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Abstract

The Focused Rainfall Growth Extension (FORGEX) method produces rainfall growth curves focused on a subject site. Focusing
allows the incorporation of rainfall extremes observed regionally while respecting local variations in growth rates. The starting
point for the analysis is an extensive set of annual maximum rainfalls, with values at each gauged site standardized by the median.
Following the philosophy of the earlier FORGE method, a strongly empirical approach is adopted. The rainfall growth curve is
represented by linear segments on a Gumbel scale, and is fitted by a least-squares criterion. The selection of data points is intri-
cate and includes both the traditional pooling of regional extremes and the incorporation of network maximum events. The latter
comprise the largest events from successive hierarchical networks of gauges, focused on the site for which estimates are required.
Their treatment takes account of interdependence using the Dales and Reed model of spatial dependence in rainfall extremes.

/

Introduction

Very large rainfall depths in short durations of a few
hours, or a few days, occur only rarely. Resultant intense
flooding can damage property and engineered structures,
disrupt communications and livelihoods, and—in cata~
strophic cases—lead to loss of life. Rainfall growth estima-
tion is concerned with assessing the depth of very rare
rainfalls, such as that which has a probability of
exceedance in any year of only 0.001: the so-called 1000-
year event. The T-year rainfall growth factor is the ratio
of the 7-year maximum rainfall depth to a reference rain-
fall depth, such as the median of annual maxima.
Generally, the rainfall growth curve is conditioned on a
particular duration, such as one hour or one day.

The paper presents the Focused Rainfall Growth
Extension (FORGEX) method. This is a development of
the Focused Rainfall Growth Estimation (FORGE)
method (Reed and Stewart, 1989; Reed and Stewart, 1994;
Stewart et al., 1995). The extension of growth curves to
long return periods is accomplished by combining tradi-
tional methods of pooling extreme values with a special
treatment of the largest annual maximum rainfall events
observed across successive hierarchical networks of gauges
focused on the subject site. The work forms part of a pro-
gramme of research to develop a UK Flood Estimation
Handbook (Reed, 1994; TH, 1999). The specification is to
produce a method for estimating rainfall depth-duration-
frequency at any site, for any duration between one hour

and eight days, and for return periods up to 1000 years or
longer.

The FORGEX method uses local rainfall data where
possible and exploits data from farther afield when esti-
mating rarer growth factors. Key features of thp method
are:

* the use of annual maximum rainfall data;

* standardization by the median of annual maxima;

* focusing: the analysis is tailored to the subject site, with
precedence given to the use of local data;

* focusing: avoids boundary problems associated with
fixed regions;

¢ the use of shifted network maximum rainfalls, account-
ing for inter-site dependence in rainfall extremes;

» the seamless extension of the growth curve to long
return periods;

* formulation of the growth curve as linear segments on a
Gumbel scale, avoiding an explicit distributional

~ assumption.

Description of the FORGEX method is divided into
two parts. The first section presents an overview of the
solution method to obtain the rainfall growth curve, illus-
trating its graphical foundation. Intricate features of the
method are described in a second section. Further exam-
ples of the method are presented in the accompanying
paper by Faulkner and Jones (1999), which also describes
a method for “constructing distribution-free confidence
intervals.
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Formulation as a graphical method

The raw materials for the rainfall growth curve estimation
are a tabulated series of annual maximum rainfalls for
durations such as one clock-hour or one measurement-day.
Let the sth annual maximum rainfall at site j be denoted
by Ry;. Record lengths are seldom long enough to estimate
rainfall frequency reliably from a direct analysis of extreme
values observed at the subject site. In analogous situations,
many hydrologists favour the pooling of records from sev-
eral sites which collectively can be judged homogeneous or
quasi-homogeneous in terms of the frequency distribution
of the extreme values of the variable under study. This
regional approach is a compromise between respecting
local observations of extreme events and avoiding gross
extrapolation based on relatively few data.

STANDARDIZATION

Growth curve construction is concerned with estimating
the T-year extreme value relative to a reference extreme
value. The use of a reference, or standardizing, value insu-
lates the regional analysis from site-specific factors which
influence the typical magnitude of extreme values but may
have little systematic effect on their relative variability and
skewness 4f the assumption of quasi-homogeneity holds.
Although more complex approaches to regionalization can
be considered (e.g. Rossi and Villani, 1994), the annual
maximum series is typically standardized by dividing by a
reference value (e.g. NERC, 1975). Sometimes referred to
as the sndex flood method, the approach has been exten-
sively used by flood hydrologists subsequent to Dalrymple
(1960). The index variable used in the FORGEX method
is the median. Standardized annual maxima for site j are
thus defined by:

Ri'
X, = ——i—
"~ RMED, )

where RMED; denotes the median of annual maxima at
site 7. A required minimum record length of ten years
ensures that RMED is reasonably estimated. Adoption of
the median, rather than the mean, as the standardizing
value is preferred because the distribution of annual max-
imum rainfalls is typically skewed, and individual large
values can sometimes exert a strong effect on the arith-
metic mean. A further advantage is that the median value
corresponds to a fixed return period of two years on the
annual maximum scale. This point of reference simplifies
and unifies growth curve construction.

GAUGE SELECTION

The FORGEX method pools data from a hierarchy of
raingauge networks. Each network comprises gauges—
lying within a certain distance of the subject site—for
which the ‘ten annual maxima or more’ criterion is met.
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As successive networks are constructed, the radius of the
defining circle is increased and annual maximum rainfall
data are drawn together from larger numbers of sites (see
Fig. 1). The name of the method is taken from this idea
of focusing the analysis on the site for which estimates are
required.

Fig. 1. Networks of daily raingauges focused on Leicester; the largest
network has a radius of 200 km.

An upper limit is placed on the distance over which data
can contribute to growth curve estimation at the subject
site. This maximum distance, distmax, guards against the
pooling of data from sites of radically different climate.
While the FORGEX method pools data isotropically (i.e.
according only to distance from the subject site), a variant
could be developed to respect particular climatological fea-
tures. For example, networks might be defined by ellipses
to encourage pooling along coasts. Other schemes might be
devised to pool data from sites which share a characteris-
tic exposure to, or shelter from, typical rain-producing
weather systems. Restraint in pooling in FORGEX is a
compromise between respecting climatic differences (by
choosing a short maximum range, distmax, and/or using a
more selective network expansion strategy than concentric
circles) and gaining access to enough observations to sup-
port the definition of the rainfall growth curve at long and
very long return periods. A maximum range of 200 km is
adopted in the UK applications reported here.

PLOTTING POSITIONS

The treatment of individual annual maximum records fol-
lows established practice (e.g. NERC, 1975; Cunnane,
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1989). The annual maxima are ranked and allocated posi-
tions on a variate versus Gumbel reduced variate ‘plot
according to the Gringorten (1963) formula:

—0.44
E=1""% 2
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where Fj is the non-exceedance probability, ¢ the rank in
increasing order, and N the number of annual maxima.
The Gumbel reduced variate is defined by:

¥ =-=In(-InF) (&)

The pooling of standardized .annual maxima from sta-
tions in a defined network or region can ‘be .presented
graphically in several ways. A natural method is simply to
superpose extreme value plots from each site. NERC
(1975) introduced the y-slice method, whereby pooled-data
which fall within a given class interval (or slice) of the
Gumbel reduced variate are grouped together. NERC used
class intervals of 0.5 when pooling flood peak data.
Although FORGEX uses y-slices, it does so in a different
manner.

NETWORK EXPANSIONS

A key objective of FORGEX is that the degree of pooling
should be appropriate to the rarity of event being esti-
mated, with greater pooling at long return periods. This
requirement is met by regulating the network expansions
so as to obtain a near-uniform density of pooled data
points along the reduced variate axis. The procedure is
arranged by reference to y-slices of interval 1.0, each net-
work in the hierarchy being associated with definition of
the rainfall growth curve within a particular y-slice.

“The chosen target is that there should be no fewer than
20 pooled data points within each y-slice. Thus, in a
sparsely gauged region, the circle defining the jth gauge
network will be larger than elsewhere, as the network
expands to attain the required number of data points in the
Jjth y=slice. Conversely, in densely gauged regions, the tar-
get of at least 20 points per y-slice can be achieved with
more modest network expansions.. Pooled -data points in
the jth y-slice come from gauges in the jth network, which
subsumes all smaller networks. Thus, points from larger
networks are not plotted in or to the left of the jth y-slice.
This is in accordance with a guiding principle of
FORGEX: that inferences from -local records—about
growth rates at short to medium return periods—should
not be subordinated by excessive pooling.

Larger networks include greater numbers:of long-record
stations, and thus provide pooled data points that plot in
y-slices that correspond to rarer events. However, there
are few sites in the UK for which computerized annual
maximum rainfall records provide a series longer than
about 100 years. This means that the target density of
points. cannot be met from pooled. points alone beyond

about the fifth y-slice, which spans the interval (3.3665,
4.3665) on the reduced variate scale (see below). The
pooled points are denoted by dots in the example shown
in Fig. 2. The y-slices are indicated by vertical lines.
The FORGEX method uses additional data points that
represent network maximum events. Each corresponds to
the largest standardized rainfall observed in the network in
a particular year. Their treatment is described in the sec-
ond section of the paper. Figure 2 distinguishes the net-
work maxima and pooled data points: for example, the
digit 2 denotes a network maximum from the second
smallest network. It is evident from Fig. 2 that the target

‘density of data points is not fully met beyond the sixth y-

slice. Hence, in this case, it is appropriate to adopt some-
what coarser y-slices beyond the 200-year return period
marker. '
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Fig. 2. Plotting positions of pooled points (dots) and shified netmax
points (numbers) focused on Leicester

GROWTH CURVE MODEL

The rainfall growth curve is modelled as a concatenation
of / linear segments on the standardized variate versus
Gumbel reduced-variate plot. The formulation for /' = 4 is
illustrated in Fig. 3 and defined by Eqn. 4.
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