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Abstract

A growth factor is the ratio of the T-year extreme value to an index extreme value such as the mean of annual maxima. Whereas
a record length of ten or more years may suffice to estimate the index variable, it is generally necessary to blend data from sev-
eral sites if estimates of exceptional extreme values are to be obtained. Methods of rainfall growth estimation are reviewed, includ-
ing traditional methods which extend frequency curves to long return period by a distributional assumption, and methods which
study spatial dependence in extreme rainfalls. It is desirable that estimates at neighbouring sites, and across different durations
and return periods, are internally consistent. The review concludes that rather special techniques may be required if this goal of
estimating extreme rainfall depths consistently is to be met. The motivation of the Focused Rainfall Growth Extension (FORGEX)

method is presented.

Introduction

Conceived almost ten years ago, the Focused Rainfall
Growth Estimation (FORGE) method remains distinctive:
a method of rainfall frequency estimation that exploits spa-
tial dependence in rainfall extremes to reach out to long
return periods but makes no major distributional assump-
tion. The accompanying papers present and assess the
Focused Rainfall Growth Extension (FORGEX) method.
This reworking retains the strongly empirical character of
its predecessor, and provides rainfall growth curves which
extend to return periods as long as 2000 years.

After introducing terminology, the paper examines the
context in which rainfall frequency estimates are required.
Thereafter, methods are reviewed in two main groups:
broadly traditional methods which extend growth curves
to long return period by a distributional assumption, and
less conventional approaches that consider spatial depen-
dence in rainfall extremes. In between, the paper consid-
ers briefly the station-year method, which falls in neither
category. While theoretically flawed, its strengths and
weaknesses motivate the development of approaches based
on dependence modelling.

TERMINOLOGY

A rainfall frequency estimate is an estimate of the depth of
rain falling in a given duration—such as one hour—that is
expected to be exceeded only occasionally. The frequency

or rarity of the fall is usually defined by reference to the
annual maximum series, which comprises the largest values
observed in each year. The frequency of a given rainfall
value is specified by its amnual exceedance probability
(AEP), i.e. the probability that the value is exceeded in any
year. Equivalently, the rarity of the value can be specified
in terms of return period. The return period—strictly the
return period on the annual maximum scale, T 4yi—is the rec-
iprocal of the AEP, and is measured in years. It is the aver-
age interval between years containing. one or more
exceedances of the given value. Because of the possibility
of more than one extreme event occurring in a given year,
T4 is slightly longer than the true return period, which
is the average interval between all exceedances without
regard to measurement years. The difference is unimpor-
tant when the return period of interest is longer than about
20 years. Hence, T4 is often abbreviated to 7. A depth
that has a return period of T years is referred to as the 7-
year maximum rainfall of the given duration, or just the
T-year rainfall. Theoreticians usually refer to this as a
quantile estimate.

An index variable is a typical extreme value. The index
variable most often adopted is the mean of the annual max-
ima. The FORGEX method chooses the median annual
maximum rainfall, RMED. Half of annual maxima are
larger than the median so that RMED has an annual
exceedance probability -of precisely 0.5, corresponding to
the 2-year rainfall. The index variable is chosen to be a
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relatively common event that can be reliably estimated
from the record lengths of data typically available. The
index variable is used both to characterize the typical size
of extreme values expected at the site, and as a basis for
inter-site comparisons.

A regional analysis is one in which data are combined, or
pooled, from several sites. Sometimes a region corresponds
to a fixed geographic area. In other cases, the region refers
only to thesgauged sites being grouped. It is usual for the
regional analysis to seek to estimate a growth curve. The
growth curve represents a set of dimensionless factors
which specify the sizes of rare extreme events relative to
the size of a common extreme event. The T-year growth
factor is simply the ratio of the T-year rainfall depth to the
index rainfall depth. In the regional approach, the estimate
of rainfall frequency at a particular site is obtained as the
product of the rainfall growth curve (derived in a regional
analysis of rainfall growth) and the index rainfall depth.
The index rainfall is either estimated from gauged data at
the site, or interpolated from values estimated at neigh-
bouring sites.

CONTEXT

How rare was that event?

Rainfall frequency analysis is a useful first step when major
flooding has occurred or been narrowly averted. If the
flood-producing rainfall can be shown to be exceptionally
rare, a sufficient response may be to review operational
procedures for flood warning and flood fighting, and
rebuild dikes to their former level. If the damage incurred
can be assessed, answering the question How rare was that
event? provides a key datum in the assessment of the ben-
efit-cost efficiency of flood defence. If the economic effi-
ciency is low, or the impact of works for riverine habitats
or flood risk elsewhere is high, it may be prudent to
rebuild the defences only selectively and to accept a greater
risk of inundation in some areas.

While frequency assessments based on flood data are to
be preferred, there is greater scope to assess rainfall rarity
because available records are typically longer and more jus-
tifiably transferable (from site to site) for rainfall than for
floods. Thus the analyst chooses to answer the easier ques-
tion (i.e. rainfall rarity estimation) well, rather than the
more relevant question (i.e. flood rarity estimation) poorly.

Judging flood rarity from rainfall rarity is hazardous on
catchments where other factors influence the flood
response strongly. Thus the practice cannot be recom-
mended for catchments known to be prone to snowmelt
flooding, for very permeable catchments (where antecedent
wetness is likely to be highly influential), or for sites sub-
ject to strong tidal or tributary interaction. Conversely, the
inference of flood rarity from rainfall data will be more
assured on naturally impermeable or heavily urbanized
catchments which are routinely responsive to heavy rain-
fall. If long-term rainfall records are available for many
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sites within the catchment, it may be helpful to carry out
a frequency analysis of catchment-average maximum rain-
falls. More typically, networks of long-term computerized
records are sparse, and the question is answered by refer-
ence to rainfall data for a representative site within the
catchment.

T-year rainfall frequency estimation as an input to flood
design

Here the question is the more classical one: What large
rain-depth R, falling within duration D, can be expected to be
exceeded only with a certain small probability in any year?
Rainfall frequency estimates are crucial to flood frequency
estimation procedures based on the concept of a design
event. A design event is a hypothetical rainfall event—
usually in the form of a T-year rainfall depth of a duration
thought to be most relevant to the catchment—which is
assumed to occur when the catchment is in a stated wet-
ness condition. A design event procedure sets criteria for
choosing the hypothetical rainfall event, and the hypothet-
ical antecedent catchment wetness, so that the desired 7-
year flood event is synthesized. Examples include the Flood
Studies Report rainfall-runoff method (NERC, 1975), the
Australian Rainfall and Runoff unit hydrograph and runoff
routing methods (Pilgrim, 1987), and various Nordic
methods based on the HBV model (e.g. Bergstrom et al.,
1992). The procedure is usually devised so that the T-year
flood is synthesized from the 7-year rainfall, although this
is not a requirement. Because it provides a design hydro-
graph rather than just a flood peak, the approach is widely
used in the design of storm-sewer systems, storm balanc-
ing ponds, flood storage reservoirs, and in appraisals of
dam safety. Rainfall frequency estimation is also a pre-
requisite to flood frequency estimation by the Gradex
method and its derivatives (e.g. Margoum et al., 1994).

Drought rarity assessment

Rainfall frequency analysis in support of drought rarity
assessment differs in two main respects: estimates are often
required during an event, and the duration over which

" rainfall extremes are assessed is very much longer (typi-

cally, many months). Drought effects are mainly deter-
mined by cumulative shortfalls (of runoff or recharge) over
many months, but can be influenced by pronounced sea-
sonal and inter-annual effects. A resource system is not
uniquely sensitive to a drought of a particular duration, or
beginning in a particular month, and this interferes with
attempts to infer drought severity from rainfall data.
Although some of these issues may be resolvable (Reed,
1995), the difficulty remains that a given period of record
includes relatively few independent events of long duration
that can be considered genuinely extreme. Prolonged
droughts are typically spatially extensive. In consequence,
there is less new information to be gained by regional
pooling of data than in the short-duration case considered
here.
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Design of communication systems

A different requirement arises in the design of communi-
cation systems which are subject to interference by intense
~ rainfall. These design problems require the analysis of
rainfall rates along a transect (e.g. Sims and Jones, 1974).
However, the design durations and return periods are typ-
ically rather short. For example, communication systems
sensitive to extreme l-minute rainfall rates are sometimes
designed so that rainfall disables communication for only
0.01% of the time. This represents about 53 minutes per
year, meaning that there will be failures in most years.
Rather than designing communication equipment to be
fully reliable in extreme conditions, it may be cost-
effective to accept occasional failures or to meet the target
reliability by networked systems that are resilient to the
failure of individual links.

Storm impacts

The hail impact of a storm is relatively direct, immediate
and localized: it depends on the intensity of precipitation
and its form, in particular the size of the hailstones. In
contrast, the flood impact of a storm is intricate. It depends
on many factors: the location, depth and temporal distrib-
ution of heavy rainfall in relation to the layout of drainage
paths, the natural response characteristics of the catch-
ments that these drainage paths define, and the rainfall his-
tory prior to the storm.

The link between storm rarity and flood rarity might be
expected to be clearer in the very highest impact events.
The stochastic storm transposition method (Fontaine and
Potter, 1989; Wilson and Foufoula-Georgiou, 1990) pro-
vides a possible approach to the difficult problem of esti-
mating rainfall depths of very long return period. The
method focuses on storms (rather than point or catchment
rainfalls), and includes extreme storms that have not
occurred over the catchment of interest—but could have.
In somewhat similar vein, storm modelling (e.g. Collier and
Hardaker, 1996) perhaps provides the only satisfactory
route to estimating probable maximum precipitation, if
this is held to be a useful concept.

Should design rainfalls respect storm properties?

Efficient design requires the correct sizing of flood
defences in relation to the full range of flood conditions
experienced. Flood-producing rainfalls are catchment rain-
falls not storms. They may represent a whole storm or half
a storm or two storms, an unusually stationary storm or a
passing squall, a multi-cellular thunderstorm or a small
part of widespread frontal rainfall. It is this richness of sce-
narios, coupled with the requirement to make frequency
statements, that encourages a statistical analysis of extreme
gauged rainfall depths rather than a meteorological study
of storm properties.

It is usual to concentrate on the frequency analysis of
extreme rainfall depths in duration D, and to see the sub-
sequent construction of a design storm as a separate step.

This is not to deny that the empirical analysis of extreme
rainfall depths can benefit from detailed meteorological
understanding. Revfeim (1992) refers to situations where
annual maximum rainfalls abstracted for a long duration
may in reality represent much shorter-duration falls. The
phenomenon of preferential storm durations—prevalent in
tropical climates—complicates the derivation of depth-
duration-frequency relationships that are internally consis-
tent. From a hydrological perspective, the worry is that
incorrect deductions will be drawn if the 7-year D-hour
rainfall estimate is applied to synthesize a design flood on
a catchment purported to be sensitive to heavy rainfall of
a duration that never occurs in practice! While this sug-
gests a possible weakness in undertaking rainfall frequency
analyses without reference to meteorological properties,
the particular difficulty arises from the use to which the
rainfall frequency estimates are put. Limitations in the
design event approach to flood frequency estimation do not
invalidate the method of rainfall frequency estimation.

PREVIOUS REVIEWS

Sevruk and Geiger (1981) present a chronology (from
1852) of the development of frequency analysis methods—
for floods as well as rainfall—but make no mention of
regional analysis (i.e. pooling of data). Buishand (1989)
presents a wide-ranging review of the statistical issues met
in extreme-value applications in climatology: advocating
regional analyses and discussing problems arising from
inter-site dependence.

Frequency analysis methods (principally for floods) are
reviewed by Cunnane (1989). Rossi and Villani (1994)
review flood frequency estimation methods and elaborate
the hierarchical approach to regional frequency estimation.
This associates magnitude, variability and skewness of the
distribution of extreme values with local, district and
regional effects. The approach is no less appropriate for
extreme rainfalls than for floods. GREHYS (1996) reviews
methods of regional flood frequency analysis, giving par-
ticular emphasis to the delineation of homogeneous
regions.

Hosking and Wallis (1997) present a general approach
to regional frequency analysis based on L-moments. This
authoritative text amplifies and extends their earlier pub-
lications on L-moment (and probability-weighted
moment) methods.

Methods
PEAK-OVER-THRESHOLD ANALYSIS

Most procedures for rainfall frequency estimation are
based on the analysis of annual maximum rainfall depths
of a given duration, often daily. This contrasts with theo-
retical guidance, which invariably recommends the analy-
sis of extremes abstracted in peak-over-threshold (POT)
format. Davison and Smith (1990) consider POT methods
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