Estimation of Areal Reduction
Factors in South Africa, Part 1:
Development and evaluation
of a software interface

J P J Pietersen, O J Gericke, J C Smithers

Areal Reduction Factors (ARFs) are used to convert average design point rainfall depths to an
areal (catchment) design rainfall depth to serve as primary input to estimate the design flood
associated with a specific storm duration and return period. This paper presents the development
and critical evaluation of a stand-alone software interface to estimate regional, geographically-
centred ARFs using the methodology developed by Pietersen (2023). By considering

standard input variables in a range of catchment areas, the application of the ARF software
demonstrated that it is an easy-to-use software tool for the rapid estimation of ARFs in both
gauged and ungauged catchments, and with the aid of the default and combined algorithm,
geographically-centred ARFs which vary with return period can be estimated. Given that the
other geographically-centred ARF methods reviewed in this paper do not take return periods
into account and have not been validated using local and up-to-date rainfall data applicable
throughout South Africa (SA), it is recommended that the ARF software be incorporated as the
standard estimation procedure for long duration (= 24-hour), geographically-centred ARFs in SA.
In addition, the proposed methodology and ARF software should also be further validated for
short (< 24-hour) and long (= 24-hour) durations by applying it to actual catchments distributed
throughout SA and subjected to different rainfall-producing mechanisms.
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INTRODUCTION

In deterministic event-based Design
Flood Estimation (DFE) methods, Areal
Reduction Factors (ARFs) are used to con-

Extensive national-scale ARF studies
are limited to the United States of America
(USWB 1957; 1958), United Kingdom
(Faulkner 1999), Australia (Siriwardena &
Weinmann 1996; Jordan et al 2013; Podger
et al 2015a; 2015b), Austria (Breinl et al
2020) and South Africa (Pietersen 2023;
Pietersen et al 2023). Apart from these
national-scale studies, numerous pilot-scale

vert average design point rainfall depths
to an areal (catchment) design rainfall
depth to serve as primary input to esti-
mate the design flood associated with a
specific storm duration and return period
studies were also conducted internationally.
In South Africa the pilot-scale ARF studies,

which are all regarded as being limited to

(Alexander 2001). Geographically-centred
or storm-centred empirical methods,
analytical methods, or radar data can
be used to estimate ARFs (Svensson & specific temporal and spatial scales and not
Jones 2010; Pietersen et al 2023). The

geographically-centred approach describes

accounting for any regional differences, are
limited to the storm-centred approaches
of Van Wyk (1965) and Wiederhold (1969),
and the geographically-centred approaches
of Alexander (1980; 2001). Recently,
Pietersen (2023) developed a regionalised

the ratio between areal design and average
design point rainfall of the same return
period and record length (Bell 1976),
while the storm-centred ARFs are not
bound by a fixed geographical area, but approach to estimate long-duration
rather reflect the extent of individual (= 24-hour), geographically-centred ARFs
storm events of variable rainfall intensity using daily rainfall data representative

(Pietersen et al 2015). of the 78 homogeneous long-duration
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rainfall clusters associated with the
Regional Linear Moment Algorithm and
Scale Invariance (RLMA&SI) regionalisa-
tion scheme in South Africa (Smithers

& Schulze 2004). The sample ARFs were
estimated using 2 053 circular catchments
and 1 779 daily rainfall stations distrib-
uted throughout South Africa. Five ARF
regions were deduced from the rainfall
clusters and a single regional empiri-

cal ARF equation, with unique regional
calibration coefficients, was derived. In
contrast to other ARF methods used

in South Africa, e.g. Wiederhold (1969)
and Alexander (2001), the ARF method
proposed by Pietersen (2023) varies with
return period. Furthermore, the storm-
centred approaches of Van Wyk (1965) and
Wiederhold (1969) are mainly regarded as
graphical procedures, as shown in Figures 1
and 2, respectively.

Apart from being regarded as graphi-
cal procedures, these storm-centred ARF
approaches (Figures 1 and 2) are currently
also incorrectly applied by practitioners
in a geographically-centred manner, i.e.
the variable location storm-centred ARFs
which reflect the extent of individual storm
events of variable rainfall intensity, are
applied to a geographically fixed catch-
ment area where the average design point
rainfall is estimated from point rainfall
statistics. During the period 1980 to 2001,
Alexander (1980; 2001) transposed and
developed local ARF diagrams from the UK
Flood Study Report (FSR) ARF diagrams
as initially developed and proposed by the
Centre for Ecology and Hydrology (CEH)
(NERC 1975; Faulkner 1999). Apart from
also being regarded as a graphical procedure
(¢f Figure 3), limited local rainfall data was
used during the calibration and verification
thereof in South Africa, while the ARF
estimates remain constant for all return
periods. Various attempts were made by Op
Ten Noort and Stephenson (1982) to convert
the graphical procedures of Van Wyk (1965),
Wiederhold (1969) and Alexander (1980)
to numerical equations. However, these
equations have not been widely adopted in
practice and the ARF diagrams as shown
in Figures 1 to 3 are still included in the
South African National Road Agency
Limited (SANRAL) Drainage Manual
(SANRAL 2013), which is regarded as an
authoritative text on DFE in South Africa.

Given the occurrence and frequency of
flood events, along with the uncertainty
involved in the estimation thereof, it is
necessary to provide practitioners with
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Figure 1 Van Wyk's storm-centred ARF method (after SANRAL 2013)
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Figure 2 Wiederhold's storm-centred ARF method (after SANRAL 2013)
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Figure 3 Alexander’s geographically-centred ARF method (after Alexander 2001)

an appropriate software application to
replace the current graphical ARF estima-
tion procedures widely used in practice.
By incorporating the current availability
of improved computing power and vari-
ous software applications in hydrology,
improvements in the application of ARF
estimation methods are necessary to
improve DFE and the subsequent design
of hydraulic infrastructure. In general, a
software application will not only enhance
practitioners’ decision-making process,
but it could also be updated periodically to

remain relevant in an international context.

The aim of this paper is to present
the development of a software tool to
enable practitioners to utilise the regional,
geographically-centred ARF methodology

developed by Pietersen (2023) at a national
scale in South Africa. The specific objec-
tives are to: (i) develop a stand-alone ARF
software interface, (ii) critically evaluate
the software results against a selection of
numerical and graphical geographically-
centred ARF estimation methods cur-
rently used in local and/or international
practice in a range of catchment areas,
and (iii) investigate the impact which any
inconsistency, possible bias, and/or relative
errors between the currently used and
recommended (this paper) geographically-
centred ARF methods could have on the

areal (catchment) design rainfall values and

resulting peak discharge estimates when
deterministic event-based DFE methods
are used in practice. Typically, a range of

Table 1 Calibration coefficients associated with the five ARF regions (after Pietersen et al 2023)

_—_-------

-0.034 7.286
2 -0.037 7.896
3 -0.055 11.395
4 -0.024 5.391
5 -0.025 5.502

287648

319.770

487.770

196.710

200.890

-9415 19494 1.164
-9.527 18.229 1.042
~7.608 15.724 0.330
-12.363 24.372 0.817
-11.957 23453 0.896
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standard input variables, e.g. catchment
area, storm duration, and return period,
will be considered to evaluate the consis-
tency between the different ARF estima-
tion methods. Subsequently, no specific
study area was selected and, as a result,

the next section contains a description of
the methodologies adopted and the results
obtained. This is followed by the discussion
and conclusions.

METHODOLOGY AND RESULTS
This section contains the methodology
adopted to achieve all the specific objec-
tives and the associated results.

Development of the ARF

software interface

MATLAB' software was used to simplify
and reduce the nonlinear (second-order
polynomial) log-transformed empirical
equation as developed by Pietersen (2023)
to result in Equations 1 and 2, which are
respectively incorporated as the default and
combined algorithm in the ARF software

interface.
ARFy =aX?>+bX -c¢ 1)
D)? D
X = x,logl—| + x,logl—| — xslog(T)? +
1408 ) 2log 74 3408
x40og(T) — x5l0g(A)? — xglog(A) + x, (2)
Where:

ARF] is the estimated Areal Reduction
Factor (%) subjected to
0 < ARF; <100%
A is the catchment area (km?) sub-
jected to A < 30 000 km®
D is the storm duration (hours) sub-
jected to 24-hour < D < 168-hour
T is the return period (years)
subjected to 7' < 200-year
X is the major expression variable
a to ¢ are the major expression constants
¥, to x, are the regional calibration coef-
ficients (Table 1) for the regions
shown in Figure 4.

7666 0.754 1.081 86.067
6.816 0.629 1.058 88.019
4.562 0.330 1.216 89.190
7660 0.540 2436 85.056
7037 0.953 0.129 84.444
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Figure 4 ARF software interface

The ARF software interface, as shown in
Figure 4, was developed as a stand-alone
application using Visual Studio Code (VSC)
in an Integrated Development Environment
(IDE) to enable users to run the software
through a web browser. VSC is a source-
code editor compatible with a variety

of programming languages, e.g. Java,
JavaScript, Go, Nodejs, Python, and C++,
while VSC IDE is available for Windows,
Linux and/or the Macintosh Operating
System (MacOS). Hence, VSC IDE was
used to incorporate a combination of dif-
ferent program languages, e.g. Hypertext
Mark-up Language Version 5 (HTML 5),
Cascading Style Sheets Version 3 (CSS 3),
Bootstrap 4, and JavaScript to enable the
development of the interface. As shown in
Figure 4, after entering the required input
parameters, e.g. catchment area (A, km?2),
storm duration (D, hours), return period
(T, years), and the relevant catchment
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Figure 5(b) 24-hour ARFs associated with return periods 2 - 100-year in ARF Region 4

(after Pietersen et al 2023)

percentage distribution (%) within a spe-
cific/multiple ARF region(s) 1-5, the ARF

value (%) based on Equation 1 is estimated.

In addition, the ARF estimates which vary
with return period, e.g. 74.3% (2-year) to
89.6% (200-year), are summarised in tabu-
lar format.

The software interface neither requires
any external database nor contains any
cookies, and is available in the public
domain. The *zip file is available on
request from the first author and can be
executed directly as a portable software
utility on the user’s computer.

In applying the ARF software interface,
various ARF diagrams associated with dif-
ferent storm durations and return periods
in each ARF region can also be generated.
Typical examples of such ARF diagrams

based on Equation 1 in Region 4 are shown
in Figures 5(a) and 5(b), which illustrate
the relationship between ARFs, catchment
area, and all durations (24 — 168-hour)
associated with the 50-year return period,
and all return periods (2 — 100-year)
associated with the 24-hour duration,
respectively.

The ARF diagrams shown in Figures
5(a) and 5(b) are limited to 100%, while the
AREF values decrease with an increasing
catchment area and a decreasing storm
duration and return period. Given that the
association between the actual catchment
size (A) and plausible storm durations (D)
is very often overlooked in standard ARF
calibration procedures, numerically cali-
brated equations and/or equations derived
from ARF diagrams can often result in

Table 2 Comparison of geographically-centred ARF estimation methods

: | ARFs(Equationt,%) |
o o
g = = v g - . . . . . .
£ < T 5 c & Region Region Region Region Region Equation
- | E2| 5¢ 1 2 3 4 5 4
- @ (=) - -
Ss|ag | e
2 88.1 889 90.7 87.2 86.7
24 50 96.7 96.3 97.8 96.8 94.3 100.0
100 976 971 98.8 98.1 953
2 94.3 94.5 96.3 94.6 93.2
10 48 50 100.0 99.6 100.0 100.0 98.6 100.0
100 100.0 100.0 100.0 100.0 99.2
2 96.4 96.3 98.1 97.2 954
72 50 100.0 100.0 100.0 100.0 999 100.0
100 100.0 100.0 100.0 100.0 100.0

ARFs (Equation 1, %)
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unrealistic ARF estimates exceeding 100%.
Such ARF estimates > 100% are typically
evident when only pre-defined, fixed catch-
ment areas and storm durations linked

to the default observation interval (daily/
sub-daily) of available rainfall data are con-
sidered, while it is actually highly unlikely
to have a short storm duration associated
with a large catchment area and vice versa.
Subsequently, many other ARF equations
available in practice will also provide ARF
estimates exceeding 100% under these
circumstances, while unrealistic (nega-
tive) values towards the lower ARF range
are also probable. As a result, all the ARF
software interface values (Equation 1) are
limited to 100%, while the user is cautioned
when unrealistic input parameters (4, D &
T) are entered. However, when Equation 1
is applied manually, ARF estimates exceed-
ing 100% could still be possible in certain
area-duration ranges. Similarly, most of
the other ARF equations derived from ARF
diagrams will also exceed 100% in these
ranges given their inability to distinguish
between plausible and unrealistic area-
duration ranges.

Comparison of geographically-
centred ARF methods

This section focuses on the comparison

of the ARF software estimation results
(Equation 1) against a selection of numerical
and graphical geographically-centred ARF
estimation methods currently used in local
and/or international practice to establish
the consistency and/or possible bias using
Equation 1. The inclusion of both numerical
and graphical procedures which are suppos-
edly the same are justified, given that some
practitioners still prefer to use the ARF dia-
grams as opposed to the derived equations.

Geographically-centred ARFs (%)

Figure
7

100.0 100.0 97.5 100.0

100.0 100.0 98.2 100.0

100.0 100.0 98.8 100.0
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g = ARFs (Equation 1, %) Geographically-centred ARFs (%)
1z %
g ::Ei é g qé"@ Region Region Region Region Region Equation
te | E2| ¢ 1 2 3 4 5 4
Ss | &2 | 2
2 849 86.2 88.2 834 84.2
24 50 94.6 94.5 96.2 94. 926 99.5 100.0 100.0 95.5 99.5
100 95.6 954 974 95.5 93.7
2 91.8 924 94.5 91.6 913
50 48 50 99.0 984 100.0 99.8 975 100.0 100.0 100.0 97.0 100.0
100 99.7 99.0 100.0 100.0 98.2
2 943 944 96.6 94.5 93.7
72 50 100.0 99.6 100.0 100.0 99.0 100.0 100.0 100.0 97.5 100.0
100 100.0 100.0 100.0 100.0 99.6
2 83.0 84.6 86.9 814 82.7
24 50 93.3 934 95.3 92.6 915 96.8 100.0 100.0 94.3 970
100 944 944 96.5 94.2 92.6
2 904 91.1 93.5 90.0 90.1
100 48 50 98.1 977 99.5 98.7 96.7 98.5 100.0 100.0 96.0 98.0
100 989 98.3 100.0 99.9 97.5
2 93.0 934 95.7 93.1 92.7
72 50 99.7 99.0 100.0 100.0 98.4 99.5 100.0 100.0 96.8 99.0
100 100.0 99.5 100.0 100.0 99.0
2 774 799 83.1 75.7 78.0
24 50 89.3 90.1 92.7 884 88.0 90.5 923 92.0 90.8 91.5
100 90.7 91.2 94.1 90.2 89.3
2 85.8 874 90.6 854 86.4
500 48 50 95.2 953 977 95.6 94.2 94.0 95.3 94.5 92.8 93.2
100 96.2 96.1 98.7 96.9 95.1
2 889 90.0 93.2 889 894
72 50 97.2 97.0 99.3 98.0 96.2 96.0 97.0 96.5 93.8 95.0
100 98.1 97.7 100.0 99.2 970
2 74.3 77.3 81.1 72.8 754
24 50 871 88.2 91.3 86.2 86.0 87.8 882 87.5 89.0 89.0
100 885 894 92.8 88.0 873
2 833 85.3 89.0 83.0 843
1000 48 50 93.5 93.9 96.7 93.8 926 92.1 914 90.5 91.5 91.8
100 94.6 94.8 97.8 95.3 93.7
2 86.6 88.1 91.8 86.7 875
72 50 95.7 95.8 98.5 96.5 94.9 94.6 93.2 92.5 92.3 92.5
100 96.7 96.6 994 97.8 95.8
2 65.2 69.8 75.6 64.8 67.5
24 50 80.2 82.5 873 799 79.7 81.5 773 770 85.0 825
100 819 84.0 89.0 821 813
2 75.7 79.1 84.6 76.3 777
5000 48 50 88.1 89.5 93.7 88.8 877 876 81.1 80.5 87.0 86.0
100 89.5 90.7 95.1 90.6 89.0
2 79.6 824 87.8 80.5 81.5
72 50 91.0 919 96.0 92.0 90.6 91.1 83.3 82.5 88.2 88.0
100 92.2 929 971 93.6 91.8
2 604 659 72.8 60.8 63.2
24 50 764 79.5 85.1 76.7 76.2 78.8 717 715 83.0 80.0
100 78.3 81.0 87.0 79.0 78.0
2 716 75.7 82.3 72.8 74.1
10 000 48 50 85.0 870 9211 86.2 85.0 85.6 76.0 75.2 85.8 825
100 86.6 88.3 93.6 88.0 86.4
2 75.8 793 85.7 773 78.2
72 50 88.2 89.7 94.6 89.6 88.1 89.6 784 78.0 86.7 85.5
100 89.6 90.8 95.8 91.3 894
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5 = ARFs (Equation 1, %) Geographically-centred ARFs (%)
2 |2
é ::Ei g g E‘?f Region Region Region Equation
te| E2| ¢ 3 4 5 4
Ss|lags | e
2 549 614 69.7 564 583
24 50 721 759 82.7 731 72.2 76.1 65.5 = = =
100 74.1 776 84.8 75.5 74
2 66.9 719 79.7 69.0 69.9
20 000 48 50 814 84.1 90.2 832 817 83.7 704 - - -
100 83.1 85.5 91.8 85.2 83.2
2 714 757 834 73.7 743
72 50 849 870 92.9 869 85.1 88.2 73.0 - - -
100 86.5 88.3 94.3 8387 86.5
2 514 585 67.7 53.6 55.1
24 50 69.2 73.6 81.2 70.8 69.6 74.5 614 - - -
100 714 754 83.3 733 716
2 63.8 694 78.0 66.6 67.2
30 000 48 50 79. 822 89.0 813 79.5 82.6 66.7 - - -
100 809 83.7 90.7 834 81.1
2 68.6 734 819 715 7.7
72 50 82.8 85.3 91.8 85.1 831 873 69.5 - - -
100 844 86.6 93.3 870 84.6

Typically, standard input variables and

their associated ranges, e.g. catchment area 10000
(10 — 30 000 km?), storm duration (24, 48
and 72 hours) and return periods (2, 50 and
100 years), as listed in Table 2 (pp 29-31),
were used as input to Equation 1 and the
following geographically-centred methods:
(i) Equation 3 (after Alexander 1980; Op Ten
Noort & Stephenson 1982), (ii) Equation 4
(after Alexander 2001; SANRAL 1000 4
2013), (iii) Figure 3 (Alexander 2001),

(iv) Figure 6 (NERC 1975), and (v) Figure 7
(Alexander 1980).

ARF; = 100[1.306 — 0.0902Ln(A)] +
Ln(D)[0.0161Ln(A) — 0.0498] 3)

Catchment area (km2)

ARF, =1[90000 — 12800Ln(A) + 100 -
9830Ln(60D)]04 4)

Where:
AREF;is the estimated Areal Reduction
Factor (%)
A is the catchment area (km?)
D is the storm duration (hours).

As expected, all the ARF estimates in 0.25 2,|50 25500
Table 2 decrease with an increasing Duration (hours)

catchment area. The ARF estimates
based on Equation 1 increase with both Figure 6 UK FSR ARF diagram (after NERC 1975; Faulkner 1999)
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Figure 7 Adopted UK FSR ARF diagram for South Africa (after Alexander 1980)

an increasing storm duration and return
period in all the ARF regions, given that
rainfall events of a longer duration are
more likely to be evenly distributed over
the catchment area under consideration.
The ARF estimates based on Equation 1 in
Region 3 are also slightly higher when com-
pared to the other regions, especially for
catchment areas exceeding 100 km? and at
higher return periods (7' > 50-year).

Such higher ARFs require a higher
degree of similarity between the areal
design rainfall and average design point
rainfall values. However, by 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
given that the winter rainfall is highly
variable in Region 3. Subsequently, the
latter higher ARF values in Region 3 can
only be ascribed to the lower density of the
rainfall-monitoring network.

All the other ARF estimation meth-
ods listed in Table 2 provided constant
ARF values irrespective of the return
period under consideration. In general, all
the ARF estimates increase with increasing
storm duration, except for A < 100 km?

MRE (Equation 5, %)

Region 1

Region 2

Region 3 Region 4 Region 5 Region 1

ARF regions
M Equation 3 M Equation 4 M Figure 3

Region 2

M Figure 6

Region 3 Region 4 Region 5

Figure 7

Figure 8 MRE differences between Equation 1 and the other ARF estimation methods (10 < A < 100 km?)
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where Equations 3 and 4 were curtailed to
100%. Figure 6 resulted in ARFs < 100%

for all the return periods and storm
durations under consideration, while

ARFs = 100% are typically associated with
Figures 3 (A < 100 km?) and 7 (A < 50 km?),
respectively.

The mean relative error (MRE) between
Equation 1 and the other geographically-
centred ARF estimation methods listed in
Table 2 were estimated using Equation 5.
The positive (overestimation) and negative
(underestimation) MRE results associated
with the 2, 50 and 100-year return periods
are shown in Figures 8 to 11 to identify and
highlight any trends present in the follow-
ing areal ranges:

B 10 - 100 km? (Figure 8)

H 500 - 1 000 km? (Figure 9)

B 5000 — 10 000 km? (Figure 10)
® 20000 — 30 000 km? (Figure 11).

1 ARF, — ARF
MRE = 100[— N (ARF, - ARF) 1)] (5)
N = ARF,

Where:

MRE is the mean relative error (%, with
underestimations denoted by (-)
negative values)

AREF; is the Areal Reduction Factor esti-
mated using Equation 1 (%)

ARFy is the Areal Reduction Factors
estimated using either Equation 3
(Figure 7), Equation 4 (Figure 3), and/
or Figure 6 (%)

i is from 1 to N, depending on the
number of catchment areas, storm
durations, and return periods
considered

N is the sample size.

Areal range 10 - 100 km? (Figure 8)
In considering the MRE differences
between Equation 1 and the other ARF
estimation methods, it is evident that
the other methods generally tend to
overestimate the ARF estimates in com-
parison to Equation 1. In all cases where
Equations 3 and 4 are curtailed to 100%
(as in the case of Equation 1), the similar-
ity between their corresponding ARF
diagrams, i.e. Figures 7 and 3, becomes
prevalent. Overall, Equation 4 and/or
Figure 3 demonstrate the highest MRE
differences up to 7.3% in all the regions.
In comparison to Equation 1, the under-
estimations are generally less significant,
with Figure 6 demonstrating the highest

underestimations in all the regions, i.e.
-1.3% < MRE < -2.3%.

Areal range 500 - 1 000 km?

(Figure 9)

In this areal range, the overestimation

of ARFs in comparison to Equation 1

was similar to those recorded in the

10 — 100 km? areal range; however, the
overestimations are less significant

(4.2% < MRE < 9.4%) and more consis-
tently demonstrated by all the methods.
Hence, different methods resulted in the
highest overestimations, e.g. Regions 1
and 2 (Equation 3), Region 3 (Equation 4),
Region 4 (Figure 3) and Region 5 (Figure 7).
As expected, comparable results were
produced by Equation 4 and Figure 3,
respectively. Overall, the underestimations
are slightly higher (-0.8% < MRE < —5%)
and, as before, Figure 6 demonstrated the
highest MRE differences in all the regions.

Areal range 5 000 - 10 000 km?
(Figure 10)

The MRE differences between Equation 1
and the other ARF estimation methods
ranged between —12.5% and 15.2%. In
terms of overestimations, similar MRE

MRE (Equation 5, %)

_2 .
-3
_4 -
75 T T T T T T T T T
Region 1 Region 2 Region 3 Region 4 Region 5 Region 1 Region 2 Region 3 Region 4 Region 5
ARF regions
M Equation 3 H Equation 4 W Figure 3 M Figure 6 Figure 7

Figure 9 MRE differences between Equation 1 and the other ARF estimation methods (500 < A < 1 000 km?)
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MRE (Equation 5, %)

Region 1 Region 2 Region 3 Region 4 Region 5 Region 1 Region 2 Region 3 Region 4 Region 5
ARF regions
M Equation 3 M Equation 4 M Figure 3 M Figure 6 Figure 7

Figure 10 MRE differences between Equation 1 and the other ARF estimation methods (5 000 < A < 10 000 km?)
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Figure 11 MRE differences between Equation 1 and the other ARF estimation methods (20 000 < A < 30 000 km?)
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trends are evident in Regions 1 and 5, and
Regions 2 and 4, while the lowest overesti-
mations are evident in Region 3. Equation 4
and Figure 3 respectively demonstrated

the largest underestimations, as follows:
—8.4% < MRE < -13.1%. As highlighted
before, Equation 4 is the numerical equiva-
lent of Figure 3 and such similar results are
likely to be recorded.

Areal range 20 000 - 30 000 km?
(Figure 11)

Only Equations 3 and 4 apply to this
areal range. In considering the MRE
differences between Equation 1 and the
latter two methods, it is generally evident
that Equation 3 is more biased towards
overestimations (7.1% < MRE < 13%),
while Equation 4 is more likely to result in
underestimations in this areal range, i.e.
—12% < MRE < -19.7%.

DISCUSSION

In the Introduction section, a clear distinc-
tion was made between geographically-
centred and storm-centred ARF
approaches. It was also highlighted that
South African practitioners currently
apply the storm-centred approaches, e.g.
Figure 1 (Van Wyk 1965) and/or Figure 2
(Wiederhold 1969) incorrectly in a
geographically-centred manner, given

the proposed use thereof in the SANRAL
(2013) Drainage Manual. In fact, storm-
centred ARFs should not be applied when
uniform rainfall depth over a catchment
area is assumed and the average design
point rainfall is estimated from point
rainfall statistics. Conceptually, in event-
based DFE, a uniform temporal and spatial
distribution of average design point rainfall
over a catchment area for the duration of
the storm is normally assumed, and as a
result, only geographically-centred ARFs
should be used to convert these values to
areal (catchment) design rainfall. Given
that storm-centred ARFs are not bound

by a fixed geographical (catchment) area
and reflect the extent of individual storm
events of variable rainfall intensity, the

use thereof should be limited to estimate
changes in the areal distribution of rainfall
intensity during a storm. Ultimately, if
practitioners indeed wish to apply Figures 1
and/or 2 (storm-centred approaches),
Alexander (2001) recommended that a
correction factor of up to 1.15 should

be applied, but this was not officially
tested and documented. Subsequently,

it is imperative that in future updates of
the SANRAL Drainage Manual, which

is regarded by many practitioners as an
authoritative text on DFE, a clear distinc-
tion should be made between the differ-
ent ARF approaches and their intended
(correct) use.

In considering the above, it is evident
why the development of the ARF software
tool reported in this paper is limited to
geographically-centred ARFs. As a result,
and in accordance with the specific study
objectives, the ARF software results
were only evaluated against a selection of
geographically-centred ARF estimation
methods currently used in local and/or
international practice in a range of catch-
ment areas. Overall, as shown in Table 2,
the ARFs estimated using Equation 1 and
applicable to certain return periods, were
similar to the other geographically-centred
methods under consideration in the dif-
ferent catchment area and storm duration
ranges. The ARF estimation methods seem
to converge at between 97% and 100%
when higher return periods (T = 50-year)
and storm durations (D > 48-hour) are con-
sidered in the areal range up to 100 km®.
In general, all the ARF estimates decrease
with increasing catchment area and a
decreasing storm duration. Apart from
varying with catchment area and storm
duration, only the ARF estimates based
on Equation 1 vary with return period, i.e.
decrease with a decreasing storm duration
and return period.

The implication of the MRE differ-
ences as highlighted in Figures 8 to 11,
especially when these methods are applied
in practice, needs to be emphasised.
Although Equation 3 and Figures 6 and 7
were considered in this study, they are less
likely to be used in flood hydrology prac-
tice in South Africa. On the other hand,
Equation 4 / Figure 3 (after Alexander
2001; SANRAL 2013) is currently ear-
marked by SANRAL (2013) as the preferred
geographically-centred ARF estimation
method in South Africa. Hence, practi-
tioners should typically be made aware
of any differences between Equation 1
and Equation 4 / Figure 3. In the areal
range 10 — 100 km?2, MRE differences
(overestimations) up to 7.3% were evident.
In the areal ranges 500 — 1 000 km? and
5000 — 10 000 km?, the magnitude of the
MRE differences (overestimations) was
limited to 9.1%, while underestimations of
up to —12.5% were recorded. In the areal
range 20 000 — 30 000 km?, Equation 4 was
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more biased towards underestimations up
to —19.7%. In general, these underestimated
ARF values will typically result in lower
areal (catchment) design rainfall values,
which ultimately will result in lower peak
discharge estimates when deterministic
event-based DFE methods are used. The
opposite is also true, i.e. larger ARF values
would result in higher areal (catchment)
design rainfall and peak discharge esti-
mates. However, given that Equation 4
(after Alexander 2001; SANRAL 2013) does
not vary with return period and has not
been validated using local and up-to-date
rainfall data applicable throughout South
Africa, the deployment of Equation 1 using
the ARF software interface and associated
procedures is recommended for general use
for storm durations exceeding 24 hours.

CONCLUSIONS
The aim of this paper was to present the
development and critical evaluation of a
stand-alone software interface to estimate
regional, geographically-centred ARFs
using the methodology developed by
Pietersen (2023) by considering standard
input variables in a range of catchment
areas. The application of the ARF software
demonstrated that it is an easy-to-use
software tool for the rapid estimation of
AREFs in both gauged and ungauged catch-
ments, and with the aid of the default and
combined algorithm (Equations 1 and 2),
geographically-centred ARFs which vary
with return period can be estimated. Thus,
the ARFs estimated do not only vary with
return period, but the approach is also com-
patible with the current and recommended
RLMAG&SI design rainfall database available
in South Africa, given that the design point
rainfall information contained in this data-
base needs to be converted to areal (catch-
ment) design rainfall by applying an ARF.
In general, it is imperative to recognise
that the comparison of any results, whether
estimated using existing or newly developed
empirical approaches (as applicable to the
ARFs presented in this paper), should consid-
er how these different empirical approaches
were derived, i.e. using either a storm-centred
or geographically-centred approach. Hence,
given that the other geographically-centred
ARF methods reviewed in this paper do
not take return periods into account and
have not been validated using local and up-
to-date rainfall data applicable throughout
South Africa, it is recommended that the

AREF software (inclusive of the latest design
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rainfall information) be incorporated as

the standard estimation procedure for long
duration (> 24-hour) geographically-centred
ARFs in SA. However, Pietersen et al (2023)
highlighted that the calibration and verifica-
tion of the default and combined algorithm
(Equations 1 and 2) as included in the ARF
software, are limited to durations of 24-hour
to 168-hour, despite the acceptable short
duration ARF estimates achieved during ran-
dom tests conducted for durations < 24-hour.
Subsequently, it is recommended that short
duration ARFs for South Africa should be
developed by either using an updated sub-
daily rainfall database, improved approaches
to disaggregate daily rainfall data into sub-
daily rainfall, or the scaling factors associated
with the RLMA&SI approach (Smithers &
Schulze 2004). For the interim, it is suggested
that the latter scaling factor approach and
AREF software should be used in combination
to justify and compare the ARF estimates
obtained for durations < 24-hours, given that
ARFs do not necessarily scale with duration
in a similar fashion as the mean of the 1-day
RLMAR&SI design point rainfall values.

In addition, given that all the data sets
used for the calibration and/or verifica-
tion of Equation 1 are only regarded as
estimated sample values, the application
of the proposed methodology and ARF
software should also be further validated
for all durations by applying it to actual
catchments distributed throughout South
Africa and subjected to different rainfall-
producing mechanisms. As a result, the
latter ARF estimates and subsequent areal
(catchment) design rainfall estimates
can then be translated into design peak
discharges using appropriate deterministic
event-based DFE methods to ultimately
highlight the impact thereof on flood esti-
mation results at a catchment level.
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