Taking a Calculated Risk and De-Mystifying the Return Period.
Richard Marshall – Scott Wilson Water

Introduction
This paper will examine two inter-related issues that affect our understanding of rainfall severity.
It is generally understood that we design our new systems on the basis that certain criteria need to meet stated
return periods. For example, Sewers for Adoption requires no surcharging in a 1 in 1, 2 or 5 year storm, no flooding
in a 1 in 30 year event, overland flow routing for worse than 1 in 30 year events, etc. But what is the risk of failure
within any particular time frame? The first part of this paper gives the answer.
The second part of the paper examines what we mean by a 1 in X year storm and then goes on to examine various
means of determining the worst return period of any given event or series of events.

Taking a Calculated Risk
We may design a sewer system on the basis of it not causing flooding during any storm event with a return period
of less than 1 in 30 years, but that is no guarantee that it will not flood at any time after it is commissioned. Any
number of failures in any given period is theoretically possible, it’s all down to chance, risk and statistics. Obviously,
if the floods are very frequent, there will come a point at which the original design parameters would have to be
reviewed and the relevance of the design storms would have to be considered. The second part of this paper will
touch upon that issue to some extent.
The return period, e.g. 1 in 30 years, indicates the average interval between the occurrence of events of an equal
or greater severity. This can only be calculated by considering data gathered during a long period of time and the
longer the return period, the less likely that there will be an adequate data set available to make accurate
predictions, due to a lack of records.
All people involved in the chain of design, specification and authorisation need to understand the balance between
the “success” and “failure” of a system during any particular period.
For example, what would be the risk of a project that is designed on the basis of a 1 in 30 year event “failing” during
the next ten years? The obvious answer would appear to be that there would be a 33.3% chance of failing and
66.6% chance of not failing. Is this correct?
The probability pn that a given return period storm will be equalled or exceeded at least once in the next n years
can be calculated from the sum of the probabilities of its occurrence in each year up to the nth year.
This is given by the formula pn = 1 – ((T – 1) / T)n where: pn is the probability of failure in the next n years, T is the
design return period and n is the risk period being assessed.
So, to answer the question posed above, the probability of a system designed on the basis of a 1 in 30 year return
period storm failing during the next ten years is 1 – ((30-1) / 30)10 = 0.2875 or 28.75%
This is somewhat less than the 33.3% that may have been guessed originally. This problem can be turned around
in the following way. An insurance company could be considering covering a flood defence system having an
operational design life of 125 years and may decide that they can only accept a 15% chance of “failure” within that
period. What return period storm event would be applicable? From the chart below, the answer can be seen to be a
return period of 1 in 770 years.
This table can answer questions such as “What return period design storm should be used to get a 50/50 chance of
success/failure for a project with a 100 year design life?” The answer is 1 in 145 years. In this context, success
would be defined as the design return period (or worse) storm not happening during the specified design life of the
project or, conversely, failure would be defined as the design return period (or worse) storm happening at least
once during the specified design life.
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Finally, the formula can be presented in the form of a log/log chart.

Calculated Risk Chart

1000
Event Return Period (T) in Years

pn=1-((T-1)/T)n

5%

100

25%
50%
75%

10

95%

Theoretical probability of equalling or exceeding an
Event Return Period for a variety of Design Lives

1
1

10

100

1000

Design Life (n) in Years

WaPUG Spring Conference 2003

Page 2 of 10

Paper 5

De-Mystifying the Return Period
First of all, it is necessary to understand the meaning, or meanings, of the phrase “return period”. A suggestion was
given at the beginning of the previous section, but there is more to it than first meets the eye and it is appropriate to
explore the subject a little further.
Here is a definition from the Nevada Division of Water Resources!
Return Period (or Recurrence Interval) In statistical analysis of hydrologic data, based on the assumption that
observations are equally spaced in time with the interval between two successive observations as a unit of time,
the return period is the reciprocal of 1 minus the probability of a value equal to or less than a certain value; it is the
mean number of such time units necessary to obtain a value equal to or greater than a certain value one time.
Here is a simpler definition from the UK Parliament Website.
Return periods relate to the long term average time interval between events of a particular magnitude; thus a 1 in
100 year return period flood has a one per cent chance of occurring in any one year
Definitions such as these are fine for defining events that are measured on a one dimensional scale such as the
height of a flood, but do not seem to make much sense when applied to events that are multi-dimensional in
definition.
We speak of 1 in 5 year / 15 minute storms, 1 in 5 year / 2 hour storms and so on. What is a 1 in 5 year rainfall
event when it could last anything from one minute to several days?
An appropriate definition of return period for rainfall events could be:
The return period of a rainfall event is the threshold of all combinations of depth / duration with a severity that,
statistically, may be expected to be exceeded only once in that period of time.
Such thresholds can only be determined by the statistical analysis of large amounts of data gathered over a long
period of time. A once in one year event could be then be defined as an event falling on the threshold of all events
of such a severity that may be expected to be exceeded a hundred times in any given period of one hundred years.
At first sight, this may seem to be a simple enough idea but there are issues that need to be understood.
The definition offered above includes the term "statistically" and this gives a clue to the uncertainty surrounding the
concept. For example, in a one hundred year period, it is possible that five once in ten year storms or worse could
have occurred during the first ten years of records followed by five more in the next ninety years.
The definition also includes the term "severity". This could be taken as the total volume of rain, the duration of the
storm, the peak intensity of the storm, the average intensity or some combination of two or more of these factors.
Cause and effect need to be considered also. Often it is the effect of a storm event that is more important than the
classification of the event itself and there are many ways in which the severity of the effect of an event may differ
from the scale of the event that caused it. For example, a storm moving down a large urban catchment will tend to
magnify its effect with respect to flooding and a storm moving up a catchment will tend to have a reduced effect.
No two storms are ever precisely the same. They are dynamic, i.e. they cover a plan area that changes in shape
and magnitude during the event and have an intensity distribution that is not even over the whole area and also
changes with time and they can move significant distances before they cease to be effective. The result of these
variations is that an observer at a point on the fringe of such an event may only witness fairly unremarkable heavy
rain with some rumbles of thunder in the distance, whereas observers in the down wind and down stream path of
the centre of the storm may witness unprecedented torrential rain and flooding.
It must be appreciated that the classification of storm events is not a precise science.
These extracts from the Anglo Saxon Chronicles show an early interest in the weather and rainfall in particular.
• A.D. 1109 - This year were very frequent storms of thunder, and very tremendous.
• A.D. 1116 -This was a very vexatious and destructive year with respect to the fruits of the earth, through the immoderate rains that
fell soon after the beginning of August, harassing and perplexing men till Candlemas-day.
• A.D. 1117 - This year also, in the night of the calends of December, were immoderate storms with thunder, and lightning, and rain,
and hail.. . . . . This was a very blighted year in corn, through the rains that scarcely ceased for nearly all the year.
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More scientific classification of rainfall events began nearly seventy years ago when, in the 1935 edition of British
Rainfall, Ernest G Bilham, of the Meteorological Office, published a method of classifying heavy short duration
rainfall events based on data from ten autographic rain gauges in England and two in Wales over the ten year
period between 1925 and 1934. His findings related the depth of rainfall and its duration to a frequency of
occurrence using the following equation, the “Bilham Formula”: N = 1.25 * t * (r + 0.1)-3.55
N
t
r

where

is the number of occurrences of this intensity of storm in a 10-year period,
is the duration in hours,
is the depth of rainfall in inches during time t.

This relatively simple formula can be re-arranged to express each variable in terms of the other two and metric
versions can also be produced easily.
In the 1960s, after analysis of a great deal more data, the Bilham formula was modified to give better results for
high intensity (>32mm/hour) events. The additional data available also made it clear that the “one size fits all”
approach was not really suitable and that regional variations within the UK are significant.
Data gathering and analysis continued and the issue of regional variability was tackled in the "Flood Studies
Report" (FSR) published in 1975. Volume II presents a very detailed method for estimating rainfall depth / duration /
return period relationships for any part of the United Kingdom. It is based on many thousands of rain gauge years
of data and its primary aim is to derive depths of rainfall and idealised storm profiles for given return periods at any
given location for the purpose of predicting flooding from rivers and streams.
It is not very easy to use this method for the analysis and classification of actual events, especially events which
are far from an idealised profile. The FSR even implies that all storms have been considered as single peak events.
In the mid 1990s, the author became involved in assessing the return periods of actual rainfall events for the
provision of accurate and auditable figures for DG5 reporting. A simple method was devised to incorporate the
regional characteristics derived for the FSR into the Modified Bilham Formula.
The FSR includes numerous maps, but it was necessary to carry out much interpolation to get at some figures. For
example, three separate maps are needed to derive a depth of rainfall for a 1hr / 5yr return period event!
However, "The Wallingford Procedure" for the design and analysis of urban storm drainage, which was published in
the early 1980s, included a map showing 1hr - M5 depths in millimetres directly. For the great majority of the
Yorkshire Water region (where most of this analysis has been undertaken), this value is between 18mm and
20mm, with values in excess of 20mm generally confined to the upland regions.
The Modified Bilham Formula gives a value of 19.7mm for a 1hr - M5 storm. This means that wherever the M5-60
value is less than 19.7mm, the classification of the return period of an event simply by the application of the
Modified Bilham Formula will underestimate the severity of the event; that is to say across very nearly all of the
urbanised part of the Yorkshire Water region.
A simple, but nevertheless seemingly realistic and effective, technique to allow for these variations was developed
by the author. This comprises the derivation of "compensation factors" which are applied to the actual depths of
rain to derive compensated depths, which are then used in the Modified Bilham Formula to derive locally relevant
return frequencies for events.
The Wallingford Procedure includes maps of the country from which may be read (with interpolation as required)
the following data for any location:
•
•
•

M5 - 60 (mm) rainfall depth (i.e. the depth of rain in a once in five years one hour duration event)
r x 100 where r is the ratio of the depth of M5 - 60 to M5 - 2-day event. Hence M5 - 2 day depth = (M5 - 60
x 100) / r
aar (mm), the average annual rainfall derived from the thirty year period 1941 to 1970

These permit the derivation of compensation factors to cover the following ranges:
•
•
•

0 < event duration < 1 hour
1 hour < event duration < 48 hours (2 days)
48 hours < event duration < 1 year
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These basic compensation factors are interpolated to produce multipliers for any duration between 1 minute and
one year.
Shortly after the author developed this technique, the Flood Estimation Handbook (FEH) was published in 1999.
This presents formulae for the derivation of rainfall return periods using location specific factors derived from the
accompanying CD. The formulae involved in the FEH determination are rather more complex than the Bilham
Formula, but the technique involved, applying factors to different storm durations to derive localised results are
similar.
Comparisons of all of these methods will be given later in this paper.
The FEH CD can export location specific data that may be used to construct a very important chart, which shows to
return period thresholds by means of a plot of depth against duration. Here is the chart for Ansty.
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If the impermeable area of a catchment is known, then the y-axis could represent volume of rainfall. Then, if the
catchment has an outfall restricted to a particular value, this could be plotted as a straight line and an estimate of
the storage required for any particular return period can be made by finding the maximum vertical distance
between the outfall line and the volume / time curve for that return period. This type of chart is very useful as an aid
to understanding the performance of a system under a variety of conditions.
The following chart shows a comparison between the 1 in 10 year return period depth / duration curves for
Coventry, Dunblane and Blackpool. Blackpool has the greater depths at shorter durations but least over the longer
periods, whilst Dunblane is the opposite. Coventry is in the middle most of the way and they all seem to agree at
around 10.5 hours duration.
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Worst Return Period Derived From Within An Event
If the intensity of a typical short duration storm event is plotted against time, it is usually found that the intensity
increases, gradually at first for anything between five minutes and an hour, and then sharply through the worst
peak of the storm which often only lasts for a few minutes and it then generally subsides in reverse fashion to its
build up. Obviously this is a very generalised description, some storms have multiple peaks and some are skewed
asymmetrically. Nevertheless, some actual storms do fit in with this general description.
The problem that this raises is to determine which part of the storm should be considered when assessing the
return frequency or severity of a storm event.
The formulae that have been described so far relate the total amount of rain in an event to its duration and take no
account of the changes in intensity during the event. The FEH suggests that some work could be done on this.
If rainfall data for a storm event is obtained as, for example, 2 minute depth data, then by scanning the data, it is
possible to extract the greatest amount of rain in any 2 minute interval and also in any 4 minute, 6 minute, 8, 10, 12
minute interval, etc, right up to the full duration of the storm event. In an event lasting several hours, there are
literally thousands of depth / time slot additions that can be carried out.
The maximum depth of rainfall from each duration can be found and then any of the formulae that have been
discussed so far may be applied to give a return period for the worst X minutes within the storm.
As a simplified example, consider a depth of 30mm
rainfall recorded over a 3 hour period. At Ansty, this
equates to an FEH 1 in 10 year event. Now, consider
the difference between a constant intensity of 10mm/hr
and a more realistic profile that peaks at 44mm/hr.
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If the cumulative plot of the uniform intensity rainfall is
compared to the 1 in 10 year depth / duration curve, it is
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If this second profile is analysed using the time
slot technique described above, using 15
minute increments, then it will be seen that the
curve obtained is significantly above the
1 in 10 year curve for the majority of the
duration of the event. Obviously, everything
still comes together at the 30mm / 3hr point. In
this example, the profiled storm depths for the
middle third of the storm represent a 1 in 20
year event at this location, i.e. 22mm in 30
minutes and 26mm in 60 minutes.
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curve at the 30mm / 3hr point. However, this
time the cumulative plot is higher than the
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As a real example, consider the profile of the storm event of 31 August 1997 as recorded at the Manor Top rain
gauge in Sheffield. (See chart below) If the rainfall between 13:35 and 15:05 were taken it would fit quite well with
the description above of a typical storm. The 20 minutes of rain around 16:30 was also a significant fall. However,
this event is obviously set apart by the 15 minutes of torrential rain around 15:20.
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If this event is taken to start at 13:35 and finish at 16:35 (even though there were about 40 minutes with little or no
rain within that period), then how is it to be classified with respect to any of the formulae that have been discussed
when there are three distinct peaks of different intensities and durations?
6

Manor Top Rain Gauge, Sheffield 31 August
1997
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Using the technique described above, the storm is divided up into discrete units and then scanned for all of the
possibilities to find the greatest depth of rain in a period of 2 consecutive minutes, the greatest 4-minute depth, the
greatest 6-minute depth and so forth.
Although this would have been a very laborious task in the past, with electronic rain gauges allowing data to be
downloaded directly into spreadsheets, it is now reasonably simple to analyse events in this manner.
These values may then be plotted, using any or all of the relevant formulae.
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When interpreting the graph above, it must be remembered that the x-axis represents a duration of rainfall. It does
not in any way link to the beginning and / or end of an event. The interpretation of the curve for Manor Top
becomes clearer if the previous time / intensity graph is considered. The values for all of the time slots up to 60
minutes duration correspond to the first part of the storm containing the major peak at the end. The slight increase
between 1 hour and 2 hours duration comes about as a result of the effect of the third peak (which was
considerably more severe than the first peak). The further increase between 2 and 3 hours duration arises because
the duration is now long enough to encompass all three peaks.
There are a couple of points linked to this graph that are worth consideration.
Firstly, the very high return periods given by the Modified Bilham Formula for time slots less than 20 minutes
duration are due entirely to the application of the 1960s high intensity modification factor. The values from the
original Bilham Formula are very much closer to the FEH values.
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This begs two questions. Is the Bilham high intensity modification totally incorrect in concept, or would the FEH
formulae benefit from the application of a similar modification factor for the higher intensity events?
The FEH contains a warning to the effect that it is applicable to events as short as 30 minutes and possibly down to
15 minutes with caution.
It will be seen that the graph above includes two FEH plots, one for TAM and another for TPOT. These refer to the
return period calculated on an annual maximum basis and on a peaks-over-threshold basis. For the event
considered here, they are very similar and not worth distinguishing between. However, the nature of the equation
for TAM means that it can never have a value less than 1 and low values, between 1 in 1 year and 1 in 10 years are
significantly distorted. To overcome this, TPOT is calculated as a derivative of TAM using the following formula:
TPOT = -1 / LN(1 – 1 / TAM)
where TAM = 1 / (1 -EXP(-EXP(-y)))
where y = (LN(CG263) - $B$250 - $B$246 * LN(CG261)) / ($B$245 * LN(CG261) + $B$249) * (CG261 <= 12) +
(LN(CG263) - $B$250 - $B$246 * LN(12) + $B$247 * (LN(12) - LN(CG261))) / ($B$245 * LN(CG261) + $B$249) *
(CG261 > 12) * (CG261 <= 48) + (LN(CG263) - $B$250 - $B$246 * LN(12) + $B$247 * (LN(12) - LN(48)) + $B$248
* (LN(48) - LN(CG262))) / ($B$245 * LN(CG262) + $B$249) * (CG261 > 48)
The spreadsheet references relate to the depth and duration of the rain and also to the six local 1km square
parameters extracted from the FEH CD. The formulae given above have been cut and pasted from a validated
spreadsheet but have not been checked in this format. Anyone interested in following this up is advised to refer to
the original publication and to be aware that there is an error in one of the published formulae.
The following chart illustrates the importance of determining the worst return period of a storm by analysing it on an
incremental “time slot” basis.
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The background is the peaks-over-threshold depth/duration chart specific to Manor Top in Sheffield. The broken
line labelled Cumulative is the cumulative depth of rain during the event with 0 on the x-axis representing 12:00hrs
in reality. The solid line labelled Time Slot is the greatest depth of rain recorded in each time increment between
2 minutes and 5 hours.

WaPUG Spring Conference 2003

Page 8 of 10

Paper 5

On the cumulative basis, the intense peak in the middle of the event only brings the return period up to about
1 in 10 years, whereas on the time slot basis, the worst return period is 1 in 33 for 23mm in 22 minutes.
Worse Return Periods Derived From Multiple Events
It is not always the case that looking inside the event reveals the worst return period; there are occasions when, by
looking beyond an event, to incorporate the following event or events, a worse return period will be found.
The following charts of two long duration events over three days, but separated by more than 24 hours with little or
no rainfall, illustrates this scenario.
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These techniques have now been
applied successfully to the analysis
of many storm events in the
Yorkshire Water region ranging from
single flooding incidents close to
single rain gauges to around fifty
rain gauge records and several
hundred flooding incidents covering
nearly the whole of the region.
Such large-scale studies can be
presented as contoured plots
illustrating, for example, the worst
return periods within the event.
Incident locations can be shown on
map backgrounds that are legible
down to individual streets.

Reproduced from the Ordnance Survey 1:50,000 colour raster map with permission of controller of Her Majesty's Stationary Office Crown Copyright. Scott Wilson Kirkpatrick AL10001818
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Conclusions
1. Clients, regulators and designers should be aware of the inter-relationship between return periods and the
risk of success / failure and use this knowledge to ensure that best value for money is achieved within the
current regulatory framework.
2. It is necessary to understand the differences between flood return periods and rainfall return periods.
3. Within many storm events, there are sections that have a return period significantly greater than the event
as a whole.
4. It is often found that the combined return period of two or more successive events is greater than the return
period of any of the individual events.
5. Formulae for return periods based only upon the depth / duration relationship of whole events could give
misleading assessments.
6. There are several available formulae for assessing return periods, all giving plausible and generally similar
results.
7. There is insufficient detailed historic data to enable an absolute determination to be made.
8. None of the formulae described appear to make an allowance for global warming or any other form of
climate change.
9. There is a vast amount of digital rainfall data now available that could be analysed in detail using the
techniques described in this paper. This could possibly lead to a significant re-evaluation of the return
period formulae.
10. Further analysis of rainfall data from a limited number of rain gauges with long periods of complete records
and with the date of the event being taken into account, could test for signs of increases in the frequency or
severity of storm events. Trends could be established which could then be used to modify the risk
calculations described at the beginning of the paper and make some allowance for climate change.
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