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Foreword

This report presents the results of a major project to develop a new statistical
model of point rainfall depth-duration-frequency (DDF) for the UK. This is
intended to replace both the Flood Estimation Handbook (FEH) model
(Faulkner, 1999) and the present guidance given to Defra panel engineers
(Defra, 2004) that the FEH rainfall estimates should not entirely replace the old
Flood Studies Report (FSR) estimates of 1975.
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Executive Summary

This report presents the results of a major project to develop a new statistical
model of point rainfall depth-duration-frequency (DDF) for the UK to replace the
current Flood Estimation Handbook (FEH) DDF model. The new model was
constructed for estimating rainfall depths falling over durations ranging from 1
hour to 192 hours (8 days) for return periods ranging from 2 years to 10,000
years. However, in many locations it is capable of producing indicative
estimates for higher return periods, up to 100,000 years.

The project was commissioned in response to concerns, expressed by reservoir
engineers, about the apparently high estimates produced by the FEH DDF
model when it was applied to return periods in excess of its recommended
upper limit of 1,000 years. In many locations, the FEH model was giving 10,000-
year estimates considerably higher than the Flood Studies Report (FSR)
probable maximum precipitation (PMP). This is used to calculate the probable
maximum flood as a statutory part of the spillway design procedure for major
reservoirs.

In this project, the framework of the FEH approach to rainfall modelling has
been retained, but a number of key elements have been substantially revised.
In particular, the Focused Rainfall Growth Curve Extension (FORGEX)
methodology has been reformulated, and the dataset of annual maximum
rainfalls, to which the final model is fitted, has been updated. The main
improvements are:

e Data — the number of suitable hourly raingauges is more than double the
total available to the FEH, giving much improved coverage in Scotland
and south-west England. The data have been subjected to extensive
quality control.

e Standardisation — by using SAAR and northing in addition to FEH’s
RMED, the new model removes more of the location-dependent variation
in rainfall before combining maxima from networks of raingauges.

e Spatial dependence model — the new model allows for a reduction in
spatial dependence (i.e. greater independence) between raingauges as
return period increases.

¢ FORGEX - the FEH method of deriving rainfall growth curves has been
improved to give a better fit to the network maxima and more gradual
variation between locations.

e DDF model — the new model is more flexible than the FEH model and is
better able to represent the output from FORGEX across the full range of
durations and return periods. Unlike FEH, the new model does not
increase exponentially if extrapolated beyond the range of return periods
represented in the observed datasets.
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The report presents comparisons of rainfall estimates from the new model with
those from the FSR and the FEH models for 71 sites across the UK, 35 of which
are close to impounding reservoirs. These show that, generally, estimates for
the longer return periods are lower, especially in comparison with FEH.
However, in Scotland estimates for the shortest durations have increased.
These changes are due, respectively, to the improved spatial dependence
model and improvements to the hourly rainfall dataset. In the majority of cases,
the new 10,000-year estimates are lower than the FSR PMP.

Also presented in the report is a comparative assessment of the return periods
of 26 major UK rainfall events from the period 1880 to 2006 derived from FSR,
FEH and the new model. The estimated return periods from the new model are
generally substantially higher than from the earlier models, but statistical
arguments suggest that they are closer to what may be expected for the largest
point-wise return period observed across a large number of years and a large
number of raingauges.

Implementing the new model will be computationally intensive and will require
new, detailed digital maps of median annual maximum rainfall (RMED) to be
developed for durations ranging from 1 hour to 8 days.

The report sets out an implementation programme and makes wide-ranging
suggestions for future research.
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Glossary

AREA

Areal reduction factor

DDF
Discretisation conversion
factor

F
FEH

Fixed duration maxima

FORGEX
FSR

Fully-sliding maxima

GEV
ICE

Index-flood method

L-kurtosis

L-moment ratios

Notional area covered by a network of gauges
computed from average inter-gauge distance.

A factor applied to a point rainfall for a given return
period to give an areal average rainfall with the
same return period (note that several other
definitions exist).

Duration (length of the period over which rainfall is
accumulated).

Depth-duration-frequency.

A factor applied to annual maxima extracted from
data at 1-hour or 1-day resolution to adjust them to
correspond to ‘fully-sliding’ values.

Non-exceedance probability.

Flood Estimation Handbook (five volumes)
(Institute of Hydrology, 1999).

Largest of all rainfall totals, where the duration
considered coincides with the time resolution of
the underlying data.

Focused Rainfall Growth Curve Extension
methodology described in FEH Volume 2.

Flood Studies Report (five volumes) (NERC,
1975).

The value of annual maximum that would be found
by considering all possible time periods of the
given duration, not limited by time resolution of
data.

Generalised Extreme Value distribution.
Institution of Civil Engineers.

A simple approach to standardisation, assuming
that division of values by a site-specific value will
explain all differences between distributions at
different sites.

A measure of kurtosis (tendency to have long tails)
of a distribution, based on L-moments.

Statistics such as L-skewness, constructed as the
ratio of two L-moments.
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L-moments

L-scale

L-skewness

lcmed

M5
MCS

Netmax

ngy

Orography

PMF
PMP

Raingauge network

ReFH

RMED, RMED

rsaarl
SAAR, SAAR

XVi

Summary statistics of a distribution, computed as
linear combinations of the ranked observations.

A measure of the spread of a distribution derived
from L-moments.

A measure of skewness (lack of symmetry) of a
distribution, based on L-moments.

An L-moment based version of the coefficient of
variation (L-scale/median).

5-year return period rainfall (mm).

Mesoscale convective system, defined as a
continuous cloud system of thunderstorms
associated with a wide area of precipitation
(Houze, 1993).

Actual number of gauges in a network.

Effective number of independent gauges in a
network.

Network maximum point (the highest annual
maximum standardised rainfall within a network of
raingauges).

The northing component of the National Grid
Reference of a location, expressed in 1000 km
units.

For a given location, variations in altitude and
slope in the near and distant neighbourhood of the
location.

Probable maximum flood.
Probable maximum precipitation.

Any collection of raingauges from the available set
of gauges, not restricted to any one original
measuring authority, usually within a specified
distance of a particular location.

Revitalised Flood Hydrograph model (Kjeldsen,
2007).

Median of annual maximum rainfalls at a given
site, different values for different durations.

A constructed variable based on SAAR.

Standard average annual rainfall (1961-1990)
(mm).



Semi-sliding maxima

Sliding duration maxima

Spatial dependence

Spatial dependence model

Standardisation

Standardised rainfall

Contrasts with ‘fully-sliding maxima’, used to
recognise that, in practice, rainfall data are not
available for an arbitrarily fine resolution.

The FEH term for fully-sliding maxima. The
maximum is taken across all totals of the given
duration.

A general statistical quality corresponding to the
tendency for high or low values to occur
simultaneously at a collection of sites.

In this project, a model where the effect of spatial
dependence on the distribution of the maximum
value across a collection of sites is represented.

Methods for creating a processed set of values in
which the effects of explainable differences
between sites have been eliminated.

In this project, standardised rainfalls are created
by adjusting to have a common median and to
reduce differences in spread based on values of
SAAR.

Return period (years).
Standardised rainfall.

Gumbel reduced variate.

Entries in italics are symbols used in equations
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8. A new model of rainfall depth-duration-
frequency

8.1 Introduction

The revised FORGEX methodology developed within the current project was
described in detail in Section 7, with examples of both rainfall growth curves
(standardised) and rainfall frequency curves (in mm) presented. This section
discusses the development of a rainfall depth-duration-frequency (DDF) model
which supersedes that presented in the FEH and is designed to provide
estimates of rainfall frequency for a range of durations at any location in the UK.
The DDF modelling step is carried out to ensure consistency between the
frequency estimates for different durations, because, until this point, each
duration has been treated separately. The model also allows extrapolation and
has been specifically developed to provide rainfall estimates at the very high
return periods relevant to reservoir flood risk analysis.

The new model was developed and assessed on the basis of the outputs of the
revised FORGEX analysis for 71 test sites, described in Appendix G. These are
the locations of raingauges with long daily and hourly records. Currently, model
parameters can only realistically be estimated for any raingauge site where
sufficiently long annual maximum series exist. This is because of the need to
have good estimates of the median rainfall in order to convert the FORGEX
results from standardised rainfall to actual rainfall. It is envisaged that a future
research project will review the adequacy of the available digital maps of the
variable RMED (the median annual maximum rainfall of the relevant duration). It
will then be possible to provide gridded DDF model parameter estimates to
allow rainfall frequency to be reliably estimated at any site of interest.

8.2 Information transferred from FORGEX

Since the current project has adopted an approach to the development of the
DDF model similar to that taken by the FEH team, it is helpful to outline the
main steps in the FEH procedure, which were as follows:

« FORGEX growth curves were derived for a number of sites for a number
of key durations.

« Frequency curves (in mm) were derived from the growth curves by
rescaling by the at-site RMED of the relevant duration.

« Discretisation conversion factors were applied to convert ‘fixed’ and ‘semi-
sliding’ to “fully-sliding’ durations (in the terminology used in this report).

« The 6-parameter model was fitted to the estimated rainfalls at each site
jointly for all durations and return periods.

The revised FORGEX program, which is described in Section 7, generates

some empirical information about DDF (depth-duration-frequency) curves. For a
given location, it generates estimates for rainfall frequency curves for rainfall

Section 8: A new model of rainfall depth-duration-frequency 145



maximum totals defined for a number of durations. In particular, it estimates
rainfalls for fixed clock-hour 1-hour and 1-day maximum rainfall totals and for
semi-sliding versions of maximum total rainfall for the other durations, where
these are based on data held at either a 1-hour or 1-day resolution. The initial
step in the analysis to derive DDF curves is to apply scaling factors to the
FORGEX results to convert the rainfall amounts to a fully-sliding-interval basis:
see Appendix J. The discretisation conversion factors used are set out in Table
8.1. It is envisaged that most applications of extreme rainfall estimation would
require annual maxima for rainfall totals of a given duration interpreted in the
fully-sliding sense.

Table 8.1 Factors for converting rainfall maxima from fixed- and semi-
sliding durations to the fully-sliding duration basis

Hourly durations based Daily durations based

on 1-hour resolution on 1-day resolution

Duration Multiply Duration Multiply

FORGEX by FORGEX by

1 hour 1.160 1 day 1.146

2 hours 1.080 2 days 1.072

4 hours 1.030 4 days 1.043

6 hours 1.019 8 days 1.025

12 hours 1.000

18 hours 1.000

24 hours 1.000

The values in Table 8.1 for durations based on the 1-day resolution dataset
have been revised from the values used in the DDF analysis implemented in the
FEH. This follows an analysis carried out during this project in which the rainfall
information available at the relatively fine resolution of 1 hour has been used to
examine the relative behaviour of annual maxima, defined on both fixed- and
sliding-window bases, for durations of 1 day and higher: see Appendix J.
Adjustment factors like these are based on empirical analyses of data, such as
described in Appendix J, as there is no known theory directly related to this
guestion.

The present study has considered two types of output from the FORGEX
procedure, on which the DDF model might be based. Fitting of the DDF model
in the FEH procedure was undertaken based on extracting values of rainfall for
selected return periods from the segmented lines that were the result of the
FORGEX step. The first type of output considered in this project parallels this,
except for the following points.

e A denser and wider set of return periods is used in the present project.
The more extensive dataset available for this project allows rainfall for
higher return periods to be estimated, and there has also been some
effect from the revised spatial dependence model which also has the
effect of allowing higher return periods to be estimated because the

146 Section 8: A new model of rainfall depth-duration-frequency



fitted model implies 'more independence’ at high return periods than
the FEH model. In addition, the rule used in the FEH procedure for how
large a return period can be estimated has been relaxed slightly in
order to reflect the present project’s target of providing estimates of
rainfalls with as high a return period as possible.

e Rainfall values for all 11 durations listed in Table 8.1 are considered,
whereas for the FEH fewer durations were used in the final parts of the
analysis.

Table 8.2 lists the sets of return periods extracted for the first type of output
from FORGEX. These represent the return periods for which rainfall values are
potentially extracted. For durations based on hourly data, the available data
means that the highest return period actually available may be as high as 5,000
years in some locations with large number of gauges in the vicinity, but can be
as low as 100 years. Similarly, the return periods available for durations based
on the daily raingauge data may in some instances be as large as 50,000 years
but may be as low as 1,000 years.

Table 8.2 Return periods at which FORGEX results are potentially
extracted

Return period (years)

2 5 10 20 50 100

200 500 700 1,000 1,500 2,500

3,500 5,000 7,000 10,000 15,000 25,000
35,000 50,000 70,000 100,000

The second type of information output from the FORGEX procedure is the set of
data points that FORGEX uses to fit the segmented lines that have been
presented in Section 7. This is known as the ‘points’ dataset. Specifically, these
consist of the network maximum rainfalls with associated plotting positions,
together with the weights described in Section 7. These weights were
specifically developed during the design of the revised FORGEX procedure to
ensure that the lines fitted show reasonable behaviour both across durations for
a single location, and in comparisons of the sets of lines as the target location is
moved slightly. Note that the points dataset consists of all the points for large
return periods used in the FORGEX procedure described earlier. The intention
to use network maxima values from the largest radii only as a guide to the
location of the lines is now accommodated by assigning lower weights to these
points. However, points corresponding to return periods of lower than 2 years
have been dropped from the DDF-fitting procedure to prevent these points,
which would otherwise be given a relatively high weight, from having a bad
effect on the fit at high return periods. The points dataset was considered as a
potential replacement for the first type of output (or ‘lines’ dataset) within the
procedure for fitting the DDF model because it seems best not to introduce the
intermediate line-fitting step if it is not necessary. Fitting the new DDF model
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Figure 8.1a DDF curves plotted against return period on a Gumbel scale,
showing the raw FORGEX results (full line) and the discretisation-adjusted
values (dashed line). Red lines are for daily durations and black lines are

for hourly-based durations.
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Figure 8.1b DDF curves plotted against return period on a Gumbel

scale, showing the raw FORGEX results (full line) and the discretisation-
adjusted values (dashed line). Red lines are for daily durations and black
lines are for hourly-based durations.
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to the points dataset is the procedure recommended for implementation. The
lines dataset is retained for expository purposes as the behaviour of the results
of FORGEX is seen more clearly in plots based on these data.

Figure 8.1 shows some examples of the results from the FORGEX procedure
and of the results of applying the discretisation conversion factors to create
adjusted values. For six different target locations, Figures 8.1(a) and (b) show,
in each row and as separate plots, the lines dataset output from FORGEX
results in unadjusted form, a comparison of the unadjusted and adjusted results
and the adjusted results alone. The separate curves in these plots relate to the
different durations listed in Table 8.1, with the hourly durations appearing in
black, with the 1-hour duration lowest, and with the daily durations in red, with
1-day lowest. Lines for the same duration are marked by the same symbol.

The example results in Figure 8.1 show that, while application of the
discretisation conversion factor does serve to improve the ordering of the
curves when moving from the hourly-based durations into the daily-based
durations, it is not completely successful. In some cases, the DDF values for the
sliding 24-hour duration lie above those for the sliding 1-day duration (that is,
adjusted from the fixed 1-day duration), whereas these should notionally be
identical. In addition, the expected ordering is sometimes contradicted among
the adjusted DDF values within the hourly durations and within the daily
durations.

8.3 DDFs using Extreme Value Theory

When ‘Extreme Value Theory’ is applied in the context of DDF curves, its role is
often limited to defining how the rainfall amounts should vary with return period,
and not how they should vary with duration. A recent example of this occurs in a
paper by Muller et al. (2008), where reliance is placed on a previously
established functional form for the relation with duration. Almost inevitably, the
relationship to return period is suggested to be in the form of a Generalised
Extreme Value (GEV) distribution where, although the shape parameter of the
GEV may be allowed to vary with duration, some constraints are required so
that the rainfall-frequency curves for different durations do not cross.

There are some results in extreme value theory which can provide some initial
guidance about potentially appropriate forms of DDF curves. The following is
based on results given by Leadbetter et al. (1983, p217). The results given are
for maxima of a standardised Gaussian process. To remove the effect of this
standardisation, the following assumptions are made. Let X, (t) be the
duration-D total ending at time point t. Note in particular that this is not the
annual maximum but rather a continuous-time version of 'typical’ duration-D
totals . It is assumed that

E(X,(t))=aD (8.1a)
and

var(X, (t)) =bD. (8.1b)
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The second assumption might be modified slightly if a more detailed model for
serial dependence were used, but it should be a reasonable approximation for
large durations if there is no long-range dependence. For the quantity ain the
first equation,

azﬁ, (8.2)

where, if the duration D is measured in units of hours, K is the number of hours
in a year (K =365.25x 24 =8766). Therefore, for the purposes here, a could be
assumed to be known. The parameter b would need to be determined
empirically.

To match constants here to the theory in Leadbetter et al. (1983, p217), set
c=(2logT): (8.3)

where (only here to match the notation of Leadbetter) T is the length of a year
in hours (so notionally it is the same as K, however it is a feature of the theory
associated with the use of a Gaussian assumption and so it may be best kept
separate).

With some simple assumptions, the theory says that the asymptotic distribution
of the maxima of the standardised totals is Gumbel with location parameter

u=c+c(A-logD), (8.4)

and scale parameter o =c™. Here A is a constant related to the dependence in
the underlying rainfall (in the continuous-time rainfall intensity time-series). It is
known (for example, Daniels, 1982) that both the distribution form and the shift
and scale constants derived from asymptotic theory for extreme values from a
Gaussian process are very poor representations of the true distribution of the
maximum of a moderate number of samples.

The quantiles of the maxima of standardised rainfalls (mean zero, unit variance)
would be given by

r(T,D)=c+c*(A-logD)+cy
=c+c*(A-logD)+ c’l{— Iog(— Iog(l—T’l))}
where T is the return period in years and y is the Gumbel reduced variate.

(8.5)

Finally the quantiles of maxima of rainfall would be given by

R(T,D) =aD + (bD)r(T, D)

1 (8.6)
—aD +(bD) {c+c*(A—logD)+cty}

Given that both b and ¢ (and A) are 'unknown’, this could be revised to
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R(T,D)=aD +(D):{d+e&(y—logD)} (8.7)

where d and e are to be estimated and a is known. However, using the same
coefficient for yand for logD is somewhat open to question.

The above theory is not directly useful in this project because using a Gumbel
distribution for any particular distribution is counter-indicated by direct data
analyses. However, it would be reasonable to propose replacing the Gumbel
distribution in these formulae by a Generalised Extreme Value distribution. This
would result in a proposal for how the location and scale parameters of such a
distribution might vary with duration.

Some fairly drastic assumptions are made in deriving the above formulae, and it
would be necessary to check how well any given functional form accords with
data-derived results. Because of the difficulties of dealing with constraints on
the variation of the shape parameter of the GEV distribution, it is not proposed
to use the above approach here. However, it is of some interest to assess the
usefulness of the conclusions that use might be made of the known value of
SAAR, and that the spread of the distribution of annual maxima might vary
proportionally to the square root of the duration. This is done in Figure 8.2,
where the results shown in Figure 8.1 are recast so as to plot the rainfall
amounts against the square root of the duration. The lines represent different
return periods as detailed in Table 8.2, with the lowest line being for a return
period of 2 years. The line styles and colours are as before, except that these
plots include an additional green full line which represents the mean value of
the "typical’ rainfall total for the given duration.

The plots in Figure 8.2 provide another opportunity to examine the effectiveness
of the sliding-scale adjustment.

Using the square root of the duration in plotting Figure 8.2 is reasonably
successful. Not only does it provide a scale on which the different durations are
more easily distinguished than if the results were plotted against the
untransformed duration, but there does seem to be some merit in the
transformation in that it produces a relationship which is approximately linear for
large durations. Note that the suggestion of the square root transformation
derives from the semi-explicit treatment of the rainfall quantities as deriving from
the total over a given duration. It is derived as the standard deviation of a total:
a linear relation would hold exactly given that the underlying quantities are
uncorrelated, but a linear relation for large durations should hold given that
statistical dependencies have a short-range in time. The success of the square-
root transformation suggests that there should be some benefit in attempting to
derive a model in which use is made of the fact that the underlying rainfall
quantities of different durations, from which maxima are extracted, are actually
totals.
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8.4 The model for depth-duration-frequency curves

The main reason for not using the GEV distribution as the basis of a DDF model
is that the GEV family of distributions is not flexible enough to reproduce the
type of re-curving behaviour seen in Figure 8.1 even for a single duration. It
would also be unable to match the inter-relationships between the curves for
different durations that are apparent in the empirical data. The approach taken
here is that the DDF curves produced should follow the behaviour of the
adjusted FORGEX results as closely as possible, but without allowing the
frequency curves for different durations to contradict each other.

The discussion in Section 8.3 prompts the idea that a DDF model can be based
on treating the quantities involved in a way that makes use of the fact the
rainfall values concerned are totals across different durations. One family of
distributions for which explicit results are available for totals of underlying
quantities is the family of Gamma distributions. Specifically, if the underlying
quantities being totalled each are independent realisations from a Gamma
distribution with the same scale parameter and possibly different shape
parameters, then the total has a Gamma distribution for which the scale
parameter is unchanged and the shape parameter is the sum of the individual
shape parameters. This leads to a first version of a basic model for distributions
varying with duration (which will later be interpreted as a distribution of annual
maxima of different durations): the distribution function, F(x; D), for rainfalls of

duration D would be
F(x;D) = G(x; ¢, f(D)), (8.8)

where G is the distribution function of a Gamma distribution with scale
parameter ¢ and shape parameter f. Here the shape parameter would be

specified as a function of the duration D . Using a function more general than
just having g proportional to D can be interpreted as making an allowance for

serial dependence in the continuous-time rainfalls. No explicit model for such a
dependence is set down and a derivation of the Gamma distribution for totals of
serially dependent values is not relied on here. Any justification will be purely
empirical. The assumption of a Gamma distribution in the basic functional form
above allows the definition of a family of frequency curves which will not cross
as the duration varies, provided that £(D) is an increasing function of D.

The above idea starts from a basis where individual components of a duration-
total are independent, or only modestly dependent. Here the 'individual
components’ are the shorter-duration rainfalls which are summed to form the
longer-duration total. A second idea starts from a basis of high dependence in
which individual components within a duration-total would be essentially
constant within an event (but differ between events). In this case, an
appropriate model would have distribution functions for different durations in
which the scale parameter would be proportional to duration. Based on this
idea, it seems reasonable to extend the above model in a first basic form by
saying that the distribution function would be of the form
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F(x;D) = G(x o(D), A(D)) . (8.9)

Again, provided that «(D) is an increasing function of D, the distribution
functions do not cross.

The basic family of distributions outlined above is not general enough to provide
the re-curving behaviour seen in Figure 8.1. A first extension of the model is to
use a mixed distribution of the form

F(x D) = p,G(X & (D), 4(D)) +(1- p,)G(xX; 2, (D), 5, (D)). (8.10)

Here ¢ (D) and «,(D) are two increasing functions of D for the scale
parameters and, as before, g,(D) and f,(D) are also two increasing functions
of D. Again, the simple mixture model means that frequency curves
corresponding to this first extension will not cross as the duration varies.

Given the supposed usefulness of extreme value theory, it seems relevant to
make a further extension of the family of distributions so that it has the potential
to include distributions similar in shape to the Generalised Extreme Value
distribution. This is done by defining the family of distribution functions to be of
the form:

F(x D) = {pG(X & (D), (D)) +(1- p,)G(X; a,(D), 4, (D))}" (8.11)

Here the value v is allowed to vary as one of the parameters of the family of
distributions. Again, this formulation guarantees that the frequency curves
corresponding to this final version will not cross as the duration varies.

It is possible to use extreme value theory to show that, if the frequency curves
of distributions in the above family are plotted against a Gumbel reduced variate
then, for large enough return periods, the curves will approach straight lines.
Therefore, the family selected will mean that the problem of extrapolating to
extremely high return periods that was experienced with the FEH procedure
(that the rainfalls had an exponential relationship to the reduced variate) will not
arise here.

After some experimentation using datasets outlined in Section 8.1, the functions
defining the scale and shape parameters have been defined to be of the
following two forms:

a(D) = v, + yD (8.12a)
B(D) = % + nD + r{1-exp(-3;D)}. (8.12b)

The experimentation did not suggest the need for the scale parameter g to
increase more strongly as a function of D as would be the case if there were
long-range dependence.
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Figure 8.3a DDF curves plotted against return period on a Gumbel
scale, showing the discretisation-adjusted FORGEX results (full line) and
the modelled values (dashed line). This plot represents the FORGEX
“lines” output and the DDF model fitted to these data.
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Figure 8.3 shows the results of fitting this family of distributions, which has 14
parameters. Here the model is fitted to the ’lines’ output from FORGEX. Fitting
was implemented by using a weighted least-squares objective function to match
the quantiles of the modelled distribution to the empirical results from FORGEX.
In the case of the lines dataset, the return periods used are the return periods
provided by the FORGEX program, as outlined in Section 8.2. In the case of the
points dataset, the objective function uses the same weights as those used in
the FORGEX procedure for fitting the lines. Therefore essentially the same
objective function is used for fitting as in the FORGEX procedure, except that
here the weights which were used to control the smoothness of the line-
segments do not occur.

Figure 8.3 shows, for the same locations as used in Figure 8.1, some examples
of the results of fitting the DDF model above to the results from the FORGEX
procedure after the discretisation conversion has been applied. For each
location, two separate plots are included. The first shows a comparison of the
adjusted FORGEX values with the modelled values, while the second shows
the modelled values alone so that the behaviour of the DDF as the duration
changes can be more easily seen. The separate curves in these plots relate to
the 11 different durations listed in Table 8.1, with the 1-hour duration lowest,
and the 8-day duration highest. Lines for the same duration are marked by the
same colour. In the case of the DDF model, 10 curves are visible as the 24-hour
and 1-day results are identical.

It can be seen that the suggested family of distributions has a reasonable
degree of flexibility in that the overall behaviour of the FORGEX curves is
reproduced to a good extent. The major differences between the two sets of
curves arise where the FORGEX curves are not consistent across durations.

The behaviour of the fitted frequency curves for high return periods appears to
be reasonable.

Figure 8.4 shows the modelled DDF curves plotted against the square root of
the duration. These plots are similar in nature to those in Figure 8.2 and include
the same target locations. The modelled results in Figure 8.4 are given for all
combinations of return period and duration even if the FORGEX procedure
concluded that it could not provide estimates. Note that the same applies to
Figure 8.3, but the effect is more evident here.

Once again the main differences between the modelled frequency distributions
and the FORGEX results occur where there are inconsistencies between the
FORGEX results for different durations. In fact, this form of plot serves to
highlight such occurrences. One commonly occurring case of this is where there
are moderate differences between the 24-hour and 1-day results from the
adjusted FORGEX procedure. The modelled curves for these two cases are
always forced to be identical. However, the modelled curves do seem to be a
reasonable compromise between the inconsistent values.
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Figure 8.5 shows examples of fitting the DDF model to the 'points’ output from
FORGEX. These examples represent the same locations as used in Figure 8.3,
and they are shown on the same scales so that a comparison can be made.
While there are differences in detail between the DDF models fitted to the
'lines’ and ‘points’ outputs, the ability of the DDF model to fit either dataset
seems roughly the same.

Figure 8.6 shows, for the same six locations as in Figures 8.3 and 8.5,
comparisons of the DDF models fitted to the ’lines’ and ‘points’ outputs. Here,
the results are shown out to extreme return periods for two reasons. Firstly, the
results illustrate the behaviour of the extrapolation to high return periods. The
structure of the model selected is such that the extrapolation is a straight line
when plotted on the Gumbel scale, in contrast to the exponential increase
inherent in the DDF model used by the FEH. Secondly, they provide examples
of results that may be of interest to those thinking of implementing cost-benefit
analysis for reservoir design. Of course, the large range of return periods does
give scope for the differences to be seen in the results of fitting the same model
to two versions of the same data. On these plots, the upper end of the return-
period scale is at 10’ years, while the model results are plotted as lines ending
at a return period of 10° years. The vertical blue dashed lines are intended to
help to indicate the extent of extrapolation inherent in the model results. These
two lines represent the upper limits assigned within the FORGEX procedure to
the return periods for which estimated rainfalls can reasonably be deduced from
the procedure. One line (always the lower value) indicates an upper limit for the
1-hour duration, while the second is the limit for rainfalls of 1-day duration.
These limits vary from location to location depending on the numbers of
gauges, and the lengths of their records, that are available within the 200 km
radius of the FORGEX procedure. Therefore, values derived from the DDF
model for return periods to the right of these limits would be putting
considerable reliance on the extrapolation assumptions inherent in the DDF
model.

Some alternative formulations for the DDF model presented above have been
considered, and, in some cases, given initial tests. These include the following
modifications:

e Replacement of the above function form in Equation (8.11), in which a
single power is applied after forming the mixture, by one in which two
different powers are applied before forming the mixture distribution.
This would entail having a single extra parameter.

¢ Replacement of the Gamma distribution here, in its special role as a
distribution where the behaviour of the shape of the distribution of totals
is known, by a continuous version of the Binomial distribution. This
would involve an extra two parameters. Using this distribution would
mean that the fitted DDF curves would always correspond to bounded
distributions. There would also be the possibility of using one Gamma
and one Beta distribution.

¢ Replacement of the underlying mixture distribution in Equation (8.10)
with a model representing the maximum of two random variables rather
than the present probability-weighted selection of random variables.
This would allow reduction in the number of parameters by one.
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Figure 8.5a DDF curves plotted against return period on a Gumbel
scale, showing the discretisation-adjusted FORGEX results (full line) and
the modelled values (dashed line). This plot represents the FORGEX
'‘points’ output and the DDF model fitted to these data.
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Figure 8.5b DDF curves plotted against return period on a Gumbel
scale, showing the discretisation-adjusted FORGEX results (full line) and
the modelled values (dashed line). This plot represents the FORGEX
“points” output and the DDF model fitted to these data.
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Figure 8.6 Comparison of DDF models fitted to the discretisation-
adjusted FORGEX lines (black lines) and to the netmax points (red lines).
The vertical blue-dashed lines show the extent of information from hourly
(left line) and daily gauges (right line).
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In addition, consideration has been given to other extensions of both the basic
model implemented here, and of the above modifications. These include power-
transformations on the reduced variate scale so as to provide increased
flexibility in encompassing curvature in rainfall frequency curves at high return
periods. There was not time to fully assess any of the above alternative
formulations.

Trials of the basic form of model on the 71 long-record sites suggest that it
should be adequate. The model has also been applied to a further selection of
sites based on the extreme event database listed in Appendix B, and this
revealed no further problems. A full discussion of both sets of results is given in
Section 9. Logic suggests that preference is given to the DDF model fitted to the
network maximum points used within FORGEX, rather than to that fitted to the
segmented lines created as output by the FORGEX procedure. This will avoid
the intermediate step of data summarisation which would otherwise be included
if the FORGEX lines were used.

8.5 Summary

This section has outlined the development of a depth-duration-frequency model
for rainfalls in the UK. It is based on an extended form of a mixture of Gamma
distributions in which the parameters of the Gamma distribution components are
allowed to vary with duration. This formulation takes advantage of some basic
properties of the Gamma distribution, whereby the shapes of the distributions of
totals over different durations can be dealt with in a single family of distributions.

The DDF model presented here seems broadly adequate in representing the
observed data that are available. Two particular features of the model need
some consideration, and these may lead to further developments of the model
in future:

e The DDF model has 14 parameters, which may be thought too many
on general grounds. Even with this number of parameters, there are
some minor concerns over the model’s ability to represent some
observed variations of growth curves with duration. However, the
present approach to fitting these models requires long computation
times, which argues against further complication.

e The structure of the DDF model leads to a particular behaviour in its
extrapolation to large return periods which is inherent in its formulation.
Specifically, this behaviour corresponds to the fitted lines from the
model on plots such as Figures 8.3, 8.5 and 8.6 becoming straight lines
at high return periods. This restriction on behaviour may be important if
estimates of rainfall for extremely long return periods are required.

While these are valid concerns, the present practical need for generally
available estimates of extreme rainfalls suggests that it would be most
pragmatic to develop such estimates on the basis of the present model, subject
to any procedural improvements related to computation speed that can
reasonably be achieved.
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9. Example results for selected locations

9.1 Introduction

In this section, the rainfall estimates obtained from the new DDF model are
compared with those from the FEH and FSR models and with the FSR PMP.
Here, the FEH and FSR estimates are derived from the published form of the
relevant DDF model and therefore do not use the extended datasets that are
now available. This section gives a comparison of the ‘new’ estimates produced
by this project with two alternative sources of estimates currently used in the
UK. It also provides a comparison of extremes actually observed at selected
long-record locations with the predictions of the various models.

Two sets of locations are used for the comparisons. These are the full set of 71
test gauges, which were primarily selected on the basis of record length and/or
proximity to reservoirs (see Appendix G for details), and the locations of the
extreme rainfall events recorded between 1880 and 2006 that equal or exceed
70 per cent of FSR PMP (see Appendix B for details).

9.2 Comparisons at the locations of the 71 test gauges

9.2.1 Comparison with FSR and FEH rainfall frequency estimates

For durations of 1, 6, 24 and 192 hours, and return periods of 100, 150, 200,
1,000 and 10,000 years, maps have been produced to show the ratio of the new
rainfall estimates to those from the FEH and FSR DDF models. Selected maps,
for durations of 1, 6 and 24 hours and return periods of 150 and 10,000 years,
form Figures 9.1 to 9.12. (The full set of maps, with the exception of the 150-
year return period, forms Appendix K.) Note that no FSR values have been
computed for Northern Ireland because the digital versions of the FSR maps
only cover Great Britain.

The most notable features of the selected maps are:

e the 10,000-year estimates from the new model are considerably lower
than those from the FEH, the reasons for which are discussed below;

e the new 150-year estimates for the 1-hour duration are considerably
higher than both the FEH and the FSR estimates for most Scottish
locations; this is consistent with the observation in Section 7.4 about the
effects of the extension of the hourly dataset;

e there is a good consistency between the new estimates and those from
the FSR over large parts of the country, including most of England and
Wales, for the 150-year return period for the 6 and 24-hour durations, the
reasons for which are discussed below; and

e the considerably higher estimates from the new model for Honister Pass
in the Lake District, when compared with both FEH and FSR; this is not
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consistent with the discussion in Section 7.5 (that the new
standardisation method leads to a reduction at this location) and is
probably due to the previous methods not adequately representing the
spatial variability of the median rainfall in this mountainous area, and the
fact that, as a consequence, they underestimate at this particular
location.

The full set of maps in Appendix K highlights a further notable feature:

e the general agreement of all three methods at 192-hour (8-day) duration
for the 100 and 200-year return periods.

Table 9.1 Details of featured locations (extract from Table G.1)
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Nine locations have been selected as featured sites in order to illustrate in more
detail the differences between the models. These locations are listed in north to
south order in Table 9.1. This table is an extract from Table G.1, which shows
the complete test set, and the first three columns show the criteria for inclusion
of the gauges in this test set. The locations of these featured sites are circled on
the maps in Figures 9.1 to 9.12. For each of these locations, the following
outputs are presented as figures and tables:
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Plots, for durations of 1, 2, 6, 24 and 192 hours, showing rainfall
frequency curves from the FSR, FEH and the new method, together with
the FSR PMP values. Also featured on these plots are the observed
annual maxima from hourly and daily gauges at the site, labelled ‘H’ and
‘D’ respectively, which allows a comparison with the results of a
traditional single-site frequency analysis. The maxima have been plotted
using plotting positions given by the Gringorten formula as described in
Section 7.2. These plots are the even numbered figures from Figure
9.14 to Figure 9.30. Note that the FSR method has an upper limit of
10,000 years. Whilst this is also true of the FEH method (and it is
recommended that it is applied with caution above 1000 years), its
equations have here been applied up to 100,000 years for comparison
with the new method. These plots relate to rainfall maxima for sliding
durations. Separate sets of observations are marked for ‘24 hours’ and
for ‘1 day’, each having been adjusted by the factors in Table 8.1 to
make them equivalent. Different values are obtained from these two
underlying sources of data, whereas the modelled values are the same
for these cases.

Facing each of these plots is a plot of the data that were used to
construct the new DDF model, the output from the new FORGEX
procedure. These are the odd numbered figures from Figure 9.13 to
Figure 9.29. When comparing a pair of plots it should be noted that (a)
the vertical axis scales usually differ, and (b) the FORGEX plots are for
fixed durations, whilst the DDF plots are for sliding durations. The rainfall
for many sliding durations will be higher than for the equivalent fixed
duration, by the factors given in Table 8.1. Note that the thumbnail
location map on the FORGEX plot does not show the secondary search
radius; the map on the DDF plot fully represents the area from which
raingauges have been used.

Tabulations (Tables 9.2 to 9.10) covering all the durations and return
periods (except 100 years), showing the rainfalls from the three methods
(the new DDF model and the FEH and FSR DDF models), the FSR PMP,
and the ratios of the three estimates to FSR PMP.

This additional material helps to explain the origins of the percentages which
have been mapped in Figures 9.1 to 9.12. In particular, the following can be
observed:

The flatter nature of the new DDF curves at higher return periods in
comparison with the FEH results explains the low ratios displayed in the
maps showing the new estimates as a percentage of the FEH values for
the return period of 10,000 years (Figures 9.3, 9.7 and 9.11).

Figures 9.22 and 9.24 show a good agreement between the new and the
FSR curves up to around the 500-year return period for 6 and 24-hour
durations for the selected sites in central England and central Wales
respectively. There is a strong contrast between these curves and the
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higher FEH lines. In these respects, these plots are typical of many of
the sites in England and Wales.

e The degree to which the FEH and FSR methods have underestimated
the rainfall at Honister Pass at the 24-hour and 192-hour durations is well
illustrated by Figure 9.20, in which the values from the site gauges agree
well with the new curves. For the shorter durations, there is less
agreement with the new lines, though this could be due to the short
record length of the hourly gauge.

9.2.2 Comparison with FSR PMP

One of the reasons for the commissioning of this project was the concern that
the FEH 10,000 year rainfall often exceeded the FSR PMP. This is
demonstrated in Tables 9.2 to 9.9, which show that for the eight featured GB
sites over the four featured durations the FEH 10,000 year rainfall exceeds the
FSR PMP for 22 out of the 32 estimates. For the new model, this has fallen to 5
out of 32, with four of these being accounted for by the Honister Pass site, at
which PMP may have been underestimated by the FSR due to the nature of the
topography and insufficient local data.

According to the new model, the return period of the FSR 24-hour PMP is
greater than 100,000 years at seven of the eight featured GB sites. For the
2-hour duration, the corresponding figure is three out of eight. A summary of
this comparison for all of the 66 test sites in Great Britain is given in Table 9.11:
recall that digital estimates of FSR PMP were not available for Northern Ireland.
In particular, Table 9.11 shows, for the five featured durations, the number of
sites at which the new DDF model concludes that the value of PMP provided by
FSR has a return period of over 100,000 years. One interpretation of these
results is that, according to the new model, the return period of the FSR PMP
increases with duration from 1 hour to 24 hours and then reduces slightly at 192
hours. Figure 9.24 typifies this relationship. Various explanations could be put
forward for this, including errors in FSR PMP that vary with duration, systematic
errors in the new model that vary with duration, and a real variation in the return
period of PMP with duration, which might depend on the interpretation of the
notion of ‘PMP’ used for the FSR study.

9.2.3 Comparison with site-based estimates

The agreement of the estimates from the new DDF model with the site-based
estimates is substantially better than for the FEH and FSR estimates. However,
this might be expected because the new estimates make full use of the more
recent records at the site whereas the older estimates do not. Nevertheless, the
comparison here provides a check that there is no disagreement between the
locally observed records and the results from the new procedure which brings in
information from a widespread region.
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New as % of FEH for 1 hour 150 year
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Figure 9.1 New rainfall estimates compared with FEH for

1-hour duration, 150-year return period
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New as % of FSR for 1 hour 150 year
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New as % of FEH for 1 hour 10000 year
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New as % of FSR for 1 hour 10000 year
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New as % of FEH for 6 hour 150 year
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Figure 9.5 New rainfall estimates compared with FEH for

6-hour duration, 150-year return period
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New as % of FSR for 6 hour 150 year
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Figure 9.6 New rainfall estimates compared with FSR for
6-hour duration, 150-year return period
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New as % of FEH for 6 hour 10000 year
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Figure 9.7 New rainfall estimates compared with FEH for
6-hour duration, 10,000-year return period
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New as % of FSR for 6 hour 10000 year
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Figure 9.8 New rainfall estimates compared with FSR for
6-hour duration, 10,000-year return period
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New as % of FEH for 24 hour 150 year
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Figure 9.9 New rainfall estimates compared with FEH for

24-hour duration, 150-year return period
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New as % of FSR for 24 hour 150 year
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Figure 9.10 New rainfall estimates compared with FSR for

24-hour duration, 150-year return period
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New as % of FEH for 24 hour 10000 year
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Figure 9.11 New rainfall estimates compared with FEH for

24-hour duration, 10,000-year return period
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New as % of FSR for 24 hour 10000 year
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Figure 9.12 New rainfall estimates compared with FSR for
24-hour duration, 10,000-year return period
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FORGEX rainfall-frequency

No.  No.  #»

. LINE  DURATION NET. SEG. RMED
Duration: VARYING - § day 1643 942 758 g(22)
Season: annual — 4 day 1643 942 59.2 g(22)
Data type: Res. Saf, - ? day 1643 942 447 g(22)
Focal point: GB 2538 8593 1 day 1643 1042 33.5 g(22)
Radius (km): 200 (+100) e 24 hour 10+3 7+2 332 g(19)
Netmax shift method: gam|_gam?2 I8 hour 1043 742 29.8 g(19)
Segment fitting method:  netmax (03/09) ézh'(::;:“ :g:: ;ﬁ ?;g ggg{
Standardisation method:  revised (06/08) 4 hour 1043 742 166 g(19)

. - ? hour 1043 8+1 118 g(19)
No. networks & segments: See lines key @ | hour 1043 842 82 g(19)
Rmed (mm) **: See lines key

SAAR (1961-90) (mm):

825

** mmed source at focal point: f = FEH DDF. g = gauged (no. of maxima in brackets)

240
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Produced on 2009-04-30 at 22:15

Figure 9.13 FORGEX rainfall frequency plots for Dingwall
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DDF model comparison

SITE DETAILS
DDF MODEL fli“l;’;:‘;l"c‘j At location of hourly raingauge:
Duration FEH FSR NEW maxima at glr:]f :yasll]un GB
i . inte gite pangad 2m:

(hour:) fitted to points  site gauge NGR: 2538 8593

I:)- D Gauge SAAR (mm): 793

.: S " Gauge altitude (m):

2 H Location SAAR (mm): 825

T, H Location altitude (m): 8
FEH & FSR values are for
location 2540 8590
(SAAR = 823, alt. = 24)

*H = from hourly gauge 10788069;

D = from daily gauge 10788068 (at same location); MAP CIRCLES
return period estimated using the Gringorten formula; Inner: 200 km radius; as used in FEH,
rainfalls adjusted from fixed to sliding durations. and the primary radius in the new method.
Outer: 300 km radius: the secondary radius in the new method.
500
450 -
400
350 -
i —
300 FSR 192h PMP
e
Z 250 _
C::s FSR 24h PMP
=
=
‘=200
——
FSR 6h PMP
150 1
I
FSR 2h PMP
100 B
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50
0
2 5 10 20 50 100200 500 1000 5000 10000 50000 100000
Return period, T (years)
I | I | | | I | I | I | I | 1 | I | I | | | I | I

0 1 2 3 4 5 6 7 8 9 10 11 12
Reduced variate, y

Produced on 2009-06-19 at 13:44

Figure 9.14 Comparison of DDF models for Dingwall
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FORGEX rainfall-frequency

Duration:
Season:
Data type:
Focal point:
Radius (km):
Netmax shift method:
Segment fitting method:
Standardisation method:

No. networks & segments:
Rmed (mm) **:
SAAR (1961-90) (mm):

** mmed source at focal point: f = FEH DDF. g = gauged (no. of maxima in brackets)

VARYING
annual

Res. Saf.

GB 3594 6700
200 (+100)
gaml_gam2
netmax (03/09)
revised (06/08)

See lines key
See lines key
771

LINE
- 3 day
o 4 day
G 2 day

I day
e 24 hour
18 hour
12 hour
6 hour
4 hour
a— 2 hour
e | hour

DURATION

No.  No.  #»

NET. SEG. RMED

1743 1042 96.7
17+3 10+2 75.6
1743 1042 60.6
1743 1042 47.7
1243 8+2 49.6
1243 8+2 45.6
1243 8+2 384
1243 8+2 25.2
1243 8+2 194
1243 8+2 14.6
1243 8+2

94 g(23)

2(33)
£(33)
2(33)
2(33)
£(23)
2(23)
2(23)
2(23)
2(23)
2(23)
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Figure 9.15

Reduced variate, y

Produced on 2009-04-30 at 23:02

FORGEX rainfall frequency plots for Nunraw Abbey
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DDF model comparison

SITE DETAILS
DDF MODEL fli"l;’:‘lfgl"c‘j Al location of hourly raingauge:
Duration FEH FSR ) NEW maxima at Nu_nrawl F}bt.)«.y
(hours) fitted to points  site gauge® ﬁ&‘ﬁs’%‘;ﬂ' 6(%(?0
',?3 D Gaugc-fs:AAR (mm): 824
': I " Gauge altitude (m): 197
2 H Location SAAR (mm): 771
T, H Location altitude (m): 194
FEH & FSR values are for
I(‘);cati(f{n 3:'\?((]]0 6'1;00 .
#H = from hourly gauge 10903638; (SAAR = »alt. = 187)
D = from daily gauge 10903637 (at same location); MAP CIRCLES
return period estimated using the Gringorten formula; Inner: 200 km radius; as used in FEH,
rainfalls adjusted from fixed to sliding durations. and the primary radius in the new method.
Outer: 300 km radius: the secondary radius in the new method.

550 1
500
450 -
400 1
. 350 1 )
E FSR 192h PMP
£ 300
=
LE 250 ] FSR 24h PMP
‘S
a4
200 1
FSR 6h PMP
150 1 '
| e—
FSR 2h PMP
100 - FSR 1h PMP
50 1
0 2 S 10 20 50 100200 500 1000 500010000 50000 100000
Return period, T (years)
I | I | | | I | I | I | I | I | I | I | | | I | I

0 1 2 3 4 5 6 7 8 9 10 11 12
Reduced variate, y

Produced on 2009-06-19 at 13:45

Figure 9.16 Comparison of DDF models for Nunraw Abbey
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FORGEX rainfall-frequency

LINE DURATION

Duration: VARYING

- 3 day
Season: annual e 4 day
Data type: Res. Saf. —e
Focal point: GB 3150 5222 | day
Radius (km): 200 (+100) @ 24 hour
Netmax shift method: gamI_gam2 18 hour
Segment fitting method:  netmax (03/09) ézhhm'f
Standardisation method:  revised (06/08) 4 hgﬂ:

- ? hour

No. networks & segments: See lines key @ | hour

Rmed (mm) **: See lines key
SAAR (1961-90) (mm): 1532

*% mued source at focal point: £ = FEH DDF. g = gauged (no. of maxima in brackets)

No.  No.

NET. SEG.

Wi

RMED

1843 1142 145.1 g(30)
18+3 1142 95.4
1843 1142 68.8
1843 1142 48.5

13+4 8+2
12+4 8+2
13+4 842
13+4 842
13+4 842
13+4 942
1343 942

59.4
54.2
50.2
34.4
28.0
19.6
11.2

2 (30)
g (30)
g(30)
2(25)
g(25)
(25)
2(25)
2(25)
2(25)
2(25)

400 1

350 1

Rainfall (mm)
[y
(e
=

J}ill}{l’b' J

150
100
501
0 2 5 10 20 50 100 200 500 1000 5000 10000 50000 100000
Return period, T (years)
rrrrrrrryrrrryrrrrryrrrr [ rrrrr11
0.0 2.5 5.0 7.5 10.0 12.5
Re duced Vari ate, y Produced on 2009-04-30 at 22:20
Figure 9.17 FORGEX rainfall frequency plots for Cornhow
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DDF model comparison

SITE DETAILS
DDF MODEL 2}:151::]“‘{] At location of hourly raingauge:
Duration FEH FSR NEW maxima at C:o_rnhow ‘S Wks
(hours) fitted to points  site gauge® EEK;{ 5);slt:31. 5(21532
I:)‘i b Gaug;:‘SAAR (mm): 1503
-r;l e e e H Gauge altitude (m): 98

9

H Location SAAR (mm): 1532

Location altitude (m): 98

*H = from hourly gauge 10594201;

D = from daily gauge 10594200 (at same location);
return period estimated using the Gringorten formula;
rainfalls adjusted from fixed to sliding durations.

FEH & FSR values are for
location 3150 5220
(SAAR = 1538, alt. = 105)

MAP CIRCLES

Inner: 200 km radius; as used in FEH,
and the primary radius in the new method.
Outer: 300 km radius; the secondary radius in the new method.

700
650 1
600 1
550 1
500 1
450 " FSR 192h PMP
g 400
£
— 350 |
S
2= 300 1 FSR 24h PMP
o 250 -
200 1 P
j FSR 6h PMP
150 1
i —
FSR 2h PMP
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50 |
0 '.3.: 5 10 20 50 100 200 500 '1000 5000 10000 50000 100000
Return period, T (years)
T T T T T T T T T T T T T T T T T T T T 71
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Figure 9.18
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Reduced variate, y

Produced on 2009-06-19 at 13:42

Comparison of DDF models for Cornhow
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FORGEX rainfall-frequency

No. No. **
L LINE  DURATION NET. SEG. RMED
Duration: VARYING -— g day 1743 1142 338.5 g(19)
Season: annual o 4 day 1743 1142 224.6 g(20)
Data type: Res. Saf. - 2 Yy 1843 1142 159.5 g (20)
Focal point: GB 3225 5135 I day 1843 1142 120.3 g(20)
Radius (km): 200 (+100) @ 24 hour 13+4 842 1498 g(12)
Netmax shift method: egaml_gam?2 :g:ﬂur :i*'i g"'g :‘:';g g}g;
H . . our +4 8+ 8 g
sesmen g e ety (30 gD W
standardisation method: — revise 4 hour 1244 842 62.6 g(12)
. - ? hour 12+4 9+2 37.0 g(12)
No. networks & segments: See lines key @ | hour 13+3 942 19.0 g(12)
Rmed (mm) **: See lines key
SAAR (1961-90) (mm): 3389
#% mued source at focal point: f = FEH DDF, g = gauged (no. of maxima in brackets)
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Reduced variate, y
Figure 9.19 FORGEX rainfall frequency plots for Honister Pass

Produced on 2009-04-30 at 22:16
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DDF model comparison

SITE DETAILS
DDF MODEL 2}:‘51::]"“‘] At location of hourly raingauge:
Duration FEH FSR ) NEW ) maxima at I-!O_“ISIW Pa“ B
(hours) fitted to points  site gauge* ﬁg‘ﬁ‘%‘,‘f‘é‘%‘ S(f%i
':)2 D Gauge SAAR (mm): 3510
"f;' R i Gauge altitude (m): 358
3 H Location SAAR (mm): 3389
| e s H Location altitude (m): 361
FEH & FSR values are for
SAAR 23193, 2l = 395
s = 3195, alt. = 39C
*H = from hourly gauge 10592466; ( )
D = from daily gauge 10592463 (at same location); MAFP CIRCLES
return period estimated using the Gringorten formula; Inner: 200 km radius; as used in FEH,
rainfalls adjusted from fixed to sliding durations. and the primary radius in the new method.
Outer: 300 km radius; the secondary radius in the new method.

900 1
800 1
700 1
e —
FSR 192h PMP
600 1
§ 500 1
o
= 400
§ FSR 24h PMP
300 1
——
200 R FSR 6h PMP
——
FSR 2h PMP
100 - FSR 1h PMIP
0 ’.3 5 10 20 50 100 200 500 1000 5000 10000 50000 100000
Return period, T (years)
1 T 1 1 1 1 17T 17 17 17 717 1 711
0 1 2 3 4 5 6 7 8 9 10 11 12
Red‘uced Variate, y Produced on 2009-06-19 at 13:42
Figure 9.20 Comparison of DDF models for Honister Pass
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FORGEX rainfall-frequency

No. No. **
. LINE  DURATION NET. SEG. RMED
Duration: VARYING -— g day 1943 1142 80.8 g (39)
Season: annual @ 4 day 1943 1142 57.3 g (39)
Data type: Res. Saf. -  day 1943 1142 45.1 g (39)
Focal point: GB 4380 3598 I day 1943 1142 37.4 g(39)
Radius (km): 200 (+100) e 24 hour 1543 941 38.2 g(40)
Netmax shift method: egaml_gam?2 I8 hour 1543 9+1 34.6 g (40)
Segment fitting method:  netmax (03/09) ézh';:;:" :::: 3:% ;‘;g igg;
Standardisation method:  revised (06/08) 4 hour 1543 942 20.5 g( 40)
X - ? hour 1543 9+2 155 g4
No. networks & segments: See lines key @ | hour 1543 942 11.8 g (40)
Rmed (mm) **: See lines key
SAAR (1961-90) (mm): 796
#% mued source at focal point: f = FEH DDF, g = gauged (no. of maxima in brackets)
r L 1
280 o H o, 200 3
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Reduced variate, y

Produced on 2009-04-30 at 21:05

Figure 9.21 FORGEX rainfall frequency plots for Ogston Reservoir
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DDF model comparison

SITE DETAILS
DDF MODEL 2}:‘51:‘;]"0‘] At location of hourly raingauge:
Duration FEH FSR NEW maxima at (Egston R?sr_ .
(hours) fitted to points  site gauge® ﬁg%‘ﬂ‘{;g’{;gs
':)2 D Gaug;: S‘AAR‘(mm): 791
"f;' R i Gauge altitude (m): 102
2 H Location SAAR (mm): 796

| s H Location altitude (m): 98
FEH & FSR values are for
location 4380 3600

(SAAR = 797, alt. = 111)

*H = from hourly gauge 10109141;

D = from daily gauge 109141 (at same location); MAP CIRCLES )
return period estimated using the Gringorten formula; Inner: 200 km radius; as used in FEH,
rainfalls adjusted from fixed to sliding durations. and the primary radius in the new method.

Outer: 300 km radius; the secondary radius in the new method.

450 1
400 1
350 - FSR 192h PMP
300 1
~ FSR 24h PMP
g
E 250
qg FSR 6h PMP
R A —
" FSR 2h PMP
150
FSR 1h PMP
100 -
50 -
0 ’.2 5 10 20 50 100 200 500 1000 5000 10000 50000 100000
Return period, T (years)
1 T 1 1 1 1 17T 17 17 17 717 1 711
0 1 2 3 4 5 6 7 8 9 10 11 12
Reduced Variate, y Produced on 2009-06-19 at 13:3%
Figure 9.22 Comparison of DDF models for Ogston Reservoir
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FORGEX rainfall-frequency

Duration:

Season:

Data type:

Focal point:

Radius (km):

Netmax shift method:
Segment fitting method:
Standardisation method:

No. networks & segments:
Rmed (mm) **:
SAAR (1961-90) (mm):

VARYING

- § day
annual o 4 day
Res. Saf. - ? day
GB 2873 2905 I day
200 (+100) e 24 hour
gaml_gam2 :g Ihuur
netmax (03/09) 6 houe
revised (06/08) 4 hﬁﬁi

a— 2 hour

See lines key
See lines key
1836

@ | hour

** mmed source at focal point: f = FEH DDF. g = gauged (no. of maxima in brackets)

LINE DURATION

No.  No.
NET. SEG.

18+4 1142
18+4 11+2
18+4 1142
1844 1142

13+4 9+2
13+4 942
1344 942
13+4 942
13+4 942
13+4 942
13+4 942

RMED
185.9 g (31)
130.0 g (31)

87.5
64.5
71.0
66.5
56.0
39.0
315
19.0
12.0

g2(31)
g2(31)
g(25)
2(25)
2(25)
2(25)
2(25)
g(25)
2(25)

5001

450 -

400

3501
—~ 300
£
g
— 2501
S
g
< 200 1
(a4

150

(}:ﬂ{:l:l‘b'fi
100 7 weome|
] l_J L.u'é’,'('ll
oL
501
0 2 5 10 20 50 100 200 500 1000 5000 10000 50000 100000
Return period, T (years)
[ I U R B D D D A D R B B R
0.0 2.5 5.0 1.5 10.0 12.5

Figure 9.23

194

Reduced variate, y

Produced on 2009-04-30 at 21:46

FORGEX rainfall frequency plots for Dolydd

Section 9: Example results for selected locations




DDF model comparison

DDF MODEL Observed
- FEH FSR NEW annual
Duration maxima at
(hours) fitted to points  site gauge®
192 D
24
6 R — H

2 H

return period estimated using the Gringorten formula;
rainfalls adjusted from fixed to sliding durations.

(SAAR = 1864, alt. = 341)
*H = from hourly gauge 10421140
D = from daily gauge 421140 (at "8?4 2904, SAAR = 1876, altitude = 297); MAP CIRCLES \
Inner: 200 km radiu used in FEH,

and the primary rad
Outer: 300 km radius; the secondary radius in the new method.

SITE DETAILS

At location of hourly raingauge:
Dolydd

Grid system: GB

NGR: 2873 2905

Gauge SAAR (mm): 1876
Gauge altitude (m): 297
Location SAAR (mm): 1836
Location altitude (m): 294

FEH & FSR values are for
location 2870 2910

1 the new method.

800
700 1
600 1
FSR 192h PMP
~ 500 - ol s
=
g
= 400
&
g
[ FSR 24h PMP
~ 300
200 “"TFSR 6h PMP
--‘IFSRZhPMP
100 - FSR 1h PMP
0 '.7.: 5 10 20 50 100 200 500 'IOO(J' 5000 10000 50000 100000
Return period, T (years)
T T T T T T T T T T T T T T T T T 7T T T
0 1 2 3 4 5 6 7 8 9 10 11 12

Reduced variate, y

Figure 9.24
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Produced on 2009-06-19 at 13:41

Comparison of DDF models for Dolydd
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FORGEX rainfall-frequency

No. No. #»
. LINE  DURATION NET. SEG. RMED
Duration: VARYING a— 3 day 2043 1142 604 g (110)
Season: annual e 4 day 2043 1142 46.1 g (110)
Data type: Res. Saf. - 2 day 2043 1142 36.0 g(110)
Focal point: GB 5171 1757 1 day 2043 1142293 g(110)
Radius (km): 200 (+100) S 24 hour 1543 9+1 33.4 g(95)
Netmax shift method: gaml_gam?2 :glhﬂuf :i*: 34*: 53‘; SSE;
H . hour 5+3 U4+ T g (9s
gfgrgené-m?"g meinog: ne\t,'-r'a; ((82:83)) 6 hour 1543 9+1 23.1 g(95)
andardisation method: — revise 4 hour 1443 941 19.0 g(36)
. - ? hour 1543 941 16.8 g(95)
No. networks & segments: See lines key @ | hour 1543 9+1 11.5 g(95) L
Rmed (mm) **: See lines key Vi
SAAR (1961-90) (mm): 605
** mmed source at focal point: f = FEH DDF. g = gauged (no. of maxima in brackets)
HLJ kLM
220 | D H K h’-\'l}"};;_l K1
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= 1001
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Figure 9.25

Reduced variate, y

Produced on 2009-04-30 at 21:40

FORGEX rainfall frequency plots for Kew
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DDF model comparison

SITE DETAILS
DDF MODEL 23‘51;";]"0‘] At location of hourly raingauge:
Duration FEH FSR NEW maxima at g:; system: GB
X - e gite gauee® system:

(hou{r:) fitted to points  site gauge NGR:5171 1757

'1)- D Gauge SAAR (mm): 591

"f;' ______________________ i Gauge altitude (m): 5

2 H Location SAAR (mm): 605

| s H Location altitude (m): 4
FEH & FSR values are for
location 5170 1760
(SAAR = 606, alt. = 3)

*H = from hourly gauge 10287049, [ ]
D = from daily gauge 287049 (at same location); MAFP CIRCLES Y,
return period estimated using the Gringorten formula; Inner: 200 km radius; as used in FEH,
rainfalls adjusted from fixed to sliding durations. and the primary radius in the new method.

Outer: 300 km radius; the secondary radius in the new method.

450
400 1
350 -
B ]
FSR 192h PMP
300 1
— _~ FSR 24h PMP
g 250
g
= 7| —
'-lg 200_ _,.FSR 6h PMP
E "FSREIIPMP
150 FSR 1h PMP
100
50 1
0 2 5 10 20 50 100 200 500 1000 5000 10000 50000 100000
Return period, T (years)
U L D D D A D D L L )
0 1 2 3 4 5 6 7 8 9 10 11 12

Reduced variate, y

Figure 9.26 Comparison of DDF models for Kew
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Produced on 2009-06-19 at 13:40
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FORGEX rainfall-frequency

No. No.  **
. LINE  DURATION NET. SEG. RMED

Duration: VARYING o  day 1744 942 915 g (40)
Season: annual @ 4 day 17+44 942 63.2 g(40)
Data type: Res. Saf. - 2 Yy 17+4 942 43.7 g (40)
Focal point: GB 1872 642 I day 1744 1042 34.8 g (40)
Radius (km): 200 (+100) e 24 hour 10+5 7+2 37.0 g(32)
Netmax shift method: eaml_gam?2 I8 hour 10+5 742 355 g(32)
Segment fitting method:  netmax (03/09) éigﬂ:‘r :?:: ;:g ;Lé ig%{
Standardisation method:  revised (06/08) 4 hour 1045 742 220 ; (32)

. - ? hour 11+5 7+2 16.2 g(52)
No. networks & segments: See lines key @ | hour 1145 742 115 g(55) /—\
Rmed (mm) **: See lines key [ ]
SAAR (1961-90) (mm): 1011
*% mued source at focal point: £ = FEH DDF. g = gauged (no. of maxima in brackets)
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Figure 9.27 FORGEX rainfall frequency plots for St Mawgan
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DDF model comparison

SITE DETAILS
DDF MODEL fljnt;‘sl:‘;]"c‘] At location of hourly raingauge:
Duration FEH FSR NEW maxima at S,l _Man:fn_ ;
(hours) fitted to points  site gauge® HE‘}{;)’;?&? g’ﬁ
':)2 D Gaug;: SAAR (mm): 1004
"f;' ______________________ i Gauge altitude (m): 103
2 H Location SAAR (mm): 1011
| s H Location altitude (m): 104
FEH & FSR values are for
location IS?O‘ 640
*H = from hourly gauge 10383477; (SAAR = 1003, alt. = 91)
D = from daily gauge 10383476 (at 1872 641, SAAR = 1004, altimwde = 103); MAP CIRCLES .
return period estimated using the Gringorten formula; Inner: 200 km radius; as used in FEH,
rainfalls adjusted from fixed to sliding durations. and the primary radius in the new method.
Outer: 300 km radius; the secondary radius in the new method.
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Reduced varl ate’ y Produced on 2009-06-19 at 13:41
Figure 9.28 Comparison of DDF models for St Mawgan
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FORGEX rainfall-frequency
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Section 9: Example results for selected locations

No. No.  **
. LINE  DURATION NET. SEG. RMED
Duration: VARYING -— g day 1545 1042 67.8 g (34)
Season: annual @ 4 day 15+5 1043 50.2 g (34)
Data type: Res. Saf. -  day 1545 1042 41.8 g (34)
Focal point: I 3146 3810 I day 1545 1042 31.2 g (34)
Radius (km): 200 (+100) e 24 hour I|+§ T+2 332 g(57)
Netmax shift method: eaml_gam?2 I8 hour 1145 742 308 g(57)
Segment fitting method:  netmax (03/09) 12 hour 145 742 269 ¢(57) d
Standardisation method:  revised (06/08) © hour H+37+2 212 ¢ (0D
b : ' i 4 hour 1145 742 179 g(57)
. - ? hour 11+5 7+2 13.2 g(57)
No. networks & segments: See lines key @ | hour 1145 742 9.9 g (80)
Rmed (mm) **: See lines key
SAAR (1961-90) (mm): 875
*% mued source at focal point: £ = FEH DDF. g = gauged (no. of maxima in brackets)
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Reduced Var]ate’ y Produced on 2009-04-30 at 23:05
Figure 9.29 FORGEX rainfall frequency plots for Aldergrove




DDF model comparison

SITE DETAILS
DDF MODEL 2}:‘51::]"“‘] At location of hourly raingauge:
Duration FEH FSR NEW maxima at i’flflcrgrn\:c i
(hours) fitted to points  site gauge® ﬁg‘ﬁ‘%‘h};‘;é‘fg
':)2 D Gaug;:‘SAAli (mm): 867
"f;‘ R i Gauge altitude (m): 63
2 H Location SAAR (mm): 875 .

| N H Location altitude (m): 62
FEH & FSR values are for
location 3150 3810

#H = from hourly gauge 10955817; (SAAR = 881, alt. = 66)
D = from daily gauge 955817 (at 3147 3809, SAAR = 867, altinde = 63); MAP CIRCLES
return period estimated using the Gringorten formula; Inner: 200 km radius; as used in FEH,
rainfalls adjusted from fixed to sliding durations. and the primary radius in the new method.
Outer: 300 km radius; the secondary radius in the new method.
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Produced on 2009-06-19 at 13:45

Figure 9.30 Comparison of DDF models for Aldergrove
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Table 9.2 Rainfall comparisons for Dingwall

Duration | Return FSR rainfall FEH New New as | Newas | As a % of FSR PMP
(h) period (mm) DDF DDF % FSR | % FEH | FSR FEH New
(y) rainfall | rainfall (%) (%)
(mm) (mm)

1 150 25 32 52 207 163 25 32 52

1 200 27 34 54 204 157 27 34 54

1 1000 38 54 67 178 124 38 54 67

1 10000 63 103 84 134 81 63 103 84

1| 100000 | (PMP: 100) 100 100

6 150 49 59 64 130 107 30 36 39

6 200 52 64 66 128 104 31 39 40

6 1000 73 93 81 111 86 44 57 49

6 10000 117 162 99 85 61 71 98 60

6 | 100000 | (PMP: 165) 116 70
24 150 78 97 95 122 97 31 39 38
24 200 82 103 98 120 95 33 42 40
24 1000 110 144 116 105 80 44 58 47
24 10000 168 230 137 82 60 68 93 55
24| 100000 | (PMP: 248) 157 63
192 150 160 183 173 108 95 51 59 56
192 200 166 191 178 107 93 54 62 57
192 1000 208 245 204 98 83 67 79 66
192 10000 288 350 237 82 68 93 113 76
192 | 100000 | (PMP: 310) 265 86

Table 9.3 Rainfall comparisons for Nunraw Abbey

Duration | Return | FSR rainfall FEH New New as | Newas | As a % of FSR PMP
(h) period (mm) DDF DDF % FSR % FEH FSR FEH New
) rainfall rainfall (%) (%)
(mm) (mm)
1 150 36 32 41 114 130 32 28 37
1 200 38 34 44 116 131 34 30 40
1 1000 54 49 62 115 126 49 44 56
1 10000 89 85 89 99 105 81 76 80
1| 100000 | (PMP: 111) 116 104
6 150 65 69 75 115 109 37 39 42
6 200 69 73 79 114 108 39 41 44
6 1000 95 103 101 107 98 53 58 57
6 10000 148 167 131 89 79 83 94 74
6 | 100000 | (PMP: 178) 161 91
24 150 100 128 135 135 106 39 49 52
24 200 105 135 140 133 104 41 52 54
24 1000 139 184 167 121 91 53 71 64
24 10000 206 285 204 99 72 79 109 78
24 | 100000 | (PMP: 260) 239 92
192 150 175 205 219 125 107 52 62 66
192 200 182 215 225 124 105 55 65 68
192 1000 225 279 258 114 92 68 84 77
192 10000 307 404 301 98 74 92 121 90
192 | 100000 | (PMP: 333) 341 102
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Table 9.4 Rainfall comparisons for Cornhow

Duration | Return | FSR rainfall FEH New New as | Newas | As a % of FSR PMP
(h) period (mm) DDF DDF % FSR % FEH FSR FEH New
(y) rainfall rainfall (%) (%)
(mm) (mm)

1 150 46 46 45 98 98 42 42 41

1 200 49 49 49 99 98 45 46 45

1 1000 70 76 75 106 98 65 71 69

1 10000 119 142 116 98 82 110 132 108

1| 100000 | (PMP: 108) 160 148

6 150 89 88 79 89 90 46 45 40

6 200 94 94 83 88 89 48 48 43

6 1000 130 135 112 86 83 66 69 57

6 10000 205 228 156 76 69 105 117 80

6 | 100000 | (PMP: 195) 202 103
24 150 136 150 118 87 79 45 49 39
24 200 142 158 123 87 78 47 52 41
24 1000 183 216 156 86 72 60 71 52
24 10000 262 338 204 78 60 87 112 67
24 | 100000 | (PMP: 303) 253 83
192 150 288 284 265 92 93 64 63 59
192 200 298 296 274 92 92 66 66 61
192 1000 356 374 321 90 86 79 83 71
192 10000 459 520 387 84 74 102 115 86
192 | 100000 | (PMP: 451) 451 100

Table 9.5 Rainfall comparisons for Honister Pass

Duration | Return | FSR rainfall FEH New New as | Newas | As a % of FSR PMP
(y) rainfall rainfall (%) (%)
(mm) (mm)
1 150 46 55 68 149 125 43 51 64
1 200 49 59 74 151 125 46 55 69
1 1000 70 91 117 167 128 66 85 110
1 10000 119 171 191 160 112 111 159 178
1| 100000 | (PMP: 107) 267 249
6 150 102 115 167 163 145 46 52 75
6 200 108 123 176 163 143 49 55 80
6 1000 146 177 239 164 135 66 80 108
6 10000 225 299 330 147 110 102 135 149
6 | 100000 | (PMP: 221) 419 190
24 150 174 200 263 151 131 48 55 72
24 200 181 211 274 152 130 49 58 75
24 1000 224 289 350 156 121 61 79 96
24 10000 304 453 455 149 100 83 124 124
24 | 100000 | (PMP: 366) 554 151
192 150 457 364 562 123 154 70 56 86
192 200 469 379 582 124 153 72 58 89
192 1000 545 479 689 126 144 83 73 105
192 10000 675 669 826 122 124 103 102 126
192 | 100000 | (PMP: 655) 951 145
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Table 9.6 Rainfall comparisons for Ogston Reservoir

Duration | Return FSR rainfall FEH New New as | Newas | As a % of FSR PMP
(h) period (mm) DDF DDF % FSR % FEH FSR FEH New
) rainfall rainfall (%) (%)
(mm) (mm)
1 150 42 50 48 114 95 29 35 33
1 200 45 55 52 117 95 31 38 36
1 1000 64 90 85 132 95 45 63 59
1 10000 108 181 127 117 70 76 126 89
1| 100000 | (PMP: 143) 165 116
6 150 69 77 68 99 88 32 36 32
6 200 73 83 73 100 88 34 39 34
6 1000 103 125 109 106 87 48 59 51
6 10000 170 228 156 92 69 80 107 73
6 | 100000 | (PMP: 213) 197 93
24 150 94 110 96 102 87 32 38 33
24 200 99 117 101 102 86 34 40 35
24 1000 135 167 140 103 84 47 58 48
24 10000 212 279 192 91 69 73 96 66
24 | 100000 | (PMP: 290) 237 82
192 150 156 163 165 106 101 43 45 45
192 200 163 171 170 105 99 45 47 47
192 1000 205 225 201 98 90 56 62 55
192 10000 285 331 250 88 75 78 91 69
192 | 100000 | (PMP: 363) 299 82
Table 9.7 Rainfall comparisons for Dolydd
Duration | Return FSR rainfall FEH New New as | Newas | As a % of FSR PMP
) rainfall rainfall (%) (%)
(mm) (mm)
1 150 49 56 51 103 90 43 48 44
1 200 53 61 54 103 89 45 53 47
1 1000 76 98 78 103 80 66 84 67
1 10000 128 192 117 91 61 111 165 100
1| 100000 | (PMP: 116) 156 135
6 150 96 114 92 96 81 44 52 42
6 200 101 123 97 96 79 46 56 44
6 1000 138 182 126 91 69 63 83 57
6 10000 215 318 169 78 53 98 145 77
6 | 100000 | (PMP: 220) 212 96
24 150 148 187 154 104 82 42 53 43
24 200 154 198 160 104 81 44 56 45
24 1000 196 276 195 100 71 55 78 55
24 10000 276 444 244 89 55 78 126 69
24 | 100000 | (PMP: 353) 292 83
192 150 311 325 334 107 103 59 62 63
192 200 321 340 343 107 101 61 65 65
192 1000 382 432 390 102 90 73 82 74
192 10000 489 611 454 93 74 93 116 86
192 | 100000 | (PMP: 526) 514 98
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Table 9.8 Rainfall comparisons for Kew

Duration | Return | FSR rainfall FEH New New as | Newas | As a % of FSR PMP
(h) period (mm) DDF DDF % FSR % FEH FSR FEH New
(y) rainfall rainfall (%) (%)
(mm) (mm)
1 150 43 57 54 125 94 29 38 36
1 200 46 63 57 125 91 31 42 38
1 1000 66 103 79 119 77 44 68 52
1 10000 111 208 126 113 61 74 139 84
1| 100000 | (PMP: 150) 186 124
6 150 64 80 72 112 91 30 38 34
6 200 69 86 76 111 89 32 40 36
6 1000 98 131 106 109 81 46 62 50
6 10000 162 239 163 101 68 76 113 77
6 | 100000 | (PMP: 212) 224 106
24 150 83 102 84 101 83 31 38 31
24 200 89 109 89 100 81 33 41 33
24 1000 123 157 119 97 75 46 58 44
24 10000 196 266 176 90 66 73 99 65
24 | 100000 | (PMP: 269) 238 88
192 150 134 134 120 90 90 40 40 36
192 200 140 140 124 88 88 42 42 37
192 1000 181 186 149 82 80 54 56 44
192 10000 260 279 199 76 71 78 84 60
192 | 100000 | (PMP: 334) 261 78
Table 9.9 Rainfall comparisons for St Mawgan
Duration | Return | FSR rainfall FEH New New as | Newas | As a % of FSR PMP
(y) rainfall rainfall (%) (%)
(mm) (mm)
1 150 38 49 51 133 104 31 40 41
1 200 41 53 54 133 102 33 43 44
1 1000 59 85 74 126 87 48 69 60
1 10000 99 165 102 103 62 80 134 83
1| 100000 | (PMP: 123) 130 106
6 150 68 78 77 113 98 34 40 39
6 200 72 84 81 112 96 36 42 41
6 1000 102 124 103 101 84 52 62 52
6 10000 168 215 135 80 63 85 108 68
6 | 100000 | (PMP: 198) 166 84
24 150 97 107 106 109 99 33 37 36
24 200 102 113 110 108 98 35 39 38
24 1000 139 156 136 98 87 48 54 47
24 10000 217 248 171 79 69 75 85 59
24 | 100000 | (PMP: 290) 205 71
192 150 177 159 163 92 103 45 41 42
192 200 184 166 169 92 102 47 42 43
192 1000 228 208 203 89 97 58 53 52
192 10000 308 290 248 80 85 79 74 63
192 | 100000 | (PMP: 392) 290 74
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Table 9.10 Rainfall comparisons for Aldergrove

Duration | Return FSR rainfall FEH New New as | Newas | As a % of FSR PMP
(h) period (mm) DDF DDF % FSR % FEH FSR FEH New
) rainfall rainfall (%) (%)
(mm) (mm)
1 150 39 48 123
1 200 42 51 122
1 1000 65 70 108
1 10000 122 97 80
1 | 100000 125
6 150 60 60 99
6 200 65 63 98
6 1000 93 83 90
6 10000 156 112 72
6 | 100000 141
24 150 90 85 95
24 200 95 90 94
24 1000 130 112 86
24 10000 202 144 71
24 | 100000 175
192 150 133 128 96
192 200 138 133 96
192 1000 173 159 92
192 10000 239 194 81
192 | 100000 229

(No digital FSR maps available for NI)

Table 9.11 Number of locations, out of the 66 GB test sites, where,
according to the new model, the return period of FSR PMP exceeds
100,000 years

Duration (hours) Number of locations Percentage
1 6 9

2 16 24

6 44 67

24 64 97

192 58 88

9.3 Comparisons at the locations of the 26 extreme events

9.3.1 General assessment

Section 3.7 has summarised, and Appendix B tabulates, the database of 63
extreme observed storm events from the period 1880 to 2006. The following
analysis has been applied to a subset of 26 of these events, where the rainfall
was at least 70 per cent of FSR PMP, but omitting event 35, Loch Quoich,
1935, for which there is insufficient local raingauge data to reliably estimate the
median rainfalls required for the new model. The return period has been
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estimated for each of the 26 events using the FSR, FEH and the new models (in
the latter case using median rainfalls estimated from surrounding gauges)
applied to the tabulated rainfall amount and duration. In addition, the event
rainfall has been compared with the estimated rainfall for the same duration
using the new method for return periods of 35,000 years and 100,000 years.
The former return period has been included because it is, in the FSR, the
implicit return period of a large part of the envelope line (for England and
Wales) of all the known maximum values at that time (FSR Il 4.3.2). These
results are presented in Table 9.12.

The most notable aspect of these results is that 10 out of the 26 events have
been assessed by the new DDF model as having a return period in excess of
100,000 years. Most of these are the longer duration events. Out of the nine
events that have a duration of 5 hours or longer, eight have an estimated return
period of over 100,000 years. The only event of duration 2 hours or less in the
100,000+ year category is the 1989 Halifax storm (Walshaw Dean Reservoir).
Figure 9.31 shows how the estimated return periods relate to duration.

This finding about the estimated return periods for the longer durations being
high is consistent with the final point in Section 9.2 above (estimated return
period of FSR PMP increasing with duration), and two of the previously
suggested explanations — systematic errors in the new model that vary with
duration, or a variation in the return period of PMP with duration (assuming
these extreme events are approaching PMP) — could apply here.
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Figure 9.31 Relationship between return period from the new DDF model
and duration for the extreme events shown in Table 9.12
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Table 9.12(a)

Comparison of rainfall statistics for extreme events 2 70% FSR PMP (ordered by date)

Rain Rain as

New as % New % of

Rain DDF of new DDF new

as % 35000 DDF 100000 DDF

FSR of year 35000 year 100000 Estimated return period (y)
SAAR Rain Dur. PMP FSR rain year rain year
No. Year Location E N (mm) (mm) (h) (mm) PMP (mm) rain (mm) rain FSR FEH New DDF

5 1895 Churchstoke 3264 2933 747 123 2 161  76% 140 88% 158 78% 7,000 3,800 13,000
7 1900 likley 4120 4470 978 137 1.25 146  94% 141 97% 158 87% 20,000 3,800 28,000
8 1901 Maidenhead 4886 1814 650 108 1 141 76% 162 66% 198 54% 7,000 570 6,300
10 1908 Portland 3696 742 768 175 5 204 86% 159  110% 181 97% 15,000 3,800 75,000
11 1910 Wheatley 4597 2058 649 139 2 164 85% 202 69% 234 59% 10,000 3,400 4,400
15 1917 Bruton 3684 1350 863 243 8 238 102% 184  132% 208 117% 40,000 11,000 450,000
17 1924 Brymore 3246 1394 758 225 5 218 103% 152  149% 167 134% 35,000 13,000 4,300,000
20b 1930 Castleton 4688 5080 835 304 60 348 87% 211 144% 227 134% 15,000 2,400 20,000,000
23 1932 Cranwell 5000 3499 593 131 2 182 72% 155 84% 174 75% 8,000 1,600 9,400
25 1934 W. Wickham 5382 1654 702 119 1.66 165 72% 161 74% 197 61% 6,000 1,100 8,300
26 1935 Swainswick 3756 1681 840 152 2.75 190 80% 187 81% 216 70% 10,000 4,200 9,800
28 1938 Bovey Tracey 2817 784 1018 149 2.25 167 89% 149  100% 171 87% 8,000 3,600 34,000
29 1941 Newcastle 4240 5640 648 110 2.33 149 74% 139 79% 158 70% 3,500 2,600 6,900
31 1947 Wisley 5060 1597 628 128 1.25 151 85% 181 71% 217 59% 10,000 1,500 6,600
32 1948 Tweed Valley 3710 6347 636 158 15 261  60% 141 112% 153 103% 9,000 4,900 150,000
34 1952 Lynmouth 2708 1428 1815 229 12 328 70% 197 116% 216 106% 6,000 1,900 210,000
36 1955 Martinstown 3648 888 998 280 15 278 101% 235 119% 262 107% 40,000 6,900 190,000
37 1956 Bradford 4072 4355 1080 165 2 168 98% 154  107% 169 98% 20,000 5,100 75,000
38 1957 Camelford 2105 833 1393 203 6 238 85% 182 112% 199 102% 15,000 3,400 130,000
40 1958 Knockholt 5467 1585 820 131 2.5 184 71% 185 71% 221 59% 5,000 920 6,200
41 1960 Horncastle 5251 3695 624 184 3 182 101% 141  131% 154 119% 40,000 3,800 990,000
42 1963 Southery 5612 2932 565 150 3 175 86% 162 92% 183 82% 12,000 2,400 18,000
44 1967 Dunsop Valley 3653 4533 1804 117 1.5 140 84% 153 7% 172 68% 5,000 960 4,800
52 1975 Hampstead 5265 1825 624 171 3 195 88% 193 89% 228 75% 15,000 1,600 18,000
56 1989 Halifax 3967 4336 1379 193 2 162 119% 142  136% 159 121% 40,000 5,800 800,000
62 2004 Boscastle 2130 903 1253 200 5 210 95% 157  128% 174 115% 20,000 4,200 500,000
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Table 9.12(b)

Comparison of rainfall statistics for extreme events 2 70% FSR PMP (ordered by duration)

Rain Rain as

New as % New % of

Rain DDF of new DDF new

as % 35000 DDF 100000 DDF

FSR of year 35000 vyear 100000 Estimated return period (y)
SAAR Rain Dur. PMP FSR rain year rain year
No. Year Location E N (mm) (mm) (h) (mm) PMP (mm) rain (mm) rain FSR FEH New DDF

8 1901 Maidenhead 4886 1814 650 108 1 141 76% 162 66% 198 54% 7,000 566 6,300
7 1900 likley 4120 4470 978 137 1.25 146 94% 141 97% 158 87% 20,000 3,785 28,000
31 1947 Wisley 5060 1597 628 128 1.25 151 85% 181 71% 217 59% 10,000 1,462 6,600
44 1967 Dunsop Valley 3653 4533 1804 117 15 140 84% 153 T7% 172 68% 5,000 962 4,800
25 1934 West Wickham 5382 1654 702 119 1.66 165 72% 161 74% 197 61% 6,000 1,134 8,300
5 1895 Churchstoke 3264 2933 747 123 2 161 76% 140 88% 158 78% 7,000 3,768 13,000
11 1910 Wheatley 4597 2058 649 139 2 164 85% 202 69% 234 59% 10,000 3,361 4,400
23 1932 Cranwell 5000 3499 593 131 2 182 72% 155 84% 174 75% 8,000 1,587 9,400
37 1956 Bradford 4072 4355 1080 165 2 168 98% 154  107% 169 98% 20,000 5,051 75,000
56 1989 Halifax 3967 4336 1379 193 2 162 119% 142 136% 159 121% 40,000 5,798 800,000
28 1938 Bovey Tracey 2817 784 1018 149 2.25 167 89% 149  100% 171 87% 8,000 3,624 34,000
29 1941 Newcastle 4240 5640 648 110 2.33 149 74% 139 79% 158 70% 3,500 2,620 6,900
40 1958 Knockholt 5467 1585 820 131 25 184 71% 185 71% 221 59% 5,000 920 6,200
26 1935 Swainswick 3756 1681 840 152 2.75 190 80% 187 81% 216 70% 10,000 4,173 9,800
41 1960 Horncastle 5251 3695 624 184 3 182 101% 141 131% 154 119% 40,000 3,819 990,000
42 1963 Southery 5612 2932 565 150 3 175 86% 162 92% 183 82% 12,000 2,386 18,000
52 1975 Hampstead 5265 1825 624 171 3 195 88% 193 89% 228 75% 15,000 1,624 18,000
10 1908 Portland 3696 742 768 175 5 204 86% 159 110% 181 97% 15,000 3,848 75,000
17 1924 Brymore 3246 1394 758 225 5 218 103% 152 149% 167 134% 35,000 13,322 4,300,000
62 2004 Boscastle 2130 903 1253 200 5 210 95% 157  128% 174 115% 20,000 4,160 500,000
38 1957 Camelford 2105 833 1393 203 6 238 85% 182  112% 199 102% 15,000 3,414 130,000
15 1917 Bruton 3684 1350 863 243 8 238 102% 184  132% 208 117% 40,000 11,077 450,000
34 1952 Lymmouth 2708 1428 1815 229 12 328 70% 197 116% 216 106% 6,000 1,870 210,000
32 1948 Tweed Valley 3710 6347 636 158 15 261 60% 141 112% 153 103% 9,000 4,935 150,000
36 1955 Martinstown 3648 888 998 280 15 278 101% 235 119% 262 107% 40,000 6,919 190,000
20b 1930 Castleton 4688 5080 835 304 60 348 87% 211 144% 227 134% 15,000 2,393 20,000,000




Very few of these events are included in the systematic database of annual
maxima that was used to fit the DDF model. Table 9.13 shows the extent to
which the events are represented in the daily and hourly raingauge databases
used by this study. The words ‘mostly’ or ‘partly’ indicate the degree to which
the event rainfall was captured by a gauge some distance from the location
given in the extreme events table. This tabulation shows that these
comparisons have been an almost completely independent check on the new
model, but it also indicates the extent to which important data are not currently
being incorporated into the model.

Table 9.13 Inclusion of the extreme events in the databases used to fit
the DDF model

Inclusion in
Rain  Dur. hourly Inclusion in daily
No. Year Location (mm) (h) database database

8 1901 Maidenhead 108 1 No No

7 1900 llkley 137 1.25 No No
31 1947 Wisley 128 1.25 No Mostly (1.8 km away)
44 1967 Dunsop Valley 117 1.5 No No
25 1934 West Wickham 119 1.66 No No

5 1895 Churchstoke 123 2 No No
11 1910 Wheatley 139 2 No No
23 1932 Cranwell 131 2 No Yes
37 1956 Bradford 165 2 No No
56 1989 Halifax 193 2 No No
28 1938 Bovey Tracey 149 2.25 No No
29 1941 Newcastle 110 2.33 No No
40 1958 Knockholt 131 25 No Partly (1.9 km away)
26 1935 Swainswick 152 2.75 No Partly (1.4 km away)
41 1960 Horncastle 184 3 No Yes
42 1963 Southery 150 3 No No
52 1975 Hampstead 171 3 Yes Yes
10 1908 Portland 175 5 No No
17 1924 Brymore 225 5 No No
62 2004 Boscastle 200 5 No Yes
38 1957 Camelford 203 6 No No
15 1917 Bruton 243 8 No No
34 1952 Lymmouth 229 12 No Mostly (1.8 km away)
32 1948 Tweed Valley 158 15 No Yes
36 1955 Martinstown 280 15 No Mostly (3 km away)

20b 1930 Castleton 304 60 No Partly (6.2 km away)

The spatial and temporal distributions of the 26 selected events are of interest.
Including Loch Quoich, the median event in terms of northing is at Wheatley,
near Oxford, and 56 per cent of the events occurred during a particular time
interval (1930 to 1960), which is only 25 per cent of the overall time period
covered by the database (Figure 9.32). If, in future, extreme events were to be
used during the model fitting stage, it would be necessary to determine the
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causes of these uneven distributions and to decide whether or not the selection
criteria should be revised.
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Figure 9.32 Distribution in time of the extreme rainfall events

9.3.2 Statistical assessment

The occurrence of high estimated return periods for events in the extreme event
database may be a point of concern and it might be thought that these suggest
that the new DDF model is in some way deficient. An objective consideration of
this question is made difficult because of the inevitable lack of clarity on several
accounts: (i) how any particular event was originally recorded in primary
sources, (ii) how they have been selected and are now recorded in the extreme
event database, and (iii) whether there have been other events occurring within
the same time-period which were not recorded or might have been mislaid.

Of particular concern is that the values in the extreme event database have
been collected on an ‘event’ basis. That is, a single overall ‘duration’ has been
assigned to any one event and the record contains a rainfall total for that
duration, but not for any sub-periods. Therefore, an under-recording of time-
periods of short duration containing high rainfall totals would be expected simply
because those time-periods were part of longer time-periods that were recorded
as events of a longer duration. It is known that, in some cases where a
description of the event was available with an indication of when the heaviest
rain fell, the total event rainfall may have been assigned as occurring within this
shorter time interval.
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Nonetheless, an analysis of whether or not the return periods of the extreme
events are in accord with the DDF model has been attempted which, for clarity,
is termed the ‘highest return period approach’. If one considers the highest
return period assigned to the events of a given duration, a comparison can be
sought with the range of values likely to arise as the highest return period from
the same configuration of gauges over the same number of years, on the
assumption that the true site-wise return periods were known. Therefore, the
observed value of the highest return period ascribed to any of the events could
be used as a formal test-statistic. The only readily available means of
comparison would be based on a model in which this observed highest return
period is considered statistically equivalent to the highest return period of
annual maxima occurring over a given number of site-years of data, where
these site-years are assumed independent, but where some allowance might be
made for spatial dependence in determining an appropriate number of site-
years to use. An evaluation on this basis is outlined later below.

Alternative threshold counting approach (not used)

An alternative method of statistical assessment that is, perhaps, more
immediately linked to the testing of fitted distributions is one based on counting
the number of exceedances of some threshold, followed by a comparison of the
number found for the count with the distribution of that number according to the
model that has been fitted. This will be termed the ‘threshold counting
approach’. One difficulty with this approach in the present context is that, when
combining counts of exceedances across gauges, the statistical distribution of
the count is unknown and not easy to approximate using the type of model that
has been used here (i.e. the spatial dependence model). This is because the
spatial dependence model does not fully describe the joint distribution of
exceedances of thresholds across several gauges. In a simple version of the
assessment, the theoretical mean of the count is easily found, but the
corresponding variance is not available. In contrast, the spatial dependence
model is much better aligned to the highest return period approach. While the
threshold counting approach might be based on rainfall events that happen
every 10 or 50 years at individual sites, the highest return period approach is
based on the most extreme events experienced across all the gauges
collectively and thus may be thought to concentrate on the very extreme events
which are of essential interest to the background of this project. The latter
approach also allows a good use to be made of the events recorded in the
extreme event database, as discussed in Section 9.3.1. This database contains
events which are not recorded in the systematic record used for the main part of
this project. Therefore, the highest return period approach has been chosen and
the rest of the discussion here relates to this approach.

Caveats for the highest return period approach

One difficulty for the sub-daily durations is in determining a relevant number of
gauges that might be available to observe extreme events in any particular
year. Essentially, no details of the numbers of gauges capable of systematically
recording short-duration rainfalls are available for the early years of the data-
period, but this might be irrelevant. One interpretation of the events described in
British Rainfall in the early period is that large rainfalls were recorded at one or
more of the daily-read gauges among those reporting as standard, and that

212 Section 9: Example results for selected locations



these have been investigated further. In some instances, such daily totals have
been ascribed to sub-daily durations on the basis of local reports about how
long the event lasted, while in others the keeper of the daily-read gauge was on
hand to make sub-daily observations. For the later part of the record there may
be more information about sub-daily gauges available, but it seems that an
initial identification of potential extreme events would have included examining
records from both daily and sub-daily gauges and other sources, and that an
event analysis would have combined information from all sources. Although the
exact source of the rainfall amounts and the durations ascribed to particular
events is often unclear, it may not be unreasonable to work on the basis that the
set of locations from which extreme rainfall events might have appeared in the
extreme event database is at least as extensive as the set of daily-read gauges.

A second difficulty in dealing with the durations attributed to the events is that
the events have been recorded against a single duration only. This means, for
example, that it is not possible to determine from the table in Appendix B the
‘most extreme rainfall’ with a duration of, say, 1 hour because any of the events
recorded with a higher duration might have contained a 1-hour total more
extreme than those recorded as events with a 1-hour duration.

For the present purposes of assessing the DDF model, ‘most extreme rainfall’ is
determined in the sense of the highest return period rainfall, where return period
is evaluated on a site-by-site basis. The tabulation of events in Appendix B was
done nominally on the basis that the rainfall amount exceeds a threshold value
which varies with duration but is otherwise the same across the whole country.
The hope would be that sufficient events would be identified for a given duration
that, if return periods were assessed for each event and the maximum of these
taken, this would adequately represent the largest return period associated with
any total rainfall for the given duration experienced anywhere in the country
within the period of record. Note that the 26 events selected from Appendix B
and contained in Table 9.12(a) were chosen to be relatively large events when
compared with the location-varying value of PMP as determined by the FSR
approach. The paucity of events actually tabulated for any one duration
indicates that extreme caution is required in assessing the largest return period
and it would be best to at least take the largest of the return periods across
several neighbouring durations. Table 9.12(b), which is a reformulation of Table
9.12(a), helps with this, as does Figure 9.31.

Range of return periods to be expected

If the above caveats are ignored, or temporarily set aside, the following
approach to assessing how large the largest return period should be for a single
duration might be taken. As indicated above, the observed outcome (which is
the largest return period observed for a given duration) is compared with the
statistical distribution associated with observing this largest return period under
the assumption that the largest return period is determined as the largest of

M individual values each representing the return period of the annual maximum
rainfall for a given year at a given site, and under the assumption that these
individual values are independent. It is assumed that the value of M has been
set so as to take into account any dependence between sites in the same year,
so that no further adjustment for dependence is needed within the model. This
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model can be dealt with in a simple way by converting the return periods into
probabilities of non-exceedance: see Appendix L. If an approximation is
adopted which is valid when M is large, the theoretical result can be given in
the simple form that the probability that the largest return period is less than a
value r is «, if
M
r= :

—Ina
This means, for example, that there is an equal chance of the observed largest
return period being greater or smaller than 1.443xM . In terms of a significance
test applied to the test statistic defined as the largest return period, the
acceptance region for a test at the 10 % significance level is return periods in
the interval 0.334xM to 19.5x M . Similarly, the acceptance region for a test at
the 1% significance level is the interval 0.189x M to 199.5x M . The remaining
difficulty is determining an appropriate value for M .

Assessment of the total number of station-years

The quality-controlled systematic record available to this project contains
171,904 station-years of 1-day annual maxima and 17,010 station-years of 1-
hour annual maxima. However, account needs to be taken of the total number
of known daily-read gauges, not just those digitised and used for the systematic
record in this project. Over the twentieth century, the number of daily gauges in
the UK varied from just over 3,000 in 1900 to approximately 7,000 in 1975, and
down to just over 4,000 in 2000, giving an average of just over 5,000 for any
one year. These values are taken from Figure 4.1 of Svensson et al. (2009).
This gives a total of about 500,000 station-years for the daily gauges in the
twentieth century. Account also needs to be taken of the earlier period of record
from 1880 onwards, and that after 2000, which would contribute about 35,000
and 16,000 station years respectively. In addition, the contribution of the sub-
daily gauges is also required, and this contribution could be larger than the
17,010 station-years of valid annual maxima accepted for this project, but it
should be borne in mind that some of the systematic hourly gauges also are
included in the systematic daily database. This gives an estimate of the total
number of station-years in the region of 568,000, which is comparable to the
estimates arrived at in slightly different ways in the two sections below.

Assessment of number of independent station-years (Dales and Reed)
The highest return period approach calls for the number of effectively
independent station-years rather than the total numbers of station-years. There
are no simple arguments for taking account of the spatial dependence.
However, it can be noted that spatial dependence would have a greater
proportional effect on reducing the effective number of independent sites in
years with larger numbers of operational stations than in years with smaller
numbers.

If the Dales & Reed model for accounting for spatial dependence is applied in
an approximate way, then appropriate conversions of actual gauge numbers to
the effective number of independent gauges are listed in Table 9.14. Here, the
Dales & Reed model has been applied with the value of AREA set at 233,000
km?, which is a representative value obtained from the inter-gauge distances
using the changing configurations of gauges in the UK over recent years. The
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values in Table 9.14 relate to a duration of 1 day: the varying dependence for
different durations means that number would be increased by a factor of 1.09
for durations of 1 hour and decreased by a factor of 0.95 for a duration of 8
days. The suggestion here is to use a value of 43,000 independent station-
years, based on an average of 360 independent sites for 1900-2004 and an
average 250 independent sites for 1880 to 1899. The value used might perhaps
be increased to 100,000 independent station-years if a computation were to be
done for the largest return period across all durations. One may note that these
values for the total number of independent station-years effectively ignores the
evidence for increased independence at higher return periods found in this
project and reported in Section 6 and Appendix E, so that values should be
regarded as lower bounds.

Table 9.14 Approximate conversion using the Dales & Reed model to
give the effective number of independent gauges in the UK (for daily
raingauges: see text)

Actual Effectively
gauges, N independent
gauges, Ne
500 157
1000 218
2000 285
3000 327
4000 356
5000 379
6000 397
7000 412
8000 424

Assessment of number of independent station-years (current method)

The spatial dependence model developed in this project has been applied to
obtain another estimate of the number of effectively independent station-years.
Considerable caution must be applied to the use of the spatial dependence
model (specifically, the one which has been fitted within this project) as part of a
procedure which is supposed to test the model which has been fitted in this
project. However, the results are reported as being the best that are available.
An approximate value for the notional number of effectively independent station-
years has been derived by making an approximation that the overall set of
gauges actually available of the period 1880 to 2004 (whose exact numbers,
locations and changes over time are not known) would be broadly equivalent to
having a fixed network identical to the configuration supplying valid annual
maxima for this project in 1973, which consisted of 4,451 gauges. An indirect
calculation using the dependence model developed in this project suggests that
this set of 556,375 station-years of record would be equivalent to 252,502
effectively independent station-years. As a check on the earlier discussion, the
procedure used here was also applied to the Dales & Reed model and this gave
the number of independent station-years as 44,175, which compares well with
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the earlier 43,000. The radical difference between the numbers derived from the
Dales & Reed model and the new model can be explained by noting that the
fitting procedure for the Dales & Reed model ensures it gives values
appropriate to general values of network maxima, whereas what is needed are
values that are appropriate to the extremes of the network maxima.

Results

Based on 250,000 station-years, the acceptance interval for a test at the 10%
significance level is 83,500 to 4,900,000 years and there is a probability of %2
that the largest return period lies on either side of 360,000 years.
Corresponding values for 500,000 stations-years are obtained by multiplying
these values by two. A comparison of the largest estimated return periods in
Table 9.12 would cast doubt on both the FSR and FEH methodologies as all of
the largest return periods observed fall outside the acceptance region. In
contrast, the new DDF model has many more return periods within the above
acceptance interval. Depending on which results are discarded because the
estimated return period has been exceeded by the return period for a
neighbouring duration, only a few results lie below the lower limit and one
above. Therefore, the results for the new DDF model are not particularly out of
line with the outcome expected according to the assessment scheme outlined
here, although the upward trend in the return periods evident in Figure 9.31 is of
some concern.

If the assessment were based on the effective number of independent station-
years suggested by the Dales & Reed model of, say 44,000 years, the
acceptance region at the 10% significance level would be 15,000 to 860,000
years. The return periods calculated from the FEH model for the extreme events
are again all lower than the lower bound of what is assessed as reasonable
outcomes. If some mixing of results across neighbouring durations is applied in
Table 9.12(b), the FSR model results might be interpreted as reporting the
largest return periods observed as being from 20,000 to 40,000 years, which
would be within the acceptance interval for any one duration. When compared
with this lower acceptance region, the largest return periods reported by the
new DDF model are now more evenly spread above and below the outer limits
than they were for the higher interval.

Of course, the validity of all of these conclusions, particularly those relating to
the FSR and FEH results (where we might be thought to be biased) would need
to be considered in the light of the doubts cast above over the provenance, and
also the relevance to this question, of the extreme value database. In addition,
the conclusion is affected by substantial approximations and guesses.
Unfortunately, limited resources have prevented a more thorough assessment
of the results. It might have been possible to make use of the spatial
dependence model fitted within this project as part of the assessment, but even
this would still leave a substantial set of guesses and approximations to be
made. It can be argued that the extreme event database does not really provide
good information about the most extreme return period events experienced in
the UK, partly because of the limitations of coverage of the underlying data
resources, and partly because it was not designed for this purpose (being
targeted at extreme events defined in terms of rainfall event totals).

216 Section 9: Example results for selected locations



9.4 Summary

This section has presented two sets of comparisons of the rainfall estimates
from the model developed in this project with those from the existing FSR and
FEH schemes. At present, the application of the new scheme is limited by the
need to determine reliable estimates for the median annual maximum rainfalls
across the 11 hourly and daily durations. Such estimates are only readily
available at, or very close to, the locations of gauges with reasonably long
records (both hourly and daily). In other cases, a manual procedure can be
used which takes around an hour for each site.

The first comparison has been carried out for a set of locations which have long
records and, in most cases, are close to major reservoirs. Here, an attempt has
been made to provide locations spread geographically across the UK. Broad
conclusions are that, in comparison with the FEH, for most of the country the
new estimates are substantially lower at the 10,000-year return period, and
lower or similar at the 150-year return period. Central and northern Scotland
shows a different behaviour towards the shorter durations, where the much
improved hourly dataset has led to the 150-year estimates being substantially
higher than the FEH. Comparison with the FSR is more varied: again, the
shortest duration estimates for much of Scotland are higher, and, nationwide,
the long duration high return period estimates are generally lower, but there are
many other instances where the new and FSR estimates are similar. At the
longest applicable duration, 192 hours (8 days), there is generally little
difference between the estimates from the three methods at return periods of
100 and 200 years. The sets of results for this first comparison have also
allowed a comparison to be made between the estimated frequency curves
from the three methods and a simple estimate available from the gauged
records for the specific locations. The agreement of the estimates from the new
model with the site-based estimates is substantially better than for the older
estimates, but this might be expected because the new estimates make full use
of the more recent records at the site whereas the older estimates do not.
Nevertheless, the comparison here provides a check that there is no
disagreement between the locally observed records and the results from the
new procedure, which brings in information from a widespread region.

The second comparison has been made using a subset of the extreme events
database in which events of variable durations from 1880 to 2006 have been
selected as being the most extreme observed across the UK. These events are
not necessarily geographically widespread, but they do provide an interesting
set of extreme events, being combinations of rainfall amounts and durations
that have actually been observed. It is therefore of some interest to evaluate the
return periods attributed to these events by the three different estimation
procedures. Many of the return periods derived from the new model turn out to
be rather high, but a simple statistical argument suggests that they are likely to
be of the right order of magnitude.
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10. Conclusions and recommendations

10.1 Revised rainfall DDF model for the UK

This project has developed a revised model of rainfall depth-duration-frequency
(DDF), which can be applied to the whole of the UK. The model has been
developed for rainfall durations from 1 hour to 8 days. Although it was originally
envisaged that the revised model would apply to the long return periods (from
100 to 10,000 years), which are typically used in hydrological analyses for
reservoir flood risk assessment, it has been developed for return periods
ranging from 2 to over 10,000 years. Therefore, it is proposed that the revised
DDF model should eventually replace the model published in Volume 2 of the
FEH (Faulkner, 1999) for hydrological design studies using rainfall-runoff
techniques and for assessing the rarity of particular rainfall events in the UK.

10.1.1 Data used in the analysis

The revised model has been developed using an extensive dataset of annual
maximum rainfall depths from raingauges across the UK. The study was able to
benefit from both the increased record length and the generally higher density
of recording raingauges since the FEH analysis was carried out. Annual
maxima were abstracted for eleven key rainfall durations ranging from 1 hour to
8 days. Data were available for over 6,500 daily raingauges (a slight increase in
the number used in the FEH), and for 969 hourly gauges, which is twice the
number used in the FEH (Section 3). The latter has resulted in short duration
rainfall estimates from the new DDF model being substantially higher than those
from the FEH in central and northern Scotland. Gauge records were included in
the analysis if they were able to provide at least nine annual maximum values.
The daily maximum dataset provides very good coverage of the UK. The
density of the hourly maximum dataset is generally good, although there is a
noticeable lack of information in the south-west of England, in parts of the south
coast region and in Kent. In addition, upland areas are not particularly well
represented. It should be noted that, while networks of recording raingauges do
sometimes exist in such areas, the record lengths are often too short to fulfil the
nine-year criterion. This, in turn, implies that it would be worthwhile to update
the dataset of hourly maxima in the future.

Where possible, seasonal maxima were abstracted from continuous records
and were analysed in the early stages of the project. The revised DDF model
has not been explicitly developed to provide seasonal rainfall estimates, but
sets of seasonal correction factors have been derived to apply to all-year
estimates (Section 4.3 and Appendix C). Seasonal design values are required
for some uses of the ReFH method of hydrological analysis (Kjeldsen, 2007).

Another source of information available to the project was a database detailing
63 extreme storm events experienced in the UK between 1880 and 2006. The
original archive consisting of 50 storm events had been compiled by Collier et
al. (2002), and it was extended and updated by the Met Office within the current
project (Dempsey & Dent, 2009). A list of the events is given in Appendix B. The
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dataset has been used as a ‘reality check’ against which the final results of the
revised DDF model have been compared.

10.1.2 Revised standardisation

The current project has retained the basic approach to modelling that was taken
in the FEH rainfall frequency study, adopting a two-stage index-flood
methodology, consisting of a standardisation step followed by the construction
of rainfall growth curves through a revised FORGEX procedure. The simple
standardisation applied in the FEH, whereby annual maxima at each raingauge
are divided by the at-site median value of the appropriate duration (RMED), has
been replaced by a revised standardisation expressed by:

R—RMED _

Rz f x RMED

1+%(Rstandardised _1) (10-1)

where f is a standardisation factor which varies from site to site and which is
derived from known quantities, and Rgandardised IS rainfall standardised by the FEH
method. Full details are presented in Section 5.

The most marked effects of the revised standardisation arise in cases where the
SAAR (standard average annual rainfall) for the target location is different from
that of the gauges in the region contributing to the FORGEX procedure.
Therefore, for high SAAR locations, there is a tendency to reduce rainfall
estimates for a given return period. This is because the standardised rainfalls
from nearby sites with low SAAR values are lower than with the original
standardisation. Similarly, for low SAAR locations, there is a tendency for
estimates to be increased if there are any neighbouring gauge locations with
high SAAR values, because standardised rainfall values from these gauges will
be higher.

10.1.3 Revised model of spatial dependence

A new model of spatial dependence in rainfall extremes has been developed
within this project and has been incorporated into the revised FORGEX
procedure to replace the model developed by Dales & Reed (1989). The
revised spatial dependence model allows the degree of dependence within a
given raingauge network to reduce (that is to tend towards independence) at
very high return periods. The new model is used within the FORGEX procedure
to determine the plotting positions of the highest annual maxima across a
network of gauges (netmax points) as described in Section 6 and Appendix F.
The effect of using the new spatial dependence model within the revised
FORGEX procedure is almost always to shift rainfall frequency curves to the
right, which increases the return period of a given rainfall depth. Further details
are given in Section 7.

10.1.4 Other revisions to FORGEX

This project has made a number of modifications to the FORGEX method
described in the FEH. In the revised FORGEX method, rainfall growth curves
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are fitted to netmax points only, the pooled points being no longer used. In
addition, new rules for the definition of network radii have been introduced and
additional networks are used up to a radius of 300 km to influence the shape of
growth curves at high return period. Finally, new rules have been introduced for
the selection of network maxima in the growth curve fitting procedure, and
varying weights are attached to the network maxima in this fitting procedure.
These revisions produce curves that are a better fit to the data, and which are
more spatially consistent.

The combined effect of all of the changes to FORGEX (new standardisation,
revised spatial dependence model, and improvements to fitting) is to

lower the rainfall frequency curve in almost all cases. This means that there is a
general tendency for design rainfall estimates from the revised FORGEX
methodology to be lower than those derived from the FEH FORGEX
methodology for a given return period. However, it is important to note that
these effects can be secondary to the effects of the improvements to the
underlying dataset in some cases. Full details are presented in Section 7.

10.1.5 Model fitting

The key output of the current project has been the specification of a revised
DDF model. The model is based on a generalised mixture of Gamma
distributions in which the scale and shape parameters vary smoothly with
duration. This formulation takes advantage of some basic properties of the
Gamma distribution, whereby the shapes of the distributions of totals over
different durations can be dealt with in a single family of distributions. The
model has a total of 14 parameters and therefore is considerably more complex
than that presented in the FEH, which was described by six parameters. The
model implies a straight line extrapolation (on the Gumbel scale) of the rainfall
frequency curve at very high return periods beyond the range of the data points
derived from the revised FORGEX analysis. This is in contrast to the
exponential increase of rainfall inherent in the FEH procedure when
extrapolated beyond its intended return period limit of 1000 years.

The results of the model fitting stage need to be treated with considerable
caution. Estimates of rainfall for the very highest return periods are inevitably
based on the occurrence or non-occurrence of very rare events within the
period of record. The basis of the overall procedure is to produce estimates that
reflect the historical data in a region centred on a target location. However, it
has not been possible within the present project to provide a well founded
assessment of the uncertainty of the estimated rainfalls. One important aspect
of such uncertainty, which has a major effect at extremely large return periods
(for example over 10° years) is the assumption built into the DDF model that a
particular form of extrapolation to high return periods is valid. It is suggested
that a standard presentation of results from the model fitting procedure should
include the summary values for the extent of rainfall information available from
the data from the hourly and daily records from the FORGEX step; examples of
these values are shown in Figure 8.6. These values would at least provide an
indication of when estimates are being used for return periods which would
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involve substantial extrapolation beyond the information supplied directly by the
historical data.

Currently, the model can be applied at any point of interest whether it is a
raingauge site or not, provided that sufficient information is available to estimate
a value for the at-site RMED (median annual maximum rainfall) for each of the
11 key durations adopted in this study. It is envisaged that further work in the
near future will reapply the method of georegression used in the FEH analysis
to map RMED across the UK for each of the required durations (see Section
10.3).

10.2 Summary of results at selected sites

The revised DDF model developed within this project has been fitted to rainfall
frequency curves derived from the revised FORGEX methodology at 71 sites
across the UK. These sites were chosen on the basis of:

« long hourly and daily raingauge records on the same or adjacent sites;

« inclusion of a high altitude site together with a site at lower altitude in the
same area;

« inclusion of sites close to reservoirs and sites improving the coverage of
the UK.

The results at each site have been compared with rainfall frequency estimates
derived from both the FEH and the FSR. Maps summarising these comparisons
are provided in Section 9 and Appendix K. When compared with rainfall
estimates from the FSR and FEH methods over durations ranging from 1 hour
to 8 days and return periods ranging from 100 to 10,000 years, there are two
major differences. Firstly, the estimates from the new model are higher over
most of Scotland at the shortest durations. This is mainly due to the
improvements to the hourly dataset. Secondly, the estimates from the new
model are lower at high return periods. This is due mainly to the improved
model of spatial dependence. At extremely large return periods, estimated
rainfalls from the new DDF model are lower than those of the FEH model. This
is because the former uses an approximately straight line extrapolation, while
the latter has an exponential extrapolation.

Whilst FEH 10,000-year rainfall estimates commonly exceeded FSR PMP, this
is rarely the case with estimates from the new model. According to the new
model, the return period at which rainfall estimates equal FSR PMP increases
with duration and is typically in the region of 100,000 years at about the 12-hour
duration.

In addition to these comparisons, Section 9 also considers how these estimates
relate to rainfall frequency estimates obtained directly from the raingauges at
the 71 selected sites. This comparison shows a good match to the new DDF
model, while the other methods perform less well. However, this finding is likely
to be explained by the fact that the older methods did not have the advantage of
using the more recent data.
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Finally, Section 9 reports the estimated return periods of some of the larger
events contained in the extreme event database (Appendix B) derived from the
new model. While some very large return periods are associated with these
events by the new method, it is argued that these results are to be expected,
and so do not cast doubt on the new DDF model.

10.3 Model implementation

Currently, results from the revised DDF model are only available for the 71 test
sites discussed in this report. A full UK-wide implementation of the model will
require estimates of RMED for each of the 11 key durations to be available at
every possible point of interest. In the implementation of the FEH rainfall model,
the six model parameters were estimated at every point on a 1-km grid of the
UK. However, the FEH model had been fitted to a more limited set of eight
durations for which maps of RMED were available. During the current analysis,
various problems have been identified with the FEH RMED maps for sub-daily
durations. In particular, RMED values derived from the new dataset did not
correspond well with mapped values. It is thought that the main reason for this
is the higher density of hourly raingauges now available. Another reason may
be the increase in average record length of the new sub-daily dataset.

It is proposed that a new software package should be developed to replace the
FEH rainfall model utility which is currently available on the FEH CD-ROM. This
will require the following steps:

« Mapping of RMED for each of the 11 key durations used in this project for
the entire UK on a 1-km grid (possibly with higher resolution in high relief
areas).

« Development of a set of rainfall frequency curves from the revised
FORGEX methodology for the 11 durations at each grid point.

« Fitting of the revised DDF model at each grid point.

« Estimation of DDF model parameters for catchment average rainfalls —
possibly by averaging the point values.

» Software developments to handle the revised model and to provide a
revised user interface.

« Release of the new version of FEH CD-ROM.

It is likely that this work will form the basis of a follow-on project that is
estimated to take about 12-18 months.

10.4 Interim user guidance

It will not be possible to make detailed comparisons between the results of this
project and rainfall estimates derived from the FEH or FSR models until the full
implementation of the revised DDF model is available. Defra’s Revised
Guidance to Panel Engineers (Defra, 2004) states that the FEH should not be
used for assessing rainfall of 10,000-year return period and that, for 1,000-year
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rainfall estimation, assessments should be carried out using both the FEH and
FSR methodologies. Maps comparing the results of the current project with the
FEH and FSR models for 71 test sites are provided in Appendix K. It is hoped
that these will help users to assess the likely effects of adopting the revised
DDF model for rainfall risk analysis.

10.5 Recommendations for further research
10.5.1 Reservoir flood risk assessment

This project aimed to develop an improved model of rainfall depth-duration-
frequency to replace the FEH model for the return periods relevant to reservoir
flood risk assessment (that is return periods from 100 to 10,000 years).
However, the final revised DDF model can be applied over the full range of
return periods from 2 to over 10,000 years, and it is proposed that it should
eventually replace the FEH model entirely. The results of this project indicate
that the differences between the revised model and the FEH for return periods
of less than 100 years are generally small and result largely from the improved
dataset of short-duration maxima.

While this project has re-evaluated methods of rainfall frequency estimation,
other related aspects relevant to reservoir flood risk assessment outside the
scope of the current analysis need considering further. Some of these are
discussed below.

Estimation of PMP

As discussed in Section 1.1, the use of estimates of probable maximum
precipitation (PMP) to generate PMF (probable maximum flood) estimates still
forms part of the guidance to panel engineers in the assessment of reservoir
flood safety (ICE, 1996). In the UK, the PMP values come from the FSR
analysis published in 1975, even though various studies have recognised that
storm rainfalls exceeding PMP have been recorded on a number of occasions.

If PMP is to form part of future guidance to reservoir engineers, there is an
obvious need to revisit methods of PMP estimation, to investigate its
relationship to rainfall frequency estimates and to consider the effect of climate
change. Particular consideration should be given to whether the concept of
PMP should be treated as giving a physical upper bound to the amount of
rainfall that could occur under any circumstances. An alternative is to treat PMP
simply as a rainfall having a particular, formally stated, return period. If values
for PMP (of either type) can be created in a systematic way for the whole of the
UK, and if this includes a quantitative assessment of uncertainty of such values
(which is entirely missing at present), then it might be possible to merge such
information into estimates of extreme rainfall obtainable from the type of
analysis used in this report. Cox (2003) outlines suggestions as to how this
might be achieved.
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Rainfall-runoff modelling for reservoir safety

This project has considered one of the design inputs (that is rainfall estimates
for high return periods) to the type of hydrological model commonly used for
flood risk assessment within reservoir safety studies. However, the study has
not investigated the use of rainfall-runoff models, and there is a need for further
research on this issue. Volume 4 of the FEH (Houghton-Carr, 1999) includes
guidance on reservoir flood estimation based on the FSR unit hydrograph and
losses model. Although the use of this model has been largely superseded by
the Revitalised Flood Hydrograph (ReFH) model (Kjeldsen, 2007), the latter has
been calibrated to produce design flood events with a return period of up to 150
years.

Recalibration of ReFH

The ReFH model for design hydrograph analysis was calibrated using design
rainfall estimates derived from the FEH. It is recommended that a recalibration
of the model using the outputs from the revised DDF model should be carried
out in due course.

10.5.2 Climate change

The revised DDF model developed within this project, like other aspects of the
FEH analysis, is based on the assumption of a stationary climate. The likely
effects of climate change on the frequency of extreme rainfall in the UK are not
well understood, although Section 4.4 has summarised some of the recent work
on this topic. Research on climate change in relation to extreme rainfalls can be
divided into two main areas. Firstly, there are analyses of observed records to
try to detect trends and, in particular, the direction of any trends. These will, no
doubt, be repeated as more data are accumulated, and this approach will rely
on maintaining good quality control of such new data. Secondly, there are
analyses which attempt to draw conclusions from rainfall data simulated by
climate models. Here there are many points which need to be clarified, including
whether these models are able to adequately simulate point rainfalls as
opposed to rainfalls over rather large regions, as well as the consideration of
the actual basis of supposedly random fluctuations within results from these
models. Specifically, clarification is needed of the extent to which these results
reflect ‘real’ chaotic behaviour in the climate system as opposed to random
error deliberately added so that the fluctuations in the values match those in
observed rainfalls. In addition, there are practical questions of whether these
computationally expensive models can be used to generate long enough series
to adequately estimate very long return period rainfalls.

10.5.3 Future developments of extreme rainfall estimation

Successfully implementing this project’s outputs for general rainfall estimation
will rely on further research effort, particularly with respect to improving the
estimates of the median rainfalls which are currently available. In the longer
term, improvements in estimating extreme rainfall will depend on developments
in a number of research areas, some of which are outlined below. Many of
these topics are interlinked.
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Analysis of very short duration rainfalls

Many of the agencies which provided data used for this project actually hold
rainfall data at a 15-minute resolution. It may, therefore, be possible to obtain a
spatially widespread dataset of reasonable record length to which the present
methodology might be applied. However, it is expected that there would be
many large gaps in the spatial distribution of such data, since the coverage
would be poorer than for the 1-hour data used here. Fifteen-minute resolution
would be an improvement on the 1-hour resolution for some important
applications such as drainage design, although even finer resolution is actually
needed. Some data-holders do hold data on a time-of-tip basis, notionally at a
1-second resolution. The spatial extent of such records is not likely to provide a
complete coverage of the UK, but they may provide a basis for some
exploratory data analysis. Very fine resolution data are required for topics such
as the effect of extreme rainfalls on the intermittent blockage of microwave
signals.

Improved characterisation of orographic effects

For logistical reasons, the sets of orographic descriptors used for parts of the
FEH analyses were unavailable to this project, but they should be available
from now on. Future work should consider the possibility of increasing these, as
the early exploratory analyses in this project highlighted orography and location
as important explanatory factors for the different behaviours of rainfall extremes.

Improved RMED mapping

The availability of good estimates of median rainfalls for all locations in the UK,
and for all standard durations, is a key to the methodology proposed within this
project. The topic is interlinked with many others, as improved estimates may
depend on improved orographic descriptors, and estimates of median rainfall
may be required for seasonal as well as annual maximum rainfalls, depending
on the overall approach taken within any newly developed statistical
methodology. An improved methodology might allow account to be taken of the
difference between sites of the years of recorded data and how these relate to
any short-term climate variations. There is a need to ensure that estimates of
median rainfalls progress smoothly as the duration considered changes.
Estimates of extreme rainfalls are strongly dependent on the estimated medians
and, for this reason, it is important to be able to provide good estimates of
median rainfall for locations which are either isolated geographically or atypical
of the majority of existing gauged locations, such as those at high altitudes.

Seasonal analyses

At present there is some demand for estimates of extreme rainfall on a
seasonal basis, but mainly for more moderate return periods than those
required for reservoir design. The present methodology could potentially be
applied to separate analyses for different seasons. The missing component
here is the required estimates of median maximum rainfalls for the different
seasons. However, the implications of being able to carry out separate seasonal
analyses are not limited to those immediate outputs. It may well be that
substantially improved estimates of rainfall extremes on an annual maximum
basis can be obtained by combining separate analyses of different seasons.

Section 10: Conclusions and recommendations 225



Diurnal analyses

There have been studies which show that the frequency of occurrence of
extreme rainfalls of short duration varies within the day, at least in some regions
of the UK. While, in principle, this topic is similar to that of seasonal analyses,
the need to have estimates of extreme rainfall associated with particular times
of day may arise in different types of application such as drainage design.

Updating the database of maxima

An important contribution to improving rainfall estimates can be made in some
areas of the UK by data records accumulated since the data were obtained for
this project. There are known to be existing raingauges with records that were
too short to be used for the present project that could now contribute, if their
records are of reasonable quality. In particular, these would contribute greatly to
the improved spatial estimation of median rainfalls in upland areas. Of course,
any future work would benefit from the general extension of existing record
lengths, but experience has shown that substantial effort is required to maintain
a consistently good level of quality control. In addition, it is known that a very
substantial number of pre-1961 daily raingauge accumulations and a number of
hourly raingauge accumulations exist in manuscript and chart form, and the
digitisation of such records would be of great value to future studies of rainfall
frequency.

At present there is no single mechanism for archiving and providing public
access to rainfall records. Similarly, where records of extreme rainfalls have
been abstracted for particular purposes, there are no ongoing ways of updating
and maintaining these records.

Use of extreme event data

The archive of extreme rainfall events which has been constructed during this
project has been used in comparisons with design rainfall estimates derived
from the revised DDF model. Further research might be able to use the event
information as netmax values to increase those available from the systematic
record. Information about the development of raingauge networks through time
across the UK has already been compiled (a prerequisite for inclusion of the
non-systematic data), but time did not allow this approach to be investigated
during the current project.

Effect of raingauge instrumentation

In the UK, hourly and sub-hourly rainfalls have been recorded using a number
of different technologies, which may have different effects on the estimation of
extreme rainfalls. Information about raingauge instrumentation has not been
available on a consistent basis for the records used by this project, but there
may be some potential for making use of such information.

Cross-duration relationships

Part of the analysis carried out in this project involves using simple multiplying
factors to make use of the observed maxima for fixed and semi-sliding durations
as if they had been fully-sliding maxima. There is scope to reassess this step,
both in terms of empirical data analyses, extended beyond those carried out for
this project, and in terms of theoretical considerations of how the maxima of
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different types should relate. This project’s methodology treats analyses of the
different durations separately at several stages of the procedure, and there may
be scope for improving the procedure by imposing more consistency across
durations at these stages.

Improvements to the present statistical approach

If a statistical methodology of the same overall structure as the one used in this
project were to be retained in future analyses, the results may well improve from
re-evaluating either of the important sub-stages of standardisation and spatial
dependence modelling. These improvements might come from improved
orographic descriptors, carrying out separate seasonal analyses or from
extended datasets.

Alternative statistical approaches

The data analyses and results of this project might be regarded as a useful
exploratory analysis for some entirely new approach to analysing either the
existing or an extended dataset. Work here has highlighted the importance of
treating the annual maximum data for different durations and different locations
within the same overall analysis. The structure of the depth-duration-frequency
model developed here might provide a guide to suitable assumptions about the
form of marginal distributions as the duration varies. The present approach to
standardisation, as what is effectively a pre-processing stage, need not be
retained, and it may be reasonable to deploy different standardisation
relationships based on location in each component, if the two-component
formulation of the DDF model is retained.
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