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ABSTRACT

Design point rainfall depths converted to an average areal design rainfall depth using Areal
Reduction Factors (ARFs) are regarded as fundamental input to various design flood estimation
methods. The ARF estimation methods currently used in South Africa are regarded as being
outdated and not being developed and/or verified using local data. The primary research
objective is to estimate geographically-centred and probabilistically correct ARFs
representative of the different rainfall regions associated with the Regional Linear Moment
Algorithm and Scale Invariance (RLMA&SI) regionalisation scheme in South Africa. Merging
of the 78 homogeneous RLMA&SI rainfall clusters was necessary to increase the size of the
clusters and the number of rainfall stations within a particular cluster to meet the minimum
required number of rainfall stations/km? criteria. The latter merging resulted in 46 delineated
clusters. Long duration geographically-centred and probabilistically correct ARFs were
estimated using a total of 2 053 artificial circular catchments and 1 779 daily rainfall stations
located within the 46 clusters. Random combinations of the 46 clusters were used in an
alternating fashion for calibration and/or verification purposes until all possible combinations
were considered. Ultimately, it was noted that whether a dedicated set of clusters or all clusters
are assigned to calibration, differences are regarded as insignificant, given that all ARF data
sets, whether used for calibration or verification, remain only estimated sample values.
Subsequently, five (5) ARF regions were deduced from the 46 clusters and all clusters in a
particular ARF region were used for the final derivation of a non-linear (second-order
polynomial) log-transformed empirical ARF equation. The new regional ARF equation
performed similarly, and as expected, when compared to a selection of geographically-centred
ARF estimation methods currently used in local and/or international practice in a range of
catchment sizes. The estimated ARFs decreased with an increase in area and increased with an
increase in both storm duration and return period. The ARF methodology developed in this
research and the subsequent findings are new to the South African flood hydrology research
community and practice: (i) ARFs were derived and are based on a regionalisation scheme
utilising the daily rainfall data in the Daily Rainfall Extraction Utility (DREU) database,
(i) ARFs are probabilistically correct, i.e., vary with return period, and (iii) a web-based
software application was developed to enable the consistent estimation of ARFs within the five

(5) AREF regions of South Africa.
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EXTENDED ABSTRACT

Design point rainfall estimates are only applicable to a limited spatial area, and for larger areas,
the average areal design rainfall depth is likely to be less than the average design point rainfall
depth. Areal Reduction Factors (ARFs) are used to describe this relationship between point and
areal rainfall, i.e., design point rainfall depths are converted to an average areal design rainfall
depth for a catchment-specific critical storm duration and catchment area. Average areal design
rainfall is a fundamental input parameter to several design flood estimation methods and errors
in these estimated values will thus directly impact on peak discharge estimates which are used

in the design of hydraulic structures.

In South Africa, the estimation of ARFs is limited to the storm-centred approaches of
Van Wyk (1965) and Wiederhold (1969), and the geographically-centred approach of
Alexander (2001). These methods are only applicable to specific temporal and spatial scales
and do not account for any regional differences. Only the method proposed by Van Wyk (1965)
is regarded as being probabilistically correct, i.e., ARFs vary with return period. However, both
the methods of Van Wyk (1965) and Wiederhold (1969) are storm-centred approaches, which
are currently incorrectly applied by practitioners in a geographically-centred manner.
Alexander’s geographically-centred method (2001) was transposed from methods developed
in the United Kingdom (UK) with little local verification and it is also regarded as being
probabilistically incorrect, i.e., ARFs remain constant irrespective of the return period under
consideration. The variation of ARFs with return period has previously been confirmed by
several international studies, e.g., Bell (1976), Omolayo (1993), Stewart (1989), Siriwardena
and Weinmann (1996), and Podger et al. (2015a; 2015b).

The research aim is to develop a regionalised approach to estimate ARFs for improved design
flood estimation in South Africa. The primary research objective is to develop regionalised,
geographically-centred and probabilistically correct ARFs for South Africa by considering the
relationship between average areal design rainfall and average design point rainfall estimates.
Hence, the research focus is to develop regionalised and probabilistically correct ARFs
representative of the different rainfall producing mechanisms in South Africa at a ‘circular
catchment level” using: (1) daily rainfall data to estimate areal design and design point rainfall,

(i1) a modified version of Bell’s method (1976), and (iii) the current regionalisation scheme

v
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associated with the Regional Linear Moment Algorithm and Scale Invariance (RLMA&SI)
approach (Smithers and Schulze, 2004).

Merging of the 78 homogeneous rainfall clusters within the seven (7) long duration rainfall
regions associated with the RLMA&SI regionalisation scheme was necessary to increase the
size of the clusters and the number of rainfall stations within a particular cluster to meet the
minimum required number of rainfall stations/km? criteria. Merging only took place between
clusters within the same long duration rainfall region, which resulted in 46 delineated clusters.
A total of 2 550 artificial circular catchments associated with 1 779 daily rainfall stations with
at least 30 years combined areal record lengths were strategically positioned in the 46 clusters
throughout South Africa. Due to the large number of circular catchments placed in each of the
46 clusters, an overlapping of circular catchments was evident. Consequently, this resulted in
daily rainfall data from similar rainfall stations being used multiple times within a particular
cluster. In principle, this was not regarded as problematic, while it also contributed to the
‘smooth’ transition between the different clusters. In applying the selected screening criteria,
only 2 053 circular catchments were used in the probabilistic and regression analyses. The
probabilistic analyses based on the General Extreme Value (GEV) distribution, fitted to the
Annual Maximum Series (AMS), using Linear Moments (LM), resulted in areal and design
point rainfall values for a range of storm durations (e.g., 1, 3, 5 and 7-day), and return periods
(e.g.,2, 5, 10, 20, 50 and 100-year). ARFs based on the long duration rainfall were
subsequently estimated and expressed as the ratio between the average areal catchment design

rainfall and the average design point rainfall estimates for corresponding return periods.

Initially, linear regression analyses were considered in each of the 46 clusters. In each case, the
Goodness-of-Fit (GOF) statistics of normal and log-transformed data were evaluated for the
independent criterion and dependant predictor variables. The GOF statistics of the log-
transformed data outperformed the normal data and resulted in only log-transformed
independent predictor variables being used. The 46 clusters were subjected to further merging
providing that the clusters are still located within the same RLMA&SI long duration rainfall
region and that the GOF statistics of each merged region do not decrease with more than 15%
when compared to the original average GOF statistics in the 46 clusters. Subsequently, five (5)
ARF regions were deduced from the 46 clusters and a non-linear (second-order polynomial)

log-transformed empirical ARF equation, with unique regional calibration coefficients, was
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derived for each region using backward stepwise multiple regression analyses with deletion at

a 95% confidence level.

Verification requires the use of data sets not being used during the calibration process. During
the developmental phases of evaluating the suitability of linear versus non-linear log-
transformed regression analyses, the concept of calibration and verification was evaluated in
each of the 46 clusters. In other words, random combinations of the 46 clusters (with their own
unique set of circular catchments and rainfall stations) were used in an alternating fashion for
calibration and/or verification purposes until all possible combinations were considered. The
process was applied in all clusters. Ultimately, it was noted that whether a dedicated set of
clusters or all clusters are assigned to calibration, differences are regarded as insignificant.
Hence, all clusters in a particular ARF region were used for the final derivation of the non-
linear (second-order polynomial) log-transformed empirical ARF equation. The latter approach
was justified by the limited number of rainfall stations available in many of the clusters, which
is also affected by the number of rainfall stations/km? criteria to be met in each cluster.
Furthermore, it must be noted that ‘assessment’ of verification results can only apply if the
benchmark data set is an observed data set. In the case of ARFs, all data sets, whether used for

calibration or verification, remain only estimated sample values.

Subsequently, the derived ARF equation was compared to a selection of geographically-
centred ARF estimation methods currently used in local and/or international practice in a range
of catchment sizes to establish the consistency and/or possible biases of the newly derived ARF
equation. The new regional ARF equation performed similarly, and as expected, when
compared to the other methods. The estimated ARFs decreased with an increase in area and

increased with an increase in both storm duration and return period.

Based on the research findings in the different ARF regions, it was evident that ARFs, derived
from local South African data, are proportional to or influenced by the RLMA&SI
regionalisation scheme, rainfall types, storm durations, and return periods. All the research
assumptions were also confirmed: (i) design point rainfall estimates are only representative for
a limited area, which was demonstrated by the differences between the average areal design
rainfall and average design point rainfall estimates, and (ii) the current geographically-centred
South African ARF estimation methods are only applicable to specific temporal and spatial

scales, do not account for any regionalisation, provide ARF estimates exceeding 100% in
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‘smaller’ catchments, provide constant ARF values for all return periods, and are based on

limited/no local data.

The ARF methodology developed in this research and the subsequent findings are new to the
South African flood hydrology research community and practice: (i) ARFs were derived and
are based on a regionalisation scheme utilising the daily rainfall data in the Daily Rainfall
Extraction Utility (DREU) database (Lynch, 2004), (ii) ARFs are probabilistically correct, i.e.,
vary with return period, and (iii) a web-based software application was developed to enable the

consistent estimation of ARFs within the five (5) ARF regions of South Africa.
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CHAPTER 1: INTRODUCTION

This chapter provides some background on the estimation of areal design rainfall, through the
application of an Areal Reduction Factor (ARF), and the influence this input parameter has on
the estimation of design floods in South Africa. This chapter includes the rationale, problem

statement, research objectives, and an outline of the thesis structure.

1.1 Rationale

The estimation of design flood events, i.e., floods characterised by a specific magnitude-
frequency relationship, at a particular site in a specific region is necessary for the planning,
design, and operation of hydraulic structures, e.g., culverts, bridges, spillways, etc.
(Pegram and Parak, 2004). In general, observed rainfall data can be obtained from
continuously recording rainfall stations or from daily rainfall stations. In South Africa, daily
rainfall data are recorded at a fixed daily interval and are more abundant, reliable, and generally
have longer record lengths than the continuously recorded sub-daily rainfall data (Smithers and
Schulze, 2000b; 2004). Hence, due to the availability and quality of daily rainfall data, these
data sets are more frequently used to estimate design rainfall. In essence, design rainfall is
derived from observed rainfall data and comprises of a depth and duration associated with a
given Annual Exceedance Probability (AEP) or return period (7) (Gericke and Du Plessis,
2011).

Design rainfall for durations < 24-hour is normally classified as ‘short duration’ design rainfall
and generally estimated directly from continuously recorded rainfall. ‘Long duration’ design
rainfall typically exceeds one day in duration and can be estimated from both continuously
recorded and daily rainfall data (Smithers and Schulze, 2004). However, design point rainfall
estimates derived from a single rainfall station are only applicable to a limited area and for
larger areas, the average areal design rainfall depth is likely to be less than the average design
point rainfall depth (Siriwardena and Weinmann, 1996). ARFs are used to describe the
relationship between point and areal rainfall, i.e., design point rainfall depths are converted to
an average areal design rainfall depth for a catchment-specific critical storm duration and

catchment area (Alexander, 2001).

ARFs are estimated using either analytical or empirical methods as shown in Figure 1.1

(Pietersen et al., 2015).

1

© Central University of Technology, Free State



Q Chapter 1

Central University of
Technology, Free State

/ ARF Estimation \

Analytical methods Empirical methods
Based on simplified Based on actual catchment
algorithms and verification and rainfall characteristics.
processes.

v

\Geographically-centred approach Storm-centred approac

Figure 1.1:  Typical ARF estimation approaches

h
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The first analytical methods were based on simplified algorithms and limited verification
processes (Siriwardena and Weinmann, 1996; Svensson and Jones, 2010); hence, several new
analytical methods have been proposed during the last four decades, e.g., storm movement
(Bengtsson and Niemczynowicz, 1986), crossing properties (Bacchi and Ranzi, 1996), spatial
correlation structure (Sivapalan and Bldschl, 1998), scaling relationships (De Michéle et al.,
2001), and temporal-spatial rainfall dependence (Mineo ef al., 2018). Empirical methods are
classified as either geographically-centred or storm-centred approaches. The geographically-
centred approach describes the relationship between average areal design rainfall over a fixed
geographical area and a corresponding average design point rainfall value representative of the
area under consideration. In the storm-centred approach, the estimation of average areal design
rainfall is not limited to a fixed geographical area, but rather associated with the extent of
individual storm rainfall events and the way in which the rainfall intensity decreases with

distance from the central maximum rainfall core (Alexander, 2001; Svensson and Jones, 2010).

Hence, average areal design rainfall, which is derived using an ARF, is regarded as
fundamental input to all rainfall-runoff event-based design flood estimation methods, while
errors in estimated average areal design rainfall will directly impact on the estimated peak

discharges.

2
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1.2 Problem Statement

Numerous factors could have a significant impact on the estimation of ARFs, e.g., geographical
location, rainfall types, catchment geomorphology, methodological approaches, climatological
regions, storm duration and AEP (Asquith and Famiglietti, 2000; Svensson and Jones, 2010;
Lietal., 2015; Kim et al., 2019). In terms of geographical location, it was established that the
1-day ARFs in the United States of America (USA) exceed the equivalent ARF estimates used
in Australia, while the ARFs in the semi-arid south-western parts of the USA, decline more
rapidly than in the rest of the USA (Svensson and Jones, 2010). Different rainfall-producing
mechanisms, e.g., convective versus frontal rainfall, will produce different spatial rainfall
patterns and consequently result in different ARF values (Eggert et al., 2015). For example,
Skaugen (1997) established that ARFs for both convective and frontal rainfall decrease with
increasing return periods, but the rate of decrease for convective rainfall is noticeably larger

than that of frontal rainfall.

In the USA, areal rainfall was found to decrease in comparison with the corresponding point
rainfall with increasing return periods (Asquith and Famiglietti, 2000; Allen and DeGaetano,
2005). In contrast, Grebner and Roesch (1997) demonstrated that ARFs in Switzerland
(catchment areas > 4 500 km?) are independent of the return period. Most research conducted
on the estimation of ARFs concluded that catchment geomorphology (e.g., area, shape, and
topography) and topographical rainfall biases (e.g., leeward, and windward effects) have an
insignificant influence on ARFs (Allen and DeGaetano, 2005; Svensson and Jones, 2010).
However, Singh et al. (2018) highlighted that ARF differences in New Zealand are ascribed to
differences in topography and rainfall types. Kim et al. (2019) also showed that storm-centred
ARF values obtained from storms of a different shape, i.e., elliptical versus circular, could be
different by up to 20%. In catchment areas less than 800 km?, ARFs are mainly a function of
the point and areal rainfall intensity since the relationship between rainfall intensity and the
infiltration rate of the soil is dominant. The South African National Roads Agency Limited
(SANRAL, 2013) indicated that for catchment areas up to 30 000 km?, ARFs are mainly a

function of the area and storm duration.

Internationally, the extensive national-scale ARF studies reported in the literature, are limited
to the United Kingdom Flood Studies Report (UK; FSR, 1975), United States Weather Bureau
(USWB, 1957; 1958) and Australia (Siriwardena and Weinmann, 1996; Podger et al., 2015a;

2015b). Due to insufficient rainfall-monitoring networks and a lack of short duration rainfall

3

© Central University of Technology, Free State



(@ Chapter 1

Central University of
Technology, Free State

data, most of the data-intensive analytical and empirical methods developed internationally,
often fail to successfully incorporate the variation in predominant weather/rainfall types, storm
durations, seasonal factors and return periods (Skaugen, 1997; Asquith and Famiglietti, 2000;
Allen and DeGaetano, 2005, Pavlovic et al., 2016). In recent years, radar information has also
become more readily available in many parts of the world and assists in improving the spatial
and temporal resolution to estimate ARFs, e.g., Peleg et al. (2018), Kim et al. (2019), and Du
Plessis et al. (2020).

In South Africa, the estimation of ARFs is limited to the storm-centred approaches of Van Wyk
(1965) and Wiederhold (1969), and the geographically-centred approach of Alexander (2001).
The methods of Van Wyk (1965) and Wiederhold (1969) are based on small-scale, pilot case
studies (cf. Chapter 2, Section 2.9.2), which are therefore only applicable to specific temporal
and spatial scales, and do not account for any regional differences. This is a concern since the
temporal and spatial distributions of rainfall in South Africa are highly variable on a seasonal
and annual basis given that the rainfall is produced by different weather systems in different
regions and at contrasting times of the year (Davies and Day, 1998; Mambo and Faccer, 2017).
Only the method proposed by Van Wyk (1965) is regarded as being probabilistically correct,
i.e., ARFs vary with return period. However, both the methods of Van Wyk (1965) and
Wiederhold (1969) are storm-centred approaches, which are currently incorrectly applied by
practitioners in a geographically-centred manner. Alexander’s geographically-centred method
(2001) was transposed from methods developed in the UK with little local verification and it
is also regarded as being probabilistically incorrect, i.e., ARFs remain constant irrespective of

the return period under consideration.

The empirical (storm-centred) and analytical (correlation-based and annual maxima-centred)
methods (c¢f- Section 1.1) do not provide probabilistically correct areal design rainfall estimates
since it is assumed that the AEP of both the point and areal rainfall is the same. Most of these
methods are also based on a limited amount of observed rainfall data and use assumptions that
are not entirely true descriptions of the actual rainfall process (Svensson and Jones, 2010).
Moreover, some studies (e.g., Omolayo, 1993; Siriwardena and Weinmann, 1996;
Podger et al., 2015a; 2015b; Du Plessis and Loots, 2019) have conclusively shown that ARFs
are dependent on the average AEP of rainfall. According to Pavlovic et al. (2016), the
differences between the analytical and empirical ARF estimation methods currently in use are

also more pronounced for shorter storm durations (< 24-hour) and larger catchment areas
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(> 750 km?), while some ARFs depend on the average return period. Thus, with the focus on
larger catchments, most of the methods listed above are inappropriate to use at a comprehensive

set of temporal and spatial scales.

Two recognised methods to estimate design point rainfall, i.e., Technical Report (TR) 102
(Adamson, 1981) and the Regional Linear Moment Algorithm and Scale Invariance
(RLMA&SI) (Smithers and Schulze, 2004), are commonly used by practitioners in
South Africa. To estimate catchment design rainfall and overcome the limitations of design
point rainfall, the Department of Water and Sanitation (DWS) developed an approach
(cf- Chapter 2, Section 2.6) to estimate areal design rainfall known as the Daily Catchment
Rainfall (DCR) approach (Van der Spuy and Rademeyer, 2018). According to Van der Spuy
and Rademeyer (2018), the latter approach eliminates the required use of ARFs; however, there
are some limitations associated with the latter approach: (i) it is catchment specific and needs
to be derived for each catchment under consideration, and (ii) no established areal design
rainfall database is available. Hence, ARFs still need to be applied to the design point rainfall

values, which are the primary source of available design rainfall values in South Africa.

Based on the shortcomings highlighted above, it is evident that the estimation of ARFs is
internationally an on-going focus of research. South African researchers only recently studied
ARFs (e.g., Pietersen et al., 2015; Pietersen, 2016; Du Plessis and Loots, 2019; Du Plessis
et al., 2020), despite the on-going need for locally developed ARF estimation methods. Hence,
the ARFs in South Africa need to be re-investigated in the light of the recent rainfall events
utilising the longer periods of record (+ 50 years of additional data since the last South African
derived ARF method in the 1970s), which are now available for analysis. The variation of
ARFs with area, return period, duration and rainfall producing mechanisms also needs to be

investigated by adopting a regional approach.

Given the impact of estimated ARF values on design flood estimation, as highlighted above,
the updating of ARFs was also identified as a potential research project to be included in the
National Flood Studies Programme (NFSP) (Smithers et al., 2014). The NFSP was initiated by
the South African Committee on Large Dams (SANCOLD) and the Water Research
Commission (WRC) and is supported in principle by the DWS and SANRAL (Smithers et al.,
2014). A wide range of issues have been highlighted for research by the four Working Groups

5
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of the NFSP, of which, the estimation of ARFs was regarded as one of the high priority research

areas.

Consequently, the above not only served as a motivation for this research, but also emphasised
that the continued use of inappropriate ARF estimation methods in South Africa may have a
negative direct impact when design flood estimation methods are used in the design of
hydraulic designs. Potentially, the hydraulic structures might not only be over- or under-
designed, but any loss of life, due to excessive flood damages and under-designed

infrastructure, is also not excluded.

1.3 Research Aim

The research aim is to develop a regionalised approach to estimate ARFs for improved design
flood estimation in South Africa. The pilot scale study of Pietersen (2016) was used as guiding
reference, which recommended that the current ARF methodologies should be improved and
expanded throughout South Africa to enable the development of a regional approach.
A regional approach will not only improve the robustness and accuracy of the ARFs at a

national scale, but it will also result in improved design flood estimation.

1.3.1 Research objective

The primary research objective is to develop regionalised, geographically-centred and
probabilistically correct ARFs for South Africa by considering the relationship between
average arecal design rainfall and average design point rainfall estimates. Consequently, this
will elucidate how ARF values vary with catchment area, storm duration, rainfall types, and
return period within the different rainfall regions of South Africa. Hence, the research focus is
to develop regionalised and probabilistically correct ARFs representative of the different
rainfall producing mechanisms in South Africa at a ‘circular catchment level’ using: (i) daily
rainfall data to estimate areal design and design point rainfall, (ii) a modified version of Bell’s
method (1976), and (iii) the current regionalisation scheme associated with the Regional Linear

Moment Algorithm and Scale Invariance (RLMA&SI) approach (Smithers and Schulze, 2004).

Atrtificial ‘circular catchments’ as opposed to actual catchments are used, since as demonstrated
by Pietersen (2016), catchment shape, orientation, and size have a negative impact on ARF
estimates, which could typically lead to incorrect and/or inconsistent ARF sample values being

derived. Various Australian ARF studies (Siriwardena and Weinmann, 1996; Podger et al.,
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2015a;2015b) also demonstrated and confirmed that circular catchments are preferred to actual
catchments, given that catchment shape and size have a negative impact on rainfall distribution
and uniformity. Hence, the rainfall distribution within a circular catchment of any given size,
will not only be more uniform, but circular shapes also simplify the processing and extraction
of huge data sets in a Geographical Information System (GIS) environment, all factors which
contribute towards consistency. Hence, the use of multiple circular catchments with random
sizes, determined by the location of rainfall stations, covering a specific homogeneous rainfall
region (according to the RLMA&SI regionalisation scheme) will enable the estimation of

sample ARFs in a consistent fashion.

Based on the research conducted in various international studies, and as outlined in Chapter 2
of this thesis, a research question, applicable to South African derived ARFs, applies: Does:
(i) rainfall types, (ii) storm durations, (iii) climatological/regional factors, and (iv) return

periods affect the estimation of ARFs? The following two hypotheses apply:

(a) Null Hypothesis (Ho): ARFs, derived from local South African data, are not
proportional to (e¢) nor influenced by the RLMA&SI regionalisation scheme, rainfall
types, storm durations and return periods.

(b) Alternative Hypothesis (Hi): ARFs, derived from local South African data, are
proportional to () or influenced by the RLMA&SI regionalisation scheme, rainfall

types, storm durations and return periods.
The primary research objective is furthermore based on the following two assumptions:

(a) Assumption 1: Design point rainfall estimates are only representative for a limited
catchment area and for larger catchment areas, the average areal design rainfall depth
or intensity is likely to be less than the average design point rainfall depth or intensity.

(b) Assumption 2: The current geographically-centred South African ARF estimation
methods are only applicable to specific temporal and spatial scales and do not account

for regional variations or return periods.

1.3.2 Specific objectives

The specific objectives of the research are to:

7
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(a) Conduct a comprehensive literature review on the ARF estimation methods currently

used internationally.

(b) Contribute to the establishment of an improved and updated rainfall database for the

purpose of design rainfall estimation.
(c) Identify homogeneous rainfall regions in South Africa by adopting a regional approach.

(d) Extract and analyse rainfall data to provide geographically-centred and probabilistic-

correct ARFs.

(e) Derive regional empirical ARF equations for application throughout South Africa in

different homogeneous rainfall regions.
(f) Evaluate and verify the derived empirical ARF equation(s).

(g) Develop a web-based software interface to enable users to utilise the empirical ARF

equations at a national-scale in South Africa.

It is envisaged that the implementation of the specific objectives will contribute fundamentally
to the improved estimation of ARFs to ultimately result in improved design flood estimations

in South Africa.

1.4 Outline of Thesis Structure

Chapter 2 presents a comprehensive literature review of the various rainfall driving
mechanisms, typical factors which influence the estimation of ARFs, and the different ARF
estimation methods used to describe the relationship between average design point and average
areal design rainfall. Chapter 3 provides an overview and a general description of the study
area. Chapter 4 presents an overview of the concerns encountered while progressing with and
developing the methodological approach, as well as the implementation of solutions to
formalise the final methodology. Chapter 5 comprises of the final methodology and subsequent
results. Chapter 6 presents a synthesis of all the information as discussed in Chapters 1 to 5, as
well as some final conclusions and recommendations. Chapter 7 contains the list of the

references used.

All the supplementary information is included in Appendices A to E.
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CHAPTER 2: LITERATURE REVIEW

The literature review contained in this chapter focuses on the methods developed nationally
and internationally to estimate ARFs. Chapter 1 provided a general overview and insight on
the current circumstances related to South African ARFs. Therefore, the climate of
South Africa and associated rainfall types are discussed first, followed by an overview of the
status of observed rainfall measurement in South Africa and the associated infilling and
averaging techniques which are commonly used. Thereafter, design rainfall estimation is
detailed, while the remaining part of the chapter focusses on the current national and

international ARF estimation methods.

2.1 Climate and Rainfall Types

Climate does not only affect rainfall distribution, but also rainfall intensity, duration, and
variability, which are all interdependent. However, the four major rainfall processes occurring
in South Africa will also affect this interdependency and are most likely to have different
influences on the estimation of ARFs. The four major rainfall processes occurring in
South Africa can be summarised as follows (Haarhoff and Cassa, 2009; Van der Spuy and
Rademeyer, 2018):

(a) Convective rainfall: This process typically occurs during the summer season when air
layers (closest to the earth’s surface) saturated with water vapour are heated and
subsequently tend to rise and cool down, resulting in cloud formation and rainfall. The
rainfall intensity is normally high to very high with associated thunder activity.
Convective rainfall is characteristic of the Highveld region which covers the Free State,

Gauteng, and Mpumalanga provinces.

(b) Cyclonic rainfall: This rare process typically occurs over the open sea and is formed
when cyclones (large circular patterns) are growing, allowing moist air to be drawn into
the cyclone vortex and allowing mist to be lifted into the centre, resulting in very strong

winds and extremely high rainfall intensities.

(c) Frontal rainfall: This inland process typically occurs when cold or warm fronts are
moving across the country and interact with one another. The cold air has the tendency

to move underneath the warm air, and the warm air is deflected upwards by the trailing
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edge of the cold air. In both cases, the warm air is lifted into the colder region, resulting

in rainfall.

(d) Orographic rainfall: This process usually occurs near coast lines and typically
develops when wind blows over the open sea towards land carrying air saturated with
water vapour until it reaches a mountain range. At these geographical barriers, the
saturated air is forced upwards resulting in condensation and rainfall. The rainfall
intensity is normally regarded as moderate and depends on wind blowing towards the
inland areas. Orographic rainfall is characteristic of the coast lines of the KwaZulu-

Natal and the Western Cape provinces.

The rainfall types listed in (a) to (d) is expected to have an influence on the estimation of ARFs,
since the magnitude of ARFs is expected to be highly dependent on the different storm
mechanisms associated with different rainfall types (Skaugen, 1997; Van der Spuy and
Rademeyer, 2018). In a specific region with more frequent thunderstorms (convective rainfall)
occurring than frontal storms (widespread rainfall), the typical observed point rainfall Annual
Maximum Series (AMS) for that specific region would likely consist of rainfall values
associated with convective activity (rainfall with rapidly changing intensity); whereas the
frontal rainfall values could have been more representative of widespread rainfall within a
catchment or region. This may result in much lower probabilistically correct ARFs
(thunderstorms with high intensities), as opposed to the probabilistically higher ARFs

represented by the frontal activity (Siriwardena and Weinmann, 1996).

In recognition of the above-mentioned interdependencies, Weddepohl (1988; cited by
Schulze et al., 1992) demarcated South Africa into four distinctive daily design rainfall
intensity distribution regions (c¢f- Figure 2.1). Typically, Region 1 is associated with a Type 1
design rainfall intensity distribution which is regarded as the lowest, while Type 4 is associated

with the highest rainfall intensity.
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Figure 2.1:  Design rainfall intensity distributions over South Africa (Weddepohl, 1988)

2.2 Observed Rainfall Data in South Africa

Observed daily rainfall data in South Africa are obtained from daily rainfall stations, which are
widespread in space, and are measured as a depth (mm) at a specific time interval (8:00) on
each day. The poor maintenance of rainfall stations in South Africa, under the responsibilities
of the South African Weather Services (SAWS), was highlighted by Smithers and
Schulze (2000b) and confirmed in a more recent study by Van Vuuren ef al. (2012). The recent
survey highlighted that approximately 1 200 rainfall stations are currently out of service,
whereas most of these stations were operational in the late 1960s. Unfortunately, the current
number of operational rainfall stations is less than in the 1920s and, considering this trend,
South Africa might have even fewer operational rainfall stations soon (Smithers and Schulze,

2000b; Van Vuuren et al., 2012).

A total of 11 171 daily rainfall record lengths (long duration), obtained from available daily
rainfall stations, were available in the South African database in the late 1990s

(Smithers and Schulze, 2000b). This is illustrated in Figure 2.2. The SAWS contributed 78.9%
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of the data, followed by the Institute for Soil, Climate and Water (ISCW) (7.7%), joint SAWS-
ISCW (3.3%), South African Sugar Association Experiment Station (SASEX) (1.4%) and the
remaining 8.8% by private entities (Smithers and Schulze, 2000b). However, more than 20%
of all daily rainfall stations with record lengths exceeding 20 years have more than 10% of their

data missing (Smithers and Schulze, 2000b).

80 1
68.1%

30 -
20.3%
20 -

Number of record lengths [%0]

9.4%

10 -
1.5% 0.7%

<25 25to 49 50 to 74 75to 99 >99
Record lengths [years]

Figure 2.2:  Available record lengths for daily rainfall stations in South Africa
(after Smithers and Schulze, 2000b)

As reported by Smithers and Schulze (2000a) and shown in Figure 2.3, digitised short duration
(less than 24 hours) rainfall data were only available from 412 stations in South Africa in the
late 1990s. However, only 49 of these 412 rainfall stations had record lengths exceeding
30 years or longer (Smithers and Schulze, 2000a). The SAWS was the largest contributor to
this sub-daily rainfall database, i.e., 81% of all the rainfall stations (Smithers and Schulze,

2000a).
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Figure 2.3:  Short duration rainfall stations in South Africa

(after Smithers and Schulze, 2000a)

Furthermore, Smithers and Schulze (2000a) also highlighted that the digitised short duration
rainfall data have a low reliability due to several possible frequent errors including missing
data and differences (e.g., more than 20 mm) between the digitised and standard rain gauge
daily totals located at similar sites. It was concluded that the digitised SAWS rainfall data are
inadequate for the estimation of design storm durations of less than 24 hours. Furthermore,
Smithers and Schulze (2000a) developed specific approaches which are based on regional
similarities, scaling properties and stochastic simulation of extreme rainfall events to estimate
short duration design rainfall values. These approaches are discussed in the subsequent

sections.

2.3 Infilling of Missing Observed Rainfall Data

Rainfall records characterised by missing data are a serious concern when daily/sub-daily
rainfall-runoff modelling systems are used, since all these models are reliant on a continuous

rainfall data series input (Pitman, 2011).

Lynch (2004) highlighted the importance of rainfall data infilling and emphasised that a
missing day implies an incomplete month and consequently an incomplete year. Lynch (2004)

developed the Daily Rainfall Extraction Utility (DREU) to extract infilled/patched quality-
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controlled rainfall data, which are based on a hierarchical process, by utilising the infilling suite
consisting of different infilling techniques as explained in (a) to (d) below. The infilling

procedure algorithms are based on one or a combination of the following techniques:

(a) Inverse Distance Weighting (IDW): The IDW technique (Meier, 1997; cited by
Lynch, 2004) inversely weights the rainfall records from rainfall stations surrounding
the rainfall station under consideration, depending on the distance of those rainfall
stations from the rainfall station under consideration. Meier (1997; cited by Lynch,
2004) established a procedure for selecting neighbouring rainfall stations from each
quadrant around the rainfall station under consideration. This approach ensured that a
certain number of rainfall stations are selected from each of the four quadrants
surrounding the station to minimise the uncertainty introduced when the closest few
rainfall stations are all in the same direction from the rainfall station under consideration

(Meier, 1997; cited by Lynch, 2004).

(b) Expectation Maximisation Algorithm (EMA): The EMA technique was adopted and
refined by Makhuva et al. (1997, cited by Lynch, 2004) and Pegram (1997, cited by
Lynch, 2004) to infill missing rainfall data on a monthly basis. The EMA technique
revolves around a recursive action of substituting missing data in a multiple linear
regression relationship to re-estimate the values between the data at the rainfall station
under consideration and the data from the nearby control rainfall stations. Smithers and
Schulze (2000b) highlighted that the EMA technique requires the selection of suitable
control rainfall stations to be valuable in determining the suitability of using the selected

target and control rainfall stations for the simultaneous infilling of missing data.

(c) Monthly Infilling (MI) technique: A regression approach was used to infill the non-
existing missing monthly rainfall data by using the surrounding control rainfall stations
as described by Zucchini (1984; cited by Lynch, 2004). The monthly database
(observed and infilled) identified by Dent (1989; cited by Lynch, 2004) was
interrogated whereby the monthly infilled values of zero, as well as monthly total values
less than 2mm, were extracted. Infilled monthly totals of zero implied that infilled
monthly totals of the month under consideration could be assumed to be equal to zero.
Furthermore, the first day of each month was assigned the monthly total, in cases where
the infilled monthly totals were less than 2 mm, and the rainfall amounts for the rest of

the month were then set to a value of zero.

14

© Central University of Technology, Free State



(@ Chapter 2

Central University of
Technology, Free State

(d) Median Ratio (MR) technique: The MR technique depends on the median values
between the rainfall station under consideration and the nearest control rainfall station
to estimate a proportionality ratio. The latter proportionality ratio is used to correct the
data from the rainfall station under consideration and to infill the missing daily data
series. The advantage of the MR technique is that the closest control rainfall station
with non-existing data will be replaced by the second closest control rainfall station

(Lynch, 2004).

The EMA and MR techniques are the most effective infilling techniques in the DREU
(Lynch, 2004). Any missing observed rainfall values not infilled by using the EMA and MR
techniques, were infilled using the IDW technique. Subsequently, zero and less than 2 mm
rainfall values, as derived by Dent (1989; cited by Lynch, 2004), are then used to infill any
remaining missing values that have not been infilled. The South African daily rainfall database
has more than doubled in size with the infilling techniques described above. The rainfall
database consists of 105 753 218 daily observed values with 236 154 934 infilled values
(Lynch, 2004). The observed and infilled rainfall database therefore contains 341 908 152
values (Lynch, 2004).

2.4 Estimation of Average Point Rainfall

In the assessment of total quantities of rainfall over large catchment areas, the occurrence of
storms and their contribution to single rainfall stations are unknown. Therefore, it is necessary
to convert observed point rainfall depths to provide the best estimate of the average point
rainfall depth over a certain catchment area. The following methods may be used for averaging

the point rainfall depth over an area (Wilson, 1990):

(a) Arithmetic mean method: This method [Eq. (2.1)] is defined as the sum of all the
point rainfall information divided by the number of rainfall stations within the
catchment area. This method is only adequate when rainfall stations are uniformly
distributed in the catchment of interest, the topography is relatively flat and spatial

variations in rainfall are insignificant.

— P
P - 2.1]

15

© Central University of Technology, Free State



(@ Chapter 2

Central University of
Technology, Free State

(b) Thiessen polygon method: This method [Eq. (2.2)] defines the zone of influence of
each rainfall station by drawing lines between pairs of stations, bisecting the lines with
perpendiculars. The total area enclosed within the boundary formed by these
intersecting perpendiculars has rainfall of the same amount as the enclosed rainfall
station. This method is not suitable for mountainous areas due to the orographic

influences.

P _ ZASB [2.2]

(c) Isohyetal method: This method [Eq. (2.3)] is based on the interpolation between
rainfall stations to produce isohyets or contours of equal rainfall depth. The areal
average of the weighted rainfall depths between the isohyets is then used to determine
the average rainfall. This method is possibly the most accurate with an added advantage
that the isohyets may be drawn to consider local effects of climate and uneven

topography.

P 2 P]vaf [2.3]

(d) IDW method: This method [Eq. (2.4a)] is based on deterministic interpolation and
takes the geographical position of each rainfall station relative to the other rainfall
stations into consideration. A rainfall station which is geographically distant/close to
other stations will have a larger/smaller weighting factor [Eq. (2.4b)] and will therefore
contribute more/less to the estimation of the average areal rainfall. In essence, the sum
of all point rainfall information is multiplied with individual weighting factors and
divided by the total number of rainfall stations within the catchment under

consideration (ESRI, 2006; Dyson, 2009).

> BW,

P == 2.4a
N [2.4a]
N-1
rmax
P =l 2.4b
V-1 12:40]
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where

P = spatial average rainfall depth [mm)],

Ai = area [km?],

As = area of the sub-catchment contributing to the rainfall station [km?],
Ar = total catchment area [km?],

m = rank value of individual weighting factors,

N = total number of rainfall stations,

Ni = number of rainfall stations within area,

Wi = individual weighting factor,

Pi = point rainfall depth [mm], and

Fimax = maximum distance between the specific rainfall station and any

other rainfall station [m or km].

(e) Grid point method: For the grid point method, a uniform grid is superimposed over a

®

catchment area containing the spatial location of each rainfall station (and associated
rainfall depths). Rainfall is estimated at each corner of the grid and then multiplied with
the representative grid-area to obtain the average rainfall volume. The sum of all the
estimated volumes divided by the total catchment area equals the average areal rainfall

depth (Patra, 2008).

Isopercental method: This method is very similar to the Isohyetal method but is
preferred when dealing with orographic and other topographical differences in
mountainous areas. For this method, a catchment map containing the spatial location of
each rainfall station and associated rainfall depths (daily, monthly, and annually) must
be available. The rainfall data (daily or monthly) are expressed as a percentage of the
annual rainfall values to produce isopercental lines. The isopercental lines with the
same percentage value and intervals should join each other over the catchment.
Isohyetal lines, representative of the annual rainfall values in the region, must be drawn
to overlay the isopercental lines. The intersecting points between the isopercental and
isohyetal lines are then used to estimate the rainfall. Consequently, the average rainfall
over the catchment could be estimated in a similar fashion to the Isohyetal method.
However, it should be noted that this method is difficult to implement and is regarded

as data intensive (Patra, 2008).
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(g) Spline method: This method is also based on deterministic interpolation, which
provides a smooth rainfall surface based on the point rainfall values as primary input.
In other words, it fits a mathematical function to a specified number of nearest input
points, while passing through the sample points. This method is recommended for
generating gently varying rainfall surfaces, such as frontal rainfall distributed over

larger areas as opposed to highly variable, localised convective rainfall (ESRI, 2006).

(h) Kriging method: Kriging is based on a geostatistical interpolation process utilising
autocorrelation, such as the statistical relationships between point rainfall values.
Kriging does not only have the capability of producing a rainfall prediction surface, but
also provides some measure of the probability of the predictions. The variation in the
surface rainfall can be explained, not only by the distance or direction between the
rainfall stations, but also by considering the overall spatial arrangement of the rainfall
stations under consideration. The average rainfall for each location is determined by a
mathematical function applied to the number of rainfall stations within a catchment or
specified radius. The use of Kriging is recommended when the rainfall information is

characterised by a spatially correlated distance or directional bias (ESRI, 2006).

2.5 Design Point Rainfall Estimation

Design rainfall comprises of a depth and duration associated with a given return period (7) or
AEP (Smithers and Schulze, 2004). Short and long duration design rainfall estimations can
either be based on point or regionalised data. Rainfall durations less than 24 hours are generally
classified as short, while long durations typically range from 1 to 7 days
(Smithers and Schulze, 2004). Several regional and national scale studies in South Africa
based on short durations and point data were conducted between 1945 and 2001. Studies
focusing on long durations based on daily point rainfall data included studies done by the
SAWB (South African Weather Bureau), Schulze (1980), Adamson (1981), Pegram and
Adamson (1988), and Smithers and Schulze (2000b). Smithers and Schulze (2000a; 2000b)
also used a regionalised approach to increase the reliability of the design values at gauged sites,

as well as for the estimation of design values at ungauged sites (Smithers and Schulze, 2003).

2.5.1 Single site approach
A single site approach requires that each rainfall station within the relevant catchment be

investigated to determine the record length, data quality (errors, missing data, and outliers) and
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topographical position (Smithers and Schulze, 2000a). To develop the depth-duration-
frequency (DDF) relationship at every single site, the following steps are of importance

(Smithers and Schulze, 2000a):

(a) Selection of the most appropriate data set. This may either be the AMS or
Partial Duration Series (PDS) with a sufficient record length.
(b) Selection of the most appropriate probability distribution.

(¢) Selection of a suitable parameter and quantile method.
These steps are discussed in more detail in the following paragraphs:

A probabilistic analysis needs to be conducted at each rainfall station and it is thus advisable
not to use rainfall stations with short record lengths. Furthermore, it is impossible to
conclusively select a distribution that could consistently provide adequate rainfall frequency
estimates for return periods greater than the period of record. On the other hand, small samples
may define a distribution which is markedly different from the parent population

(Smithers and Schulze, 2000a).

According to Viessman et a/. (1989), a minimum record length of 10 years is required, while
Schulze (1984) questioned the significance of the record length for extreme events recorded
and hence the design values. Hogg (1992) demonstrated that even 20 years of data are not
stable enough to estimate the 10-year return period event. Hogg (1992) indicated that the
assumptions of stationarity and homogeneity of the AMS of rainfall are seldom valid. It is
suggested that a regional approach be used to improve the frequency analysis of extreme

rainfall events.

According to Weddepohl (1988), the malfunctioning of rainfall gauges and processing errors
are inherent in rainfall data. The spatial density and distribution of rainfall stations, sporadic
rainfall events as opposed to the continuous digitised data in use, the length of available
records, and the presence of outliers are all problems associated with these errors

(Weddepohl, 1988).

The selection of the most suitable probability distribution resembling the probability
distribution of the population must be made according to the theoretical basis, consistency,

acceptance, user-friendliness, and applicability thereof (Cunnane, 1989). This selection is
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particularly important when estimating extreme events with return periods greater than the
length of record. Equally important factors, such as the type of data in use, data stationarity and
the method of fitting the distribution, should also be considered (Cunnane, 1989). The
Extreme Value Type I (EV1) distribution has been extensively used in rainfall DDF studies in
South Africa since 1963, while the use of the integrated General Extreme Value (GEV)
distribution is growing in the application of frequency analysis. Van der Spuy and Rademeyer
(2018) proposed the use of the Log-Normal (LN), Log-Pearson Type III (LP3), as well as the
GEV using the Method of Moments (MM), Probable Weighted Moments (PWM) or Linear-
Moments (LM) to estimate the required design rainfall depths in South Africa. Similarly,
Smithers (1996) established that the 3-parameter Log-Normal (LN3) and GEV probability
distributions provide consistent short duration design rainfall estimates and therefore

recommended the future use thereof in South Africa.

The Technical Report 102 (TR102; Adamson, 1981) is an example of a design point rainfall
database based on a single site approach and is commonly used in South Africa.
Adamson (1981) estimated the 1, 2, 3 and 7-day extreme design point rainfall depths for return
periods of 2, 5, 10, 20, 50, 100 and 200 years using approximately 1 946 rainfall stations.
A censored LN distribution based on the PDS was used to estimate the design point rainfall

depths at a single site.

2.5.2 Regional approach

Regional frequency analysis is generally based on the assumption that the standardised variate
distributions of rainfall data are similar at every single site in a region and that the data from
various single sites in a region can thus be combined to generate a single regional rainfall
frequency curve representative of any site in the specific region with appropriate site-specific
scaling. An advantage of this approach is that it can be used to estimate events at ungauged
sites where no rainfall data exists (Alexander, 2001; Cunnane, 1989). In nearly all practical
situations, a regional approach is preferred to a single site approach primarily based on the
efficiency and accuracy of the rainfall quantile estimation and where statistical homogeneity
or heterogeneity might exist (Hosking and Wallis, 1997; cited by Smithers and Schulze, 2003).
The large degree of uncertainty introduced in the extrapolation of AEPs beyond the record
length of data can also be reduced by regionalisation, since the observed rainfall at a single site
is then related to the hydrological response at a regional scale by making use of an extended or

combined record length of data (Smithers and Schulze, 2003).
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In considering the limitations of a single site approach and the paucity of sub-daily rainfall data
in South Africa, i.e., 412 sub-daily rainfall stations and only 49 of these rainfall stations having
record lengths exceeding 30 years, Smithers and Schulze (2000a; 2000b; 2003; 2004)
developed a regional scale invariance approach to estimate the average point rainfall AMS for
any duration and associated ‘scaling factors’ as an alternative for the ‘conversion factors’
proposed by Adamson (1981). These 24-hour to 1-day continuous rainfall measurement

‘scaling factors’ range between 1.14 and 1.30 in South Africa (Smithers and Schulze, 2003).

Smithers and Schulze (2003; 2004) conducted a cluster analysis, based of seven (7) site
characteristics, to identify homogeneous regions for extreme daily rainfall in South Africa. The
regions identified in the cluster analysis were subsequently tested for homogeneity using a
heterogeneity approach developed by Hosking and Wallis (1993; cited by Smithers and
Schulze, 2003). This procedure resulted in 15 short and 78 long duration homogenous rainfall
clusters, and subsequent regressions to estimate index values (mean n-hour AMS values)
derived from at-site data. Furthermore, cluster analysis of site characteristics was used to group
the 78 long duration homogeneous rainfall clusters into seven (7) regions with six (6)
associated region-specific regression parameters applicable to each of the seven (7) regions.
Firstly, the average of the 1-day fixed-time interval point rainfall AMS was estimated using
regional regression relationships. Thereafter, the average of the 24-hour continuously recorded
point rainfall AMS was estimated directly from the 1-day value for the specific site under
consideration. Lastly, the average of the point rainfall AMS values for durations shorter and
longer than 1-day were scaled directly from the average of the continuous 24-hour and 1-day

values, respectively, using the established regression parameters.

The up- and downscaling were found to scale linearly as a function of the average 1-day and
continuous 24-hour values, respectively. In the application of the regression relationships to
estimate the average of the AMS for durations shorter and longer than 1 day, inconsistencies
in the growth curves derived from the 24-hour continuously recorded and daily rainfall data
were evident due to the quality and non-concurrent periods of the digitised rainfall data, as well
the differences in the AMS extracted from: (i) continuously recorded data using a sliding
window, and (ii) daily rainfall data using a fixed period window. However, Smithers and
Schulze (2003) found that the best estimate of the growth curve, for all durations, are the values

derived from the daily rainfall database for the 1-day duration.
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As a result, a scale invariance approach was introduced to the Regional Linear Moment
Algorithm and termed the RLMA&SI approach to address the inconsistencies evident in the
above-mentioned growth curves (Smithers and Schulze, 2003). In South Africa, the RLMA&SI
approach is the preferred method for design rainfall estimation and is automated and included
in the software program, Design Rainfall Estimation in South Africa (Smithers and Schulze,
2003; 2004). The latter software facilitates the estimation of design rainfall depths at a spatial
resolution of l-arc minute, for any location in South Africa, for durations ranging from

5 minutes to 7 days and for return periods of 2 to 200 years.

Irrespective of whether a single site or regional approach is adopted, the design rainfall depth
to be used in design flood estimation, especially in the deterministic methods, must be based
on the critical storm duration or time of concentration (7¢) of a catchment. Thus, depending on
the 7¢, the daily design rainfall depth used in flood estimations must either be increased or
decreased to adapt to the 7c requirement. To convert the daily design rainfall depth values to
independent durations of the same length, conversion and/or scaling factors must be used. The
conversion factors are dependent on the duration in question and various values have been

proposed.

The use of conversion factors (Adamson, 1981) is generally accepted in South Africa to convert
1-day fixed time interval rainfall (08:00 to 08:00) to continuous measures of n-hour rainfall
associated with 7c. Adamson (1981) proposed the use of a conversion factor of 1.11 to convert
daily rainfall depths recorded at fixed 1-day intervals to continuous 24-hour rainfall depths. At
an international level, similar conversion factors have been proposed to convert daily fixed
time interval rainfall depths to continuous 24-hour maxima, e.g., 1.13 in the USA (Hershfield,
1962), 1.06 in the UK (NERC, 1975), and 1.13 in South Africa (Alexander, 1978). To convert
continuous 24-hour rainfall series to critical storm or 7c¢ durations ranging between 0.10 hour

and 24 hours, Adamson (1981) proposed the use of the conversion factors as listed in Table 2.1.
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Conversion of continuous 24-hour rainfall depths to 7Tc-hour rainfall depths

Tc Conversion factor Conversion factor
[hours] Summer/inland region Winter/coastal region

0.10 0.17 0.14
0.25 0.32 0.23
0.50 0.46 0.32
1 0.60 0.41
2 0.72 0.53
3 0.78 0.60
4 0.82 0.67
5 0.84 0.71
6 0.87 0.75
8 0.90 0.81
10 0.92 0.85
12 0.94 0.89
18 0.98 0.96
24 1.00 1.00

The conversion factors listed in Table 2.1 are independent of return period but are influenced

by regional climatological differences as evident in the summer rainfall/inland and winter

rainfall/coastal regions of South Africa (Midgley and Pitman, 1978). Converting daily rainfall

depths to durations longer than 1-day simply entails the conversion of fixed time interval

rainfall to continuous measures of rainfall (e.g., 2-days to 48-hour, 3 days to 72-hour, efc.), and

interpolating between the different 7c durations as listed in Table 2.2. The conversion factors

listed in Table 2.2 are normally used in practice (Van der Spuy and Rademeyer, 2018);

however, no literature is available as to how these conversion factors were derived.

Table 2.2:

Conversion of fixed time interval rainfall to continuous estimates of n-hour
rainfall (Van der Spuy and Rademeyer, 2018)

Duration .
From [days] o [Tl Conversion factor
1 24 1.11
2 48 1.07
3 72 1.05
4 96 1.04
5 120 1.03
7 168 1.02
> 7 > 168 1

However, the latter South African approaches as listed in Tables 2.1 and 2.2 are regarded as

outdated. Smithers and Schulze (2000a) developed 15 individual regionalised factors, varying

from 1.15 to 1.28, for the 15 relatively homogeneous short duration rainfall clusters in

South Africa, with a national average of 1.21.
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2.6 DWS Catchment Design Rainfall Estimation

Catchment design rainfall, also known as areal design rainfall, is usually obtained when an
ARF is applied to a design point rainfall value associated with a specific storm duration and
return period. In addition to the approaches discussed in Sections 2.5.1 and 2.5.2, to estimate
design rainfall at a point, four different approaches are also used by the Department of Water
and Sanitation (DWS) to estimate catchment design rainfall (Van der Spuy and Rademeyer,
2018). The first approach, referred to as the ‘Smithers Regional Rainfall (SRR)’ approach, is
in essence the RLMA&SI approach as discussed in Section 2.5.2.

The remaining three approaches are summarised as follows (Vander Spuy and

Rademeyer, 2018):

(a) Maximum Station Rainfall (MSR) approach: The rainfall data at a single rainfall
station are probabilistically analysed by using either the observed or infilled rainfall
data series. This approach is similar to a conventional single site approach as discussed
in Section 2.5.1 and would therefore still require an ARF to convert the estimated MSR

design rainfall values to a catchment design rainfall value.

(b) Maximum Catchment Rainfall (MCR) approach: The weighted AMS catchment
rainfall data based on either the full observed or infilled record length (if applicable)
are probabilistically analysed. The use of an infilled record length ensures that the
longest possible record length is utilised in the analysis. The probabilistically analysed

weighted AMS catchment rainfall will thus result in catchment design rainfall values.

(c) Daily Catchment Rainfall (DCR) approach: This approach requires the weighted
point rainfall at a daily time interval within a specific catchment (Van der Spuy and
Rademeyer, 2018). The weighted daily catchment rainfall is then probabilistically
analysed to obtain areal design rainfall which incorporates the temporal and spatial
variation of predominant weather types in a catchment. Van der Spuy and
Rademeyer (2018) also highlighted that ARFs are not applicable to this approach since
the areal design rainfall is already representative of a geographically-fixed area.
A similar approach was followed by Dyrrdal et al. (2016) in Norway where a direct
probabilistic analysis was performed on the average areal 24-hour rainfall from a

gridded data set for the period from 1957 to 2016.
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2.7  Factors Influencing ARFs

Numerous factors can have a significant influence on the estimation of ARFs, e.g,
climatological variables, catchment geomorphology, methodological approaches,
climatological regions, return periods, storm durations and/or a combination of these (Asquith
and Famiglietti, 2000; Svensson and Jones, 2010; Kim et al., 2019). All these factors are

discussed in this section to highlight their individual influences.

2.7.1 Climatological variables

Geographical location within different climatological regions has a direct influence on ARFs.
It was established that the 1-day ARFs in the USA exceeded the equivalent ARF estimates in
Australia, while the ARFs decline more rapidly in the semi-arid south-western USA than in the
rest of the USA (Svensson and Jones, 2010). Similar trends were also confirmed by Asquith
and Famiglietti (2000), who established that the ARFs are higher in the eastern USA than in
Texas. ARFs are also influenced by seasonal variability, e.g., higher values are obtained in
winter than in summer. This could be ascribed to the response to higher convective activity in

summer (Allen and DeGaetano, 2005).

Different rainfall-producing mechanisms, e.g., convective versus frontal rainfall, will produce
different spatial rainfall patterns. Typically, the spatial averages for large-scale frontal rainfall
do not reduce much in magnitude with increasing area, whereas this is the case for small-scale
convective rainfall events (Skaugen, 1997). Skaugen (1997) also established that ARFs for
both convective and frontal rainfall decrease with an increasing return period, but the rate of
decrease for convective rainfall is noticeably larger than that for frontal rainfall. The decrease
in ARFs with increasing return periods may also reflect the importance of convection in
producing very high point rainfalls. Huff and Shipp (1969) highlighted that the spatial
correlation decay pattern of low-pressure centred storms is smaller compared to fronts
associated with mid-latitude cyclones, while it is the greatest in weaker storms with a shorter

duration.

In the USA, areal rainfall was found to decrease with the corresponding point rainfall and with
increasing return periods (Asquith and Famiglietti, 2000; Allen and DeGaetano, 2005). In
contrast, Grebner and Roesch (1997) demonstrated that ARFs in Switzerland (4 > 4 500 km?)
are independent of the return period. The ARFs contained in the Centre for Ecology and

Hydrology (CEH; Faulkner, 1999), as originally documented in the UK FSR (NERC, 1975),
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decrease more rapidly (with increasing catchment areas) for shorter storm durations than for
longer storm durations. It was also confirmed that the ARFs derived using a storm-centred
approach are independent of the return period and geographical location (Svensson and Jones,
2010). Alexander (2001) recommended a geographically-centred approach when assuming a
uniform spatial and temporal rainfall distribution for the total storm duration over the whole

catchment area.

Alexander (2001) also emphasised that practitioners using storm-centred data to derive ARFs,
should not assume uniform rainfall intensity distribution over the catchment. Kim et al. (2019)
highlighted that one of the disadvantages of a geographically-centred approach based on a
rainfall-monitoring network in a given catchment, is that it will not necessarily reflect the actual

spatial characteristics of a particular rainfall event.

2.7.2 Catchment geomorphology

Most research conducted on the estimation of ARFs concluded that catchment geomorphology
(e.g., area, shape, and topography) has an insignificant influence on ARFs
(Svensson and Jones, 2010). In catchments with areas less than 800 km?, ARFs are mainly a
function of the area and point intensity since the relationship between rainfall intensity and the
infiltration rate of the soil is predominant. In catchment areas up to 30 000 km?, ARFs are
mainly a function of the area and storm duration (Alexander, 2001; SANRAL, 2013).
Lambourne and Stephenson (1986) demonstrated that the ARF will decrease from unity with

an increasing catchment area.

ARFs could also vary between urban areas and the surrounding rural areas. Huff (1995) showed
that eight storms in Chicago, USA, had a slower ARF decreasing rate within 500 km? from the
urban storm centre compared to the 67 rural storms. Bardossy and Pegram (2018) questioned
the application of ARFs in urban areas, since towns and cities are not fixed catchments with a
single outlet. Furthermore, they argued that urban areas have many sub-catchments where the

drainage system will determine the stormwater drainage.

Veneziano and Langousis (2005) highlighted that empirical ARFs are, to a degree, influenced
by the catchment shape. Different ARF estimates could be expected in catchments with an
elongated shape where the rainfall distribution patterns, and direction of movement, are aligned

along the catchment or perpendicular to it. Topography (e.g., hills and mountains) has leeward
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and windward effects on rainfall and may affect ARFs. Rainfall-monitoring networks also tend
to be sparser at higher altitudes; hence, resulting in poorer areal rainfall estimates. Singh et al.
(2018) highlighted that ARF differences in New Zealand are ascribed to differences in
topography and rainfall types. However, Allen and DeGaetano (2005) found that topographical

rainfall biases are insignificant for the estimation of ARFs.

2.7.3 Methodological approaches

The record length of rainfall data and frequency of data collection may influence ARFs due to
temporal rainfall variability. Asquith and Famiglietti (2000) showed that three overlapping
rainfall-monitoring networks around Houston in Texas, USA did not yield the same ARFs due
to different rainfall-monitoring networks that cannot be indiscriminately combined. However,
Allen and DeGaetano (2005) showed that the density of rainfall-monitoring networks and the
use of different interpolation methods have an insignificant influence on the estimation of
ARFs in North Carolina and New Jersey, USA. Asquith and Famiglietti (2000) estimated
probabilistically correct ARFs and proved that the return period has a significant influence on
the relationship between the ratio of the annual maxima to concurrent rainfall depth and on the
separation distance from the annual maxima point rainfall. Sugawara (1992) highlighted that
Thiessen polygons, when applied to a low-density rainfall-monitoring network, may not
represent the actual rainfall processes in a specific polygon as they interrupt the spatial

transitions of the natural occurring process.

Unfortunately, the two recognised approaches, namely, the storm-centred and geographically-
centred approaches, used to estimate ARFs, generally provide inconsistent results. In using a
storm-centred approach, the isohyets of a complete storm are analysed without considering the
geographical location thereof (Alexander, 2001). In the case of a geographically-centred
approach, storms occurring over a fixed area or collection of rainfall stations within a
catchment are considered (Alexander, 2001). Bell (1976) highlighted that the theoretical
significance of the geographically-centred approach is more statistical than physical and is
therefore best interpreted in terms of average areal point rainfall frequency curves, which
simply provides the ratios of areal to point rainfall with the same AEP. It is thus quite evident
that the use of different methodologies to estimate ARFs is likely to result in different ARF
estimates. Previous studies, e.g., Bell (1976), Stewart (1989), and Kim et al. (2019) have

shown that ARFs will reduce with an increasing return period.

27

© Central University of Technology, Free State



(@ Chapter 2

Central University of
Technology, Free State

ARF estimation methods can be grouped into two broad categories, i.e., analytical, and

empirical methods, as discussed in the subsequent sections.

2.8  Analytical ARF Estimation Methods

In using analytical methods, derived mathematical algorithms are used to characterise the
spatial and temporal rainfall variability by incorporating simplified assumptions that are not
entirely true descriptions of the actual rainfall process (Siriwardena and Weinmann, 1996;
Svensson and Jones, 2010). The fact that the actual rainfall processes are partially ignored is
regarded as problematic. In response to these inherent shortcomings, several new analytical
methods to estimate ARFs have been proposed during the last three decades, e.g., storm
movement (Bengtsson and Niemczynowicz, 1986), crossing properties (Bacchiand
Ranzi, 1996), spatial correlation structure (Sivapalan and Bloschl, 1998), and scaling
relationships (De Michéle et al., 2001).

2.9 Empirical ARF Estimation Methods

The empirical methods can either be based on a geographically-centred or storm-centred
approach. Both these approaches are explained below, while the methods currently used in

national and/or international practice are also listed.

2.9.1 Geographically-centred methods

This approach describes the relationship between average areal design rainfall over a
geographically fixed area, i.e., catchment, and a corresponding average design point rainfall
value representative of the area under consideration. In other words, the ARF is used for
percentage reduction, which relates to the statistics of design point and areal design rainfall and
considers the uniform temporal and spatial distribution of rainfall over the catchment area

(Pietersen et al., 2015).

(a) United States Weather Bureau (USWB, 1957; 1958): Observed rainfall records
(10 to 15 years) were obtained from dense rainfall-monitoring networks in catchment
areas ranging from 250 km? to 1 000 km?. The rainfall record lengths were regarded as
insufficient to establish the effect of return period on the point-area rainfall
relationships. The areal rainfall of each event and associated duration was estimated

using Thiessen weights. The average of the AMS was estimated, while the highest point
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rainfall measurement at each station in a particular year was selected for the derivation

of Eq. (2.5).

N n
WDIDINT
i=1j=1
ARFr =N [2.5]
>Y P
i=1j=1
where
ARF = areal reduction factor,
N = number of stations within the catchment area,
n = record length [years],
f_j = point rainfall for station i on the day of the annual maximum areal
rainfall in year j [mm)],
Pj = annual maximum point rainfall of station 7 in year j [mm], and
Wi = Thiessen weighted factor for station i.

(b) Bell’s method (1976): Probabilistic rainfall analyses at single rainfall stations (14-
year record length) situated in circular catchment areas of 1000 km? each were
conducted in the UK to estimate areal and average design point rainfall frequency
curves and to estimate ARFs. The ARFs were expressed as the ratio of areal to average

design point rainfall with associated AEPs.

A modified Thiessen weighting procedure was used to estimate the daily areal rainfall
values, after which, these values were ranked to obtain the 20 highest independent
values for each sample area (Bell, 1976). In other words, a PDS using equally ranked
observations curtailed to a common base period, were used, and fitted to an exponential
distribution with parameters estimated by the Method of Maximum Likelihood (MML).
The average design point rainfall frequency curves were estimated using the 20 highest
daily rainfall values at each rainfall station (Bell, 1976). Instead of deriving separate
frequency curves for each rainfall station to estimate weighted averages, a simpler
equivalent procedure was adopted. Each ranked weighted average point rainfall value
was determined using the same modified Thiessen weighting procedure, followed by
the exponential distribution curve fitting to provide estimates of the average design

point rainfalls for return periods from 2 to 20 years. The ARFs were then estimated
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directly using the corresponding areal and average design point rainfall values

associated with each return period or AEP (Siriwardena and Weinmann, 1996).

Bell (1976) concluded that this procedure is probabilistically more correct due to the
inclusion of AEPs, while the derived ARFs based on daily (24-hour) and sub-daily
rainfall (1-hour to 2-hours), proved to vary between 5% and 10%, respectively. The
AREF estimates also compared reasonably well with the 2 to 20-year return period ARF
estimates contained in the UK FSR (NERC, 1975), while, for the higher return periods
(50- to 100-year), the ARF estimates were significantly lower (Siriwardena and
Weinmann, 1996). The mathematical relationship representative of Bell’s (1976)
method is shown in Eq. (2.6).

ARF,, = [2.6]

where

ARFn = areal reduction factor [ratio of the areal rainfall of rank m to the
Thiessen weighted average point rainfall of the same rank [%],

m = rank value,

N = number of rainfall stations within the catchment area,

P = point rainfall for station i on the day of the annual maximum areal
rainfall in year j [mm)],

Pij = annual maximum point rainfall of station i in year j [mm], and

Wi = ratio of the areal rainfall of rank m to the Thiessen weighted

average point rainfall of the same rank.

The ARF estimation methodology proposed by Bell (1976), is not only probabilistically
more correct than the USWB (1957; 1958) and United Kingdom Flood Studies Report
(UK FSR; NERC, 1975) ARF estimation methods, but the variation of ARFs with
return period is also evident when ARFSs are directly obtained from the areal and design

point rainfall frequency curves.

In South Africa, Du Plessis and Loots (2019) evaluated and compared Bell’s method
(1976) against the geographically and storm-centred approaches currently
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recommended  for  general use. Nineteen fixed catchment  areas
(1010km*><A4<9270km?), three to 10 rainfall stations per catchment
(35 £ N £ 83 years), and at-site probabilistic analyses (GEVwmwM probability distribution
and Gringdrten plotting position), were used. It was established that ARFs do vary with
return period, while Bell’s method is likely to result in higher ARFs and subsequently
more conservative areal design rainfall estimates. It was recommended that Bell’s
approach should be further developed by using the longer record lengths and more

advanced computing power currently available.

(c) Alexander’s method (1980; 2001): This is the geographical-centred method currently
used and recommended for general use in South Africa (SANRAL, 2013).
Alexander (1980) developed a geographically-centred ARF relationship based on the
ARF diagrams contained in the UK FSR (c¢f. Figure 2.4; NERC, 1975). This ARF
diagram (Figure 2.4) had an adjustment made to account for short duration rainfall over
small catchment areas, which are mostly characterised by severe storm mechanisms
producing very high intensity rainfall with cell core areas exceeding 10 km? and

durations exceeding 10 minutes.
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Figure 2.4: UK FSR ARF diagram (NERC, 1975)

According to Alexander (1980), estimates of shorter duration rainfall based on the
extrapolation from longer durations, are regarded as unreliable when viewed in the light
of the storm mechanisms which produce high-intensity rainfall for durations less than
10 minutes. Thus, there is little justification in assuming ARFs less than 100% in these

area and duration regions; consequently, the UK FSR values were adjusted accordingly.

The UK FSR ARFs adopted for South African conditions are shown in Figure 2.5.
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Figure 2.5: Adopted UK FSR ARFs for South Africa (after Alexander, 1980)

Alexander (2001) revised the ARF diagram in Figure 2.5 to a more reliable and user-

friendly diagram that is currently used by practitioners (SANRAL, 2013).

The revised version of Figure 2.5 is shown in Figure 2.6.
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Figure 2.6: Revised ARF diagram for South Africa (Alexander, 2001)

Op ten Noort and Stephenson (1982) converted Figure 2.5 to a mathematical
relationship [Eq. (2.7a)], using regression analysis. Alexander (2001) expressed
Figure 2.6 in the form of a mathematical relationship as shown in Eq. (2.7b). The use
of both Egs. (2.7a) and (2.7b) resulted in slightly more conservative results when
compared to the UK FSR and USWB values, respectively. Alexander (2001)
recommended that the ARF relationship shown in Eq. (2.7b) should be used in
South Africa where the average rainfall depth over a catchment must be established

from point rainfall statistics.
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ARF =[1.306 — 0.0902Ln(A4)] + Ln(T;)[0.0161Ln(A4) — 0.0498] [2.7a]
ARF =[90000 — 12800Ln(A) + 9830Ln(60T,)]%* [2.7b]
where

ARF = areal reduction factor [%],

A = catchment area [km?],

Tc = time of concentration/critical storm duration [hours], and

Ta = storm duration [hours].

Gericke and Du Plessis (2011) established that a relationship between the 4, Tc and
ARFs exists. The validity of Eq. (2.7b) was assessed by plotting 7¢ within each
catchment under consideration against the catchment area, after which a power-law
curve fitted through the data points was superimposed on Figure 2.6 and the original
ARF diagram as published in the UK FSR (NERC, 1975). The fitted power-law
relationship was expressed as Eq. (2.8a), which provides a good indication of 7¢
associated with any catchment area under consideration. Equation (2.8b) resulted from

the substitution and simplification of Eq. (2.8a) into Eq. (2.7b).

Tc =0.2284A40-5% [2.8a]
ARF = [-6944.3Ln(A) + 115731.9]4 [2.8b]
where

ARF = areal reduction factor [%],

A = catchment area [km?], and

Tc = time of concentration [hours].

The results obtained from this study clearly indicated that the power-law curve yielded
a constant ARF range of between 87% and 88% across the original UK FSR ARF
diagram for durations exceeding three hours. Gericke and Du Plessis (2011) concluded
that the ARF relationship expressed by Eq. (2.8b) can be used instead of Eq. (2.7b) to
convert design point rainfall depths or intensities to an average areal design rainfall

depth or intensity.

(d) Stewart (1989): This method [Eq. (2.9)] is based on Bell’s method (1976) using daily

rainfall data from north-west England. A total of 834 rainfall stations with at least
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25 years of data were used. This method was amongst the first methods to combine
gauged and radar-based rainfall data. A total of 544 sample catchments, ranging from
25 km? to 10 000 km?, and storm durations ranging from 1 to 8 days, were analysed.
The ARFs were expressed as a function of the geographical location and AEP and
decreased with an increasing catchment area and AEP. The ARF estimates proved to

be significantly lower than those based on the UK FSR method (NERC, 1975).

P P

ARFr _As@) A [2.9]
Pps(r)Pp

where

ARFT = areal reduction factor for specific AEP [%],

P, = mean of annual maximum areal rainfall [mm)],

Py = mean of annual maximum point rainfall [mm)],

Pus) = standardised 7-year areal rainfall [mm], and

Prsm) = standardised 7-year point rainfall [mm].

(e) Omolayo (1993): This data intensive method [Eq. (2.10)] is based on daily rainfall
data exceeding 30 years of record, while the point rainfall values being used were
assumed to be representative for the entire catchment areas under consideration. The
ARF was defined as the ratio between the average areal and point rainfall of the same
return period/AEP; hence, the ARF estimates are probabilistically correct, given the
variation with return period. For comparison purposes, the 1-day ARFs applicable to

the USA were transposed to Australia, assuming that the climatological variables are

similar.
ARF - P(471,.7) [2.10]
S Zi[WiE(TdaT)]
where
ARF = areal reduction factor,
A = catchment area under consideration [km?],
Py = T-year areal rainfall [mm)],
Pr = average T-year point rainfall [mm],
T = return period [years],
Ta = storm duration [hours], and
Wi = weighted average Pp of the gauges i in the same region.
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(f) Siriwardena & Weinmann (1996): This method [Eq. (2.11)] is also regarded as a
modified version of Bell’s (1976) method, since the AMS of areal and point rainfall
were used instead of the PDS curtailed to a common base period. Over 2 000 daily
rainfall stations in Victoria, Australia were used and the ARF values were estimated for
‘circular sample catchment areas’ distributed through areas characterised by a high-
density rainfall-monitoring network. ARF values were estimated for storm durations

(1 to 3 days), catchment areas (125, 250, 500, 1 000, 4 000 and 8 000 km?) and return

periods (2 to 200 years).
- 0.14 0.48 047 0.41 1
ARF =1- 0.4(A —0.7log T, )rd +0.0024%T, {0.3 + log(Tﬂ [2.11]
where
ARFm = areal reduction factor,
A = catchment area [1-10 000 km?],
T = return period [20-2 000 years], and
Ta = storm duration [18—120 hours].

(g) Yoo et al. (2007): This method [Eq. (2.12)], a variant of the geographically-centred
approach, is based on a mixed gamma distribution and the concept of rainfall
intermittency, i.e., wet and dry periods, with a continuous gamma distribution fitted to
the wet periods. A catchment area of 9 843 km? and 25 rainfall stations, with a minimum
record length of 30 years each, were used. Return periods ranging from 2 to 1 000 years

were considered, while the ARF estimates were based on the 1-day storm durations.

L]
ARF (4,1) =1-Me [2.12]
where
ARF = areal reduction factor,
A = rainfall storm areas [km?],
e = mathematical constant,
M, a, b = parameters associated with each return period, and
T = return period [years].
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(h) Podger et al. (2015a; 2015b): This method is based on a modified version of Bell’s
method (Bell, 1976; Siriwardena and Weinmann, 1996). It considers catchment area,
storm duration and AEP. Artificial circular catchments in areas with sufficient data
were used to generate areal rainfall time series. This was done by weighting point
rainfall values by means of Thiessen polygon areas. Frequency quantiles were
calculated from areal rainfall time series and were divided by the weighted point
frequency quantiles. This process was repeated and subsequently resulted in several
ARF estimates. All the estimated ARF values were then averaged across the regions
and an equation was fitted to result in a prediction model for the selected regions

(Ball et al., 2019).

The research conducted by Podger et al. (2015a) focused on deriving ARFs associated
with long duration rainfall (> 24-hour), while Podger ef al. (2015b) focused on deriving
ARFSs associated with short duration rainfall (< 24-hour). Podger et al. (2015a; 2015b)
pre-defined different ranges of storm durations for the user to select an equation to
estimate the corresponding ARFs. The storm duration ranges with corresponding ARF
equations are: (i) duration > 12-hours  [Eq. (2.13a)],  (ii) duration > 24-hours
[Egs. (2.13b) and (2.13d)], and (iii) 24-hours < duration < 168-hours [Egs. (2.13c) and
(2.13d)]. These equations can be used to estimate ARFs for catchments areas up to

30 000 km?, storm durations < 168 hours and AEP > 0.05% (Ball et al., 2019).

Short duration (i), 4 (1 — 1 000 km?):

1-0.287 (4°7 —0.4391og,, D)D" +

ARFs — Min{1,0.0023 4 D"'*(0.3 + log,, P)+ [2.13a]

0213 —OAOZIM
10.0144°" x10 0 (0.3+1log,, P)

Interpolation equation for duration (ii), 4 (1 — 30 000 km?):

)D—72O

2.13b
720 [ )

ARF = ARF12hour + (ARF24hour - ARFIZhour
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Long duration (iii), 4 (1 — 30 000 km?):

1- (4" = Clog,, D)D* +
ARFy = Min{1,|ed’ D%(0.3 +log,, P)+ [2.13c]

2
h10 140 (0.3 + log ,, P)

Interpolation equation for durations (i), (ii) and (iii), 4 (1 — 10 km?):

ARF — 1-06614(1- 4RF,, |4 -1) [2.13d]
where

ARF = areal reduction factor [factor],

A = catchment area [km?],

D = duration [minutes],

P = AEP, fraction between [0.5 and 0.0005], and

a—i = regional coefficients applicable to Australia.

Equations (2.13a) to (2.13d) are respectively the recommended methods for estimating
ARFs in Australia and are documented in the Australian Rainfall and Runoff Manual

(Ball et al., 2019).

2.9.2 Storm-centred methods

In this approach, the region over which the areal design rainfall is estimated, is not fixed, but
changes for each storm (Alexander, 2001; Svensson and Jones, 2010). The centre point for the
approach is characterised by the maximum rainfall, which also changes for each storm. In other
words, the ARF relates to the way in which rainfall intensity decreases with distance from the
central core of individual storm events, with the average areal design rainfall intensity being
estimated (Alexander, 2001; Svensson and Jones, 2010). Sivapalan and Bldschl (1998) noted
that storm-centred ARFs are usually somewhat lower than geographically-centred ARFs as the
ARFs are either derived from convective storms with heavy design point rainfall and a limited
areal extent, or the highest design point rainfall might be located outside the catchment
boundary. The methods currently used in national and/or international practice, are listed

below:

(a) Van Wyk (1965): The first South African attempt to analyse ARFs based on a storm-
centred approach was conducted by Van Wyk (1965; cited by Lambourne and

39

© Central University of Technology, Free State



(Q Chapter 2

Central University of
Technology, Free State

Stephenson, 1986) on a small-scale (catchment areas < 800 km?) in Pretoria, Gauteng
Province. In addition, a few rainfall storm areas from the USA and Canada were also
analysed for comparison purposes. Isohyetal maps of several storms were plotted based
on the average areal rainfall depths in catchments ranging from 10 km? to 800 km?
centred on the maximum point rainfall and expressed as a percentage of point rainfall
at the storm centre (Van Wyk, 1965; cited by Lambourne and Stephenson, 1986). As a

result, depth-intensity-area envelope diagrams were developed, as shown in Figure 2.7.
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Figure 2.7: Expected percentage of runoff as a function of point rainfall intensity
(SANRAL, 2013)
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The ARFs were also expressed as a function of the point rainfall intensity, particularly
an average intensity over the storm duration at the storm centre (Van Wyk, 1965; cited
by Lambourne and Stephenson, 1986). The impact of return periods on ARFs is clearly
evident when considering the same catchment area, i.e., ARFs decrease with an
increase in rainfall intensity (which is associated with a decrease in storm duration) for

the same catchment area.

Op ten Noort and Stephenson (1982) used regression analyses to convert Figure 2.7
into a mathematical relationship [Eq. (2.14)]. In small to medium catchment areas
(<800 km?), the ARF is mainly a function of the area and design point rainfall
intensity, since the relationship between rainfall intensity and the infiltration rate of the

soil is predominant (Alexander, 2001; SANRAL, 2013).

ARF =Exp(—0.000068i4%77) [2.14]
where

ARF = areal reduction factor for point rainfall [%],

A = catchment area [km?], and

i = point rainfall intensity at the storm centre [mm.h!].

(b) Wiederhold (1969): In the late 1960s, Wiederhold (1969, cited by Lambourne and
Stephenson, 1986) used a variable location, storm-centred approach which is a modified
version of Van Wyk’s (1965) method to establish ARFs for 170 storms over large
catchment areas between 500 km? and 30 000 km? within 18 regions delineated for
South Africa. In these medium to large catchment areas (4 < 30 000 km?), the ARF is
mainly a function of the area and storm duration, since the quantity of rainfall relative
to the number of storage areas, is of great importance (Alexander, 2001;

SANRAL, 2013).

The large area storms were delineated, while the point rainfall depths at each rainfall
station were used to fit a sixth-degree polynomial surface to enable the plotting of
isohyets. Regionalised depth-area curves were produced for each storm at a daily
interval resulting in co-axial diagrams to estimate the rainfall equalled or exceeded for
storm durations of 1-day or longer. The developed depth-duration-area envelope

diagram is shown in Figure 2.8.
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In the case of large area storms associated with storm durations less than 24 hours, the
average areal rainfall over increasing areas (durations of 1 to 6 days) within each of the
18 regions were expressed as percentages of the maximum observed point rainfall.
Depth-area diagrams were produced for durations of 1 to 6 days. The upper envelope
diagrams (of individual durations) were then re-plotted to produce depth-duration-area
diagrams. Thereafter, the 24-hour to 1-hour durations, were linearly extrapolated to
express the rainfall associated with a given area as a proportion of the point rainfall

between one and 72 hours (Lambourne and Stephenson, 1986).
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Figure 2.8:  Expected percentage of runoff as a function of storm duration (SANRAL, 2013)
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Op ten Noort and Stephenson (1982) used regression analyses to convert Figure 2.8 to
a mathematical relationship [Eq. (2.15)].

A0.19

ARF = [1.343 — 0.09In(4)]T2-*3 [2.15]
where

ARF = areal reduction factor for point intensity [%],

A = catchment area [km?], and

Ta = storm duration [hours].

Op ten Noort and Stephenson (1982) compared Eqs. (2.14) and (2.15) and established
that the use thereof could cause a discontinuity in design flood estimations.
Consequently, Figure 2.8 was extrapolated as such that the ARFs approach unity at
short durations. This relationship is expressed by Eq. (2.16).

ARF = [1.04 — 0.08 In(A4)]T2-024°*° [2.16]
where

ARF = areal reduction factor for point intensity [%],

A = catchment area [km?], and

Tu = storm duration [hours].

(c) Rodriquez-Iturbe & Mejia (1974): This method [Eq. (2.17)] is based on a spatial
correlation structure, using either an exponentially decaying function or a Bessel-type
correlation structure. All observed rainfall data, i.e., the primary data, and not only the
AMS, are required. The ‘design storm’ areal rainfall distributions were not included in

the analyses.

ARF = JE(p(d)) [2.17]
where
ARF = areal reduction factor, and
E (p(d)) = expected correlation coefficient for the characteristic correlation
distance.
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(d) Bengtsson & Niemczynowicz (1986): This method [Eqgs. (2.18) & (2.19)] represents
the relationship between rainfall movement and associated ARFs. The ARFs are based
on the limited extension of rain cells, movement and spacing between rain cells, and
the effect of rain cells on each other. Typically, the ARFs were estimated from point
rainfall hyetographs and storm moving rates. Relationships were established between
moving, storm-derived ARFs and ARFs estimated by a dense rainfall-monitoring

network. The ARFs proved to be constant in Norway.

ARF = Lp_VIg ifLp<0.5 [2.18]
L L

ARF = 1_0'25L=1_[0'25LJ ifLp>0.5 [2.19]
Lp vy

where

ARF = areal reduction factor,

L = catchment length [km],

Lp = extension of block rain cell [km],

Ta = storm duration [hours], and

v = storm speed [m.s™].

(e) Bacchi & Ranzi (1996): This method [Eq. (2.20)] is based on the analyses of the
crossing properties of spatial and temporal rainfall processes. Sixteen Constant Altitude
Plan Position Indicator (CAPPI) maps were recorded and analysed from the C-band
weather radar and subsequently compared with a corresponding rainfall data set
consisting of 17 rainfall stations. The estimated ARFs were expressed as the ratio of
areal and point rainfall intensity values associated with the same duration and return
period. It was found that the estimated ARFs are dependent on the return period and

catchment area.

AR (4, 14, F) = M [2.20]
T4(F")
where
ARF = areal reduction factor,
A = area under consideration [km?],
F’ = F-quantile of the corresponding probability distribution,
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Ta = duration within the space-time domain where the rainfall process can
be assumed uniform [hours], and

T = return period [years].

Sivapalan & Bloschl (1998): This method [Eq. (2.21)] is based on a complex spatial
correlation structure using both extreme value and/or parent distributions. It was found
that the ARF values are dependent on the catchment area, storm duration (spatial
correlation structure) and return period, while the ARF values are independent of the
rainfall regime. The ARF values decreased with an increasing catchment area and return

period.

e e e e

ARF {k{A}TwT} = Filk -1

2 [2.21]
* W, )c(Td)—ln{ln(TTlﬂ

where

ARF = areal reduction factor,

A = catchment area [km?],

b = function of duration, where »(7,) = -0.05+ 0.257,°%
c = function of duration, where ¢(7,) = 0.2+ 207,
Fi(k?) = generic properties of the gamma distribution,
F(k?) = generic properties of the gamma distribution,
k? = rainfall correlation structure,

T = return period [years],

Ta = storm duration [hours], and

A = spatial correlation length [km].

(g) Asquith & Famiglietti (2000): This method [Eq. (2.22)] was developed for the Austin

(15 600 km?), Dallas (21 000 km?), and Houston (35 800 km?) regions in the USA with
a dense rainfall-monitoring network (103 to 193 rainfall stations per region). In general,
the rainfall data record lengths used, exceeded 80 years. This method focused on the
analysis of the areal rainfall distribution and resulted in ARFs which decreased with an
increase in AEPs.

_ I§ 2rSy()Ar

ARF
R 2

[2.22]
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ARF = areal reduction factor,

A = rainfall storm areas [km?],

R = maximum radius of circular catchment or integration limit [km],

r = radius of concentric circle within the catchment [km), and

St = ratio between rainfall depth at a specific location, distance  from the

point of the design storm and the annual maxima rainfall.

(h) Lombardo et al. (2006): The ARF values were estimated by using radar reflectivity

(1)

maps collected with Polar 55C, 15 km south-east of Rome, Italy. Rainfall intensities
over the radar scanning region (allowing a single radar image to last for one minute),
were estimated for durations of 1, 5, 10, 60 and 120 minutes and return periods of 2,
10, 25 and 50 years by using the arithmetic mean and Thiessen polygon methods. The
ARFs exceeded unity in small areas associated with relative longer storm durations.

The AREF relationship is expressed by Eq. (2.23).

ARF (1a, 1y = M [2.23]
i421(7y.T)

where

ARF = areal reduction factor,

A = area under consideration [km?],

i = rainfall intensity [mm.h!],

T = return period [years], and

T4 = storm duration [hours].

Kim et al. (2019): This method [Eq. (2.24)] considered the building of a time series at
every radar pixel for six (6) durations. Storm centres that contained specific time and
location information were used. Specific elliptical shapes (aspect ratio, orientation, and
sizes) with a maximising rainfall volume of 13 areas, were identified, while additional
filtering was performed to verify the spatial-temporal proximity of the storm events.
After the filtering process, the total number of storms analysed, reduced from 2 218 905
to 54 758.

% LRy

Ro

ARF [2.24]
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where

ARF = areal reduction factor,

Ao = area of an elliptical storm [m?],

44 = area of radar cells [i.e., 1 km * 1 km],

Ro = maximum rainfall depth of an ellipse [mm], and

Ri = rainfall volume of the i cell within the storm [mm].

2.10 Regionalisation Methods

The RLMA&SI regionalisation scheme developed by Smithers and Schulze (2000a; 2000b;
2003; 2004) and as discussed in Section 2.5.2, are based on a cluster analysis of site
characteristics. In essence, a vector of site characteristic was associated with each site and
standard multivariate probabilistic analyses were performed to group the sites according to the
similarity that exists between the vectors (Smithers and Schulze, 2004). Site characteristics that
were used during the regionalisation are: (i) latitude, longitude, and altitude, (ii) index of
rainfall concentration, (iii) mean annual precipitation (MAP), (iv) seasonal rainfall index, and
(v) the distance from the ocean. As highlighted in Section 2.5.2, above procedures resulted in
78 homogeneous rainfall clusters (Smithers and Schulze, 2000b). The site characteristics for
each cluster were normalised using cluster analysis and subsequently grouped into seven (7)

long duration rainfall regions.

2.11 Goodness-of-Fit Statistics

In some cases, the visual comparison of simulated results against observed data can be
subjective. Statistical model performance measures are therefore used to evaluate a model’s
performance against observed data using pre-determined statistical criteria expressed as
Goodness-of-Fit (GOF) statistics. In short, GOF statistics are mathematical functions which
express the most desirable characteristics between a model’s simulated output and the actual

observations (Schulze, 1995). The following GOF statistics are considered in this research:

(a) Coefficient of correlation (+’): This statistic measures the degree of association
between the simulated values and the simulated values as predicted by a regression
model. The objective function is to maximise the correlation coefficient to unity (1.0),

since higher 72 values are indicative of a higher degree of association (Schulze, 1995).

47

© Central University of Technology, Free State



(@ Chapter 2

Central University of
Technology, Free State

(b) Standardised residuals: According to Field (2000), the following general rules apply
to the estimation of standardised residuals: (i) standardised residuals lower or greater
than -3 or 3 respectively, are regarded as problematic given that their presence in a data
set is not by chance, (ii)) when more than 1% of the sample size have standardised
residuals with values lower or greater than -2.5 or 2.5 respectively, sufficient evidence
is present to confirm that the level of error within the model is unacceptable, and
(ii1)) when more than 5% of the sample size have standardised residuals with a value
lower or greater than -2 or 2 respectively, we can reason, with evidence, that the model

is a poor representation of the observed data.

(c) The t-test: This statistic is used to determine whether there is a statistical significance
between the averages of the observed and regression model values associated with a

range of predictor variables (Schulze, 1995).

(d) Standard Error of the Mean (SE): This statistic represents the percentage difference
between standard errors of the average observed and simulated values. The SE value

should ideally be minimised to represent a good simulation (Schulze, 1995).

(e) F-test: The total F-test is used to determine whether the dependent criterion variable,
such as an AREF, is significantly correlated or different to the independent predictor

variables under consideration (Schulze, 1995).

2.12 Conclusions

Currently, the acquisition of reliable observed rainfall data (e.g., daily and/or sub-daily) in
South Africa (and internationally) remains problematic, despite the requirement thereof in the
development and/or updating of rainfall-runoff modelling systems and design flood estimation.
Internationally, researchers from various countries and climatological regions, tend to differ
when factors having an influence on ARFs, are considered, For example, as included in this
chapter, many researchers concluded that catchment geomorphology has an insignificant
influence on the derivation of ARFs (Svensson and Jones, 2010), while other researchers have
shown that catchment geomorphology does play a role in the derivation of ARFs (Veneziano
and Langousis, 2005; Pietersen, 2016; Singh et al., 2018). Hence, any findings from the
literature would be subjected to and are dependent on the location of the study area, data

availability, and/or method of analyses (e.g., geographical or storm-centred analysis).
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Typical ARFs, based on the literature review conducted, are regarded as dynamic factors
influenced by numerous other input parameters, e.g., climatological variables, catchment
geomorphology, methodological approaches, return periods, storm durations, and available
record lengths and/or a combination of these. Hence, during the estimation of ARFs, whether
an analytical or empirical approach is followed, the latter factors/input parameters should be
incorporated to result in representative sample ARFs applicable to a specific region/country.
However, given the complexities involved, the estimation of ARFs remains an ongoing
worldwide research question. This is especially valid in South Africa where South African
researchers (e.g., Pietersen et al., 2015; Pietersen, 2016; Du Plessis and Loots, 2019; Du Plessis
et al., 2020) only recently studied ARFs again by considering the longer periods of record
which are now available for analysis (= 50 years of additional data since the last South African

derived ARF method in the 1970s).
The various concerns and shortcomings associated with the current national and international
AREF estimation methods as identified and discussed in this chapter, will be further interrogated

in Chapters 4 and 5 to provide a viable ARF solution for South Africa.

The location and characteristics of the study area are presented in the next chapter.
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CHAPTER 3: STUDY AREA

This chapter provides an overview of the location and characteristics of the study area.

3.1 Location and General Characteristics

South Africa is located at the most southern tip of Africa with a coastline stretching over more
than 3 000 km. Botswana, Eswatini (former Swaziland), Lesotho, Mozambique, Namibia, and
Zimbabwe are neighbouring countries of South Africa. As shown in Figure 3.1, South Africa
is demarcated into 22 primary drainage regions (A to X), with catchment areas ranging from
2 592 km? to 409 721 km?. The study area, inclusive of South Africa, Lesotho and Eswatini
covers a surface area of approximately 1 267 480 km? and is located between 22° and 35° S
and 17° and 33° E (DWAF, 1995).

Botswana

255 4——

Namibia

Legend

Primary drainage regions
I:] Neighbouring countries
[ southasica
35°5 ! 7*—L— — ] |
L\l ’ 1 L\l
20°E 235°E 3C°E 35°E 40°E
0 125 250 500 750 Kilometers Date: March 2022
Compiled: JPJPietersen
Albers-E qual Area Projection Source: ~ DWAF (1995)

Figure 3.1:  Location of the study area

The study area consists primarily of deserts, bushveld, grasslands, forests, mountains, beaches,
and coastal wetlands. As highlighted in Chapter 2 (c¢f. Chapter 2, Section 2.7), land cover/use

proved to have an influence on the derivation of ARFs. Hence, Table 3.1 contains information
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regarding the spatial distribution of the different land cover categories in South Africa
(SSA, 2004).

Table 3.1: Spatial distribution of land cover categories in South Africa

Sector Land cover [km?] Land cover [%]
Agricultural land (cultivation) 147 532 12.1
Forest land 17 617 1.5
Major waterbodies 3392 0.4
Natural vegetation 949 993 77.9
Nature reserve and conservation 55393 4.5
Urban build-up and structures 13 790 1.1
Wetlands 5409 0.4
Other 25952 2.1

Total 1219 078 100

The Shuttle Radar Topography Mission (SRTM) elevation data for Southern Africa at 90-metre
resolution (USGS, 2002) are used to illustrate the variation in topography in Figure 3.2, which

varies from gentle to steep, with elevations ranging from 0 m to 3 482 m above mean sea level
(USGS, 2002).

20°E 5E 30°E 35°E
)

-25°8

Legend

[:] Studyarea [ 130°S
90m SRTM Elevation

Value
- High:3482m

- Low:Om

30"5 35I'E
Date: March 2022
Compiled: JPJPietersen

Sources: DWAF (1995)
Albers-E qual Area Projection USGS (2002)

0 125 250 500 750 Kilometers

Figure 3.2:  Elevation map of the study area based on a 90-metre resolution SRTM data set
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It was further decided to establish the elevation distribution, since Singh et al. (2018), as
highlighted in Section 2.7.2, indicated that ARFs in New Zealand are influenced by the
elevation profile and rainfall types. Therefore, the elevation distribution in the study area, as

derived from the SRTM 90 data set, is summarised in Table 3.2.

Table 3.2: Elevation distribution in study area (USGS, 2002)

Elevation ranges [m] Distribution [%]
<310 8.7
310 — 860 20.9
860 —1411 50.3
1411-1985 18.3
> 1985 1.8
Total 100

3.2 Climate

Climate is highly variable in South Africa. Hence, hydrological and climatological information
were used by Alexander (2010) to define nine distinctive climatological regions in South

Africa, as illustrated in Figure 3.3.

Climatological Regions
MED Mediterranean
SC Southern Coastal
ES Escarpment
LO Lowveld
HI Highveld
NW North-west Cape
------ Percentage of MAP KAR Karoo
occurring during the " SC NAM Namib Desert
summer months 309610% 50% KAL Kalahari Desert

Figure 3.3:  Climatological regions for South Africa (Alexander, 2010)
52

© Central University of Technology, Free State



(@ Chapter 3

Central University of
Technology, Free State

Typically, apart from climate, other factors such as geographical location, altitude above mean
sea level, rainfall type (convective, frontal and/or orographic), rainfall seasonality (summer,
winter and/or all year) and average catchment slope classes (flat, moderate, or steep) were also

considered to define the various regions as shown in Figure 3.3.

Typically, in the south-western Cape (Mediterranean, and Southern Coastal regions), the
climate is characterised by winter rainfall and warm windy summers, while highly variable,
non-seasonal rainfall and extreme temperatures occur in the Karoo (KAR) region. Hot summers
with convective thunderstorms and cold winters are typical on the Highveld, with the average
long-term minimum and maximum summer temperatures varying between 12°C and 30°C,
while the winter months are characterised by average long-term minimum and maximum
temperatures ranging between 3°C and 18°C. Mesic-subtropical conditions dominate on the
KwaZulu-Natal coast of the Escarpment region (Midgley et al., 1994; Davies and Day, 1998;
Alexander, 2010).

The temporal and spatial distributions of rainfall are highly variable on a seasonal and annual
basis, since the rainfall is produced by different weather systems in different regions and at
different times of the year. In winter, the prevailing north-westerly winds result in high rainfall
in the western parts of the country, while the southern interior and Karoo remain dry. Summer
rainfall is normally higher in the north and east, but due to dry high-pressure air masses that
persist for long periods, the rainfall is low in the western parts of the country. Furthermore,
wide-spread flooding in South Africa is known to be caused by intense cut-off low pressure
systems and/or by occasional tropical cyclones (Davies and Day, 1998; Mambo and Faccer,

2017).

In South Africa, the MAP decreases, while the Mean Annual Evaporation (MAE) increase
westwards and northwards. The overall MAP is 452 mm, but in many parts of the country, as
shown in Figure 3.4, the MAP is much less; ranging from as low as 50 mm in the western parts,
to MAP values exceeding 1 500 mm in the eastern parts (Mambo and Faccer, 2017).
Evaporation exceeds rainfall throughout the country, except in the mountainous Escarpment
and Mediterranean regions. In the central parts of South Africa, evaporation is approximately
twice the rainfall, while in the western parts of the country, evaporation exceeds the rainfall by

a factor of ten (Davies and Day, 1998; Mambo and Faccer, 2017).
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Figure 3.4: MAP distribution over study area

33 Rainfall Monitoring Network

A total of 1 779 daily rainfall stations, as obtained from the: (i) South African Weather Services
(SAWS), (ii) Agricultural Research Council (ARC), and (iii) South African Sugar Association
(SASA), with individual record lengths exceeding 40 years, are located within the boundaries
of the study area (cf. Figure 3.5). It is evident from Figure 3.5 that the rainfall-monitoring
network is generally denser along the southern and central parts of the study area as opposed

to the north-western and north-eastern parts.

The overall distribution and location of the available individual rainfall stations are regarded
as sufficient for the purpose of this study. However, when point rainfall depths are converted
to rainfall depths over an area using averaging techniques, such as the Thiessen polygon

method (c¢f. Chapter 2, Section 2.4), denser rainfall-monitoring networks are preferred.
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Figure 3.5:  Location of the 1 779 daily rainfall stations within the study area

The summary of the number of daily rainfall stations located within each of the 22 primary
drainage regions, with their associated minimum and maximum record lengths, are listed in

Table 3.3. A comprehensive list, inclusive of the 1 779 daily rainfall stations and their

associated record lengths, is also included in Appendix A.

Table 3.3: Minimum and maximum record lengths for daily rainfall stations
Primary drainage Number of daily Record length [years]
region rainfall stations Minimum Maximum

A 174 40 100

B 91 44 95

C 410 41 119

D 340 43 121

E 26 46 129

F 7 48 119

G 61 43 148

H 37 46 120

J 62 50 121

K 24 49 120

L 57 46 121

M 5 48 117

N 45 44 115

P 11 58 121

Q 63 46 121
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Primary drainage Number of daily Record length [years]
region rainfall stations Minimum Maximum
R 22 49 121
S 46 52 113
T 87 47 109
U 57 41 127
\Y 40 44 86
W 63 41 94
X 51 53 95
Study area 1779 40 148

It is evident from Table 3.3 that all the individual rainfall stations have a record length of at
least 40 years. However, when point rainfall values need to be averaged to representative
catchment values, the record lengths of all the rainfall stations under consideration should have
the same starting and ending dates. In addition, the minimum combined record length,
consisting of two or more rainfall stations, should also not be less than 30 years. Subsequently,
the infilling of missing rainfall data would be required in some cases. The latter infilling of

daily rainfall data and/or screening procedures are detailed in Chapters 4 and 5, respectively.

The evaluation of different methodological approaches to be adopted when probabilistically

correct ARFs need to be estimated, is included in the next chapter.
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CHAPTER 4: INITIAL EVALUATION OF DIFFERENT
METHODOLOGICAL APPROACHES

This chapter focuses on the identification and evaluation of various methodological approaches
and/or data sources to establish the suitability thereof for the estimation of local ARFs. These
include the: (i) influence of artificial catchment size and placement on the estimation of ARFs,
(i1) identification/selection of the most suitable theoretical probability distribution(s) to
estimate areal and design point rainfall, (iii) most suitable design point rainfall data source, and

(iv) minimum allowable record lengths required to estimate design rainfall values.

Each of the above factors are detailed below, while the final methodology adopted and the

associated results are presented in Chapter 5.

4.1 Pre-defined Fixed versus User-defined Circular Areas

The size of a catchment is an important variable in the estimation of ARFs, and it is therefore
important to use representative catchment areas during the rainfall data analyses. The original
envisaged methodological procedure entailed the use of fixed, artificial circular catchment

areas in pre-defined area ranges of 125, 250, 500, 1 000, 2 000, 4 000, 8 000 and 16 000 km?.

However, the use of pre-defined catchment areas is regarded as problematic in catchments with
a low-density rainfall-monitoring network. The average point and/or areal rainfall estimated
using the Thiessen polygon method becomes questionable, as highlighted by Sugawara (1992),
when applied to a low-density rainfall-monitoring network, since the Thiessen polygons may
not represent the actual rainfall processes in a specific polygon, as they interrupt the spatial
transitions of the natural occurring process. Therefore, to visualise the true spatial distribution
of any rainfall event over a specific area becomes problematic. Figure 4.1 highlights the
concerns associated with the use of ‘pre-defined fixed areas’ as opposed to ‘user-defined

circular areas’.
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Catchment A
Catchment B
.\ o
- Rainfall stations

Figure 4.1:  Illustration of identical Thiessen weights applicable to different catchment sizes

It is evident from Figure 4.1 that the delineated Thiessen weights would be identical for both
Catchments A and B, irrespective of the catchment sizes under consideration. Hence, this
scenario could have a significant impact when ARFs are estimated, i.e., identical sample ARF
values would be estimated for both Catchments A and B, although they are completely different
in size. Therefore, due to the concerns associated with the fixed-area circular catchment
approach, a ‘user-defined’ approach, which enables the adjustment of circular catchment areas,

as shown in Figure 4.2, was adopted in this study.

Rainfall stations

User-defined circular catchments

Figure 4.2:  Illustration of user-defined circular catchments
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The ‘user-defined’ approach enables the adjustment of circular catchment areas in such a way
that the circumference of any particular circle (representative of a circular catchment; black
circles in Figure 4.2) will intersect the most distant contributing rainfall stations (green dots in
Figure 4.2), and subsequently, include all the rainfall stations located within this circumference
for further analyses. This ensured that the circular catchment areas are determined by the spatial
location of the contributing rainfall stations (green dots), thereby improving the representative

spatial distribution of a rainfall event.

4.2 Probability Distribution and Method of Moments for Areal Design Rainfall

Smithers and Schulze (2000a) highlighted that the General Extreme Value (GEV) probability
distribution using Linear Moments (LM) is regarded as the most suitable distribution to
estimate 1-day design rainfall values in South Africa. In addition, the GEV probability
distribution was also used to estimate ARFs in various other international studies, e.g.,

Dyrrdal et al. (2016) and Peleg et al. (2018).

Hence, apart from using the most suitable theoretical probability distribution, the potential
influence which the different methods of estimating moments could have on the estimation of
sample ARFs, was investigated. Subsequently, the areal design rainfall values were estimated
in 10 circular test catchments (125 km? each) located within Region 1 of the study area using
the Thiessen weighted areal AMS and Linear Moments (LM), Method of Moments (MM), and
Probable Weighted Moments (PWM). The GEV probability distribution was fitted using all
three methods of moments and subsequently resulted in areal design rainfall values in each of
the 10 circular test catchments. Thereafter, the sample ARFs were estimated in each circular
catchment using the ratio between the GEV-based average areal design rainfall and the average

RLMA&SI design point rainfall.

The average sample ARFs, associated with the different methods of moments, are presented in

Figure 4.3.
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Figure 4.3:  Average sample ARFs using different methods of moments

In Figure 4.3 the differences, although similar trends between the different ARF values, are
evident and highlight that the different methods of estimating moments might have a significant
impact on ARF estimation, especially when shorter durations are considered. The 1-day
GEVLMm ARFs increase with return period, while the GEVewm and GEVMmm ARFs decrease with
return period. In addition, the 3-day GEVLm ARFs resulted in equivalent ARF values for the
2- and 100-year, 5- and 50-year, and 10 to 20-year return periods. The ARFs derived using the
three selected method of moments also tend to decrease with return periods for durations
exceeding 5-days. Subsequently, based on the above results, the estimation of sample ARFs in
the subsequent sections will be based on the GEVLwm probability distribution of areal and design

point rainfall values.

The RLMASI design rainfall database as a possible (alternative) source of design point

rainfall values, is discussed in the next section.

4.3 Data Source of Design Point Rainfall to Estimate Sample ARFs

The purpose of this section is to establish the advantages and disadvantages associated with

different design point rainfall data sources (e.g., RLMA&SI or GEVLwm derived) to estimate
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sample ARFs in the same 10 circular test catchments considered in Section 4.4. The original
methodological procedure proposed the use of the RLMA&SI design rainfall database as the
design point rainfall data source for estimating ARFs. The first section (Section 4.5.1) focusses
on the concerns associated with the RLMA&SI design rainfall, when considered as the design
point rainfall data source to estimate sample ARFs, while Section 4.5.2 highlights the use of
the GEVLwM design point rainfall when GEVLwm areal and design point rainfall values are derived

from identical record lengths, i.e., derived from observed areal and point rainfall data.

4.3.1 Concerns when deriving ARFs using the RLMA&SI approach

ArcGIS was used to extract the design point rainfall values, inclusive of all the points within a
particular circular catchment, for durations of 1, 3, 5 and 7 days associated with return periods
(7) of 2, 5, 10, 20, 50, 100 and 200 years. A step-by-step procedure to estimate the average
RLMA&SI design point rainfall values, based on the 10 circular test catchments, is included
in Appendix B. Areal design rainfall values for the same 10 circular test catchments as
considered in Section 4.2 and Appendix B, were estimated by means of the GEVLwm probability
distribution. The sample ARFs were estimated as the ratios between the latter GEVLm-based

areal (cf. Section 4.2) and RLMA&SI design point rainfall values (cf. Appendix B).

These estimated sample ARFs were compared, as shown in Figure 4.4, with the Australian
ARFs (cf. Chapter 2, Section 2.9.1), e.g., Siriwardena and Weinmann (1996) and Podger et al.
(2015a; 2015b), which demonstrated that ARFs vary with return period (7)) and storm duration.
The Australian ARF methodologies were selected for this comparison, since both countries,
Australia and South Africa, are predominantly located between 20°S and 40°S within the
Southern Hemisphere, sharing areas with comparable climatological conditions

(Milewski, 1981).
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Figure 4.4: Sample ARFs (RLMA&SI-based) compared to the sample ARFs estimated
using similar international methodologies for an area of 125 km?

Based on the results shown in Figure 4.4, it is evident that the RLMA&SI-based ARF estimates
increase with an increase in storm durations (2 and 5-year return periods only) and are in
contradiction to those ARFs estimated using the respective Australian methodologies, which
decrease with an increase in return period and increase with an increase in storm duration. In
the case of the 10 circular catchments (125 km? each), the estimated sample ARFs decreased
substantially with an associated increase in both return period and storm duration. The latter
trend could possibly be ascribed to the fact that the RLMA&SI design rainfall values are based
on a regional approach, i.e., design rainfall values estimated using multiple rainfall stations in

proximity of the rainfall station under consideration.

This unexpected trend was further investigated and confirmed by comparing ARFs estimated
from the ratios of: (i) GEVLm areal design rainfall and RLMA&SI design point rainfall
(cf. Sections 4.2 and Appendix B), and (ii) GEVLm areal and design point rainfall values
derived from identical record lengths for both the observed areal and point rainfall data sets

(cf- Section 4.3.2).
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4.3.2 Areal and Point Design Rainfall Derived from Observed Data

The results, by comparing ARFs estimated from the ratios of averaged: (i) GEVLwm areal design
rainfall and RLMA&SI design point rainfall (cf. Sections 4.2 and Appendix B), and (ii) GEVLm
areal and design point rainfall values derived from identical record lengths for both the
observed areal and point rainfall data sets, are listed in Table 4.1. The substantial differences
between the two approaches, especially at higher return periods and storm durations, are

evident from Table 4.1.

Table 4.1: ARFs (RLMA&SI-based) compared to ARFs (GEVLm-based) using identical
record lengths and areas

AREFs (identical record lengths) [%] ‘ ARFs (RLMA&SI design point rainfall) [%]
T Storm duration [days (d)]
[years] 1-d 3-d 5-d 7-d 1-d 3-d 5-d 7-d
2 80.7 86.2 AN 895 90.2 80.2 85.6 N 886 90.9
5 82.6 854 ,0\§9.1 89.6 82.1 834 PN 86.2
10 85.9 87 %%\\ 89.1 85.8 N e, 82.5

20 90.4 906 NN\ | 884 90.9 83.0 R e > 7838
50 97.8 955 | SV | 875 99.6 841 | X | 740
100 [ 100.0 100.0 91.3 86.6 1000 | 853 74N, | 704
200 [ 100.0 100.0 92.1 85.7 1000 | 869 72.1 67.0

Therefore, ARF estimates based on the RLMA&SI approach might be challenging, since the
design rainfall values are based on different record lengths with different start and end dates.
In other words, to estimate representative ARFs, both the areal and point rainfall AMS values
should originate from the same rainfall record length. Furthermore, when estimating areal
design and design point rainfall from one station’s AMS, it should result in the same design
rainfall values, i.e., ARF = 100%. This is to be expected when estimating ARFs for smaller
catchments, i.e., the point rainfall should be 100% representative for the catchment. As an
example, a probabilistic analysis was conducted using the extracted AMS values from Rainfall
Station 0590028 W, having 91 years of observed data. Thereafter, the RLMA&SI design point
rainfall values were obtained for the same rainfall station and compared to the GEVLm-based
design rainfall. Hence, the ratios between the RLMA&SI and GEVLm design point rainfall
values (cf. Figure 4.5) should equate one, i.e., ARF = 100%. However, this is not the case given
that the RLMA&SI approach uses a constant growth curve for all sites in a specific region and
an estimated at-site index value. Similarly, the same comparison was conducted using the

GEVLwMm areal and point rainfall values obtained from two rainfall stations within a circular
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catchment of 0.243 km?, i.e., rainfall stations in very close proximity. The two rainfall stations

had the same record lengths, i.e., AMS values based on the same start and end dates.
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1-day 3-day 5-day T-day 1-day 3-day 5-day 7-day
(GEV-LM areal AMS vs. RLMA&SI design point rainfall) (GEV-LM areal AMS vs. point AMS values)
Return period: 2 ®5 510 20 =50 =100

Figure 4.5:  Comparison of ARFs estimated using GEVLm areal AMS values and GEVLm
point AMS values and/or RLMA&SI design point rainfall values
As shown in Figure 4.5, the latter comparison of the GEVLMm areal and design point rainfall
values derived from identical record lengths for both the observed areal and point rainfall data
sets, resulted in improved ARF values, which confirm that design point rainfall and areal design
rainfall are comparable (very similar) in smaller catchments. Hence, this also confirmed that
ARFs should be estimated and expressed as the ratios between average areal and average
design point rainfall values using the same rainfall stations and record lengths with mutual

starting and ending dates.

Based on the above findings, it was decided (as previously done in Figure 4.4), to compare the
latter GEVLwM areal and design point rainfall values derived from identical record lengths for
both the observed areal and point rainfall data sets, with the international ARF methodologies
of Siriwardena and Weinmann (1996) and Podger et al. (2015a; 2015b). As a result, sample
ARFs using identical areal and point rainfall record lengths, were estimated in circular test

catchments of 60 km? and 180 km?, respectively. The results are shown in Figures 4.6 and 4.7.
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It is evident from Figures 4.6 and 4.7 that a similar trend between the ARFs estimated in this
study, and those estimated for Australian climatological conditions, exists. Furthermore, the
ratios (ARFs) established between the average areal and average design point rainfall,
associated with specific return periods and storm durations, are within the same range.
However, the ARFs in this research tend to increase with increasing return periods, as opposed
to the Australian ARFs, which decrease with increasing return periods and may be attributed
to the: (i) variation in methodological approaches used, and/or (ii) availability, robustness and
sources of data used. Furthermore, the increase of ARFs with increasing return periods is
expected, since it is assumed that higher magnitudes of rainfall (higher 7-values) will most
probably cover a larger portion of a catchment. The variations between the Australian return
periods and corresponding storm durations, are insignificant when compared to the ARFs
derived in this research. Furthermore, it is also assumed that a larger portion of a catchment

will be covered when subjected to longer storm durations.

The latter assumptions, i.e., (i) higher magnitudes of rainfall will probably cover a larger
portion of a catchment, and (ii) that a larger portion of a catchment will be covered when
subjected to longer storm durations, are clearly visible from the sample ARFs estimated in this
research. It is therefore recommended that identical record lengths should be used in estimating
sample ARFs to ensure that all potential extreme rainfall events are incorporated when areal

and design point rainfall values are estimated.

4.4 Probabilistic Analyses using Short Record Lengths

The GEVLm-based probabilistic analyses of areal and point rainfall values are acceptable when
considered independently; however, when the ratios of higher return periods (7 >100 years)

between areal and design point rainfall values are considered, then inconsistencies are evident.
In Table 4.2, an example of estimated sample ARFs is listed for a circular test catchment

(A4 =2 475 km?), located in the study area, and using a combined record length consisting of

the same period and record length of 41 years.
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Table 4.2: Sample ARFs estimated in a 2 475 km? circular catchment using a record length
of 41 years
Storm duration [days] and ARFs [%]

T lyears] 1-d 3-d 5-d 7-d

2 81.0 90.0 91.2 92.2

5 84.9 93.5 93.9 95.2

10 88.1 95.0 95.4 96.4

20 91.6 96.1 96.7 97.3

50 96.6 97.0 98.1 98.3

100 100.6 97.5 99.3 98.3

In Table 4.2, it is evident that the sample ARFs increase with both an increase in return period

(7) and storm duration, while values exceeding 100% are typically associated with higher

return periods (7" >100 years). Hence, record length does have an impact on the probabilistic

analyses, which agrees with the findings of Meier et al. (2015), and therefore the general rule

of thumb, i.e., limiting the frequency magnitude to 2N, where N equals the AMS record length,

is recommended.

The latter general rule of thumb was adopted in the rest of this research, where the frequency

magnitude was adjusted for each circular catchment, based on the available record lengths.

The final methodology for estimating ARFs and the associated results are discussed in the next

chapter.
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CHAPTER 5: FINAL METHODOLOGY AND RESULTS

This chapter contains the final methodology and results applicable to the development of a
geographically-centred and probabilistically correct approach to estimate ARFs which are
representative of the different rainfall producing mechanisms in South Africa. In addition, all
the concerns and possible solutions documented in Chapter 4, were considered and

implemented, while progressing with and adopting the final methodology.

5.1 Homogeneous Rainfall Regions

The original methodological procedure envisaged, with specific reference to the regionalisation
of rainfall regions, entailed the use of the seven (7) RLMA&SI long duration rainfall regions
as identified and used by Smithers and Schulze (2000b). In addition, Smithers and Schulze
(2003; 2004) evaluated the 78 long duration rainfall clusters for homogeneity by means of a
cluster analysis, and subsequently grouped these clusters into seven (7) long duration rainfall
regions (¢f. Chapter 2, Section 2.5.2). It was confirmed that these homogeneous rainfall regions
do account for the variation in predominant rainfall types, seasonal, and regional factors.
Furthermore, based on the recommendations made by the Reference Group members of
WRC Project K5-2924 to adopt the 78 homogeneous rainfall clusters, as originally derived by
Smithers and Schulze (2003; 2004) for the RLMA&SI design rainfall database, the following

approach was adopted:

(a) Approximately 420 000 1'x 1' latitude and longitude grid points, as used in the
RLMA&SI design rainfall database, were extracted, and grouped in the
78 homogeneous rainfall clusters. Thereafter, grid points falling within each of the
78 homogeneous clusters were plotted and subsequently outlined in an ArcGIS
environment. The latter step enabled spatial orientation, i.e., the visualisation and
inspection of each outlined region’s size (km?) and the position of all grid points within
and surrounding a specific cluster. In other words, this step was necessary to ensure that
as many RLMA&SI grid points as possible fall within the same GIS-based cluster,
seeing that a minor percentage of the plotted grid points fall beyond potential regional
borders (cf. Figure 5.1). This is expected, according to Smithers and Schulze (2000a),
since the RLMA&SI approach is based on the identification of potentially
homogeneous regions by a cluster analysis of site characteristics which are then tested

using the statistics of the sites in the region.
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Figure 5.1:  Example of grid points scattered around potential regional borders

(b) The regional boundaries, based on the individual 78 homogeneous clusters, were

therefore adjusted until the contributing grid points, located within a particular cluster
boundary, covers > 90% of that region. The ratios of contributing grid points, located
within a particular cluster boundary, will not directly affect the estimation of ARFs;
however, it would ensure that each cluster’s boundary delineated in ArcGIS mimics the

original 78 homogeneous rainfall clusters as closely as possible.

(c) The position of the 1 779 selected rainfall stations (cf. Appendix A) were plotted in

ArcGIS to visualise the location of each rainfall station within the 78 homogeneous
rainfall clusters. Unfortunately, some of the 78 clusters are very small and, as a result,
included a low number of rainfall stations. Hence, some of the GIS-based homogeneous
rainfall clusters which are within the same seven (7) long duration rainfall regions were
combined to increase the: (i) size of the cluster, and (ii) number of representative
rainfall stations located within a cluster. Similarly, this was necessary to ensure that
larger circular catchments (> 8 000 km?) could be positioned within each cluster
(cf- Table 5.1).

The above procedure resulted in the 46 relatively homogeneous rainfall clusters to be used in

this research, with the rainfall stations being uniformly distributed across all 46 clusters

(cf. Figure 5.2).
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Table 5.1: ~ The 1 779 rainfall stations within each of the 46 relatively homogeneous rainfall
clusters
Number Area Number Area Number Area
Sl of stations [km?] Sl of stations [km?] SIS E? of stations | [km?]
1 33 16 315 17 36 11492 33 59 36 560
2 33 24 564 18 71 37038 34 22 10 562
3 39 19 576 19 30 21742 35 24 40 098
4 49 16 612 20 33 10202 36 51 23707
5 34 18 302 21 42 80478 37 36 16 370
6 56 40 073 22 30 21244 38 53 38 065
7 38 15304 23 55 36 188 39 24 12 802
8 49 17 347 24 30 24 099 40 28 28 671
9 37 62 327 25 50 19 089 41 16 13 265
10 33 15758 26 18 9 448 42 21 65 540
11 22 16 517 27 30 38 523 43 34 13 378
12 35 20276 28 32 32129 44 56 20 577
13 66 14 484 29 35 26 847 45 70 40 315
14 28 37279 30 20 71 390
15 41 18 221 31 26 15036 46 102 38371
16 38 41 448 32 14 19 807

25° 84

—125°s

30° S —
—30°S
Legend
1779 Rainfall stations
[ 46 Clusters
| [ Studyarea
15°E 20°E 25°E 30°E 35°E
0 70 140 280 420 Kilometers Date: March 2022
Compiled: JPJ Pietersen
Albers-Equal Area Projection Sources: DWAF (1995)
Figure 5.2:  Forty-six relatively homogeneous clusters delineated from the 78 homogeneous

rainfall clusters
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5.2 User-defined Circular Catchments

An alternating-area approach was used to generate the artificial circular catchments within each
of the 46 clusters. Given the more suitable functionalities available in the Quantum
Geographical Information System (QGIS) software (open-source software available in public
domain), it was used instead of ArcGIS to create the various artificial circular catchments. In
all cases, the location and size of each circular catchment depended on the locality of any two
pre-selected rainfall stations, which overlay the circumference of a circular catchment. This
process required the optimum, manual positioning of circular catchments between the
identified rainfall stations, which subsequently resulted in artificial circles consisting of various

sizes (cf. Chapter 4, Section 4.1).

The following steps were necessary to achieve the successful positioning of the artificial
circular catchments in a QGIS environment:

(a) In each of the 46 clusters, a temporary polygon scratch layer was created using the
World Geodetic System 1984 (WGS 84) coordinate system and Pseudo-Mercator
projection, respectively.

(b) One Thiessen polygon grid for South Africa, including all the 1 779 rainfall stations,
was generated.

(c) The Shape Digitising Toolbar was activated, and thereafter, the tool Add Circle from
2 Points were utilised. A manual process, i.e., computer mouse, was used to manually
place the artificial circles between the most distant rainfall stations available.

(d) The maximum number of artificial circles per cluster were limited to: (i) one hundred
(100) circles, which are based on the maximum number of available inputs possible in
the customised Microsoft Excel processing tool developed, and (ii) the number of
rainfall stations available in each cluster, which necessarily did not include, depending
on criteria (i), all possible combinations of available rainfall stations within each
cluster.

(e) The Thiessen polygon grid (Step (b)) and all the circular catchments within a particular
cluster were used to Clip (extract) the contributing Thiessen polygon areas.

(f) All circular catchments and Thiessen polygon areas clipped in the previous step were
intersected (Join) to ensure that the overlapping circles consist of a contributing

Thiessen weight set.
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All the above steps resulted in: (i) circular catchment sizes, (ii) contributing rainfall stations,

and (iii) associated Thiessen weights, for the purpose of extracting infilled daily rainfall data.

The maximum circular catchment sizes, associated with each cluster, were overall limited by
the size of the clusters initially delineated. In addition, the maximum circular catchment sizes
were also limited by the quality criteria as listed in Section 5.3.1. As a result, a total of 2 550

artificial circular catchments (cf. Figure 5.3), ranging from 0.07 km? to 18 985 km?, were

manually placed across South Africa.

T25°S

25° S

,r,,,,,,,,,,,,,,,,,,,_300 S

30° S+

Legend

[ | Circular catchments
[ 46 Custers
D Study area

T

15“’ E 0:’ E 25°E 30°E 35:’ E
0 95 190 380 570 760 Date: March 2022
Kilometers Compiled: JPJ Pietersen
Sources:  DWAF (1995)

Albers-Equal Area Projection

Figure 5.3:  Placement of 2 550 artificial circular catchments in South Africa
The ‘open spaces’ evident between the circular catchment areas in Figure 5.3 are ascribed to

the lack of adequate rainfall stations. ‘Larger’ circular catchments cannot simply be placed to
close these gaps, since the minimum number of rainfall stations per circular catchment criterion
(cf. Section 5.3.1) needs to be maintained. The total number of rainfall stations present in each

of the 46 clusters varied from 14 to 102 stations, while the total number of circular catchments

per cluster varied from 23 to 100 (cf. Table 5.2).
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Table 5.2: Circular catchment information in each of the 46 clusters
. 2 Number of Number of Circle size ranges [km?]
Ll slife [Lei rainfall stations circles Minimum Maximum
1 16 315 33 72 0.30 17 513
2 24 565 33 43 1.91 7 030
3 19 577 39 59 547 4273
4 16 620 49 70 2.70 3631
5 18 302 34 53 4.67 12 600
6 40 073 56 76 0.51 18 654
7 15304 38 56 0.44 5501
8 17 347 49 67 1.01 10207
9 62 327 37 55 5.84 16 143
10 15 757 33 45 1.79 2255
11 16 517 22 33 0.68 4473
12 20276 35 52 1.63 7109
13 14 484 66 100 0.24 4332
14 37279 28 39 0.5 18 711
15 18 221 41 64 1.19 8 462
16 41 448 38 53 0.56 6457
17 11 492 36 55 0.33 5118
18 37 038 71 95 2.07 6137
19 21742 30 46 2.16 11 025
20 10 202 33 51 1.05 5402
21 80 478 42 70 10.51 18 985
22 21244 30 46 7.23 17 821
23 36 188 55 83 2.53 8 140
24 24 099 30 43 0.99 3479
25 19 089 50 71 0.08 12 632
26 9 448 18 29 8.02 2023
27 38 523 30 43 2.91 8 709
28 32129 32 43 1.90 16113
29 26 848 35 48 2.10 7174
30 71 390 20 29 47.40 18 035
31 15036 26 34 4.62 7 628
32 19 807 14 23 2.06 7 065
33 36 560 59 82 19.47 11923
34 10 553 22 32 2.67 3478
35 40 098 24 30 0.73 2 938
36 23707 51 70 0.13 10 381
37 16 369 36 57 0.37 8712
38 38 065 53 82 17.43 10919
39 12 802 24 35 41.41 8 877
40 28 671 28 40 10.56 12216
41 13 265 16 23 8.91 6521
42 65 548 21 37 44.74 12 138
43 13 378 34 41 10.5 1407
44 20577 56 77 0.07 8 645
45 40 316 70 98 0.08 15674
46 38 371 102 100 0.73 6384
Total 1267 446 1779 2 550
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5.3 Extraction, Infilling and Analyses of Observed Rainfall Data

A daily rainfall database was established by evaluating, preparing, and extracting daily rainfall
data from 1 779 daily rainfall stations in South Africa by using the data available in the Daily
Rainfall Extraction Utility (DREU; Lynch, 2004). These identified rainfall stations have at
least 30 years of individual data and have been previously used by Smithers and Schulze

(2000Db; 2003; 2004) to estimate design rainfall values for durations of 1 to 7 days.

The steps explained in Section 5.2 resulted in multiple regional/cluster files comprising of
various circular catchment sizes, rainfall station numbers and Thiessen polygon areas necessary
for the extraction and infilling of daily rainfall data. Due to the large number of circular
catchments placed in each of the 46 clusters, the overlapping of circular catchments was
evident. Consequently, this resulted in daily rainfall data from the same rainfall stations being
used multiple times within a particular cluster. In principle, this was not regarded as

problematic, while it also contributed to the ‘smooth’ transition between the different clusters.

5.3.1 Criteria for selecting infilled rainfall data

In considering the impact that an incomplete month and consequently an incomplete year could
have on the record length of a particular rainfall station, the default DREU infilling techniques,
e.g., inverse distance weighting, expectation maximisation, median ratio, and/or monthly
infilling (c¢f. Chapter 2, Section 2.3) for the extraction of quality controlled infilled daily rainfall
data, were used. The rainfall data infilling process was carefully interrogated by considering
the following criteria as Criterion 1:

(a) Infilling, as applicable to certain rainfall stations within a particular circular catchment,
was limited to periods within the observed record (N) under consideration, i.e., no
backward extrapolation of the observed record in time.

(b) Circular catchments within a particular cluster were removed where 25% or more of
the stations required infilling to a minimum of 30 years combined. Table 5.3 is an
example of a case where infilling was not considered; two rainfall stations with a

combined record length of 11 years where 50% of the stations that required infilling.
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Table 5.3: Example of circular catchment where infilling was rejected
N Station N Station First year | Last year Record used Comslnedd
0 ation Name number recorded recorded Start End recorc use
[vears]
-
3 NELSPOORT 0093005 ¥ A 1950 1997 1950 1961 1"
4 KROMRIVIER 0116023 W 1903 1961
Table 5.4 is illustrative of a typical circular catchment consisting of 18 rainfall stations.
Infilling was required to ensure a minimum combined record length of 30 years (1934
to 1964). Only one rainfall station did not meet the above criteria with its record ending
in 1964. Infilling was therefore applied to the next lowest station (1976), which resulted
in a record length of 42 years.
Table 5.4: Example of circular catchment where infilling was applied
N Station N Station First year | Last year Record used Comllijmedd
0 ation Name number recorded recorded Start End recorc use
[vears]
215 | HOUD CONSTANT | 009539 W 1927 1986
VAN DER
7 2
216 WALTSHOEK 0095428 W 1927 1997
217 | WATERFALL 0095635 W 1913 1976
218 | WINTERHOEK 0095823 W 1890 1997
VAN
219 | RHYNESVELD’S 0096044 W 1934 1977
DAM
220 | GROOTHOEK 0096094 W 1920 1987
221 | ROODEBLOEM 0096101 W 1888 1997
GRAAF-REINET
222 TNK 0096045 A 1894 1980
223 | ABERDEEN (TNK) | 0095119 W 1881 1991 1934 1976 42
NIEU-BETHESDA
v
224 (POL) 0119082V 1885 1997
KENDREW .
225 ESTATES 0073871 W 1890 1997
226 | WELLWOOD 0119208 W 1874 1982
227 | BLOEMHOF 0096272 W 1899 1997
228 | GLEN HARRY 0096366 W 1900 1955
229 | EXCELSIOR 0096551 W 1925 1987
230 | GROENKLOOF 0096680 W 1906 1997
231 | KLIPFONTEIN 0074363 W 1892 1997
BETHESDAWEG
o
232 (SAR) 0119444V 1900 1988

Hence, the infilling of rainfall data within a particular circular catchment and applicable to only

certain rainfall stations, not only ensured that combined record lengths exceeding 30 years

could be achieved, but it also ensured sufficient synchronisation and overlapping between the

various rainfall station recordings to extract a complete areal and point rainfall AMS from each
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circular catchment. This process resulted in the longest possible rainfall record length with
mutual starting and ending dates to extract the areal catchment and point rainfall AMS. This

approach was followed in all 46 clusters.

Furthermore, an additional filtering criterion, i.e., Criterion 2, was applied to the circular
catchments. Circular catchments were removed where the minimum number of rainfall stations
in each circular catchment was less than the revised criteria, as recommended by Siriwardena
and Weinmann (1996), namely, a minimum of two rainfall stations for catchment areas up to
100 km?, thereafter, a minimum of three stations for catchment areas up to 500 km?, plus one

additional station for every 500 km? thereafter.

Figure 5.4 is illustrative of the circular catchment’s relative frequency distribution within the
46 clusters, while Table 5.5 contains the total number of circular catchments removed from the
2 550 circular catchments for the purpose of probabilistic analyses. A total of 2 053 (80.5%)

circular catchments were used in the final analyses.

1-100

100 - 500

500 -1 000

1 000 - 2 500

2500 -5000

Areal range [km?]

5000-10 000

10 000 - 20 000 1.0

0 5 10 15 20 25 30 35
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Figure 5.4:  Relative frequency distribution of the 2 053 circular catchments within the
46 clusters
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Table 5.5:  Number of circular catchments removed for the purpose of probabilistic

analyses
Cluster Number Number of circles removed Number of circles removed Circles
of circles (Criterion 1) (Criterion 2) excluded [%]
1 72 1 9 13.9
2 43 0 7 16.3
3 59 0 13 22.0
4 70 8 5 18.6
5 53 1 4 9.4
6 76 0 22 28.9
7 56 0 7 12.5
8 67 0 5 7.5
9 55 0 28 50.9
10 45 2 4 13.3
11 33 0 11 33.3
12 52 0 9 17.3
13 100 7 1 8.0
14 39 0 9 23.1
15 64 0 4 6.3
16 53 2 14 30.2
17 55 1 9 18.2
18 95 3 14 17.9
19 46 3 8 23.9
20 51 5 1 11.8
21 70 3 24 38.6
22 46 1 7 17.4
23 83 5 10 18.1
24 43 0 4 9.3
25 71 0 8 11.3
26 29 0 3 10.3
27 43 0 15 34.9
28 43 0 12 27.9
29 48 0 9 18.8
30 29 0 18 62.1
31 34 2 6 23.5
32 23 0 9 39.1
33 82 0 17 20.7
34 32 0 5 15.6
35 30 0 6 20.0
36 70 2 8 14.3
37 57 1 4 8.8
38 82 11 17 34.1
39 35 0 6 17.1
40 40 0 3 7.5
41 23 0 4 17.4
42 37 0 19 51.4
43 41 1 6 17.1
44 77 1 6 9.1
45 98 0 17 17.3
46 100 0 11 11.0
Total 2 550 497 Avg.: 20.8
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5.3.2 Averaging of daily rainfall data

This section highlights the limitations associated with the Thiessen polygon method
(Wilson, 1990), especially when the actual spatial distribution of a rainfall event is considered.
These limitations became evident during the weighting procedure of areal and point rainfall
AMS values. An irregular spatial distribution of actual rainfall patterns can originate over
larger distances, and under such circumstances, the Thiessen polygon method can yield
erroneous results. In other words, the Thiessen polygon method will most probably neglect
certain rainfall events, especially when rainfall stations are distant. According to
Sugawara (1992), and as discussed in Chapter 2, the average point and/or areal rainfall
estimated using the Thiessen polygon method becomes questionable when applied to a low-
density rainfall-monitoring network, since the Thiessen polygons may not represent the actual
rainfall processes in a specific polygon as they interrupt the spatial transitions of the natural
occurring process. Unfortunately, this is the status quo (or dilemma) in South Africa, especially
with a declining number of operational SAWS rainfall stations since the 1960s. In terms of this
research, the 1 779 rainfall stations selected, cover a total surface area of 1.22 million km?,

which equates approximately 1 rainfall station for every 686 km?.

Despite these shortcomings, the Thiessen polygon method is still recommended and was used
in several international ARF studies, e.g., Bell (1976), Stewart (1989), Siriwardena and
Weinmann (1996), and Podger ef al. (2015). Therefore, the Thiessen polygon method was
adopted as the preferred method to estimate weighted point and areal AMS data sets.

Therefore, the GIS feature classes (shape files) containing the spatial features of the 1 779 daily
rainfall stations and location of the 2 053 artificial circular catchments were generated in the
QGIS environment. The large amount of data and repetitive computations required the use of
the Create Voronoi (Thiessen) Polygons extension under the Geoprocessing tools in QGIS to
generate representative Thiessen (Voronoi) polygon weights for each of the 2 053 circular
catchments. Therefore, multiple circular catchments, within each of the 46 clusters associated
with different combinations of rainfall stations and Thiessen weights, were generated for South

Africa.
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5.3.3 Extraction of areal and point AMSTEMW‘ o

The areal and point AMS extracted for durations of 1-day, 3-day, 5-day, and 7-day were used
for the probabilistic analyses. The 1-day fixed time interval point and areal rainfall AMS were
firstly obtained from the observed rainfall data. To estimate the point AMS for each circular
catchment, the point AMS for each rainfall station was extracted first, and then each AMS was
individually multiplied with a corresponding Thiessen weight [Eq. [(2.2)]. This resulted in one
weighted point AMS for each circular catchment, representative of all rainfall stations in and
surrounding a particular circular catchment. To estimate the areal AMS, the Thiessen weights
[Eq. [(2.2)] were applied daily at each rainfall station, i.e., daily point rainfall values, from each
rainfall station within a particular circular catchment, were multiplied with their corresponding
Thiessen weight to estimate the daily catchment rainfall, after which, the areal AMS was

extracted from the daily catchment rainfall.

To obtain the 3-day, 5-day, and 7-day fixed time interval areal and point rainfall AMS, a
‘moving window’ was applied to the 1-day fixed time interval point rainfall to provide the
accumulated 3-day, 5-day and 7-day totals, respectively. The point AMS was extracted from
the n-day highest accumulated values within each hydrological year and subsequently used as
the 3-day, 5-day or 7-day fixed time interval point rainfall AMS values. To estimate the areal
n-day AMS, the Thiessen weights [Eq. [(2.2)] were applied to the n-day totals at each rainfall
station, i.e., n-day totals from each rainfall station within a particular circular catchment were
multiplied with their corresponding Thiessen weights to estimate the weighted n-day totals for
the circular catchment, after which, the n-day areal AMS was established. This procedure

resulted in one weighted areal AMS for durations of 1, 3, 5, and 7 days.

5.4 Probabilistic Analyses of Weighted Areal and Point AMS

The probabilistic analyses were conducted for each of the 2 053 circular catchments’
(cf- Chapter 4, Section 4.2) areal and point rainfall AMS for a range of storm durations (e.g., 1,
3, 5 and 7-day), and return periods (e.g., 2, 5, 10, 20, 50 and 100-year) by using the GEVLm
probability distribution. The rationale for using the GEVLm probability distribution was
explained and justified in Chapter 4 (Section 4.2). This procedure resulted in 98 496 equally
distributed areal and design point rainfall values associated with various storm durations

(e.g., 1, 3, 5 and 7-day) and return periods (e.g., 2 to 100-year).
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5.5 Estimation of Sample ARFs

The estimation of ARFs was based on a ‘modified version’ of Bell’s method (1976;
cf. Chapter 2, Section 2.9.1), since the AMS of point and areal rainfall were used as opposed
to the PDS used by Bell (1976). This modification will reflect the variation of ARFs with return
period, instead of using equally ranked observations curtailed to a common base period. Sample
ARF values applicable to the 2 053 circular catchments were estimated using Eq. (5.1) and
expressed as the ratio between the average areal catchment design rainfall and the average

design point rainfall estimates for corresponding return periods.

ARF Sample = Aﬂ %100 [5 1]
DR
where
ARF Sample = circular-area sample ARF [%],
Apr = average areal design rainfall [mm], and
Ppr = average design point rainfall [mm)].

This procedure resulted in a total of 49 248 sample ARF values representative of all

46 clusters.

5.6  Derivation of Regional Empirical ARF Equations

This section primarily focuses on the establishment of a regression model that will allow the
prediction of ARFs by considering a pre-defined set of independent predictor variables. Firstly,
the impact of potential outliers and normal/log-transformed data on the regression analyses is
evaluated. Secondly, the further merging of the 46 clusters to coincide with the original seven
(7) RLMA&SI long duration rainfall regions and to meet the minimum World Meteorological
Organisation (WMO) rainfall stations/km? criteria, is discussed. Lastly, the derivation of a non-
linear (second-order polynomial) log-transformed empirical ARF equation associated with the

final five (5) ARF Regions deduced from the clusters, is discussed.

Initially, linear backward stepwise multiple regression analyses with deletion were performed
at a 95% confidence level to estimate the relationship between the dependent criterion variable
(ARF) and the independent predictor variables within each of the 46 clusters. The following
independent predictor variables were considered for inclusion: (i) catchment area [A4, km?],

(i1) storm duration [D, days], and (iii) return period [7, years].
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In each case, the Goodness-of-Fit (GOF) statistics of normal and log-transformed data were
evaluated for the independent criterion and dependant predictor variables using the coefficient
of correlation (%) and the standard error of the estimate (SE). Standardised residuals were also
estimated for each of the 46 clusters to identify and exclude potential outliers. Excluding data
points from a data set is not always recommended; however, it may sometimes be necessary to
exclude outliers, should the model integrity allow this (cf. Chapter 2, Section 2.11). As
recommended by Field (2000), the standardised residuals which exceeded the + 2.5 margin

were removed from the data sets.

As an example of the exclusion of outliers, a linear regression analysis based on 1 960 data
points (normal data) in Cluster 1 (c¢f- Figure 5.2) was conducted and resulted in a coefficient of
correlation (%) equal to 0.45. The standardised residuals were estimated and all values
exceeding +2.5 were identified and removed accordingly. Subsequently, 652 data points having
standardised residual values > £2.5, were removed and the updated linear regression improved
with 72 =0.61. In other words, by using a linear regression based on normal data, approximately
33% of the data points are regarded as outliers, which is a very high percentage. Subsequently,
a linear regression analysis based on log-transformed data was conducted on the same data set.
The standardised residuals were estimated and all values exceeding +2.5 were identified and
removed. As a result, only 37 data points (2.5%) were removed, while the 7* value increased
to 0.72. Hence, the log-transformed data resulted in a much better fit with less data points being
regarded as outliers. Overall, the total number of outliers being removed was insignificant
compared to the size of the original data set in the 46 clusters, while using only log-transformed
data resulted in improved GOF statistics. As summarised in Table 5.6, the number of outliers

removed ranged from 6 to 50 with a total of 1 263 (2.6%) ARF residuals > £2.5 being removed.

Table 5.6: Outliers removed from each cluster

RLMA&SI long Cluster Number of sample Number of outliers AREF residuals
duration region ARF estimates removed excluded [%]

1 4 1368 32 23

1 7 1176 34 2.9

1 8 1488 49 33

1 13 2208 58 2.6

1 15 1440 40 2.8

1 17 1 080 35 3.2

1 18 1872 50 2.7

1 23 1632 41 2.5

1 25 1512 45 3.0

1 26 624 6 1.0

1 27 672 8 1.2
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RLMA&SI long Cluster Number of sample Number of outliers AREF residuals
duration region AREF estimates removed excluded [%]
1 31 624 18 2.9
1 38 1296 33 2.5
2 3 1104 21 1.9
2 11 528 18 34
2 45 1944 38 2.0
5 10 936 27 2.9
5 14 720 18 2.5
5 34 648 19 2.9
5 36 1 440 40 2.8
5 37 1248 32 2.6
5 43 816 20 2.5
5 46 2136 44 2.1
3 1 1488 37 2.5
3 35 576 13 2.3
7 42 432 12 2.8
7 44 1680 37 2.2
4 12 1032 32 3.1
4 19 840 24 2.9
4 24 936 24 2.6
4 29 936 26 2.8
4 32 336 10 3.0
4 33 1560 43 2.8
4 39 696 8 1.1
4 40 888 23 2.6
4 41 456 11 2.4
6 2 864 22 2.5
6 5 1152 31 2.7
6 6 1296 30 2.3
6 9 648 19 2.9
6 16 888 21 2.4
6 20 1 080 32 3.0
6 21 1032 23 2.2
6 22 912 28 3.1
6 28 744 24 3.2
6 30 264 7 2.7
Total 49 248 1263 Avg.: 2.6

In general, it is accepted that individual clusters could demonstrate better results in terms of
GOF criteria. Although GOF criteria are important, the further merging of the 46 clusters to
coincide with the original seven (7) RLMA&SI long duration rainfall regions was necessary to
increase the size of the clusters and the number of rainfall stations within a particular cluster to
meet the minimum required number of rainfall stations/km? criteria. This step was regarded as
crucial, since the derivation of sample ARFs, especially for larger circular catchments, depends
on the number of available rainfall stations within a particular homogeneous region, i.e., a
minimum of two rainfall stations for catchment areas up to 100 km?, thereafter, a minimum of
three rainfall stations for catchment areas up to 500 km?, plus one additional rainfall station for
every 500 km? thereafter. In addition, as highlighted in Chapter 2 (Section 2.5.2), Smithers and
Schulze (2003; 2004) evaluated the 78 long duration rainfall clusters for homogeneity, by
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means of a cluster analysis, and subsequently grouped these clusters into seven (7) long
duration rainfall regions and confirmed that these homogeneous rainfall regions do account for

the variation in predominant rainfall types, seasonal, and regional factors in South Africa.

Hence, the 46 clusters were merged, providing that the: (i) clusters are located within the same
RLMA&SI long duration rainfall regions, and (ii) GOF statistics of each merged region do not
decrease with more than 15% when compared to the original average GOF statistics obtained
in the individual clusters. It was evident that the GOF statistics, from individual clusters, remain
practically the same when the 46 clusters, located within each of the seven (7) RLMA&SI long
duration rainfall regions are selectively grouped and merged as shown in Figure 5.5. Typically,
percentage differences ranged between 1.99% <7?<8.35% and 4.65 % <SE <13.59%.
Acceptable GOF criteria results (c¢f. Table 5.7) were also achieved after merging, e.g.,
individual clusters (0.59<7°<0.84 and 2.1%<SE <4.9%) versus merged regions
(0.62 <r?<0.79 and 2.3% < SE < 3.8%).

2508
r2ses

Legend
l:l 46 Clusters
:] Study area
| RLMA&ST regions | L300 ¢
l:l Region 1
l:l Region 2
l:l Region 3
l:l Region 4
I:l Region 5
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|
30° S
|

35° SH

35!’ E 40°E
800 Date: March 2022
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Albers-Equal Area Projection Sources: DWAF (1995)
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Figure 5.5: Forty-six ARF regions located within the seven RLMA&SI long duration
rainfall regions (after Smithers and Schulze, 2000b)
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Table 5.7: GOF statistics before and after merging of the 46 clusters

RLMA&SI lon After merging of clusters

duration regiof i r |l r SE [%] ; r’ SE [%]
1 4 0.759 2.882
1 7 0.742 2.530
1 8 0.749 2.718
1 13 0.739 2.583
1 15 0.700 2.737
1 17 0.702 3.834 0.722 3 445
1 8 0.779 3.224 0745 3999
1 23 0.775 3.845 ’ ’
1 25 0.761 3.387
1 26 0.747 3.383
1 27 0.712 4.927
1 31 0.746 3.652
1 38 0.815 3.098
2 3 0.755 2.830 0.622 3573
2 11 0.588 2.727 *0. 04t 314
2 45 0.607 3.872 ) )
5 10 0.694 3.493
5 14 0.807 3.436 0.671 3.402
5 34 0.800 2.065 0.701 3.250 *(0.720 *2.995
5 36 0.744 3111 0750 031
5 37 0.688 3.321 ’ ’
5 43 0.800 2.379
5 46 0.719 2.713
3 1 0.718 3.463 0.685 3.751
3 35 0.735 3.382 *0.727 *3.423 0.648 3.302
7 42 0.732 2.685 0.660 2.273 *0.707 *2.926
7 44 0.643 2.175 *(0.688 *2.430
4 12 0.789 3.357
4 19 0.824 3.284
4 24 0.747 3.364
4 29 0.775 3.779 0.787 3.458
4 32 0.802 3.144 0803 3974
4 33 0.801 2.883 ’ ’
4 39 0.828 2.944
4 40 0.835 3.220
4 41 0.829 3.493
6 2 0.823 3.040
6 5 0.796 2.597
6 6 0.795 2.725
6 9 0.755 3.532
6 16 0.779 3.823 0.769 3.253
6 20 0.785 2.590 *0.790 *3.042
6 21 0.793 3.134
6 22 0.791 3.261
6 28 0.828 3.195
6 30 0.751 2.524

* Averages based on individual ARF regions

Given the limited number of original clusters located within the RLMA&SI long duration

rainfall Region 2 (3 clusters) and Region 3 (2 clusters), as well as their close geographical

proximity to Regions 5 and 7, the clusters in these RLMA&SI regions were subjected to a
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second round of merging. The second round of merging of the latter clusters was justified by

the need for ‘practicality for application’ and ‘uniformity’

. Typically, RLMA&SI Region 2

(cf. Figure 5.5) covers a very narrow strip along the east and south coast; hence, making it

virtually impossible for a practitioner to accurately select an ARF region to estimate ARFs. In

the case of RLMA&SI Region 7 (¢f. Figure 5.5), the limited number of rainfall stations (ratio

of 1 078 km?/station) necessitates the required merging with Region 3 to improve the rainfall

station density, i.e., 989 km?/station, which is closer to the recommendation made by the World

Meteorological Organization (1994), i.e., 575 — 900 km?/station for coastal to interior plain

areas. Hence, this resulted in the merging of Regions 2 & 5 and 3 & 7 to result in ARF Regions

2 and 3, respectively. Overall, the GOF statistics before and after merging proved to be very

similar, e.g., 7 differences < 0.05 and SE differences < 1%.

The final five (5) ARF regions are shown in Figure 5.6.
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Figure 5.6:

Five (5) ARF regions applicable to South African rainfall

By considering the ‘user-friendliness’

of any derived empirical equation as particularly

important, the empirical equation initially derived was in a simplistic, linear log-transformed
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format with the GOF statistics shown in Table 5.7. However, scatter plots of the ARFsampie
[Eq. (5.1)] versus the afore-mentioned linear log-transformed estimates (4ARF) values) revealed
several ‘outliers’ deviating from the 1:1 line, while the ARF), estimates also tended to
overestimate the ARFsampie values for ARF < 80%. The latter overestimation would typically
be encountered in larger catchment areas where lower ARF values are to be expected. The
latter deficiencies were further investigated to improve the scatter plots between the ARFsampie

and ARF) values.

Subsequently, a non-linear (second-order polynomial) log-transformed empirical
ARF equation [Eq. (5.2)], with unique regional calibration coefficients, was derived for each
ofthe five (5) ARF regions using backward stepwise multiple regression analyses with deletion
at a 95% confidence level. Therefore, a leave-one-out cross-correlation matrix was
implemented to provide a more objective assessment of the predictive ability, while
maintaining the 95% (or higher) confidence level. Typically, the MATLAB® software, which
is a programming platform used to analyse data and develop algorithms/models, was used to
simplify and reduce the equation in its ‘raw format’ (with 16 constants and/or coefficients) to
the current format as expressed in Eq. (5.2). The details pertained to the MATLAB® software
running sequence used to derive Eq. (5.2) are included in Appendix C. Partial ¢-tests were used
to establish the statistical significance between the regression model and the subset of predictor
variables, while total F-tests were used to determine whether an ARF (dependent criterion
variable) is significantly correlated to the independent predictor variables included in the
model. A rejected null hypothesis [F-statistic of observed value (F) > critical F-statistic (Fa)]
was used to identify the significant contribution of one or more of the independent variables

towards the prediction accuracy.

ARF, =aX? + bX—c [5.2]
X = x,(log D)* + x, (log D) — x3(log T)? + x,(log T) — x5 (log A)* — x4(log A) + x;
where [5.3]

ARFy = estimated ARF [%],

A = catchment area [km?],

D = storm duration [days],

T = return period [years],

X = major expression variable,

atoc = major expression constants, and

X110 x7 = regional calibration coefficients [Table 5.8].
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Table 5.8:  Calibration coefficients associated with the five (5) ARF regions

Region a b c X1 X2 X3 X4 X5 X6 X7
1 -0.034 | 7.286 | 287.648 | -9.415 19.494 1.164 7.666 0.754 1.081 86.067
2 -0.037 | 7.896 | 319.770 | -9.527 18.229 1.042 6.816 0.629 1.058 88.019
3 -0.055 | 11.395 | 487.770 | -7.608 15.724 0.330 4.562 0.330 1.216 89.190
4 -0.024 | 5.391 196.710 | -12.363 | 24.372 0.817 7.660 0.540 2.436 85.056
5 -0.025 5.502 | 200.890 | -11.957 | 23.453 0.896 7.037 0.953 0.129 84.444

Overall, Eq. (5.2) resulted in improved GOF statistics (cf. Table 5.9) when compared to the

original GOF statistics based on the linear log-transformed regressions (cf. Table 5.7).

Table 5.9:  Improved GOF statistics between linear and non-linear equations

Region
GOF 1 2 3 4 5
Original 2 0.72 0.67 0.65 0.79 0.77
Improved 0.79 0.74 0.75 0.85 0.83
Original o 3.44 3.40 3.30 3.46 3.25
Improved SE[%] 3.80 3.11 3.62 4.25 2.90

Note: In applying Eq. (5.2) in Regions 1 to 5, the estimated ARF values could exceed 100%.
Hence, all estimated ARF values >100% should be capped at 100%. The latter would typically
occur in smaller catchment areas associated with longer storm durations and higher return
periods. An ARF value >100% simply implies that the average design point rainfall equals the
areal design rainfall for a specific catchment area, storm duration and return period. However,
the above capping of ARF values at 100% (if required), is incorporated in the ARF software
interface (cf. Section 5.8).

Verification requires the use of data sets not being used during the calibration process. During
the developmental phases of evaluating the suitability of linear versus non-linear log-
transformed regression analyses as discussed above, the concept of calibration and verification
was evaluated in each of the 46 clusters. In other words, random combinations of the 46 clusters
(with their own unique set of circular catchments and rainfall stations) were used in an
alternating fashion for calibration and/or verification purposes until all possible combinations
were considered. The process was applied in all clusters. Ultimately, it was noted that whether
a dedicated set of clusters or all clusters are assigned to calibration, differences are regarded as
insignificant. Hence, all clusters in a particular ARF region were used for the final derivation

of Eq. (5.2).
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The latter approach was justified by the limited number of rainfall stations available in many
of the clusters, which is also affected by the number of rainfall stations/km? criteria to be met
in each cluster. Furthermore, it must be noted that ‘assessment’ of verification results can only
apply if the benchmark data set is an observed data set. In the case of ARFs, all data sets,

whether used for calibration or verification, remain only estimated sample values.

Scatter plots of the ARFsumpie [Eq. (5.1)] and ARF) [Eq. (5.2)] values associated with all the
circular catchments located in ARF Regions 1 to 5 are shown in Figures 5.7 to 5.11 to highlight

any differences.
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Figure 5.7:  Scatter plot of the observed ARFsampie [Eq. (5.1)] and estimated ARF) [Eq. (5.2)]
values in ARF Region 1
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Figure 5.8:  Scatter plot of the observed ARFsampie [Eq. (5.1)] and estimated ARF) [Eq. (5.2)]
values in ARF Region 2
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Figure 5.9:  Scatter plot of the observed ARFsample [Eq. (5.1)] and estimated ARFy [Eq. (5.2)]
values in ARF Region 3
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Figure 5.10: Scatter plot of the observed ARFsample [Eq. (5.1)] and estimated ARFy [Eq. (5.2)]
values in ARF Region 4
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Figure 5.11: Scatter plot of the observed ARFsampie [Eq. (5.1)] and estimated ARF) [Eq. (5.2)]
values in ARF Region 5
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In all the ARF regions, Eq. (5.2) tends to overestimate the ARFs associated with larger
catchment areas. The latter can be ascribed to: (i) the larger circular catchments automatically
having shorter combined rainfall record lengths (< 30-years), (ii) the minimum number of
rainfall stations per circular catchment, as recommended by Siriwardena and Weinmann
(1996), which may not be adequate for South African conditions, and (iii) an overall low
rainfall monitoring-network density. Overall, the plotting position and clustering of points in
Figures 5.7 to 5.11, are regarded as a significant improvement from the original linear log-
transformed equation considered. Furthermore, the distribution of the points in ARF Regions

1 to 5 are also regarded as acceptable, with 0.74 <72 < 0.85, and 2.9 < SE < 4.3%.

5.7 Comparison of ARF Equations

This section focuses on the comparison of Eq. (5.2) against a selection of geographically-
centered ARF estimation methods currently used in local and/or international practice in a
range of catchment sizes to establish the consistency and/or possible biases of the newly
derived ARF equation. Typically, standard input variables, e.g., catchment area, storm
duration, and return period, were used to evaluate the consistency between all the different
methods. The storm duration input variable is provided in hours for the selected
geographically-centered ARF estimation methods, while Eq. (5.2) requires the storm duration

variable in days.

This is the reason for including both durations (days and hours) in Table 5.10 and Figures 5.12
to 5.20. The standard input variables and their associated ranges, e.g., catchment area (10 to
30 000 km?), storm duration (24, 48 and 72 hours) and return periods (2, 50 and 100 years)
were used as input to the various methods, e.g., NERC (1975; Figure 2.4), Alexander I (1980;
Figure 2.5), Alexander II (2001; Figure 2.6), Op Ten Noort and Stephenson (OT&S) [1982;
Eq. (2.7a)], and Alexander III [2001; Eq. (2.7b)]. All the results are listed in Table 5.10.
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Table 5.10: Comparison of geographically-centred ARF estimation methods

s Duration Current SA ARF methods [%] Eq. (5.2) [%]
3 0
E E E - = = = —_ 9 — -
24 Sg| g2 (5% | EF2 |EEY| B | 2| 2| 8| B
< <= = = < < = & & -7 -7 ~
2 88.1 88.9 90.7 87.2 86.7
24 1 50 97.5 100.0 105.8 100.0 111.8 96.7 96.3 97.8 96.8 94.3
100 97.6 97.1 98.8 98.1 95.3
2 94.3 94.5 96.3 94.6 93.2
10 48 2 50 98.2 100.0 | 104.9 100.0 114.0 100.4 99.6 | 101.0 | 101.7 98.6
100 100.9 100.0 | 101.5 | 102.6 99.2
2 96.4 96.3 98.1 97.2 95.4
72 3 50 98.8 100.0 | 104.4 100.0 115.3 101.4 100.5 | 101.8 | 103.2 99.9
100 101.8 100.8 | 102.1 | 103.9 | 100.4
2 84.9 86.2 88.2 83.4 84.2
24 1 50 95.5 99.5 99.5 100.0 104.4 94.6 94.5 96.2 94.1 92.6
100 95.6 95.4 97.4 95.5 93.7
2 91.8 92.4 94.5 91.6 91.3
50 48 2 50 97.0 100.0 | 100.4 100.0 106.9 99.0 98.4 | 100.1 99.8 97.5
100 99.7 99.0 | 100.7 | 100.9 98.2
2 94.3 94.4 96.6 94.5 93.7
72 3 50 97.5 100.0 | 101.0 100.0 108.4 100.4 99.6 | 101.1 | 101.7 99.0
100 100.9 100.0 | 101.6 | 102.5 99.6
2 83.0 84.6 86.9 81.4 82.7
24 1 50 943 97.0 96.8 100.0 101.0 93.3 93.4 95.3 92.6 91.5
100 94.4 94.4 96.5 94.2 92.6
2 90.4 91.1 93.5 90.0 90.1
100 48 2 50 96.0 98.0 98.5 100.0 103.6 98.1 97.7 99.5 98.7 96.7
100 98.9 98.3 | 100.3 99.9 97.5
2 93.0 93.4 95.7 93.1 92.7
72 3 50 96.8 99.0 99.5 100.0 105.1 99.7 99.0 | 100.7 | 100.8 98.4
100 100.3 99.5 | 101.3 | 101.7 99.0
2 77.4 79.9 83.1 75.7 78.0
24 1 50 90.8 91.5 90.5 92.0 923 89.3 90.1 92.7 88.4 88.0
100 90.7 91.2 94.1 90.2 89.3
2 85.8 87.4 90.6 85.4 86.4
500 48 2 50 92.8 93.2 94.0 94.5 95.3 95.2 95.3 97.7 95.6 94.2
100 96.2 96.1 98.7 96.9 95.1
2 88.9 90.0 93.2 88.9 89.4
72 3 50 93.8 95.0 96.0 96.5 97.0 97.2 97.0 99.3 98.0 96.2
100 98.1 97.7 | 100.1 99.2 97.0
2 74.3 77.3 81.1 72.8 75.4
24 1 50 89.0 89.0 87.8 87.5 88.2 87.1 88.2 91.3 86.2 86.0
100 88.5 89.4 92.8 88.0 87.3
2 83.3 85.3 89.0 83.0 84.3
1 000 48 2 50 91.5 91.8 92.1 90.5 91.4 93.5 93.9 96.7 93.8 92.6
100 94.6 94.8 97.8 95.3 93.7
2 86.6 88.1 91.8 86.7 87.5
72 3 50 92.3 92.5 94.6 92.5 93.2 95.7 95.8 98.5 96.5 94.9
100 96.7 96.6 99.4 97.8 95.8
2 65.2 69.8 75.6 64.8 67.5
24 1 50 85.0 82.5 81.5 77.0 77.3 80.2 82.5 87.3 79.9 79.7
100 81.9 84.0 89.0 82.1 81.3
2 75.7 79.1 84.6 76.3 77.7
5000 48 2 50 87.0 86.0 87.6 80.5 81.1 88.1 89.5 93.7 88.8 87.7
100 89.5 90.7 95.1 90.6 89.0
2 79.6 82.4 87.8 80.5 81.5
72 3 50 88.2 88.0 91.1 82.5 83.3 91.0 91.9 96.0 92.0 90.6
100 92.2 92.9 97.1 93.6 91.8
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s Duration Current SA ARF methods [%] Eq. (5.2) [%]
1
s =
EE g = E@= = 5 o~ | 5 =] -
R 5ol B2 53| T2 |E55| 2| 2| B | B | OB
< 2= = z = < = & o~ &~ &~ ~
2 60.4 65.9 72.8 60.8 63.2
24 1 50 83.0 80.0 78.8 71.5 71.7 76.4 79.5 85.1 76.7 76.2
100 78.3 81.0 87.0 79.0 78.0
2 71.6 75.7 82.3 72.8 74.1
10 000 | 48 2 50 85.8 82.5 85.6 75.2 76.0 85.0 87.0 92.1 86.2 85.0
100 86.6 88.3 93.6 88.0 86.4
2 75.8 79.3 85.7 77.3 78.2
72 3 50 86.7 85.5 89.6 78.0 78.4 88.2 89.7 94.6 89.6 88.1
100 89.6 90.8 95.8 91.3 89.4
2 54.9 61.4 69.7 56.4 58.3
24 1 50 76.1 65.5 72.1 75.9 82.7 73.1 72.2
100 74.1 77.6 84.8 75.5 74.1
2 66.9 71.9 79.7 69.0 69.9
20 000 | 48 2 50 83.7 70.4 81.4 84.1 90.2 83.2 81.7
100 83.1 85.5 91.8 85.2 83.2
2 71.4 75.7 83.4 73.7 74.3
72 3 50 88.2 73.0 84.9 87.0 92.9 86.9 85.1
100 86.5 88.3 94.3 88.7 86.5
2 51.4 58.5 67.7 53.6 55.1
24 1 50 74.5 61.4 69.2 73.6 81.2 70.8 69.6
100 71.4 754 83.3 73.3 71.6
2 63.8 69.4 78.0 66.6 67.2
30000 | 48 2 50 82.6 66.7 79.1 82.2 89.0 81.3 79.5
100 80.9 83.7 90.7 83.4 81.1
2 68.6 73.4 81.9 71.5 71.7
72 3 50 87.3 69.5 82.8 85.3 91.8 85.1 83.1
100 84.4 86.6 93.3 87.0 84.6

As expected, all the ARF estimates in Table 5.10 decreased with an increase in catchment area.
Similarly, the ARF estimates based on Eq. (5.2) increased with an increase in storm duration
in all the five (5) ARF Regions. For example, in the areal range (10 to 1 000 km?), the estimated
50-year return period, 1-day ARFs are between 5.6% (Region 3) and 8.4% (Region 4) smaller
than the 3-day ARFs, while in the areal range (5 000 to 30 000 km?), the estimated 1-day ARFs
are between 8.8% (Region 3) and 12.2% (Region 4) smaller than the 3-day ARFs.

The latter differences are ascribed to the fact that rainfall events of a longer duration are also
more likely to be evenly distributed over the catchment area under consideration. Overall, the
ARF trends estimated using Eq. (5.2), and applicable to certain return periods, were similar to
the other methods under consideration in the different catchment area and storm duration
ranges. However, only Eq. (5.2) considers the variation of ARFs with return period, and the

ARFs increased with an increase in return period.
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For example, in the 10 to 100 km? areal range, 2-year return period, and 1-day storm duration,
the estimated ARFs [Eq. (5.2)] ranged between 80% and 90%, while the ARFs estimated using
the current South African methods ranged between 94% to 100%. Given that Eq. (5.2) varies
with catchment area, storm duration and return period, it is regarded as a better reflection of
the actual rainfall distribution than the other methods. On the other hand, all the ARF estimation
methods seem to converge at between 97% and 100% when higher return periods (7' > 50-year)

and storm durations (D > 2-day) are considered.

In Figures 5.12 to 5.20, the percentage differences between the current South African
geographically-centred ARF estimation methods and Eq. (5.2), as shown in Table 5.10, are
presented. However, only Eq. (5.2) provided results which vary with return period. The ARFs
in Region 3 are also slightly higher when compared to the other regions for catchment
areas > 100 km?. Essentially, such higher ARF values require a higher degree of similarity
between the average areal design rainfall and average design point rainfall values. However,
given that rainfall is highly variable in semi-arid areas such as South Africa (especially in the
western parts; Region 3), assuming a more uniform temporal and spatial rainfall distribution
(to result in similar areal design rainfall and average design point rainfall values), would be
incorrect. Hence, the latter higher ARF values could only be ascribed to the low density of the

rainfall-monitoring network.
In general, such higher ARF values (> 100%) are typically associated with higher return

periods (7> 100 years), and shorter storm durations occurring more frequently in smaller

catchment areas.
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Figure 5.12: Comparison of ARF estimation methods for an area of 10 km?, return periods

(T) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-days/hours
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Figure 5.13: Comparison of ARF estimation methods for an area of 50 km?, return periods

(T) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-days/hours
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Figure 5.14: Comparison of ARF estimation methods for an area of 100 km?, return periods
(T) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-days/hours
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Figure 5.15: Comparison of ARF estimation methods for an area of 500 km?, return periods
(T) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-days/hours
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Figure 5.16: Comparison of ARF estimation methods for an area of 1 000 km? return periods
(T) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-days/hours
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Figure 5.17: Comparison of ARF estimation methods for an area of 5 000 km?, return periods
(T) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-days/hours
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Figure 5.18: Comparison of ARF estimation methods for an area of 10 000 km?, return
periods (7) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-

days/hours
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Figure 5.19: Comparison of ARF estimation methods for an area of 20 000 km?, return
periods (7) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-

days/hours
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Figure 5.20: Comparison of ARF estimation methods for an area of 30 000 km?, return
periods (7) of 2, 50 and 100-year and storm durations of 1/24, 2/48 and 3/72-
days/hours

The above comparisons shown in Figures 5.12 to 5.20 were further investigated by examining

any trends evident in the ARF percentage differences. Given that the current geographically-

centred ARF estimation methods used in South Africa provide constant ARF values
irrespective of the return period under consideration, the average ARF values estimated using

Eq. (5.2) and associated with the 2, 50, and 100-year return periods, were regarded as the ‘most

representative’ ARF values for comparison purposes. As a result, the ARF percentage

differences are summarised and discussed below:

(a) Areal range 10 — 100 km? (Figures 5.12 to 5.14 & Appendix D, Table D.1): Overall,
the average ARF percentage differences were generally lower for the 1-day/24-hour
storm durations and well spread for the 3-day/72-hour storm durations. Typically, on
average, the 1-day/24-hour storm duration ARF percentage differences ranged from
1.6% to 19.4% lower, compared to the 3-day/72-hour storm duration ARF percentage
differences ranging from 15.7% lower to 2.7% higher. The NERC method (1975;
Figure 2.4) resulted in the lowest average percentage differences in comparison to

Eq. (5.2), i.e., 0.1% (Region 4) to 2.5% (Region 5). The Alexander III method [2001;
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Eq. (2.7b)] performed the worst with average percentage differences ranging between

6.7% (Region 3) and 17.7% (Region 5).

(b) Areal range 500 — 1 000 km? (Figures 5.15 to 5.16 & Appendix D, Table D.2):
Overall, the average ARF percentage differences were generally well spread for all the
storm durations under consideration. Typically, on average, the 1-day/24-hour storm
duration ARF percentage differences ranged from 8.8% lower to 0.9% higher,
compared to the 3-day/72-hour storm duration ARF percentage differences ranging
from 3% lower to 4.5% higher. For catchment areas up to 500 km?, the NERC method
(1975; Figure 2.4) resulted in the lowest average percentage differences in comparison
to Eq. (5.2), i.e., 1.1% (Region 2) to 2.4% (Region 5), while the Alexander III method
[2001; Eq. (2.7b)] performed the worst, i.e., 0.7% (Region 3) to 5% (Region 5). For
catchment areas up to 1 000 km?, the Alexander II method (2001; Figure 2.6) resulted
in the lowest average percentage differences in comparison to Eq. (5.2), i.e., 0.4%
(Region 2) to 3.1% (Region 3), while the Op Ten Noort and Stephenson (OT&S)
method [1982; Eq. (2.7a)] performed the worst with average percentage differences
ranging between 1.7% (Region 3) and 3.4% (Region 5).

(c) Areal range 5 000 — 10 000 km? (Figures 5.17 to 5.18 & Appendix D, Table D.3):
Overall, the average ARF percentage differences were generally well spread for all the
storm durations under consideration. Typically, on average, the 1-day/24-hour storm
duration ARF percentage differences ranged from 15.2% lower to 12.9% higher,
compared to the 3-day/72-hour storm duration ARF percentage differences ranging
from 5.2% lower to 16.4% higher. The Alexander I (1980; Figure 2.5) resulted in the
lowest average percentage differences in comparison to Eq. (5.2), i.e., 1.2% (Region 2)
to 5.6% (Region 3). For catchment areas up to 5 000 km?, the Alexander III method
[2001; Eq. (2.7b)] performed the worst with average percentage differences ranging
between 2% (Region 1) and 10.4% (Region 3). For catchment areas up to 10 000 km?,
the Alexander II method (2001; Figure 2.6) performed the worst with average
percentage differences ranging between 4.8% (Region 1) and 15.4% (Region 3).

(d) Areal range 20 000 — 30 000 km? (Figures 5.19 to 5.20 & Appendix D, Table D.4):
Overall, the average ARF percentage differences were generally well spread for all the

storm durations under consideration. Typically, on average, the 1-day/24-hour storm
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duration ARF percentage differences ranged from 13.6% lower to 22.6% higher,
compared to the 3-day/72-hour storm duration ARF percentage differences ranging
from 9.2% lower to 24.4% higher. The Op Ten Noort and Stephenson (OT&S) method
[1982; Eq. (2.7a)] resulted in the lowest average percentage differences in comparison
to Eq. (5.2), i.e.,2.9% (Region 3) to 10.5% (Region 5), while the Alexander III method
[2001; Eq. (2.7b)] performed the worst, i.e., 6.7% (Region 1) to 24% (Region 3).

The implication of the ARF percentage differences highlighted in (a) to (d) above, especially
when these methods are applied in practice, needs to be emphasised. According to
SANRAL (2013), the Alexander III method [2001; Eq. (2.7b)] is currently the recommended
geographically-centred ARF estimation method in South Africa. Hence, practitioners should
typically be made aware of any differences between the latter method and Eq. (5.2). In the areal
range of 10 to 500 km? Eq. (5.2) underestimated the ARF values in comparison to the
Alexander III method [Eq. (2.7b)], i.e., underestimations of between 3.3% and 25.3%. In the
areal ranges (500 to 10 000 km? and 10 000 to 30 000 km?), both underestimations (17.7% to
19.8%) and overestimations (15.8% to 30.5%) are evident.

In other words, the underestimated ARF values will typically result in lower average areal
(catchment) design rainfall values, which ultimately will result in lower peak discharge
estimates when event-based design flood estimation methods are used. The opposite is also
true, i.e., larger ARF values would result in higher catchment design rainfall and peak discharge
estimates. However, given the fact that Alexander’s method is not probabilistically correct and
not validated using local and up-to-date rainfall data applicable throughout South Africa, it is
recommended that Eq. (5.2) should be incorporated as the standard and preferred ARF

estimation procedure in South African flood hydrology practice.

5.8 ARF Software Interface

The ARF software interface, as shown in Figure 5.21, was developed to support the estimation

of ARFs in South Africa.

It is a web-based application developed through Visual Studio Code (VSC), an Integrated
Development Environment (IDE). Microsoft developed VSC IDE for Windows, Linux, and
the Macintosh Operating System (MacOS). VSC is a source-code editor compatible with a

variety of programming languages, e.g., Java, JavaScript, Go, Nodejs, Python and C++.
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The ARF software interface was developed by incorporating a combination of different
programme languages, e.g., Hypertext Mark-up Language Version 5 (HTML 5), Cascading
Style Sheets Version 3 (CSS 3), Bootstrap 4 and JavaScript.

AREAL REDUCTION FACTOR (ARF) ESTIMATION IN SOUTH AFRICA
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Figure 5.21: AREF software interface

The ARF software script sequences, using HTML 5 and JavaScript, are included in
Appendix E. The ARF software (*.zip format), as developed during this research, is also

included. The software interface neither requires any external database nor contain any cookies.

Based on the findings obtained from this research, the Alternative Hypothesis (H1), i.e., ARFs,
derived from local South African data, are proportional to or influenced by the RLMA&SI
regionalisation scheme, rainfall types, storm durations, and return periods, was accepted due
to the sufficient evidence obtained in the different ARF regions, after which, the Null
Hypothesis (Ho), was rejected.
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Furthermore, the results from this chapter also confirmed the research assumptions applicable
to ARFs, (cf. Chapter 1, Section 1.3.1): (i) design point rainfall estimates are only
representative for a limited area, which was demonstrated by the differences between the
average areal design rainfall and average design point rainfall estimates, and (ii) the current
geographically-centred South African ARF estimation methods are only applicable to specific
temporal and spatial scales, do not account for any regionalisation, provide ARF estimates
exceeding 100% in ‘smaller’ catchments, provide constant ARF values for all return periods,

and are based on limited/no local data.

The next chapter presents a synthesis of all the information as discussed in Chapters 4 and 5,

as well as some final conclusions and recommendations.

103

© Central University of Technology, Free State



: Central University of
Technology, Free State

CHAPTER 6: DISCUSSION AND CONCLUSIONS

This chapter contains a discussion and conclusions based on the final methodology and results

associated with the derivation of regional ARFs as included in Chapters 4 and 5, respectively.

6.1 ARF Methodology and Results

The research aim was to develop a regionalised approach to estimate ARFs for improved design
flood estimation in South Africa. The primary research objective was to develop regionalised,
geographically-centred and probabilistically correct ARFs for South Africa by considering the
relationship between average areal design rainfall and average design point rainfall estimates.
Hence, the research focus was to develop regionalised and probabilistically correct ARFs
representative of the different rainfall producing mechanisms in South Africa at a ‘circular
catchment level” using: (i) daily rainfall data to estimate areal design and design point rainfall,
(i1) a modified version of Bell’s method (1976), and (iii) the current regionalisation scheme
associated with the RLMA&SI approach. Several concerns were documented in Chapter 4;

however, solutions were identified and subsequently implemented in Chapter 5.

Merging of the 78 homogeneous rainfall clusters within the seven (7) long duration rainfall
regions associated with the RLMA&SI regionalisation scheme was necessary to increase the
size of the clusters and the number of rainfall stations within a particular cluster to meet the
minimum required number of rainfall stations/km? criteria. Merging only took place between
clusters within the same long duration rainfall region, which resulted in 46 delineated clusters.
A total of 2 550 artificial circular catchments associated with 1 779 daily rainfall stations with
at least 30 years combined areal record lengths, were strategically positioned in the 46 clusters
throughout South Africa. Due to the large number of circular catchments placed in each of the
46 clusters, an overlapping of circular catchments was evident. Consequently, this resulted in
daily rainfall data from similar rainfall stations being used multiple times within a particular
cluster. In principle, this was not regarded as problematic, while it also contributed to the

‘smooth’ transition between the different clusters.

In applying the selected screening criteria, only 2 053 circular catchments were used in the
probabilistic and regression analyses. The probabilistic analyses based on the GEV
distribution, fitted to the AMS, using LM, resulted in areal and design point rainfall values for

arange of storm durations (e.g., 1, 3, 5 and 7-day), and return periods (e.g., 2, 5, 10, 20, 50 and
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100-year). ARFs based on the long duration rainfall were subsequently estimated and expressed
as the ratio between the average areal catchment design rainfall and the average design point

rainfall estimates for corresponding return periods.

Initially, linear regression analyses were considered in each of the 46 clusters. In each case, the
GOF statistics of normal and log-transformed data were evaluated for the independent criterion
and dependant predictor variables. The GOF statistics of the log-transformed data
outperformed the normal data and resulted in only log-transformed independent predictor
variables being used. The 46 clusters were subjected to further merging providing that the
clusters are still located within the same RLMA&SI long duration rainfall region and that the
GOF statistics of each merged region do not decrease with more than 15% when compared to
the original average GOF statistics in the 46 clusters. Subsequently, five (5) ARF regions were
deduced from the 46 clusters and Eq. (5.2), a non-linear (second-order polynomial) log-
transformed empirical ARF equation with unique regional calibration coefficients, was derived
for each region using backward stepwise multiple regression analyses with deletion at a 95%

confidence level.

Verification requires the use of data sets not being used during the calibration process. During
the developmental phases of evaluating the suitability of linear versus non-linear log-
transformed regression analyses, the concept of calibration and verification was evaluated in
each of the 46 clusters. In other words, random combinations of the 46 clusters (with their own
unique set of circular catchments and rainfall stations) were used in an alternating fashion for
calibration and/or verification purposes until all possible combinations were considered. The
process was applied in all clusters. Ultimately, it was noted that whether a dedicated set of
clusters or all clusters are assigned to calibration, differences are regarded as insignificant.
Hence, all clusters in a particular ARF region were used for the final derivation of Eq. (5.2).
The latter approach was justified by the limited number of rainfall stations available in many
of the clusters, which is also affected by the number of rainfall stations/km? criteria to be met
in each cluster. Furthermore, it must be noted that ‘assessment’ of verification results can only
apply if the benchmark data set is an observed data set. In the case of ARFs, all data sets,

whether used for calibration or verification, remain only estimated sample values.

Subsequently, Eq. (5.2) was compared to a selection of geographically-centred ARF estimation

methods currently used in local and/or international practice in a range of catchment sizes to
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establish the consistency and/or possible biases of the newly derived ARF equation.
Equation (5.2) performed similarly, and as expected, when compared to the other methods. The
estimated ARFs decreased with an increase in area and increased with an increase in both storm

duration and return period.

Based on the research findings in the different ARF regions, it was evident that ARFs, derived
from local South African data, are proportional to or influenced by the RLMA&SI
regionalisation scheme, rainfall types, storm durations, and return periods. All the research
assumptions were also confirmed: (i) design point rainfall estimates are only representative for
a limited area, which was demonstrated by the differences between the average areal design
rainfall and average design point rainfall estimates, and (ii) the current geographically-centred
South African ARF estimation methods are only applicable to specific temporal and spatial
scales, do not account for any regionalisation, provide ARF estimates exceeding 100% in
‘smaller’ catchments, provide constant ARF values for all return periods, and are based on

limited/no local data.

Given the rejection of the Null Hypothesis and the subsequent confirmation of the research
assumptions, the primary research objective, i.e., the development of a regionalised and
probabilistic approach to estimate ARFs using an empirical equation [Eq. (5.2)] for South
Africa, was also achieved. This new ARF methodology clearly elucidates how ARFs, within
the five (5) ARF regions of South Africa, vary with catchment area, storm duration, and return

period.

6.2 Contribution to New Knowledge

The ARF methodology developed in this research and the subsequent findings are new to the
South African flood hydrology research community and practice: (i) ARFs were derived and
are based on a regionalisation scheme utilising the daily rainfall data available in the DREU
database, (ii)) ARFs are probabilistically correct, i.e., vary with return period, and (iii) a web-
based software application was developed to enable the consistent estimation of ARFs within

the five (5) ARF regions of South Africa.

6.3 Conclusions and Recommendations

Several international ARF studies, as included in Chapter 2, demonstrated that empirically

derived ARFs vary with, but are not limited to, catchment area, storm duration, and return
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period. The latter factors are primarily influenced by predominant rainfall types,
seasonal/regional factors, the density of rainfall-monitoring networks, and both the quantity
and quality of rainfall data. Internationally, ARF research and the refinement of existing
methodologies are ongoing to better accommodate all the factors having an influence on the
estimation of ARFs. For example, Podger et al. (2015a; 2015b) revised the previous version of
the Australian ARF methodology as proposed by Siriwardena and Weinmann (1996), to a more
comprehensive approach as included in the current Australian Rainfall and Runoff (ARR)
Manual (Ball ef al., 2019). In contradiction, the UK is still using the ARF diagrams as
published in the 1975 UK FSR (Faulkner, 1999), which provide constant ARF values for all
return periods; hence, probabilistically incorrect ARFs. To date, the situation in South Africa
is very similar to the UK; however, given that none of the current geographically-centred ARF
methods used in South Africa are based on local rainfall data, the situation is even worse.
Therefore, the regionalised ARF methodology developed and adopted in this research, with the
aid of Eq. (5.2), overcame the limitations highlighted above by enabling the estimation of
geographically-centred and probabilistically correct ARFs representative of the different
rainfall producing mechanisms in South Africa. Thus, the ARFs estimated with Eq. (5.2) do
not only vary with return period, but the approach is also compatible with the current and
recommended RLMA&SI and/or TR102 design rainfall databases available in South Africa,
given that both these databases contain design point rainfall information which need to be

converted to catchment design rainfall by applying an ARF.

It is important to note that the ARFs derived in this research are regarded as long duration
ARFSs and apply to storm durations exceeding 1-day. However, Eq. (5.2) could also be applied
to storm durations less than 1-day given that plausible short duration ARF estimates were
obtained during the testing of the web-based ARF software. Hence, until the ARF methodology
is further refined to accommodate short durations using appropriate sub-daily rainfall data sets,
the general application of Eq. (5.2) in South Africa is recommended. Furthermore, for the
interim, short duration ARFs should not be estimated using scaling and/or conversion factors
to disaggregate daily rainfall values to sub-daily rainfall values (c¢f. Chapter 2, Section 2.5.2).
In doing so, the ratio of design point and areal design rainfall values (short duration ARFs)
would render values equal to the 1-day ARFs. It is recommended that short duration ARFs for
South Africa should be developed by either using an updated sub-daily (continuous) rainfall
database, or by developing an improved approach to disaggregate daily rainfall data into sub-

daily rainfall values. Given the importance of climate change and the potential effect thereof
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on rainfall patterns, it would also be worthwhile to consider different rainfall data periods for
the same rainfall stations, e.g., 1900 to 1950 vs. 1950 to 2000, to establish whether any
significant differences exist in the AMS data sets to ultimately result in different ARF
estimates. Any notable differences will not only highlight that sample ARFs are dependent on
the period of record, but it would also underpin that the current South African ARF estimation
methods (based on using outdated data), should be used with caution or updated regularly.
Ultimately, the above would confirm that an ARF is a dynamic factor which needs to be
updated regularly as changes in rainfall patterns and processes become more prevalent, while
the non-stationary of rainfall data cannot be ignored. However, given that an ARF is based on
the ratio between areal and design point rainfall, it is envisaged that the latter influences will

only be evident on the long term.

The ARFs derived in this research are based on a specific methodology, as explained in
Chapter 5; however, deviating from this methodology may result in completely different ARF
estimates. The methodology adopted was carefully formulated to eliminate potential problems,
as outlined in Chapter 4, and to incorporate all the data sets and resources available. The
methodology, in its current form without using any local, country-specific correction factors,
may not necessarily be suitable when applied in other countries. Furthermore, it must be noted
that Eq. (5.2) was derived from estimated ARF values, i.e., the ratio between average areal and
design point rainfall values. Thus, the fact that ‘estimated’ as opposed to ‘observed’ values
were used, highlights the inherent uncertainty involved when Eq. (5.2) is used to convert design
point rainfall to average areal (catchment) design rainfall representative of the spatial and

temporal rainfall distribution in a catchment.

Average areal design rainfall is regarded as fundamental input to all event-based design flood
estimation methods used in South Africa. Given the sensitivity of design peak discharges to
estimated ARFs, it is envisaged that the implementation of the specific objectives of this
research will contribute fundamentally to the improved estimation of ARFs to ultimately result
in improved design flood estimations in South Africa. The methodology developed, could also
be tested, and subsequently adopted internationally to improve the estimation of ARFs to
provide more reliable peak discharge and volume estimates as, to date, this remains a constant

challenge in flood hydrology.
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APPENDIX A: DAILY RAINFALL STATIONS

Table A.1: 1779 Daily rainfall stations and their associated record length (RL) within the
study area

Station number | RL | Station number | RL | Station number | RL | Station number | RL

Primary Drainage Region A

0474751W 57 0512545W 79 0550612W 92 0677818W 75
0475456A 70 0512552W 70 0585056 W 67 0678023W 80
0475881W 100 0512580W 79 0586341W 46 0678132W 63
0476012W 63 0512602W 63 0586441W 70 0678144W 92
0476031W 47 0512613W 93 0586545W 66 0678297TW 59
0476040W 83 0512787TW 56 0588230W 65 0678381W 50
0476071W 59 0513135W 91 0588385W 86 0678722W 64
0476100W 62 0513227W 71 0588406 W 91 0718772W 47
0476128W 58 0513255W 74 0588721W 81 0718874W 66
0476129W 84 0513285W 82 0589503AW 57 0720727W 64
0476160W 64 0513312W 60 0589586 W 49 0721197W 59
0476246W 76 0513337W 72 0589594A 55 0721257TW 69
0476396 W 92 0513345W 86 0589628W 73 0721618W 68
0508721W 67 0513347W 76 0589670W 82 0721665W 51
0508825W 94 0513350W 93 0589732AW 49 0721772W 55
0509078W 55 0513382W 82 0589877TW 76 0722082W 75
0509283 W 70 0513404AW 68 0590307W 81 0722277TW 79
0509695W 55 0513405A 49 0590361W 94 0722497TW 53
0509726 W 68 0513437W 81 0590486 W 66 0722529W 92
0509759W 88 0513464W 57 0629702W 55 0722571W 82
0510308W 91 0513465A 50 0630556W 65 0722614W 78
0510433W 66 0513524W 70 0630886 W 61 0722653W 56
0510712W 87 0513550W 49 0631011W 64 0722700W 71
0510817W 68 0513643W 81 0631564W 67 0722721W 85
0511291W 74 0513677TW 66 0631596W 68 0722749W 63
0511310W 62 0513827W 94 0632044W 47 0723070W 95
0511400W 87 0514010W 94 0632089W 50 0723155W 75
0511437W 47 0545499W 55 0632274W 63 0723331W 66
0511467W 74 0545626 W 73 0632297W 64 0723334W 71
0511469W 77 0545839W 87 0632726W 51 0723338AW 65
0511477W 66 0546082W 69 0633393W 79 0723363W 94
0511524W 81 0546272W 70 0633463W 59 0723513W 91
0511527W 45 0546314W 79 0633796 W 75 0762532W 50
0511672W 70 0546412W 94 0633881AW 94 0764161W 63
0512144W 57 0546525W 60 0634131W 83 0765707W 65
0512246W 70 0546630A 40 0672748W 88 0766030W 50
0512280W 70 0546712W 51 0673128W 57 0766324W 61
0512344W 55 0546740W 51 0674207W 59 0766480W 75
0512395W 64 0548165W 79 0675117W 65 0766509W 66
0512399W 64 0548747TW 73 0675182W 90 0766779W 91
0512451W 70 0549130W 73 0676237TW 57 0766837TW 87
0512481W 75 0549354W 69 0676705W 52

0512488W 50 0549358W 64 0677188W 49 0809706A 58
0512545A 83 0550545W 61 0677259W 77

Primary Drainage Region B
0477191W 61 0551120W 83 0593419W &9 0679019W 74
0477309W 91 0551281W 70 0593778W 62 0679139W 75
0477501W 91 0552363W 44 0594141W 94 0679141W 67
0477762W 78 0552700W 52 0594217W 60 0679156W 56
0478008W 74 0553351W 53 0594444W 86 0679164W 85
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Station number | RL Station number | RL Station number | RL Station number | RL
0478093 W 91 0553593W 55 0594457W 90 0679197W 75
0478292W 80 0553651W 75 0594493 W 65 0679221W 77
0478386W 57 0553859W 77 0594590W 72 0679227W 72
0478406W 88 0554614W 65 0594609W 62 0679268W 60
0478546W 70 0554786W 89 0594635W 70 0679401W 62
0478862W 51 0589867W 95 0594696 W 63 0679441W 65
0479225W 70 0589896W 60 0634050W 74 0679456 W 69
0479552W 72 0589897W 51 0634084W 70 0679508W 92
0513836W 93 0590028W 92 0634140W 72 0679532W 66
0514408W 91 0590444W 52 0634417W 68 0679592W 57
0514618W 93 0590500W 74 0635763 W 49 0680225W 66
0515155W 59 0591125W 81 0636308W 63 0680280W 71
0515234W 54 0592371W 61 0636518W 74 0680354W 47
0515826W 95 0592474W 92 0637609W 69 0722900W 65
0516285A 62 0592560W 63 0678776W 95 0723055W 61
0516480W 64 0592615W 58 0678836W 58 0723080W 71
0516554W 93 0593015W 78 0678858W 83
0551103W 45 0593126W 70 0678883W 52 0723231W 76

Primary Drainage Region C
0201361W 85 0295001 W 112 0366117W 75 0436575W 60
0201373W 53 0295116W 87 0366303W 69 0436747TW 76
0201482W 85 0295139W 51 0366359W 51 0436855A 88
0228571W 68 0295174W 74 0366371W 63 0436855W 94
0228725W 52 0295254W 46 0366529W 59 0436887A 50
0228783W 56 0295405W 57 0366662W 54 0436887W 56
0229124W 59 0295408W 72 0366710W 48 0437100W 80
0229344W 52 0295413W 46 0366735W 78 0437104W 95
0229556A 41 0295539W 74 0366872W 56 0437134A 78
0229737W 108 0295558W 78 0367066W 68 0437194W 73
0230011W 54 0295760A 74 0367177TW 65 0437383W 54
0230027W 80 0295760W 86 0367219W 83 0437452W 78
0230073W 75 0295770W 81 0367484W 49 0437517W 74
0230764W 91 0296157W 61 0367600W 68 0437555W 73
0230774W 62 0298301W 73 0367768A 88 0437660W 92
0230810W 92 0298481W 73 0367768W 94 0437834W 94
0231279W 92 0298512W 91 0367780W 49 0438047W 55
0231361W 64 0298638W 56 0368003 W 73 0438315W 82
0231395W 71 0298871W 65 0368222W 59 0438514W 49
0231754W 55 0322071W 78 0368243W 77 0438588W 45
0232018W 85 0322172W 72 0368634W 89 0438716W 77
0232123W 87 0322329W 78 0368831W 79 0438734W 93
0232211W 88 0322648W 62 0369030W 46 0438744W 82
0232275W 93 0323102A 51 0369117W 78 0438750W 66
0256453 W 115 0323144W 73 0369238W 91 0439389W 76
0256638W 78 0323649W 96 0369284W 67 0439396W 78
0257391A 63 0323820W 59 0369505W 83 0439688W 46
0257391W 66 0324202W 68 0369785W 67 0439755W 62
0257845W 84 0324379W 85 0369819W 77 0439764W 78
0258164W 70 0324561W 55 0369896W 51 0439769W 94
0258182W 84 0324607W 87 0370101W 92 0440018W 93
0258218W 50 0324725W 83 0396284W 80 0440129W 94
0258306W 68 0325471W 78 0396454W 49 0440157W 85
0258335W 49 0325816W 59 0396813W 85 0440435W 93
0258339W 50 0325877W 74 0396853 W 43 0440449W 66
0258380W 63 0326073W 48 0397581W 66 0440637W 44
0258399W 50 0326668W 66 0397784W 64 0440767W 84
0258434AW 50 0326670W 55 0398177W 87 0440885W 89
0258458W 113 0327257W 86 0398409W 69 0441104W 61
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0258467W 50 0327264W 79 0398556W 92 0441261W 81
0258581W 56 0327426W 64 0398876W 88 0441270W 71
0258740W 50 0327784W 90 0398889W 89 0441309W 79
0258812W 70 0327883W 87 0399208W 62 0441777TW 73
0258894W 119 0327899W 53 0399241 W 88 0442068W 72
0259278W 66 0328308A 60 0399404W 66 0442393 W 61
0259348W 70 0328384W 87 0399662W 81 0442660W 93
0259578W 57 0328425W 73 0400203 W 93 0442781A 50
0259609W 49 0328726W 66 0400647W 68 0442811A 41
0259727W 93 0328800W 61 0400792W 64 0442853W 50
0259743W 64 0329215W 91 0401272W 49 0442867W 81
0260004W 88 0329783W 77 0401407W 68 0443196W 91
0260030W 79 0330098W 79 0401658W 70 0443451W 70
0260163W 73 0330199W 93 0401798W 83 0471259W 69
0260519W 66 0330363W 76 0402081 W 85 0471435W 45
0260555W 50 0330421W 85 0402104W 86 0471490W 60
0260678W 88 0330573W 81 0402140W 54 0472175W 71
0260882W 56 0330601W 58 0402166W 79 0472281W 76
0261146W 85 0330699W 67 0402300W 52 0472455W 44
0261183W 94 0330753W 72 0402543W 67 0473083W 55
0261275W 60 0330797W 72 0402788W 78 0473416W 62
0261365W 73 0331068W 85 0402827W 107 0473686 W 74
0261523W 93 0331271W 84 0402866W 84 0473713W 55
0261597W 53 0331275W 71 0403054W 73 0474020W 48
0261722W 93 0331455W 64 0403646W 74 0474198W 85
0261733W 69 0331474W 71 0404007W 77 0474255W 95
0261750W 55 0331740W 70 0404132W 69 0474270W 88
0262129W 70 0331828W 58 0404152W 93 0474295W 51
0262314W 54 0332103W 68 0404177W 67 0474502W 93
0262353 W 52 0332326W 60 0404316W 87 0475019W 57
0262479W 93 0332349A 85 0404614W 90 0475056 W 64
0262694W 72 0332349W 91 0405295AW 70 0475370W 93
0287885W 63 0333226W 114 0405632W 71 0475611W 94
0288378W 95 0333682W 76 0405753 W 60 0475669W 94
0288416W 60 0358263W 52 0406221W 85 0475717TW 73
0288528W 79 0358268W 64 0406607W 92 0475736 W 86
0288610W 58 0358349W 50 0431820W 66 0475761W 78
0289102W 58 0358825W 47 0432136W 81 0475852W 59
0290032W 114 0359304W 66 0432196 W 88 0476012AW 63
0290463 W 52 0359458W 69 0432237A 72 0476044W 89
0290468 A 41 0359569W 58 0432387W 106 0476072W 99
0290560W 81 0359808W 112 0432633W 73 0476163W 93
0290810W 64 0360512W 100 0433115W 73 0476227W 67
0291148W 90 0360597A 54 0433494W 65 0476252W 61
0291245W 50 0361277W 45 0433512W 65 0476283AW 83
0291360W 44 0361295W 94 0433791W 76 0476283W 91
0291392W 119 0361354W 67 0433804W 90 0476403 W 94
0291899A 79 0361736W 64 0433858W 74 0476433W 95
0291899W 85 0361760W 65 0434020W 72 0476630W 92
0292461W 89 0361832W 68 0434228W 84 0476641W 59
0292833W 47 0361846W 46 0434236W 68 0476644W 66
0293007W 66 0362159W 67 0434359W 76 0476736 W 95
0293106W 71 0362862W 56 0434431W 54 0476766 W 79
0293514W 73 0363470W 49 0434599W 73 0476802W 65
0293597A 70 0363571W 66 0434888W 87 0477772W 92
0293700W 66 0363651W 74 0435036W 61 0478360W 64
0293792W 90 0364322W 92 0435359W 59 0479238W 79
0294052W 53 0364562W 50 0435400W 69 0479298W 76
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0294154W 60 0364728W 50 0435442W 45 0480170W 49
0294233W 84 0365400W 66 0435615W 47 0511084W 93
0294481 W 50 0365409W 68 0435721W 64 0511120W 87
0294500W 75 0365444W 72 0435735W 94
0294826W 71 0365731W 84 0436297W 56 0511418W 75
0294847W 69 0365855W 64 0436495W 78

Primary Drainage Region D
0087635W 65 0148525W 75 0199435W 68 0263041W 92
0088293 W 116 0149082A 109 0200058W 57 0263047W 75
0088293 A 113 0149082W 120 0200166W 64 0263228W 53
0088667W 65 0149204W 83 0200466 W 119 0263280W 94
0089038W 48 0149490W 54 0200764W 68 0263314W 69
0089385W 64 0163882W 64 0201020W 93 0263316W 68
0089643 W 63 0164141W 53 0201376 W 75 0263373W 82
0089693 W 68 0165003W 66 0201701W 54 0263499W 83
0091763W 78 0165580W 51 0202505W 66 0263567W 81
0091782W 46 0165898W 64 0202680W 55 0263760A 99
0110385W 108 0165898A 61 0203043W 111 0263760W 115
0110512W 64 0166238AW 79 0203175W 60 0263792W 91
0110649W 57 0166755W 86 0203478W 60 0264399P 67
0111373W 74 0167264W 70 0203483W 58 0267137P 59
0111789W 61 0167665W 95 0203595W 92 0279497W 47
0112346W 60 0168066W 60 0203657W 87 0280351W 48
0113025W 115 0168250W 68 0203737W 66 0280772W 65
0113043W 53 0168800W 63 0204050W 66 0281760W 53
0113321W 57 0169005W 111 0204058W 71 0282166W 62
0113330W 54 0169090W 79 0204138W 110 0282823W 99
0113673W 84 0170009AW 86 0204418W 70 0283098W 72
0113711W 110 0170009A 104 0204518W 63 0283466 W 46
0114505W 58 0170099W 68 0204616W 61 0284008W 99
0114597W 45 0170137W 65 0204640W 66 0284361W 53
0114649W 75 0170315W 45 0204819P 67 0284832W 60
0114747W 88 0170427W 58 0207337P 76 0285742W 49
0114815W 66 0170639W 80 0220820W 50 0287041W 72
0118395W 83 0171117W 74 0223707W 46 0287441W 115
0118640W 86 0171546W 75 0223834W 55 0295720W 72
0119315W 91 0171756W 83 0224208W 71 0295807W 77
0122514W 86 0172163W 121 0224389W 71 0296115W 92
0122603W 57 0172580W 78 0224430W 115 0296169W 90
0137337W 68 0172724W 78 0224734W 64 0296238W 91
0137614W 49 0172814W 85 0225065W 62 0296379W 87
0138030W 47 0172818W 75 0225311W 52 0296583W 79
0138041W 85 0173134W 75 0225395W 48 0296622A 88
0138204W 66 0173266W 49 0225540W 64 0296682W 93
0139658W 75 0173497W 115 0225679W 98 0296682AW 74
0139850W 63 0174076 W 55 0225792W 48 0296767W 57
0140020W 65 0174093W 71 0226327W 92 0296825W 81
0140207W 46 0174312W 94 0226572W 54 0296886 W 52
0140582W 60 0174387W 47 0226771W 66 0297083P 74
0140616W 112 0174550W 114 0227054W 73 0297721W 82
0141066W 63 0174590W 51 0227127W 120 0298244W 63
0141204W 75 0174600W 111 0227368W 94 0316061W 55
0141329W 85 0174600A 91 0227756 W 67 0317447A 109
0141664W 64 0174753W 71 0227811W 64 0320348W 105
0142153W 82 0174877W 47 0228170W 74 0320654W 68
0142262W 58 0175022W 73 0228458W 75 0320828W 57
0142379W 78 0175371W 91 0228495W 91 0321110W 75
0142497W 72 0176015W 68 0228567W 89 0321441W 58
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0142805W 121 0176038W 47 0229089W 68 0330750W 68
0142853W 60 0176277TW 73 0232083W 58 0331058W 62
0143258W 67 0176372W 111 0232383W 59 0355808W 45
0143345W 78 0176575W 90 0232673W 65 0356285W 79
0143579W 87 0176631W 59 0232823W 84 0356417W 80
0143598A 97 0176631AW 75 0232895W 83 0356636W 73
0143598W 93 0176735W 53 0232898W 75 0356712W 86
0143784W 113 0176740W 51 0233049W 81 0357413W 59
0144085W 66 0176891W 53 0233103W 66 0358307W 45
0144250W 49 0177045W 110 0233154W 53 0387240W 76
0144791W 112 0177178A 108 0233211W 67 0390514W 61
0145310W 69 0177178W 114 0233211A 71 0391834W 61
0145399W 95 0177184W 78 0233239W 74 0391857W 67
0146071W 53 0177441W 59 0233439P 69 0392148W 72
0146274W 45 0177552W 72 0247242W 104 0393083W 67
0146453W 73 0177885W 50 0251261W 120 0394574W 68
0146751W 57 0190868A 105 0251430W 50 0394878W 66
0147010W 74 0190868W 98 0251476 W 55 0423044W 91
0147170W 69 0191526W 52 0251674W 52 0424357TW 51
0147222W 80 0193339W 48 0252470A 59 0424509W 50
0147225W 78 0193347W 74 0252470W 47 0427083W 59
0147253W 53 0193561W 108 0252894W 66 0427469W 43
0147338W 65 0193561A 107 0253174W 82 0467487TW 100
0147409W 73 0194323W 104 0253363A 56 0467818W 52
0147416W 67 0194454W 71 0253648W 70 0468210W 64
0147524W 81 0195730W 58 0254572W 55 0468318W 85
0147654W 109 0196375W 84 0254589W 84 0468500W 67
0147700W 53 0197713W 54 0255202W 97 0469359W 50
0147777TW 88 0198435W 68 0255552W 61 0469459W 69
0148083W 82 0198524W 78 0255626W 80 0470196W 80
0148127W 55 0198726W 48 0256240W 45 0470516W 69
0148352A 107 0198836W 120 0256381W 63 0508261W 83
0148352W 113 0199107W 75 0257655W 78 0508428W 58
0148517W 119 0199275W 105 0263014W 58 0508649W 83

Primary Drainage Region E
0042581W 54 0086079W 89 0109550W 46 0134378W 64
0084558W 72 0087186W 54 0109588W 62 0134478A 110
0084701W 129 0107318W 65 0109785W 70 0134478W 116
0085112W 90 0107396W 113 0109835W 65 0160807A 82
0085309W 100 0107510W 85 0131639W 73
0085376W 89 0108311W 71 0133050W 84 0160807W 90
0086007W 84 0109215W 58 0133202W 90

Primary Drainage Region F
0157647W 48 0186139W 100 0214670W 115
0157874W 107 0213888W 50 0244283W 66 0244405W 19

Primary Drainage Region G
0002885W 87 0006733W 116 0020866 W 148 0022113W 79
0002885A 75 0006836W 71 0021130A 72 0022113A 64
0003032A 111 0007050W 60 0021260W 93 0040604W 91
0003032W 117 0007106W 62 0021330W 89 0040653W 107
0004722A 102 0007263W 64 0021441W 56 0041060W 50
0004723A 100 0008136W 52 0021591A 87 0041347A 59
0004723W 109 0008136A 66 0021625A 48 0041417W 121
0004874W 46 0008470W 65 0021655W 108 0041417A 103
0005605A 101 0020689W 92 0021655A 105 0042227W 121
0005611A 43 0020716W 60 0021778W 74 0060864W 71
0006039A 84 0020719BW 90 0021795A 48 0062444W 119
0006167W 55 0020746W 100 0021809W 62 0084059W 62
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0006192W 68 0020746AW 111 0021823W 109
0006527W 80 0020747W 106 0021860A 51
0006612W 78 0020776 W 91 0022004W 56 0084159W 4
0006612A 70 0020839W 72 0022038W 94
Primary Drainage Region H
0006214W 64 0010456W 105 0023597W 101 0024197W 115
0006332W 66 0010742W 74 0023602W 56 0025414W 73
0007698A 58 0022368W 46 0023611A 62 0025599W 100
0007699W 55 0022504W 64 0023611W 66 0026510W 62
0008367W 67 0022521W 97 0023619W 63 0042325W 94
0008751W 68 0022539W 74 0023629W 69 0042357A 65
0008782W 110 0022759W 118 0023674W 65
0009430W 53 0022789A 47 0023678W 110
0009783W 78 0022803A 74 0023678AW 74 0042802W >4
0009815W 120 0022803W 86 0024146W 59
Primary Drainage Region J
0011132W 74 0044050W 112 0048624W 88 0069483W 78
0011617W 61 0044765W 77 0049050W 88 0069559W 73
0025162W 57 0045134W 112 0049060W 84 0069674W 53
0026215W 50 0045184W 79 0049372W 86 0069856W 85
0027302A 106 0045224W 56 0049562W 58 0070033W 66
0027302W 121 0045611W 97 0050058W 68 0070093W 73
0027876W 78 0046058W 67 0050205W 55 0090176W 86
0028335W 120 0046457TW 91 0050230W 88 0090196W 86
0028335BW 52 0046479W 120 0050527W 62 0090600W 67
0028407W 72 0046898W 67 0066027W 73 0091288W 86
0028771W 74 0047359W 75 0067074W 66 0091835W 71
0028842W 81 0047436W 64 0068010W 88 0091890W 69
0029542W 83 0047716W 70 0068329W 110 0092141W 101
0029692W 85 0048043 W 121 0068547W 85
0030219W 102 0048083 W 68 0068589W 67 0092283W 58
0030493 W 63 0048275W 56 0068857W 110
Primary Drainage Region K
0014393W 110 0028536W 71 0029863 W &9 0030446W 63
0014633W 107 0028838W 116 0030088W 70 0030775W 65
0017452W 120 0029294W 74 0030090W 107 0031237W 117
0017723W 65 0029297TW 61 0030265W 108 0031507W 102
0028150W 70 0029624W 70 0030323W 54 0032209W 106
0028415W 79 0029805W 110 0030390W 49 0032507W 71
Primary Drainage Region L
0030764W 46 0051430W 69 0073377TW 59 0095006W 66
0031167W 47 0051580W 77 0073501W 48 0095123W 69
0031438W 53 0052270W 68 0092369W 79 0115528W 113
0032275W 63 0052571W 91 0092386W 77 0115595W 72
0032503W 66 0052590W 106 0093005W 48 0116029W 59
0033283W 50 0052765W 54 0093070W 59 0116083W 119
0033680W 106 0052886W 64 0093074W 108 0117047W 81
0033774W 67 0053588W 58 0093314W 108 0117447W 120
0034047W 68 0070770W 54 0093580W 84 0117487W 72
0034052W 68 0071121W 48 0094167W 71 0117675W 84
0034138W 63 0071264W 83 0094316W 57 0117749W 66
0034231W 69 0071264A 74 0094513W 63
0050887W 121 0071294A 61 0094578W 110
0050887A 115 0071337W 51 0094730A 58 0118029W 66
0051005W 61 0072712W 48 0094730W 66
Primary Drainage Region M
0034381W 117
0034706W 60 0034762W 84 0035148W 48 0035209W 109
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Primary Drainage Region N
0033871W 71 0073871AW 90 0095119W 111 0096272W 99
0034121W 72 0074256 W 73 0095273W 48 0096366W 56
0035605W 50 0074285W 60 0095395W 60 0096551W 63
0053274W 47 0074296AW 49 0095428W 71 0096680W 92
0053432W 61 0074296A 104 0095635W 64 0097140W 48
0054177W 54 0074296 W 102 0095823 W 108 0097239W 71
0054293W 98 0074363W 106 0096044W 44 0119082W 113
0054670W 49 0075090W 71 0096045A 87 0119209W 109
0054785W 57 0075215W 115 0096045BW 91
0072662W 44 0075366 W 72 0096045W 115
0073555W 101 0075473W 57 0096094W 68 0119444W 89
0073871W 108 0075483W 70 0096101W 110
Primary Drainage Region P
0036605W 58 0037541A 62 0056597TW 66 0057048AW 121
0036642W 79 0037696 W 116 0056709W 106
0036729W 113 0056139W 121 0056737W 67 0057108W %0
Primary Drainage Region Q
0057737TW 60 0078227W 121 0099496W 81 0121574W 60
0058192W 114 0078272W 102 0099622W 81 0121598W 84
0075745W 70 0078279W 63 0099735W 75 0121875W 73
0075759W 62 0078296 W 52 0100025W 105 0122071W 75
0075784W 71 0078453W 111 0100060W 80 0122197W 54
0076133W 120 0097427TW 58 0100329W 116 0122469W 65
0076215W 69 0098184W 65 0119736W 74 0122480W 121
0076555AW 90 0098190A 101 0120010W 75 0144449W 68
0076567W 94 0098190W 116 0120243 W 51 0144900W 97
0076884W 95 0098595W 72 0120338W 113 0145029A 76
0077309W 96 0098713W 68 0120351W 68 0145261W 84
0077522W 107 0099020W 84 0120838W 56 0145810W 91
0077881W 93 0099102W 65 0121191W 46 0146017W 65
0078153W 85 0099221W 82 0121275W 84 0146052W 53
0078226W 69 0099229W 100 0121497W 48
0078227A | 115 | __0099492W | 87 | _ 0121518W | 100 |  °146388W 12
Primary Drainage Region R
0059158W 49 0079215W 99 0079683AW 72 0080355W 115
0059243W 65 0079251W 97 0079730W 89 0080457W 81
0078587W 120 0079316W 84 0079809W 79 0080569W 79
0078755W 113 0079396 W 99 0079823W 61
0078859W 54 0079524W 93 0080072W 121 0080629W 115
0078879W 99 0079551W 65 0080143W 101
Primary Drainage Region S
0079485W 89 0101192W 99 0102542W 90 0123512W 70
0079490W 113 0101257W 110 0102762W 109 0123654W 108
0079632W 113 0101444W 82 0102840W 87 0123654A 108
0079782W 98 0101447W 66 0103081W 68 0123793W 63
0079811A 53 0101535W 113 0103139W 74 0124402W 113
0080694W 108 0101719W 98 0103230W 109 0124510W 84
0081007W 82 0101804W 106 0103397W 74 0125047W 75
0099789W 52 0102042W 107 0122806W 101 0125150W 101
0099811W 85 0102150W 72 0123063W 113 0149598W 91
0100594W 68 0102300W 72 0123111W 52
0100779W 76 0102352W 55 0123304W 96 0150085W 108
0101097W 113 0102369W 78 0123466W 64
Primary Drainage Region T
0103377W 75 0128032W 80 0179713W 79 0182535A 83
0103516W 104 0128040W 82 0179790W 72 0182535W 87
0103570W 109 0128314W 78 0179864W 79 0182794W 74
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0103886W 109 0129007W 75 0180030W 74 0207560W 95
0104206W 70 0150595W 50 0180032W 66 0208083W 93
0104762W 97 0150620W 92 0180123W 80 0208107A 55
0125432W 75 0151604W 107 0180394A 66 0208406A 85
0125454W 64 0151623W 57 0180439W 84 0208406W 93
0125868W 75 0152190W 75 0180537W 100 0208528A 57
0125880W 108 0152259W 70 0180648AW 49 0208635W 82
0126082W 78 0152468W 75 0180712W 81 0208733W 71
0126245W 73 0152475W 79 0180721A 60 0208743A 51
0126724W 91 0152482W 79 0180722AW 99 0209039W 97
0127197W 75 0152792W 75 0181073W 84 0209139W 83
0127298W 106 0153631W 82 0181423W 66 0209332W 68
0127406W 78 0153875W 98 0181561W 82 0209766W 96
0127414W 69 0154142W 87 0181604W 75 0209766AW 61
0127426W 54 0154354W 84 0181664W 51 0209825A 68
0127438W 105 0154796 W 73 0182013W 62 0209886A 71
0127485A 61 0178881W 107 0182379A 68 0237471W 54
0127789W 78 0179344W 72 0182430W 47
0127833W 75 0179353W 72 0182439W 65 0238022A 30

Primary Drainage Region U
0182730A 53 0239421W 65 0240649W 71 0269114A 53
0182730W 61 0239472W 82 0240716W 78 0269295A 54
0183005W 88 0239566A 55 0240738W 57 0269477A 89
0210002W 85 023957TW 49 0240775W 61 0269532A 69
0210285A 50 0239585A 65 0240862W 63 0269774A 71
0210301W 54 0239585W 71 0240883A 61 0270021W 84
0210798A 59 0239605P 83 0240887W 63 0270119W 66
0210826W 75 0240022W 75 0240891W 127 0270219A 55
0211437W 73 0240073W 84 0241019W 65 0270243A 42
0238132W 74 0240185W 57 0241042AW 65 0270544W 70
0238468W 78 0240269W 61 0241042W 69 0271099W 75
0238543A 45 0240284W 70 0241042S 71
0238636W 70 0240381W 74 0241103W 81
0238837A 57 0240564W 69 0241131W 83 02713578 41
0239097A 85 0240586W 66 0241302W 68

Primary Drainage Region V
0268441W 61 0299788A 55 0302320W 70 0335550A 61
0268640A 81 0299900W 71 0302503W 58 0335620W 67
0268845W 68 0300051A 58 0302628W 66 0335746W 60
0269043A 64 0300141A 52 0302687W 50 0336059W 50
0270722W 66 0300345W 46 0302699W 59 0370486W 74
0271252A 44 0300567A 86 0334174W 84 0370834W 59
02714028 64 0300690W 58 0334175A 54 0371579W 82
0298791W 50 0301692W 75 0334825W 79 0371706W 71
0299008W 61 0301692A 74 0335250W 65 0406658W 68
0299614W 68 0301751W 79 0335520A 52 0406682AW 73

Primary Drainage Region W
02720028 67 0337148W 56 0373329A 54 0444277TW 94
0272121W 86 0337431W 65 0373329W 56 0445100W 80
0272127W 77 0337795W 82 0373485W 79 0446471W 60
0272272W 57 0339065W 67 0373680W 70 04467418 73
0303127W 79 0339326S 41 0374264W 77 0447446W 79
0303534S 66 0339352W 70 0374402W 67 0448450W 65
0303667P 45 0339354A 78 0375124W 82 0448597TW 47
0304446W 82 0339357W 65 0407639W 69 0481167W 88
0304475S 68 0339415W 70 0408798W 74 0481239W 74
0304822W 72 0339441W 72 0409320W 50 0482229W 92
0305037W 79 0339483W 59 0409375W 94 0482357W 70
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0305308W 66 0339538W 69 0409460W 74 0482867W 71
0336283W 62 0339734W 70 0410878W 79 0483053W 61
0337006W 58 0372496 W 65 0412052W 64 0483082W 65
0337119A 46 0372852W 83 0444176 W 64
0337143W 66 0373058W 85 0444203 W 79 0483426W 73

Primary Drainage Region X

0479545W 70 0518759W 68 0555441 W 83 0556143W 53
0481310W 60 0518859W 88 0555445W 65 0556898W 60
0516708W 78 0518886W 81 0555455W 67 0557115W 66
0517235W 63 0519134W 55 0555473W 55 0557712W 60
0517430W 95 0519310W 71 0555567W 93 0594539W 79
0517762W 79 0519732W 65 0555579W 65 0594764W 58
0517816W 84 0520125W 55 0555588W 67 0594806W 63
0518088W 87 0520589W 70 0555631W 56 0595110W 92
0518186W 76 0520636W 54 0555673W 61 0595161W 74
0518215W 65 0554175W 88 0555794W 54 0596179A 61
0518455W 82 0554682W 75 0555878W 65 0596179W 87
0518589W 64 0555280A 55 0556088W 68

0518676W 67 0555405W 64 0556110W 58 0596647W 63
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APPENDIX B: STEP-BY-STEP PROCEDURE

ArcGIS was used to extract design point rainfall values, inclusive of all the points within a
particular circular catchment, for durations of 1, 3, 5 and 7 days associated with return periods
of 2,5, 10, 20, 50, 100 and 200 years. To simplify the interpretation of the steps followed, all
GIS functions are highlighted using /talic font.

The following steps were followed:

(a) Step 1: Select the artificial circular catchment size, e.g., 125 km?.
(b) Step 2: Use the selected circular catchments of 125 km? to Clip all the RLMA&SI grid
points falling within the circumference of the circular catchment as illustrated in

Figure B.1.

Geoprocessing | Customize  Windows  Help

Buffer h@m e = 3

Clip _ ¢ ArcBruTile 0.7 -
Intersect
Clip A
Uni':'” AR L
Geoprocessing tool that extracts Erke e
Merge

input features that overlay the clip
Dissolve | features,

Search For Tools
ArcToolbox
Environments...

Results

Mxela > AN AN

Figure B.1:  Snapshot of the Clip function in GIS

(c) Step 3: All clipped grid points need to be associated with their respective circular
catchments using the Join function (cf. Figure B.2), i.e., grid points were joined with a
specific circular catchment to result in a summative attribute table for export purposes

to Microsoft Excel.
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B Copy Join Data | ==

Remove Joinlets you append additional data to this layer's attribute table so you can,
x for example, symbolize the layer's features using this data.
E Open Attribute Table Whatt do you want to join to this layer?
| Joins and Relates b ) 30in data from another layer based on spatial location |
oin...

2%

1. Choose the layer to join to this layer, or load spatial data from disk:

[& 125 =

2. You are joining:

Remove Join(s)

-

Zoom To Layer

Relate...

Polygens ta Paints
Select a join feature dass above. You will be given different
options based on geometry types of the source feature dass
and the join feature dass.

Visible Scale Range » Remowve Relate(s)

L

Use Symbaol Levels

Each point will be given all the attributes of the polygon that:
@ it falls inside
If a point falls inside more than one polygon (for example,

because the layer being joined contains overlapping polygens)
the attributes of the first polygon found wil be joined.

Selection 3
Label Features

Edit Features 3
is closest to it.
A distance field is added showing how dose the polygon i (in

. the its of the target I A paks that the t fall
Convert Features to Graphics... e units of the target layer). A polygon that the point fals

inside is treated as being dosest to the point {i.e. a distance
Convert Symbology to Representation... oo
Data » 3. The resuit of the join will be saved into a new layer.
- Spedify output shapefile or feature dass for this new layer:
) " f Sove As LayerFile... C\Users\ipistersen’ Documents\CUT\DEng' Data\GIS Data\l
W’ Create Layer Package...
F Properties.. p s e
Figure B.2:  Snapshot of the Join function in GIS
(d) Step 4: Copy all the information contained in the GIS attribute table to Microsoft Excel.
(e) Step S: Insert extra columns (cf- Figure B.3) in the worksheet to estimate the latitude
(LAT) and longitude (LONG) information (degrees and minutes) derived from decimal
degrees.
D E F G H I J K L M M
Lat Lo LAT_M_ LONG_M_ LAT LONG MAP
-23 0.233333 29 0.116667 1394 1747 23 14 29 7 438
-23 0.233333 29 0.133333 1354 1748 422
-23 0.233333 29 0.15 1394 1749 417
-23 0.25 29 0.1 1395 1746 436
-23 0.25 29 0.116667 1395 1747 436
-23 0.25 29 0.133333 1395 1748 422
-23 0.25 29 0.15 1395 1748 426
-23 0.25 29 0.166667 1395 1750 415
-23  0.266667 29 0.1 1396 1746 442
-23  0.266667 29 0.116667 1396 1747 419
-23  0.266667 29 0.133333 1396 1748 414
-23  0.266667 29 0.15 1396 1743 412
Figure B.3: Conversion of decimal degrees to degrees and minutes

(f) Step 6: The calculated LAT and LONG coordinate values, for each independent
circular catchment, can now be copied to the DRE SAG design rainfall extraction
utility, which is the executable application used in the RLMA&SI software.

(g) Step 7: The extracted design point rainfall results, inclusive of all the points within a
particular circular catchment, are now available for durations of 1, 3, 5 and 7 days. The
average or median design point rainfall values, for return periods of 2, 5, 10, 20, 50,

100, and 200 years can now be estimated.
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APPENDIX C: MATLAB SCRIPTING

The MATLAB ® script running sequence is outlined below:

Simplification of Original Equation

The originally derived non-linear (second-order polynomial) log-transformed equation in its

‘raw format’:
Equation with three (3) constants:

ARF = Ay? + By —C

Region A B C
1 -0.034 7.286 287.648
2 -0.037 7.896 319.770
3 -0.055 11.395 487.770
4 -0.024 5.391 196.710
5 -0.025 5.502 200.890

Sub-equation with thirteen (13) constants:

y =a(b(logD)? + clogD +d) + e(f (logT)? + glogT + h) +i(j logA)? —klogA+ 1) —m

Region a b c d e f g h 1 j k / m
1 1.06 | -8.89 | 18.43 | 86.36 | 1.03 | -1.13 | 7.46 | 8587 | 1.07 | -0.71 | 1.01 | 99.18 | 199.69
2 1.05 | -9.11 | 17.43 | 88.07 | 1.03 | -1.02 | 6.65 | 87.70 | 1.06 | -0.60 | 1.00 | 99.71 | 199.18
3 1.05 | -7.22 | 1493 | 89.33 | 1.04 | -0.32 | 437 | 89.88 | 1.04 | -0.32 | 1.17 | 99.00 | 201.49
4 1.05 | -11.81 | 23.28 | 83.25 | 1.03 | -0.80 | 7.45 | 83.61 | 1.06 | -0.51 | 2.29 | 100.13 | 194.50
5 1.04 | -11.52 | 22.59 | 83.85 | 1.04 | -0.87 | 6.80 | 84.89 | 1.07 | -0.89 | 0.12 | 98.380 | 195.32

Define layout for improved equation (Region 1 used as an example):
X =log(D), Y =log(T), Z = log(A4)
=abX?+cX+d)+e(fY?+gY +h)+i(Z? +kZ+1)—m
=abX?+acX +ad +efY? +egY + eh + ijZ? —ikZ + il —m

=, X% + X + x3Y2 + x,Y + x5Z% + x6Z + (ad + eh + il —m);

where (ad + eh + il —m) = x;

Let: a = —0.034, b = 7.286, c = —287.648

Equation reduced to:

ARF = aX?+bX+¢

126

© Central University of Technology, Free State




( Central University of Appendix C

Technology, Free State

MATLAB ® Running Sequence

Region 1:

syms XY Z

%Data 1:
b=-8.899;c=18.425;d=86.36;f=-1.132;g=7.457;h=85.869;j=-0.705;k=1.01;1=99.176.
a=1.058;e=1.028;i=1.070;m=199.694.

y1(X)=a*(b*X"2 +c*X+d); Yoexpress as x1*X"2 +x2*X +a*d
vpa(yl,5)

ans(X) = —9.415 X2 + 19.494X + 91.369

y2(Y)=e*(f*Y"2 +g*Y+h); %express as x3*Y"2 +x4*Y +e*h
vpa(y2,5)

ans(Y) = —1.164 Y2 + 7.666Y + 88.273

y3(Z)=1*(G*Z"2 -k*Z+1); Yexpress as x5*Z"2 +x6*Z +1*]
vpa(y3,5)

ans(Z) = —0.754 Z% + 1.081Z + 106.12

x7=a*d+e*h+i*l-m % add all the constants together

x7 = 86.0665

Region 1 Test:

Duration =1 hour

Return period = 50 year

Area =5 000 km?

D=1; T=50; A=5 000; X=log10(D); Y=log10(T);Z=log10(A).
a=-0.034; b=7.293; c=287.780.

X=x(1)*X"2 +x(2)*X +x(3)*Y"2 +x(4)*Y +x(5)*Z"2 +x(6)*Z +x(7).
ARF=a*X"2 +b*X - ¢

ARF = 80.17 %
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Region 2:

syms XY Z

%Data 2
a=1.046;b=-9.108;c=17.427;d=88.068;e=1.025;f=-1.017;2=6.650;h=87.694;i=1.055.
J=-0.596;k=1.003;1=99.711;m=199.182.

y1(X)=a*(b*X"2 +c*X+d); %express as x1*X"2 +x2*X +a*d
vpa(yl,5)

ans(X) = —9.527 X2 + 18.2294X + 92.119

y2(Y)=e*(f*Y"2 +g*Y+h); %express as x3*Y"2 +x4*Y +e*h
vpa(y2,5)

ans(Y) = —1.042 Y2 + 6.816Y + 89.886

y3(Z2)=1*(*Z"2 -k*Z+1); Y%express as x5*Z"2 +x6*Z +i*]
vpa(y3,5)

ans(Z) = —0.629 Z2 + 1.058Z + 105.20

x7=a*d+e*h+i*I-m % add all the constants together

x7 = 88.0186

Region 2 Test:

Duration =1 hour

Return period = 50 year

Area =5 000 km?

D=1; T=50; A=5 000; X=log10(D); Y=log10(T);Z=log10(A).
a=-0.037; b=7.896; ¢=319.770.

Q=x(1)*X"2 +x(2)*X +x(3)*Y"2 +x(4)*Y +x(5)*Z"2 +x(6)*Z +x(7).
ARF=a*X"2 +b*X - ¢

ARF = 82.54 %
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Region 3:

syms XY Z

%Data 3:
a=1.053;b=-7.225;c=14.933;d=89.332;e=1.043;=-0.316;2g=4.374;h=89.881;i=1.039.
j=-0.317;k=1.170;1=99.001;m=201.485.

y1(X)=a*(b*X"2 +c*X+d); %express as x1*X"2 +x2*X +a*d
vpa(yl,5)

ans(X) = —7.608 X2 + 15.7244X + 94.067

y2(Y)=e*(f*Y"2 +g*Y+h); %express as x3*Y"2 +x4*Y +e*h
vpa(y2,5)

ans(Y) = —0.330 Y2 + 4.562Y + 93.746

y3(Z2)=1*(*Z"2 -k*Z+1); Y%express as x5*Z"2 +x6*Z +i*]
vpa(y3,5)

ans(Z) = —0.330 Z2 + 1.216Z + 102.86

x7=a*d+e*h+i*I-m % add all the constants together

x7 = 89.1895

Region 3 Test:

Duration =1 hour

Return period = 50 year

Area =5 000 km?

D=1; T=50; A=5 000; X=log10(D); Y=log10(T);Z=log10(A).
a=-0.055; b=11.395; c=487.77.

Q=x(1)*X"2 +x(2)*X +x(3)*Y"2 +x(4)*Y +x(5)*Z"2 +x(6)*Z +x(7).
ARF=a*X"2 +b*X - ¢

ARF =87.27 %
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Region 4:

syms XY Z

%Data 4:
a=1.047;b=-11.808;c=23.278;d=83.250;e=1.028;f=-0.795;2=7.451;h=83.609;i=1.063.
j=-0.508;k=2.292;1=100.13;m=194.495.

y1(X)=a*(b*X"2 +c*X+d); %express as x1*X"2 +x2*X +a*d
vpa(yl,5)

ans(X) = —12.363 X2 + 24.372X + 87.163

y2(Y)=e*(f*Y"2 +g*Y+h); %express as x3*Y"2 +x4*Y +e*h
vpa(y2,5)

ans(Y) = —0.817 Y2 + 7.660Y + 85.95

y3(Z2)=1*(j*Z"2 -k*Z+1); Y%express as x5*Z"2 +x6*Z +i*]
vpa(y3,5)

ans(Z) = —0.540 Z2 — 2.436Z + 106.44

x7=a*d+e*h+i*I-m % add all the constants together

x7 = 85.056

Region 4 Test:

Duration =1 hour

Return period = 50 year

Area =5 000 km?

D=1; T=50; A=5 000; X=log10(D); Y=log10(T);Z=log10(A).
a=-0.024; b=5.391; c=196.71.

Q=x(1)*X"2 +x(2)*X +x(3)*Y"2 +x(4)*Y +x(5)*Z"2 +x(6)*Z +x(7).
ARF=a*X"2 +b*X - ¢

ARF =79.88 %
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Region 5:

syms XY Z

%Data 5:
a=1.038;b=-11.519;c=22.594;d=83.847;e=1.035;f=-0.866; g=6.799;h=84.888;i=1.066.
j=-0.894;k=0.121;1=98.375;m=195.316.

y1(X)=a*(b*X"2 +c*X+d); Y%express as x1*X"2 +x2*X +a*d
vpa(yl,5)

ans(X) = —11.957 X2 + 23.453X + 87.035

y2(Y)=e*(f*Y"2 +g*Y+h); %express as x3*Y"2 +x4*Y +e*h
vpa(y2,5)

ans(Y) = —0.896 Y2 + 7.037Y + 87.859

y3(Z2)=1*(j*Z"2 -k*Z+1); Y%express as x5*Z"2 +x6*Z +i1*]
vpa(y3,5)

ans(Z) = —0.953 Z2 — 0.129Z + 104.87

x7=a*d+e*h+i*I-m % add all the constants together

x7 = 84.4440

Region 5 Test:

Duration =1 hour

Return period = 50 year

Area =5 000 km?

D=1; T=50; A=5 000; X=log10(D); Y=log10(T);Z=log10(A).
a=-0.025; b=5.502; ¢=200.89.

Q=x(1)*X"2 +x(2)*X +x(3)*Y"2 +x(4)*Y +x(5)*Z"2 +x(6)*Z +x(7).
ARF=a*X"2 +b*X - ¢

ARF =79.71 %
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APPENDIX D: ARF PERCENTAGE DIFFERENCES

As highlighted in Chapter 5 (Section 5.7), the comparisons shown in Figures 5.12 to 5.20, were
further investigated by examining any trends evident in the ARF percentage differences. Given
that the current geographically-centred ARF estimation methods used in South Africa provide
constant ARF values irrespective of the return period under consideration, the average ARF
values estimated using Eq. (5.2) and associated with the 2, 50, and 100-year return periods,
were regarded as the ‘most representative’ ARF values for comparison purposes. The results

are listed in Tables D.1 to D 4.

In Tables D.1 to D.4, the positive values (highlighted in green) represent the cases where the
ARF estimates based on Eq. (5.2) exceed the ARF estimates based on the current
geographically-centred ARF estimation methods wused in South Africa. All the

underestimations (negative values) are highlighted in red.

Table D.1:  Percentage differences between the estimated ARFs using Eq. (5.2) and the
current South African ARF estimation methods (Areal range 10 — 100 km?)

Catchment area [km?] 10 50 100
Hours 24 48 72 24 48 72 24 48 72
Duration
Days 1 2 3 1 2 3 1 2 3
T [years] 2 | 50]100] 2 ]50|100] 2 | 50|100| 2 | 50|100f 2 |50 100 2 [50]100] 2 |50]|100| 2 |50[100f 2 |50]100
Fig24 |-01]-08| 01]-40]22]|27]|24]27 | 31]-u8|-10]o01|s5]20f27][-33[29]35]-27]-10]01]|-61f22]30]40]|29]35

Fig 2.5 -27]1-33|-24]1-59] 04|09 )|-36| 14| 18 |-159]| -5.1[-40]-85]-.0|-03]-59]|04] 09 |-I155|-39]-2.7|-81]0.1}09]-63[07] 13

Region 1 Eq2.7a | -B2|-93|-86|-106|-52(-48|-79]-38|-35]-159|-5.1]|-42]-89|-20]-14]-68]-14|-09]-153]-35]-25[-86]-08]-0.1|-67]-05] 0.0

Fig2.6 |-127|-33|-24|-59|04]09]|-36][ 14| 18 -164]-56|-45]-85|-10[-03|-59]04/ 09 |-86]|-69]-57[-101]-19] -11|-73]-03]03

Eq2.7b |-237|-44|-1B.5]-189|-27(-122|-17.8]-28]-12.4|-20.7( 99 | -88 |-152|-7.7 | -7.0 | -BI|-7.7| -7.1 | -196 |-7.9] -6.7 [-1B.7|-5.5] -4.7 | -12.3|-5.3 | -4.7

Flg24 921 -12 | -04|-39 14 18 | -25 17 20 |-103]-10 | -0.1|-49 )| 15 ] 20 | -3.1|22] 26 |-108]|-09] 0.1 | -52| 18} 24 |-36]|22]| 28

F1g25 -7 {-371-30|-57]|-04)00]-38]05]|08])]-K43]|-51|-42]-79]|-16]-10|-57]-04] 0.0 |-B.6]-3.7]-27]-73]-03} 03 |-59]00]0.5

Region 2 Eq2.7a | -173|-93|-86|-105|-52[-48| -81]-38|-35]-43[-5.1]-42]-84[-20]-14]-67]|-14|-09]-B4]-35]|-25[-78]-08]-0.1|-63]-05] 0.0

Flg26 -7 | -371-3.0|-57]|-04)00)]-38]05]|08]|-K48]|-56|-47]-79]|-16]-10|-57]-04] 0.0 |-167|-68]-58]-93]-23| -1.7]-69]-10]-0.5

Eq2.7b |-227|-48|-140|-88]-83.5(-B.1]-180]-38|-B.5] -9.1-99|-90]-K6|-83|-77|-B.7|-84|-80|-177]-7.8]-68[-12.8]-59]-52]-119]-6.0]-55

Fig 2.4 <721 03| 13 |-19 |28 )33 |-06|31)34]-79]| 08| 19 |-26|3.1)38]-09|37] 42| 82| 11|24 |-27]36]43 | -11[40]45

Fig 2.5 97 |-22|-12 38| 10| 15 |-19| 18 | 2.1 |-R0|-33|-22)-57]| 01] 07 [-35| LI | L6 |-1LO|-17]-05]-47] L5} 23 [-34[ 17|23

Regi0n3 &]27}1 -53|-781-68|-85|-38]-33]-62]-25|-22]|-20|-33|-22]-61]-04] 03 |]-44]02] 0.7 |-108]|-15]-03]-52] L0} 18 |-38] 13 ] 18

Fig 2.6 97 |-22|-12|-38| L0 | 15 ]-19| 18 | 2.1 |-25]|-38|-27)-57]|01]07]-35| Ll| L6 |-K40|-48]-35]-67]|-05| 03 |-44(07] 13

Eq2.7b |-208]-B3-12.3]-168] -2.1| -116 | -16.1] -2.4 | -12.1| -16.8 [ 82 | -7.0 | -24| -6.6 | -6.0 | -1L5 [ -6.9| -6.4 | -15.0 | -5.8] -4.5 [-10.3 ] -4.1] -3.3 | 9.4 |-43] 3.7

Fig 2.4 AL} 07 ) 06 |-3.7| 35 ) 44| -16 | 45| S0 |-B6|-15] 00 ]-57|29]39]-3.1[42] 5.1|-K47|-18]-0.1]-64]28])40|-39[40] 49

Fig2.5 |-B7|-32|-19-55| 17 | 26 |-28] 32| 38 |-176|-56| 4.1|-88[-02| 08 |-56] 17| 25 |-175]|-46]|-30[-85]08] 19 [-62] 18|27

Region 4 Eq2.7a <1921 -88 | -7.5|-103] -3.1 22| 7.0 -11 | -04 | -176|-56 [ 41| -92]-06| 04 ]-66]07| 15 |-173|-44]|-28|-90) 03| 14 |-67]| 13|22

Flg26 -B7|-32]-19|-55 17 26 | 28| 32| 38| -B.1| -6.1|-46]-88]-02| 08 |-56]| L7 25 |-205|-7.7]-6.0|-105|-13] -0.1|-72[08] L7

Eq2.7b |-247|-143|-13.0]|-186]| -114 [ -10.6| -17.1] -1.0 | -10.4 | -22.4( -104 | -89 | -154| -6.9 | -58 | -B.6[-6.4| -55 | -215|-8.7| -7.0 [ -¥.1|-48] -3.7|-12.2]|-43] -3.3

Fig24 -8 | 33|23 53|04 ) L1 |-35| 12 ) 16 |-R5|-3.1]-19])-61]05] 12 -39 16| 2.1 |-B.1-30|-18]-63]08}| 15 [-43[16]23

F1g25 -43|-58]-48]|-7.1|-14|-08)-48]-01| 04 |-166]-72]-60]-9.1|-25]|-18|-65]-10]-04 |-159]|-58|-46]-84]-13]-05]-65]-06] 0.0

Region 5 Eq2.7a | -99|-114[-105]-119]|-62[-55]-90]-44|-39|-166[-72]-60]-95]|-30|-22]-74[-20]-14|-157]|-56]|-44|-88]-18]-10]-70]-11]-05

Fig 2.6 -43]-58|-48]-71|-14|-08)-48]-01| 04 |-171|-77|-65]-9.1]-25]|-18)-65]-1.0]-04 |-189|-88]-7.6|-104]-33]|-25]|-75]-1.6] -10

Eq2.7b |-253]-169|-159-20.1| -14.5|-13.9|-19.0| -14.3| -13.9 | 214 | -12.0| -10.9| -158]-9.2 | -85 | -14.5| 9.0 -8.5 | -199[-9.8] -8.6 | -3.9]|-6.9| -6.1|-12.5]|-6.6| -6.0
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Catchment area [km?] 500 1000
Hours 24 48 72 24 48 72
Duration
Days 1 2 3 1 2 3
T [years] 2 | 50100 2 [50]100] 2 | 50 [100] 2 | 50 |100] 2 [50]|100| 2 |50]100
Fig2.4 |-160| -16 |-02|-78 | 26| 36 |-54] 36| 45 [-180] 22| -06|-94]22] 33 [-64]37] 47
Fig 2.5 67| -24|-09]-82|22]32|-66]23|32]-80|-22]-06]|]-97] 18] 3.0]-66]|35] 44
Region 1 Eq2.7a |-157|-05| 08 |91 14 |22 ]|-77| 10 | 17 |-167| 05 | 18 |-100| 20| 29 [ -88 | 13 | 2.1
Fig2.6 |-173|-30|-15 |96 08| 18 [-82] 08| 16 [-163|-05| 11 |-83[33| 44 |-66]|35]| 44
Eq2.7b | -176|-33| -18 |-105( -0.1| 09 | 87 | 02 | L1 | =170 -13 [ 03 | 93| 23| 34 |-73]|27| 37
Fig 2.4 28| -08|05]-60|27]35|42] 34| 41]-40|-09]05]|-70]26]|36]|-47]|37] 45
Fig25 |-B5|-15[-03]-65|22]| 3.1|-54] 21|28 ]-140([-09[05]-74]|23|32]|-49]35]43
Region 2 Eq2.7a |-25|-05]| 08 [-73| 14 | 22|-65] 10| 17 |-27] 05| 18 |-77[20] 29 |-71] 13 ] 2.1
Fig2.6 | -41| -21]|-08|-78]| 09| 17 [-70] 05| 12 [-24[ 08 |22 ]-59([37| 47 |-49]|35] 43
Eq2.7b |-#5|-25]-12 (87| 00] 08 [-75] 00| 07 |-B2| 00| 14 ]-69|27|37]-56]|27]36
Fig 2.4 88 | 21|36 |24])52]62|-07]57]65]|92]|26|42]|-28]|56|67]|-05]65]| 74
Fig 2.5 96| 13 [ 28|29 48|57 |-19]45]52]92]|26|42]|-31]52]|63]-08]63] 72
Region 3 Eq2.7a | 85|24 |39 |-37[39|49|-30]34] 41]-79]39]|56|-34[50] 61]|-30]41] 50
Fig2.6 |-01| 08 |23 |-43(34 ] 44|-35]29]37|-75]43[59]-17]67] 78 (-08]63] 72
Eq2.7b |-105| 04| 19 [ 51| 25| 35[-40] 23| 3.1|-83|35|51]-27[57|68]-15]55] 64
Fig 2.4 -81| 27 [-07]|-83] 29| 43 |-54] 44| 56 [-200] 32| -11]97]25]| 41]-63]44] 57
Fig2.5 |-89|-35|-15|-87| 25| 39 [-66] 31| 43 [ 200 32| -11 |-10.1f 22| 37 | -65]|42] 55
Region 4 Eq2.7a |-178|-24|-04 |96 16 | 3.0 |-77] 20| 32 |-B7] -19 | 03 |-104[ 19| 34 | -87]20] 33
Fig2.6 |-94|-40|-20|-101f 11| 25|82 15| 27 [-183] -15 [ 06 |-86]36]| 52 [-65]42] 55
Eq2.7b |-08| 44| -24(-m0| 02| 16 [-88] 10 | 22 | =00 23 [-02]-96| 26| 42 |-72]|34] 48
Fig2.4 50| 3|17 7| 15 | 25| 48] 26| 34 66|35 -19] 82| 12|23 -54]28] 37
Fig2.5 |-159]|-39|-24|-76| 10 | 20| -61] 13 | 2.1 [-166(-35]-19|-86[09|20]|-56]|26] 35
Region 5 Eq2.7a |-48|-28|-14 |84 02| 12 [-72| 02] 10 |-152| 2.1|-05]|-89[06]| 17 |-78]04] 13
Fig2.6 |-164|-44|-30]-90(-04]07|-76]-03] 06 |-149]-18 [-02]-71]23]34(-56]26] 35
Eq2.7b |-168]| 48 |-34[-98]-12]-02|-82]-08] 00 |-157]|-2.6]|-10|-81| 13| 25 ]-64| 18] 28
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Percentage differences between the estimated ARFs using Eq. (5.2) and the

Appendix D

current South African ARF estimation methods (Areal range 5000 —

10 000 km?)
Catchment area [km?] 5000 10000
Hours 24 48 72 24 48 72
Duration
Days 1 2 3 1 2 3
T [years] 2 | 50100 2 [50]100] 2 | 50 [100] 2 | 50 |100] 2 [50]|100| 2 |50]100
Fig2.4 |-263|-58|-37|-B9| 13 | 28 [-102] 3.1 | 44 [315] -83 [ -58 | -8.1]-09] 09 [-B4]| 17 | 33
Fig2.5 |-234(-29|-07]-27| 24 | 40 |-100] 33 | 47 [ 279 -46 [ 22 |-142| 3.0 | 48 [-2.0] 3.1 | 47
Region 1 Eq2.7a |-222| 12 | 30 [-46| 22 | 34 [-B4] 08 | 2.0 | 26.5| 08 [ 28 |-179| 16 | 3.0 [-16.7] 0.0 | 13
Fig2.6 |-166]| 40 | 62 |62 90 [ 106 |-35] 98 | 1.1 |[-168[ 6.6 | 9.1 |-49 [123]| 41| -28|1R23] B8
Eq2.7b |-169] 37| 58|69 82] 98 [-44] 88 |w02|-72| 63|87 ]-60]|mn2|nB0o[-33]18]133
Fig2.4 |-06|29|-12 |96 28| 41|-68] 41| 52 [-230]44(-24]-25] 14]29[-89]34] 46
Fig2.5 |-166( 01| 18 | -84 | 40| 53 |-66] 43 [ 55[-194[-07| 13 |-86]| 53| 68 |-75]48] 6.0
Region 2 Eq2.7a |-154| 12 | 30 [-102| 22 | 34 [-0.1] 08 | 20 | -7.9| 08 [ 2.8 |-23| 16 | 3.0 [-23] 00| 13
Fig2.6 | 97| 69| 87 |-18 | 106|109 [-01]108 |19 [|-82[105]|125] 07 [H6]160]| 16 [1B9] 152
Eq2.7b | -0 66| 84 [-26| 98 | 11| -10] 99| 10| -85 | 102 [ 1R22]-04|B5|Ko| 12 |B4| KT
Fig24 |-u6| 26| 46|28 75] 89 |-04]84]96]|-B0| 25|47 |-42]71|87]|-11]87]100
Fig2.5 | 87|56 | 76 |-17| 86| 100[-02]87|98][-94(62]|84]-03[10|1r6]| 03]10.1] 114
Region 3 Eq27a |-75| 68| 88 |35 68|82 |-37]|52]64]-79]77|99|-40([73]88]|-45]53] 67
Fig 2.6 18 | 25| 145)] 49 | 152|166 63| 150|163 18 |74 ] 196] 90 [202]218 | 94 [192]205
Eq2.7b | 20| 21| 2| 42 | 44|58 53 | M2 |54 15 | w1 [193] 79 [ 91207 90 |18.7]20.0
Fig2.4 |-269| 62 |-35|-Baf 2.1 40 | 90| 42| 59 [309] -7.9 [ -50 | -164] 04 | 2.6 [ -115] 33 | 52
Fig2.5 |-240|-32|-05|-20| 32| 52 |-89] 44 | 6.1 [273| 43| -13 |-25( 43| 6.5 | -10.1] 47| 6.6
Region 4 Eq2.7a |-228] 20| 06 [-B8| 14 | 33 [-24] 09 | 2.6 | 25.8| 2.8 [ 02 |-162] 0.6 | 2.8 |-14.8] -0.1] 18
Fig 2.6 71| 37| 6454|9818 | 24]109|1R26]-162|70]99|-32]|B6|157]-09]|B8]I157
Eq2.7b |-175]| 33|60 |62 90| 10 [-34]100] 116 | -165] 6.6 [ 96 | -43 | 25| K6 | -14 | B3] 52
Fig2.4 |-230]-64|-44|-u3| 09| 23]|-79] 27| 40 | 271] 85| -62 [-147[-10] 07 |-104] 16 | 3.0
Fig2.5 |-201|-34 | -14 | -101) 20 | 35 [-77] 29 | 42 [235| 48 [ -25|-107( 29 | 46 | 90|30 | 44
Region 5 Eq2.7a |-B9|-23]-02[-20[ 02| 17 [-12|-06] 07 |-220]-33|-10 |-145(-08| 0.8 |-B.7] -17]-03
Fig2.6 |-B2| 35|55 |-35|86 ] 10.1|-12]94]106|-24] 64|87 ]|-15|R22|B8[02]R2|1B6
Eq2.7b |-B5| 3.1 52|43 78] 93 [-22]84]097|-27| 6.1] 84 [-26|1L1|1R27]-03|117] B.1
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Appendix D

Table D.4:  Percentage differences between the estimated ARFs using Eq. (5.2) and the
current South African ARF estimation methods (Areal range 20 000 —
30 000 km?)
Catchment area [km?] 20000 30000
Duration |_HOUS 24 48 72 24 48 72
Days 1 2 3 1 2 3
T [years] 2 |5o|100 2 |50|100 2 | 50|1oo 2 |50|100 2 |50|100 2 |50|1oo
Fig 2.4
Fig 2.5
Region1 | Eq2.7a -32.3| 0.3 | 19 |-22.4| 05 | 2.1 |-21.0| -13 | 02 -36.7| -13 | 11 |-25.7|-0A5| 13 |-24.0|-2A3| -0.8
Fig 2.6
E{]2.7b -17.5 | 9.5 | 23 | -5.1 | 1.6 | 16.6 | 2.2 | 15.1 | 16.9 —17.7| 2.0 | 15.0 | -4.4 | l7.0| 9.2 | -14 | 17.4| 19.3
Fig 2.4
Fig 2.5
Region 2 Eq2.7a —21.4| -0.3 | 19 |—15.2| 0.5 | 2.1 |—]5.2| -13 | 0.2 —24.0| -13 | 11 |—17.3 | —0.5| 13 |—l7.3|—2.3| -0.8
Fig 2.6
Eq2.7b -6.4 | u.7 | 16.9 | 2.1 | 17.8 | 94 | 3.7 | 17.5 | 9.0 | 4.8 | 18.1 |20.5| 4.0 |20.8|22.6| 54 |20.3| 219
Fig 2.4
Fig 2.5
Region 3 Eq2.7a | -838 | 83 | 10.7 | 5.0 | 7.5 | 9.2 |-5.6| 52 | 6.7 | 95 | 8.5 | 111 |-5,7 | 7.5 | 9.4 |-6.4 | 5.1 | 6.7
Fig 2.6
Eq2.7b 6.2 |23.2 | 25.6 | 24 |24.7 | 26.5 | 3.3 | 24.0 | 2551 9.8 |27,8 | 303 | 15.6 |28.7| 30.5 | 16.3 |27.6| 292
Fig 2.4
Fig 2.5
Region 4 Eq2.7a -29‘8| -4.1 | -0.8 |—19.3| -0.6 | 18 |—]7.8| -15 | 0.6 -32‘7| 52 | -17 |—21.5| -16 | 1.0 |—19.9| —2.5| -0.3
Fig 2.6
Eq2.7b -15.0| 10.9 | 1“2 | -2.0 | 16.7 | 9.1 | 1.0 | 174 | 9.4 -13.6| u2 | 17.7 | -0.2 | 19.7 | 22.2| 2.7 |20.1| 224
Fig 2.4
Fig 2.5
Region 5 Eq2.7a -26.6| =52 | =27 |—18.0| 2.5 | -0.6 | —]7.l| -3.5 | -19 -30‘0| -6.8 | -4.0 |—20.6| -3.8 | -18 |—19.6| —4.9| -3.1
Fig 2.6
Eq2.7b -117 | 9.8 | 24 | -0.7 | 1“9 | 16.7 | 18 | 153 | 17.0 -10.8| 2.5 | 15.3 | 0.7 |17.5| 9.5 | 3.1 |17.8| 19.6
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APPENDIX E: HTML 5 AND JAVASCRIPT CODING

The HTML 5 and JavaScript coding scripts used to develop the ARF software, are outlined
below:

HTML 5

<!DOCTYPE html>
<html lang="en">
<head>
<meta charset="UTF-8">
<meta http-equiv="X-UA-Compatible" content="IE=edge">
<meta name="viewport" content="width=device-width, initial-scale=1.0">
<link rel="stylesheet" href="includes/css/bootstrap.css">
<title>ARF Estimation SA</title>
<style>
#answer {
font-size: 1.5rem;
}
</style>
</head>
<body>
<!-- As a heading -->
<nav class="navbar navbar-light" style="background-color: #D6F6F8;">
<div class="container justify-content-center">
<span class="navbar-brand mb-0" style="font-size: 35px; font-weight:
500; ">AREAL REDUCTION FACTOR (ARF) ESTIMATION IN SOUTH AFRICA</span>
</div>
</nav>

<!-- Body -->
<div class="container mb-5 pb-2">

<div class="row mt-4">
<div class="col-md-5 col-1lg-4" id="parentForAlert">

<form id="FormDiv">
<div class="form-group">
<label for="area">Area <em> (A)</em></label>
<input type="number" step="any" id="area" class="form-control"
placeholder="Catchment area in kmé&sup2;">
</div>

<div class="form-group">

<label for="durationDays">Storm Duration <em>(D)</em></label>

<input type="number" id="durationDays" class="form-control"
placeholder="Storm duration in days">

</div>

<div class="form-group">

<label for="returnPeriodYears">Return Period <em> (T)</em></label>

<input type="number" id="returnPeriodYears" class="form-control"
placeholder="Return period: 2&le; years &le;200">

</div>

<div class="form-group">

136

© Central University of Technology, Free State



Q Appendix E

Central University of
Technology, Free State

<label for="regionNr">Region</label>
<select id="regionNr" class="form-control">

<option
<option
<option
<option
<option

value="1">1</option>
value="2">2</option>
value="3">3</option>
value="4">4</option>
value="5">5</option>

</select>
</div>

<div class="row">
<div class="col-4">
<button id="calculate" class="btn btn-primary mt-
5">Calculate</button>
</div>
<div class="col-7 text-center">
<h4 class="text-info mt-5" id="answer"><!-- JS Output --></h4>
</div>
</div>
</form>

</div>

<div class="col-md">
<img src="images/MAPl.png" class="rounded w-100" alt="South Africa

Map">

<figcaption class="figure-caption">Five Homogeneous ARF Regions of
South Africa.</figcaption>

</div>
</div>

<table class="table table-sm mt-5 mb-0 table-bordered">

<thead>

<tr class="text-center">

<th
<th
<th
<th
<th
<th
<th
<th
</tr>

</thead>

<tbody>

scope="col">T (years)</th>

scope="col">2</th>
scope="col">5</th>
scope="col">10</th>
scope="col">20</th>
scope="col">50</th>
scope="col">100</th>
scope="col">200</th>

<tr class="text-center">

<th
<td
<td
<td
<td
<td
<td
<td
</tr>

</tbody>

scope="row">ARF (%)</th>

id="answerLoop 2"><!-- JS OUTPUT --></td>
id="answerLoop 5"><!-- JS OUTPUT --></td>
id="answerLoop 10"><!-- JS OUTPUT --></td>
id="answerLoop 20"><!-- JS OUTPUT --></td>
id="answerLoop 50"><!-- JS OUTPUT --></td>
id="answerLoop 100"><!-- JS OUTPUT --></td>
id="answerLoop 200"><!-- JS OUTPUT --></td>
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</table>
</div> <!-- Eind of div.container -->
<!-- Footer -->

<footer class="text-dark" style="background-color: #AEEDF2;">
<div class="container">
<div class="row justify-content-center">
<div class="col-md">
<img src="images/WRC2.png" class="w-75 my-3 pl-5" alt="WRC Logo">
</div>
<div class="col-md">
<img src="images/CUT1l.png" class="w-75 my-3 pl-5" alt="CUT Logo">
</div>
<div class="col-md">
<img src="images/DHEAT.png" class="w-75 my-3 pl-5" alt="DHeat
Logo">
</div>
<div class="col-md">
<img src="images/NRF3.png" class="w-75 my-3 pl-5" alt="NRF Logo">
</div>
</div>

<div class="text-center pb-3">

<small>This program implements the procedures to estimate Areal
Reduction Factors (ARFs) in South Africa, as developed by JPJ Pietersen and
0J Gericke. Funding for this project was obtained from the: (i) Water
Research Commission through a project entitled "DEVELOPMENT OF A
REGIONALISED APPROACH TO ESTIMATE AREAL REDUCTION FACTORS AND CATCHMENT
RESPONSE TIME PARAMETERS FOR IMPROVED DESIGN FLOOD ESTIMATION IN SOUTH
AFRICA (WRC Project K5-2924)”, (ii) Central University of Technology, Free
State (CUT) in collaboration with the Department of Higher Education and
Training (DHET), and (iii) National Research Foundation (NRF) of South
Africa.</small>

<br><br>
<small class="text-muted">&copy; Developed by JPJ Pietersen (2022)
</small>
</div>
</div>
</footer>

<script src="includes/Jjs/app.js"></script>
</body>
</html>
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JavaScript

document.getElementById('calculate') .addEventListener ('click', calculate);

function calculate(e) {

// Values from form

var area = document.getElementById('area') .value;

var durationDays = document.getElementById('durationDays') .value;

var returnPeriodYears =
document.getElementById('returnPeriodYears') .value;

var regionNr = document.getElementById('regionNr') .value;

if (area == '' || durationDays == '' || returnPeriodYears == ''") {

// Create Alarm if fields are empty
createAlarm('Please complete all compulsary fields.');

// Remove alarm after 5s

setTimeout (removeAlert, 5000);

else if (returnPeriodYears < 2 || returnPeriodYears > 200) {
createAlarm('Please provide a return period between 2 and 200 years');
setTimeout (removeAlert, 5000);

else {

// Standard year periods
const periods = [2, 5, 10, 20, 50, 100, 200];

switch (regionNr) {

case 'l1l':
var x1 = -9.415;
var x2 = 19.494;
var x3 = -1.164;
var x4 = 7.666;
var x5 = -0.754;
var x6 = -1.081;
var x7 = 86.067;
var A = -0.034;

var B = 7.286;
var C = 287.648;
var eQLong = longEquation (x1l, durationDays, x2, x3, x4,
returnPeriodYears, x5, x6, area, x7);
// print function
calculateARF (A, B, C, eQLong);

// Loop throug years and calculate into table

for (var i = 0; i < periods.length; i++) {
var years = periods[i];
document.getElementById('answerLoop ' + years).innerHTML = '';
var eQLongL = longEquation(xl, durationDays, x2, x3, x4, years, x5,

x6, area, x7);
// Print answer
calculateARFloop (A, B, C, years, eQLongl);
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}

break;
case '2':

var x1 = -9.527;
var x2 = 18.229;
var x3 = -1.042;
var x4 = 6.816;
var x5 = -0.629;
var x6 = -1.058;

var x7 = 88.019;

var A = -0.037;
var B 7.896;
var C = 319.770;

var eQLong = longEquation(xl, durationDays, x2, x3,
returnPeriodYears, x5, x6, area, x7);

// print function

calculateARF (A, B, C, eQLong);

// Loop throug years and calculate into table
for (var i = 0; 1 < periods.length; i++) {

var years = periods[i];

document.getElementById('answerLoop ' + years).innerHTML

var eQLongL = longEquation(xl, durationDays, x2,
x6, area, x7);

// Print answer

calculateARFloop (A, B, C, years, eQLongl);

break;

case '3':
var x1 = -7.608;
var x2 = 15.724;
var x3 = -0.330;
var x4 = 4.562;
var x5 = -0.330;
var x6 = -1.216;
var x7 = 89.190;

var A = -0.055;
var B 11.395;
var C = 487.770;

var eQLong = longEquation(xl, durationDays, x2, x3,
returnPeriodYears, x5, x6, area, x7);

// print function

calculateARF (A, B, C, eQLong);

// Loop throug years and calculate into table
for (var i = 0; 1 < periods.length; i++) {

var years = periods[i];

document.getElementById ('answerLoop ' + years) .innerHTML
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var eQLongL = longEquation(xl, durationDays, x2, x3, x4, years, x5,
x6, area, x7);

// Print answer

calculateARFloop (A, B, C, years, eQLongl);

break;
case '4':

var x1 = -12.363;
var x2 = 24.372;
var x3 = -0.817;
var x4 = 7.660;
var x5 = -0.540;
var x6 = -2.436;

var x7 = 85.056;

var A = -0.024;
var B = 5.391;
var C = 196.710;

var eQLong = longEquation (x1l, durationDays, x2, x3, x4,
returnPeriodYears, x5, x6, area, x7);
// print function
calculateARF (A, B, C, eQLong);

// Loop throug years and calculate into table
for (var i = 0; 1 < periods.length; i++) {

var years = periods[i];
document.getElementById('answerLoop ' + years).innerHTML = '';
var eQLongL = longEquation(xl, durationDays, x2, x3, x4, years, x5,

X6, area, x7);
// Print answer
calculateARFloop (A, B, C, years, eQLongl);

break;
case '5':

var x1 = -11.957;
var x2 = 23.453;
var x3 = -0.896;
var x4 = 7.037;
var x5 = -0.953;
var x6 = -0.129;

var x7 = 84.444;

var A = -0.025;
var B 5.502;
var C = 200.890;

var eQLong = longEquation (x1l, durationDays, x2, x3, x4,
returnPeriodYears, x5, x6, area, x7);
// print function
calculateARF (A, B, C, eQLong);
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// Loop throug years and calculate into table
for (var i = 0; 1 < periods.length; i++) {

var years = periods[i];
document.getElementById('answerLoop ' + years).innerHTML = '';

var eQLongL = longEquation(xl, durationDays, x2, x3, x4, years, x5,
x6, area, x7);

// Print answer

calculateARFloop (A, B, C, years, eQLongl);

break;

default:
createAlarm('Some error occurred.');
setTimeout (removeAlert, 5000);

} // End of else

// Prevent default
e.preventDefault () ;
} // End of calculate function

// Create Alarm Div

function createAlarm(message) {
const div = document.createElement ('div');
div.className = 'alert alert-danger';
// Add text
div.appendChild (document.createTextNode (message)) ;
// Get parent
const ParentContainer = document.querySelector ('#parentForAlert');
// Kry die form div
const formDIV = document.querySelector ('#FormDiv') ;
// Inset alert
ParentContainer.insertBefore (div, formDIV) ;

// Remove alert function
function removeAlert () {
const divAlert = document.querySelector('.alert');

if (divAlert) {
divAlert.remove () ;

// Lang formule
function longEquation(xl, durationDays, x2, x3, x4, returnPeriodYears,
x5, x6, area, x7) {
// Part durationDays

var al = x1 * Math.pow((Math.loglO (durationDays)), 2);
var a2 = x2 * Math.loglO (durationDays) ;
var aTotal = al + a2;

// Part returnPeriodYears
var bl = x3 * Math.pow((Math.loglO (returnPeriodYears)), 2);
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var b2 = x4 * Math.loglO (returnPeriodYears);
var bTotal = bl + b2;
// Part area
var cl = x5 * Math.pow((Math.loglO (area)), 2):
var c2 = x6 * Math.loglO (area);
var cTotal = cl + c2;
return aTotal + bTotal + cTotal + x7;
}
// Final ARF
function calculateARF (A, B, C, eQLong) {
var ARFlong = A * Math.pow(eQLong, 2) + B * eQLong - C;
var ARF = ARFlong.toFixed(1l);
if (ARF >= 100) {
ARF = 100;
}
return document.getElementById('answer') .innerHTML = "ARF = ${ARF}%";

// Loop final ARF
function calculateARFloop (A, B, C, year, eQLong) {

var ARFlong = A * Math.pow(eQLong, 2) + B * eQLong - C;
var ARF = ARFlong.toFixed(1l);

if (ARF >= 100) {
ARF = 100;

return document.getElementById('answerLoop ' + year) .innerHTML +=

"S{ARF};
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