roughly a 1:2 probability 
per year.  This is likely to be slightly conservative especially for the probabilities up to 1:10 
per year. 

For winter conditions we make the simplifying assumption that critical responses are to long 
duration rainfall, where the peak response of urban and rural areas could coincide.  We 
therefore use a steady peak flow of the same return period as the rainfall event.  This is also 
likely to be conservative because of the use of steady state flows. 

4 Assessment of risks (needs assessment) 

4.1 Probabilities to be analysed 

For full assessment of urban and watercourse flooding the design events should cover a 
range from 1:2 per year to 1:200 per year with typically 1:2, 1:5, 1:10, 1:30, 1:50, 1:100 and 
1:200 probability per year. 



 
4.2 Durations 

If using conventional design storms then durations of 60, 120, 180, 240, 300, 600 and 1440 
minutes should be analysed.  For particularly slow or fast response systems alternative 
durations may be required.   

To limit the number of runs the various duration can, with the client approval, be replaced by 
a single long duration rainfall event (SuperStorm) that includes within it the critical conditions 
for shorter duration events.  This SuperStorm is a surrogate to the large number of events of 
different durations to identify the critical conditions at every point in the system.  To validate 
the SuperStorm results the 1:10 probability should also be run for the entire set of durations 
and compared with the SuperStorm results.   

4.3 Seasonal variation 

Both winter and summer conditions should be analysed.  Winter rainfall should take into 
account the seasonal correction factors to reduce the rainfall depth as well as the different 
event profile.  Different antecedent conditions will be used for summer and winter for NAPI 
and groundwater infiltration for the urban areas and for baseflow and initial catchment 
wetness for the rural areas. 

If information is available on appropriate values, then different channel roughness should be 
used for summer and winter for open watercourses to represent the additional weed growth 
in summer conditions.   

4.4 Tidal boundaries 

The analysis is using event durations of up to 24 hours and most analysis will be run using 
SuperStorm that has a 24 hour overall duration.  Static tide levels are therefore not 
appropriate to these long durations.  We therefore propose to use time varying tide levels but 
with different start times to represent the range of tidal conditions. 

We propose to carry out two analyses one with the tide level initially at mean sea level on a 
rising tide and the other initially at mean sea level but on a falling tide.  These will give a 
reasonable range of combination of tide and storm although may not pick up the unusual 
situation of peak tide level and peak runoff occurring at the same time. 

We then need to select the tidal range to be used for this tide cycle.  This could range from 
Neap to Spring tides and could also incorporate tidal surges. 

We propose to use Spring tides, which give a higher peak level to ensure that the results are 
slightly conservative. 

Tidal surges are caused by low pressure weather systems and on the west coast there can 
be a strong correlation between high surge tides and heavy rainfall that may need to be 
considered.  On the east coast there is a time lag in the surge so that it occurs after the 
rainfall. 

On the west coast therefore consideration should be given to allowing for the higher tide due 
to surge.  Guidance on this is give in Defra guidance R&D Technical Report FD2308/TR3. 

Level files representing these tide curves will need to be applied to the downstream 
boundary of watercourses and for urban networks discharging directly to a sea outfall or 
estuary. 

  



 
4.5 Scenarios to be run 

Table 3.2.1 shows the recommended combination of conditions to be run for the baseline 
assessment.  The matrix of scenarios should be run for both tide curves. 

Table 4.5.1: Steady-state peak flows and levels 

 River flow 

Rainfall Summer Winter 

1:2 Qmed Qmed 

1:5 Qmed 1:5 

1:10 Qmed 1:10 

1:30 Qmed 1:30 

1:50 Qmed 1:50 

1:100 Qmed 1:100 

1:200 Qmed 1:200 

Each of these scenarios is run with the two tide curves and the results for the two averaged 
to give representative results.  For each location in the catchment the worst case from 
summer and winter seasons is taken as representative of each event probability. 


