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EXECUTIVE SUMMARY

I ntroduction

The estimation of design flood events are necessary for the planning and design of engineering
projects (Rahman et al., 1998). Hence, flood frequency analysis remains a subject of great
importance owing to its economical and environmental impact (Pilgrim and Cordery, 1993;
Bobee and Rasmussen, 1995). However, reliable estimates of flood frequency in terms of peak
flowsand volumesremain acurrent challengein 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 fundamental hydrological processes.

Standard techniques for flood estimation have been developed for many countries. These
generally include statistical analysisof observed peak discharges, wheretheseareavailable, and
event modelling using rainfall-runoff techniques. Observed streamflow data are often not
availableat thesite of interest and frequently rainfall event-based methods haveto beused. This
requires aprobabilistically based estimate of rainfall, generally referred to asdesignrainfall, to
be made at the site of interest. The frequently used term design rainfall isthustherainfall depth
and duration, or intensity, associated with a given probability of exceedance, which inturnis
inversely related to the commonly used term, return period.

Design rainfall depths for various durations are thus required for the many engineering and
conservation design decisions made annually in South Africaand which result in many millions
of Rands of construction. For example, engineers and hydrologists involved in the design of
hydraulic structures(e.g. culverts, bridges, dam spillwaysand reticul ation for drainage systems)
need to assessthe frequency and magnitude of extremerainfall eventsinorder to generatedesign
flood hydrographs. Hence, Depth-Duration-Frequency (DDF) relationships, which utilise
recorded events in order to predict future exceedance probabilities and thus quantify risk and
maximise design efficiencies, are akey concept in the design of hydraulic structures (Schulze,
1984).

The duration of design rainfall whichisrequired for design flood estimation may range from as
short as5 minutesfor small urban catchmentswhich havearapid hydrological response, to afew
daysfor largeregional flood studies. Oneof the requirementsfor undertaking frequency analyses
islong periods of records. Given that the data at a site of interest will seldom be sufficient, or
available, for frequency analysis, it is necessary to use datafrom similar and nearby locations
(Stedinger et al., 1993). Thisapproach isknown asregional frequency analysisand utilisesdata
from several sitesto estimate the frequency distribution of observed data at each site (Hosking
and Wallis, 1987; Hosking and Wallis, 1997). Thus, the concept of regional analysis is to
supplement the limited length of record by the incorporation of spatial randomness, using data
from different sitesin aregion (Schaefer, 1990; Nandakumar, 1995). A regiona approach has
been shown in many studies (e.g. Potter, 1987; Cunnane, 1989; Hosking and Wallis, 1997) to
result in more reliable and robust design values.



Regional approachesare not new in frequency analyses of hydrological dataand many different
techniquesareavailable. Thedevelopment of aregional index-flood type approach to frequency
analysis, based on L-moments (Hosking and Wallis, 1993; 1997) and termed the Regional L-
Moment Algorithm (RLMA), has many reported benefits and has been successfully used by
Smithers and Schulze (2000a; 2000b) to estimate short (< 24 h) and long (1 to 7 day) duration
design rainfall depths in South Africa.

The objectives of this project, as stated in the contract, consisted of major objectivesrelated to
design rainfall and design flood estimation and are detailed below.

Design Rainfall Estimation in South Africa:

. linking techniques devel oped during project K5/681 (Short design rainfall estimatesfor
South Africa) toresultsfrom project K5/811 (Long duration design rainfall estimatesfor
South Africa), thus increasing spatial resolution of short duration design rainfall
estimates in South Africa,

. further verification of techniques, developed during project K5/681, for the estimation

of design rainfall for durations < 1 h and the development, if necessary, of techniques

using reliable data for these very short durations,

development of new regionalised areal reduction factors for South Africa,

development of new regionalised design and actual hyetographs for South Africa,

development of arevised rainfall erosivity map for SA,

investigation into the effect of climate change on design storm estimates, and the

production of a comprehensive design rainfall user manual/computer package for short

and long duration design storm estimation in South Africa.

Desgn Flood Estimation in South Africa:
critical review of existing techniques,

. investigation into and development of a regionalised index-flood based design storm
estimation methodology using L-moments at selected catchments,

. further evaluation and development of techniques for design flood estimation using a
continuous simulation modelling approach at the selected catchments,

. investigation into the effect of climate change on design flood estimates at selected
catchments, and

. production of a report summarising the results, from selected catchments, of the

feasibility of applying theindex-flood and continuous simulation model ling approaches
to design flood estimation in South Africa.

The major objective of this study was thus to further refine and link the results obtained
independently in the studies by Smithers and Schulze (2000a; 2000b) and to be able to provide
reliable and consistent estimates of design rainfall, for durations ranging from 5 minutes to 7
days, at any location in South Africa. Associated with this objective is the requirement to
produce a user manual/computer package for the estimation of short and long duration design
rainfallsin South Africa. A user manual and a Java-based computer program were devel oped to
implement the procedures devel oped in this study and enables auser to estimate design rainfalls
at any location in South Africafor return periods of 2 to 100 years and for durations ranging
from 5 minutesto 7 days.



The approach devel oped to link and further refine the methodol ogies outlined by Smithersand
Schulze (2000a; 2000b) for design rainfall estimation in South Africa utilisesthe daily rainfall
database, whichisconsidered to be morereliable and has many more stationswith longer record
lengths, when compared to the digitised short duration rainfall database. For example,
approximately 1 800 rainfall stations in South Africa have more than 40 years of daily records
whilefewer than 200 automatically recording rainfall stationshave morethan 10 yearsof record.

The differences in the growth curves, which relates design rainfall scaled by an index value to
duration, developed using the digitised and daily rainfall databases by Smithers and Schulze
(2000a; 2000Db) respectively, isinvestigated and the use of scaleinvariance of the growth curves
with duration is proposed. The methodology developed to estimate the index value at any
location in South Africa scalestheindex valuesfor all durationsfrom the daily value, whichis
estimated as a function of site characteristics using regionalised relationships. Comparisons
between design rainfalls estimated using the procedures developed in this study and previous
studiesindicate that the methodol ogy developed generally resultsin estimates of design rainfall
which are frequently more reasonable and consistent than other estimates.

A secondary objective of this project was to review practices and research trends in techniques
for design flood estimation, both in South Africaand internationally. In addition, the use of both
regionalised index flood and continuous simulation modelling approaches for design flood
estimation was to be evaluated for application in South Africa.

Recent reviews of approaches to design flood estimation indicate that, relative to other
countries, little new research into techniques for design flood estimation has been conducted in
South Africasince the early 1970s and that the methodol ogies used in practice in South Africa
require updating and refinement.

Anoverview of methodol ogiescurrently used to estimate design floods both in South Africaand
internationally is utilised to develop perceived deficiencies in the techniques currently used to
estimate design floods in South Africa. In addition, the research required to improve the
estimation of design floods in South Africa is identified. The use of continuous simulation
modelling for design flood estimation, which is finding increasing support internationally, is
illustrated by means of case studies in the Mgeni and Sabie River catchments. The use of
regional approaches to improve thereliability of design estimatesisillustrated by a case study
of theapplication of anindex flood based approach to design flood estimationin KwaZulu-Natal .
A summary of the main results emanating from this study follows.

Design Rainfall Estimation

Regional index storm based approaches which utilise L-momentsfor design rainfall estimation
were developed by Smithers and Schulze (2000a) for durations < 24 h using digitised rainfall
data from 172 stations which had at least 10 years of record, and for 1 to 7 day durations by
Smithersand Schulze (2000b) using daily rainfall from 1 789 stationswhich had at |east 40 years
of record. A comparison of the growth curvesfor the 24 h duration indicated inconsistenciesin
the resultsfrom the two studies. Possible explanations for the inconsi stencies were attributed to
the non-concurrent periods of data used in the two studies and the differences in the annual



maximum series, which were extracted using a sliding window from the continuously recorded
data and using afixed period window from the daily rainfall data.

Theresultsobtained in Chapter 3indicatethat thereareno systematic differencesbetween higher
order L-moment ratios for annual maximum series extracted using fixed and sliding windows.
It was also established that the 24 h growth curve, derived from digitised data using a sliding
24 h window, and the 1 day growth curve derived from daily rainfall data, should be the same.
Hence, the differencesin the short and long duration growth curves are attributed largely to the
non-concurrent periods and different length of records used in the analyses and, to a lesser
extent, to the errorsin the digitised rainfall data.

The scaling properties of both the L-moment ratios and growth curves with duration were also
investigated in Chapter 3. It was noted that thelong duration (1 to 7 days) growth curves derived
from the daily rainfall data were relatively scale invariant with duration, whereas the short
growth curves, derived from the digitised rainfall data, did not display the same degree of scale
invariance. Resultsintheliteratureindicate evidence of scaleinvariance of the L-moment ratios
of extremerainfall. Hence, it was postul ated that the departure from scaleinvariance of the short
duration growth curves could be attributed to acombination of sampling variability, errorsinthe
digitised rainfall data and limitationsin the resolution of measurement of the rainfall data.

The sampling variability of the annual maximum rainfall series was estimated using three
approaches. The first utilised windows of data extracted from the entire period of record, the
second utilised stochastic modelling of therainfall process and the third approach implemented
abootstrapping technique. Theresultsindicate that thereis considerabl e variation with duration
in observed higher order L-moments. Thisisassociated with the sampling variability and length
and period of record. Themost reliable estimates of the L-moment ratios are computed from the
more dependable daily rainfall data, which are more abundant and have longer record lengths
than the digitised (< 24 h) rainfall data. It isthus postulated that the 1 day L-moment ratios, and
hence growth curves, are the most reliable estimate of the L-moment ratios for all durations.
Thus, design rainfalls for all durations may be estimated as the product of the 1 day growth
curves and an estimate of the mean of the annual maximum series (index value) for the duration
in question.

As detailed in Chapter 4, the methodology developed for estimating the mean of the annual
maximum series for all durations at an ungauged location is dependent on the mean of 1 day
annual maximum series. Using a cluster analysis of site characteristics, the 78 long duration
clustersweregrouped into 7 regionsfor the estimation of the mean of the 1 day annual maximum
series. Multiplelinear regression relationshipswith site characteristics (MAP, latitude, altitude)
asindependent variables enabled the mean of the 1 day annual maximum seriesto be estimated
at any location in South Africa. Gridded residual errors at stations which had at least 40 years
of data were used to correct the estimated values at these sites and ensure that the estimated
values were the same as the observed values at these sites. This approach was shown to result
in reliable and consistent estimates of the 1 day annual maximum series.

For durations longer than 1 day, the mean of the D day (2 < D < 7) duration values were noted
to scalelinearly as afunction of the 1 day values. The parameters of the regression were found
to scale (by a power law relationship) with duration, and three parameters were derived to
describe the rel ationship between the two regression parameters (coefficient and intercept) and
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duration. Thus, 6 parameters in all were derived for each of the 7 regions which enable the
estimation of the mean of the annual maximum series for durations ranging from 2 to 7 days at
any location in South Africa.

For durations shorter than 1 day, the mean of the H minute (H < 1440 ) duration values were
found to scale linearly as afunction of the 24 h values. Thus, for each of the 15 short duration
clustersandfor 15 durationsranging from 5 to 1200 minutes, linear regression coefficientswere
derived.

The approach adopted to estimate the mean of the annual maximum seriesfor any durationisa
two step process. Firstly, the mean of the 1 day annual maximum series is estimated at the
required location using regionalised regressions. Secondly, the mean of the annual maximum
series for durations longer than 1 day are scaled directly from the 1 day value. For durations
shorter than 1 day, the values are scaled from the 24 h value, which in turn is estimated directly
from the 1 day value for the location. This approach for durations < 24 h was shown to be more
efficient and reliable than the methodology developed by Smithers and Schul ze (2000a).

Thedaily rainfall database, which ismorereliable and has many more stationsand longer record
lengthsthan thedigitised rainfall database, isutilised in the estimation of the mean of the annual
maximum seriesfor all durations. Thus, inconsistenciesin the digitised rainfall database are, to
some extent, compensated for by scaling from the daily values.

In the application of the regression relationships to estimate the mean of the annual maximum
series for durations shorter and longer than 1 day, it was noted that inconsistencies between
estimated values could arise if 1 day values which were outside of the range of values used to
develop therelationships, wereinput to theequations. Thiscould result in, for example, themean
of the annual maximum seriesfor aparticular duration being larger than the value estimated for
a longer duration. Thus, the concept of the slope between the mean of the annual maximum
series and duration, for a range of selected durations, was introduced. It was noted from the
observed data at numerous sites that, if changes in scaling do occur, they typically occur at
durations of 15 min, 2 h, 1 day and 3 days. These durations were therefore used as pivotal
durations, with the regression based approach used to estimate the mean of the annual maximum
series at these durations, and the mean of the annual maximum seriesfor intermediate durations
scaled fromthesevalues. Thisapplication of the Regional L-Moment Algorithm, in conjunction
with a Scale Invariance approach has been termed the RLMA& SI.

The performance of the RLMA& SI procedures have been assessed in anumber of ways. At 10
siteslocated in different climatic regions of South Africaand which each have at |least 40 years
of daily rainfall data, and which were not used in the regionalisation process, the RLMA& Sl
procedures generally exceeded the design values estimated directly from the at-site data for
return periods greater than 20 years. A similar trend was evident at all daily rainfall stations
which have at least 40 years of record.

A comparison at 2184 daily rainfall stations between design rainfall estimated by Adamson
(1981) and by the RLM A& SI proceduresindicated that, for return periods of lessthan 50 years,
the differences between the two estimates were generally less than 20%, whilefor longer return
periods the differences were greater, with the Adamson values generally exceeding the
RLMAZ& S| design rainfalls. These differences are attributed to:
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. the longer record lengths used in the regional approach;
. the stringent dataquality control proceduresdevel oped by Smithersand Schulze (2000b)
and used in this study;
. the different approaches to design rainfall estimation used in the two studies,
- with Adamson (1981) using a single site approach with a censored LN
distribution while
- the regional approach using the RLMA&SI procedures adopted the GEV
distribution; and
. the L-moments used in the RLMA& S| approach to fitting the GEV distribution being
less influenced by outliersin the data.

However, it has been shown that design rainfall depths computed using the regional approach
generally exceed the values computed directly from the at-site data. 1n addition, the regional
approach has been shown in many international studies (e.g. Potter, 1987; Cunnane, 1989;
Hosking and Wallis, 1997) to result in more reliable and robust estimates compared to design
values computed using only single at-site data. Therefore, it is postulated that the 1 to 7 day
designrainfall values computed using the RLM A& Sl procedures may be used with confidence.

Further comparisons between design rainfall estimated using different approachesfor durations
< 24 h were performed. The approaches included design rainfall estimated from the observed
data, by theRLMA& Sl procedures, by using the equation devel oped by Alexander (2001), using
the equation developed by Adamson (1981) in DWAF Report TR102 and by using the results
from Midgley and Pitman (1978), contained in HRU Report HRU2/78. Generally, the design
rainfalls estimated using the RLMA& Sl and HRU2/78 procedures were similar and, where no
obvious anomalies were evident in the data, follow the trends in design rainfalls estimated
directly from the observed data. It was evident that the Alexander (2001) equation generally
overestimates design rainfallsfor durations ranging from 10 minutesto 24 h, with the maximum
overestimation occurring at durations of approximately 1 h. Furthermore, inconsistencies
between the estimated 24 h event estimated using Alexander (2001) and the TR102 1 day value,
on which the equation is based, were evident. The functional relationship of the Alexander
equation does not seem to accommodate the curvilinear relationship between design rainfall
depth and log transformed duration, which is evident in the observed data at most stations
investigated.

From the comparisons performed in this study it is evident that, compared to the observed data
and other approaches used for estimating design rainfalls, the RLMA& Sl procedures devel oped
generaly result in estimates of design rainfall which are frequently more reasonable and
consistent than other estimates. Thisisevident for 1to 7 day durationswhere RLMA& Sl values
are generally similar to the values computed directly from the at-site data and display a
consistent trend for these durations, whereas inconsistencies in both the TR102 values and
observed data are evident. The RLMA&SI values are consistent over the entire range of
durations, whereas, the other techniques considered are frequently inconsistent for a range of
durations.

In summary, the RLMA& Sl procedures utilise the more reliable, consistent and longer records

of thedaily rainfall databaseto estimate designrainfallsfor shorter durations, thus compensating
for deficiencies in the digitised rainfall database. It is thus concluded that the RLMA&SI
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procedures may be used with confidence to estimate design rainfals in South Africa for
durations up to 7 days.

A software programme with a graphical user interface has been developed in Javato facilitate
the estimation of design rainfal depths for any location in South Africa. This software
implementsthe procedures devel oped in this study and enablesthe estimation of designrainfalls
at agpatial resolution of 1 arc minute and for durations ranging from 5 minutesto 7 daysand for
return periods of 2 to 200 years.

Design Flood Estimation

Design flood estimation may be performed by a frequency analysis of observed flows where
these are available and adequate in both length and quality. The analysis may be performed at
asinglesite, or preferably aregiona approach should be adopted. The advantages of aregional
approachtofrequency analysisfor designflood estimation are evident fromthe studiesreviewed.
This has led to the adoption of aregional approach as the recommended approach for design
flood estimation by somecountries(e.g. Australiaand UK). Alexander (1990; 2001) advocates
aregiona approach for South Africa and details a methodology and provides software for the
implementation of the regional approach, but states that overseas concepts of identifying
homogeneous regions are not valid in South Africa. Using Alexander's approach, users are
expected to visualy interpret the data and decide subjectively which data can be used
beneficially toimprovethe estimates of the parameters of the distribution being fitted to the data.
This raises the question of inconsistency in the results between different users and places an
onerous burden on each user, who has to collect the raw data for the stations in the region and
then proceed with the analysis. Furthermore, it is probable that similar analyses would be
performed by different users for the same regions and val uable human resource time would be
wasted. It is argued that a research project, undertaken by respected experts, to develop a
regional approach on a national scale could thus save significant effort by individual users and
improve the consistency of results. An argument against this computerised “cook book”
approachisthat it may be applied by inexperienced designersoutside of theboundswithinwhich
it was developed. However, it is postulated that far larger errors and inconsistencies will result
when the current manual approaches are applied by inexperienced designers.

For direct statistical analysis Alexander (1990; 2001) recommends either the Method of
Momentsor Probability Weighted Momentsfor fitting distributions. Theliteratureindicatesthat
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.

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

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.
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Subsequent to these studi es, regional techniquesfor frequency analysishave becomethestandard
and preferred approach in somecountries. In addition, longer rainfall and streamflow recordsare
currently 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 Africainto nine veld zone types, based on data from
only 92 flow gauging stations, was pioneering work in the 1960s, it is postul ated that arefined
regionalisation of homogeneous hydrological response regions in the country is now possible.
Furthermore, the event based methodsare generally applied in adeterministic manner and hence
suffer from the limitations of this approach, which includes both the uncertainty of the real
exceedance probability associated with the computed design flood and the spatial and temporal
distribution of rainfall and soil moisture conditions in the catchment prior to extreme events.
Although areturn period adjustment factor for the application of the Rational Method in South
Africais 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 adesign rainfall event into a design flood event with the same return period.

The calibrated Rational method developed by Alexander (2002), and termed the “ Standard
Flood”, is a probahilistic-based approach which has the ingredients to overcome some of the
deficienciesevident in thetechniquescurrently used for design flood estimation in South Africa.
In this study no in-depth analysis of the standard flood has been performed. However, the use
of asinglerainfall site and outdated design rainfall values (TR102), the subjective adjustments
made, themethod of incorporation of variability within regionsand the method of regionalisation
are all aspects that could warrant further investigation and refinement.

Theadaptationsfor southern African conditionsto the SCS approach, asdetailed by Schmidt and
Schulze (1987), account for regional differencesin 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 Africacould beimproved, at the broadest
scale, to reflect the 1946 Quaternary Catchments into which South Africa has been delineated
and, where necessary, could also reflect heterogeneity of soilsand current land use within each
Quaternary 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.
transpiration by vegetation and soil evaporation) could beimproved by using currently available
information. 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 rainfal 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, to which the 1987 adaptation of the SCStechnique
for South Africais currently limited.

An important aspect for design flood estimation is the need for consistency when each of the
variousmethodsareapplied by different users, i.e. similar results should be obtained by different
users when applying the same method. Alexander (1990) states that the subjectivity in the
estimation of design stormsisamajor limitation in the consistent estimation of design floodsin
South Africa. For a specified catchment response time, the RLMA& Sl procedures to estimate
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design rainfall will, when applied on a 1' x 1' gridded scale in South Africa, overcome the
subjectivity in rainfall input. However, considerable inconsistency remainsin the estimation of
the catchment response time, and hence in the estimation of the critical duration of rainfall and
in the selection of other model inputs based on text book values for the Rational M ethod and, to
alesser extent, the SCS techniques.

Conclusions

The maor contractual objectives of the project have been met. The development of the
RLMAA& SI procedures for design rainfall estimation in South Africa not only adopts a novel
approach by utilising the scale invariance of growth curves with duration, but enables reliable
and consistent estimates of design rainfall to be made in South Africaby means of a Java-based
computer programme with a graphical user interface.

The inconsistencies in the growth curves developed in the studies by Smithers and Schulze
(2000a; 2000b) was unexpected and resulted in the development of the RLMA& S| procedures.
Therefore, the development of new regionalised areal reduction factors, design and actual
hyetographs, rainfall erosivity map and the impacts of climate change on design rainfall
estimates for South Africa, as stated in the project objectives, were not achieved in this study
and are recommended for future research.

Thesecondary contractual objectiverelated to design flood estimation hasbeenlargely achieved.
Both the South African and international literature on design flood estimation wasreviewed and
asummary of research needs for South Africahas been compiled. Pilot studies on the use of an
index-flood and acontinuous simulation model ling approach to design flood estimation in South
Africahave been completed. The effects of climate change on design flood estimation was not
undertaken and is recommended for future research.

The gap between flood research and practiceisemphasi sed by Cordery and Pilgrim (2000), with
research 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, partially because
relatively little research in design flood hydrology has been undertaken in the past 25 years, the
need to refine existing methods and to eval uate new methods adopted for design flood estimation
in other countries, currently requires urgent attention and funding in South Africa.

Recommendationsfor Further Research

Itisfrequently necessary to estimate adesign hydrograph which, in turn, requiresthe estimation
of adesign hyetograph. TheRLM A& Sl proceduresdevel opedinthisstudy enablethe estimation
of adesign rainfall depth for a particular duration. Hence, regionalised procedures need to be
devel oped to enabl e the disaggregation of the design rainfall depth into adesign hyetograph. An
additional requirement which could be a by-product of this investigation are regionalised
relationships to disaggregate recorded daily rainfall datainto a hyetograph with sub-daily time
steps. These procedures are required when, for example, modelling certain sub-daily processes
within adaily time step model (e.g. in flow routing or rainfall infiltration routines).



When estimating design flood hydrographs from acatchment it is necessary to convert the point
rainfall measurementsto areal rainfall depthsusing Areal Reduction Factors (ARF). These ARF
relationships need to be re-investigated in the light of recent extreme events utilising the longer
periods of record are now available for analysis. In addition, the way in which ARF may vary
in South Africawith recurrence interval and with rainfall producing mechanisms also needsto
be investigated.

The following research needs in design flood hydrology for South Africa have been identified
and are listed in a perceived priority which takes into account the need to introduce new and
internationally accepted techniques and to refine existing techniques:

A continuoussimulation approach to design flood estimation should befurther evaluated
and devel oped. 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 dataand
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 prerun and packaged for hydrologically homogeneous
regions/Quaternary Catchments to enable simple and rapid use by practitioners.

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

Techniquesfor thetemporal disaggregation and spatial estimation of daily rainfall need
to be revised and refined.

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

A revision and updating of the SCS method for design flood estimation on small
catchments in South Africa should be undertaken to incorporate both the increased
gpatial resolution of 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 should be developed, i.e. the
identification of homogeneousregions, the devel opment of growth curvesfor each reach
region and thedevel opment of algorithmsto estimatethe 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.

Improved and consistent methods to estimate catchment lag should be evaluated.

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 (2002) hasdevel oped a“ standard design flood” using thisapproach,
which may require further refinement.
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The run-hydrograph technique should be re-evaluated and, if necessary, further refined
for use by practitioners.

Theunit hydrograph approach including the estimation of stormlossesshould be refined,
utilising longer records, improved regionalisation and currently available detailed
databases and geographic information systems.
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CHAPTER 1

INTRODUCTION

The estimation of design flood events are necessary for the planning and design of engineering
projects (Rahman et al., 1998). Hence, flood frequency analysis remains a subject of great
importance owing to its economical and environmental impact (Pilgrim and Cordery, 1993;
Bobee and Rasmussen, 1995). However, reliable estimates of flood frequency in terms of peak
flowsand volumesremain acurrent challengein 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 fundamental hydrological processes.

Standard techniques for flood estimation have been developed for many countries. These
generally include statistical analysisof observed peak discharges, wheretheseareavailable, and
event modelling using rainfall-runoff techniques. Observed streamflow data are often not
availableat the site of interest and frequently rainfall event-based methods haveto beused. This
requires a probabilistically based estimate of rainfall, generally referred to asdesign rainfall, to
be made at the site of interest. The frequently used term design rainfall isthustherainfall depth
and duration, or intensity, associated with a given probability of exceedance, whichin turnis
inversely related to the commonly used term, return period.

Design rainfall depths for various durations are thus required for the many engineering and
conservation design decisions made annually in South Africaand which result in many millions
of Rands of construction. For example, engineers and hydrologists involved in the design of
hydraulic structures(e.g. culverts, bridges, dam spillwaysand reticul ation for drainage systems)
need to assessthe frequency and magnitude of extremerainfall eventsin order to generatedesign
flood hydrographs. Hence, Depth-Duration-Frequency (DDF) relationships, which utilise
recorded events in order to predict future exceedance probabilities and thus quantify risk and
maximise design efficiencies, are akey concept in the design of hydraulic structures (Schulze,
1984).

The duration of design rainfall whichisrequired for design flood estimation may range from as
short as5 minutesfor small urban catchmentswhich have arapid hydrological response, to afew
daysfor largeregional flood studies. Oneof the requirementsfor undertaking frequency analyses
islong periods of records. 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). Thisapproach isknown asregional frequency analysisand utilisesdata
from several sitesto estimate the frequency distribution of observed data at each site (Hosking
and Wallis, 1987; Hosking and Wallis, 1997). Thus, the concept of regional analysis is to
supplement the limited length of record by the incorporation of spatial randomness, using data
from different sitesin aregion (Schaefer, 1990; Nandakumar, 1995). A regional approach has
been shown in many studies (e.g. Potter, 1987; Cunnane, 1989; Hosking and Wallis, 1997) to
result in more reliable and robust design values.



Regional approachesare not new in frequency analyses of hydrological dataand many different
techniquesareavailable. Thedevelopment of aregional index-flood type approach to frequency
analysis, based on L-moments (Hosking and Wallis, 1993; 1997) and termed the Regional L-
Moment Algorithm (RLMA), has many reported benefits and has been successfully used by
Smithers and Schulze (2000a; 2000b) to estimate short (< 24 h) and long (1 to 7 day) duration
design rainfall depths in South Africa.

The objectives of this project, as stated in the contract, consisted of major objectivesrelated to
design rainfall and design flood estimation and are detailed below.

Design Rainfall Estimation in South Africa:

. linking techniques developed during project K5/681 (Short design rainfall estimates for
South Africa) to results from project K5/811 (Long duration design rainfall estimates for
South Africa), thusincreasing spatial resolution of short duration design rainfall estimates
in South Africa,

. further verification of techniques, developed during project K5/681, for the estimation of

design rainfall for durations < 1 h and development, if necessary, of techniques using

reliable data for these very short durations,

development of new regionalised areal reduction factors for South Africa,

development of new regionalised design and actual hyetographs for South Africa,

development of revised arainfall erosivity map for South Africa,

investigation into the effect of climate change on design storm estimates, and the

production of acomprehensive designrainfall user manual/computer packagefor short and

long duration design storm estimation in South Africa.

Desgn Flood Estimation in South Africa:
critical review of existing techniques,

. investigation into and development of regionalised index-flood based design storm
estimation methodol ogy using L-moments at selected catchments,

. further evaluation and development of techniques for design flood estimation using a
continuous simulation modelling approach at the selected catchments,

. investigation into the effect of climate change on design flood estimates at selected
catchments, and

. production of areport summarising the resultsfrom, sel ected catchments, of thefeasibility
of applying the index-flood and continuous simulation modelling approaches to design
flood estimation in South Africa.

The major objective of this study was thus to further refine and link the results obtained
independently in the studies by Smithers and Schulze (2000a; 2000b) and to be able to provide
reliable and consistent estimates of design rainfall, for durations ranging from 5 minutes to 7
days, at any location in South Africa. Associated with this objective is the requirement to
produce a user manual/computer package for the estimation of short and long duration design
rainfallsin South Africa. Appendix A of thisreport contains a user manual for the Java-based
computer program which implements the procedures devel oped in this study and enables a user
to estimate design rainfalls at any location in South Africafor return periods of 2 to 100 years
and for durations ranging from 5 minutesto 7 days.



Thetechniquesdevel oped to link and further refine the methodol ogies outlined by Smithersand
Schulze (2000a; 2000b) for design rainfall estimation in South Africaare contained in Part A of
this report which consists of Chapters 2 to 5. The approach devel oped utilisesthe daily rainfall
database, whichisconsidered to be morereliable, and has many more stationswith longer record
lengths when compared to the digitised short duration rainfall database. For example,
approximately 1 800 rainfall stations in South Africa have more than 40 years of daily records
whilefewer than 200 automatically recording rainfall stationshave morethan 10 yearsof record.

Theregional approachesto designrainfall estimationin South Africadevel oped by Smithersand
Schulze (2000a; 2000b) are summarised in Chapter 2. The differences in the growth curves
which relate design rainfall, scaled by an index value, to duration, devel oped using the digitised
and daily rainfall databases, isinvestigated in Chapter 3 and the use of scale invariance of the
growth curveswith durationisproposed. The development of relationshipsto estimate theindex
value at any location is South Africais reported in Chapter 4 and the methodology which was
developed scales the index values for al durations from the daily value, which is estimated as
afunction of site characteristics using regionalised relationships. The procedures devel oped are
summarised in Chapter 5 and comparisons between design rainfalls estimated using the
procedures developed in this study and previous studies are presented.

A secondary objective of this project was to review practices and research trends in techniques
for design flood estimation, both in South Africaand internationally. In addition, the use of both
aregionalised index flood and a continuous simulation modelling approaches for design flood
estimation was to be evaluated for application in South Africa.

Recent reviews of approaches to design flood estimation are contained in Cordery and Pilgrim
(2000), Smithers and Schulze (2001a) and in Chapter 6 of this report. These indicate that,
relative to other countries, little new research into techniques for design flood estimation has
been conducted in South Africasincetheearly 1970sand that the methodol ogiesused in practice
in South Africarequire updating and refinement.

Part B of this document focusses on design flood estimation and contains the results of work
undertaken as part of thisstudy. Chapter 6 containsabrief overview of methodol ogies currently
used to estimate design floods both in South Africaand internationally and presents perceived
deficiencies in the techniques currently used to estimate design floods in South Africa. In
addition, research needs to improve the estimation of design floods in South Africa are
identified. The use of continuous simulation modelling for design flood estimation, which is
finding increasing support internationally, isillustrated by means of case studiesin the Mgeni
and Sabie River catchments. The use of regional approachesto improvethereliability of design
estimatesisillustrated in Chapter 7 by a case study of the application of an index flood based
approach to design flood estimation in KwaZulu-Natal. Chapter 8 contains adiscussion of the
contents of thisdocument and draws some conclusions while Chapter 9 liststhe references used
in this study.



PART A

ESTIMATION OF DESIGN RAINFALL IN SOUTH AFRICA:
THEORY




CHAPTER 2

A REVIEW OF REGIONAL APPROACHESTO DESIGN
RAINFALL ESTIMATION IN SOUTH AFRICA

Numerousregional and national scale studiesin South Africahavefocused on estimating design
rainfalls for durations < 24 h. These include those of Vorster (1945), Woolley (1947), SAWB
(1956), Reich (1961), Reich (1963), Bergman and Smith (1973), SAWB (1974), Adamson
(1977), Alexander (1978), Midgley and Pitman (1978), Van Heerden (1978), Henderson-Sellers
(1980), Schulze (1980), Adamson (1981), Sinske (1982), Op Ten Noort (1983), Schulze (1984),
Weddepohl et al. (1987), Weddepohl (1988), Smithers(1996), Smithersand Schul ze (2000a) and
Alexander (2001). Studiesin South Africawhich have estimated design rainfalls for durations
of one day and longer include those by SAWB (1956), Schulze (1980), Adamson (1981),
Pegram and Adamson (1988) and Smithers and Schulze (2000b). With the exception of the
research by Smithersand Schulze (2000a; 2000b), theother studieshaveall utilised point design
rainfall values using at-site data only and no regionalisation was performed in an attempt to
increasethereliability of thedesignvaluesat gauged sitesand for the estimation of design values
at ungauged sites.

Regional frequency analysis assumes that the standardised variate has the same distribution at
every sitein the selected region and that data from aregion can thus be combined to produce a
singleregional rainfal, or flood, frequency curvethat isapplicableanywherein that region with
appropriate site-specific scaling (Cunnane, 1989; Gabriele and Arnell, 1991; Hosking and
Wallis, 1997). This approach can then also be used to estimate events at ungauged sites where
no rainfall or runoff data exists at the site (Pilon and Adamowski, 1992).

In nearly all practical situations aregional method has been found to be more efficient than the
application of an at-site analysis (Potter, 1987). This view is also shared by both Lettenmaier
(1985; cited by Cunnane, 1989), who expressed the opinion that “regionalisation is the most
viable way of improving flood quantile estimation”, and by Hosking and Wallis (1997) who,
after a review of recent literature, advocate the use of regional frequency analysis based on the
belief that a“well conducted regional frequency analysiswill yield quantile estimates accurate
enough to be useful in many realistic applications’. Where dlight statistical heterogeneity exists
within a region, regional analysis yields more accurate design estimates than at-site analysis
(Lettenmaier and Potter, 1985; Cunnane, 1989; Hosking and Wallis, 1997). Even in
heterogenous regions, regional frequency analysismay still be advantageousfor the estimation
of extreme quantiles (Cunnane, 1989; Hosking and Wallis, 1997).

Theextrapolation to return periods beyond the record length introduces much uncertainty which
can be reduced by regionalisation procedures, which relate the observed rainfall or flood at a
particular site to a regional response (Ferrari et al., 1993). Nathan and Weinmann (1991)
illustrate the effect of record length on quantile estimates and show that the combined at-
site/regional estimates are far more robust in relation to length of record than those based only
on at-site data, particularly when only short record lengths are available.



Regional approaches are not new in frequency analysis and many different techniques are
available. Thedevelopment of aregional index-flood type approach to frequency analysisbased
on L-moments (Hosking and Wallis, 1993; 1997), termed the Regional L-Moment Algorithm
(RLMA), has many reported benefits and has been used successfully by Smithers and Schulze
(2000a; 2000b) to estimate short (< 24 h) and long (1 to 7 day) duration design rainfall in South
Africa. The following section summarises the regional approach adopted in these studies.

21 Regional L-Moment Algorithm

Hosking and Wallis (1993; 1997) developed aregional frequency analysis procedure based on
L-moments. While being similar to ordinary product moments, the purpose of L-momentsisto
summarise theoretical probability distributions and observed samples (Vogel et al., 1993a).
Hence, L-moments can be used for parameter estimation, interval estimation and hypothesis
testing. L-moments have several important advantages over ordinary product moments (V ogel
et al., 1993b). In order to estimate the sample variance and sample skewness, ordinary product
moments require the squaring and cubing of the observations respectively. Sample estimators
of L-moments are linear combinations of the ranked observations and do not require squaring
and cubing of the observations. Thus L-moments are subject to less bias than ordinary product
moments (Wallis, 1989; Pearsonet al., 1991; Vogel et al., 1993a; Karim and Chowdhury, 1995).

Anindex storm approach assumes that within ahomogeneous region the frequency distribution
of observations from all the sites in the region are identical, apart from a site-specific scaling
factor. Assuming that N sitesform ahomogeneous cluster, with sitei having arecord length n;,
sample mean |, and sample L-moment ratiost®, t,0, t,9, then the regional average L-moment
ratiost?, t.7, t,%, which are weighted in proportion to the sites’ record length, are computed as:

N

N
tR=> nt"/) n .1
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i=1
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th=) nt"/
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=

The regional average mean is set to 1 (i.e. I,® = 1) and the selected distribution is fitted by
equating the theoretical L-moment ratiosto 1,®, t7, t;% t,% calculated in Equations 1 and 2. As
shown in Equation 3, the quantile, with non-exceedance probability F, may be estimated by
combining the quantile function of thefitted distribution (g ), commonly referred to asagrowth

curve, with the at-site mean.

Q (F) = 19G(F) .3

The strength of regional frequency analysis using the RLMA isthat it is useful even when not
all of its assumptions are satisfied (Hosking and Wallis, 1997). The RLMA has many reported
advantages, including robustness, and is relatively simple to apply. Routines obtained from
Hosking (1996) were utilised for theidentification of discordant stations, testing of clustersfor
homogeneity and for the implementation of the RLMA in South Africa.



The identification of homogeneous regions is usually the most difficult of all the stagesin a
regional frequency analysis and requires the most subjective judgment (Hosking and Wallis,
1997). This step aims at forming groups, or clusters, of sites that are approximately
homogeneous, i.e. the frequency distribution at each site within the cluster is nearly identical,
apart from a site-specific scale factor.

Data available for the formation of regions are site statistics (quantiles calculated from
measurements) and site characteristics such as latitude, longitude, elevation, mean annual
precipitation (MAP) and other rainfall characteristics. Hosking and Wallis (1997) recommend
that the site characteristics, and not the site statistics, be used for regionalisation. The at-site
statistics should be used for independent testing of proposed homogeneous regions. Some
statistics (e.g. MAP, rainfall seasonality) which are estimated from measurements may be
included in the site characteristics, provided that the statistics are not too highly correlated with
thevariable of interest. Thisapproachwould also enablethe estimation of quantilesat ungauged
sites where site characteristics are available.

Theresultsfrom the application of the above methodology in South Africafor durations < 24 h,
using digitised rainfall data, and for 1 to 7 day durations, using daily rainfall, is summarised in
the following section.

2.2 Application of Regional L-Moment Algorithm in South Africa

The RLMA has been applied to estimate design rainfallsin South Africaand full details of the
theory and methodol ogy adopted are contained in Smithers and Schulze (2000a; 2000b).

221 Datautilised

Smithers and Schulze (2000a) utilised digitised rainfall data from 172 sites in South Africa,
which have at least 10 years of record, to estimate short duration design rainfall. Asillustrated
by Smithers (1993) and Smithers and Schulze (2000a), many of the digitised rainfall data are
viewed as unreliable as many errors in the digitisation process are evident in the data. In
addition, comparisons between the 24 hrainfall totals, computed from the digitised rainfall data,
and daily rainfall, as measured at 08:00 every day using standard non-recording raingauges at
the same site, indicated numerous significant discrepanciesin the two values. Hence, Smithers
and Schulze (2000a) utilised the scaling characteristics and stochastic modelling of the rainfall
process to complement the regional approach to design rainfall estimation for durations < 24 h.
The approach adopted in this study to overcome the deficienciesin the digitised rainfall datais
to utilise, asfar as possible, the more abundant and reliable daily rainfall data which generally
have longer record lengths than the digitised rainfall data.

Data from 1806 rainfall stations in South Africa which have at least 40 years of quality
controlled daily records were utilised by Smithers and Schulze (2000b) to estimate design
rainfalls for 1 to 7 day durations in South Africa. Details of the regionalisation procedure are
contained in the following section.



2.2.2 Identification of homogeneous clusters

Regionalisation of sites using only site characteristics was performed by cluster analysis. The
most subjective aspect of the RLMA isthe cluster analysis and it may be necessary to relocate
sitesor create new clusters subjectively, but based on geographical and physical considerations
(Hosking and Wallis, 1997). In the cluster analysis, avector of site characteristicsis associated
with each siteand standard multivariate statistical analysisisperformed to group sitesaccording
the similarity of the vectors (Hosking and Wallis, 1997).

The site characteristics used in the cluster analysis were latitude (°), longitude (°), atitude (m),
a monthly index of the concentration of precipitation (%), MAP (mm), an index of rainfall
seasonality (category) and distance from sea (m). The regionsidentified in the cluster analysis
of site characteristics were tested for homogeneity using a heterogeneity test developed by
Hosking and Wallis (1993), which compares the between-site variability (dispersion) of L-
moments with that which would be expected for ahomogeneous region. The distribution of the
15 relatively homogeneous short duration rainfall clusters identified by Smithers and Schulze
(2000a) are shown in Figure 1 and the 78 long duration rainfall clustersidentified by Smithers
and Schulze (2000b) are shown in Figure 2.

2.2.3 Growth curves

The General Extreme Vaue (GEV) distribution was determined to be the most appropriate
distribution to use for design rainfall estimation in South Africa (Smithers, 1996; Smithers and
Schulze, 2000a; 2000b). Growth curves, which depict the relationship between a growth factor
(ratio of design storm and an index storm) and return period, were derived for each cluster and
for durationsranging from 15 minutesto 7 days. Examplesof growth curveswith their 90% error
bounds are shown in Figure 3. The mean of the Annual Maximum Series (AMS) was utilised as
the index storm. Hence, in order to estimate design rainfall depths at an ungauged location, it
is necessary to estimate the mean of the AMS for the required duration at the desired location.

2.3 Assessment of Regional ApproachestoDesign Rainfall Estimation in South Africa

Thestudy by Smithersand Schul ze (2000a) to estimatedesignrainfallsfor <24 hwasundertaken
and completed beforethe project to estimate 1 to 7 day designrainfallswasinitiated. Atthetime
that the first project was proposed, it was deemed that the estimates of short duration design
rainfall required more urgent updating than the daily rainfall values. In retrospect, the studies
may have been more compatible had the daily design rainfall study, which utilised morereliable
data from alarger number of stations with longer record lengths available for analysis, been
undertaken first. Subsequent analyses highlighted inconsistenciesin the growth curves derived
from the two studies. Thisissueis addressed in the following chapter.
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Figure 1 Distribution of 15 clusters of relatively homogeneous extreme short duration (< 24 h)

rainfall in South Africa (Smithers and Schulze, 2000a)
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CHAPTER 3

INCONSISTENCIESIN GROWTH CURVESDERIVED
FROM DIGITISED AND DAILY DURATION RAINFALL DATA

Growth curves for durations < 24 h were derived by Smithers and Schulze (2000a) using
digitised rainfall data and for durations > 24 h by Smithers and Schulze (2000b) using daily
rainfall data. Asillustrated in Figure 4 for alocation in South Africa which has membership of
short duration Cluster 9 and long duration Cluster 4, the use of the different databases results
ininconsistenciesin the growth curvesfor the 24 h duration. It isexpected that the design values
for the 24 h duration derived from the digitised data, which utilises a dliding 24 h window to
extract the AM S from continuously recorded rainfall data, should exceed the value computed
from the daily data, which utilises afixed 24 h window to extract the AM S from data recorded
at fixed 24 hintervals. For the example shown in Figure 4, the 24 h 100 year return period event
computed using the growth curve derived from the daily rainfall data would exceed the design
rainfall computed using the growth curve derived from the digitised rainfall data. Short duration
rainfall Cluster 9 consists of 24 sites each with at least 10 years of record and the long duration
Cluster 4 consists of 39 stations each of which has at least 40 years of record. Smithers and
Schulze (2000a) showed that the digitised rainfall data were frequently unreliable, which may
explain some of the inconsistencies outlined above.

Short Duration Cluster = 9 ; Long Duration Cluster = 4
3.00 + P 100 vear
250 e e 50 Year
S
% 2.00 20 Year -
L
= 10 Year
% 2 e R
5 5 Year
100 e e T e B P S By
2 Year
Digitised <> Daily
0.50 i —
1 10 100 1000 10000 100000
Duration (minutes)
Figure 4 Example of inconsistencies between growth curves derived
from digitised and daily rainfall datafor 2 to 100 year return

periods
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A largedegreeof scaleinvarianceisexhibited, particularly by the growth curves computed from
the daily rainfall datafor durations of 1 to 7 days, with arelatively constant growth factor for
each return period over arange of durations. However, the scaleinvariance of the growth curves
for durations < 24 his only clearly evident for return periods of < 20 years and generally for
durations> 2 h.

The parameters of the GEV distribution for the example shown in Figure 4 are presented in
Figure 5. Similar trends to those noted for the growth curves are evident for the parameters of
the GEV.

Short Duration Cluster = 9 ; Long Duration Cluster = 4
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Digitised «}» Daily
T e Sy Location”
=
‘>° e
o
GJ a ol
2 0.4
o
i Do s ————————
e B e
Shape
0.2 | | | |
1 10 100 1000 10000 100000
Duration (minutes)
Figure5 Example of inconsistencies between parameters of the GEV distribution

derived from digitised and daily rainfall data

The index value used in the RLMA is the mean of the AMS. Hence, the regional record length
weighted mean of the scaled AMSfor all stations in acluster is 1. The second and third order
L-moment ratios, i.e. L-CV and L-skewness of the AMS, are not affected by the scaling of the
AMS. The L-moment ratios are illustrated in Figure 6 for the short duration Cluster 4 and long
duration Cluster 9. The concept of scale invariance is further investigated in the following
section asameansto improvethereliability of the estimates of design rainfallsand to overcome
the inconsi stencies between the digitised and daily rainfall data.
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Figure 6 Example of inconsistencies between regional average scaled L-moment ratios

derived from digitised and daily rainfall data

31 Scale Invariance Characteristics of Rainfall Data

The scale invariance characteristics of both the digitised and daily rainfall dataareinvestigated
in this section.

3.1.1 Digitised rainfall data

Theregional L-moment ratios computed from thedigitised rainfall datafor the 15 short duration
clustersareshownin Figure 7. Generally, scaleinvariance of L-CV isacharacteristic displayed
in most clusters for durations ranging from as short as 10 minutes to 4 days. Exceptionsto this
trend are the ratiosin Clusters 2, 3, 7 and 8. More deviation from scale invariance was evident
and expected for L-skewness. It is noted that the trendsin L-CV and L-skewness for durations
shorter and longer than 24 h were similar and no distinct shiftsin L-CV and L-skewness are
evident between 24 and 48 h durations. Deviations from scale invariance for L-CV and L-
skewness are postul ated to be the result of either one, or acombination of, sampling variability,
some heterogeneity within a cluster and missing periods of data.
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312

Daily rainfall data

Theregional average L-moment ratios, computed from the daily rainfall data, for selected long
duration clusters are shown in Figure 8. From these examplesit isevident that scaleinvariance
of both L-CV and L-skewness with duration is a characteristic of daily rainfall for durations
ranging from 1to 7 daysin arange of climatic regimes. Deviationsfrom scaleinvariancefor L-
CV and L-skewness are postul ated to be the result of either one, or a combination of, sampling
variability, some heterogeneity within a cluster and missing periods of data.
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Figure 8 Regional average L-moment ratios vs durations for selected short duration

clusters located in different climate regions of South Africa



3.1.3 Slopeof L-moment ratio vsduration

The degree of scaleinvariance within the digitised and daily rainfall databasesisillustrated by
computing the slope of the relationship between the regional L-moment ratios and duration for
each cluster and for both databases. Durations ranging from 5 minutes to 24 h were used in
calculating the slope for the 15 short duration clusters and from 1 to 7 days for the 78 long
duration clusters. A frequency analysis of the 15 and 78 slopes for the second (L-CV) and third
(L-skewness) regional L-moment ratioswas performed and the resultsare shownin Figure9. A
scale invariance hypothesis assumes that the slope should be zero.
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Figure9 Frequency analysis of the slope of regional average L-moments vs duration

computed for short (Digitised) and long duration (Daily) rainfall clusters

The mean of the slopes of the relationship between the regional L-moment ratios and duration
for durations of 5 minutesto 24 h and for 1 to 7 days computed for the short and long duration
clusters respectively, are not significantly different from zero. Hence, it is postulated that the
variation in the slopes displayed in Figure 9 are the result of a combination of sampling
variability, some heterogeneity within the clusters and periods of missing data.

Rainfall events for durations longer than 1 day are computed by scanning the daily data
sequentially, with each day forming the beginning of apotential rainfall event. A day of missing
data will therefore form part of a number of events for durations longer than one day, each of
which includes the missing day within its' duration. Hence, a single day of missing data will
result in the exclusion of more longer duration than 1 day events, each of which may be a
potential extreme event. It istherefore postulated that the 1 day regional L-moment ratios are
more reliable than the average L-moments for durations longer than 1 day. Thus, based on the
assumption of scale invariance, the parameters of the GEV distribution fitted to the 1 day
regional average L-moment ratios may be used to estimate growth curvesfor durations ranging
from 1 to 7 days.
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Similarly, the deviations from scaleinvariance exhibited by the L-moment ratiosin some of the
15 short duration clusters are also postulated to be the result of sampling variability,
heterogeneity within the clusters, errorsand periods of missing digitised rainfall data. Asshown
in Figure 7, which is based on the digitised rainfall data, there are no jJumps or discontinuities
(inconsistencies) between rainfall for durations of 24 h and for durations longer than 24 h.
Hence, the regional L-moment ratios computed from the digitised and daily rainfall databases
should be consistent for 24 h durations. Based on these obervations, theinconsistencies between
the regional L-moments are assumed not to be an inherent characteristic of the rainfall and are
hypothesised to be caused by:

. the quality of the data, and
. the differing periods or records used in the analyses.

This hypothesisisinvestigated in the following sections.

Both short (< 24 h) and long (1 to 7 days) duration growth curves, which relate design rainfall
depths, scaled by the mean of the AMS, to return period, have been devel oped for South Africa
(Smithersand Schulze, 2000a; Smithersand Schulze, 2000b). Inconsi stencies between 24 h and
1 day growth curves, derived from digitised and daily rainfall respectively, havebeenillustrated.
In the derivation of these growth curves, the full period of available rainfall data were utilised,
resulting in differing periods of records used in the computation of the respective growth curves.
Growth curvesarederived using L-moment ratioscomputed fromthe observedrainfall data. The
objectives of the following sections are to:

. compare the L-moment ratios and derived growth curves for rainfall computed using
fixed time periods and sliding windows to extract the AMS, and to
. investigate the scaling properties of rainfall L-moment ratios with duration, using data

for concurrent periods of record for rainfall data recorded continuously and at fixed
24 htime intervals.

3.2 L-moment Ratios and Growth Curves Derived from Fixed and Sliding AMS

At selected stations which were deemed have reliable digitised rainfall data and which are
located in different geographic and climatic regions in South Africa, L-moment ratios were
computed from the digitised rainfall data by (i) sampling at fixed periods, as would be observed
at daily raingauges, and (ii) using asliding window. The results, shown in Figure 10, indicate
no systematic differencesin the either the L-CV and L-skewness of the fixed and sliding data.
This concurs with results obtained by Dwyer and Reed (1995) who could not discern any
systematic differences between higher order moments computed from annual maximaextracted
using fixed and sliding windows. Hence, it is concluded that growth curves derived from annual
maximaextracted using fixed and sliding windows should be equivalent. Differencesin the short
and long duration growth curves, as noted previously, are thus hypothesised to be attributed to
differences in the rainfall recorded in the digitised and daily rainfall data and to the different
periods of rainfall used to derive the growth curves. Details of the stations are listed in Table 1.
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Table 1 Locations and available rainfall record lengths for stations analysed in Figure 10

Station and Location Period of Years Climate MAP
Record of
Record (mm)
CP6 (Cathedral Peak) 1953-1985 32 | Summer rainfall, interior, mountainous 1046
N23 (Ntabamhlope) 1964-1995 29 | Summer rainfal, interior, plateau 900
SAL10 (LaMercy) 1983-1995 12 | Summer rainfall, coastal 937
Jn19A (Jonkershoek) 1945-1997 50 | Winter rainfall, mountainous 1095
Moko3A (Mokobulaan) | 1956-1984 27 | Summer rainfall, interior 1004
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Figure 10 Examples at selected sitesin different climatic regions of South Africaof L-
moment ratios and 2, 10 and 50 year return period growth curves derived from
annual maximum series extracted from digitised rainfall data using fixed (F)
and dliding (S) windows
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Figure 1

0 (cont)

Examples at selected sitesin different climatic regions of South Africa

of L-moment ratios and 2, 10 and 50 year return period growth curves
derived from annual maximum series extracted from digitised rainfall
data using fixed (F) and dliding (S) windows
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3.3 Scaling Properties of L-Moment Ratios and Growth Curveswith Duration

In order to examinethe scaling propertiesof L-moment ratiosand growth curves, growth curves
for individual stations were derived independently for all durations between 15 minutes and 7
days. Thus, the use of independent growth curves for each duration ensures that the design
rainfall estimates are consistent for individual durations. However, as shown in Figure 11 for
selected stations in different climatic regions of South Africa, considerable variations with
duration in both the growth curves and L-moment ratios are evident. The large variations
between durationsin the L-moment ratios, particularly in L-skewness, arenot evident in rainfall
data published, for example, by Dwyer and Reed (1995). These variations in the observed data
may be attributed to:

. The sampling variability
The variations are not the true characteristics of the rainfall data, but are an artefact
of the sample period and length of sample. This idea is explored in the following
section.

. Errorsin the digitised rainfall data
It is possible that missing periods in the digitised rainfall data may have some
influence on the AM S for various durations, and hence result in the variations in the
L-moment ratios with duration.

. Limitations in the resolution of measurement and processing of autographically

recorded rainfall data

The finest resolution of the rainfall data recorded autographically and retrieved at
weekly intervals is approximately 15 minutes. Hence, the digitised values for
durations shorter than 15 minutes are associated with a lower degree of confidence
and any variationsin the L-moment ratios for durations shorter than 15 minutes may
be attributed to the resolution in the analysis of chart recorded rainfall.

34 Sampling Variability of Rainfall Data

The sampling variability of the annual maximum rainfall series was estimated using three
approaches. Thefirst considered windows of data extracted from the entire period of record, the
second utilised stochastic modelling of therainfall process and the third approach implemented
a bootstrapping technique.

34.1 Approach 1: Use of windows of observed data

Thevariability of L-CV and L-skewness with sample period and record length was established
by computing these higher order statistics from the following periods of observed record:

the full period of record,

the first third of the record,

the second third of the record,

the last third of the record,

the first two-thirds of the record, and
the second two-thirds of the record.
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Variations of L-moment ratios and 2, 10 and 50 year return period growth

curves with duration at selected sitesin different climatic regions of South
Africa (‘S indicates sliding window used to extract AMYS)
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For the stationslisted in Table 1, the L-CV and L-skewness are depicted in Figure 12 for the 6
periods listed above. It is evident that there is considerable variation over the durations
considered, particularly in L-skewness, which is more apparent at stations with shorter record
lengths (e.g. SAL10).
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selected stations in different climatic regionsin South Africa
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selected stations in different climatic regionsin South Africa

Thus six estimates of L-CV and L-skewness were computed, based on different periods and
record lengths as shown in Figure 12, and used to establish confidence intervals as shown in
Equation 4. The use of Equation 4 assumes that the values are distributed normally. The 95 %
confidence interval calculated using Equation 4 are depicted in Figure 13 for selected stations

in South Africa

yU n — yi t X %/ 4
where

Yoo = upper and lower limit of confidence interval,

y = mean of statistic,

t = Student'st, and

s = standard deviation of statistic.
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Included in Figure 13 is the mean (MEAN) of the 6 values computed for varying periods and
record lengths, the statistic computed using the full observed record (Full Rec), the 95%
Confidence Intervals (Cl) and the moment computed using fixed 1 day intervals, i.e. as would
be computed from daily rainfall data. It has already been established that there are no systematic
trends in the moments computed using fixed and sliding windows and the differencesin Figure
13 between the 1 day and 24 h value are the result of sampling variability. It isevident in Figure
13 that at most stations and generally for durations > 15 minutes, both the 1 day L-CV and
L-skewness (i.e. as would be computed from daily rainfall data) fall within the computed 95%
confidenceinterval. Anexceptiontothisgeneralisationis Station SAL 10, theanalysisof which
isbased on only 12 years of record and where the 1 day valuesfor L-CV fall outside of the 95%
confidence interval for durations < 120 minutes.

3.4.2 Approach 2: Use of stochastic rainfall series

Smithers (1998), Smithers and Schulze (2000a) and Smithers et al. (2002) evaluated the
performance of Bartlett-L ewis Rectangular Pulse (BLRP) rainfall modelsfor estimating design
rainfalls in South Africa. Their results indicate that BLRP models, and in particular the
modification which modelled rainfall intensity with an exponentia distribution (Onof and
Wheater, 1994) and which is termed the Bartlett-L ewis Rectangular Pulse Gamma (BLRPG)
model, was shown to be able to reproduce the characteristics of observed rainfall and extreme
events reasonably well for durations ranging from 1 hto 24 h.

The BLRPG model was used in this study to simulate 100 synthetic seriesof rainfall, each equal
in length to the observed period of record. For each series and for durations ranging from 15
minutesto 7 days, the AM Swasextracted and L -momentsand L-moment ratioswere computed.
A frequency analysis of the 100 L-moments was performed and the 25th, 50th, 75th percentiles
and mean valueswereextracted. Thesevaluesare shownin Figures 14 to 16 for selected stations
in South Africa. Included in Figures 14 to 16 are the observed values, the simulated 25th and
75th percentiles indicated as |-beams, the mean of the simulated series and a series (Sim 24h)
which assumes that the 24 h value is applicable to all durations, i.e. the assumption of scale
invariance. Asevident in Figure 14, the BLRPG model simulated the mean of the AMS well at
most locations considered, although there appears to be some consistent bias at Jnk19A. As
shown in Figure 15, the inter-quartile range of L-CVs of the rainfall series ssmulated by the
BL RPG model encompassthe 24 h valuefor durationsranging from 60 minutesto at least 2 days
at most stations considered. An exception isnoted at Moko3A wherethereisamarked decrease
in L-CV of the simulated series for durations < 240 minutes. At all stations considered, and as
shown in Figure 16, the inter-quartile range of L-skewness of the synthetic rainfall series
simulated by the BLRPG include the 24 h valuefor durationsranging from 15 minutesto at | east
7 days.
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Figure 13 L-moment ratios and 95% confidence intervals (Cl) computed using observed
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South Africa

Therange of L-CV is(0,1) and for L-skewnessis (-1,1). Hence, the range of variation in these
values with duration as shown in detail in Figures 15 and 16 is relatively small. These results
indicate that, assuming the BLRPG model to be able to reproduce the rainfall characteristics
realistically, the assumption of scaleinvariance (i.e. that the 24 h L-CV and L-skewness can be
used for durations < 24 h) appears to be plausible.

29



CP6 N23
120

m

[

o

o
1

80

Mean of AMS (mm)
[}
Q

40+
20+
0
15 60 240 600 1200 4320 8640 15 60 240 600 1200 4320 8640
Mean of AMS (mm) Duration (minutes)
—=- Obs —+ Mean (sim) —= Obs —+ Mean (sim)
Moko3A Jnk19A
200
—~140 o
€120+ E£150-
g 100+ g 1
< <€ 100+
© ©
g g
g S 504
= =
) o=
15 60 240 600 1200 4320 8640 15 60 240 600 1200 4320 8640
Duration (minutes) Duration (minutes)
—=— Obs —— Mean (sim) —= Obs —— Mean (sim)

Figure 14 Observed and simulated mean of AMS at selected rainfall stations in South
Africa (I-beams indicate inter-quartile range of simulated values)
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Figure 16 Observed and simulated L-skewness at selected rainfall stationsin South
Africa (I-beams indicate inter-quartile range of simulated val ues)

3.4.3 Approach 3: Use of bootstrapping

The bootstrapping algorithm described by Adamson et al. (1984) and Zucchini and Adamson
(1989) was utilised to estimate the sampling variability of the L-moment ratios and hence the
errorsin the growth curves, based on the assumption of scale invariance. One thousand random
samplesextracted from the AM Swere used to estimate the 90 % confidenceintervals. Theseare
illustrated in Figure 17 for Raingauge N23.
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Asexpected and evident in Figure 17, the mean of the 1000 bootstrapped samples (bs) correlates
well with the mean of the AM S extracted from the observed data (obs). In addition, at Raingauge
N23, both the 24 h L-CV and 24 h L-skewness fall within the 90% confidence interval for
durations ranging from 10 minutesto 7 days. Hence, the 24 h growth factors also generally fall
within the 90% growth factor confidence intervals for a wide range of durations, as shown for
the 2 and 50 year return period rainfallsin Figure 17.
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The results of a similar analysis at Cathedral Peak are contained in Figure 18, where the
assumption of scaleinvarianceisvalid for durations ranging from 30 minutesto 7 days, i.e. the
24 h L-CV and L-skewness, and hence the growth factors for return periods < 200 years, fall
within the 90% confidence interval for durations ranging from 30 minutes to 7 days.
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Figure 18 90% Confidence limits for L-moment ratios, 2 and 50 year return period
growth factors established from 1000 bootstrapped samples at Raingauge CP6
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Theresultsfor Raingauge C182 at Cedaraare contained in Figure 19. Considerable variationin
both L-CV and L-skewness with duration is evident at C182 and the assumption of scale
invariance is not valid there for durations ranging from 30 minutesto 7 days.
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Figure 19 90% Confidence limits for L-moment ratios, 2 and 50 year return period
growth factors established from 1000 bootstrapped samples at Raingauge
C182 (Cedara)
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However, asshown in Figure 20, the assumption of scaleinvarianceisgeneraly valid at Cedara
over awide range of durations when the data from the September 1987 extreme rainfall event
are excluded from the analysis.
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Figure 20 90% Confidence limits for L-moment ratios, 2 and 50 year return period
growth factors established from 1000 bootstrapped samples at Raingauge
C182 (Cedara), with outliers excluded
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Theresultsof theanalysisat SAWS Raingauge 0240808 at Durban International Airport, based
on 35 years of record, are contained in Figure 21. Although thereis anincrease of L-CV with
duration and the 24 h L-CV fallsoutside of the 90% confidenceintervalsfor durations< 2 h, the
growth factors for the 2 and 50 year return periods generally fall within their 90% confidence
interval for durations > 30 minutes. Similar results were obtained using data from Mount
Edgecombe and La Mercy, both with 17 years of data.
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Figure 21 90% Confidence limits for L-moment ratios, 2 and 50 year return period
growth factors established from 1000 bootstrapped samples at Raingauge
0240808 (Durban International Airport)
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Theresultsfor SAWS Raingauge SAWB 0059572at East L ondon, based on 50 years of record,
are contained in Figure 22. The 24 h L-CV exceeds the 90% confidence limits for durations <
2 h, but both the 2 and 50 year return period 24 h growth factors generally fall within the 90%
confidence intervals for durations ranging from 30 minutes to 7 days.
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Figure 22 90% Confidence limits for L-moment ratios, 2 and 50 year return period

growth factors established from 1000 bootstrapped samples at Raingauge

0059572 (East London)

38



The results for SAWS Raingauge 0035179 with 52 years of record at Port Elizabeth are
contained in Figure 23. The 24 h L-CV exceeds the 90% confidence limits for durations < 15
minutes, but both the 2 and 50 year return period 24 h growth factors fall within the 90%
confidence intervals for durations ranging from 15 minutesto 7 days.
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Figure 23 90% Confidence limits for L-moment ratios, 2 and 50 year return period
growth factors established from 1000 bootstrapped samples at Raingauge
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The results for Raingauge Jnk19A with 54 years of record at Jonkershoek (Western Cape) are
contained in Figure 24. Although the L-CV falls outside of the 90% confidence limits for
durations ranging from 2 to 6 h, the 2 and 50 year return period growth curve generally fall

within the 90% confidence for most durations.
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The results for SAWS Raingauge 0290468 with 41 years of record at Kimberley are contained
in Figure 25. Again, the 24 h L-CV falls outside the 90% confidence limits over awide range
of durations. The variation of L-CV and L-skewness with duration resultsin large variationsin
the growth curves with duration which, when combined with mean of the AMS for individual
duration, resultsin adecrease in design rainfall depths for longer durations. Similar results are
obtained from the estimation of design rainfalls for the individual durations directly from the
observed data. This clearly indicates a problem with the digitised rainfall data.
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Figure 25 90% Confidence limits for L-moment ratios, 2 and 50 year return period
growth factors established from 1000 bootstrapped samples at SAWS
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Theresults for Raingauge Moko3A which has 27 years of record at Mokobulaan are contained
in Figure 26. Both the 24 h L-CV and 24 h L-skewness fall within the 90% confidence limits
over awide range of durations. Thusthe 2 and 50 year 24 h growth curves generally fall within
the 90% confidence limits for durations > 30 minutes.
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Figure 26 90% Confidence limits for L-moment ratios, 2 and 50 year return period
growth factors established from 1000 bootstrapped samples at Raingauge
Moko3A (Mokobulaan)

For the stations considered, which are located in different climatic regionsin South Africa, the
assumption of scale invariance and the use of the 24 h duration growth curve, which is assumed
to be the most reliable, can be reasonably confidently applied to durations ranging from 30
minutes to 7 days. Although some exceptions to this assumption are evident (e.g. Kimberley),
the autographically recorded data from these sites appear to be suspect. At some sites the
removal of asingle outlier event (e.g. at C182) improved the validity of scale invariance at the
site.
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Where changes in the trends of the L-moment ratios with duration are evident (e.g. at Jnk19A
and Kimberley), the design rainfalls computed from the observed data for individua durations
occasionally decrease with longer durations. Again, this clearly indicates poor and inconsistent
data.

3.4.4 Errorsin growth curvesusing a scaleinvariance approach

Based on the assumption of a scale invariance approach and that the 24 h growth factor is the
most reliable value asit can be estimated fromthe daily rainfall database, Figure 27 containsthe
results of the differences between the D h and 24 h duration growth factors for selected sitesin
South Africa. At the sites considered, the differences between the D h and 24 h duration growth
factors for return periods of up to 100 years are generally less than 20% for durations > 15
minutes. Exceptionsto thisgeneralisation are evident at Kimberley and Jnk19A, where the data
are considered to be suspect, as explained previoudly.

35 Other Evidence

Burlando and Rosso (1996) developed a distribution free framework for scaling DDF curves
which assumed that the coefficient of skewness and coefficient of kurtosis are invariant with
duration. Menabde et al. (1999) tested the scaling concepts on rainfall data from two stations,
one in New Zealand and the other in South Africa, and concluded that simple scaling was
applicable at both sites and postul ated that the scaling exponent was related to the local climate.

Durrans and Brown (2000) revised design rainfall values for Alabama, USA, for durations
ranging from 15 minutes to 48 hours and they constrained the L-CV and L-skewness for all
durations to be constant at a site.

3.6 Chapter Conclusions

Based on the above evidence it is concluded that:

. There are no systematic differences between higher order L-moment ratios for annual
maximum series extracted using fixed and sliding windows. Hence, the differencesin
the short and long duration growth curves are attributed largely to the different periods
and length of record used in the analyses and to a lesser extent to the errors in the
digitised rainfall data.

. It isevident that thereis considerable variation with duration in observed higher order
L-moments. Thisis associated with the sampling variability and length and period of
record.

. Themost reliabl e estimates of the L-moment ratios are computed fromthedaily rainfall
datawhich are more abundant and have longer record lengths than the digitised rainfall
data.

. For durations ranging from 60 minutesto 2 days, both the 24 h L-CV and L-skewness,
computed from rainfall seriessimulated by the BLRPG model, generally fell withinthe
inter-quartilerange at most locations considered. Thevariability of thesimulated L-CV
and L-skewness with duration is relatively small.
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. For durations > 15 minutes, the 1 day L-moment ratios generally fell within the 95%
confidence intervals computed for each duration from the observed digitised rainfall
data.

. For durations ranging from 30 minutesto 7 days, the 1 day L-moment ratios generally
fell within the 90% confidenceintervals computed for each duration from the observed
digitised rainfall data using a bootstrapping technique.

It is thus concluded that the 1 day L-moment ratios, and hence growth curves, are the most
reliable estimate of the L-moment ratios for all durations. Design rainfall estimates for all
durations may thus be estimated asthe product of the 1 day growth curvesand an estimate of the
mean of the AMS (index value) for the duration in question. The methodology developed for
estimating the mean of the AM S at ungauged location in South Africais detailed in Chapter 4.
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Figure 27 Differencesin 24 h and D h growth curves, expressed as percentage of the D h
value at selected stationsin different climatic regions of South Africa
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Figure 27 (cont) Differencesin 24 h and D h growth curves, expressed as percentage of

the D h value at selected stations in different climatic regions of South
Africa
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CHAPTER 4

ESTIMATION OF THE MEAN OF THE ANNUAL MAXIMUM SERIES
AT UNGAUGED LOCATIONSIN SOUTH AFRICA

4.1 Estimation of the Mean of the 1 Day AMS

The regional growth curves developed for each of the 78 relatively homogeneous clusters, as
shown in Figure 2, were scaled by the mean of the 1 day AMS (L_1,,). Hence, in order to
estimatethe 1 day design rainfall valuesat an ungauged site, it isnecessary to estimate the mean
of the AMS at the required location.

4.1.1 Generalised relationships

As shown in Figure 28 for daily rainfall datafrom 1 806 stations which have at least 40 years
of record, astrong correlation (R? = 0.72) exists between the mean of the 1 day AMS and Mean
Annual Precipitation (MAP). Therelationship between the median of the1 day AMSand MAP
was very similar with, R? = 0.71. The values of MAP used in Figure 28 were derived from a
study by Dent et al. (1987).

160

MS (mm
N
o
\

Mean of 1 day

0 T T T T
0 500 1000 1500 2000 2500
MAP (mm)

Figure 28 Relationship between the mean of 1 day AMS and MAP (from
Dent et al., 1987) for 1 806 stations in South Africawhich
have at least 40 years of observed daily rainfall record
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It has been shown in previous studies, for example by Smithers and Schulze (2001b), that the
MAP values mapped by Dent et al. (1987) may be erroneous at somelocations. MAP valuesfor
each of the sites were thus also derived using the observed record which had missing daily
rainfall datainfilled using the Expectation Maximisation Algorithm (Smitherset al., 1999). The
relationship between the mean of the 1 day AM S and the concurrent “ observed” MAP isshown
in Figure 29. The mean of the 1 day AM S has a dlightly stronger correlation with the observed
MAP values (R? = 0.73) compared to the MAP values (R? = 0.71) derived from Dent et al.
(1987). Thisis not unexpected, as the mean of the 1 day AMS and observed MAP values were
derived using the same period of record which had missing and outlier valuesinfilled using the
EMA, whereas the MAP values derived by Dent et al. (1987) excluded missing daily rainfall
values and were computed using ashorter period of record. Hence, statistics computed from the
same data as used in the calculation of the mean of 1 day AMS values were used in the
regression analyses.

Mean of 1 day AMS (m

0 500 1000 1500 2000
MAP (mm)

Figure 29 Rel ationship between the means of 1 day AMS and MAP (computed from the
observed data) for concurrent periods calculated using records from 1 806
daily rainfall stationsin South Africawhich have at |east 40 years of observed
record

The relationship between the mean of the 1 day AMS and MAP derived from stations in South
Africa which have at least 40 years of record is too general to be applied on aloca scale to
estimate the mean of the 1 day AMS. For example, at asitewithaMAP of 1500 mm, the mean
of the 1 day AM Svalue would be estimated as 110 mm, while the observationsindicate that the
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range of the mean of the 1 day AMS, for a MAP of 1500 mm, is from 80 mm to more than
140 mm. Clearly, thisrange indicates that growth curves re-scaled using the estimated mean of
the 1l day AMScouldresultinlargeerrorsindesignrainfall valuesat somelocations. Therefore,
regionalised relationships to estimate the mean of the 1 day AMS in South Africa were
developed. A spatia plot of theerror residual s between the observed and estimated means of the
1 day AMS values, as shown in Figure 30, indicates strong regional differences where the
generalised equation to estimate the mean of the 1 day AM S asafunction of only MAP does not
perform adequately.

4.1.2 Regionalised relationships

For each of the 78 relatively homogenous daily rainfall clusters identified by Smithers and
Schulze (2000b), the average of the site characteristics (latitude, longitude, MAP, altitude,
distance to sea, concentration and seasonality of rainfall) of all rainfall station sites making up
the cluster were computed. In addition, an index of rainfall intensity (XINDEX) was computed
using Equation 5 and values from individual sites were averaged for each cluster.

XINDEX = MAP )
100- PPTCONC
where
PPTCONC = index of concentration of monthly rainfall asdefined by Markham

(1970) and mapped for South Africa by Schulze (1997).

Theaveragelatitude, longitudeand XINDEX site characteristicsfor each cluster werenormalised
and used in a cluster analysis to group clusters into regions which could be used establish
relationships between the mean of the 1 day AMSand MAP. An aternative approach would be
to derive relationships for each of the 78 clusters. This would result in 78 relationships which
may not be significant in clusters which have only afew daily rainfall stations.

A cluster analysis of these averaged site characteristics using Ward’s minimum variance
hierarchical algorithm (SAS, 1989), which tendsto form clustersof roughly equal size (Hosking
and Wallis, 1997), was performed. The number of clusterstoformissubjectiveand initially four
regionswereidentified. In regions where the regression rel ationships resulted in poor estimates
of the mean of the 1 day AMS, further subdivision of regions was performed using a similar
cluster analysis. Thisresulted in 6 regions being identified, the locations of which are shownin
Figure 31. Further subdivision into more clusters did not markedly improve the Predicted
Residual Sum of Squares (PRESS) statistic for the estimation of the mean of the 1 day AMS. A
gpatial plot of the error residuals between observed and estimated means of the 1 day AMS, as
shown in Figure 32, indicates a significant improvement in the estimation of the mean of the 1
day AMS compared to using a single regression for the entire country.
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The correlation matrix between site characteristics which could potentially be used as
independent variablesto estimate the mean of the 1 day AMSisshown in Table 2. Some degree
of correlation exists between MAP and longitude, between latitude and distance from sea,
between | atitude and concentration of rainfall and between altitude and concentration of rainfall.
Hence three model swere considered to estimate the mean of the 1 day AM Swith the following
independent variables:

Model 1. MAP, latitude, altitude and seasonality,
Mode 2: MAP, distance from sea, altitude and seasonality, and
Model 3: MAP, concentration of rainfall, altitude and seasonality.

Table2 Correlation matrix between site characteristics of raingauge | ocationswhich have more
than 40 years of record in South Africa

MAP | Latitude | Longitude | Altitude | Distance | Concentration | Seasonality | XINDEX
from sea of rainfall

MAP 1.00 0.07 0.40 0.00 0.06 0.00 0.12 0.10
Latitude 1.00 0.37 0.18 0.43 0.60 0.06 0.08
Longitude 1.00 0.08 0.02 0.07 0.00 0.00
Altitude 1.00 0.35 0.27 0.08 0.12
Distance 1.00 0.48 0.09 0.14
from sea

Concentration 1.00 0.05 0.38
of rainfal

Seasonality 1.00 0.20
XINDEX 1.00

Based on the summed PRESS statisticsfor the 6 regions, with independent variablesretained in
themodel if significant at the0.1level, Model 1 wasfound to bethe best model. Seasonality was
found not to be a significant independent variable in any of the regions. The derived intercept
and coefficients determined using multiple regression analysis are contained in Table 3.

Correlation between independent variables can lead to unstable and unreliable regression

coefficients (Hirsch et al., 1993). Hence, the Variance Inflation Factor (VIF), as defined in
Equation 6, isincluded in Table 3.

VIF; =

2
1—rJ-

where
VIF,

2
I

variance inflation factor for j-th independent variable, and
coefficient of determination of regression of j-th independent variableon
all other independent variables.
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According to Hirsch et al. (1993) an idea VIF, isl and a value of VIF; > 10 could result in
“serious problems” in the regression equations. As indicated in Table 3, the selection of
independent variables appears to be adequate with the maximum VIF; < 3. Ordinary Least
Squares (OL S) were used in the regression analyses.

Table 3 Intercept and regression constants derived to estimate the mean of the 1 day AMSin
South Africafor six regions shown in Figure 31

Region 1 2 3 4 5 6
Number of sites 596 173 137 264 234 343
R? 0.81 0.90 0.79 0.85 0.71 0.82
Intercept Parameter 81.2180 [138.6769 [-36.2028 [122.6264 |38.3667 |75.4432
SE 24193 | 13.3008 | 20.7785 | 6.9071 | 2.1599 | 3.3459
MAP Parameter 0.0334 [ 0.0683 | 0.0464 | 0.0609 | 0.0466 | 0.0484
SE 0.0018 | 0.0026 | 0.0026 | 0.0019 | 0.0024 | 0.0020
Variance Inflation 2.67 1.42 1.42 1.00 1.01 1.35
Latitude Parameter -1.4447 | -3.4343 | 1.6616 | -3.1778 | 0.0000 | -1.6015
SE 0.0689 [ 0.3788 | 0.6329 [ 0.2684 n/a| 0.1007
Variance Inflation 175 142 176 112 n‘a 135
Altitude Parameter -0.0041 | 0.0000 [ 0.0077 | -0.0143 [ -0.0107 | 0.0000
SE 0.0007 nfa| 0.0020 | 0.0012 | 0.0009 n/a
Variance Inflation 1.72 n/a 1.35 112 1.01 n/a

Inanumber of regions (1, 2, 5 and 6) the regression rel ationshi pstended to overestimate smaller
values of the mean of the observed 1 day AMS and underestimate the larger values of the mean
of the observed 1 day AMS found within a region. Further investigation indicated that these
sites, from the perspective of estimating the mean of the 1 day AMS, seem to fit better with an
adjacent cluster, which has a different regional membership to the site in question. Hence,
although the distribution of the scaled annual maximum series at al the sites which form a
particular cluster are relatively homogeneous, the relocation of some sitesto different clusters
may have resulted in improved estimates of the mean of the 1 day AMS. However, it is
postulated that the results obtained do not warrant the added complexity of sites having a
different cluster membership for the estimation of growth curves and for the estimation of the
mean of the 1 day AMS. The influence of the errorsin the estimated means of the 1 day AMS
on design rainfall is presented in Section 4.1.6.
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4.1.3 Revision of Region 3

The large prediction errors and large SE of the intercept for Region 3 resulted in this region
being subdivided into two regions, viz. Regions 3 and 7 asshown in Figure 33. Theresults of the
regression analysesin the 7 regions are contained in Table 4.

Table 4 Intercept and regression constants derived to estimate the mean of the 1 day AMSin
South Africafor seven regions shown in Figure 33

Region 1 2 3 4 5 6 7
Number of sites 596 173 62 264 234 343 75
R? 0.81 0.90 0.79 0.85 0.71 0.82 0.81
Intercept Parameter 81.2180 [138.6769 | 19.7865(122.6264 [38.3667 |75.4432 | 14.259
SE 2.4193 | 13.3008 15083 6.9071 | 2.1599 | 3.3459 2211
MAP Parameter 0.0334 | 0.0683 0.0583| 0.0609 | 0.0466 | 0.0484 | 0.0502
SE 0.0018 | 0.0026 0.004( 0.0019 [ 0.0024 | 0.0020 0.003
Variance Inflation 2.67 142 1 1.00 101 135 1.02
Latitude Parameter -1.4447 | -3.4343 0| -3.1778 | 0.0000 | -1.6015 0
SE 0.0689 | 0.3788 na| 0.2684 n/a| 0.1007 n/a
Variance Inflation 1.75 1.42 n/a 112 n/a 135 n/a
Altitude Parameter -0.0041 | 0.0000 0| -0.0143 | -0.0107 | 0.0000 | 0.0123
SE 0.0007 n‘a n/a| 0.0012 | 0.0009 n‘a 0.003
Variance Inflation 172 n/a n/a 112 1.01 n/a 1.02

Theresults of using the derived relationships to estimate the mean of the 1 day AM S are shown
in Figures 34 to 39. Included in these figures are 90 % prediction intervals which incorporates
both parameter uncertainty and unexplained variability of the dependent variable (Hirsch et al .,
1993). Equation 7 was used to calculate the prediction interval.

A 1 A l
- s\ 1+ —+ ———, ts|[1+ — : o d
y + - + S, y+ + - + S,
where
y = value estimated using regression equation,
n = number of values,
t = Student's t with n-1 degrees of freedom,
S = standard error of the regression, and
n 2
S« = Z( X - x) .

i=1
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Figure 33 Revised regions of clusters used for the estimation of the mean of the 1 day (L_1,, AMSas
afunction of site characteristics
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Figure 34

Estimated vs observed means of the 1 day AMSfor Region 1, located as
shown in Figure 33

Mean of 1 Day Rainfall AMS (mm)

Region 2

0 " T " T " T " T " T "
20 40 60 80 100 120 140
Estimated Mean of 1 Day Rainfall AMS (mm)

Observed — 90 % Prediction Interval Regression ‘

Figure 35

Estimated vs observed means of the 1 day AM S for Region 2, located as
shown in Figure 33
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Figure 36

Estimated vs observed means of the 1 day AM S for Region 3, located as
shown in Figure 33
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Figure 37

Estimated vs observed means of the 1 day AMS for Region 4, located as
shown in Figure 33
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Figure 38 Estimated vs observed means of the 1 day AM S for Region 5, located as
shown in Figure 33
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Figure 39 Estimated vs observed means of the 1 day AMS for Region 6, located as
shown in Figure 33

58



Region 7
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Figure 40 Estimated vs observed means of the 1 day AM S for Region 7, located as
shown in Figure 33

4.1.4 Estimation of 1 day design rainfall at ungauged locationsin South Africa

Using the derived relationships to estimate the mean of the 1 day AMS, as defined in the
previous section, the mean of the 1 day AMS was estimated at each of 429 701 points forming
a 1'x1' of a degree latitude and longitude grid in South Africa. The appropriate cluster
membership for each 1'x1' grid point was determined as a function of the Euclidean distance of
site characteristics to the closest station which were used to identify the 78 clusters. Thus, the
appropriateregional growth curve and estimated meansof the 1 day AM Sat each 1'x1' grid point
were used to estimate the 1 day design rainfall depths at each 1'x1' grid point located in South
Africa

Thereliability of thedesign rainfall depths computed using the regional approach (i.e. estimated
mean of the 1 day AMS multiplied by the appropriate regional growth curve) was assessed by
acomparisonwith at-sitedesignrainfall valuesestimated at 1 806 stationsin South Africawhich
have at least 40 years of daily rainfall record. The at-site design values at the stations were
estimated using regional growth curves and the mean of the 1 day AMS derived from the
observed data at the station. As shown in Figure 41, the use of estimated means of the 1 day
AMS tore-scaletheregional growth curvesresultsin differencesin designrainfallsof lessthan
20% at approximately 95 % of the stations, al of which have at least 40 years of record. It is
noted that the design values computed using the estimated means of the 1 day AMS values
generally exceed the design values computed using means of the 1 day AM S calculated from the
observed data with, on average for all return periods, 22% of the relative difference (RD,
Equation 8) values less than -5% and 32% of the RD values greater than 5%.

59



RD - Regi ona! — AtSte y
Regional

100 .8

(@)
(@]

N
o
|

w
o
|

)
o
|

Number of Stations (%)

N
o
|

S

T T i S T ‘
-50to -40 | -30to -20 ‘ -10to -5 51010 20 to 30 ‘ 40 to 50
<-50 -40t0-30 -20to-10 -5t0 5 10 to 20 3010 40 > 50

Relative Difference, RD (%)

Return Period (years)

= 2 Y 5 B o N 20 \/ 50 ] 100

Figure 41 Relative differencesin design rainfall depths computed using observed and
estimated means of the 1 day AMS at 1 806 rainfall stationsin South Africa
which have at least 40 years of daily record

4.15 Correctionsto estimated meansof 1 day AMSusing residual error surface

At each of 1 806 daily rainfall stations which have at least 40 years of record, the error (ERR)
between the the mean of the 1 day AMS cal culated from the observed data and estimated using
the regionalised regression equations was computed, as shown in Equation 9.

N

L 1,-L 1
ERR = —2d_—="1d . 100 .9
L 14
where
ERR residual error (%) at station i,

L_1,

N

L g

mean of 1 day AMS computed from observed data, and

mean of 1 day AMS estimated using regionalised regression equations.

An Inverse Distance Weighting technique was then employed to interpolate the irregularly
spaced ERR values onto arectangular 1'x1' latitude and longitude grid over South Africa. The
gridded ERR;;;, values were used to adjust the estimated means of the 1 day AMS at each grid
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point (Equation 10) and thus minimise the error between the estimated and observed means of
the 1 day AMS at the 1 806 sites which have at |least 40 years of record.

L1, == 10
— T (1+ ERR;))
where
LA_ladj = mean of AMS estimated using regionalised regression equations
and adjusted using gridded residual error values,
N
L1 = mean of AM S estimated using regionalised regression equations,

and
N

residual errorin L_1at stationi.

ERR;

AN

The L_1,q values at each 1' x 1' gridded point in South Africa were then used to rescale the

appropriate quantile growth curve and hence compute the design valuesfor each gridded point.
A similar approach to fitting a surface to observed point values was adopted by Dent et al.
(1987) when mapping MAP values for South Africa

A comparison of the errorsin the estimated mean of the 1 day AMS of rainfall before and after
adjustment using the residual error surface is shown in Figure 42 and errors in design rainfall
using the adjusted mean of the AMS are illustrated in Figure 43. The use of the residual error
surfaceto adjust the estimated mean of the 1 day annual maximaresultsin asignificant decrease
intheerror inthe estimated mean of the1 day AMS. Thisresultsinimproved estimates of design
rainfall with less than 2% of the stations having relative errors greater than 20%.

A comparison between the design rainfall estimated using the adjusted mean of the 1 day AMS
and the observed means at 2130 stations which have at least 20 years of record, but which were
not used in the estimation of theresidual error surface, isshown in Figure 44. At these sitesthe
relative differences in design rainfalls are greater than 20% at less than 10% of the sites.
However, at anumber of sites, differencesin excess of 40% were noted and investigated.

4.1.6 Station vsgridded 1 day design rainfall values

The residual errors in the means of the 1 day AMS from 1806 rainfall stations which have at
least 40 years of record were interpolated onto a grid. As shown in the previous section, large
errors were noted between the gridded and station design rainfall values at some stationswhich
have between 20 and 40 years of record and which were not used in the generation of thegridded
residual error surface. Both estimates utilised theregional growth curveswith the station values
re-scaled using at-site estimates of the mean of the 1 day AMS, while the gridded values were
estimated using the regressions for the 7 regions as described in Section 4.1.2. A summary of
the errorsat the four siteswhich havethelargest discrepancies and information from the closest
surrounding stations are contained in Table 5. From these resultsit is evident that the mean of
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the AMS at the stations with the large discrepancies appear to be discordant with values
computed from the data at nearby stations. Therefore, it is concluded that the gridded design
rainfall depths generally provide a more consistent estimate of the true design rainfall depths.
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Figure 42 Relative differences in estimated means of the 1 day rainfall AMS
before and after adjustment using the residual error surface
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Figure 43 Relative differences in design rainfall depths computed using
observed and estimated means of the 1 day AMS values, adjusted
using the residual error surface, at 1 806 daily rainfall stationsin
South Africawhich have at least 40 years of record
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Figure 44 Relative differences in design rainfall depths computed using
observed and estimated means of the 1 day AMS, adjusted using
theresidual error surface, at 2130 daily rainfall stationsin South
Africawhich have at least 20 years of record and which were not
used in the generation of the residual error surface

4.2 Estimation of the Mean of the AMSfor 2 to 7 Day Durations

For each of the 78 clusters of relatively homogeneous extreme daily rainfall identified in South
Africa, quantile growth curves which are scaled by the mean of the AM S have been devel oped
for durations ranging from 1 to 7 days. In order to re-scale the growth curvesit is necessary to
estimate the mean of the D day AMS (L_1,,) for the required Duration (D). The mean of the D
day AMS for durations > 1 day may be estimated as a function of site characteristics, as was
developed for the 1 day duration. Another approach, which wasadopted in thisstudy, isto utilise
the scaling characteristics of the AMS to estimate the mean of the D day AMS for durations
greater than 1 day.
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Table5 Anomaliesin the station and gridded design rainfall values at sites with
large differences and information from surrounding stations

Station Latitude Longitude Differencein Mean of Record
Number 2 Year Return 1day AMS Length
Period Design
101010 Rainfall Depths

(%) (mm) (Years)
0722693 A 23 3 29 54 1139 33.2 21
0722571 W 23 1 29 50 -6.6 64.2 70
0722721 W 23 1 29 54 1 77.9 76
0722783 W 23 3 29 57 -2.7 76.6 23
0722700 W 23 10 29 54 0.9 58.7 57
0003020 W 34 50 20 0 51.2 33.2 27
0002885 W 34 45 20 0 4.7 53.1 56
0003192 W 34 43 20 6 9.6 42.8 41
0431548 W 26 38 24 19 -68.8 1731 21
0431306 W 26 36 24 11 -21.6 61.9 21
0431465 W 26 45 24 15 7.7 49.5 25
0020719AW 33 58 18 24 -54.2 94.8 25
0020719CW 33 58 18 24 -0.2 75.7 30
0020689 W 33 58 18 23 0.3 65.2 61

4.2.1 Scaling characteristicsof the AMS

Asshown in Figure 45 for daily rainfall stations in various climatic regions of South Africa, a
strong power law relationship exists between the mean of the D day AMS and duration. This
relationship may be represented as

L 1, =D’ .1
where

L1, = mean of AMS for duration = D days, and

4 = scaling exponent.



ThusL_1, for D > 1 can be estimated as

log(L_1p) = log(L_14) +7 x(log(D) —log(D)

where
A
L Ly = L_1,, estimated as a function of site characteristics, using regression
constants from Table 4.
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Figure 45 Mean of annual maximum series vs duration at selected raingauge sitesin
different climatic regions of South Africa

For each of the 7 regions used to estimate the mean of the 1 day AMS as a function of site
characteristics, relationships between y and site characteristics were devel oped. The same site
characteristics as those used in the estimation of the mean of the 1 day AM S were selected, but
the variation in ¥ was not well explained by the selected site characteristics, with R? ranging
from 0.45 to a maximum of 0.67. Hence, an alternative method of estimating the mean of the
AMS at ungauged sites was investigated.
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4.2.2 D day: 1day meansof theAMS

A strong linear relationship was noted between the mean of the 1 day AM S and the mean of the
AMS for durations longer than 1 day, as shown for 2 and 7 day durations in Figure 46 for
stations which have at least 40 years of record. Included in Figure 46 are thefitted regressions,
with regression coefficients derived on aregiona basis as described below.

Asevident by the linear relationships depicted in Figure 46, the mean of the AMSfor durations
of 2 to 7 days were estimated using Equation 12:

L_1, =4, +((1D>< L_llday) .12
where

& = regression constant for duration = D days, and

I = regression coefficient for duration = D days.

A power law relationship isevident between the slope (&) and duration for all regions, asshown
in Figure 47. Now the regression constant and coefficient can be estimated from the following
equations.

ap,=0+1xD° .13
where

v = regression constant ,

T = regression coefficient, and

o = transformation exponent for duration = D days.

The observed and fitted relationships are depicted in Figure 47.

Similarly, ¢, relationships of the form shown in Equation 14 were developed for each region
and observed and estimated values are shown in Figure 48.

Thus, at an ungauged location the mean of the AMS for durations > 1 day can be estimated as:

¢p=v+ikx D’ .14
where

14 = regression constant,

K = regression coefficient, and

P = transformation exponent for duration = D days.
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Therefore, for agiven duration (D), Equations 13 and 14 can be used to estimate the parameters
for Equation 12 and hence L_1, (2 <D <7 days) can be estimated using Equation 12. The
estimated parameters of the regression relationships, Standard Errors (SE) and coefficients of
determination are summarised in Table 6.

Table 6 Regression parameters and statistics for the estimation of 2 to 7 day
means of the AMS of rainfall in South Africa
Variable Regression Region

Statistics (Number of stations)

1 2 3 4 5 6 7

(596) (173) (62) (264) | (234) (401) (75)

@ 6| 060 3.37 5.10 0.15 2.20 -0.02 -0.86

r| 039 -2.31 -4.04 0.9 | -116 1.02 1.87

g 0.68 -0.19 -0.12 0.42 -0.41 0.35 0.27

SE(7) | 0.00 0.03 0.02 0.00 0.01 0.01 0.00

SE(a,) | 0.01 0.00 0.00 0.00 0.00 0.01 0.00

R2| 100 1.00 1.00 1.00 1.00 1.00 1.00

¢D x| -216 47.11 23.60 -11.53 0.49 -9.68 -17.78

v| 6.09 -46.38 | -22.54 11.01 | -3.48 11.92 18.96

P 121 -0.14 -0.36 0.56 1.68 0.54 0.33

SE (k) 0.08 1.05 0.68 0.23 0.01 0.32 0.29

SE(¢) | 057 0.13 0.16 0.28 0.19 0.37 0.15

R2| 0.99 1.00 1.00 1.00 1.00 1.00 1.00
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Figure 46

D day (2and 7) vs 1 day meansof the AMS at rainfall stationsin South

Africawhich have at least 40 years of daily record
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Observed and estimated slopes (&) of D day to 1 day mean of AMS
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Observed and estimated regression constants (¢) for six regionsin South

Africa
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4.3 Estimation of the Mean of AMSfor Durations< 24 h

Smithers and Schulze (2000a) devel oped regional regression relationshipsto estimate the mean
of the 24 h AM S asafunction of site characteristics (latitude, longitude, altitude, MAP, rainfall
seasonality, anindex of rainfall concentration based on monthly rainfall and distance from sea).
Theresults using this approach were satisfactory in 13 of the 15 clusters. Some of the problems
with this approach were the limited number of stationsin some clusters, and hence insufficient
degrees of freedom, inter-dependence between the site characteristics and poor relationshipsin
certain clusters, notably in Clusters 10 and 11.

Smithers and Schulze (2001b) presented the results of using a simpler approach to estimate the
mean of the AMS. As shown in Figure 49, there isarelatively strong relationship between the
mean of the 24 h AMS and MAP. It was noted that the rel ationship between the median of the
24 h AMS and MAP was dlightly weaker than the relationship between the mean of the 24 h
AMS and MAP. Therefore the mean, as implemented in the RLMA, was used as the index
storm. Some deviations to the general trend are noted in Figure 49, with some anomaliesin
Cluster 7 and particularly in Cluster 8, both of which arelocated on the coastal belt of KwaZulu-
Natal, and at Newlands (Cape Town) in Cluster 6. Using datafrom all the 172 stations, Equation
15 (R? = 0.70) was devel oped to estimate the mean of the 24 h AMS in South Africa. Probable
explanations of the anomaliesin Figure 49 were attributed by Smithers and Schulze (2001b) to
inconsistenciesinthe MAP values used and different meteorological conditionswhich occur on
the East coast of South Africa

L_1, =1628+ 0063x MAP .15
where

L1,

MAP

Mean of 24 h AMS (mm), and
Mean Annual Precipitation (mm).
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Figure 49 Mean of 24 h AMSvs MAP using datafrom 172
stations which have digitised rainfall data
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In this study, the relationship between the D h and 24 h mean of the AMS was investigated to
improve the estimates of the mean of the AMS for durations shorter than 24 h.

4.3.1 D hour : 24 hour relationships

Therelationship between the D h and 24 h mean of AM Sinthe 15 short duration rainfall clusters
are shown in Figure 50. As evident from Figure 50 there are strong relationships between the
D h and 24 h mean of the AMS for durations ranging to as short as 5 minutes. These
relationships were found to apply in all 15 clusters. The regression coefficients for the
relationship shown in Equation 16 are contained in Table 7 for all 15 short duration clusters.

L_1, = Const + Xcoeff x L_1,, .16

where
L 1, = meanof DhAMS.

Table7 Regression parameters and statistics for 15 clustersto estimate the mean
of the AMSfor durations < 24 h as afunction of the 24 h value

Cluster | Duration | R? Xcoeff Const | SE(Xcoeff) | SE(Const)|| Cluster | Duration | R? Xcoeff Const | SE(Xcoeff) | SE(Const)
(min) (min)

5] 057 | 00923 | 3.8797 0.0319 1.7000 5 0 |-0.0150 |10.5849 0.0344 2.3003

10 | 0.61 | 0.1463 | 5.0415 0.0458 2.4461 10 | 0.08 | 0.0139 |13.8042 0.0587 3.9272

15 | 0.63 | 0.1764 | 7.0258 0.0527 2.8113 15 | 0.21 | 0.0391 | 16.0588 0.0632 4.2304

30 | 051 | 0.1718 | 14.1536 0.0706 3.7642 30 | 0.16 | 0.0462 |24.3809 0.1014 6.7853

45 | 047 | 0.1862 | 16.9113 0.0840 4.4841 45 | 0.29 | 0.0923 | 25.7435 0.1073 7.1810

60 | 0.57 | 0.2330 |16.4947 0.0823 4.3904 60 | 0.55 | 0.1974 |21.8449 0.1074 7.1828

90 | 0.62 | 0.2908 | 15.9214 0.0901 4.8087 90 | 0.74 | 0.3229 | 17.3012 0.1046 6.9961

120 | 0.68 | 0.3604 |14.0952 0.0950 5.0697 120 | 0.82 | 0.4249 | 13.5000 0.1046 6.9965

240 | 0.83 | 0.5041 |11.7955 0.0808 4.3109 240 | 0.94 | 0.6272 | 7.0738 0.0773 5.1737

360 | 0.89 | 0.5769 [10.9397 0.0721 3.8447 360 | 0.96 | 0.7310 | 3.9253 0.0744 4.9746

480 | 0.92 | 0.6441 | 9.6918 0.0675 3.6020 480 | 0.98 | 0.8503 | -0.3842 0.0650 4.3470

600 | 0.94 | 0.7130 | 7.5810 0.0615 3.2828 600 | 0.98 | 0.8495 | 1.3596 0.0605 4.0499

720 | 0.95 | 0.7553 | 6.4667 0.0573 3.0567 720 | 0.98 | 0.8821 | 0.7691 0.0591 3.9559

960 | 0.98 | 0.8468 | 3.9779 0.0462 2.4632 960 | 1.00 | 0.9205 | 0.5318 0.0243 1.6234

1200 | 0.99 | 0.9464 | 0.7498 0.0346 1.8447 1200 | 1.00 | 0.9678 | -0.3519 0.0239 1.6007

5 0.6 | 0.1483 | 2.3719 0.0362 2.3449 51 091 | 01143 | 2.5965 0.0259 0.8677

10 | 0.46 | 0.1267 | 8.2786 0.0444 2.8734 10 | 0.84 | 0.2097 | 2.4553 0.0674 2.2606

15 | 0.37 | 0.1041 |13.3526 0.0473 3.0627 15| 0.78 | 0.2584 | 3.1253 0.1036 3.4745

30 | 0.23 | 0.0793 | 22.0109 0.0623 4.0314 30 | 0.73 | 0.3403 | 4.2770 0.1608 5.3924

45 | 0.42 | 0.1645 | 20.5722 0.0656 4.2451 45 | 0.73 | 0.4054 | 4.0300 0.1910 6.4076

60 | 0.57 | 0.2532 | 17.4304 0.0668 4.3215 60 | 0.74 | 0.4470 | 4.0338 0.2058 6.9024

90 | 0.67 | 0.3478 | 14.5765 0.0700 4.5349 90 | 0.79 | 0.4966 | 3.7201 0.1936 6.4948

120 | 0.71 | 0.3860 |14.1375 0.0707 45781 120 | 0.86 | 0.5501 | 2.8506 0.1668 5.5931

240 | 0.79 | 0.4859 [12.9281 0.0697 4.5106 240 | 0.92 | 0.5875 | 4.2623 0.1262 4.2337

360 | 0.87 | 0.5578 |11.4020 0.0567 3.6711 360 | 0.93 | 0.6640 | 3.3691 0.1336 4.4814

480 | 0.92 | 0.6152 | 9.8269 0.0474 3.0693 480 | 0.93 | 0.7214 | 2.7333 0.1401 4.6984

wlw|lw|lw|lw|lw|lw]lw|lw|lw|]w]lwl]llr]lr]lrRr]lrRr]lRr]lRr]lrRr]lrRr]lr]lRr]lRrlrRr]lRr]lRr]R
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600 | 0.95 | 0.6513 | 9.4183 0.0376 24374 600 | 0.94 | 0.7725 | 2.2127 0.1375 4.6125
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Cluster | Duration | R* | Xcoeff | Const | SE(Xcoeff) | SE(Const)|| Cluster | Duration | R? Xcoeff | Const | SE(Xcoeff) | SE(Const)
(min) (min)
3 720 | 0.97 | 0.6901 | 85148 0.0308 1.9918 4 720 | 0.96 | 0.8188 | 1.6941 0.1134 3.8035
3 960 | 0.98 | 0.7794 | 5.6472 0.0267 1.7271 4 960 | 0.99 | 0.9299 | -0.4875 0.0736 2.4688
3 1200 | 0.99 | 0.8865 | 2.4208 0.0237 1.5336 4 1200 | 1.00 | 0.9300 | 0.9739 0.0332 1.1130
5 5 0 | 0.0024 | 8.7465 0.0345 1.8099 6 51 0.88 | 0.0396 | 3.3994 0.0074 0.4293
5 10 | 0.24 | 0.0254 |11.5868 0.0420 22014 6 10 | 0.87 | 0.0422 | 5.4591 0.0085 0.4952
5 15 | 0.60 | 0.0869 |11.9385 0.0479 2.5120 6 15 | 0.88 | 0.0472 | 6.7972 0.0090 0.5219
5 30 | 0.77 | 0.2075 |12.8711 0.0712 3.7356 6 30 | 0.89 | 0.0749 | 8.6806 0.0136 0.7896
5 45 | 0.85 | 0.2973 | 12.4460 0.0743 3.8935 6 45 | 0.92 | 0.1076 | 9.2315 0.0166 0.9646
5 60 | 0.84 | 0.3845 | 10.6553 0.0996 5.2211 6 60 | 0.93 | 0.1321 | 9.7558 0.0190 1.1032
5 90 | 0.77 | 0.4204 |12.4383 0.1406 7.3711 6 90 | 0.93 | 0.1896 | 9.8328 0.0260 1.5040
5 120 | 0.75 | 0.4507 |13.0382 0.1622 8.5056 6 120 | 0.94 | 0.2401 | 9.6347 0.0305 1.7700
5 240 | 0.85 | 0.6587 | 6.9769 0.1698 8.9053 6 240 | 0.98 | 0.3832 | 8.8665 0.0287 1.6602
5 360 | 0.89 | 0.7597 | 4.0615 0.1574 8.2515 6 360 | 0.99 | 0.5093 | 7.0885 0.0268 1.5544
5 480 | 0.92 | 0.8613 | 0.4021 0.1535 8.0462 6 480 | 0.99 | 0.5807 | 6.5744 0.0209 1.2105
5 600 | 0.94 | 0.9577 | -3.3262 0.1426 74772 6 600 | 1.00 | 0.6495 | 5.4221 0.0162 0.9376
5 720 | 0.96 | 0.9687 | -2.7026 0.1194 6.2607 6 720 | 1.00 | 0.7152 | 4.3546 0.0144 0.8322
5 960 | 0.97 | 0.9737 | -1.3786 0.0927 4.8596 6 960 | 1.00 | 0.8340 | 2.1099 0.0076 0.4375
5 1200 | 0.99 | 1.0094 | -1.9000 0.0415 2.1770 6 1200 | 1.00 | 0.9219 | 0.7993 0.0083 0.4794
7 51038 | 00519 | 6.3133 0.0348 3.6817 8 5] 093 | 0.0517 | 4.5662 0.0146 1.7014
7 10 | 0.38 | 0.0565 |10.0239 0.0379 4.0072 8 10 | 0.97 | 0.0834 | 6.9401 0.0143 1.6691
7 15 | 0.42 | 0.0681 |12.5861 0.0407 4.3065 8 15 | 0.98 | 0.1169 | 7.7585 0.0155 1.8163
7 30 | 0.44 | 0.0821 |19.0440 0.0469 4.9641 8 30 | 0.93 | 0.1326 |15.0990 0.0376 4.3907
7 45 | 0.48 | 0.1037 |22.0067 0.0525 5.5505 8 45 | 0.86 | 0.1224 |21.9088 0.0514 5.9994
7 60 | 0.47 | 0.1109 |25.1194 0.0585 6.1828 8 60 | 0.92 | 0.1547 |22.9352 0.0476 5.5650
7 90 | 0.54 | 0.1521 |26.7598 0.0654 6.9204 8 90 | 0.93 | 0.2163 | 22.4071 0.0581 6.7817
7 120 | 0.65 | 0.2024 | 26.4768 0.0653 6.9053 8 120 | 0.98 | 0.2593 |22.9463 0.0354 4.1342
7 240 | 0.87 | 0.3626 |22.0900 0.0570 6.0268 8 240 | 0.98 | 0.3449 | 26.5535 0.0500 5.8411
7 360 | 0.94 | 05117 |15.8893 0.0504 5.3310 8 360 | 0.97 | 0.4139 |27.5278 0.0779 9.1020
7 480 | 0.95 | 0.6301 | 9.8498 0.0551 5.8321 8 480 | 0.99 | 0.4899 |25.3092 0.0557 6.5019
7 600 | 0.97 | 0.7139 | 7.0232 0.0502 5.3072 8 600 | 0.97 | 0.5535 |24.6865 0.0985 11.5071
7 720 | 098 | 0.7672 | 6.1739 0.0436 4.6158 8 720 | 0.98 | 0.6103 |23.8021 0.0906 10.5827
7 960 | 0.99 | 0.8655 | 3.7845 0.0301 3.1845 8 960 | 0.99 | 0.8220 | 7.9328 0.0657 7.6751
7 1200 | 1.00 | 0.9348 | 1.5801 0.0178 1.8832 8 1200 | 1.00 | 0.9665 | -1.6203 0.0544 6.3494
9 5 0 |-0.0072 | 5.9777 0.0173 0.9419 10 5| 0.18 | 0.0084 | 6.1800 0.0211 0.8067
9 10 | 0.08 | 0.0045 | 7.5117 0.0239 1.3018 10 10 | 0.08 | 0.0068 | 9.1578 0.0391 1.4991
9 15 | 0.22 | 0.0159 | 8.6239 0.0288 1.5665 10 15 0 |-0.0069 |11.8186 0.0546 2.0903
9 30 | 0.21 | 0.0241 | 11.7661 0.0449 2.4455 10 30 | 0.16 | 0.0273 | 14.2721 0.0745 2.8550
9 45 | 0.33 | 0.0488 |12.7010 0.0575 3.1301 10 45 ]| 0.36 | 0.0595 |14.7732 0.0687 2.6325
9 60 | 0.54 | 0.0941 |12.0246 0.0597 3.2550 10 60 | 0.57 | 0.0950 |14.6028 0.0613 2.3497
9 90 | 0.70 | 0.1445 |12.0904 0.0606 3.3015 10 90 | 0.88 | 0.1445 |14.4951 0.0344 1.3169
9 120 | 0.85 | 0.1968 |12.1137 0.0498 2.7145 10 120 | 0.91 | 0.1927 |14.0599 0.0382 1.4624
9 240 | 0.99 | 0.3867 | 9.5118 0.0249 1.3577 10 240 | 0.97 | 0.3616 |10.8995 0.0422 1.6157
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Cluster | Duration | R? Xcoeff | Const | SE(Xcoeff) | SE(Congt)|| Cluster | Duration | R? Xcoeff Const | SE(Xcoeff) | SE(Const)

(min) (min)
9 360 [ 0.99 | 0.5117 | 7.9027 0.0340 1.8547 10 360 | 0.99 | 0.4650 | 9.3312 0.0353 1.3537
9 480 | 0.99 | 0.6023 | 6.6963 0.0337 1.8340 10 480 | 0.97 | 0.5456 | 7.9258 0.0636 2.4340
9 600 [ 1.00 | 0.6942 | 4.7192 0.0249 1.3544 10 600 | 0.96 | 0.6514 | 5.3833 0.0844 3.2324
9 720 | 1.00 | 0.7520 | 3.8480 0.0188 1.0218 10 720 | 0.97 | 0.7107 | 4.9766 0.0734 2.8093
9 960 | 1.00 | 0.8479 | 2.7507 0.0204 1.1129 10 960 | 0.98 | 0.8068 | 3.4508 0.0760 29112
9 1200 | 1.00 | 0.9280 | 1.3828 0.0122 0.6621 10 1200 | 1.00 | 0.9473 | 0.0995 0.0398 1.5235
11 51 046 | 0.0669 | 5.0539 0.0301 1.6037 12 51 079 | 0.1295 | 1.9085 0.0357 15719
11 10 | 0.51 | 0.1200 | 6.3158 0.0482 2.5657 12 10 | 0.81 | 0.1611 | 3.7402 0.0415 1.8306
11 15 | 0.31 | 0.0855 | 11.3601 0.0608 3.2362 12 15 | 0.81 | 0.1940 | 4.8688 0.0492 2.1700
11 30 | 0.22 | 0.0811 |17.4901 0.0865 4.6055 12 30 | 0.86 | 0.2707 | 5.7881 0.0580 2.5573
11 45 | 0.27 | 0.1226 | 18.5496 0.1011 5.3823 12 45 | 0.86 | 0.3439 | 4.6457 0.0711 3.1322
11 60 | 0.31 | 0.1424 | 19.6956 0.1029 5.4785 12 60 | 0.88 | 0.3992 | 3.6599 0.0746 3.2885
11 90 | 0.44 | 0.2301 |17.6776 0.1094 5.8236 12 90 | 0.89 | 0.4440 | 3.5675 0.0802 3.5332
11 120 | 0.54 | 0.2719 | 17.5168 0.1007 5.3630 12 120 | 0.90 | 0.4707 | 4.0248 0.0783 3.4485
11 240 | 0.68 | 0.4109 |14.9130 0.1046 5.5678 12 240 | 0.90 | 0.5777 | 3.7441 0.0980 4.3168
11 360 | 0.77 | 0.4967 |13.2305 0.0976 5.1964 12 360 | 0.89 | 0.6113 | 5.1719 0.1090 4.8041
11 480 | 0.83 | 0.6113 | 9.3418 0.0962 5.1247 12 480 | 091 | 0.7178 | 2.5954 0.1179 5.1978
11 600 | 0.89 | 0.6829 | 7.5003 0.0822 4.3755 12 600 | 0.92 | 0.7383 | 3.1730 0.1074 4.7338
11 720 | 093 | 0.7676 | 4.6418 0.0712 3.7914 12 720 | 0.95 | 0.7625 | 3.5743 0.0859 3.7856
11 960 | 0.97 | 0.8707 | 1.9546 0.0523 2.7866 12 960 | 0.97 | 0.8091 | 3.9721 0.0676 29772

11 1200 | 0.99 | 0.9697 | -0.7085 0.0376 2.0019 12 1200 | 0.99 | 0.8781 | 3.0684 0.0356 1.5702

13 51 0.17 |-0.0226 | 9.1244 0.0222 1.2674 14 51 035 | 0.0483 | 5.6177 0.0574 2.7875
13 10 0 |-0.0037 |11.6905 0.0217 1.2370 14 10 | 0.50 | 0.0894 | 7.1337 0.0689 3.3480
13 15 0 |-0.0054 | 14.8076 0.0262 1.4944 14 15 | 0.47 | 0.1095 | 9.4261 0.0928 4.5099
13 30 | 0.22 | 0.0169 | 18.4250 0.0332 1.8914 14 30 | 0.67 | 0.2516 | 7.8713 0.1235 5.9980
13 45 | 0.55 | 0.0552 | 18.6612 0.0371 2.1137 14 45 | 0.80 | 0.3765 | 4.5577 0.1279 6.2147
13 60 | 0.78 | 0.0919 | 18.2126 0.0327 1.8656 14 60 | 0.83 | 0.4444 | 2.8843 0.1322 6.4224
13 90 | 0.93 | 0.1582 | 16.6326 0.0282 1.6061 14 90 | 0.92 | 0.5433 | 0.6221 0.1044 5.0742

13 120 | 0.98 | 0.2257 |14.7643 0.0222 1.2622 14 120 | 0.96 | 0.5944 | 0.0660 0.0804 3.9042

13 240 | 0.99 | 0.3930 |11.1940 0.0232 1.3198 14 240 | 0.98 | 0.7330 | -1.6145 0.0644 3.1301

13 360 | 1.00 | 0.5268 | 8.0679 0.0221 1.2612 14 360 | 0.99 | 0.8171 | -2.7460 0.0408 1.9824

13 480 | 1.00 | 0.6180 | 5.9437 0.0227 1.2934 14 480 | 0.99 | 0.8654 | -2.8754 0.0402 1.9553

13 600 | 1.00 | 0.7121 | 3.1372 0.0259 1.4746 14 600 | 1.00 | 0.9558 | -5.5491 0.0402 1.9538

13 720 | 1.00 | 0.7772 | 1.8094 0.0234 1.3318 14 720 | 0.99 | 0.9367 | -3.3439 0.0430 2.0874

13 960 | 1.00 | 0.8753 | 0.0716 0.0164 0.9356 14 960 | 0.98 | 0.9003 | 0.6960 0.0782 3.7985

13 1200 | 1.00 | 0.9626 | -0.9622 0.0192 1.0968 14 1200 | 0.99 | 0.9970 | -2.1296 0.0592 2.8747

15 5] 098 | 0.1634 | -0.2312 0.0155 0.3948 15 240 | 0.98 | 0.7110 | -1.2663 0.0622 1.5859
15 10 | 0.98 | 0.2447 | -0.6720 0.0223 0.5682 15 360 | 0.99 | 0.7895 | -1.4310 0.0557 1.4219
15 15 | 0.97 | 0.3055 | -0.9936 0.0319 0.8129 15 480 | 0.99 | 0.8236 | -1.0729 0.0464 1.1824
15 30 | 0.96 | 0.4126 | -1.4910 0.0523 1.3334 15 600 | 0.99 | 0.8529 | -0.8552 0.0453 1.1566
15 45 | 0.97 | 0.4872 | -1.9825 0.0544 1.3871 15 720 | 1.00 | 0.8906 | -0.8888 0.0338 0.8634
15 60 | 0.98 | 0.5158 | -1.7239 0.0512 1.3066 15 960 | 1.00 | 0.9153 | -0.0197 0.0256 0.6522
15 90 | 0.97 | 0.5851 | -1.8885 0.0626 1.5970 15 1200 | 1.00 | 0.9532 | 0.3203 0.0144 0.3675
15 120 | 0.97 | 0.6286 | -1.8933 0.0702 1.7896
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Figure 50

D : 24 h means of AMS in short duration clusters 1 to 6
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Figure 50 (continued) D : 24 h means of AMS in short duration clusters 7 to 12

77




Cluster 13 Cluster 14

~ @™
@»

.]
g g8 3
L1
P N
| |
\\

40

Mean of AMS (mm)

Mean of AMIS (mim)
S
(]
> ..
o

- bW
o o o o
l l l

40 50 GO 7C 30 g0 100 35 40 45 50
Mean of 24 h AMS (mm} Mean of 24 h AMS (mm)

Cluster 15

Mean of AMIS (mm)
= o ne
I

10 15 20 25 30 35
Mean of 24 h AMS (mm}
| 5min A 15 min [ ] 1h
* 6h X 12h

Figure 50 (continued) D : 24 h means of AMS in short duration clusters 13 to 15

Equation 16 was utilised to estimate the mean of the AM Sfor durations ranging from 5 minutes
to 12 h. A comparison, reported in Section 4.3.3, was performed between the mean of the AMS
estimated using this approach and that used by Smithers and Schulze (2000a). The estimation
of the mean of the 24 h AMS from the 1 day value is discussed in the following section.

4.3.2 Convertingthe mean of the 1 day AMSinto 24 hour values

Using data from the 172 stations which comprise the 15 short duration clusters, Smithers and
Schulze (2000a) sampled the datausing asliding 24 hwindow, to extract the true maximum, and
afixed 24 h window, aswould be derived from daily rainfall data, and computed the mean ratio
for each cluster of the 24 h : 1 day values. This study also computed the median ratio for each
cluster and the results areincluded in Table 8. Thus, the median ratiosfrom Table 8 are used to
convert the estimated mean of the 1 day AMS into a 24 h value, as would be derived from
continuously recorded rainfall data.
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Table 8 Ratios of 24 h: 1 day means of AMS

Cluster | Average | Median | Std Error || Cluster | Average | Median | Std Error
1 1.20 1.20 0.049 9 1.26 1.27 0.111
2 121 121 0.063 10 1.19 1.18 0.090
3 1.19 1.18 0.072 11 1.20 1.15 0.087
4 121 122 0.090 12 119 118 0.044
5 1.20 117 0.097 13 1.28 1.30 0.139
6 117 1.16 0.055 14 1.24 124 0.056
7 115 114 0.051 15 1.25 1.26 0.096
8 1.20 1.20 0.032

4.3.3 Comparison of techniquesfor estimating short duration mean of AMS

Asdetailed in Section 4.3.1, this study has devel oped rel ationships to estimate the mean of the
AMS for durations shorter than 24 h as a function of the 24 h value. Smithers and Schulze
(2000a) devel oped regional regressionsto estimate the slope between the mean of the AMSand
duration as a function of site characteristics. For both techniques which were developed for
estimating the mean of the AM Sfor durations shorter than 24 h, the errors between the estimated
values, expressed as a percentage of the mean of the AMS calculated from the observed data,
were computed and the results are summarised in Figure 51. As evident in Figure 51, there is
little difference in the performance of the two techniques for longer durations. However, for
shorter durations, the mean of the AMSisgenerally estimated better in all 15 clustersusing the
D:24 h regression relationships developed in this study and detailed in Table 7.

The digitised rainfall database was shown by Smithers and Schulze (2000a) to contain many
inconsistencies, particularly in the case of SAWB stations, and hence they computed regional
sliding to fixed scale ratios to account for the differences in the 24 h extreme values extracted
from the digitised and daily rainfall databases. These ratios were then used to adjust the 1 day
AMSinto 24 h valuesand Smithers and Schul ze (2000a) recommend that the mean of the AMS
for durations < 24 h should be estimated from the adjusted 1 day values using the scaling
characteristics of extreme rainfall. Thus, for durations < 24 h, the mean of the AMS can be
estimated using Equation 16 and the mean of the 24 h AM S computed from the 1 day value. The
following section details the procedure for estimating confidence intervals for the estimated
means of the AMS.

79



Smin-1h 1h-12h

3
=)
g

)

— b0

(

lions (%

sla

30

2 20

ALY AR

Number of stations

Numbe- of

/S 7 7 7 7

1 I ‘ T ‘ I ‘ T ‘
‘ -50to -30 ‘ -10to 10 ‘ 30 to 50 -50 t0 -30 -10to 10 30 to 50
<-50 -30to -10 1010 30 0 <-50 -30 to -10 10 to 30 =50
Error in estimated of mean of AMS (%) Error in estimated L 1 (%)

‘ Y] L 1DSlope L] D24 Regression ‘ ‘ /) L_1DSlope NJ] D271 h Regression ‘

Figure 51 Comparison of techniques for estimating the mean of the AMS for durations
shorter than 24 h. “L_1: D Slope’ isthe technique used by Smithers and
Schulze (2000a) and “D : 24 h Regression” is the technique developed in this
study

4.4 Estimation of Prediction Intervalsfor the Mean of the AMS

Equation 7 (page 54), which incorporates both parameter uncertainty and unexplained
variability of the dependent variables, was used in conjunction with the relevant regression
equation for the different clusters and durationsto estimate the 90% prediction interval for each
estimate of the mean of the AMS. This was performed using SAS (1989) software for all
durations considered, which rangefrom5 minutesto 7 days, and at a1'x1' latitude/longitude grid
resolutionin South Africa. Asevident in Equation 7, the predictioninterval issymmetrical about
the mean and the prediction interval wastherefore expressed as a percentage of the mean. Thus,
at any location in South Africa, and for all durations considered, the percentage value can be
applied to the estimated mean of the AMS to compute 90% prediction intervals for the mean.
The application of this procedure is detailed in Chapter 5.

45  Chapter Conclusions

It was necessary to develop regional relationships to estimate the mean of the 1 day AMS. A
cluster analysis of the average site characteristics was performed to identify 6 regions, one of
which was subsequently further sub-divided to result in atotal of 7 regions. The independent
variables used in the multiple linear regression are MAP, latitude and altitude. These
relationships enabl e the mean of the 1 day AM Sto be estimated at any location in South Africa.
Gridded residual errors at stations which had at least 40 years of data were used to correct the
estimated values at these sites and ensure that the estimated val ue were the same as the observed
values at these sites. This approach was shown to result in reliable and consist estimates of the
1 day AMS.
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For durations longer than 1 day, the mean of the D day (2 < D < 7) duration AMS were noted
to scalelinearly as afunction of the 1 day values. The parameters of the regression were found
to scale (power law) with duration, and three parameters were derived to describe the
relationship between both the constant and X -coefficient with duration. Thus, 6 parameterswere
derived for each of the 7 regions and which enable the estimation of the mean of the AMS for
durations ranging from 2 to 7 days at any location in South Africa.

For durations shorter than 1 day, the mean of theH (H < 1440 minutes) duration values were
found to scale linearly as afunction of the 24 h values. Thus, for each of the 15 short duration
clustersandfor 15 durationsranging from 5 to 1200 minutes, linear regression coefficientswere
derived.

The approach adopted to estimate the mean of the AM S for any duration is atwo step process.
First, the mean of the 1 day AMS is estimated at the required location using the regionalised
regressions. Secondly, the means of the AM Sfor durationslonger than 1 day are scaled directly
fromthe 1 day value. For durations shorter than 1 day, the values are scaled from the 24 h value,
whichinturnisestimated directly from the 1 day value for thelocation. Thus, the daily rainfall
database, with many more stations and with longer records lengths that those contained in the
digitised rainfall database, isutilised inthe estimation of the mean of the AMSfor all durations.
Inconsistencies in the digitised rainfall database are therefore, to some extent compensated for
by scaling from the daily values.

A summary of the proceduresto estimate design rainfallsin South Africaiscontained in Chapter

5. The estimation of error bounds, i.e. confidenceintervals, for the design valuesisalso detailed
in Chapter 5.
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CHAPTERS

ESTIMATION OF DESIGN RAINFALL IN SOUTH AFRICA
USING A REGIONALISED APPROACH AND
SCALE INVARIANCE PROPERTIES OF RAINFALL

51  Assumptionsand M ethodology

An index storm approach, based on L-moments, has been developed for design rainfal
estimation in South Africa. Growth curves which relate design rainfall, scaled by the mean of
the annual maximum series (AMS), to duration are utilised in conjunction with an estimate of
the mean of the AMS at the required location to compute the rainfall depth for the specified
duration and return period. In Chapter 3 it is concluded that the growth curves should be scale
invariant and that the most reliabl e estimate of the growth curvesarethosederived fromthedaily
rainfall database for the 1 day duration. Thus, the growth curves for the 1 day duration are
applied to all durations ranging from 5 minutesto 7 days. Also illustrated in Chapter 3 are 90%
error bounds for the growth curves, which are used in conjunction with the 90% prediction
intervals for the mean of the AMS, to estimate 90% error bounds for the design rainfall.

The mean of the 1 day AMS is estimated using the regression equations for the 7 regions, and
corrected using aresidual error surface, asdetailed in Section 4.1. The mean for the 24 h AMS,
as would be computed from continuously recorded rainfall data, is estimated as shown in
Equation 17 from the 1 day mean of the AMS and the 24 h :1 day ratios contained in Table 8

(page 79).

L_1,, = L_1,, xRatioy,, .47
where

L_1,., = mean of the 24 h AMS, extracted from digitised rainfall data,

L L = mean of the 1 day AMS, extracted from daily rainfall data, and

Ratio,, . 14 = ratio to convert the mean of the 1 day AMSto 24 h AMS.

In order to estimate the means of the AMS for durations of 2 to 7 days, Equation 18 is used:

L_1, = ¢, +(aD X L_llday) .18
where

L1, = mean of the AMS for duration = D days,

P = regression constant for duration = D days, and

&y = regression coefficient for duration = D days.
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Now, the regression constant and coefficient can be estimated from the following equations:

ap,=0+1xD’ .19
where

0 = regression constant,

T = regression coefficient, and

o = transformation exponent for duration = D days,
and

¢ =v+ikxD” .20
where

v regression constant,

K regression coefficient, and
0 transformation exponent for duration = D days.

Thus, for agiven duration (D), Equations 19 and 20 can be used to estimate the parameters for
Equation 18 and hence L_1, (2 <D <7 days) can be estimated using Equation 18.

However, the regressions for different durations may intersect when L_1, 4, values are used
which areoutside of therange of valuesused intheregression analysis. Therefore, it isnecessary
to estimate the slope of the relationship between the mean of the AMS (L_1) and duration. This
isachieved by using L_1 values for durations of 1, 3 and 7 days derived from Equation 18 as
shown in Equations 21, 22, 23 and 24.

For durations (D): 1 day <D < 3 day

IOg( L_lsday) - Iog( L_llday)

Sope = 221

p (1day—3day) |Og(3) _ |Og(1)
L1, - 10[|og(L_1may)+30pe(may,3day,)x[log(D)-log(1)]] 2o

For durations (D): 3day <D < 7d day
log(L_1;4,,) - 10g(L_15,)

SOPE gy 70y = : 2 .23

log(3) - log(2)
L1, - 10[109(L_lgday)+Sopq3day,7day>x[logw)—log(eo]] oa
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To estimate the mean of the AMS for durations < 24 h Equation 25 is used:

L_1 = (L_1,, x XCOEFF, )+ CONST, .25
where
L_1, = mean of AMS for duration = k, minutes
XCOEFF,, = regression coefficient for cluster =i and duration = k minutesin
Table 7 (page 73), and
CONST, , = regression intercept for cluster = i and duration = k minutes in

Table 7 (page 73).

ThusL_1, could be estimated for any available duration = k minutes. However, the regressions
for different durations may intersect whenL_1,,,, values are used which are outside of therange
of values used in the regression analysis. Thus, it is necessary to estimate the slope of the
relationship between L_1 and duration. Thisisachieved by using L_1 valuesfor durations of 5,
15 and 120 minutes derived from Equation 25 and the 24 h value cal culated using Equation 17.

For durations (D minutes): 120 < D < 1440
_ Iog( L_]1440) - Iog( L_1120)

S0PCuui0-120 = | 01440) - log(120) 20

L_lD — 10['09(|-_124h)‘30pe(14407120)X[|09(1440)‘|09(D)]] 27

For durations (D minutes): 15< D <120

log(L - log(L
S0Py 1 - 9(L L) - log(L_1) _og

10g(120) - log(15)
L1, - 1011991 -L0)- S0P 20,15 x{ l06(120)-log( D) 29

For durations (D minutes): 5<D < 15
log(L_1;5) - log(L_1)

Sope ;5 = .30
P9 = log(15) - log(5)
L1 - 1 01oo(L—Lis)-Sopetss <[ log(15)-1og(D) 31
Design rainfall depths are calculated using Equation 32.
DREi’j = GC,J x L1 .32
where
DRE; = design rainfall estimate for duration =i and return period = j,
GC,; = growth curve for duration =i and return period = j, and
L1 = mean of AMS for duration = i estimated using the above procedures.



However, as shown in Chapter 3, the best estimate of the growth curve for all durations are the
values derived from the daily rainfall database for the 1 day duration. Hence Equation 32 may
be re-written as:

x L 1 .33

1 day, j — i

DRE,; = GC

The 90 % prediction interval for DRE;; is estimated by:

UgDRE;; = Ug,GCyy; x UgL_1

LooDRE; j = LooGCigy,j X Leo L_1,
where

UgDRE; = upper 90% error bound of design rainfall estimated for duration
=i and return period = |,

UgGC;; = upper 90% error bound of the growth curve for duration =i and
return period =j,

Ugl_ 1, = upper 90% error bound of the estimated mean of annual
maximum series for duration=i,

LgoDRE; = lower 90% error bound of design rainfall estimated for duration
=i and return period =j,

LaoGC = lower 90% error bound of the growth curve for duration =i and
return period = j, and

Lol 1, = lower 90% error bound of the estimated mean of annual

maximum series for duration=i.

As shown in Equation 7 (page 54), the prediction interval for the mean of the AMS is
symmetrical about the estimated value and hence may be represented as

PI(L1)= L 1x (1t -
) = . T —
(LL)=L x50
where
PI(L_1) = predictioninterval for the mean of the annual maximum seriesfor
duration =i, and
U,L1-L 1
P 90 —— i 100 ...36

L1
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Therefore

P
UQODREH = Ugchlday,j X L_li x (1+ m .
P
LQODRE”- = Lgchlday,j X L_f]_i x (1- ﬁ

The above procedures, which are based on the Regiona L-Moment Algorithm (RLMA) and the
Scale Invariance (Sl) properties of extreme rainfal, have been termed the RLMA&S
procedures. Theperformanceof theRLMA& Sl proceduresisassessed inthefollowing sections.

5.2  Comparisons of Estimates of Daily Design Rainfall
521 Comparisonsat hidden sites

In order to assess the performance of the RLMA& S|, 10 daily rainfall stations which cover a
range of climatic regionsin South Africawere excluded from the regionalisation. Each of these
stations was allocated to the cluster with the closest Euclidean distance between the site
characteristics of the station and the mean of the site characteristics of al siteswithin acluster.
Thelocations of the hidden stations are shown in Figure 52 and cluster numbers determined for
each of the hidden stations are listed in Table 9.

Table9 Hidden stations and cluster numbers
Station Name Cluster

0021055 W Cape Town Maitland 51
0059572 A East London 4
0144899 W Middelburg

0239482 A Cedara 15
0261368 W Bloemfontein 23
0299357 W Cathedral Peak Hotel 17
0317447AW | Upington 35
0442811 W Nooitegedacht 24
0513404 W Pretoria 16
0677834 W Pietersburg 28
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Figure 52 Locations of the 10 hidden daily rainfall stations in South Africa

A comparison between the design rainfall estimated using the at-site data and val ues estimated
fromtheregional quantile curveisshownin Figure 53 for the 10 hidden stations which were not
used in the regionalisation procedure. Included in Figure 53 are the 90% error bounds of the
design values estimated from the error bounds of the quantile growth curve and estimated mean
of the AMS.

As shown in Figure 53, the 1 day design rainfall depths estimated from the observed data and
from the regional growth curve are similar for return periods up to 20 years and, with the
exception of three stations (Cape Town - 0021055 W, Cedara - 0239482 A and Pretoria -
0513404 W), where the val ues estimated using the RLM A& S procedures generally exceed the
values estimated from the at-site data for return periods greater than 20 years. The regional
growth curve, used in the RLMA&SI procedures, pools information from stations within a
relatively homogeneous region and is thus considered to result in more reliable estimates of
design rainfall than values estimated directly from the at-site data. Hence, the recommended
design values estimated using the regional approach are generaly more conservative
(overestimate) for longer return periods than those estimated directly from the at-site data.
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Station 0021055 W (Cape Town) Station 0059572 A (East London)
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Figure 53 Comparison of design rainfall depths computed from at-site data and from
regional growth curves at 10 stations not used in the regionalisation process
(I-beams indicate 90% error bounds)
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Station 0317447 W (Upington) Station 0442811 W (Nooitgedacht)
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Figure 53 (cont) Comparison of design rainfall depths computed from at-site data and
from regional growth curves at 10 stations not used in the
regionalisation process (I-beams indicate 90% error bounds)

5.2.2 Comparisonsat siteswith at least 40 year s of data

A comparison was performed between the 1 day design rainfall estimated in thisstudy using the
RLMA& Sl procedures and those estimated directly from at-sitedatausing the GEV distribution
fitted tothe AM Sby L-moments. The Relative Difference (RD) was computed for return periods
of 2to 100 years, as shown in Equation 38, between 1 day design rainfall estimated in this study
and those estimated from the at-site data at 1 789 stations in South Africa used by Smithersand
Schulze (2000b) in the regionalisation process.

PRLMA&S T PGEV/LM T 38

RD; =

PGEV/ LM, T
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where
RD;

PRLMA&S T

I:)GEV/LM,T

Relative Difference for return period = T years,

T year return period design rainfall estimated using the
RLMAZ& S| procedures developed in this study, and

T year return period design rainfall estimated by fitting a GEV
distribution to the at-site AM S using L-moments.

The results of frequencies analyses of RD; for 1 and 3 day durationsat 1 779 stations which
have at least 40 years of record are contained in Figure 54. Similar results were obtained for all
durationsranging from 1 to 7 days. It is evident from Figure 54 that the RLMA& S| procedures
tend to dightly overestimate the at-site values. Using the 1 day, 10 year return period as an
example, differences of lessthan 20% occur at 99.4% of the stations, of which 60.7% consist of
positive differences and 38.7% of these differences are negative, i.e. the values estimated using
the regional scale invariance approach tend to exceed the values computed directly from the at-

site data.

Duration = 1 Day

Difference in Design Rainfall (%)

Relurn Period (years)
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Figure 54 Frequency analyses of the differencesin design rainfall estimated using the
RLMAZ& SI procedures and those from the observed data at 1 789 daily rainfall
stations which have at least 40 years of record
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5.2.3 Comparison with Adamson's (TR102) values

A comparison was performed between the 1 day design rainfall estimated usingthe RLMA& S
procedures developed in this study and those estimated by Adamson (1981) in the widely cited
DWAF Technical Report TR102. The Relative Difference (RD) was computed, as shown in
Equation 39, between 1 day design rainfall estimated in this study and those estimated by
Adamson (1981) at 2 184 stations in South Africa and for return periods of 2 to 200 years.

PRLMA&S,T - PADAM T

RD. = .39
T I:)RLMA,T
where
RD, = Relative Difference for return period = T years,
Prvat = T year return period design rainfall estimated using the RLMA&SI
procedures and GEV distribution in this study,
Paoavt = T year return period design rainfall estimated by Adamson (1981), who

used asingle site approach and a censored LN distribution.

A frequency analysis was performed for the RD; values computed at the 2 184 stations used by
Adamson (1981). Theresults are summarised in Figure 55. From Figure 55 it isevident that for
return periods less than 50 years the differences between the design rainfall estimated in this
study and by Adamson (1981) are less than 20 % at the mgjority of the stations. As expected,
the differences are bigger for longer return periods and for return periods >50 years thereis a
definitetrend with the Adamson design val ues exceeding the values computed in thisstudy. The
differences in the design rainfall values estimated in the two studies may be attributed to the
following factors:

. The different approaches to design rainfall estimation used in the two studies:
- Adamson (1981) used a single site approach with a censored LN distribution;
- the regional approach used in the RLMA&SI procedures adopted the GEV

distribution;

. The longer record lengths used in the regional approach;

. The stringent data quality control procedures used in this regional approach; and

. L-moments used in this study to fit the GEV distribution are less influenced by outliers
in the data.

Asshown in Figure 53 and generalised in Figure 54, design rainfall depths computed using the
regional approach generally exceed the values computed directly from the at-site data. In
addition, the regional approach has been shown in many international studies (e.g. Potter, 1987,
Cunnane, 1989; Hosking and Wallis, 1997) to result in more reliable and robust estimates
compared to design values computed using only single at-sitedata. Thus, it is postul ated that the
design values computed in this study may be used with confidence.

The biggest apparent discrepancy where the RLMA&SI value is larger than Adamson's 1 day
design rainfall occurs at Station 0022038 (Vrugbaar). In thisinstance, the location specified by
Adamson for this station is incorrect. Table 10 contains 1 day design rainfall values at the
location specified by Adamson, the values estimated by the RLMA&SI procedures at this
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location and the values estimated by the RLMA& S| procedures at the correct location, which
correspond closely to the values given by Adamson for Station 0022038.
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Figure 55 Comparison between 1 day design rainfall estimated in this study
and values estimated by Adamson (1981)

Table 10 Comparison between 1 day design rainfall depths (mm) estimated by Adamson
and RLMA& SI procedures

Station Name Latitude Longitud Source 1 Day Rainfall (mm) for
No. e Return Period (Y ears)
© " © " 2 5 10 | 20 | 50 | 100

22038 | Vrughaar 33 48 19 2 | Adamson 49| 64| 76| 88| 105|119

33 48 19 2 | RLMA&SI | 95 | 125 | 145 | 164 | 188 | 206

22038 | Vrugbaar 33 37 19 2 |RLMA&SI 49| 61| 70| 79| 91 (| 100

33 37 19 2 | GEV/LM 47 61| 70| 81| 96 | 108

762372 | Essexvale | 22 42 28 13 | Adamson 75| 115 | 147 | 183 | 238 | 287

22 42 28 13 | RLMA&SI |51 | 72| 87 | 103 | 124 | 141

22 42 28 13 | GEV/LM 71 | 106 | 130 | 153 | 184 | 208

762532 | Droevlei 22 52 28 18 | Adamson 52| 76| 95| 115|146 | 173

22 42 28 13 | RLMA&SI |55 | 78 | 95| 100 | 134 | 153

22 42 28 13 | GEV/LM 55| 72| 81| 88| 96| 103
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Similarly, the largest apparent discrepancy where the RLMA& S| value is less than Adamson's
1 day design rainfall is also contained in Table 10 (Station 0762372, Essexvale). The design
values estimated using the RLMA& S| procedures are also contained in Table 10, as are design
valuesfor the closest station (Station 0762532, Droévlel) used by Adamson to Station 0762372.
From theseresultsit isapparent that Adamson'svaluesfor Station 0762372 areinconsistent with
the valuesfrom Station 0762532, whereas the value at both sites estimated using the RLMA& Sl
procedures are similar.

5.3  Comparisonsof Estimates of Short Duration Design Rainfall

Alexander (2001) presentscomparisonsbetween hisnew and old (Alexander, 1990) rel ationships
to estimate short duration designrainfall at 8 representative sitesin South Africa. Thelog-Pearson
Type 3 (LP3) distribution fitted by the Method of Moments (LP3/MM) is used by Alexander
(2001) for design rainfall estimation in South Africa. Hence in Figures 56 to 71 for the
depth:return period plotsfor 1 and 4 h durations, both the GEV/LM and LP3/MM are plotted and
overlain onthe AM S plotted using the Cunnane plotting position. From thesefiguresit isevident
that the differencesin the GEV/LM and LP3/MM values are insignificant.

Alsoincludedin Figure56 to 71 aredesign rainfallsestimated by theRLM A& Sl procedures, the
equation developed by Alexander (2001) and the equations developed by Adamson (1981) in
Report TR102 and by Midgley and Pitman (1978) in Report HRU2/78. The HRU2/78 valueswere
estimated using the equations devel oped by Op Ten Noort (1983) from the Midgley and Pitman
(1978) data. The algorithm developed by Adamson (1981) isonly valid for durations < 2 h and
hence the TR102 valuesin Figures 56 to 71 for durations > 2 h should be viewed for illustrative
purposes only.

The inconsistency between the digitised and daily rainfall datais again evident in Figures 56 to
71 where the 1 day design value, computed from the daily rainfall data, exceedsthe 24 h value,
computed from the digitised rainfall, at al the stations considered. Generally the 1 day value
estimated using the RLMA& Sl procedures compares favourably with the 1 day value estimated
from the at-site data using the GEV distribution fitted using L-moments. At most stations the 1
to 7 day design rainfall values computed directly from the at-site data fall within the 90% error
interval estimated using the RLMA&SI procedures. It is noted that there is generally some
agreement between the 1 to 7 day design values estimated using the at-site data and the values
from Adamson's TR102 report. In instances where the at-site values or the TR102 values are
inconsistent for 1 to 7 day durations (e.g. Pietersburg 50 year return period or Durban 50 year
return period) the RLMA& Sl procedures result in consistent estimates for these durations.

Discontinuitiesin the Alexander estimates are evident where the 24 h values are less than the 1
day TR102 value (e.g. Port Elizabeth, East London), on which the agorithmisbased. Similarly,
at some sitesthe Alexander 24 h estimates greatly exceed the TR102 value (e.g. Bloemfontein).
Alexander (2001) attributes these inconsistencies to the “relationships reflecting the average
conditions’ and therefore accepts the equation values for durations up to 4 h and thereafter
recommends linear interpolation between 4 hour and the daily TR102 value. Thus, there is no
distinction between his 1 day (fixed 24 h window as extracted from daily rainfall data) and 24 h
value (diding 24 h window as extracted from continuously recorded data). This again is
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inconsistent with his equation which includes afactor of 1.13 which isa* clock time correction”
factor.

At all thesitescontained in Figures 56 to 71, the design rainfall values estimated using both the
Alexander and TR102 algorithmsfor 1 and 4 h periods exceed both the at-site dataand the values
estimated using the RLM A& Sl procedures, and al so generally exceed the upper 90% error bound
of the RLMA&SI estimate. Generally the design rainfalls estimated using the RLMA& S| and
HRUZ2/78 procedures are similar and, where no obvious anomalies are evident in the data, follow
thetrendsin the observed data. The overestimation of designrainfallsfor durations< 24 h by the
Alexander equation isillustrated in Figure 72 for three stations in the Western Cape which are
considered to have reliable digitised data. These results are generalised and expressed as the
percentage difference between the value estimated using Alexander's equation and the value
computed directly from the observed data in Figure 73. Included in Figure 73 are results from
Raingauge N23 in the Ntabamhlope research catchments near Escourt, CP6 in Cathedral Peak
research catchments, SAL10 from the La Mercy research catchments and Moko3a from the
M okobulaan research catchments. The datafrom these stations are also considered to bereliable
(Smithers and Schulze, 2000a). Similar results, but using the RLMA& SI procedures to estimate
thedesignrainfall, arecontained in Figure 74. Fromthesefiguresitisevident that the Alexander
equations tends to overestimate design rainfalls for durations greater than 10 minutes, with the
degree of overestimation decreasing with duration from the 1 to 24 h. The differences between
design rainfall estimated using the RLMA& SI procedures and the observed data generaly fall
into asmaller range compared to those estimated using Alexander's equation and do not display
significant trends with duration.

A frequency analysis of the differencesin the design rainfalls estimated directly from the at-site
data, the Alexander equation and the RLMA& Sl procedures was performed. The locations used
in the analyses were the same 85 sites that Alexander (2001) used in the derivation of his
equation. Figure 75 contains the results for a duration of 1 h. The results for longer durations
displayed similar trends. It is evident from Figure 75 for the 2 year return period that the design
rainfall determined using the Alexander equation are not biased compared to the values derived
from the at-site data. However, the 2 year, 1 h values derived using the RLMA& Sl procedures
generally exceed the at-site derived values and hencethe RLMA& Sl values are generally larger
than the values estimated using the Alexander equation. The reason for the RLMA& S| values
exceeding the at-site values is attributed to the scaling performed to compensate for the
inadequacies contained in the digitised rainfall data. This trend is reversed for longer return
periods, with the values estimated using the Alexander equation generaly exceeding the
RLMA&SI values.
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Figure 56 Comparison of 1 and 4 hrainfall depth:frequency relationships estimated at

Cape Town using various approaches
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Cape Town: 10 Year Return Period
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Figure 57 Comparison of 10 and 50 year return period rainfall depth:duration
relationships estimated at Cape Town using various approaches
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Figure 58 Comparison of 1 and 4 hrainfal depth:frequency relationships estimated at

Beaufort West using various approaches
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Beaufort West: 10 Year Return Period
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Figure 59 Comparison of 10 and 50 year return period rainfall depth:duration

relationships estimated at Beaufort West using various approaches
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Bloemfontein: 1 h
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Figure 60 Comparison of 1 and 4 hrainfal depth:frequency relationships estimated at
Bloemfontein using various approaches
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Bloemfontein: 10 Year Return Period
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Figure 61 Comparison of 10 and 50 year return period rainfall depth:duration
relationships estimated at Bloemfontein using various approaches
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Figure 62 Comparison of 1 and 4 hrainfal depth:frequency relationships estimated at

Pretoria using various approaches
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Figure 63 Comparison of 10 and 50 year return period rainfall depth:duration
relationships estimated at Pretoria using various approaches
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Figure 64

Comparison of 1 and 4 hrainfal depth:frequency relationships estimated at
Pietersburg using various approaches
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Figure 65 Comparison of 10 and 50 year return period rainfall depth:duration
relationships estimated at Pietersburg using various approaches
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Figure 66

Comparison of 1 and 4 hrainfal depth:frequency relationships estimated at
Port Elizabeth using various approaches
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Figure 67 Comparison of 10 and 50 year return period rainfall depth:duration
relationships estimated at Port Elizabeth using various approaches
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Figure 68
East London using various approaches
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Figure 69 Comparison of 10 and 50 year return period rainfall depth:duration
relationships estimated at East London using various approaches
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Figure 70

Comparison of 1 and 4 hrainfal depth:frequency relationships estimated at
Durban using various approaches
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Durban: 10 Year Return Period
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Figure 71 Comparison of 10 and 50 year return period rainfall depth:duration

relationships estimated at Durban using various approaches

110




Return Period = 50 Years
250
200 —
€150
§/15O
E a
c |
£ 100
o |
50 —
0
1 10 100 1000 10000
Duration (minutes)
—#— Newlands - § EE Newlands (R) — B — Newlands (A)
—&— Alhlone ool Alhlone(R) — & — Alhlone (A)
—k—  Jnk19a ke Jnk19a (R) — % — Jnk19a(A)

Figure 72 Comparisons between 50 year return period rainfalls
estimated from at-site data (black, solid line), RLMA&SI
procedures (R) (red, dotted line) and Alexander's 2001
equation (A) (blue, dashed line) for 3 stations in the Western
Cape which are considered to have reliable digitised rainfall
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Figure 73 Differences in the 50 year return period design rainfall
estimated using at-site data and the Alexander 2001 equation
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Figure 74 Differences in the 50 year return period design rainfall
estimated using at-site data and the RLMA& S| procedures

54  Chapter Conclusions

The comparisons performed in this study and reported in this chapter indicate that, compared to
the observed dataand other techniquesfor estimating designrainfalls, theRLMA& S| procedures
developed in thisproject generally result in reasonabl e estimates of design rainfall and which are
frequently more consistent than other estimates. Thisisevident for the 1to 7 day durationswhere
RLMAZ& SI values are generally similar to the values computed directly from the observed data
and display aconsistent trend for these durations, whereasinconsistenciesin both the TR102 and
observed data are evident. The RLMA&SI values are consistent over the entire range of
durations, whereas, the other techniques considered are frequently inconsistent with
discontinuities between values for durations shorter than 24 h and the 24 h value. It is evident
that the Alexander (2001) equation generally overestimatesdesignrainfallsfor durationsranging
from 10 minutes to 24 h, with the maximum overestimation occurring at durations of
approximately 1 h. The functional relationship of the Alexander equation does not seem to
accommodate the curvilinear relationship between design rainfall depth and log transformed
duration, which is evident from the data at most stations investigated.

The RLMA&SI procedures utilise the more reliable and longer records of the daily rainfall
database to estimate design rainfalls for shorter durations, thus compensating for deficienciesin
the digitised rainfall database. An additional advantage of the RLMA&SI procedures is the
gpatial resolution at which the method can be applied. A user is able to estimate design rainfall
depthsat aspatial resolution of 1' x 1' latitude/longitude in South Africaand hence spatial trends,
and any anomalies, may be determined from estimates at surrounding points.

112



Duration=1 h (85 stations)

Return Period = 2 Years

=920
15
10

Number of S

T T
‘ -50 to -40 ‘ -30 to -20 -10t0 0 10 to 20 30 to 40 >=50
==50 -40 to -30 -20to -10 Oto 10 2010 30 40 to 50

Difference in Design Rainfall (%)
‘ D Nlex vs At site

B RUWASSIvsAtsite [ ] Alexvs RLMA&SI

Duration=1 h (85 stations)

Return Period = 10 Years

w
w

= N N W
o O v O
| | | |

Number of Sites (%)

-50 to -40 -30 to -20 -10to 0 10 to 20 30 to 40 >=50
<=50 -40 to -30 -20to -10 0toc 10 2010 30 40 to 50

Difference in Design Rainfall (%)

V] Alexvus Alsile B RuvassivsAlsite [N Alex vs RLMARSI ‘

Duration=1 h (85 stations)
Return Period = 50 Years

Number of Sites (%)
w
o
!

20 —
10
0 ‘ T T ™
-50 1o -40 -30 lo -20 -10100 1010 20 30 o 40 >=50
<=50 -40 to -30 -20 to -10 Ota 10 20 to 30 40 to 50

Difference in Design Rainfall (%)

‘ Z Alex vs At-site . RLMA&SI vs At-site

N Alex vs RLMASSI ‘

Figure 75

Comparison of design rainfall estimated from at-site data, Alexander's 2001

equation and RLMA& S| procedures for 1 h duration and return periods of 2, 10
and 50 years
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PART B

ESTIMATION OF DESIGN FLOODS
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CHAPTERG6

A REVIEW OF DESIGN FLOOD ESTIMATION METHODS
WITH REFERENCE TO PRACTICESIN SOUTH AFRICA

6.1 I ntroduction

The estimation of design flood events are necessary for the planning and design of engineering
projects (Rahman et al., 1998). Flood frequency analysis remains a subject of great importance
owing to its economical 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 current 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 fundamental hydrological processes. The urgency for
new approaches to design flood estimation in South Africais highlighted by Alexander (2002).

Standard techniquesfor flood estimati on have been devel oped for most countries. Thesegenerally
include statistical analysesof observed peak dischargesand 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. Recent reviews of approaches to design flood estimation
are contained in Cordery and Pilgrim (2000) and Smithers and Schulze (2001c).

The objective of this chapter may be summarised as follows:

» Topresent abrief overview of methodol ogies currently used to estimate design floods both in
South Africa and internationaly;

» To present perceived deficiencies in the techniques currently used to estimate design floods
in South Africa;

* Toidentify and discuss research needed to improve the estimation of design floods in South
Africa; and

* Toillustrate the use of continuous simulation modelling for design flood estimation, which is
finding increasing support internationally.

6.2  Approachesto Design Flood Estimation

The categorisation of approaches to design flood estimation has been attempted by numerous
authors. According to HRU (1972), design floods may be estimated using either a statistical
approach, whichisan ordering and transposition of past experience, or adeterministic approach,
inwhichrainfall istranslated into aflood. Pegram (1994) dividesthe methodsinto deterministic,
empirical and statistical and presents a decision tree for the selection of method for design flood
estimation in South Africa. In addition to these approaches, the ASCE (1997) summarisestheuse
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
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input to the model to generate the variable of interest, which can then be subjected to frequency
analyses, i.e. continuous simulation modelling.

Cordery and Pilgrim (2000) make asimilar distinction between statistical analyses, applied either
at a single location or across a region, and either deterministically or probabilistically based
rainfall-runoff modelling for flood estimation. Beven (2000) distinguishes between statistical
estimation based on samples of observed floods at asite, regionalisation methods for catchments
with no data, and methods based on rainfall-runoff modelling.

Alexander (1990; 2001) classifies the methods for design flood estimation in South Africa as
direct statistical analysis, regional statistical analysis, deterministic and empirical methods. The
SANRA (1986) identifiesempirical, statistical, aswell asthe Rational, SCS, run-hydrographand
synthetic unit hydrograph approachesas appropriate and promising methodsfor estimating design
floodsin South Africa.

The recently published 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 along record of gauged flow
at or close to the site of interest, and which may be used for catchments 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 1000 km?. The methods used for design flood
estimation are categorised and summarised in Figure 76.

Empirical
Methods
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+ Streamflow Data Flood Frequency Analysis

Flood
Envelopes

Historical/

Stochastic Continuous | | Frequency

Design Flood % R Simulation || Analysis

Estimation Methods

Gradex

Rainfall Based Rational
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9 Probabilistic Model Unit

Hydrograph
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Figure 76 Methods for estimating design floods (after Smithers and Schulze, 2001)
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6.3  Flood Frequency Analysis

Where long records of streamflow are available at a site, a frequency analysis of observed data
may be performed. However, many studies have shown that a regional approach to frequency
analysisresultsin more reliable design estimates. At-site and regional approaches are reviewed
in the following sections.

6.3.1 At-siteanalysis

Theproceduresfor direct frequency analysisof observed peak discharge ofteninvolves selecting
and fitting an appropriate theoretical probability distribution to the data. These procedures are
referenced in standard hydrology texts (e.g. Chow et al., 1988; Stedinger et al., 1993). Asshown
by Schulze (1989) and Smithers and Schulze (2000a), the question of selecting an appropriate
distribution has received considerable attention in the literature, with diverging opinions
expressed by variousauthors. Schul ze (1989) questionswhether asuitable probability distribution
can be selected, given that the best distribution varieswith, inter alia, the season, storm type and
duration and regional differences.

Smithers and Schulze (2000a) summarise approaches available for estimating the parameters of
a selected distribution as 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 recent literature (e.g. Wallis, 1989; Hosking, 1990; Pearson et al., 1991; Gingras and
Adamowski, 1992; Guttman, 1992; Pilon and Adamowski, 1992; Guttman, 1993; Guttmanet al .,
1993; Linand Vogel, 1993; Vogel and Fennessy, 1993; Vogel et al., 1993a; Vogel et al., 1993b;
Walis, 1993; Gingrasand Adamowski, 1994; Zrinji and Burn, 1994; Hosking, 1995; Hosking and
Walis, 1995; Karimand Chowdhury, 1995; Hosking and Wallis, 1997). L-momentsarereported
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” devel opment for flood frequency analysiswhile Cordery and Pilgrim (2000) “welcome”
the devel opmentsof L-moments. However, Bobeeand Rasmussen (1995) caution that L-moments
may be too robust and outliers may be given too little significance, while Cordery and Pilgrim
(2000) emphasi sethat the use of L-momentsdoesnot entirely overcomethefundamental problem
of selecting an appropriate distribution for a sample from a population with an unknown
distribution.

Schulze (1989) highlights the problem of short data sets and extrapolation beyond the record
length. Heaso illustratestypical measurement errorsaswell asinconsistency, non-homogeneity
and non-stationarity of data, all of which viol ate the assumptions made when fitting adistribution
to the data.

Beven (2000) identifies the following limitations of a direct statistical approach:
» The correct distribution of the flood peaksis unknown and different probability distributions

may give acceptable fitsto the avail able data, but result in significantly different estimates of
design floods when extrapol ated.
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» Therecords of gauged runoff are generally short and the calibration of the gauging structures
may not be very robust. Hence the sample only represents asmall distribution 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.

6.3.2 Regional analysis

Given that the data at a site of interest will seldom be sufficient, or available, for frequency
analysis, itisnecessary to use datafrom similar and nearby locations (Stedinger et al ., 1993). This
approach isknown asregional frequency analysisand utilises datafrom several sitesto estimate
the frequency distribution of observed data at each site (Hosking and Wallis, 1987; Hosking and
Wallis, 1997). Regional frequency analysis assumes that the standardised variate has the same
distribution at every sitein the selected region and that data from a region can thus be combined
to produce asingleregional flood, or rainfall, frequency curvethat is applicable anywherein the
regionwith appropriate site-specific scaling (Cunnane, 1989; Gabrieleand Arnell, 1991; Hosking
and Wallis, 1997). Regionalisation enablesafrequency analysisof 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 scaleto be estimated from the at-site data (Bobee and Rasmussen, 1995).

In the context of flood frequency anaysis, 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 ahomogeneousregion, historical datacan
be pooled to obtain efficient estimates of the parameters of the distribution and hence robust
guantile estimates (Kachroo et al., 2000) with smaller standard errors (Mkhandi et al., 2000).
Thus, the concept of regional analysisis to supplement the time limited sampling record by the
incorporation of spatial randomness using data from different sitesin aregion (Schaefer, 1990;
Nandakumar, 1995).

Regional approaches can al so be used to estimate events where no information exists (ungauged)
at asite (Pilon and Adamowski, 1992). However, care must be exercised to ensure that such an
approachisnot applied outside of the region where the method was devel oped, nor outside of the
range of observations used to develop the method (Cordery and Pilgrim, 2000).

In nearly all practical situations aregiona method will be more efficient than the application of
an at-site analysis (Potter, 1987). This view is also shared by both Lettenmaier (1985; cited by
Cunnane, 1989) who expressed the opinion that “regionalisation is the most viable way of
improving flood quantile estimation” and by Hosking and Wallis (1997) who, 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 analysiswill yield quantile estimates accurate enough to be
useful in many realistic applications’. This opinion is aso expressed by Cordery and Pilgrim
(2000), who conclude that regiona 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
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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 appearsto be arobust procedure and has been applied in anumber of studies.
For example, the methodology has been successfully applied by Smithers and Schulze (2000g;
2000b) to estimate both short and long duration design rainfalls in South Africa. A cluster
anaysis of site characteristicsis used to identify potential homogeneous regions, which allows
for independent testing of the at-site data for homogeneity. Methods based on L-moments are
used for frequency estimation, screening for discordant dataand testing clustersfor homogeneity
(Hosking and Wallis, 1993; Hosking and Wallis, 1997).

Much research in recent years has focussed on the identification 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 identification of
homogeneousregionsistheregion of influence approach devel oped by Burn (1990b; 1990a) and
Zrinji and Burn (1990b; 1990a) and which has been adopted by the FEH (Reed, 1999).

Therecommended distributionfor flood frequency analysesinthe USA isthelog-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 subsequent Bulletin 17B publication (IACWD, 1982) which includes procedures
for dealing with outliers and conditional probability adjustment. Potter and Letenmeier (1990)
showed that an index flood approach using a GEV distribution performed better than the
procedures contained in Bulletin 17B.

According to Alexander (1990) no comprehensive studies of regional statistical analysismethods
have been made in South Africa since the early 1970s. He outlines a generalised procedure for
regional statistical analyses. Accordingto Alexander (1990), the distribution of gauging stations
in South Africa is too sparse to pre-determine hydrologically homogeneous regions. He
recommends an alternative method of grouping stationswhich consists of plotting scaled growth
curves and rejecting stationswhich have growth curvesinconsistent with the remaining stations.

McPherson (1984) investigated methods to estimate the mean annual and 2 year return period
floods in South Africa. The catchment parameter method developed showed promising initial
results, but has not been devel oped further.

A tentative regionalisation based on the regions identified by Kovacs (1988) was performed by
Van Bladeren (1993) for the KwaZulu-Natal and former Transkel regions. He noted that further
regionalisation was necessary and that a strong relationship existed between the mean annual
flood and catchment area.

Mkhandi et al. (2000) used the L-moment based procedures devel oped by Hosking and Wallis
(1993) to identify both discordant gauging stations and homogeneous flood producing regionsin
Southern Africa. Thirteen homogeneous regions were delineated utilising drainage regions in
South Africa and the Pearson Type 3 distribution fitted by PWM was found to be the most
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appropriate distribution to usein 12 of theregions. In the western coastal region of South Africa
the LP3 distribution fitted by MM was found to be the most appropriate distribution.

A initial regionalisation of the annual maximum series of peak dischargesfor 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. Two homogeneous regions were
identified and suitabl e regional frequency distributionswere sought. In order to estimate adesign
flood at an ungauged site, it is necessary to re-scale the regional growth curve by an estimate of
the index flood at the site. Kjeldsen et al. (2001) devel oped relationships to estimate the index
flood as a function of the MAP and catchment area.

Therun-hydrograph technique asdetailed in Hiemstraet al. (Hiemstraet al., 1976) Hiemstraand
Francis (1979), Hiemstraet al. (1979) and Hiemstra (1981), is based on aregional analysis of
historical data but was recommended, soon after its development, only to be used to check the
results from other methods (SANRA, 1986). Although no further evaluation of the method has
been documented sincethereport by SANRA (1986), Alexander (1990) does hot recommend the
run-hydrograph procedurefor general usein South Africa, while Alexander (2001) concedesthat
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).

6.3.3 Maximum envelopes

In the maximum envel ope approach, the largest observed discharges are usually plotted against
catchment area, both on logarithmic axes. An envelopeis sketched to include all the data points.
Approximate estimates are possible, providing that data from catchments similar to the one of
interest wasincluded in theanalysis(Cordery and Pilgrim, 2000). Maximum peak dischargescan
be determined at ungauged sites using envelope curves (ASCE, 1997). The envelope tends to
increase as the record length increases and 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 envelopes for
South Africa. This approach has been stated to be reliable in medium sized catchments
(Alexander, 1990).

6.4 Rainfall Based M ethods

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 Figure 76, the
choices available in such a situation are between event and continuous rainfall based methods.
Both deterministic and probabilistic models are used. The advantages of rainfall-runoff models
may be summarised as follows (Schulze, 1989; Rahman et al., 1998):

» Generally longer rainfall records at more sites, and with better quality, are available for
analysis compared to streamflow records.
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» Measurement errors, inconsistenciesin the data and non-homogeneous streamflows make the
data unsatisfactory for direct frequency analysis.

» Similarly, non-stationary streamflow records asaresult of changing catchment conditions can
render the streamflow record unsatisfactory for direct frequency analysis.

» Area extrapolation of rainfall records can be achieved more easily than runoff records.

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

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

6.4.1 Design event models

Thewidespread use of design event modelsisrelated 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 conditions prior to the occurrence of an extreme event, even when
rainfall-runoff modelling is performed to estimate the flood hydrograph (Cameron et al., 1999).

Design event based models assume that, for representative inputs and model parameters, the
frequency of the estimated flood is equal to the frequency of the input rainfall. This assumption
islikely to introduce significant biasin the frequency of flood estimates and the validity of this
assumption iscrucial to the accuracy of this approach (Rahman et al., 1998). Much 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
probabilistic nature of rainfall, but ignore the probabilistic behaviour of other inputs and
parameters. Four general approaches are suggested by Pilgrim and Cordery (1993) to maintain
therequired probability for the selected flood, with thelast two optionslisted below showing the
greatest practical value:

frequency analysisof synthetic streamflow generated by acontinuousrainfall-runoff from long
records of rainfall,

joint probability analysis of variables contributing to the flood discharge,

use of median values for model parameters, and

values derived by comparison of floods and rain of the same probability.

Three approaches have been adopted in Australia in an attempt to estimate a flood with the
required return period (Pilgrim, 1987; Pilgrim and Cordery, 1993):

» The use of median values of input, other than rainfall, to models:
Theuseof “worst” design parameters (e.g. high runoff coefficientsand low losses) result
in flood estimates with exceedance probabilities lower than that of the input rainfall.

» Thederivation of relationshipsthat link directly therainfall and runoff for the same exceedance

level:

An example of this approach being the probabilistic approach to the Rational Method.

» Theuse of joint probabilities to the variables which contribute to the flood:
Although superior to the above two approaches, uncertainties increase for larger return
periods.
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For small to medium sized catchmentsin Australia, Pilgrim (1987) recommendsthe probabilistic
Rational Method with regionalised coefficients, regional flood frequency methods, design
hydrograph methods which include unit hydrograph and loss function methods, synthetic unit
hydrographsand runoff routing and the USDA's SCStechnique asappropriate methodsfor design
flood estimation. The Rational, SCS, Gradex, Unit Hydrograph and runoff-routing are listed by
Cordery and Pilgrim (2000) ascommonly used designrainfall event methodsfor flood estimation.
These are briefly discussed in the following sections.

6.4.1.1 Rational method

The Rational Method is widely used throughout the world for both small rural and urban
catchments (Pilgrim and Cordery, 1993; Alexander, 2001). The Rational Method isviewed asan
approximate simplified technique for design flood estimation in the 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 appropriate 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, the selection of the runoff coefficient, the experience of the user and should not
be used for catchments > 15 km? . The experience of the user and the selection of appropriate
runoff coefficients are essentia for the application of the Rational Method, which can give
realistic results when used circumspectly (SANRA, 1986). 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. Theassumed uniformrainfall intensity and the exclusion of temporary
storage limits the application of the deterministic Rational Method to urban and small rural
catchments (Cordery and Pilgrim, 2000). Hence, Pilgrim and Cordery (1993) and Cordery and
Pilgrim (2000) recommend a probabilistic approach to determine the runoff coefficient for the
Rational Method.

The probabilistic Rational Method has been developed for Australia with the runoff coefficient
for different return periods either mapped or related by regression to catchment based physical
variables. Studiesin Australiahave 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). According to Pilgrim (1987), the use of
the probabilistic interpretation of the Rational Method isacceptablefor estimating design events,
but the method is not suitable for estimating the flood peak for a particular rainfall event.

The HRU (1972) outlines a deterministic Rational Method approach to design flood estimation
in South Africawhich issuitable for application in catchmentswith areas of up to 15 km? and the
Rational Method is also recommended by SANRA (1986) and Alexander (1990; 2001). The
runoff coefficient may be estimated as a function of MAP, catchment land cover, permeability
and steepness, vegetation cover and return period. Thereturn period adjustment factor decreases
the runoff coefficient for events with return periods < 50 years. Differing values for the return
period adjustment factor in South Africaare presented by SANRA (1986) and Alexander (2001).
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Alexander (1990) advocates the calibration of the Rational Method with local data, whereit is
available.

Alexander (2002) developed a*“ Standard Design Flood” method, which isin effect a calibrated
Rational Method. Raingauges were assigned to 29 representative catchments in South Africa
which have observed flow data and the Rational runoff coefficient (*C” factor) was calibrated
until thedesign flood estimated using design rainfall values equalled that computed directly from
the gauged flow data. Some subjective adjustment was performed to the calibrated runoff
coefficientsto “ produce a more conservative estimate”. The 29 catchments were grouped into 8
larger regionsand verificationswere performed at 84 siteswhere, on average, the standard design
flood exceeded the at-site values by 60%. According to Gorgens (2002) the “ Standard Design
Flood” method is a conservative approach and would not be suitable, for example, in the design
of dam spillways.

6.4.1.2 SCS method

The SCS method for design flood estimation is widely used and has, in the USA, replaced the
Rational Method (Pilgrim and Cordery, 1993). Thisis attributed by Pilgrim and Cordery (1993)
to the wider apparent database and the manner in which the physical catchment characteristics
are incorporated. Inconsistencies in the application 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:

* TheSCSmodel performed poorly insimulating actual peak dischargesfrom runoff plotsin the
USA.

» The assumed antecedent moisture conditions had a mgjor effect on the results.

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

» 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 catchment Iag 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 the results from the SCS method should be checked against observed
flood datain the region in which it isapplied. 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 variablesin
order to correctly transform the rainfall with agiven exceedance probability into runoff with the
same probability. They found that the traditional SCS method of accounting for antecedent
moisture conditions resulted in reasonabl e estimates of runoff.

The SCS method 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 adaptions were computerised by Schulze et
al. (1992) and the method is now widely used for the estimation of design floods from small
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catchments in South Africa. The SCS method is not as sensitive as the Rational Method to user
inputs. It can compute the entire hydrograph and is recommended for both urban and rural
catchments with areas < 10 km? (Campbell et al., 1986; SANRA, 1986). A further statistical
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 the SCS-based
model s, particularly the South African adaptions, performed well enough to be recommended for
design on a considerable range of land use and catchment size categories.

6.4.1.3 Unit hydrograph method

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
acatchment 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
gpatial uniformity of rainfall (Chow et al., 1988; Maidment, 1993). An advantage of the method
isthe estimation of the entire hydrograph, which isimportant where storage within a catchment
isfound.

For the UK the FEH re-states the FSR rainfall-runoff method for design flood estimation with
new estimates of model parameters (Houghton-Carr, 1999). The FSR model isadeterministic 3
parameter model of catchment response and consists of a unit hydrograph and a loss model
(Houghton-Carr, 1999). The parametersrelate to the catchment response time, the proportion of
rainfall which contributes directly to flow in the river and the quantity of baseflow in the river
prior to the event. The parametersfor the model may be derived from observed rainfall and runoff
recordsif these are available or, at ungauged sites, either from physical and climatic descriptors
of the catchment or by the transfer of information from donor gauged catchments. The point
design rainfall for the target return period flood is converted to an areal rainfall using an areal
reduction factor and disaggregated temporally to form a hyetograph. The estimated runoff is
converted into a hydrograph using the catchment unit hydrograph and baseflow is added to
complete the design hydrograph (Houghton-Carr, 1999).

The FSR unit hydrograph and loss model is widely used for three reasons (Houghton-Carr,
1999):

» Themodel isrelatively well understood;
» Themodel can be easily and generally derived for any site; and
» The simple structure of the model allows the incorporation of local data.

Houghton-Carr (1999) identifies the most general weakness of the FSR model to be the
assumption that aunique combination of thefour specificinputswill estimate adesign flood with
the required return period. The performance of the original FSR model has been shown to vary
regionally, whichisattributed to the approach adopted for model calibration, with thecalibrations
performed at a national scale (Houghton-Carr, 1999). No evaluations of the current versions of
the model have been made (Houghton-Carr, 1999).

For catchment areas ranging from 15 - 5000 km?, the HRU (1972) describes a unit hydrograph
techniquefor applicationin South Africa, which wasupdated by Bauer and Midgley (1974). Data
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from only 92 gauges with catchment areas ranging from 21 to 22163 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-axia diagram to estimate mean storm losses in the 9 zones was
developed. SANRA (1986) recommend that in South Africathe unit hydrograph approach is a
reliable method for catchments ranging in size from 15 - 5000 km?. Bauer and Midgley (1974)
devel oped thesimple-to-apply lag-route method of design flood estimation in South Africa, based
on the results of the unit hydrograph technique.

6.4.2 Continuous simulation modelling
6.4.2.1 Review

Continuous simulation models attempt to represent the major processes which convert rainfall
into runoff. Historical 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 anaysis
techniques. Thus, model parametersdetermined using arelatively short period of calibration and
verification can be used together with along climate series to yield flood frequency estimates
(Calver and Lamb, 1995). If themodel parameters can berelated to the catchment characteristics,
then the model parameters can be transferred to similar catchments.

It isthe opinion of Reed (1999) and Houghton-Carr (1999) that continuous simulation modelling
for designflood estimationisstill intheexperimental and devel opmental stage. Reviewing recent
literature, Cameron et al. (1999) express the opinion that, although not fully proven, the use of
continuous modelling for design flood estimation has resulted in encouraging output. The use of
continuous simulation modelling is conceptually attractive in that acontinuous moisture balance
is maintained and hence the state of the catchment before each storm is implicitly determined.
However, the number of variables to calibrate may be substantial (ASCE, 1997).

Inavariation to continuous simulation modelling, Rahman et al. (1998) summarisea“ runoff file”
approach, where the outputs from continuous simulation for selected conditions are stored for
subsequent use. Thisreduces the expertise required for setting up the model and repeated model
calibration by different users.

The use of historical rainfall and the continuous simulation of catchment soil moisture make the
simplifying assumptions of event based modelling unnecessary (Cameron et al., 1999). Reed
(1999) refers to “whole catchment modelling” which integrates hydrological, hydraulic and
various impact models. The data demands of continuous simulation modelling are of concern to
Reed (1999), but he concedes that such an approach overcomes many limitations of the design
event approach and the complications of the joint probability approach.

Schulze (1989) arguesfor acontinuoussimul ation model ling approach to design flood estimation,
because:

* long periods of record are necessary for accurate estimation of design values,

 long seriesof observedflood dataaregenerally not avail able, often containinconsistencies and
are frequently both non-homogeneous and non-stationary,
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* in comparison to runoff data, longer data sets of rainfall of better quality are usually available
for most regionsin South Africa, and

* the exceedance probability of floodsis generally not related to the exceedance probability of
rainfall, as assumed in simple event based models.

The advantage of the modelling approach isthat acompl ete hydrograph is generated and not only
a peak discharge (Reed, 1999). Rahman et al. (1998) refers to numerous publications and
summarise the advantages of continuous simulation models as follows:

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

» Antecedent moisture conditions (AMC) are modelled explicitly and hence any subjectivity in
attempting to account for AMC isremoved.

» Thedtatistical analysisof output impliesthat the return period of the output is not assumed to
be equal to that of the input rainfall.

In asimilar vein, Boughton and Hill (1997) list the following advantages of such a system:

 actual rainfall datafrom the area are used and not general regionalised design values,

 theuseof acalibrated rainfall-runoff model avoidsthe needsfor assumptionsabout losses, and

* sequencesequal in length to the assumed return period of the probable maximum flood can be
generated and hence no assumption regarding the shape of the distribution in this range are
necessary.

Rahman et al. (1998) refer to numerous publications and summarises the disadvantages of
continuous simulation models as follows:

» Thedifficultiesin adequately modelling the soil moisture balance and obtaining input data at
the required temporal and spatial scale,

» thelossof “sharp” eventsif the modelling time scale is too coarse,

* theextensivedatarequirementswhichresultinsignificant timeand effort to obtain and prepare
the input data, and

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

Pilgrim and Cordery (1993) refer to the use of storagetype modelswheretherunoff processesare
represented in moredetail. These may besimplemodelssuch asthel LLUDASmodel or network
models such as the HEC-1 model and RORB mode!.

Calver and Lamb (1995) illustrated the use of continuous simulation modelling for design flood
estimation on 10 varied catchments in the UK, ranging in size from 1 to over 400 km?® Two
model swith between 5 and 10 parameterswere used and acceptabl eresultswere obtained. Calver
and Lamb (1995) question if themodel sused were sufficiently robust and highlight the sensitivity
of the results to the quality of the input data.

Boughtonand Hill (1997) combined adaily rainfall generating model to generatelong streamflow

sequences with daily rainfall asinput to a calibrated rainfall-runoff model. A procedure relating
annual maxima peak flow rates to annual maximadaily runoff volumeis utilised. Daily rainfall
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records are generally longer and more abundant than streamflow recordsand, with the use of data
generation techniques, are not limited to thelength of the historical rainfall record. The stochastic
rainfall model attempts to simulate the annual maxima daily rainfalls to reflect the actual
distribution of observed annual maxima. The Australian Water Balance Model (AWBM) is an
explicit water balance model, capable of operating at daily or hourly time steps and simulates
three surface storages with different capacitiesto represent partial arearunoff. A limitationto the
continuous modelling system devel oped by Boughton and Hill (1997) isthe need for concurrent
rainfall and runoff records to calibrate the model and to estimate peak discharges as a function
of runoff volume. The calibration of the stochastic rainfall model to annual maxima may
compromise other characteristics of rainfall, e.g. wet-wet sequences which may influence the
simulated runoff. No uncertainty isbuilt into the parameters of the model and hencethe simulated
sequences only reflect the variability of rainfall. No reference is made to catchment size
limitations and the application of the model on large heterogeneous catchmentsis not discussed.

ThelHACRES model was used by Steel (1998) to simul ateinstantaneous peak flows dating back
to the 1870s for 11 rivers in Scotland using long homogeneous daily rainfall series. The low
variability of the smulated flow in some rivers is attributed by Steel et al. (1999) to be the
consequence of using adaily time step inthe model. Theimportance of alonger simulated record
for design flood estimation isillustrated by Steel et al. (1999).

Cameron et al. (1999) used TOPMODEL to derive the frequency distribution of extreme
dischargesby continuoussimulation. They simulated runoff from a10.6 km? catchmentin Wales,
UK, and showed that parameter sets for TOPMODEL could be found that satisfied both
hydrograph and flood frequency simulation.

Alexander (1990; 2001) refersto literature that recommend simulation models for design flood
estimationin small catchments and expressesthe opinion that no simulation modelsaregenerally
applicable for flood determination in South Africa. Alexander (2001) does recommend the SCS
method for agricultural catchments with areas < 8 km?.

In summary, the advantages of continuous simulation models are the simulation of the complete
hydrograph and continuous simulation of antecedent moisture conditions. These need to be
weighed against the challenges of input data preparation, 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
hydrographsto become astandard techniquefor estimating design floods (Cameron et al., 1999).
In the application of continuous simulation models for design flood estimation, the requirement
that consistent model parameterisations are necessary for both continuous flow series and flood
frequency simulation, expressed by Cameron et al. (1999), needs to be borne in mind.

6.4.2.2 Application of continuoussimulation modellingfor design hydrology in South Africa

In South Africathe use of the conceptual-physical, daily time step ACRU model (Schulze, 1995)
has been used to estimate design peak discharges. For example, Smithers et al. (1995; 1997)
applied the ACRU model on the 760 km? Lions and M pofanatributaries of the Mgeni River. The
location, catchment discretisation and schematic flow paths used in the study reported by
Smithers et al. (1995; 1997) are shown in Figure 77.
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Of the two gauging stations for which observed data were available for model verification, only
data from gauging station U2H013 could be utilsed, as the observed daily peak discharges at
U2HO007 did not exceed athreshold of 31.7 m*.s*, presumably because the gauging structure was
not designed to measure events exceeding this value. Examples of daily observed and simulated
peak discharges are illustrated in Figure 78. The design floods estimated using the General
Extreme Value (GEV) distribution fitted to the annual maximum series extracted from the
observed and simulated series at U2H013 are depicted in Figure 79. From results such as these
it was concluded that a continuous simulation approach could reliably be used for design flood
estimation in the study area.
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Morerecently, acontinuoussimulation model ling approach wasadopted by Smitherset al. (2000)
to investigate the spatial variability, magnitudes and probabilities of the floods which occurred
during the February 2000 in the Sabie River catchment. Again, the data from many gauging
structures were not suitable for verification of floods simulated by the model, with overtopping
of theweirs evident at many gauges. Examples of frequency analyses of observed and simulated
daily peak discharges at gauging weirs X3H001 (173 km?) and X 3H006 (766 km?) are shown in
Figure 80. Peak discharges and return periods of the February 2000 floods estimated from the
simulated series compared favourably with initial, hydraulically based assessments of the flood
magnitudes made by Van Bladeren and VVan der Spuy (2000).
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Figure 80 Frequency analysis of simulated and observed daily peak discharges at
Gauging Weirs X3H001 and X3HO006 (after Smithers et al., 2001)

6.5 Chapter Discussion and Conclusions

Designflood estimation may be performed by afrequency analysisof observed flowswherethese
are available and are adequate in length and quality. While the analysis may be performed at a
single site, a regiona approach should preferably be adopted. The advantages of a regional
approach to frequency analysisfor design flood estimation are evident from the studiesreviewed.
Thishasledto the adoption of aregional approach asthe recommended approach for design flood
estimation by some countries (e.g. Australia and UK). Alexander (1990; 2001) advocates a
regional approach for South Africaand details a methodol ogy and aswell as providing software
for the implementation of the regional approach, but states that overseas concepts of identifying
homogeneous regions are not valid in South Africa. Using his approach, users are expected to
visually interpret the dataand decide subjectively which data can be used beneficially toimprove
the estimates of the parameters of the distribution being fitted to the data. Thisraisesthe question
of inconsistency in the results between different users and places an onerous burden on each user
who hasto collect the raw data for the stationsin the region and then proceed with the analysis.
Furthermore, it is probable that similar analyses would be performed by different users for the
same regions and valuable human resource time would be wasted. It is argued that a research
project, undertaken by respected experts, to develop aregional approach on national scale could
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save significant effort by individual users and improve the consistency of results. An argument
against this computerised “ cook book” approach is that it may be applied by an inexperienced
designer outside of the bounds under which it was developed. However, it is postulated that far
larger errors and inconsistencies will result when the current manual approaches are applied by
inexperienced designers.

For direct statistical analysisAlexander (1990; 2001) recommendseither the M ethod of Moments
or Probability Weighted Moments for fitting distributions. The literature indicates 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 Africais warranted.

When no recorded streamflow data are available at the site of interest, or the records are
inadequate, the recommended rainfall-runoff event based methodsfor design flood estimationin
South Africainclude the Rational Method, unit hydrograph 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 currently
available for analysis, computing power has expanded enormously and detailed databases of
climatic and catchment physiographic characteristicsare available at anational scale. Whilethe
regionalisation of South Africa into nine veld zone types, based on data from only 92 flow
gauging stations, was pioneering work at thetime, it is postulated that refined regionalisation of
homogeneous hydrological response regions in the country is now possible. Furthermore, the
event based methods are generally 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 theapplication of the Rational Method in South Africaisadvocated, themethod isstill applied
in adeterministic 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 (2002), and termed the “ Standard
Flood”, is a probabilistic-based approach which has the ingredients to overcome some of the
deficiencies evident in the techniques currently used for design flood estimation in South Africa.
In thisstudy no in-depth analysis of the standard flood methodol ogy has been performed, but the
use of single site and outdated design rainfall values (TR102), 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), accounts for regional differencesin median antecedent soil moisture conditions
prior to large eventsand for the joint association between rainfall and runoff. However, improved
computing power and currently avail able 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 1946 Quaternary Catchmentsinto which South Africa has been delineated and, where
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necessary, could also reflect heterogeneity of soils and current land use within each Quaternary
Catchment. The method used to account for regional differencesin AMC could be improved by
utilising improved modelling inputs. For example, estimates of reference potential evaporation
as well as maximum evaporation (i.e. considering transpiration by vegetation and evaporation
from vegetation and soil surfaces) could be improved by using currently available information.
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 afunction of the exceedance probability of theintended design. The method used
to account for the joint association between rainfall and runoff could aso beimproved by the use
acontinuous simulation approach and could include eventslarger than those equival ent to the 20
year return period, to which the 1987 adaption of the SCStechnique for SA is currently limited.

Animportant aspect isthe need for consistency when the various methods are applied by different
users, i.e. similar results should be obtained by different users when applying the same method.
Alexander (1990) states that the subjectivity in the estimation of design storms is a major
l[imitation in the consi stent estimation of design floodsin South Africa. For aspecified catchment
response time, the RLMA& S| procedures to estimate design rainfall will, when applied ona 1'
x 1' gridded scale in South Africa, overcome the subjectivity in rainfal input. However,
considerable inconsistency remainsin the estimation of the catchment response time, and hence
in the estimation of the critical duration of rainfall, and in the selection of other model inputs
which are based on text book values for the Rational Method and, to a lesser extent, the SCS
techniques.

Inarecent review inthe current state of theart of flood frequency analysis, the gap between flood
research and practiceisemphasised by Cordery and Pilgrim (2000), with research being required
toimprovethe estimates of both specific and probabilistic floods. Although the gap between flood
research and practice may not be largein South Africa, with relatively little research having been
undertaken in the past 25 years, the need to refine existing methods and to eval uate new methods
which have been adopted for design flood estimation in other countries, currently requires urgent
attention and funding in South Africa.

6.6 Summary of Research Needsfor South Africa

The following research needs have been identified and are listed in a perceived priority which
takesinto account the need to introduce new and international ly accepted techniquesand torefine
existing techniques:

* A continuous simulation approach to design flood estimation should be further evaluated and
developed. Such an approach overcomes many of the limitations of the design event approach
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.

132



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 and as longer periods
of record are now availablefor analysis, and also in theway in which ARFsmay vary in South
Africawith recurrence interval and with rainfall producing mechanisms.

Techniquesfor thetemporal disaggregation and spatial estimation of daily rainfall needto be
revised and refined.

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

A revision and updating of the SCS method for design flood estimation on small catchments
in South Africa should be undertaken to incorporate the increased spatial resolution of
information now available, 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 should be devel oped, i.e. the identification
of homogeneous regions, the development of growth curves for each reach and the
development of algorithms to estimate the scaling factor at ungauged sites. Regionalisation
based both on acluster 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.

Improved and consistent methods to estimate catchment lag should be evaluated.

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
(2002) hasdevel oped a“ standard design flood” using thisapproach, which may requirefurther
refinement.

Therun-hydrograph technique should be re-evaluated and, if necessary, further refined for use
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.
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CHAPTER 7

DESIGN FLOOD ESTIMATION USING AN INDEX FLOOD
BASED APPROACH IN KWAZULU-NATAL, SOUTH AFRICA

7.1  Regionalisation

A regional frequency anaysis of annual maximum series of flood flows from relatively
unregulated riversin the KwaZulu-Natal province of South Africahasbeen conducted, including
the identification of homogeneous regions and suitable regional frequency distributions for the
regions. The study areawas divided into two homogeneous regions based on anindex of monthly
rainfall concentration. Region 1 covers the coastal and midlands area and Region 2 the north-
western parts of the study area. The General Normal, Pearson Type 3 and General Pareto
distributionswerefound to be suitablefor annual maximum seriesof flood flowsin Region 2. The
occurrence of a few flood events of extreme magnitude in Region 1 resulted in no suitable
regional frequency distribution for thisregion. Full details of thisstudy are contained in Kjeldsen
et al. (2002).

7.2 Estimation of the Index Flood

Use of theindex-flood method at ungauged sites requires methodsfor the estimation of theindex-
flood parameter at these sites. This study attempts to relate the mean annual flood to catchment
characteristics in KwaZulu-Natal, South Africa. The ordinary, weighted and generalised least
square methodsfor estimating model parametersare compared and found to perform equally well,
with preference given to the generalised |east square model. A separation of KwaZulu-Natal into
two regions was found to improve predictive ability of the models in the western and north-
western parts of the study area. The study also revealed problemswith the estimation of the mean
annual flood in the coastal areas of the study region. Full details of this study are contained in
Kjeldsen et al. (2001).
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CHAPTERS8

DISCUSSION AND CONCLUSIONS

Thetwo major objectives of this project wererelated to the estimation of design rainfall in South
Africaand techniquesfor design flood estimation. Thesetwo aspectsarediscussed in Section 8.1
and 8.2 respectively. Section 8.3 contains recommendations for future research.

8.1 Design Rainfall Estimation

Regional index storm based approaches which utilise L-moments for design rainfall estimation
were developed by Smithers and Schulze (2000a) for durations < 24 h using digitised rainfall
data from 172 stations which had at least 10 years of record, and for 1 to 7 day durations by
Smithersand Schulze (2000b) using daily rainfall from 1 789 stationswhich had at |east 40 years
of record. A comparison of the growth curvesfor the 24 h duration indicated inconsistenciesin
the results from the two studies. Possible explanations for the inconsi stencies were attributed to
the different periods of data used in the two studies and the differences in the annual maximum
series, which were extracted using a sliding window from the continuously recorded data and
using a fixed period window from the daily rainfall data. The results obtained in Chapter 3
indicatethat there areno systematic differences between higher order L-moment ratiosfor annual
maximum series extracted using fixed and sliding windows. It was also established that the 24 h
growth curve, derived from digitised data using a sliding 24 h window, and the 1 day growth
curvederived fromdaily rainfall data, should bethe same. Hence, the differencesin the short and
long duration growth curves are attributed largely to the different periods and length of records
used in the analyses and, to a lesser extent, to the errorsin the digitised rainfall data.

The scaling properties of the L-moment ratios and growth curves with duration was also
investigated in Chapter 3. It was noted that thelong duration (1 to 7 days) growth curves derived
fromthedaily rainfall datawererelatively scaleinvariant with duration, whereasthe short growth
curvesderived fromthedigitised rainfall datadid not display the same degree of scaleinvariance.
Resultsin the literature indicate evidence of scale invariance of the L-moment ratios of extreme
rainfall. Hence, is was postulated that the departure from scale invariance of the short duration
growth curves could be attributed to acombination of sampling variability, errorsinthedigitised
rainfall data and limitations in the resolution of measurement of the rainfall data.

The sampling variability of the annual maximum rainfall series was estimated using three
approaches. The first utilised windows of data extracted from the entire period of record, the
second utilised stochastic modelling of the rainfall process and the third approach implemented
abootstrapping technique. The resultsindicate that thereis considerable variation with duration
in observed higher order L-moments. Thisisassociated with the sampling variability and length
and period of record. The most reliable estimates of the L-moment rati os are computed from the
more reliable daily rainfall data, which are more abundant and have longer record lengths than
the digitised rainfall data. It isthus postul ated that the 1 day L-moment ratios, and hence growth
curves, are the most reliable estimate of the L-moment ratios for all durations. Thus, design
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rainfalls for al durations may be estimated as the product of the 1 day growth curves and an
estimate of the mean of the annual maximum series (index value) for the duration in question.

As detailed in Chapter 4, the methodology developed for estimating the mean of the annual
maximum series for al durations at an ungauged location is dependent on the mean of 1 day
annual maximum series. Using a cluster analysis of site characteristics, the 78 long duration
clusterswere grouped into 7 regionsfor the estimation of the mean of the 1 day annual maximum
series. Multiple linear regression relationships with site characteristics (MAP, latitude, altitude)
as independent variables enabled the mean of the 1 day annual maximum seriesto be estimated
at any location in South Africa. Gridded residual errors at stations which had at least 40 years of
data were used to correct the estimated values at these sites and ensure that the estimated values
werethe same asthe observed values at these sites. This approach was showntoresultinreliable
and consistent estimates of the 1 day annual maximum series.

For durations longer than 1 day, the mean of the D day (2 < D < 7) duration values were noted
to scale linearly as afunction of the 1 day values. The parameters of the regression were found
to scale (by a power law relationship) with duration, and three parameters were derived to
describe the relationship between the two regression parameters (coefficient and intercept) and
duration. Thus, 6 parameters in all were derived for each of the 7 regions which enable the
estimation of the mean of the annual maximum series for durations ranging from 2 to 7 days at
any location in South Africa.

For durations shorter than 1 day, the mean of the H minute (H < 1440 ) duration values were
found to scale linearly as a function of the 24 h values. Thus, for each of the 15 short duration
clustersand for 15 durations ranging from 5 to 1200 minutes, linear regression coefficientswere
derived.

The approach adopted to estimate the mean of the annual maximum series for any durationisa
two step process. Firstly, the mean of the 1 day annual maximum series is estimated at the
required location using regionalised regressions. Secondly, the mean of the annual maximum
series for durations longer than 1 day are scaled directly from the 1 day value. For durations
shorter than 1 day, the values are scaled from the 24 h value, which in turn is estimated directly
from the 1 day value for the location. This approach for durations < 24 h was shown to be more
efficient than the methodology developed by Smithers and Schul ze (2000a).

Themorereliabledaily rainfall database, with many more stationsand longer record lengthsthan
those contained in the digitised rainfall database, isutilised in the estimation of the mean of the
annual maximum seriesfor all durations. Thus, inconsistenciesin the digitised rainfall database
are, to some extent, compensated for by scaling from the daily values.

In the application of the regression relationships to estimate the mean of the annual maximum
seriesfor durationsshorter and longer than 1 day, it wasnoted that inconsi stenciesbetween values
estimated could arise if 1 day values which were outside the range of values used to develop the
relationships, were input to the equations. This could result in, for example, the mean of the
annual maximum seriesfor aparticul ar duration being larger than the val ue estimated for alonger
duration. Thus, the concept of the slope between the mean of the annual maximum series and
duration, for arange of selected durations, wasintroduced. It was noted from the observed data
at numeroussitesthat, if changesin scaling do occur, they typically occur at durations of 15 min,
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2 h, 1 day and 3 days. These durations were therefore used as pivotal durations, with the
regression based approach used to estimate the mean of the annual maximum series at these
durations, and the mean of the annual maximum series for intermediate durations scaled from
thesevalues. Thisapplication of the Regional L-Moment Algorithm, in conjunction withaScale
Invariance approach has been termed the RLMA& SI.

Theperformanceof theRLMA& Sl procedures hasbeen assessed in anumber of ways. At 10 sites
located in different climatic regionsof South Africaand which each haveat least 40 yearsof daily
rainfall data, and which were not used in the regionalisation process, the RLMA& S| procedures
generally exceeded the design values estimated directly from the at-site data for return periods
greater than 20 years. A similar trend was evident at al daily rainfall stationswhich have at least
40 years of record.

A comparison at 2 184 daily rainfall stations between design rainfall estimated by Adamson
(1981) and by the RLMA& SI procedures indicated that, for return periods of lessthan 50 years,
the differences between the two estimates were generally less than 20%, while for longer return
periods the differences were greater, with the Adamson values generally exceeding the
RLMAZ& S| design rainfalls. These differences are attributed to:

. the longer record lengths used in the regional approach,
. the stringent data quality control procedures devel oped by Smithers and Schul ze (2000b)
and used in this study,
. the different approaches to design rainfall estimation used in the two studies,
- with Adamson (1981) using asinglesite approach with acensored LN distribution
while
- the regiona approach using the RLMA&SI procedures adopted the GEV
distribution, and
. theLL-momentsusedintheRLMA& Sl approach tofitting the GEV distribution being less
influenced by outliersin the data.

However, it has been shown that design rainfall depths computed using the regional approach
generally exceed the values computed directly from the at-site data. In addition, the regional
approach has been shown in many international studies (e.g. Potter, 1987; Cunnane, 1989;
Hosking and Wallis, 1997) to result in more reliable and robust estimates compared to design
values computed using only single at-site data. Therefore, it is postulated that the 1 to 7 day
designrainfall values computed using the RLMA& S| procedures may be used with confidence.

Further comparisons between design rainfall estimated using different approaches for durations
< 24 hwere performed. These included design rainfall estimated from the observed data, by the
RLMA&SI procedures, using the equation developed by Alexander (2001), the equation
developed by Adamson (1981) in DWAF Report TR102 and by Midgley and Pitman (1978) in
HRU Report HRU2/78. Generally, the design rainfalls estimated using the RLMA&SI and
HRUZ2/78 procedures were similar and, where no obvious anomalies were evident in the data,
follow thetrendsin designrainfallsestimated directly fromthe observed data. 1t wasevident that
the Alexander (2001) equation generally overestimatesdesignrainfallsfor durationsranging from
10 minutes to 24 h, with the maximum overestimation occurring at durations of approximately
1 h and inconsistencies between the estimated 24 h event and the TR102 1 day value, on which
the equation is based, were evident. The functional relationship of the Alexander equation does
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not seem to accommodate the curvilinear relationship between design rainfall depth and log
transformed duration, which is evident at most stations investigated.

From the comparisons performed in this study is evident that, compared to the observed dataand
other techniques for estimating design rainfalls, the RLMA& Sl procedures developed generally
result in reasonabl e estimates of design rainfall which are frequently more consistent than other
estimates. Thisisevident for 1 to 7 day durationswhere RLMA& Sl values are generally similar
to the values computed directly from the at-site data and display a consistent trend for these
durations, whereasinconsistenciesin both the TR102 values and observed dataare evident. The
RLMAZ& Sl values are consistent over the entire range of durations, whereasthe other techniques
considered are frequently inconsistent for durations shorter and longer than 24 h.

In summary, the RLMA& S| procedures utilise the more reliable, consistent and longer records
of thedaily rainfall databaseto estimate design rainfallsfor shorter durations, thus compensating
for deficiencies in the digitised rainfall database. It is thus concluded that the RLMA&SI
procedures may be used with confidenceto estimate design rainfallsin South Africafor durations
up to 7 days.

A software programme with a graphical user interface has been developed in Java to estimate
designrainfall depthsfor any location in South Africa. This softwareimplementsthe procedures
developed in this study and enables the estimation of design rainfall at a spatial resolution of 1
arc minute and for durations ranging from 5 minutesto 7 days and for return periods of 2 to 200
years.

8.2  Design Flood Estimation

Designflood estimation may be performed by afrequency analysisof observed flowswherethese
are available and adequate in length and quality. The analysis may be performed at asingle site,
or preferably aregional approach should be adopted. The advantages of aregiona approach to
frequency analysisfor design flood estimation are evident fromthe studiesreviewed. Thishasled
to the adoption of aregional approach asthe recommended approach for design flood estimation
by some countries (e.g. Australia and UK). Alexander (1990; 2001) advocates a regional
approach for South Africa and details a methodology and provides software for the
implementation of the regional approach, but states that overseas concepts of identifying
homogeneous regions are not valid in South Africa. Using Alexander's approach, users are
expectedtovisually interpret the dataand decide subjectively which datacan be used beneficially
to improve the estimates of the parameters of the distribution being fitted to the data. Thisraises
the question of inconsistency in the results between different users and places an onerous burden
on each user, who hasto collect the raw datafor the stationsin the region and then proceed with
the analysis. Furthermore, it is probable that similar analyses would be performed by different
users for the same regions and val uable human resource time would be wasted. It is argued that
aresearch project, undertaken by respected experts, to devel op aregiona approach on anational
scale could thus save significant effort by individual usersand improvethe consistency of results.
An argument against this computerised “cook book” approach is that it may be applied by
inexperienced designers outside of the bounds under which it was developed. However, it is
postulated that far larger errors and inconsistencies will result when the current manual
approaches are applied by inexperienced designers.
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For direct statistical analysisAlexander (1990; 2001) recommendseither the Method of Moments
or Probability Weighted Moments for fitting distributions. A review of the literature indicates
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.

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

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.
Subsequent to these studies, regional techniquesfor frequency analysishave becomethe standard
and preferred approach in some countries. In addition, longer rainfall and streamflow recordsare
currently 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 Africainto nine veld zone types, based on data from
only 92 flow gauging stations, was pioneering work in the 1960s, it is postulated that a refined
regionalisation of homogeneous hydrological response regionsin South Africais now possible.
Furthermore, the event based methods are generally applied in adeterministic manner and hence
suffer fromthelimitationsof thisapproach, whichincludestheuncertainty of thereal exceedance
probability associated with the computed design flood, the spatial as well as the temporal
distribution of rainfall, and soil moisture conditions in the catchment prior to extreme events.
Although areturn period adjustment factor for the application of the Rational Method in South
Africais 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 adesign rainfall event into a design flood event with the same return period.

The calibrated Rational Method developed by Alexander (2002), and termed the “ Standard
Flood”, is a probabilistic-based approach which has the ingredients to overcome some of the
deficienciesevident in the techniques currently used for design flood estimation in South Africa.
In this study no in-depth analysis of the Standard Flood has been performed, but the use of a
singlerainfall siteand outdated design rainfall values (TR102), 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), accountsfor regional differencesin median antecedent soil moisture conditions
prior to large eventsand for thejoint associ ation between rainfall and runoff. However, improved
computing power and currently avail abl e 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 1946 Quaternary Catchmentsinto which South Africa has been delineated and, where
necessary, could also reflect heterogeneity of soils and current land use within each Quaternary
Catchment. The method used to account for regional differencesin AMC could be improved by
utilising improved modelling inputs. For example, estimates of reference potential evaporation
as well as maximum evaporation (i.e. considering transpiration by vegetation and evaporation
from vegetation and soil surfaces) could be improved by using currently available information.

139



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 afunction of the exceedance probability of theintended design. The method used
to account for the joint association between rainfall and runoff could also beimproved by the use
of acontinuous simulation approach and could include eventslarger than those equivalent to the
20 year return period, to which the 1987 adaption of the SCS technique for SA is currently
limited.

An important aspect for design flood estimation is the need for consistency when the various
methods are applied by different users, i.e. similar results should be obtained by different users
when applying the same method. Alexander (1990) states that the subjectivity in the estimation
of design storms is a mgjor limitation in the consistent estimation of design floods in South
Africa. For a specified catchment response time, the RLMA& Sl procedures to estimate design
rainfall will, when applied on a1’ x 1' gridded scale in South Africa, overcome the subjectivity
inrainfall input. However, considerableinconsi stency remainsin the estimation of the catchment
response time, and hencein the estimation of the critical duration of rainfall, and in the selection
of other model inputs based on text book values for the Rational Method and, to a lesser extent,
the SCS techniques.

Inarecent review of the current state of the art of flood frequency analysis, the gap between flood
research and practice is emphasised by Cordery and Pilgrim (2000), with research required to
improve the estimates of both specific and probabilistic floods. Although the gap between flood
research and practice may not belargein South Africa, partially becauserelatively little research
in design flood hydrology has been undertaken in the past 25 years, the need to refine existing
methods and to evaluate new methods adopted for design flood estimation in other countries,
currently requires urgent attention and funding in South Africa.

8.3 Conclusions

The maor contractual objectives of the project have been met. The development of the
RLMAG&SI procedures for design rainfall estimation in South Africa not only adopts a novel
approach by utilising the scaleinvariance of growth curveswith duration, but enablesreliableand
consistent estimates of design rainfall to be made in South Africa by means of a Java-based
computer programme with a graphical user interface.

The inconsistencies in the growth curves developed in the studies by Smithers and Schulze
(2000a; 2000b) were unexpected and resulted in the devel opment of the RLMA& Sl procedures.
Therefore, the development of new regionalised areal reduction factors, design and actual
hyetographs, rainfall erosivity map and theimpactsof climatechangeon designrainfall estimates
for South Africa, as stated in the project objectives, were not achieved in this study and are
recommended for future research.

The secondary contractual objectiverelated to design flood estimation hasbeenlargely achieved.
Both the South African and international literature on design flood estimation wasreviewed and
asummary of research needs for South Africa has been compiled. Pilot studies on the use of an
index-flood and a continuous simul ation modelling approach to design flood estimation in South
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Africa has been completed. The effects of climate change on design flood estimation was not
undertaken and is recommended for future research.

The gap between flood research and practice is emphasi sed by Cordery and Pilgrim (2000), with
research required to improvethe estimates of both specific and probabilistic floods. Although the
gap between flood research and practice may not be large in South Africa, partially because
relatively little research in design flood hydrology has been undertaken in the past 25 years, the
need to refine existing methods and to eval uate new methods adopted for design flood estimation
in other countries, currently requires urgent attention and funding in South Africa.

84 Recommendations for Further Research

It isfrequently necessary to estimate adesign hydrograph which, in turn, requires the estimation
of adesign hyetograph. TheRLMA& Sl proceduresdevel oped in thisstudy enablethe estimation
of adesign rainfall depth for a particular duration. Hence, regionalised procedures need to be
devel oped to enable the disaggregation of the design rainfall depth into adesign hyetograph. An
additional requirement which could be a by-product of this investigation are regionalised
relationships to disaggregate measured daily rainfall datainto a hyetograph with sub-daily time
steps. These procedures are required when, for example, modelling certain sub-daily processes
within adaily time step model (e.g. in flow routing or rainfall infiltration routines).

Thefollowing research needsin design flood hydrol ogy for South Africahavebeenidentified and
are listed in a perceived priority which takes into account the need to introduce new and
internationally accepted techniques and to refine existing techniques:

. A continuous simulation approach to design flood estimation should be further evaluated
and developed. Such an approach overcomes many of the limitations of the design event
approach 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
changesin catchment conditionswithin the period of gauging may be overcomeusingthis
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 prerun and packaged for hydrologically homogeneous
regions/Quaternary Catchments to enable simple and rapid use by practitioners.

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

. Techniques for the temporal disaggregation and spatial estimation of daily rainfall need
to be revised and refined.

. A joint probability approachto design flood estimation, which derivestheflood frequency
distribution by the incorporation of uncertainties in the inputs to the model, should be
investigated.

. A revision and updating of the SCS method for design flood estimation on small

catchmentsin South Africashould be undertaken to incorporate both theincreased spatial
resolution of information now available and the updated and improved design rainfall
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values, while simultaneously improving the technique to account for antecedent moisture
conditions.

A regiona statistical approach for flood frequency should be developed, i.e. the
identification of homogeneous regions, the devel opment of growth curvesfor each reach
region and the development of algorithmsto 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.

Improved and consistent methods to estimate catchment lag should be evaluated.

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 ssimple
approaches which could be synthesised from the output of the continuous simulation
approach. Alexander (2002) hasdevel oped a“ standard design flood” using thisapproach,
which may require further refinement.

The run-hydrograph technique should be re-evaluated and, if necessary, further refined
for use by practitioners.

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

DESIGN RAINFALL ESTIMATION IN SOUTH AFRICA:
USER MANUAL

A computer programme with a graphical user interface has been developed in Java to estimate
designrainfall depthsfor any location in South Africa. This software implementsthe procedures
detailed in Part A of this report which consists of Chapters 2 to 5. The objective of the first
section in this chapter is to assist users with the installation and running of the software. The
second section presents generalised maps of design rainfall in South Africa.

A.1 User Manua

A. 1.1 Minimum system requirements

The minimum system requirements on a computer running the Windows operating system are:
. 32 Mb RAM,

. 140 Mb Hard Disk space, and

. Windows 98, or more recent Windows operating system.

A. 1.2 Installation of software

Three steps are required to install the software. These are:

. Step 1: Obtaining the software

. Step 2: Exploding zipped database file

. Step 3: Installing the Java runtime environment.

Step 1: Obtaining the software

The software may be installed from the CD which accompanies this report. Alternatively, the
current version of the software may be downloaded from the following site:

http://www.beeh.unp.ac.za/HydroRisk/

and follow the “Design Rainfall” option.
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The following files are contained on the CD or may be downloaded from the web site:

. rainfal2.jar (~ 1.4 Mb)

. sagrid.zip (~ 12.7 MDb)

. j2re-1_4 O-win-i.exe (~ 11.6 Mb)

Itissuggested that thesefilesbe saved inthe C:\design_rainfall\ folder, astheinstructionsinthis
chapter will assume that the files are at that location. However, any user specified folder can be
used and the relevant path will need to be substituted in these instructions.

Any updates or changes to the installation procedure will also be available at this web address.

Step 2: Unzip the zipped databasefile

Unzip the Sagrid.zip file to create a Sagrid.dbf file.

Step 3: Ingtalling the Java runtime environment

The Java runtime environment needs to be installed on the computers running the Windows
operating system. Thisis performed by doubling clicking on thefile“j2re-1 4 1 O-win-i.exe’
from Windows Explorer and following the instructions.

For computers not using the Windows operating system (e.g. Linux), the relevant Java runtime
environment can be downloaded from http://java.sun.com and installed on the computer.

A. 1.3 Running of software
Once the Java runtime environment has been installed, the design rainfall software can be

executed by running (double clicking) the Rainfall2.jar file. A graphical user interface as shown
in Figure 81 should be visible.
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Figure 81 Graphical user interface for the estimation of design rainfall in South Africa

In order to specify thelocation for the design rainfall estimate, auser hastwo options (SEARCH
METHOD). A user may either select to input the location by latitude and longitude or to search
for the location of adaily rainfall station. If the latitude and longitude option is selected, a user
may input the location either in decimal degrees, degrees and minutes or as minutes. Further
options for searching for arainfall station are by means of the South African Weather Service
(SAWS), formerly known as the South African Weather Bureau (SAWB), station number (e.g.
0239482) or by entering a station name (e.g. Cedara). The user is required to input the duration
of the design rainfall by selecting the appropriate check boxes, or by selecting the“ALL” check
box which indicates that the user wants design rainfall estimated for all durations. Similarly, the
user is expected to select the required return periods. 1f no values are specified by the user, the
program default is to calculate design rainfall for al durations and all return periods.

Utilising the procedures devel oped, designrainfall can be estimated at aspatial resolution of 1'x1'
latitude and longitude for any grid point in South Africa. The user can aso specify a“radius’,
in minutes, from the point of interest and design rainfall will be estimated at each 1'x1' latitude
and longitude point within this area. Thus the spatial variation of design rainfall within an area
or catchment can be evaluated by the user. For example, if ablock size of 2' is specified, then
design rainfall will be estimated at a 1'x1' latitude and longitude grid consisting of 24 points
surrounding the point of interest. If no valueis specified by the user, the default block size (0) is
used by the program.
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Each panel in the interface has a “Help” button which provides a brief explanation of what
information is required.

When all theinformation has been entered, the“Proceed” button must be activated. The program
then checks that the user has input the minimum required information. If the minimum
information has not been selected, awarning isissued and the user isreturned to theinitial screen.

After theinput information has been checked, the user is prompted for the name of an output file.
Thereafter, if the user has sel ected to search for alocation using either a SAWS number or station
name, a search for the desired location is performed. If more than 1 station meets the search
criteria, the user is then supplied with the station numbers, stations names, latitude, longitude,
atitude and mean annual precipitation (MAP) and isrequired to select astation before activating
the proceed button. The results of the program are output to the user selected ASCII file, an
example of which is contained in Figure 82.

The output file echoes the user selections and then lists the 1 to 7 day design rainfall depths for
the selected station and the 5 closest daily rainfall stationsto the site of interest. Thisisfollowed
by the estimated design rainfall values for the specified location and each point in the specified
block size. Ninety percent upper (U) and lower (L) boundsfor all design rainfall values are al'so
output. Examples of design rainfall, estimated using the programme are contained in Figures 83
and 84.
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User selection has the following criteria:

Station Nane:

cedar a
Durations requested: 5 m
Return Periods requested: 2 yr,

10m 15 m 30m 45 m 1 h,
5 yr, 10 yr

Bl ock Size requested: 0 minutes

Data extracted from Daily Rainfall

Estinate Database File

The station selected and the five closest stations are |isted

1.5h, 2h, 4h 6h, 8Hh,

10 h

12 h,

16 h, 20 h, 24 h,

1d,

2d, 3d 4d,

5d, 6d 7d

Station Nane SAVB Di stance Record Latitude Longitude MAP Altitude Duration Return Period (years)
Nurber (km (Years) () (') () () (m ( (i h/d) 2 2L 5 5L 5U 10 10L 10U
CEDARA COLLEGE 0239482_W 0.0 40 29 32 30 17 876 1134 1d 55.6 55.2 55.8 77.8 77.3 78.2 95.2 94.0 96.1
2d 70.0 69. 4 70.6 98.5 97.6 98.9 122.1 120.5 123.7
3d 79.8 79.1 80. 6 112.7 111.7 1138.1 140.2 138. 2 142. 2
4 d 87.4 86.5 88. 2 123.1 122.0 123.7 152. 6 150.0 154.9
5d 92.0 91.1 92.8 128.8 127. 6 129.4 158. 6 155.7 160.9
6 d 99.0 98.1 100.0 138.1 136. 7 139.0 168. 9 165. 8 171.3
7 d 102.5 101.6 1038.5 142.0 140.7 143.0 172.8 169.7 175.3
BOTANI C GARDENS - PMB 0239605_P 9.0 83 29 35 30 21 1001 882 1d 57.0 56. 1 57.5 83.0 82.0 83.5 104.7 102.8 106. 7
2d 73.0 71.7 74.3 106.0 104. 6 106.8 133.7 130.3 136.8
3d 84.0 82.2 85.7 122.3 120.5 123.4 154. 4 150.0 158.0
4 d 91.5 89.7 93.4 132.0 130. 1 133.2 165.5 160. 9 170.1
5d 98. 4 96. 4 100. 3 140. 2 138.3 141.7 174. 4 169. 6 178.6
6 d 104.8 103.0 106. 6 148. 1 146.0 149.5 182.8 178. 1 187.1
7d 110.7 109.0 112.6 154.9 152.9 156. 4 190.3 185. 6 194.6
Gidded values of all points within the specified block
Latitude Longitude MAP Altitude Duration Return Period (years)
)y () )y () (m (M (mh/d) 2 2L 2U 5 5L 5U 10 10L 10U
29 32 30 17 876 1134 5m 11.5 7.4 15.6 16.1 10.3 21.9 19.7 12.5 26.9
10 m 15.5 10.6 20. 4 21.7 14.9 28.6 26.6 18.1 35.1
15 m 18.5 13.5 23.5 25.9 18.8 32.9 31.7 22.9 40.5
30 m 23.3 17.2 29.4 32.6 24.1 41. 2 39.9 29.3 50. 6
45 m 26.7 20.2 33.2 37.3 28.2 46. 4 45.7 34.4 57.1
1h 29.3 22.6 36.1 41.1 31.6 50. 6 50.3 38.4 62.2
1.5 h 33.6 26.1 41.1 47.0 36.5 57.6 57.6 44.4 70.8
2 h 37.0 29.1 44.9 51.8 40.7 62.9 63.3 49.5 77.3
4 h 42.9 34.8 51.0 60.1 48. 8 71.5 73.5 59.3 87.9
6 h 46.8 40.0 53.6 65.6 56.0 75.1 80. 2 68. 2 92. 4
8 h 49.8 44.0 55.7 69.8 61.5 78.0 85.4 74.9 95.9
10 h 52.3 47.5 57.0 73.2 66. 4 79.9 89.6 80.9 98.2
12 h 54. 4 50.3 58.3 76. 2 70.5 81.7 93.2 85.7 100.5
16 h 57.1 53.5 60.5 79.9 74.9 84.8 97.7 91.1 104.2
20 h 60.7 57.5 63.8 85.0 80. 4 89.4 104.0 97.9 109.9
24 h 63.1 59.8 66. 4 88.4 83.6 93.0 108. 2 101. 8 114.3
1d 53.6 43.0 64.1 75.0 60. 2 89.7 91.7 73.3 110.3
2d 66.1 61.2 70.8 92.5 85.7 99. 2 113.2 104.3 121.9
3d 74.7 67.7 81.6 104.6 94.7 114.3 127.9 115.2 140.6
4 d 81.2 72.7 89.6 113.7 101.7 125.5 139.1 123.8 154. 4
5d 86. 6 76.6 96. 6 121.3 107.2 135.3 148. 4 130. 4 166. 3
6 d 91.3 79.6 102.9 127.9 111.5 144.2 156. 5 135.7 177.3
7d 95.5 82.3 108.7 133.7 115.1 152.3 163. 6 140.1 187.2
Figure 82 Example of design rainfall output
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Figure 83 Colour map of 1 day, 20 year return period design rainfall in for South Africa

155




22"

23"

249"

25°

29°

30°

31

33

34°

35°

17" 18° 19° 20° 21" 22° 23" 24" 257 26° 27 28" 29° 30" 31° 327 337

1 DAY, 2 YEAR RETURN PERIOD DESIGN RAINFALL (mm)

MESSINA

80 _Louls o*
o RICHARRY (g0

=
B TN

& FMETERSBURG =

POTGIETERSRgS &

SISHEM L
L 20 KROONSTAD

BETHLEHEM
L

UPINGTON
- -]

RN JEMUKRD

KIMBERLEY

EE RIVIER
bd canm\g-mn

] g
“ )y o ~ UMTATA <
o caina MIDDELBURG e, PORTST

SALDANHA

INGSBURG,
INGSBURG o

RICHARDE BAY

= ¥ OUBTSHOORMN
S RORESTER o -
CAPE TOWN & . swELLE.ﬁDAu BETH
wcateoon 0 100 200 300 Kilometers
e —
17 18° 19° 20° 21° 22° 23" 24° 25° 26° 27 28" 29° 30° 31° 32° 33°

22°

24

257

26°

27°

28"

30°

3

32"

35°

Figure 84

Contour map of 1 day, 2 year return period design rainfall in for South Africa
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