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Abstract

The estimation of design floods is necessary for the design of hydraulic structures and to quantify the risk of failure of the
structures. Most of the methods used for design flood estimation in South Africa were developed in the late 1960s and early
1970s and are in need of updating with more than 40 years of additional data currently available and with new approaches
used internationally. This paper reviews methods used for design flood estimation in South Africa and internationally and
highlights research needs in order to update the methods used for design flood estimation in South Africa.
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Introduction

Recent floods in South Africa, such as those of February 2000
which occurred in the north-eastern part of South Africa,
Zimbabwe and Mozambique, flooding in the Western Cape in
2005 and floods in the Free State and Eastern Cape in 2011,
highlight the need to re-assess the risks associated with floods.
Realistic design flood estimation, where the magnitude of a
flood is associated with a level of risk (e.g. return period), is
necessary in the planning, design and operation of hydraulic
structures (e.g. bridges, culverts, dam spillways, drainage
canals etc) for the preservation of human life and property
(Rahman et al., 1998; Pegram and Parak, 2004; Reis and
Stedinger, 2005).

Flood frequency analysis remains a subject of great
importance owing to its economic and environmental impact
(Pilgrim and Cordery, 1993; Bobee and Rasmussen, 1995).
However, reliable estimates of flood frequency in terms of peak
flows and volumes remain a challenge in hydrology (Cameron
et al., 1999). Cordery and Pilgrim (2000) express the opinion
that the demands for improved estimates of floods have not
been met with any increased understanding of the fundamen-
tal hydrological processes. The urgency for new approaches
to design flood estimation in South Africa are highlighted by
Alexander (2002), Smithers and Schulze (2003) and Gorgens
(2007). Acording to Van der Spuy and Rademeyer (2010),
there is still no universally applicable method for design flood
estimation in South Africa.

Standard techniques for design flood estimation have been
developed for most countries. These generally include statisti-
cal analyses of observed peak discharges and event modelling
using rainfall-runoff techniques. Observed streamflow data
are often not available at the site of interest and rainfall event—
based methods have to be used. Reviews of approaches to
design flood estimation are contained in Cordery and Pilgrim
(2000) and Smithers and Schulze (2001).
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The majority of design decisions in Australia are made for
small- (< 25 km?) and medium-sized (< 250—1 000 km?) catch-
ments, where no observed flood data are available (Pilgrim,
1987) This view is similar to that expressed in HRU (1972),
in which it was stated that the most frequent need for estimat-
ing design floods was for catchments < 15 km?, followed less
frequently by intermediate-sized catchment with areas ranging
from 10 to 5 000 km?. Pilgrim and Cordery (1993) estimate that
the expenditure in Australia on hydraulic structures in small,
rural catchments is the greatest (46%), followed by that in
urban drainage (26%) and in large catchments (28%). However,
most techniques for design flood estimation are focussed on
large catchments. Although the estimation of design floods for
small catchments is required more frequently than estimates
for large catchments, an attempt is made in this paper to review
procedures for design flood estimation at both small and larger
catchments scales.

The objective of this paper may be summarised as follows:
* To present a brief overview of methodologies currently

used to estimate design floods in South Africa, including

methods used internationally.

* To present perceived deficiencies in the techniques cur-
rently used to estimate design floods in South Africa.

* To identify and discuss research needed to improve the
estimation of design floods in South Africa.

The following section contains a broad overview of techniques
which may be used for design flood estimation. This is followed
by a description of approaches that may be adopted in situa-
tions where long records of gauged streamflow data are avail-
able and alternatively in situations where no, or inadequate,
data are available. More emphasis is placed on the review of
techniques to estimate design floods at ungauged sites, or sites
at which the streamflow data are inadequate, as this is the situa-
tion generally faced by design engineers and hydrologists.

Approaches to design flood estimation
Procedures for design flood estimation may be broadly cat-
egorised as methods based on the analysis of observed floods

and rainfall-based methods (Smithers and Schulze, 2003).
According to HRU (1972), design floods may be estimated
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using either a statistical approach, which is an ordering and
transposition of past experience, or a deterministic approach,
in which rainfall is translated into a flood. Methods used for
design flood estimation in South Africa are based on empirical,
deterministic and probabilistic approaches (Pegram and Parak,
2004; Van der Spuy and Rademeyer, 2010). Pegram (1994) pre-
sents a decision tree for the selection of design flood estimation
method in South Africa. Alexander (1990; 2001) classifies the
methods for design flood estimation in South Africa as direct
statistical analysis, regional statistical analysis, deterministic
and empirical methods. SANRAL (1986) identifies empirical,
statistical, as well as the Rational, SCS, run-hydrograph and
synthetic unit hydrograph approaches as appropriate and prom-
ising methods for estimating design floods in South Africa.
The methods used for design flood estimation in South Africa
are categorised and summarised in Figure 1.

Some similar and alternate approaches to design flood
estimation are used internationally. Beven (2000) distinguishes
between statistical estimation based on samples of observed
floods at a site, regionalisation methods for catchments with
no data, and methods based on rainfall-runoff modelling. The
ASCE (1997) summarises the use of simplified methods such as
formulae, regression equations and envelope curves, and also
includes rainfall-runoff analysis for a period of record where a
historical sequence of rainfall is input to the model to generate
the variable of interest, which can then be subjected to frequency
analyses, i.e., continuous simulation modelling. The Flood
Estimation Handbook (FEH) for the UK provides two main
approaches to flood frequency estimation (Reed, 1999). The first
is an index flood approach which utilises growth curves and is
the first choice when there is a long record of gauged flow at or
close to the site of interest, and which may be used for catch-
ments with areas larger than 0.5 km?. The second approach is the
Flood Studies Report (FSR) rainfall-runoff method which may
be used for catchments with areas up to 1 000 km?. In Australia
methods for design flood estimation include empirical formulae,
at-site or regional frequency relationships and rainfall-based
methods (Australian Institution of Engineers, 1977).
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Campbell et al. (1986) listed the problems facing hydrolo-

gists and engineers in South Africa when estimating floods

in small catchments (< 100 km?) as the lack of hydrological

data and the absence of suitable guidelines on the selection and

accuracies of methods for estimating design floods. A survey

undertaken by Campbell et al. (1986) indicated the following:

* The Rational Method was the most commonly used method
and the use of the Time Area, SCS and Kinematic proce-
dures was significant.

* Asignificant need for the estimation of the storm hydro-
graph in addition to the peak discharge was identified.

*  Most applications were in catchments with area less than
10 km?.

* A lack of familiarity with the various techniques and the
availability of adequate observed streamflow data were
highlighted by the survey.

Most of the methods used for design flood estimation in South
Africa were developed in the late 1960s and early 1970s, as
summarised in HRU (1972), and are in need of updating, with
more than 40 years of additional data currently available (Van
der Spuy and Rademeyer, 2010) and with new approaches
used internationally (Smithers and Schulze, 2003). Software
to implement design flood procedures currently used in South
Africa has been developed (e.g. Schulze et al., 1992; van Dijk,
2005; Gericke, 2010).

Methods based on the analysis of floods

At sites where observed streamflow data are available, a choice
between some form of flood frequency analysis and a method
based on rainfall has to be made. A direct estimate of the flood
for a given exceedance probability is obtained via frequency
analysis, but rainfall records are generally longer, more abundant
and less variable over time than streamflow records (Pilgrim and
Cordery, 1993).

In general, methods based on the analyses of floods are
probabilistic by nature and hence are suitable for estimating
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design floods. Cordery and Pilgrim (2000) summarise the
methods based on the analysis of observed floods as empirical
formulae, flood frequency methods and envelope curves.

Empirical formulae

Empirical formulae are algorithms which generally relate peak
discharge to catchment size and other physiographical and cli-
matic catchment characteristics. Their use is extremely hazard-
ous, particularly if they are not calibrated from the catchment
in question and should be avoided (Cordery and Pilgrim, 2000).
A similar sentiment is expressed by the NTC (1981), which
states that empirical and experienced-based methods should
only be used for checking other methods.

Roberts (1963; 1965), cited by Alexander (1990), developed
a method to estimate design peak discharges in South Africa
as a function of catchment area, a catchment coefficient and
a coefficient derived from the Hazen distribution. Pitman and
Midgley (1967) identified 7 homogeneous flood-producing
regions in South Africa and developed a co-axial diagram
with 4 variables (return period, locality, catchment area and
peak discharge) to estimate design floods in South Africa. The
method, termed the MIPI method, frequently estimates accept-
able flood peaks (Van der Spuy and Rademeyer, 2010). Herbst
(1968), cited by Alexander (1990), further developed the rela-
tionship and also included mean annual precipitation (MAP)
and coefficient of variation of the floods as variables.

The Catchment Parameter method (CAPA), developed by
McPherson (1984), is an index-flood type approach with the
mean annual flood (index) estimated as a function of catchment
area, slope, MAP and a catchment shape parameter. The scal-
ing factor used is a function of MAP and exceedance probabil-
ity of the design (Van der Spuy and Rademeyer, 2010).

Flood frequency analysis

Design flood estimation may be performed by a frequency analy-
sis of observed flows where these are available and adequate

in both length and quality. The analysis may be performed at a
single site, or, preferably, a regional approach should be adopted.
Using observed data in flood frequency estimation assumes

that the data are stationary. This is often not the case due to

land cover and land use changes within the catchment and also
as a consequence of climate change. Both at-site and regional
approaches are reviewed in the following sections.

At-site analysis

The procedures for direct frequency analysis of observed peak
discharge involves selecting and fitting an appropriate theo-
retical probability distribution to the data. These procedures
are referenced in standard hydrology texts (e.g. Chow et al.,
1988; Stedinger et al., 1993). As shown by Schulze (1989) and
Smithers and Schulze (2000), the question of selecting an appro-
priate distribution has received considerable attention in the
literature, with diverging opinions expressed by various authors.
Schulze (1989) questions whether a suitable probability distribu-
tion can be selected, given that the best distribution varies with,
inter alia, the season, storm type and duration and regional
differences. Schulze (1989) highlights the problem of short data
sets and extrapolation beyond the record length. He also illus-
trates typical measurement errors as well as inconsistency, non-
homogeneity and non-stationarity of data, all of which violate
the assumptions made when fitting a distribution to the data.
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Beven (2000) identifies the following limitations of a direct
statistical approach:

e The correct distribution of the flood peaks is unknown and
different probability distributions may give acceptable fits
to the available data, but result in significantly different
estimates of design floods when extrapolated.

*  The records of gauged runoff are generally short and the
calibration of the gauging structures may not be very
robust. Hence the sample only represents a small distribu-
tion of the floods at the site and the fitted distribution may
be further biased by gauging errors.

*  The frequency of flood-producing rainfalls and land-use
characteristics may have changed during the period of
historical measurement.

* The fitted distribution does not explicitly take into account
any changes in the runoff generation processes for higher
magnitude events.

Where long records of streamflow are available at a site, a fre-
quency analysis of observed data may be performed. However,
many studies have shown that a regional approach to frequency
analysis results in more reliable design estimates.

Regional analysis

Given that the data at a site of interest will seldom be sufficient,
or available, for frequency analysis, it is necessary to use data
from similar and nearby locations (Stedinger et al., 1993). This
approach is known as regional frequency analysis and utilises
data from several sites to estimate the frequency distribution
of observed data at each site (Hosking and Wallis, 1987; 1997).
Regional frequency analysis assumes that the standardised
variate has the same distribution at every site in the selected
region and that data from a region can thus be combined to pro-
duce a single regional flood, or rainfall, frequency curve that is
applicable anywhere in the region with appropriate site-specific
scaling (Cunnane, 1989; Gabriele and Arnell, 1991; Hosking
and Wallis, 1997). Regionalisation enables a frequency analysis
of short records of annual floods to be performed by assisting
with the identification of the shape of the parent distribution
and leaving the measure of scale to be estimated from the at-
site data (Bobee and Rasmussen, 1995). In the context of flood
frequency analysis, regionalisation refers to the identification
of homogeneous flood response regions and the selection of

an appropriate frequency distribution for the selected regions
(Kachroo et al., 2000). Within a homogeneous region, historical
data can be pooled to obtain efficient estimates of the param-
eters of the distribution and hence robust quantile estimates
(Kachroo et al., 2000) with smaller standard errors (Mkhandi
et al., 2000). Thus, the concept of regional analysis is to supple-
ment the time-limited sampling record by the incorporation of
spatial randomness using data from different sites in a region
(Schaefer, 1990; Nandakumar et al., 1995).

Regional approaches can also be used to estimate events
where no information exists (ungauged) at a site (Pilon and
Adamowski, 1992). However, care must be exercised to ensure
that such an approach is not applied outside of the region where
the method was developed, nor outside of the range of observa-
tions used to develop the method (Cordery and Pilgrim, 2000).

In nearly all practical situations a regional method will be
more efficient than the application of an at-site analysis (Potter,
1987). This view is also shared by Lettenmaier (1985; cited by
Cunnane, 1989) who expressed the opinion that ‘regionalisation
is the most viable way of improving flood quantile estimation’.
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Similarly, Hosking and Wallis (1997 p. 3), after a review of
literature up to 1996, advocate the use of regional frequency
analysis based on the belief that a ‘well conducted regional
frequency analysis will yield quantile estimates accurate enough
to be useful in many realistic applications’. This opinion was also
expressed by Cordery and Pilgrim (2000 p. 196), who conclude
that regional approaches are ‘the only sure basis for improved
flood prediction’. According to Alexander (1990), regional
statistical analyses provide a basis for improving the estimates of
the parameters of the distribution at both gauged sites with short
records and at ungauged sites. The advantages of regionalisation
are thus accepted by numerous respected researchers.

The index flood-based procedure developed by Hosking
and Wallis (1993; 1997), and which utilises L-moments,
appears to be a robust procedure and has been applied in a
number of studies. For example, the methodology has been
successfully applied by Smithers and Schulze (2000; 2000) to
estimate both short- and long-duration design rainfalls in South
Africa. A cluster analysis of site characteristics is used to iden-
tify potential homogeneous regions, which allows for independ-
ent testing of the at-site data for homogeneity. Methods based
on L-moments are used for frequency estimation, screening for
discordant data and testing clusters for homogeneity (Hosking
and Wallis, 1993; 1997).

Much research in recent years has focussed on the identi-
fication of homogeneous regions, as geographical proximity
does not imply hydrological similarity (Bobee and Rasmussen,
1995). Kachroo et al. (2000) reviewed recent literature and
concluded that no objective methods of regionalisation are
universally accepted. A significant development in the iden-
tification of homogeneous regions is the region of influence
approach developed by Burn (1990; 1990) and Zrinji and Burn
(1994) and which has been adopted by the FEH (Reed, 1999).

According to Alexander (1990), no comprehensive stud-
ies of regional statistical analysis methods have been made in
South Africa since the early 1970s. He outlines a generalised
procedure for regional statistical analyses which consists of
plotting scaled growth curves and rejecting stations which
have growth curves inconsistent with the remaining stations.
According to Alexander (1990), the distribution of gauging sta-
tions in South Africa is too sparse to pre-determine hydrologi-
cally homogeneous regions and suggests that overseas concepts
of identifying homogeneous regions are not valid in South
Africa (Alexander, 1990; 2001). As pointed out by Smithers and
Schulze (2003), using Alexander’s regional approach will result
in duplication of effort by users and inconsistent results.

A tentative regionalisation based on the regions identi-
fied by Kovacs (1988) was performed by Van Bladeren (1993)
for the KwaZulu-Natal and former Transkei regions. He noted
that further regionalisation was necessary and that a strong
relationship existed between the mean annual flood and catch-
ment area. Mkhandi et al. (2000) used the L-moment based
procedures developed by Hosking and Wallis (1993) to identify
13 homogeneous flood-producing regions in Southern Africa.
A 1initial regionalisation of the annual maximum series of peak
discharges for KwaZulu-Natal in South Africa has been derived
by Kjeldsen et al. (2002). The index flood method, as proposed
by Hosking and Wallis (1993; 1997), was utilised in the study
and 2 homogeneous regions were identified. In order to re-
scale the regional growth curve at an ungauged site, Kjeldsen et
al. (2001) developed relationships to estimate the index flood as
a function of the MAP and catchment area.

Nortje (2010) developed a Regional Estimation of Extreme
Flood Peaks by Selective Statistical Analyses (REFSSA)
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method to estimate extreme flood peaks from regional flood
peak data in South Africa and showed that the method was
applicable to estimate the 1 000 and 10 000 return period
events for catchment areas ranging from 100—7 000 km? within
2 large drainage regions in South Africa, but cautioned against
using the results outside of these regions. Similar recorded
maximum peak floods are used to define ‘similar hydrological
regions’ and the REFSSA method is suited to regions which
have one or two extreme outliers in the peak discharge record,
as is typical in many catchments in South Africa (Nortje,
2010). The REFSSA method uses the annual maximum flood
peaks from a catchment and record maximum flood peaks from
‘similar hydrological regions’ which are transformed to the site
under investigation in proportion to the ratio of the square root
of their respective catchment areas. Nortje (2010) acknowl-
edges that subjectivity in delineating ‘similar hydrological
regions’ will result in different results when using the REFSSA
method and recommends further development and assessment
of the method.

The advantages of a regional approach to frequency analy-
sis for design flood estimation are evident from many studies
reviewed. This has led to the adoption of a regional approach
as the recommended approach for design flood estimation by
some countries (e.g. Australia and UK).

Probability distribution fitting

Both at-site and regional flood frequency analysis require the
fitting of a probability distribution to the data. Smithers and
Schulze (2000) summarise approaches available for estimat-
ing the parameters of a selected distribution as the Method

of Moments (MM), Maximum Likelihood Procedure (MLP),
Probability Weighted Moments (PWM), L-Moments (LM),
Bayesian Inference and non-parametric methods. The use of
L-moments to fit distributions has received extensive coverage
in the literature (Guttman, 1992; Pilon and Adamowski, 1992;
Guttman, 1993; Guttman et al., 1993; Lin and Vogel, 1993;
Vogel and Fennessy, 1993; Vogel et al., 1993; Vogel et al., 1993;
Wallis, 1993; Gingras and Adamowski, 1994; Zrinji and Burn,
1994; Hosking, 1995; Hosking and Wallis, 1995; Karim and
Chowdhury, 1995; Hosking and Wallis, 1997). L-moments are
reported to have less bias when compared to other techniques.
Bobee and Rasmussen (1995) describe the use of L-moments
for distribution fitting as an ‘eye-catching’ development for
flood frequency analysis while Cordery and Pilgrim (2000)
‘welcome’ the developments of L-moments. However, Bobee
and Rasmussen (1995) caution that L-moments may be too
robust and outliers may be given too little significance,

while Cordery and Pilgrim (2000) emphasise that the use of
L-moments does not entirely overcome the fundamental prob-
lem of selecting an appropriate distribution for a sample from a
population with an unknown distribution.

The recommended distribution for flood frequency analyses
in the USA is the log-Pearson Type 3 (LP3), fitted using the
at-site mean and standard deviation and a regionalised estimate
of the coefficient of skewness (Stedinger et al., 1993). Details
are contained in USWRC (1976) and updated in the subse-
quent Bulletin 17B publication (IACWD, 1982) which includes
procedures for dealing with outliers and conditional probability
adjustment. Potter and Lettenmaier (1990) showed that an
index flood approach using a GEV distribution performed bet-
ter than the procedures contained in Bulletin 17B.

For direct statistical analysis Alexander (1990; 2001)
recommends either the Method of Moments or Probability
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Weighted Moments for fitting distributions. The literature indi-
cates that L-moments are widely used and have been adopted
as a standard approach in, for example, the UK. Although
some caution and criticism of the use of L-moments is also
evident in the literature, further investigation of L-moments for
possible general use in South Africa is warranted. Alexander
(1990; 2001) recommends the use of the LP3 probability
distribution for design flood estimation in South Africa while
Gorgens (2007) used both the LP3 and GEV distributions and
both distributions are applicable in South Africa (Van der

Spuy and Rademeyer, 2010). Mkhandi et al. (2000) found that
the Pearson Type 3 distribution fitted by PWM to be the most
appropriate distribution to use in 12 of the 15 relatively homog-
enous regions identified in Southern Africa.

Flood envelopes and RMF

In the maximum envelope approach, the largest observed dis-
charges are usually plotted against catchment area, both on log-
arithmic axes. An envelope is sketched to include all the data
points. Approximate estimates are possible, provided that data
from catchments similar to the one of interest were included

in the analysis (Cordery and Pilgrim, 2000). Maximum peak
discharges can be determined at ungauged sites using envelope
curves (ASCE, 1997). The envelope tends to increase as the
record length increases and as larger floods are observed.

The HRU (1972) provided a set of regionalised maximum
observed flood peak envelopes for South Africa. Kovacs (1988)
developed comprehensive Regional Maximum Flood (RMF)
envelopes for South Africa. This approach has been stated to
be reliable in medium-sized catchments (Alexander, 1990).
Gorgens et al. (2007) found that recent flood peaks in some
regions in South Africa have exceeded the envelopes set by
Kovacs (1988) and therefore need to be updated. A significant
shortcoming of the RMF method is that no exceedance prob-
ability is associated with the RMF (Nortje, 2010).

Run-hydrograph and joint peak-volume
methodology

The run-hydrograph technique, as detailed in Hiemstra et
al. (1976), Hiemstra and Francis (1979) and Hiemstra (1981),
is based on a regional analysis of historical data but was
recommended, soon after its development, to only be used
to check the results from other methods (SANRAL, 1986).
Although no further evaluation of the method has been
documented since the report by SANRAL (1986), Alexander
(1990) does not recommend the run-hydrograph procedure
for general use in South Africa, while Alexander (2001)
concedes that the run-hydrograph method has advantages
compared to the unit hydrograph method and concludes that
the run-hydrograph method requires further development.
The run-hydrograph method is endorsed for use in South
Africa by Pegram (1994).

Gorgens (2007) further developed the run-hydrograph
concept for South Africa which considers the joint probability
of hydrograph volumes and peaks and is termed by Gorgens
(2007) as the Joint Peak-Volume (JPV) design flood methodol-
ogy. The methodology enables the estimation of the exceed-
ance frequency of a design flood volume given a design peak
discharge using a regionally-pooled methodology. In addition,
aregionalised index-flood type approach was developed to esti-
mate the design peak discharges with catchment area, catch-
ment slope, mean annual runoff and region (either as a pooled
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K-region, with K-regions as delineated by Kovacs (1988), or
veld zone group, with veld zones as delineated by HRU (1972))
used as predictor variables to estimate the mean of the annual
maximum flood peaks. For application at ungauged sites, a
pooled estimate of the coefficient of variation and estimated
mean of the flood peaks is used to estimate the standard devia-
tion of the flood peaks while a pooled estimate of the coeffi-
cient of skewness is used. In practice, the user may also apply a
‘narrow pool” approach to estimate the standard deviation and
coefficient of skewness at an ungauged site by using the charac-
teristics of selected catchments. The estimated index flood at an
ungauged site may be adjusted using the ratio of the estimated
and actual mean of the flood peaks at a nearby similar catch-
ment which has observed flood peaks.

Similarly, Gérgens (2007) derived regional relationships
between the log of the standardised peaks and standard-
ised volumes for 3 pooled K-regions and 3 pooled veld zone
types for Peak Over Threshold (POT) series in South Africa.
Predictor variables used in the regional regressions were
catchment area, catchment lag time, mean annual runoff
and pooling region. The standard deviation of the POT flood
volumes can be estimated using the coefficient of variation of
the pooled data sets and the mean estimated using the pooled
multivariate regressions. Similar approaches (multivariate
regressions, use of pooled CV and estimated mean to estimate
standard deviation, and plots of CV of POT peak isozones)
were developed to estimate the mean of the POT series with
catchment area, catchment slope, mean annual runoff and
region used in the regressions. Gorgens (2007 p. 21) recom-
mends that both the K-regions and veld-zone fixed geographic
pooling groups should be used to estimate the pairs of the
mean and standard deviation of the POT series, as ‘each of the
pairs is equally likely’.

Gorgens (2007) also developed typical regionalised and
standardised hydrographs for South Africa. These were
developed for the K-regions (as delineated by Kovacs, 1988)
and veld zone pools with additional classifications of smaller
(< 1000 km?) or larger catchments (>1 000 km?) and for 5
ranges of standardised peak values. The selection of hydro-
graphs to use should be guided by the shape variation, the
conservativeness of the resulting flood volumes and the users’
sense of uncertainty in the data used. Given the large varia-
tions in the standardised hydrographs presented for the various
categories within the pooled regions, these considerations are
very subjective and will require experienced practitioners to be
utilised effectively.

Gorgens (2007) assessed the JPV methodology by compar-
ing results of the method to at-site estimates and against results
produced by the synthetic unit hydrograph (HRU, 1972). Data
from sites used in the analysis to derive the synthetic unit
hydrograph as applied in South Africa were used in the assess-
ment and it is not clear if these are independent of the sites
used in the development of the JPV methodology. The results
show that the wide-pool GEV results were generally better than
either the unit hydrograph or the wide-pooled LP3 results, but
resulted in considerable over-estimation in 3 catchments, where
Gorgens (2007) demonstrated that simple adjustments from a
donor catchment could ameliorate the over-estimation.

Rainfall-based methods
The situation which faces design engineers and hydrologists

most frequently is when no, or inadequate, streamflow data
are available at the site of interest. As indicated in Fig. 1, the
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choices available in such a situation are between event (Unit

Hydrograph, Rational Method, SCS) and continuous simulation

rainfall-based methods. The advantages of rainfall-runoff mod-

els for design flood estimation may be summarised as follows

(Schulze, 1989; Rahman et al., 1998):

e Generally longer rainfall records at more sites, and with
better quality, are available for analysis compared to
streamflow records.

¢ Measurement errors, inconsistencies in the data and non-
homogeneous streamflows make the data unsatisfactory for
direct frequency analysis.

e Similarly, non-stationary streamflow records as a result of
changing catchment conditions can render the streamflow
record unsatisfactory for direct frequency analysis.

e Areal extrapolation of rainfall records can be achieved
more easily than runoff records.

e Physical features of a catchment can be incorporated into a
rainfall-runoff model.

e The historical, current or expected future conditions of land
use within a catchment can be modelled.

Design event models

The widespread use of design event models (e.g. Rational,
Unit Hydrograph and SCS) is related to their lumping of
complex, heterogeneous catchment processes into a single
process, their ability to handle individual events, and simple
model application (Houghton-Carr, 1999). The event-based
approach greatly simplifies the estimation of catchment condi-
tions prior to the occurrence of an extreme event, even when
rainfall-runoff modelling is performed to estimate the flood
hydrograph (Cameron et al., 1999). One of the major limita-
tions of design event—based models is the assumption that, for
representative inputs and model parameters, the frequency
of the estimated flood is equal to the frequency of the input
rainfall (Pilgrim and Cordery, 1993; Rahman et al., 2002).
This assumption is likely to introduce significant bias in the
frequency of flood estimates and the validity of this assump-
tion is crucial to the accuracy of this approach (Rahman
et al., 1998). Considerable uncertainty is present in inputs
such as storm duration, the spatial and temporal distribution
of the design storm and model parameters (Rahman et al.,
1998). Design event—based approaches consider the proba-
bilistic nature of rainfall, but ignore the probabilistic behav-
iour of other inputs and parameters (Rahman et al., 2002).
Event-based methods recommended for use in South Africa
are generally applied in a deterministic manner and hence
suffer from the limitations of this approach. Four general
approaches are suggested by Pilgrim and Cordery (1993) to
maintain the required probability for the selected flood, with
Options (ii) to (iv) listed below adopted in Australia (Pilgrim,
1987; Pilgrim and Cordery, 1993):
(i) Frequency analysis of synthetic streamflow generated by a
continuous rainfall-runoff from long records of rainfall
(i1) Joint probability analysis of variables contributing to the
flood discharge
(iii) Use of median values for model parameters
(iv) Values derived by comparison of floods and rain of the
same probability.

The Rational, SCS, Gradex, Unit Hydrograph and runoff-rout-
ing are listed by Cordery and Pilgrim (2000) as commonly used
design event methods for flood estimation. Event models used
in South Africa are briefly discussed in the following sections.
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Unit hydrographs

The unit hydrograph approach to design flood estimation

is detailed in most hydrology texts (e.g. Chow et al., 1988;
Maidment, 1993). The method assumes a characteristic linear
response from a catchment and hence may not be accurate for
estimating large floods. However, careful use can provide good
flood estimates. A limitation of a unit hydrograph approach is
the assumption of spatial uniformity of rainfall (Chow et al.,
1988; Maidment, 1993). An advantage of the method is the
estimation of the entire hydrograph, which is important where
storage within a catchment has a significant impact on floods.

For catchment areas ranging from 15 to 5 000 km?, the
HRU (1972) describes a unit hydrograph technique for appli-
cation in South Africa. Data from only 92 steamflow gauges
with catchment areas ranging from 21 to 22 163 km?, were
used in the analysis. Nine veld zone types were identified in
South Africa and dimensionless unit hydrographs were derived
for each zone. The number of catchments represented in each
zone ranged from 5 to 18. A co-axial diagram to estimate mean
storm losses in the 9 veld zones was developed. Gorgens et al.
(2007) found that the storm loss curves are still representative
of average design storm losses in Veld Zone 1, 2, 3, 8 and 9, but
may be underestimating runoff percentages in Veld Zones 4,

5, 6 and 7, and expressed concern about the lack of variability
over the range of return periods. SANRAL (1986) recommend
that the unit hydrograph approach is a reliable method for
catchments ranging in size from 15 to 5 000 km?. Bauer and
Midgley (1974) developed the simple-to-apply lag-route method
of design flood estimation in South Africa, based on the results
of the unit hydrograph technique.

No development or refinement of the unit hydrograph
methods for South Africa have been published since they were
developed by the HRU (1972) in the late 1960s and early 1970s.
As detailed by Smithers and Schulze (2003), regional tech-
niques for frequency analysis have become the standard and
preferred approach in some countries. In addition, longer rain-
fall and streamflow records are currently available for analy-
sis, computing power has expanded enormously and detailed
databases of climatic and catchment physiographic characteris-
tics are available at a national scale. While the regionalisation
of South Africa into 9 veld zone types, based on data from only
92 flow gauging stations, was pioneering work in the 1960s, a
refined regionalisation of homogeneous hydrological response
regions in the country is now possible.

Unit hydrograph approaches are widely used internation-
ally for design flood estimation. For example, in the UK a unit
hydrograph and loss model is included in the Flood Estimation
Handbook (FEH) and is widely used for 3 reasons (Houghton-
Carr, 1999):

*  The model is relatively well understood.

*  The model can be easily and generally derived for any site.

*  The simple structure of the model allows the incorporation
of local data.

Rational Method

The Rational Method is widely used throughout the world for
both small rural and urban catchments (Pilgrim and Cordery,
1993; Alexander, 2001) and is the most widely used method of
estimating design flood peak discharges using design rainfall
as input as it is easy to understand and simple to use (Parak and
Pegram, 2006). The Rational Method is viewed as an approxi-
mate simplified technique for design flood estimation in the
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USA which requires little effort to apply (ASCE, 1997). The
method is an approximate deterministic method and a major
weakness is the judgement required to determine the appro-
priate runoff coefficient and the variability of the coefficients
between different hydrological regimes (Pilgrim and Cordery,
1993). The Rational Method computes only flood peaks and is
sensitive to the input design rainfall intensity and the selection
of the runoff coefficient which is based on the experience of
the user. The method assumes that the peak discharge occurs
when the duration of the rainfall event is equal to the time of
concentration of the catchment and that the rainfall intensity
does not vary and is distributed uniformly over the catchment.
As a consequence of these assumptions, the Rational Method
is recommended to be applied on catchments with areas < 15
km? in South Africa (HRU, 1972). However, Pegram (2003)
showed that the Rational Method can be applied to much larger
catchment sizes than conventionally accepted.

The HRU (1972) outlines a deterministic Rational Method
approach to design flood estimation in South Africa which is
suitable for application in catchments with areas of up to 15
km? and the Rational Method is recommended for use in South
Africa (Alexander, 1990; 2001; SANRAL, 2007; Van der Spuy
and Rademeyer, 2010). The runoff coefficient may be estimated
as a function of MAP, catchment land cover, permeability and
steepness, vegetation cover and return period. The return period
adjustment factor decreases the runoff coefficient for events with
return periods < 50 years. The return period adjustment factor as
presented by SANRAL (1986) and Alexander (2001) are differ-
ent. Alexander (1990) advocates the calibration of the Rational
Method with local data, where it is available.

Although a return period adjustment factor for the appli-
cation of the Rational Method in South Africa is advocated
(SANRAL, 2007; Van der Spuy and Rademeyer, 2010), the
method is still applied in a deterministic manner and the
adjustment factor does not constitute a probabilistic approach.
When used circumspectly, the Rational Method can give good
results compared to other methods (SANRAL, 2007).

The experience of the user and the selection of appropriate
runoff coefficients are essential for the successful applica-
tion of the Rational Method. In addition, Cordery and Pilgrim
(2000) identify the practical difficulties of estimating the
catchment response time because regional differences in the
time of concentration cannot be easily explained by measured
catchment characteristics. Both Pilgrim and Cordery (1993)
and Cordery and Pilgrim (2000) recommend a probabilistic
approach to determine the runoff coefficient for the Rational
Method. According to Parak and Pegram (2006), a probabilistic
approach to the application of the Rational Method is required
in order to convert a design rainfall directly into a design peak
discharge. This will overcome many of the limitations associ-
ated with the deterministic application of the Rational Method.

The advantage of empirical methods is that they avoid the
assumptions which are necessary to convert a design rainfall
to a design flood (Pegram and Parak, 2004). Thus a regional-
ised probabilistic approach to the Rational Method, as used for
example in Australia (Australian Institution of Engineers, 1977;
Pilgrim, 1987), enables the direct conversion of a design rain-
fall event into a design flood event with the same return period.

Probabilistic Rational Method and SDF

Alexander (2002a; 2002b; 2002d) developed a ‘Standard
Design Flood’ (SDF) method, which is in effect a calibrated
Rational Method or probabilistic-based approach to the
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application of the Rational Method. Rain gauges were assigned
to 29 representative catchments in South Africa which have
observed flow data and the Rational runoff coefficient (‘C’ fac-
tor) was calibrated until the design flood estimated using design
rainfall values equalled the value computed directly from the
gauged flow data. Some subjective adjustment was performed
to the calibrated runoff coefficients to ‘produce a more con-
servative estimate’ (Alexander, 2002b p. 9). The 29 catchments
were grouped into § larger regions and verifications were per-
formed at 84 sites where, on average, the standard design flood
exceeded the at-site values by 60%.

Gorgens (2002) found that the average ratio of the 50-year
return period flood peaks estimated by the SDF methodology to
the 50-year return period flood peaks estimated using the LP3
distribution and the observed data to be approximately 210%.
Hence, Gorgens (2002) recommended that the SDF method
should be seen as a conservative approach, similar to that of the
RMF method, and the use of the SDF may result in significant
over-design of some hydraulic structures which may make
them to be uneconomical (e.g. dam spillways).

The SDF method was assessed at 5 additional stations not
used in the development of the method in each of the 29 catch-
ments and significant differences at some stations were noted
between the design peak discharges computed using the at-site
data and by the SDF method, although no distinct trends were
evident (SANRAL, 2007). Van Bladeren (2005) noted some
errors in the data used in the development of the SDF meth-
odology and found that the method performed inconsistently;
hence, region-specific adjustment methods were developed.

As a consequence, Van Bladeren (2005) recommended that the

SDF methodology should be refined with:

* Improved regionalisation with more stations.

* Re-estimation of catchment characteristics.

*  The development of upper and lower growth curves to
assess the results from the SDF method.

*  Other methods to estimate design floods must be used in
conjunction with the SDF methodology to ensure the results
from the SDF method are reasonable.

A further assessment of the SDF was performed by Gericke
(2010) who compared runoff coefficients from the existing
regional SDF methodology with runoff coefficients computed
from the observed flow data at quaternary catchment level and
with adjusted runoff coefficients proposed by Van Bladeren
(2005) in the C5 quaternary catchment (5 sites) and other
selected catchments in South Africa (6 sites). The comparisons
showed that the calibrated runoff coefficients at quaternary
catchment level were generally less than those proposed by the
SDF method, with differences exceeding a factor of three at
some sites with little improvement using the adjusted runoff
coefficients suggested by Van Bladeren (2005).

According to Smithers and Schulze (2003), the SDF
method has the ingredients to overcome some of the deficien-
cies evident in the techniques currently used for design flood
estimation in South Africa, but the use of a single rainfall site
and outdated design rainfall values as developed by Adamson
(1981), the subjective adjustments made, the method of incor-
poration of variability within regions, and the method of
regionalisation, are all aspects that warrant further investiga-
tion and refinement.

Pegram (2003) developed a preliminary Modified Rational
Formula (MRF) for South Africa by replacing the rainfall
intensity term with a function that incorporates the median
annual maximum rainfall, a scaling function of an extreme
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value distribution that includes the effect of return period, and
rainfall duration. Pegram and Parak (2004) describe the MRF
as a ‘check formula’ for estimating flood peaks on a wide range
of catchment areas for any recurrence interval, and found

that it was able to predict flood peaks of similar order to those
observed.

Parak and Pegram (2006) calibrated the Rational Method
runoff coefficient using design rainfall values estimated by
the Regional L-Moment Algorithm and Scale Invariance
(RLMA&SI) method developed by Smithers and Schulze
(2003) and peak discharge values from 29 catchments esti-
mated using the run hydrograph method (Hiemstra and Francis,
1979). They found that the calibrated runoff coefficients did
not, as expected, consistently increase with return period in
all catchments which was attributed to the source of the esti-
mated flood peaks used in the analysis. The calibrated runoff
coefficients were found to be related to land use, slope, time
of concentration and return period, but it was not possible to
regionalise the calibrated coefficients. In addition, it was noted
that the calibrated runoff coefficients were generally lower
than the runoff coefficients published in the literature. Parak
and Pegram (2006) concluded that the calibrated Rational
Method can be used for both small and large catchments, but
recommended that it should be used in conjunction with other
methods.

The probabilistic Rational Method has been developed for
use in Australia with the runoff coefficient for different return
periods either mapped or related by regression to catchment-
based physical variables. Studies in Australia have shown the
superior performance of the probabilistic Rational Method,
which is suitable for catchments of up to 250 km?, compared
to the very poor performance of the deterministic approach
(Pilgrim and Cordery, 1993). Contrary to the deterministic
approach, the probabilistic runoff coefficients did not show
much variation with catchment characteristics (Pilgrim and
Cordery, 1993).

SCS-SA

The SCS method for design flood estimation is widely used and
has, in the USA, replaced the Rational Method (Pilgrim and
Cordery, 1993), while Boughton and Droop (2003) believe it is
the most widely used rainfall-runoff model in the world. This is
attributed by Pilgrim and Cordery (1993) to the longer appar-
ent database and the manner in which the physical catchment
characteristics are incorporated. Inconsistencies in the applica-
tion of the method are the result of the choice of procedures for
estimating the time of concentration and in choosing a relevant
Curve Number (CN). Pilgrim and Cordery (1993) summarise
the following with regard to the SCS method:

e The SCS model performed poorly in simulating actual peak
discharges from runoff plots in the USA.

e The assumed antecedent moisture conditions had a major
effect on the results.

e The model performed better on catchments with sparse
vegetation than on catchments with dense vegetation.

e The SCS method was applied in a probabilistic manner in
Australia and the derived CN showed little agreement with
those estimated by conventional means. The derived CN
was affected both by the method used to estimate the catch-
ment lag time and on the return period.

The above results led Pilgrim and Cordery (1993) to doubt
the accuracy and validity of the SCS method and suggest that
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the results from the SCS method should be checked against
observed flood data in the region in which it is applied.
Cordery and Pilgrim (2000) express the opinion that the SCS
method is vaguely intuitive and cannot be expected to provide
reliable design estimates.

Haan and Schulze (1987) treated the input variables in the
SCS equation as random variables in order to correctly trans-
form the rainfall with a given exceedance probability into run-
off with the same probability. They found that the traditional
SCS method of accounting for antecedent moisture conditions
resulted in reasonable estimates of runoff.

The SCS method as adapted for South Africa by Schmidt
and Schulze (1987) utilised the developments and verifications
by Schulze and Arnold (1979), Schulze (1982), Schmidt and
Schulze (1984) and Dunsmore et al. (1986). These adaptations
were computerised by Schulze et al. (1992) and the method is
now widely used for the estimation of design floods from small
catchments in South Africa. Alexander (2001) recommends the
SCS method for agricultural catchments with areas < 8 km?.

The SCS method is not as sensitive as the Rational Method
to user inputs. It can compute the entire hydrograph and is rec-
ommended for both urban and rural catchments with areas < 10
km? (Campbell et al., 1986; SANRAL, 1986). A further statis-
tical analysis of the results presented by Campbell et al. (1986)
was performed by Schulze et al. (1986), who excluded rainfall
events less than 20 mm, and concluded that the SCS-based
models, particularly the South African adaptations, performed
well enough to be recommended for design on a considerable
range of land use and catchment size categories. An advantage
of the SCS method is that full hydrographs are generated and
not only peak discharges (SANRAL, 2007)

The adaptations for Southern African conditions to the SCS
approach, as detailed by Schmidt and Schulze (1987), account
for regional differences in median antecedent soil moisture
conditions prior to large events and for the joint association
between rainfall and runoff. Schmidt and Schulze (1987) uti-
lised 712 relatively homogenous rainfall zones in South Africa
and simulated daily hydrological responses for 3 soil depths, 3
soil textures and 3 land covers for a 30-day period prior to the
5 largest rainfall events in each year of rainfall record used.
From these results, the median change in soil moisture was
used to account for typical regional differences in soil moisture
prior to large events, which is utilised to adjust the input Curve
Number. In addition, the joint association method developed
computes design flood discharges directly from the simulated
runoff.

As detailed by Smithers and Schulze (2003), currently
available improved computing power and available rainfall,
land cover and soils databases could be utilised to further refine
the method. For example, the regionalisation of South Africa
could be improved, at the broadest scale, to reflect the 1946
quaternary catchments or 5838 quinary catchments into which
South Africa has been delineated and, where necessary, could
also reflect heterogeneity of soils and current or future land
use within each quaternary or quinary catchment. The method
used to account for regional differences in antecedent moisture
conditions (AMC) could be improved by utilising improved
modelling inputs. For example, estimates of reference potential
evaporation as well as maximum evaporation (i.e. transpira-
tion by vegetation and soil evaporation) could be improved
by using currently available information and techniques. The
use of median conditions to account for AMC needs to be
re-evaluated and improved by the use of continuous simula-
tion modelling. It is probable that the soil moisture status could
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be a function of the exceedance probability of the intended
design. The method used to account for the joint association
between rainfall and runoff could also be improved by the use
of a continuous simulation approach. This could include events
larger than those equivalent to the 20-year return period, which
is a limitation in the adaptation of the SCS technique for South
Africa undertaken by Schmidt and Schulze (1987).

New approaches

In order to overcome some of the major limitations of event
models, continuous simulation and joint probability approaches
have been proposed (Rahman et al., 2002). Continuous
simulation generates flow series for an extended period while
joint probability focuses on the simulation of a large number of
flood events while considering probability distributed inputs
and model parameters, and their correlations, in order to derive
the distribution of the floods (Rahman et al., 2002).

Continuous simulation modelling

Continuous simulation models attempt to represent the major
processes which convert rainfall into runoff and hence the
flood frequency distribution can be derived from the simulated
results (Goel et al., 2000). Historical rainfall data or stochastic
rainfall series are used to generate outflow hydrographs over
long time periods and the simulated flow can be subjected to
standard frequency analysis techniques. Thus, model param-
eters determined using a relatively short period of calibration
and verification can be used together with a long climate series
to yield flood frequency estimates (Calver and Lamb, 1995).

If the model parameters can be related to the catchment char-

acteristics, then the model parameters can be transferred to

similar catchments.
Schulze (1989) argues for a continuous simulation model-
ling approach to design flood estimation, because:

* Long periods of record are necessary for accurate estima-
tion of design values.

* Long series of observed flood data are generally not avail-
able, often contain inconsistencies and are frequently both
non-homogeneous and non-stationary.

* In comparison to runoff data, longer data sets of rainfall
of better quality are usually available for most regions in
South Africa.

* The exceedance probability of floods is generally not
related to the exceedance probability of rainfall, as assumed
in simple event-based models.

The advantages of the simulation modelling approach include
the following (ASCE, 1997; Boughton and Hill, 1997; Rahman
et al., 1998; Reed, 1999):

* A complete hydrograph is generated and not only a peak
discharge.

* No synthetic storms are required, as actual storm records
are used and hence critical storm duration is not an issue.

* The use of a calibrated rainfall-runoff model avoids the
needs for assumptions about losses.

* Antecedent moisture conditions (AMC) are modelled
explicitly and hence any subjectivity in attempting to
account for AMC is removed.

» The statistical analysis of output implies that the return
period of the output is not assumed to be equal to that of the
input rainfall.
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The disadvantages of the simulation modelling approach
include the following (ASCE, 1997; Rahman et al., 1998; Reed,
1999):

* The difficulties in adequately modelling the soil moisture
balance and obtaining input data at the required temporal
and spatial scale and the number of variables to calibrate
may be substantial.

* The loss of ‘sharp’ events if the modelling time scale is too
coarse.

* The extensive data requirements which result in significant
time and effort to obtain and prepare the input data.

*  The expertise required to determine parameter values such
that historical hydrographs are adequately simulated.

Smithers et al. (2007) investigated the use of a continuous
simulation modelling approach to estimate design floods in the
Thukela Catchment in South Africa, where the frequency of
simulated volumes and peak discharge are assessed directly,
thus not making the assumption that the return period of the
flood is equal to the return period of the input design rainfall.
Smithers et al. (2007) found that the distribution of simulated
volumes generally compared well with the distribution of the
volumes of the observed data over the range of catchment areas
considered in their study (approximately 100 to 2 000 km?).
The distribution of the simulated peak discharges generally
compared well with the observed distribution for the smaller
catchments (< 150 km?), but were generally not as good for
larger catchments. They recommended that the translation of
the runoff volume into a hydrograph and associated peak dis-
charge requires further refinement. This may involve investi-
gating the estimation of catchment lag and further investigation
into the performance of flood routing algorithms for application
in ungauged catchments. As pointed out above, consistent and
accurate estimation of catchment response times are necessary
for design rainfall estimation.

Internationally, the success of a continuous simulation
approach to design flood estimation is evident from many
studies reviewed (e.g. Schulze, 1989; Calver and Lamb, 1995;
Boughton and Hill, 1997; Rahman et al., 1998; Steel, 1998;
Cameron et al., 1999; Houghton-Carr, 1999; Reed, 1999;
Viviroli et al., 2009) and has been shown to be able to estimate
the uncertainty bounds for flood frequency curves (Jones and
Kay, 2007). The advantages of continuous simulation models
include the simulation of the complete hydrograph and continu-
ous simulation of antecedent moisture conditions. These need
to be weighed against the challenges of input data prepara-
tion, assigning values to model parameters and regionalisation
(Houghton-Carr, 1999). The currently available increased
computing power and sub-daily rainfall and flow data in digital
form, enables the continuous simulation of hydrographs to
become a standard technique for estimating design floods
(Cameron et al., 1999).

Joint probabilities

In the design event approach it is generally assumed that a
unique combination of factors results in a flood with the same
exceedance probability as that of the input rainfall. The joint
probability approach recognises that a design flood could be
the result of various combinations of flood-producing fac-
tors (Rahman et al., 1998). Probability-distributed inputs

are used to form probability-distributed outputs. Hence,
subjectivity in the selection of input and parameter values is
eliminated by considering the inputs as random variables.
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The joint probability approach thus combines a deterministic

rainfall-runoff model with stochastic inputs as the probability
distribution and a correlation structure of the inputs (Rahman
et al., 1998). Flood frequency distributions in 3 catchments in
Victoria, Australia, were well produced by a joint probability

approach (Rahman et al., 2002).

The joint probability approach may use the same models as
the design event approach, but treats inputs and data as random
variables. This results in output as a probability distribution
instead of a single value. According to Pilgrim (1987) the joint
probability approach is superior to the design event approach.

Need for consistency

An important aspect of design flood estimation is the need for
consistency when each of the various methods are applied by
different users, i.e., similar results should be obtained by dif-
ferent users when applying the same method. Alexander (1990)
states that the subjectivity in the estimation of design storms is
a major limitation in the consistent estimation of design floods
in South Africa. For a specified catchment response time, the
RLMA&SI procedures developed by Smithers and Schulze
(2003) to estimate design rainfall will, when applied ona 1’

x 1’ gridded scale in South Africa, overcome the subjectivity

in design rainfall input. However, considerable inconsistency
remains in the estimation of the catchment response time, and
hence in the estimation of the critical duration of design rainfall
and in the selection of other model inputs based on textbook
values for the Rational Method and, to a lesser extent, for the
SCS techniques.

Impacts of climate change on design floods

There is evidence that many natural systems are being
affected by regional climate changes, particularly tempera-
ture (IPCC, 2007). According to IPCC (2007) and Bates

etal. (2008) , it is ‘very likely’ that the frequency of heavy
precipitation events, and proportion of total rainfall from
heavy falls, has increased over most areas and extreme events
will be become more frequent, although the mean rainfall
may decrease in some regions. At the global scale, this will
result in some areas experiencing increased runoff, while
other areas will have less runoff and trends in runoff do not
necessarily follow the trend in precipitation (Bates et al.,
2008). The changes in the characteristics and distribution of
the rainfall and runoff will impact the estimation of design
floods. For example, the impact of climate change on design
rainfall needs to be quantified to assess the impact on the
estimated design flood. The impact on the method of analysis
also needs to be investigated as, for example, the observed
data series may not be stationary, as frequently assumed when
performing flood frequency analysis. For non-stationary data,
the statistical characteristics of the non-stationarity need to
be modelled and projected into the design life of the structure
(Strupczewski et al., 2001). According to results generated

by Knoesen (2011), both design rainfall and design floods are
expected to increase in South Africa as a consequence of cli-
mate change, with the increase in design floods being larger
than those for design rainfall.

Summary of recommendations

From the above review of the literature, it is clear that new
and updated methods of design flood estimation are required
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in order to keep up to date with international practices and

to improve the estimates based on longer periods of records

and improved information currently available. Smithers and

Schulze (2003) summarised the following research needs in

design flood hydrology for South Africa, taking into account

the need to introduce new and internationally accepted tech-
niques and to refine existing techniques:

* A continuous simulation approach to design flood estima-
tion should be further evaluated and developed. Such an
approach overcomes many of the limitations of the design
event models and can accommodate current and projected
future conditions in a catchment, such as anticipated land
use or climate change. Limitations of the gauged flow data
and changes in catchment conditions within the period of
gauging may be overcome using this approach. It may be
necessary to combine this approach with, for example, unit
hydrographs to estimate the peak discharge. The output
from a continuous simulation approach could be pre-run
and packaged for hydrologically homogeneous regions/
quaternary catchments to enable simple and rapid use by
practitioners. An initial study on the use of continuous
simulation for design flood estimation in South Africa
has been conducted by Smithers et al. (2007) with mixed
results, as summarised above.

* Areal Reduction Factors (ARFs), which convert design
rainfall estimated at a point to an areal rainfall, need to be
re-investigated in the light of recent extreme events, utilis-
ing the longer periods of record now available for analysis.
In addition, the way in which ARFs may vary in South
Africa with recurrence interval and with rainfall-producing
mechanisms also needs to be investigated.

* Revision and refinement of techniques for the temporal
disaggregation of daily rainfall into shorter durations and
spatial estimation of daily rainfall using, for example,
remotely-sensed rainfall using radar and satellite tech-
niques. Some initial investigations into improved estima-
tion of historical catchment rainfall have been conducted
by Frezghi and Smithers (2008) and into temporal dis-
aggregation of daily rainfall by Knoesen and Smithers
(2008).

* A joint probability approach to design flood estimation,
which derives the flood frequency distribution by the incor-
poration of uncertainties in the inputs to the model, should
be investigated.

* A revision and updating of the SCS-SA method for design
flood estimation on small catchments in South Africa
should be undertaken to incorporate both the increased
spatial resolution of soils and land cover/use information
now available and the updated and improved design rainfall
values, while simultaneously improving the technique to
account for antecedent moisture conditions.

* A regional statistical approach for flood frequency estima-
tion should be developed, i.e. the identification of homoge-
neous regions, the development of growth curves for each
reach region and the development of algorithms to estimate
the scaling factor at ungauged sites. Regionalisation based
both on a cluster analysis of site characteristics and the
region of influence approach, as adopted by the Flood
Estimation Handbook (FEH) for the UK (Reed, 1999),
should be investigated. The pooled approach developed by
Gorgens (2007) utilises existing regions in the development
of an index flood method for South Africa.

* Improved and consistent methods to estimate catchment lag
should be evaluated as catchment response time has a direct
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impact on both the design rainfall intensity input and the
simulated peak discharge.

* A probabilistic approach to the use of the Rational Method
should be investigated. The observed streamflow data
required for this approach could be supplemented with
the output of the continuous simulation approach, i.e., this
could constitute one of the simple approaches which could
be synthesised from the output of the continuous simulation
approach. Alexander (2002a; 2002b; 2002d) has developed
a ‘standard design flood’ using this approach, which may
require further refinement. In addition, a modified, proba-
bilistic Rational Method has been proposed (Pegram, 2003;
Parak and Pegram, 2006; Pegram and Parak, 2004).

*  The run-hydrograph technique should be re-evaluated and,
if necessary, further refined for use by practitioners. A joint
peak-volume methodology and an index flood method to
estimate design floods in South Africa has been developed
(Gorgens, 2007), but may be difficult to apply in its current
form by practitioners.

*  The unit hydrograph approach including the estimation of
storm losses should be refined, utilising longer records,
improved regionalisation and currently available detailed
databases and geographic information systems.

In addition, Cullis et al. (2007) made recommendations for fur-
ther research needs to extreme flood estimation in South Africa
which included the following:

*  Modernisation of probable maximum precipitation enve-
lopes for South Africa and spatial distribution of extreme
rainfall events.

» Investigation into the use of exceedance probabilities
associated with the extreme floods (e.g. RMF and PMF), as
used internationally.

* The selection and consistent use of an appropriate probabil-
ity distribution for design flood estimation.

* Updating and refinement of the Kovacs RMF K-regions
(Kovacs, 1988).

*  Development of refined methodologies for regionalisation
and pooling practices for design flood estimation.

*  Development of consistent approaches for the standardisa-
tion of data and estimation of catchment response charac-
teristics (e.g. index flood).

Gericke (2010) recommended, inter alia, the following refine-

ments to the SDF methodology:

* Refinement of the SDF boundaries to single or multiple
quaternary catchments.

* Calibration of runoff coefficients using an updated database
of flow data from both gauging weirs and dam records

*  Development of catchment-based regression relationship.s
to estimate the runoff coefficients to apply the method in
ungauged catchments.

* Improvement in the estimation of design rainfall for catch-
ments based on the RLMA&SI methodology developed by
Smithers and Schulze (2003).

In addition, Gericke (2010) included the following recommen-

dations for improving design flood estimation in South Africa:

*  The compilation of all available hydrological data and the
estimation of design events using the updated databases.

* The use of a consistent probability distribution to estimate
design floods.

* The development of updated rainfall areal reduction factors
for South Africa.
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Discussion and conclusions

From the above review of the literature and recommendations
for research, it is clear that new and updated methods of design
flood estimation are required in order to keep up todate with
international practices, to improve the estimates based on
longer periods of records and improved information currently
available, and to account for the impacts of climate change on
design flood estimation.

Design flood estimation may be performed by a frequency
analysis of observed flows where these are available and are
adequate in length and quality. While the analysis may be
performed at a single site, a regional approach should prefer-
ably be adopted. The advantages of a regional approach to
frequency analysis for design flood estimation are evident from
the studies reviewed. This has led to the adoption of a regional
approach as the recommended approach for design flood esti-
mation by some countries (e.g. Australia and UK). The index-
flood approach developed by Gorgens (2007) for application in
South Africa should be further developed for use in practice
and refined regionalisation should be investigated.

For direct statistical analysis, Alexander (1990; 2001)
recommends either the Method of Moments or Probability
Weighted Moments for fitting distributions. The literature indi-
cates that L-moments are widely used and have been adopted as
a standard approach in, for example, the UK. Although some
caution and criticism of the use of L-moments is also evident in
the literature, further investigation of L-moments for possible
general use in South Africa is warranted. The development of a
methodology to account for non-stationary data when perform-
ing a frequency analysis needs to be developed.

When no recorded streamflow data are available at the site
of interest, or the records are inadequate, the recommended
rainfall-runoff event-based methods for design flood estimation
in South Africa include the unit hydrograph, Rational Method
and SCS methods.

No developments or refinements of the unit hydrograph
methods have been published since they were developed by the
HRU (1972) in the late 1960s and early 1970s. Subsequent to
these studies, regional techniques for frequency analysis have
become the standard and preferred approach in some countries.
In addition, longer rainfall and streamflow records are cur-
rently available for analysis, computing power has expanded
enormously and detailed databases of climatic and catchment
physiographic characteristics are available at a national scale.
While the regionalisation of South Africa into 9 veld zone
types, based on data from only 92 flow gauging stations, was
pioneering work at the time, it is postulated that refined region-
alisation of homogeneous hydrological response regions in the
country is now possible.

The event-based methods used in South Africa are gener-
ally applied in a deterministic manner and hence suffer from the
limitations of this approach, which includes the uncertainty of
the real exceedance probability associated with the computed
design flood, the spatial and temporal distribution of rainfall and
conditions in the catchment prior to extreme events. Although
a return period adjustment factor for the application of the
Rational Method in South Africa is advocated, the method is still
applied in a deterministic manner and the adjustment factor does
not constitute a probabilistic approach. A probabilistic approach
would enable the conversion of a design rainfall event into a
design flood event with the same return period.

The calibrated Rational method developed by Alexander
(2002a; 2002b; 2002d) , and termed the ‘Standard Flood’,
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is a probabilistic-based approach which has the ingredients
to overcome some of the deficiencies evident in the tech-
niques currently used for design flood estimation in South
Africa. However, independent studies have shown that

the method results in very conservative design floods. In
addition, the use of single site and outdated design rainfall
values, the subjective adjustments made, the method of
incorporation of variability within regions and the method
of regionalisation are all aspects which warrant further
investigation.

The adaptions for Southern African conditions to the
SCS approach, as detailed by Schmidt and Schulze (1987),
account for regional differences in median antecedent soil
moisture conditions prior to large events and for the joint
association between rainfall and runoff. However, improved
computing power and currently available databases could
be utilised to further refine the method. For example, the
regionalisation of South Africa could be improved to, at the
broadest scale, reflect the 1 946 quaternary catchments into
which South Africa has been delineated and, where neces-
sary, could also reflect heterogeneity of soils and current
land use within each quaternary catchment. The method
used to account for regional differences in AMC could be
improved by utilising improved modelling inputs. The use
of median conditions to account for AMC needs to be re-
evaluated and possibly improved by the use of continuous
simulation modelling. It is probable that the soil moisture
status could be a function of the exceedance probability of
the intended design. The method used to account for the
joint association between rainfall and runoff could also be
improved by the use of a continuous simulation approach
and could include events larger than those equivalent to the
20-year return period, which is a limitation of the current
version of the SCS-SA model.

An important aspect is the need for consistency when the
various methods of design flood estimation methods are applied
by different users, i.e., similar results should be obtained by
different users when applying the same method. Consistent
design rainfalls can be estimated for South Africa. However,
considerable inconsistency remains in the estimation of the
catchment response time which has a direct impact on the
estimation of design floods.

In a review of the current state of the art of flood fre-
quency analysis, the gap between flood research and practice
is emphasised by Cordery and Pilgrim (2000), with research
being required to improve the estimates of both specific and
probabilistic floods. Although the gap between flood research
and practice may not be large in South Africa, with relatively
little research having been undertaken in the past 30 years, the
need to refine existing methods and to evaluate new methods
which have been adopted for design flood estimation in other
countries, currently requires urgent attention and funding in
South Africa.
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