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Abstract 
 
As the popularity of 1D-2D stormwater models has increased, so has the production of 
pluvial surface water hazard or exceedance mapping. The 2D domain outputs of 
integrated hydraulic models, whether exceedance depths across a catchment or 
overland flows, typically originate from a single duration design storm event. This is 
usually due to the computational time required to simulate many design storm rainfall 
durations in 2D models. Selecting a single rainfall duration storm event to identify 
surface water exceedance depths or extents upon a ground model across large areas 
however, has the tendency to significantly underestimate depth maxima, as critical 
duration varies throughout the catchment. As a result most of the catchment will be 
covered by non-critical 2D results for a given return period. In the case of pluvial 
overland flow mapping, where direct rainfall is applied in a 2D environment, the concept 
of critical duration fails. Here every 2D element within the terrain surface will respond to 
a slightly different rainfall duration when reaching maximum depth or velocity, rendering 
critical duration a 1D modelling concept. 
 
It is proposed to adopt a single composite input rainfall profile, as a method of 
calculating critical 2D depths across a catchment model for multiple storm durations in a 
single 2D simulation. This composite ‘Superstorm’ profile solves the common modelling 
issue of having differing ‘critical’ durations across the catchment requiring multiple 
duration analysis to be carried out on drainage models. Applying the Superstorm as 
direct rainfall to a ground model generates 2D results that are essentially critical at any 
point in the 2D domain, whilst producing minor error margins when compared to 
simulation maxima of a traditional critical duration analysis. The pre-processing of rainfall 
hyetographs to create a composite critical profile represents significant savings in the 
simulation time required for any size model but gives greater savings pro-rata to the 
model complexity.  
 
Application of a single composite Superstorm in 2D overland flow modelling permits the 
production of surface water hazard maps that have critical depth everywhere. Spatial 
comparisons on a test catchment indicate good replication of maximum 2D flood depths 
in a direct rainfall model when comparing 2D depth maxima in GIS across all the 
Superstorm input durations. For flood mapping in a 2D environment, a composite 
Superstorm is currently the only method that will produce flood maps showing critical 
depth across the whole catchment without the need for assembling composite duration 
depth mapping. 
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Introduction 
 
Creation of hydraulic models to design and test the performance of a stormwater 
drainage system can include the application of elemental procedures that have been 
established over many years. Testing a hydraulic model under recorded or synthetic 
design rainfall conditions can be a relatively complex process but many of the methods 
are adaptations of simplified manual methods that were devised before fast computer 
simulation. The ‘Rational’ method used by designers across the world, particularly in 
simulation of new sewer schemes, is over 100 years old and much of the hydrology used 
today is based on research undertaken 50 years ago. 
 
One term that has survived as long as the ‘Rational’ method is that of ‘critical duration’. 
This condition is still specified as a requirement in most modelling schemes when 
referring to the storm event that will produce the largest flow or highest water level for a 
given annual return period. 
 
What is Critical duration? 
 

 
 
Critical Duration 
 
To understand ‘critical duration’ we need to appreciate the term ‘time of concentration’. 
The concept of time of concentration is simple to explain at a basic level, but an 
understanding of the full spatial implications of this concept can be quite difficult to 

grasp. 
 
The time of concentration (Tc) is equal to the 
time of entry (Te) plus the time of flow (Tf). As 
the time of entry and the time of flow changes 
dependent on where you are in catchment, so 
must the time of concentration.  
 
There are a variety of formulae that can be 
used to calculate the time of concentration, but 
the basic concept of Tc = Te + Tf holds true 
whatever method is used. 
 
The primary function of this concept is that it is 
assumed that the time of concentration is time 
taken for all the sub catchment to contribute at 
the flow estimation point. The term “time of 
concentration” is almost interchangeable with 
the term “critical duration”. Critical duration is 

the duration of storm that produces the highest 
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Critical duration - Duration of rainfall event likely to cause the highest peak flows 

at a particular location for a specified return period 

 

Figure 1 time of concentration 



flow in the system.  For a typical symmetrical design storm with a central peak the critical 
duration storm event is the duration that is twice the time of concentration 2Tc.  
 
One element that many practitioners do not fully understand is that the time of flow is the 
time taken for the last particle of water to move beyond the point of consideration. So 
when a throttle in the system is present this particle is detained (frequently within a 
storage area or tank) and the time of flow includes the time for this part of the system to 
drain down, which is when the last particle will pass through the throttle. 
 

 

Figure 2 Flow path through a tank when empty 

 
Figure 3 Time of flow extended through a throttle as water meanders 

The current definition of critical duration simply equates to the longest flow path, 
however water can remain stalled in storage areas, and is why sometimes attenuation 
can make flooding worse. Equally creation of small dams in using natural flood 
management techniques in upland areas can lessen the effect of short flashy storms by 
increasing the time of concentration to a value greater than 2Tc at the downstream point 
of consideration. 
 
These simplified manual methods have been transposed into the world of simulation 
modelling, using user digitised sub catchments assigned to selected conduits to 
represent a flow route anticipated by the modeller. Critical duration, as currently is 
applied is a 1D concept, because the flow route is artificially constrained by the 
geometry of a 1D model. Flow calculation is simplified to a level that can be solved by 
the application of mathematical algorithms using simple 1D model geometry.  But as we 
are now starting to represent more complex ‘integrated’ systems with increasing 
interconnected geometry, some of these simplified approaches are no longer fit for 
purpose for integrated design. 
 
 
 
 
 
 



Synthetic Design Rainfall 
 
Synthetic rainfall design profiles used in hydraulic design are artificial constructs from 
hydrological methods that are typically used to demonstrate an acceptable level of 
system performance. Rainfall storms of any length are not reality, they are just 
mathematical approximations of storm shape for a given frequency. Even return periods 
are just a mathematical measure we use to gauge the magnitude or intensity of a rainfall 
event over a given time interval. 
 

 
Figure 4 Traditional UK design profiles 

Critical duration is also an artificial construct that relies on the modeler or 1D software 
being able to calculate a time of flow. This cannot be calculated in a 2D direct rainfall, or 
integrated 1D-2D drainage model as the flowpaths across a terrain model are 
unconstrained and virtually infinite, along with the points of consideration. Due to 
simulation times and complexity of 2D models it is not efficient to simulate every duration 
rainfall event, and even so, each duration rainfall event would produce non-critical flow 
or depth results for the majority of the catchment. 
 
What holds true is the observed pattern of rainfall intensity for a given duration, i.e. the 
intensity data behind the Intensity Duration Frequency (IDF) curves. Instead of analysing 
the longest flow paths in an attempt to find a critical duration we can instead consider 
identifying the greatest rainfall depth or average intensity that may occur in a window of 
time in the rainfall applied, this time being the storm duration. This will then lead us to 
the greatest flow that will be produced once passed through a routing model, but only for 
that particular storm duration.  
 
Taking a single 30 Year 1440 minute FSR design storm 5, we can see that return period 
on a minute-by-minute interval varies, most intensity values best fitting with values 
experienced in lower frequency, lower duration rainfall storms, reporting a lower return 
period. The storm only becomes a 30 year storm when the complete rainfall volume is 
considered within the 1440 minute time window  
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Figure 5 IDF Graph of a single 30 year summer design storm showing variable return period 

Superstorm 
 
If we perform this exercise for every input observed rainfall file, or synthetic design storm 
we can then arrange these intensities in order of increasing magnitude to create a 
composite profile containing the worst case intensity values. We call the resulting rainfall 
profile a ‘Superstorm’. The Superstorm concept is simply a composite set of ‘worst case’ 
duration storms represented in a single rainfall profile. 
 
The Superstorm process performs an analysis of depth/duration across all input files, 
and re-arranges all intensity values making sure that within each window of time (storm 
duration), the correct rainfall depth that should be experienced has fallen up to the 
appropriate minute of duration. This effectively builds profile that satisfies all values on 
an IDF curve for a given return period in a design storm scenario. It will also build worst 
case storm for any recorded rainfall values, such as continuous rainfall, and has been 
used historically for spill frequency design at sewer overflows, whereby the whole rainfall 
series does not have to be simulated 4. A Superstorm simply produces a profile of worst 
case rainfall from years of rainfall records or design curves, to which the solution can be 
designed. 
 

 
Figure 6 IDF Graph of a 30 year Superstorm showing constant return period 

When performing the same return period analysis of a composite Superstorm created 
from hundreds of 30 year design profiles of every duration in a particular location, we 
find that a 30 year return period is correctly predicted across the whole profile. The 
benefit of Superstorm is clear; all input rainfall can be tested in a single simulation, 
without the need for running multiple rainfall durations.  
 



A complete Superstorm follows a symmetrical shape much like design storms, and due 
to the method of construction volume is also balanced, so the volume of a Superstorm is 
no greater than the volume of the largest input file. This is important in 2D simulation, 
where depth or volume is passed between cells during simulation. 
 

 
Figure 7 Superstorm composite profile 

The shape of a Superstorm created from this example using FSR rainfall, although 
peaky and unnatural can be compared to the Cumulative Rainfall Profile (CRP) used in 
the United States Soil Conservation Service (SCS) method. Plotting percentage of rain 
that falls with the passing of time for a UK FSR Superstorm against the Type II curve 
applied to 80% of the USA shows a remarkable correlation3. The practice of creating an 
unnatural, yet critical storm profiles for 1D analysis is therefore not new. 
 

 
Figure 8 Cumulative rainfall profile comparison of Superstorm and SCS type II method curve 

Application of a critical profile in 1D hydraulic models 
 
Following on from research by Osboure (2012)6, 7, early Superstorm testing in 1D models 
was carried out in 2013 using a medium sized drainage model in a steep catchment in 
the north of England containing 425 pipes 2. It was chosen as it was a real model with 
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existing exceedance problems for the 1 in 30 year return period event. This combined 
sewer network contained storage tanks, online ancillary flow controls, high level 
overflows, base flows and a treatment works typically found within most large 
catchments. The moderate number of model elements also reduced the computation 
time in testing. Simulated 1D results from all the individual storms were then ranked to 
identify results that were critical by; maximum water level, exceedance spill volume, 
discharge and velocity across all durations. The same analysis was performed on two 
summer and winter FSR Superstorms, and ranked on a pipe by pipe basis to identify 
which season was critical. Maxima of hydraulic results were extracted from the 
traditional analysis and the Superstorm analysis and compared for critical depth, 
exceedance spill volume, discharge and velocity for each pipe. The average and 
maximum differences in measures are shown in the table below, taken from previous 
research conducted by Davies and Hancock (2013) 2. 
 

 
Table 1 Comparison of identical 1D simulation using typical UK design storms 

Simulation of 2852 storms within the 1D model took over 24 hours, whereas simulation 
of the summer and winter Superstorms on the same machine took only a few minutes 
reducing simulation time by 99.8%. Overall flood volumes and pipe velocities were 
replicated extremely well, with a large proportion of pipes in the network giving identical 
results, the majority within 5% of the traditional critical analysis. Velocity showing best 
replication of 75% identical results, and water level although having fewer identical 
results in comparison was only fluctuating by a few millimetres, was largely over 
predicting depth by a few mm. Peak discharge was less well replicated, showing the 
largest variation in results. Interrogation of output hydrographs showed some instability 
at complex overflows and areas flooding in the system. These accounted for the largest 
differences in hydraulic properties, particularly discharge, where a spike of instability 
occurs. 
 

 
Figure 9 Predicted 1D flood volumes of Superstorm compared with traditional analysis. Results of 17 pipes with 

instability removed from dataset. 

The results of this 1D analysis proved the concept worked, however with subsequent 
modelling projects requiring the use of 2D direct rainfall models or integrated 1D- 2D 



models, the method has been useful in other applications. Superstorms have been 
applied in direct rainfall modelling where critical pluvial depth mapping of an urban or 
rural catchment has been requested, as it was seen as the only practical way of creating 
critical depth mapping of overland flows. 
 
Application of a critical profile in 2D hydraulic models 
 
Selecting a single rainfall duration storm event to identify surface water depths or extents 
upon a ground model across large areas, has the tendency to significantly 
underestimate depth maxima. This is because as critical duration varies throughout the 
catchment due to varying time of concentration. As a result most of the catchment will be 
covered by non-critical 2D results for a given return period. 
 
Traditionally a 2D overland flow model would require simulation of many rainfall 
durations until the approximate greatest ‘critical’ depth of water is predicted to 
accumulate at the point of consideration. If the catchment required depth results at many 
points of consideration, multiple storm durations would need to be simulated. The depth 
or velocity results of these models could then be compiled into a composite critical depth 
map in a GIS package, taking the maximum value of each 2D cell for each duration and 
combining the peak results of these cells to create a composite plan of critical 
maximums. This method is laborious and time intensive and instead can be performed 
by applying a single Superstorm profile to the 2D domain. 
 

 
Figure 10 Superstorm gives ‘critical’ depth mapping in 2D direct rainfall simulation, creating comparable depth or 

velocity maximums as all input rainfall profiles used to create the composite profile. This saves simulation of every 

storm event if critical depth mapping is required. 



Appling a critical Superstorm to the 2D domain as direct rainfall creates worst case, or 
critical depths and velocities everywhere, demonstrating a good match when compared 
to a traditional composite map of single duration run results. The methodology used to 
test this involves creation of a 2D terrain model, simulation of 10 synthetic design rainfall 
profiles ranging from 15 minutes to 1440 minutes, exporting of results maximums and 
comparison of maximum 2D cell results to a single Superstorm run created by compiling 
the same 10 storms. In a GIS package, the 2D cell results of the 10 individual runs can 
be compiled into composite ‘critical’ depth and velocity plans. Subtracting the 
Superstorm cell results from the composite plan gives a picture of the error margins. The 
subtraction of a traditional composite map with Superstorm depth mapping shows a 
sporadic sprinkling of cell ‘noise’ in the resultant map where depths and velocity 2D cell 
values differ by a fraction due to rounding and calculation at deep depths, however 
essentially the critical depth and velocity maps produced can be comparable to running 
a suite of individual storms, particularly in shorter catchments. This demonstrates a huge 
time saving in 2D pluvial analysis, and solves the issue of creating critical overland flow 
results, whilst the modeler does not have to pre-select a duration to simulate a 2D 
model. The only negative issues encountered with the Superstorm method is an inability 
to trace which exact storm duration caused the greatest 2D cell depth or 1D pipe 
velocity, as only one set of ‘critical’ results is output with the method. 
 
Conclusion 
 
Producing worst case ‘critical’ results is still the main focus for any sewer design or flood 
frequency analysis however the concept of critical duration is not fit for purpose for use 
in 2D modelling and the term should not be applied to 2D or hybrid 1D/2D models. As an 
interim measure we can utilise composite critical storm profiles such as the Superstorm 
method to generate entirely critical 2D depth mapping in one storm. Many of the 1D 
approaches to drainage simulation and design are no longer fit for purpose for 
‘integrated water’ management practices, such as above ground drainage systems or 
surface water management, where interaction with more complex surface systems must 
be analysed. We need to refresh our methods, our terminology and the way we quantify 
risk within our drainage systems as the application of direct rainfall simulation increases 
within the industry.  
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