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ABSTRACT
The estimation of design rainfalls is necessary to estimate the exceedance probabilities of extreme floods required to design
hydraulic structures and to quantify the risk of failure of these structures. New approaches to estimating extreme rainfall
events are being developed internationally. This paper reviews methods for estimating design rainfalls, particularly extreme
events, in South Africa and internationally, and highlights the need to update methods used for estimating extreme rainfall

events in South Africa as a platform for future research.
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INTRODUCTION

The estimation of design rainfalls and design floods is required
for the design of hydraulic structures such as bridges, culverts,
dam spillways and urban stormwater drainage systems.
Although establishing reliable estimates of design floods is
challenging, they are necessary for flood risk management and
to quantify the risk of failure of hydraulic structures (Kjeldsen
et al., 2014; Madsen et al., 2009).

Design rainfall estimates are required as input for many
methods used for design flood estimation, and are used in
numerous engineering, as well as environmental and ecological
conservation, design decisions, resulting in millions of rands of
construction in South Africa each year (Schulze, 1984). Realistic
and reliable estimates of design rainfalls, and hence design
floods, are important for the preservation of human life and
property (Pegram and Parak, 2004) and are required for adequate
assessment of risk and economic impacts of failure, as the costs
associated with repairs can be significant (Green et al., 2015).

According to Nathan and Weinmann (2013), design rainfall
estimates associated with return periods ranging from 50 years
to 2 000 years are considered to be in the large to rare range.
Rare design rainfalls are essential for the design of high-hazard
hydraulic structures as they provide more representative design
floods for return periods between 100 years and probable
maximum events (Green et al., 2016a).

In South Africa, numerous regional- and national-scale
studies have focused on design rainfall estimations for daily
and sub-daily durations. The most recent South African
method for design rainfall estimation for short and long
durations was developed by Smithers and Schulze (2003),
which provides estimates for return periods ranging from 2
to 200 years. Since this study was completed, over a decade of
additional rainfall data are available to update design rainfall
estimates. Furthermore, Cullis et al. (2007) recommend that
higher return period floods be used for the design of dams.
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The Probable Maximum Precipitation (PMP) is an extreme
rainfall quantity that is commonly used to derive the Probable
Maximum Flood (PMF), which is used in the planning, design
and risk assessment of high-hazard hydraulic structures
(Chavan and Srinivas, 2015; Wang, 1984). Currently the South
African National Committee on Large Dams (SANCOLD)
Guidelines for the estimation of the PMF is dependent on the
PMP (Smithers et al., 2014).

Numerous methods have been developed globally to
estimate the PMP. In South Africa the PMP is determined
using HRU report 1/72 (HRU, 1972), which was based on
approximately 30 years of rainfall data from the 1930s to
1960s. The PMP is presented as an envelope of maximum
observed storm values for meteorologically homogenous
regions (Cullis et al., 2007). There has been no update in
the development of PMP estimation since HRU (1972) and
these guidelines are still used in professional practice today.
The use of outdated PMP estimates potentially affects the
accuracy of PMF estimations, and consequently the design of
high-hazard hydraulic structures.

The urgent need to update the data and methods used for
design flood estimation in South Africa has been highlighted by
Smithers and Schulze (2003), Cullis et al. (2007), Gorgens et al.
(2007), Smithers (2012) and Van Vuuren et al. (2013). The need
to update extreme design rainfalls is particularly highlighted by
Smithers et al. (2014).

The objective of this paper is to present an overview of
the existing methods and current practices of design rainfall
estimation in South Africa and globally, with a particular focus
on rare events, and to identify and discuss factors needed to
improve the estimation of extreme rainfall quantities in South
Africa as a platform for future research.

EXTREME RAINFALL ESTIMATION

This section introduces the concept of design rainfall
estimation and Probable Maximum Precipitation, and briefly
discusses the approaches for estimating these types of extreme
rainfall events.
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Design rainfall estimation

For the planning and design of hydraulic structures such as
water and flood control structures, design flood estimates

are needed (Haddad et al., 2011a). As such, flood frequency
analysis is important due to its environmental and economic
impacts (Pilgrim and Cordery, 1993). Design rainfall is an
essential input for design flood estimations used to quantify
the risk of failure of hydraulic structures (Madsen et al., 2009;
Mamoon et al., 2014). Although there is no universal method
for design flood estimation, many countries have derived their
own standard techniques and guidelines, which typically
include a probabilistic approach involving statistical analysis
of observed flood data and mathematical modelling using
rainfall-runoff techniques (Smithers and Schulze, 2003). Often
there are inadequate quantities of observed streamflow data at
a site, leading to the frequent use of rainfall-runoff event-based
methods, which require a probabilistic estimation of rainfall
for a critical duration. This estimation is known as design
rainfall and comprises a depth of rainfall over a period of time,
or intensity, associated with a given likelihood of exceedance
or return period (Mamoon and Rahman, 2014). Design
rainfall Depth-Duration-Frequency (DDF) relationships are
primary inputs to rainfall-runoff models to estimate design
floods and are widely used by engineers and hydrologists for
water resources planning and design applications (Haddad

et al., 2011b). As such, DDF relationships are a key concept in
the design of hydraulic structures as they quantify risk and
maximise design efficiencies by using recorded events to predict
future exceedance possibilities (Smithers and Schulze, 2003).

Rainfall frequency analysis - at-site vs regional approaches

Rainfall frequency analysis can be based on Annual Maximum
Series (AMS) or Partial Duration Series (PDS) (Madsen et al.,
1997), using either an at-site analysis or a regional analysis
(Stedinger et al., 1993). The AMS is the largest rainfall depth

in each year for a given duration whilst the PDS takes into
account all events above a specified threshold (Madsen et al.,
1997). An at-site approach to rainfall frequency analysis uses
rainfall records from a single site of interest (Hosking and
Wallis, 1997). Long periods of records are needed for reliable
frequency analyses. However, challenges arise as often many
rainfall stations have insufficient rainfall records and a high
degree of variability in rainfall characteristics, making the
spatial interpolation of design rainfall characteristics difficult
(Haddad et al., 2011a). Stedinger et al. (1993) stated that it is
necessary to utilise data from similar neighbouring regions

to account for insufficient at-site data for frequency analysis.
This concept is referred to as a regional frequency analysis and
uses data from numerous locations to estimate the frequency
distribution of observed data at each location (Hosking and
Wallis, 1997). In this way, time-limited sampling records are
supplemented by using data from a large number of rainfall
stations in a region (Haddad et al., 2011a). In regional frequency
analysis it is assumed that the data from all gauged sites within
a homogenous region can be combined to produce a single
regional rainfall frequency curve. After appropriate rescaling,
this curve is applicable anywhere in the region, to both gauged
and ungauged sites. Key elements of regional frequency analysis
include: identification of homogenous regions, determination
of regional frequency curves, and a method for estimation of
the at-site mean (scaling factor) at any location in the region
(Parrett, 1997).
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A regional index-flood type approach to frequency analysis
based on L-moments was developed by Hosking and Wallis
(1997) and is termed the Regional L-Moment Algorithm
(RLMA). L-moments are statistical quantities that are derived
from Probability Weighted Moments (PWMs), which were
defined by Greenwood et al. (1979). They summarise the
theoretical probability distributions and observed samples and
can be used for parameter estimation, interval estimation and
hypothesis testing. Vogel and Fennessy (1993) concluded that
for the purpose of applications in hydrology, L-moments are
always preferred over product moments.

Probable Maximum Precipitation

For the design of high-hazard structures, such as dams
located upstream of populated areas, structures are commonly
designed for the theoretically largest possible flood that could
occur at a particular location in order to maximise safety
and reliability (Shaw, 1994). One of the key concepts in the
assessment of dam safety under extreme flood conditions for
high hazard dams is the Probable Maximum Flood (PMF),
which is the theoretical maximum flood that is expected

to occur at a particular location due to the most severe
combination of critical meteorological and hydrological
conditions (Wang, 1984).

Estimation of the PMF may be undertaken by empirical,
probabilistic or deterministic methods. In the case of
deterministic methods, the estimation of an extreme design
rainfall is used to derive the PMF. This extreme design rainfall,
to which no return period can be attached, is known as the
PMP (Chavan and Srinivas, 2015). PMP is defined by the
World Meteorological Organization (WMO, 2009b p. xxvi)
as ‘the greatest depth of precipitation for a given duration
meteorologically possible for a design watershed or a given
storm area at a particular location at a particular time of year,
with no allowance made for long-term climatic trends.” Prior to
the 1950s the concept of a potential upper limit of precipitation
was referred to as Maximum Possible Precipitation (MPP).

The idea that maximum limits exist for all rainfall-producing
elements and that these limits could be quantified by studies
of natural processes was considered. However, as nature is not
constrained to limits, this was determined to be impossible as
the upper limit of rainfall could not be determined accurately
(WMO, 2009b).

PMP estimation using WMO method

The Manual on Estimation of Probable Maximum Precipitation
was first published in 1973 by the WMO. Since then two
revisions have been published, the latest in 2009 (WMO,
2009b). The manual provides basic methods for estimating
PMP and conditions under which these methods may be
applied, allowing professionals to apply the methods, or
combinations of methods, to their specific design conditions.
There are two general approaches to PMP estimation: direct
and indirect. The former is based on catchment area whilst the
latter is based on storm area (WMO, 2009a; 2009b).

Direct approach
In the direct approach the PMP is estimated directly for a
given duration and is based on the specific design catchment

area for a particular project. The main steps involved in this
approach are: (a) the determination of a storm model, (b)
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maximisation, and (c) derivation of the PMP. The storm model
is a typical or ideal storm reflecting the characteristics of
extreme precipitation over the design catchment. This extreme
precipitation is likely to pose a serious threat of flooding in

the project area. Maximisation involves maximising the storm
performance. The PMP over a design catchment is then derived
from the maximisation of the storm model. Thereafter the
PMF can be calculated. WMO (2009a; 2009b) give details of the
following methods for the determination of the storm model:

a) Local storm maximisation method
b) Storm transposition method

¢) Combination method

d) Inferential method

P

Indirect approach

The indirect approach is based on the storm area, i.e., the
area surrounded by isohyets. This approach is centred on
the estimation of a group of PMPs, each varying in duration
and area within a wide region. Thereafter the group of PMPs
are converted into the PMP for the design catchment. WMO
(2009b) highlights two commonly used methods based

on storm area, viz., generalised estimation and statistical
estimation.

Generalised estimation method

This method, referred to as the ‘generalised storm
maximisation and transposition method” in WMO (1984),

is one of the most commonly used and accepted methods

for PMP estimation. The United States National Weather
Service (NWS) first introduced the concepts of storm
maximisation and transposition in the late 1930s. During

the early 1960s the NWS introduced the ‘generalised” storm
maximisation and transposition approach and later in 1973
the WMO documented these concepts in detail (Gorgens et
al., 2007). Generalised methods take into account site-specific
meteorological conditions and, therefore, provide more reliable
estimates when compared to statistical methods. However,
significant time is required to perform generalised methods
(WMO, 2009b).

The generalised estimation method is used for estimating
the PMP for large meteorologically homogeneous regions. It is
a physical approach that requires site-specific meteorological
and geographical data. This method is applicable to specific
catchments as well as large regions consisting of numerous
catchments with a range of areas. It aims to generalise the areal
mean precipitation depth within an isohyet. The observed
rainfall of a storm is grouped into orographic and non-
orographic rainfall. In orographic regions the precipitation
occurs from the passing of weather systems in combination
with orographic effects. For non-orographic zones it is assumed
that precipitation occurs solely due to the passing of weather
systems. Precipitation resulting from passing weather systems
is known as convergence rainfall. The generalised estimation
method involves the generalisation of convergence rainfall
and utilises the depth-area-duration (DAD) generalisation of
storms. In addition, this method involves the generalisation of
the spatial/temporal distributions of PMP (WMO, 2009a).

Long periods of long-term rainfall data are needed for
this method. Although this may be a time-consuming and
expensive process, this method can lead to high accuracy
and easy application of PMP results. PMP estimations can be
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determined for durations of 6-72 hours for catchments under

13 000 km? in orographic regions and up to 52 000 km?*in

non-orographic regions (WMO, 2009b). The procedure for the

generalised estimation method for non-orographic regions is
as follows:

(i) Identification of a high-efficiency storm: Selection of a
major storm, based on observed data, with the assumption
that their precipitation efficiency was near or at maximum.

(i) Moisture maximisation: The moisture factors of high-
efficiency storms are adjusted to their maximum. The
maximum persisting 12-hour-100-kPa dew point
for each storm is used as an index of the maximum
available quantity of atmospheric water vapour. Next the
corresponding precipitable water content to the maximum
dew point for each storm is determined. NWS (1980)
defines the precipitable water content as the depth of water
vapour condensed into liquid in a column of air of unit
cross section. The maximum persisting 12-hour dew point
within 15 days of the seasonal maximum, or for the actual
storm date for the study region and its surroundings, is
determined. Thereafter, the corresponding precipitable
water content for the 12-hour maximum persisting dew-
point is determined. The observed storm rainfall quantities
are then multiplied by the moisture maximisation ratio,
Wn/w where W represents the maximum precipitable
water content (mm) and W._is the precipitable water content
estimated for the storm at dew point (mm). In some cases
wind maximisation may be required. This is achieved by
determining the maximum 24-hour average wind speed for
each storm, which is multiplied by the precipitable water
content to establish the maximum moisture inflow index.

(iii) Transposition: In large regions there may be areas that
have not experienced extreme storm events or lack
recorded data of extreme events observed in adjacent
regions. Transposition involves translating observed
storm characteristics from a location where extreme storm
events have been observed to a location with inadequate
record of such major storms. The boundaries of the area
of transposability of each storm are defined and then
each storm is transposed within these boundaries. The
boundaries or limits of transposability are influenced by
climate and geographic features of the region, the frequency
of major storm events and the concentration of rainfall
gauges within the region.

(iv) Enveloping: The maximised and transposed rainfall data
from the largest values from the data set are plotted
and used to identify a smooth curve of the rainfall data.
Depth-area envelopes and depth-duration envelopes are
plotted separately, and then used for the construction of
DAD curves. For depth-duration envelopes, the largest
maximised and transposed rainfall values are plotted for
each duration and a smooth curve envelopes these values.
In the case of depth-area envelopes, the maximum adjusted
rainfall values for various areas and a specific duration are
plotted. The depth-duration and depth-area enveloping
can be done in one operation. The values plotted on the
combination graph are taken from the enveloping of the
depth-area and depth-duration curves, resulting in one
value for each duration and area depicted on the graph.

The PMP is then determined by the application of DAD
enveloping values for the design catchment. PMF can then
be determined based on the assumption that the flood
created by the PMP is the possible maximum flood for the
design area.
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Statistical estimation method

Most PMP estimation procedures are based on meteorological
analyses. However, sometimes site-specific meteorological data
are not available. Statistical methods are useful in such cases
(Fattahi et al., 2011). The most widely used statistical estimation
method developed by Hershfield (1961; 1965), has been adopted
by the WMO (2009b) as one of the standard methods for PMP
estimation. This method takes into account actual historical
data at a particular location and expresses it in terms of
statistical parameters (Koutsoyiannis, 1999). The statistical
estimation method is an approximate method applicable to
small catchments with a collecting area of less than 1 000 km?.
The maximum value K, in an observed storm series is
statistically represented by the largest storm defined by Eq. 1:

K Xm — X1
m 1
Sp—1 @)
where
X,, = maximum observed storm value
X, , = mean value excluding the maximum value

S, , = standard deviation excluding the maximum value

Hershfield (1965) developed a graphical relationship between
enveloping values and means of annual series K for different
durations. This was based on more than 2 600 rainfall stations, of
which approximately 90% were based in the USA. The envelope
curve varies with duration as shown in Fig. 1. Using Fig. 1 to
determine K , the mean X and the standard deviation S are
determined using rainfall data from a specific station in the
design catchment. Thus Eq. 2 is used to determine the PMP.

PMP=X, +K,$, @

Furthermore, the coeflicient of variation of the precipitation
series for n years of data at a particular design station is given
by Eq. 3:

Sn
C e
vmex ®3)

The largest storm, K ,isa statistical representation of the
maximum observed storms. This value is then transposed
and corrected to the design station by computing the mean
X and the coefficient of variation C, from the storm series in
the design catchment. The PMP at any design station can be
calculated using Eq. 4:

PMP=(1+K,C, )X, @)

As the frequency factors used in Hershfield’s method were
generated from observations mostly based in the US, many
countries have modified the K factors to suit local conditions.
Estimation of PMP by statistical methods has been successfully
applied and documented by many countries, including India
(Rakhecha and Clark, 2000), Malaysia (Desa et al., 2001), the Czech
Republic (Rezacova et al., 2005) and Spain (Casas et al., 2011).

SOUTH AFRICA

Current practices of design rainfall and PMP estimation in
South Africa are reviewed in this section. Furthermore, the
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Figure 1. K _as afunction of rainfall duration and mean of annual
series (WMO, 2009b)

need to update and modernise these methods and practices is
highlighted.

Design rainfall estimation in South Africa

Numerous regional- and national-scale studies have focused on
design rainfall estimation in South Africa, as cited by Smithers
and Schulze (2003). Smithers and Schulze (2000a; 2000b;
2003) developed a regionalised index-storm approach based
on L-moments for design rainfall estimation in South Africa.
Smithers and Schulze (2000a) used digitised rainfall data from
172 recording rain gauges with at least 10 years of records for
short duration (< 24 h) estimates. For longer durations (1-7
days), Smithers and Schulze (2000b) used daily rainfall data
from 1 806 rainfall stations, all with at least 40 years of record.
Prior to this, estimates for short-duration rainfall were last
comprehensively produced in the 1980s and design rainfall
depths for long durations were last estimated on a national
scale by Adamson (1981).

Identification of homogenous regions involves the
assignment of sites to regions whose frequency distributions
are considered to be relatively homogenous after appropriate
scaling. Grouped sites undergo standard multivariate statistical
analysis based on the similarity of the vectors (Hosking
and Wallis, 1997). Smithers and Schulze (2003) performed
regionalisation of sites by cluster analysis, using appropriate
site characteristics, viz., latitude, longitude, altitude, a monthly
index of the concentration of precipitation (%), Mean Annual
Precipitation (MAP) (mm), an index of rainfall seasonality
and distance from sea (m). For short-duration rainfall, 15
relatively homogenous clusters were identified and for long-
duration rainfall 78 clusters were identified. The index-storm
value used was the mean of the AMS. It is necessary to estimate
the mean of the AMS for a required duration at a particular
location in order to estimate the design rainfall depths at an
ungauged location. A cluster analysis of site characteristics was
used to group the 78 long-duration clusters into 7 regions for
estimating the mean of the 1-day AMS (Fig. 2). Multiple linear
regression relationships with site characteristics such as MAP,
latitude and altitude, allow for the estimation of the mean of
the AMS at any location in the country. For each homogenous
region the regression coefficients and variables differ (Smithers
and Schulze, 2003).

Smithers (1996) and Smithers and Schulze (2000a; 2000b)
determined the General Extreme Value (GEV) distribution
to be the most appropriate distribution for extreme rainfall
estimation in South Africa. Regional growth curves which
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Regions for Estimation of
Mean One Day AMS
(after Smithers and Schulze, 2003)
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Figure 2. Relatively homogenous regions used for the estimation
of the mean of the one day AMS for any location in South Africa
(Knoesen et al., 2011)

relate design rainfall, scaled by the mean of the AMS, to
duration were derived for each cluster for durations ranging
from 15 minutes to 7 days. Inconsistencies in the growth curves
for the 24-hour duration were evident due to the use of different
databases for sub-daily and daily rainfall. To overcome these
inconsistencies and to improve the reliability of estimates, scale
invariance characteristics were investigated by Smithers and
Schulze (2003) and it was concluded that the growth curves
were scale invariant. The growth curve for the 1-day duration
was established to be the most reliable and hence could be
applied to durations ranging from 5 minutes to 7 days. The
daily rainfall database is utilised to estimate the mean of

the AMS for all durations (Smithers and Schulze, 2003). The
application of the Regional L-Moment Algorithm together with
a Scale Invariance approach is termed the RLMA&SI. Based

on the RLMA&SI procedures, reliable and consistent design
rainfall estimates for return periods ranging from 2 to 200
years and durations from 5 minutes to 7 days were produced for
South Africa.

Need to update design rainfall values in South Africa

The Water Research Commission (WRC), together with
SANCOLD, identified the urgent need to update the data and
methods used for design flood estimation in South Africa. This
consequently resulted in the initiation of a draft plan for the
National Flood Studies Programme (NFSP) by Smithers et al.
(2014), which highlights a wide range of issues for research. The
Rainfall Analysis Working Group identified research needs in
terms of design rainfall estimation, particularly extreme events.
Since the study by Smithers and Schulze (2003), more than a
decade of additional rainfall data are available. Van Vuuren et
al. (2013) noted that extended record length may have significant
impact on the estimation of design rainfall. As such, there is

a need to update design rainfall estimates for all durations.
Smithers and Schulze (2003) estimated design rainfall for return
periods up to 200 years. Cullis et al. (2007) recommended that
higher return period floods, i.e., T > 200 years, be used for the
design of dams. Hence, there is a need for the estimation of
design rainfall for T' > 200 years in South Africa.

PMP estimation in South Africa

The PMP estimations in South Africa are currently determined
using the only set of established guidelines reported by
the Hydrological Research Unit (HRU) of the University
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of Witwatersrand in 1972 (HRU, 1972; Van der Spuy and
Rademeyer, 2014). The guidelines are based on approximately
30 years of rainfall data from 1932 to 1961. The guidelines were
developed from a report published in HRU (1969), describing a
detailed methodology for the determination of PMP in South
Africa (Cullis et al., 2007). The estimations of PMP for large-
area and small-area storms are determined separately. This

is due to differences in internal mechanisms of the storms.

In addition, there are differences in the spatial distribution

of daily observed rain gauges required for large-area storms
and the autographic rain gauges required for small-area
storms. PMP estimation for large-area storms in South Africa
is undertaken by the method of storm maximisation and
transposition. For small-area storms, empirically derived
curves generated from the highest recorded point precipitation,
for a range of durations in various parts of the country, are used
to estimate PMP (Gorgens et al., 2007).

PMP estimation method for large-area storms

Large-area storms are linked to widespread rainfall over a long
duration, and typically in catchment areas exceeding 5 000 km?.
For the analysis of large-area storms, South Africa was divided
into 29 meteorologically similar sub-regions. The boundaries

of the regions were defined according to orographic features

and ranges of MAP. The PMP can be estimated for each region

from maximised curves depicting PMP against area for various

durations, starting from 1 day up to 6 days. HRU (1969) gives a

detailed description of the steps involved in the derivation of the

Depth-Area-Duration curves for PMP in South Africa:

(a) Depth-Area-Duration analysis

(i) Storm selection: The Weather Bureau of South Africa provided
rainfall records for gauging stations across the country, sub-
divided the country into regions and numbered the rain gauges
according to these regions. One station from each region was
selected based on rainfall record reliability and rainfall records
of approximately 30 years, starting from 1932, were examined.
A total of 170 storms were selected country-wide. The 12 highest
rainfall events from each rainfall station were analysed to
identify the dates and locations of the most severe storms.

(ii) Isohyetal patterns of storm rainfall: It was found to be
impossible to draw isohyetal maps from individual storms
with confidence due to the uneven distribution of rain
gauge stations within the area of influence of a storm.
Thus, an ‘isopercental’ procedure was implemented.

This procedure is based on the concept that the areal

distribution of rainfall depths during a storm is affected

by topographic features of the study area, in the same

manner as the MAP would be affected. Therefore, the MAP
isohyetal pattern can be extended to indicate the spatial
distribution of the storm. The determination of the storm
isohyetal pattern by means of the general isopercental
procedure involves the following steps:

» Conversion of daily observed rainfall totals from each of
the selected rain gauges into percentages of the average
MAP from the 30 years of observed data

« Plotting these percentages and determination of
isopercental lines by means of interpolation

o Determination of percentage values of rainfall for defined
grid points and then conversion to equivalent percentage
values using the estimates of MAP at the grid points

« Plotting the observed storm rainfall and the calculated
rainfall on a map

» Drawing up isohyetal patterns
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(iii) Conversion of isohyetal patterns to depth-area-duration
graphs: A computer program was used to determine the
depth-area relationship by means of numerical integration.
The time distribution of the storm was determined by
the derivation of the average mass curves at 1-day time
intervals, and using the mass curves to proportion the
depths of precipitation of the storm. This was done by first
selecting the maximum 1-day precipitation, followed by
the maximum 2-day precipitation, with this process being
continued up to the total storm precipitation. In this way,
the depth-area-duration curves were determined for each
of the regions. For any given sub-region it is assumed that
the DAD curve can be applied to any location within that
particular region.

(b) Storm maximisation

The assumption that a high-efficiency precipitation would

most likely have occurred during at least one of the analysed

storms within each of the sub-regions is the basis for the
approach adopted for PMP estimation in HRU (1969). As
such, by maximising the prevailing moisture content for all
the storms analysed, the PMP can be shown by an envelope
of the maximised depth-area-curves. At the time HRU

(1969) was written, the calculation of moisture content of the

atmosphere was not possible due to limited availability of

such measurements. Consequently, methods for computing
the precipitable water content of a column of air from

surface temperature and pressure readings were developed.

Atmospheric moisture was computed for a range of surface

temperatures and pressures and these variables were plotted

on a graph. The storm-moisture-content and maximum-
moisture-content ratio for each region for a time of the year
which is relevant was adopted as a basis for maximisation.

The maximum daily dew-point temperature was determined

for multiple severe storms for each of the sub-regions and the

computed atmospheric moisture graph was used to read the
corresponding maximum storm moisture content. According
to the storm-moisture-content and maximum-moisture-
content ratio, the 1-day precipitation depths for each severe
storm were maximised and the depth-area curves were adjusted
upward. Furthermore, the 2-day to 6-day precipitation depths
were maximised using Eq. 5:

Xi = PR, (V) I )

where

X, = maximised precipitation depth

P = the 6-day precipitation depth

R, = the ratio of the i-th precipitation depth to the 6-day
precipitation depth

M, = the maximum moisture content at the relevant time of year
M_ = the average 1-day maximum moisture content

T, = the ratio of the i-th day to the 1-day moisture content

(c) PMP estimation

The maximised depth-area curves for each duration in each

of the sub-regions were plotted on a single sheet and the

upper envelope to all the depths was drawn. The envelope

was assumed to represent the PMP for the entire sub-region.
PMP-area-duration curves were generated for each of the sub-
regions. HRU (1972) presents all the curves for each sub-region.
An example of such a curve is shown in Fig. 3. It is estimated
that these PMP-area curves may be subject to a 25% error.

This is largely due to the inability to take into account possible
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Figure 3. Example of PMP-area-duration curves (HRU, 1972)

atmospheric inversion, providing inaccurate estimation of
moisture content (Gorgens et al., 2007).

PMP estimation method for small-area storms

The estimation of PMP for small-area storms typically involves
the analysis of point precipitation records and is associated
with high-intensity, short duration, localised storms in areas of
less than 15 km?* Owing to the lack of sufficient meteorological
data observed during short-duration storms, the short-duration
point rainfall cannot be maximised in the same manner as

for large-area storms. Instead, envelopes of the highest point
rainfall of numerous durations observed throughout the
country were used to develop an experience diagram. Once
again, South Africa was divided into sub-regions. Each region
has its own maximum rainfall envelope. This is shown in Fig. 4,
together with envelopes of maximum rainfalls for the entire
country and the world.

Performance of HRU PMP and recommendations

Since the development of the HRU PMPs, South Africa has
experienced numerous severe flood events, and new and
updated rainfall data are available (Lynch, 2004; Pegram et

al., 2016; Van der Spuy and Rademeyer, 2014). Gorgens et al.
(2007) undertook to assess the applicability of the HRU PMP
curves at that time. For the analysis of large-area storms, six
severe storms were selected and a detailed site-specific analysis
was completed for each storm. The analysis involved the
generation of storm isohyets for critical durations. The average
areal rainfall for specific storm durations was determined

and compared to the applicable HRU PMP envelope curve of
PMP versus area. Results of this analysis showed that the HRU
PMP envelope curves were exceeded on numerous occasions,
which suggests that these curves may be underestimating

the maximum precipitation for large-area storms. The
suggestion of underestimation is further supported by the

fact that the storms utilised in the study were not maximised
and transposed whilst the HRU PMP envelope curves were
established based on storms which were both maximised and
transposed. The maximum envelope curves for small-area
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Figure 4. Maximum recorded point rainfalls in South Africa (HRU, 1972)

storms for the entire country were also exceeded on a number
of occasions, once again highlighting that the HRU envelope
curves may be underestimating extreme rainfall for short
durations. Based on this study, Gorgens et al. (2007) suggested
the HRU PMP curves may no longer represent the upper limit
of design rainfall in many regions in South Africa, and that the
PMF may be underestimated using these curves. Gorgens et al.
(2007) recommend that the HRU PMP curves be modernised
timeously to include longer and more current rainfall records,
as well a more extensive rainfall gauge network. Additionally,
research into addressing the inability to take into account
possible atmospheric inversion, which affects the estimation of
moisture content, was proposed.

AUSTRALIA

This section reviews Australia’s methods for estimating design
rainfalls for various probability ranges, as well as the various
methods for estimating the PMP.

Design rainfalls in Australia

In Australia the guidelines for estimating design rainfalls

are provided in Australian Rainfall and Runoff (ARR). The
guidelines were first published in 1958 and updated thereafter
in 1977 and 1978 (Pilgrim, 1984), and have been continually
updated. Compared to the previous revision, the most recent

Table 1. Classes of Design Rainfalls in Australia (Green et al., 2016b)

DURATION - houry

update makes use of nearly 30 years of additional daily rainfall
data from 2 300 additional rainfall stations and was published
in 2016 (Ball et al., 2016). Design rainfalls are categorised into
five broad classes, based on the frequency of occurrence, as
summarised in Table 1.

Different methods and data sets are used to estimate the
various classes of design rainfalls. The traditional Intensity
Frequency Duration (IDF) design rainfalls are the frequent
and infrequent rainfalls in the probability range of IEY to 1%
AEP. The procedure for estimating these rainfalls involves
assembling a quality-controlled rainfall database, selection and
extraction of the extreme value series, frequency analysis using
L-moments, regionalisation, and gridding (Green et al., 2016D).

For long-duration rainfalls, data from 8 074 daily-read rain
gauges with at least 30 years of record were used. For short
duration rainfalls 2 280 continuous rainfall gauges with more
than 8 years of record were used. The AMS was selected to
define extreme value series as large rainfalls are considered for
estimating the IDF design rainfalls. For the at-site frequency
analysis various distributions were trialled and it was
determined that the GEV distribution was the best for the AMS
fitted by L-moments (Green et al., 2016b)

For the regionalisation, Australia adopted the index-flood
approach based on L-moments (Hosking and Wallis, 1997)
in order to estimate the L-CV and L-skewness with greater
confidence. The index value is the mean of the AMS (Green
et al., 2016b). The homogenous regions can be defined using

Design rainfall class

Frequency of occurrence

Probability range

Very Frequent Design Rainfalls Very frequent
Intensity Frequency Duration (IFD) Frequent
Intensity Frequency Duration (IFD) Infrequent
Rare Design Rainfalls Rare
Probable Maximum Precipitation (PMP) Extreme

12EY"to 1 EY”

1EY"to 10% AEP™

10% to 1% AEP™

1in 100 AEP™ to 1in 2000 AEP™
< 1in 2000 AEP™

*EY - exceedances per year
**AEP - annual exceedance probability
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various methods. In areas where the station density is sparse
a clustering or fixed region approach can be used, whereby
stations are grouped into analysis areas with rigid boundaries
based on spatial proximity. All stations in each analysis area
were used to derive one regression equation that was then
used for predictions within the region (Green et al., 2016b).
Alternatively, when the station density is high a Region of
Influence (ROI) approach (Burn, 1990) can be used, where

an individual homogenous region is defined for each site. A
ROI approach was used as the region sizes can be easily varied
based on the station density and the available record length.
A circular ROI and distances defined using latitude, longitude
and elevation were used to define the membership of the ROI.
The regionalisation was done using the 24-hour rainfall data
and the same regions were used for long and short durations
(Green et al., 2016b). In this way, the parameters of the GEV
distribution (growth curve) were estimated at each location
which was combined with the mean of the AMS (the index
value) to estimate rainfall quantiles for any return period. In
order to make the IDFs available for any point in the country,
the ANUSPLIN software (Hutchinson, 2007) was used to grid
the GEV parameters. Using this methodology, design rainfall
estimates for return periods ranging from 1 to 100 years and
durations ranging from 1 minute to 7 days are available for
Australia (Green et al., 2016a).

For the very frequent design rainfalls, in the probability
range of 1 to 12 exceedances per year, the overall approach was
similar to that of IDFs, with the exception that the extreme
value series selected was the PDS and the distribution chosen
was the Generalised Pareto distribution (The et al., 2015).

Rare design rainfalls associated with return periods
ranging from 1:100 to 1:2000 years are needed for the design
of high-hazard hydraulic structures for which the impacts
of potential failure could be significant. As these rainfalls
are required for probabilities much rarer than the length
of available records, they have to be extrapolated beyond
recorded observed events. Daily rainfall stations with at
least 60 years of record were used and the extreme value
series selected was the AMS. The frequency analysis used
the GEV distribution fitted to the AMS using LH-moments,
developed by Wang (1997). LH-moments are a generalisation
of L-moments which more accurately fit the upper tail of the
distribution and increasingly focus on larger events in the
data, depending on the degree of the shift, defined as . When
n = 0, LH-moments are simply L-moments. For Australia,
LH-moments with a shift n = 2 were chosen. This is considered
to be a good compromise between providing a better fit to
the higher probabilities of the distribution and giving too
much influence to the high outliers (Green et al., 2015). Many
countries are exploring the use of LH-moments for estimating
extreme rainfall and flood events (Ahmad et al., 2016; Deka et
al., 2011; Hossein and Gheidari, 2013).

PMP estimation in Australia

The Australian Bureau of Meteorology has been continually
developing procedures for estimating PMP since the first
developments in the 1950s. Deterministic methods for PMP
estimation have developed from an in-situ maximisation method,
to a storm transposition method, and finally to the current
generalised methods (Bureau of Meteorology, 1998; 2003).

The development of generalised methods began in the
mid-1970s. Generalised methods utilise all the available
data over a large area and include adjustments for moisture
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availability and variable topographic effects on rainfall depth.
Storm data undergo envelopment or smoothing over a range
of durations and areas. The PMP estimates obtained via this
method are generally higher than the other two methods. The
generalised methods tend to set a more uniform standard.
Currently, Australia has three generalised methods available:
the Generalised Southeast Australian Method (GSAM) (Minty
etal., 1996), the (Revised) Generalised Tropical Storm Method
(GTSMR) (Walland et al., 2003) and the Generalised Short
Duration Method (GSDM) procedures for small areas (Bureau
of Meteorology, 2003).

UNITED KINGDOM

The methods used to estimate design rainfalls and the PMP in
the United Kingdom are summarised in this section.

Design rainfalls in the United Kingdom

In 1975 the UK developed and published the Flood Studies
Report (FSR) as the first guideline for flood estimation. For
design rainfall estimation an index-storm approach was used
with the index variable being the 5-year return period rainfall.
The UK was spilt into two regions and regional growth curves
were derived for 15 seconds to 25 days for each of the regions
(NERC, 1975).

The FSR was replaced by the Flood Estimation Handbook
(FEH) in 1999, which used longer rainfall records and contains
updated methodology for rainfall and flood estimation in
the UK (Stewart et al., 2014). This document was designed
to estimate rainfalls up to return periods of 2 000 years and
could be used to extrapolate rainfall estimates up to 10 000
years; however, this should be executed with caution. The
Focussed Rainfall Growth Extension (FORGEX) method is
used to estimate rainfall frequency (Reed et al., 1999). It is an
index-flood method where the index variable is the median
annual maximum rainfall. The growth curves are derived
using a complex empirical approach which combines a regional
frequency analysis with an analysis of maximum points. The
plotting positions of these points are shifted to accommodate
spatial dependence of extremes.

PMP estimation in the UK

For PMP estimation using FSR methods, observed storms
were examined and maximised across the UK for durations of
2 and 24 hours (Beran, 1987). Envelope growth factors for all
durations were derived which allow for a quick estimation of
PMP based on the 5-year return period for durations from 24
hours up to 25 days. Maximum rainfall depths for durations

2 and 24 hours can be determined by linear interpolation on

a diagram of rainfall versus logarithm of duration. Rainfall
depths for durations shorter than 2 hours and longer than 24
hours are estimated from factors related to average annual
rainfall (Beran, 1987). The FEH does not make any revisions to
the FSR PMP methodology and this remains the only available
procedure for PMP in the UK (Babtie Group, 2000).

After brief use of the FEH design rainfalls in industry,
concern was expressed by the dam profession in the UK
regarding the results being obtained for high-return-period
rainfalls. In a number of cases, the results of the 1 in 10
000 year rainfall depth exceeded the PMP assessed from
the FSR (Babtie Group, 2000; MacDonald and Scott, 2001).
Consequently, the UK Department for Environment, Food
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and Rural Affairs (DEFRA) initiated an investigation into

the irregularity and the appropriateness of the extrapolation
methods in the FEH for the higher return period rainfall. The
outcomes of the investigation led DEFRA to publish ‘Revised
Guidance to Panel Engineers’ which states that the FEH should
not be used to assess the 1 in 10 000 year return period rainfall;
design rainfall values from FSR should be adopted whilst
research continues. A new DDF model has been developed
using a larger rainfall database. The FEH rainfall depths are

in excess of the new DDF model, which is due to be released in
the new FEH and made available through the web service from
2015 (Stewart et al., 2014).

USA

The USA’s methods for estimating design rainfalls and the PMP
are briefly discussed in this section.

Design rainfalls in USA

The National Oceanic and Atmospheric Administration’s
(NOAA) National Weather Service (NWS) provides the design
rainfall estimates for the USA in the form of various atlases.
Rainfall frequency estimations are based on the analysis of the
AMS utilising an index-flood approach (Bonnin et al., 2011).
Rainfall distributions at different sites are assumed to be the
same with exception to a scaling factor, which is the index
variable, the mean AMS rainfall. The method involves the
estimation of the index for a particular site, and a standardised
regional growth curve. The growth curve is the ratio of the
quantiles to the index. Rainfall estimates are then obtainable by
multiplying the site index value with the regional growth curve.
The growth curve is estimated using L-moments following the
procedure by Hosking and Wallis (1997). For shorter return
periods an empirical formula is used to convert the AMS-based
frequency estimates to Peak-Over-Threshold (POT) estimates.
Regionalisation was done by cluster analysis which
takes into account topography, types of precipitation, and
climatology in order to divide the area into fixed boundary
regions. Various probability distributions were examined to
determine the most suitable distribution for each region. Based
on this approach, the rainfall frequency estimates have been
published for durations ranging from 5 minutes to 60 days
and for return periods of 1 to 1 000 years in NOAA Atlas 14
(Bonnin et al., 2011).

PMP in USA

The NWS also provides methods for determining the PMP
for the USA in the form of various Hydrometeorological
Reports (HMR). The first set of guidelines were developed in
the late 1940s (Bonnin et al., 2011). The generalised method
used involves the selection of maximum observed events,
moisture maximisation, transposition, and envelopment. For
the entire country over 500 storms have been analysed and
the maximum observed aerial precipitation depths have been
selected for various durations. The selected storm depths
were then maximised based on the assumption that the
extreme storms are sufficiently large that they have reached
their maximum efficiency. The procedure is the same as

that described in the WMO generalised method. Isohyetal
patterns of storms are then relocated within meteorologically
homogeneous regions. The isohyets were then smoothed

to the data on several maps for durations of 6 to 72 hours
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(NWS, 1980). Despite the fact that there have been many
developments in PMP estimation since the development of
the HMRs, there have been no updates to the methods used in
the USA. Since 1999 the NWS no longer receives funding for
research into PMP activities and as such developments into
PMP estimation have ceased (Bonnin et al., 2011).

DEVELOPMENT OF OTHER APPROACHES FOR PMP
ESTIMATION

Many other approaches to estimate PMP have been investigated.
Douglas and Barros (2003) investigated an alternative approach
for the estimation of PMP by means of multi-fractal analysis.
The study involved the assessment of the value and utility of the
application of multi-fractal analysis techniques to systematically
compute estimates of extreme precipitation from observations in
the eastern parts of USA. The multi-fractal approach provides a
formal framework to estimate the extreme precipitation events
empirically, referred to as Fractal Maximum Precipitation
(FMP). Furthermore, this approach provides an objective
estimate for the risk associated with the FMP. In the comparison
of the multi-fractal estimates of the 1 in 1 000 000 year return
period rainfall to the NWS PMP estimates, it was noted that

the multi-fractal estimates were greater. Based on this it was
concluded that the multi-fractal of extreme events should be
taken as the upper bound of known risk to the standard NWS
PMP (Douglas and Barros, 2003).

The storm model approach, developed by Collier and
Hardaker (1996) in the UK, makes use of physical parameters,
such as surface dew-point, height of storm cell, inflow and outflow,
to represent the precipitation process. The maximised surface
dew-point is used to determine the Maximum Precipitable
Water content (MPW). The combination of the MPW with storm
efficiency (E) produces the PMP for every duration ¢, as shown
in Eq. 6. The storm efficiency is the ratio of the total rainfall at
ground level to the total cloud condensed water:

PMP(t) = MPWXE(t) 6)

This method has been applied satisfactorily to produce
PMP estimates in Barcelona, Spain, for durations ranging from
5 min to 30 hours. Similar results were obtained using the
statistical approach (Casas et al., 2011).

UNCERTAINTY IN THE ESTIMATION OF EXTREME VENTS

Montanari (2007) defines uncertainty in hydrology as a
measure of the lack of accuracy regarding observed data

and modelling outcomes. Data uncertainty results from
measurement errors due to instrumental or human error. In
cases where rainfall records are short, the use of a limited
period of rainfall data introduces sample uncertainty. As such,
estimates of higher order moments become more unstable

due to the presence of outliers (Mamoon and Rahman, 2014).
Tung and Wong (2014) explain that the sampling uncertainty
is transferred to the DDF model, and eventually to the design
rainfall estimation. Uncertainties related to regional frequency
analysis include the degree of homogeneity assumed in a
region, the record lengths of individual sites, the quantity of
sites in a region, and the manner in which the data are pooled
to compensate for the lack of data at other stations (Mamoon
and Rahman, 2014). A changing climate has been noted to
affect different aspects of the hydrological cycle, including
rainfall and runoff. As there is a strong link between the

Published under a Creative Commons Attribution 4.0 International Licence (CC BY 4.0) 509


https://www.watersa.net
https://creativecommons.org/licenses/by/4.0/

global climate system and the hydrological cycle, changes in
any components of the climate system may result in potential
changes to the magnitude and frequency of rainfall (Wang

et al., 2013). Regional design rainfall estimates are based on
recorded rainfall data. A non-stationary climate may modify
regional rainfall characteristics, which may challenge the use of
historical data for realistic long-term estimates (Mamoon and
Rahman, 2014).

The representativeness of PMP estimations is dependent
on the quantity and quality of data on extreme storm events
and the depth of the analysis. Although methods for PMP
estimation are designed to yield estimates to the nearest
millimetre; this does not indicate the degree of accuracy. It
must be noted that although storms and their associated floods
have physical upper limits, due to limitations in data and
hydrometeorological science and the physical complexity of the
PMP, only approximations are available for these upper limits
(WMO, 2009a). The lack of a standard approach for estimating
the PMP as well as the perception that the PMP is an upper
limit which cannot be exceeded has caused much criticism in
industry as these values are used in the practice of designing
and evaluating high-risk flood-related structures. The concept
of a fixed upper limit with zero risk is unrealistic, as cases of
recorded rainfalls exceeding the PMP have been documented
globally (Salas et al., 2014). It is clearly impossible to produce
values for PMP which are 100% representative. However, it is
good practice to utilise a variety of methods simultaneously to
estimate PMP and the results should be analysed, compared
and synchronised from multiple perspectives to check
consistency of the estimates and to select the best value
(Koutsoyiannis, 1999).

DISCUSSION AND CONCLUSIONS

This review of literature indicates that it is clear that new
and updated methods for estimating extreme design rainfall
events are needed in South Africa. Design rainfall estimates
are needed for the estimation of design floods which are not
only used for the design of hydraulic structures, but to quantify
the risk of failure of these structures as well. The potential loss
of life as well as economic impacts associated with the failure
of hydraulic structures can be significant. This highlights the
importance of obtaining the best possible design rainfall and
design flood estimates, which are dependent on the availability
of reliable rainfall and flow records. At-site and regional
design rainfall estimates are based on recorded rainfall data.
However, a changing climate may modify local and regional
rainfall characteristics, which may challenge the use of past
data for realistic long-term estimates (Mamoon and Rahman,
2014). It is important that design rainfall estimates be updated
periodically to include recent extreme events as they may
have exceeded those previously recorded. Some countries are
continually updating their design rainfalls to include updated
rainfall databases with extended record lengths (e.g., Australia
and UK). Typically a regional index-flood type approach to
frequency analysis is used to estimate design rainfalls which
involves the identification of homogenous regions, selection of a
probability distribution function and determination of regional
frequency curves, and a method for estimating a scaling factor.
The urgent need to update the data and methods used for
design flood estimation in South Africa has been identified
by SANCOLD and the WRC (Smithers et al., 2014). More
than 10 years of additional rainfall data are available since
design rainfalls were last estimated. Moreover, South Africa
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has experienced changes in the occurrence of heavy rainfall
events. This presents the opportunity to update design rainfall
estimates. Unlike some countries (e.g. Australia, UK, and USA),
South Africa does not provide design rainfall estimates for rare
events, i.e., for return periods greater than 200 years. Australia
has introduced new and different approaches for estimating
rare design rainfalls. Cullis et al. (2007) recommend that higher
return period floods be used for the design of dams, presenting
a need to produce design rainfall estimates for return periods
greater than 200 years. This review suggests that variations of
L-moments which are better suited to account for larger events
in the data be used to achieve this.

The PMP is an extreme rainfall quantity applied by
hydrologists and engineers to determine the PMF, an extreme
flood quantity used in the design of high-hazard hydraulic
structures (Wang, 1984). WMO (2009a; 2009b) presents
numerous methods which have been developed to estimate
the PMP, which include deterministic (hydro-meteorological)
and statistical methods. Although the concept of maximising
and transposing extreme storms to estimate PMP is aligned
with international practice, many countries have not revised
their PMP estimates since their initial development, despite
the introduction of the WMO guidelines. PMP estimates
for the UK and USA were last estimated in the late-1900s.
Consequently, these PMP estimates do not take into account
recent extreme events.

In South Africa the only established guideline for PMP
estimation is given in HRU (1972), in which envelope curves
for regions which experience similar extreme rainfalls were
developed. Although the HRU approach is practical and
conservative, it is based on only 30 years of data from the
1930s to the 1960s. Over 5 decades of additional rainfall data
are now available. Since these guidelines were first published,
the country has experienced several significant rainfall events,
some of which resulted in serious damage and loss of life (Cullis
etal., 2007). Investigations by Gorgens et al. (2007) suggest the
HRU PMP curves may no longer represent the upper limits
of design rainfall estimations everywhere in South Africa
and, consequently, the PMF may be underestimated in places.
Underestimating PMP estimates and relying on outdated
estimates can have severe effects on flood estimation and flood
risk management. As such, the current South African PMP
estimates are in need of urgent revision (Cullis et al., 2007). The
latest modernised methods prescribed by the WMO which take
into account factors previously not included in South Africa’s
PMP estimates, such as atmospheric inversion, should be used
to develop updated PMP envelopes for the country.
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