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Revised Regional Maximum
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South Africa receives an average annual rainfall of about 450 mm. Hydraulic structures are
typically constructed to either store or manage the excess water resulting from runoff. These
hydraulic structures are designed and evaluated to withstand a particular flood peak that can
occur in its catchment area. Adequate flow or rainfall records may often not be available to
enable a reliable flood estimation. In South Africa an empirical estimation method (the Regional
Maximum Flood (RMF)) that utilises regional envelope curves to estimate the maximum
observed flood peaks that can be expected in a region, is available. The RMF method adopted
by Kovécs in 1980, and revised in 1988, is robust and simple to use. The current research revisits
the method as applicable to South Africa, and presents an update of the method, taking more
than 30 years of additional data and a revised regionalisation approach into consideration.
Numerous previous researchers evaluated the RMF method and concluded that the method
needs to be updated. It was identified that recently observed flood peaks exceeded the existing
RMF envelopes. It was further identified that the Kovacs regionalisation process is inconsistent,
and a revised regionalisation approach was proposed. The revised regionalisation resulted in

15 RMF K regions and their associated envelope curves. The new RMF K regions are smaller,
with the highest K value equal to 5.8 and the lowest value 2.8. The recommended envelope
curves were drawn 15% above the maximum observed flood peaks for each region, allowing for

possible future climate impacts. The revised RMF envelope curves are considered to adequately
represent the RMFs in South Africa and are therefore applicable for determining the expected
maximum regional flood at any site in South Africa.

INTRODUCTION

South Africa has experienced significant
floods, including the Laingsburg and
southeastern Cape floods in 1981, floods
from the cyclone Domoina in 1984,

the KwaZulu-Natal floods in 1987, the
Orange River Basin floods in 1988, and
the Limpopo floods in 2000 (Gorgens et al
2006). In addition, the Western Cape expe-
rienced flooding in 2005, and the Eastern
Cape and Free State experienced flooding
in 2011 (Smithers 2012). It is critical to
understand the magnitude and recurrence
interval of these extreme floods to plan,
design and operate hydraulic structures. In
South Africa the methods used to estimate
these flood peaks are based on probabilis-
tic, deterministic and/or empirical meth-
ods (Kovacs 1988; Parak & Pegram 2006;
Van der Spuy & Rademeyer 2010; Van Dijk
et al 2013; Gericke & Du Plessis 2013).
This research focused on the update of
the RMF as one of the empirical methods,

and presents an improved approach in
developing a new set of regional curves,
using an extended data set, for use to esti-
mate maximum regional flood peaks as an
upper limit value to be expected.

Estimation methods

Probabilistic, deterministic and empirical
flood estimation methods were developed
by various institutions from the late 1960s,
using only data available at that time.
These methods estimate flood peaks using
either historical flood peaks or rainfall

as the primary hydrological input data
(Smithers 2012).

Probabilistic methods

Probabilistic methods estimate flood peaks
by performing a flood frequency analysis
of historically observed streamflow
records, resulting in a direct estimation of
flood peaks for various return period or
exceedance probabilities. Their application
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is limited to catchments with suitable
streamflow data (Van Dijk et a/ 2013).
Probabilistic methods perform frequency
analysis at a single specific site on observed
streamflow data. The method assumes
that the observed streamflow data comes
from a known probability distribution and
that it is stationary (Gericke & Du Plessis
2013). Beven (2000), cited by Smithers
(2012), identified limitations associated
with a direct probabilistic approach. It was
identified that, while the actual distribu-
tion of flood peaks is unknown, numerous
probability distributions may reasonably
fit the plotted observed streamflow data,
but when extrapolated, these result in
significantly different estimations of flood
peaks. Often, observed flood peak records
are short, representing only a small popu-
lation of the flood peaks at a given site.
Additionally, while probabilistic methods
presume that flood propagating vari-
ables are stationary, the statistics of data
could have changed over the period of the
recorded streamflow data. As a result, it
ignores any changes in the runoff generat-
ing variables associated with incidents of
greater magnitude.

Deterministic methods

Deterministic methods are used to esti-
mate design period flood peaks and the
expected maximum flood peaks, denoted
as the Probable Maximum Flood (PMF).
Deterministic methods suppose that the
probability of the resulting flood peak and
PMF occurring in any year depends on the
probability of the causative rainfall. This is
because it is assumed that the frequency of
the determined flood peak and the causative
rainfall are assumed to be equal, at the same
time being influenced by catchment char-
acteristics and model parameters (Smithers
2012). These methods, however, have
shortcomings that impact significantly on
the anticipated flood peaks. The disadvan-
tages are that they rely on yet-to-be-verified
hypotheses (translated into numerical
parameter values such as runoff reduction
factors) and rainfall coefficients such as
storm rainfall area reduction factors, the
transition between storm and storm losses,
and the validity of unit hydrograph princi-
ples in the presence of significant flooding
(Van der Spuy & Rademeyer 2010).

Empirical methods

Empirical methods are calibrated using
streamflow data from hydrologically com-
parable sites in order to generate a regional
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Figure 1 Francou and Rodier envelope curves (Kovacs 1980)

flood frequency curve that is appropriate
throughout the region (Smithers 2012).
Empirical methods should be utilised
exclusively in their calibrated catchments
(Van Dijk et al 2013; Gericke & Du Plessis
2013). Empirical methods use a regional
approach, which is generally preferred over
the at-site frequency analysis (Kjeldsen et
al 2002), as it employs data from multiple
catchment sites. Kachroo et al (2000)
stated that a regionally based analysis
provides a complete representation of
historical flow data from a homogeneous
region. A number of authors (e.g. Cordery
& Pilgrim 2000; Nortje 2010; Gericke &
Du Plessis 2013; Nobert et al 2014) recom-
mended the use of regionalised methods,
as these have benefits over site-specific
methods using short records. Van der Spuy
and Rademeyer (2010) defined empirical
approaches as methods “based on observa-
tion or experience rather than theory or
pure logic”, in which flood peak frequen-
cies are estimated using mathematical
models established through the analysis
of existing streamflow data. According to
Wang (2000), the methods are based on
the concept of transferring hydrological
data from sites located in a homogeneous
region to sites with little or no historically
observed data. Homogeneous regions are
established through regionalisation, which
enables the selection of a frequency distri-
bution or envelope curve that is suited for
a specific region (Kachroo et al 2000). The
RMEF is one such empirical method. The
method was adopted from Francou and
Rodier (1967) by Kovacs (1980) for South
Africa. Francou and Rodier (1967) identi-
fied three zones that define the method,
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namely storm, transition and flood zones
(Figure 1). The flood zone is governed by

Equation 1.
A J1-01K

Q=100 [— 1
10°

Where:

Q = discharge (m3/s)

A = catchment area (km?2)

K = Francou and Rodier regional

coefficient.

The RMF method estimates flood peaks
using flood envelopes in homogeneous
regions, and it is empirically established for
obtaining extreme floods that represent the
expected upper realistic limit in a region
(Kovécs 1988). Furthermore, it is used to
calculate the Safety Evaluation Discharge
(SED), a level pool peak discharge used to
determine the associated safety risk for a
spillway system of a new or existing dam
in the event of an extreme flood, in accor-
dance with the SANCOLD (South African
National Committee on Large Dams)
guidelines (SANCOLD 1990). The RMF is
also extensively used by practitioners, and
specifically the Department of Water and
Sanitation, as a guiding upper limit flood
peak estimate when comparing different
estimated flood peaks, using different
approaches. This research does not inves-
tigate the applicability of the method, but
builds on the well-established use thereof
in South Africa and since the method was
last updated in 1988 (making available more
than 30 years of additional data for further
analysis), focusing on the improvement of
the RMF method for use in South Africa.



Several reviews on the 1988 RMF
method have been conducted, and Pilon and
Adamoski (1992), cited by Smithers (2012),
acclaim the method for its ability to estimate
floods (regional maximum floods and
design flood peaks associated with a specific
recurrence interval (RI)) in the absence of
streamflow data. Pegram and Parak (2004)
stated that the RMF method is a robust
and simple-to-use method that estimates
maximum regional flood at any site of inter-
est by considering only the regional envelope
and catchment area. However, various other
studies have expressed and highlighted
concerns and inconsistencies with the
method. Gorgens (2007) asserted that flood
peaks that occurred after 1988 might have
surpassed the RMF envelopes. Van Vuuren
et al (2013) stated that the Kovacs 1988
analysis of the RMF should be reviewed by
including all the available and applicable data
to verify and/or reproduce the maximum
envelope curves. Smithers (2012) stated that
the Kovacs (1988) RMF regions must be
updated and refined due to the availability
of additional data. He further added that it
would be prudent to investigate the use of
probability of exceedance associated with
the RMF. Verwey (2015) stated that Kovécs’s
method of regionalisation is inconsistent.
Verwey (2015) then investigated a new
approach that incorporates a safety factor
into the individual K values per station prior
to regionalising them into distinct regions.
Kovdcs (1980; 1988) added a safety factor AK
to the K value that was already regionalised.
Verwey (2015) argued that the added AK
has no mathematical or scientific basis for
its values. This argument was made in light
of Kovacs’s (1980; 1988) omission of a math-
ematical or statistical explanation for AK.
As aresult, Verwey (2015), and subsequently
Swanepoel (2017), developed a statistically
sounder new safety factor (AQ), applicable
to station flood peaks, before regionalisation.
Du Plessis and Masule (2023) evaluated
the methodology used by the Kovécs 1988
RMF method, and concluded that the
method needed to be reviewed, given various
inconsistencies with the data used by Kovacs
(1988), and the observation that some of his
RMF values had already been exceeded by
recent observed flood peaks.

Regionalisation

New safety factor approach

for regionalisation

Verwey (2015) proposed a methodology
based on the addition of a calculated AQ

4

100

80

60 -

40
e
0

Record length (years)

Flow gauging stations

—— Station record length

— — Average (record length) = 51.5 years
120 —— Missing data

Average (missing data = 1.5 years

A 20°0'0"E 25°0'0"E
1 1
Legend
= River gauging stations
4 Dam gauging stations
25°0'0"S A F 25°0'0"S
30°0'0"S A - 30°00"S
0 130 260 520 kilometres
35°00"S A - 35°0'0"S
T T T
20°0'0"E 25°0'0"E 30°00"E
B Flow station’s record length
140

Figure 2 A: Flow gauging stations distribution; B: Record length

to each station’s largest historical observed
flood peak (Q,), taking into consideration
that not all stations used in the analysis
have the same record length or span the
same period of analysis. For each station,
the method results in a new station flood
peak (Qg). By substituting the Qg value and
the corresponding area into the Francou
and Rodier (1967) flood zone equation
(Equation 1), a new calculated K station
value (Kg) is obtained. The AQ is composed
of three parameters (Oy, Ry, and Q) that
account for the statistical characteristics of
each gauging station’s Annual Maximum
Series (AMS) prior to regionalisation, as
illustrated in Equation 2 (Verwey 2015).

Oy

AQ = Qy @

\4

Where:
Oy = outlier value (m3/s)
Ry = station’s record length factor

(unitless)
Qy = flood peak ratio (unitless)
AQ = calculated flood peaks (m3/s).

The Oy, (outlier value) factor (Equation 3)
takes into consideration whether or not the
station’s highest recorded flood peak Q, is
an outlier value.

Oy =Q, +xo (3)

The value of Q, is considered an outlier if it
proves to be greater than the value associ-
ated with the outlier threshold determined
by the adjusted boxplot outlier test using
the AMS.
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The factor adjusts Q; based on its
outlier status; if an outlier is observed, one
standard deviation (x = 1, therefore o) is
added to Qy; alternatively, two standard
deviations (20) are added.

The Ry, (station’s record length) factor
(Equation 4) was introduced to account
for the gauging stations’ varying record
lengths. The Ry, is expressed as the ratio of
the probability (R,) of a T-year flood occur-
ring within the available record length (n)
of the station to the hydrological risk (R)
(that a T-year flood will occur in T years)
(Equation 5) (Swanepoel 2017).

Ry

- )
Ry

Ry

1]’1
RlorRO=1—[1——] (5)
T

The Qy (flood peak ratio) factor (Equation 6)
was added to scale the station’s highest
observed flood peak (Q)) to the average of
the station’s top 25% of flood peaks (referred
to as QuyE, 259) (Swanepoel 2017).

QV _ OAVE,ZS% (6)
Q

The Qg values can then be determined using
Equation 7, and subsequently K¢ values
using Equation 8, rewritten from Francou
and Rodier’s (1967) flood zone equation.

Qs=Q +AQ 7)
Qg
log|=S
o8 10J
Kg=10|1 - |[——= (8)
A
log‘—y
108

The K values are then used to regionalise
flood peaks, and with the addition of
superimposed catchment variables, an
RMF K regional map of homogeneous
flood regions can be delineated.

Catchment variables for
regionalisation

Agarwal et al (2016), Rosli et al (2019) and
Ahani et al (2020) all defined regionalisation
as the process of transferring hydrologic
information from gauged catchments to
ungauged catchments with similar char-
acteristics, thereby forming homogeneous
regions. Their similarities are determined
by their geographical proximity and shared
hydrologic characteristics and other defin-
ing variables. Catchments identified as
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Figure 3 A: Rainfall gauging stations distribution; B: Record length

similar are combined into a single region.
Numerous studies assessed regionalisation
approaches for delineating homogeneous
flood regions. The Groupe de recherche

en hydroclimatologie statistique (GREHYS
1996) investigated four distinct approaches:
region of influence (ROI), canonical cor-
relation analysis, cluster analysis and
L-moments statistics. Parajka et al (2005)
compared four approaches in a similar man-
ner: the ROJ, spatial proximity, catchment
variables and flood moments (probability
weighted moments and L-moments). The
catchment variable approach is based on
catchment characteristics and does not
include complex site statistics, and is suited
for regionalisation studies that are based
on an empirical nature (Ahani et a/ 2020).
Ahani et al (2020) defined catchment
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variables as physiographic, meteorological,
geological, geographic location, soil type
and land use. Spatial proximity and physical
similarity that consider catchment variables,
are two methods that have been implement-
ed through models and software applica-
tions to establish homogeneous regions. The
two methods are implemented differently
based on the catchment-level assumptions.
A potentially hydrologically homogeneous
region would then be identified as catch-
ments with similar variables, and at-site
statistics are then used to independently
assess if the region is homogeneous. It is
urged that, despite the variety of approaches
to regionalisation, a careful selection of vari-
ables affecting rainfall runoff is necessary

to effectively distinguish runoff behaviours
within a region (Zhang & Stadnyk 2020).



Van Dijk et al (2013) identified three
variables that have a cumulative effect on a
region’s potential runoff response: climatic,
physiographic and topographic. Benson
(1964) identified climatic and catchment
characteristics (catchment size, vegetation,
land use/cover and soil type) as the critical
hydrological variables affecting runoff.

STUDY AREA

The study area applicable to this research
is limited to the national boundaries of
South Africa and uses data obtained from
the Department of Water and Sanitation
(DWS) flow gauging stations (which
include dams) and the South African
Weather Service (SAWS) rainfall gauging
stations located within the study area. The
dam station data presents calibrated (rout-
ed) dam inflow data, which includes the
maximum flood peaks for South Africa’s
major dams. The river flow station data
reflects the data recorded at river gauges.

Data sources

Flood data

The DWS provided the Annual Maximum
Series (AMS) of 494 stations, comprising
316 river gauging stations and 178 dam sta-
tions. The locations of the gauging stations
and their record lengths are depicted in
Figure 2 on page 4.

Rainfall data

Two rainfall data sets were used in the

research:

1. Design rainfall from Smithers and
Schulze’s (2002a) Design Rainfall soft-
ware dataset
Seven-day 1:100-year storm rainfall data
of 80 rainfall stations (Figure 3 on page 5)
with a reasonably even distribution, cho-
sen in accordance with the South African
Weather Service’s Rainfall Stations
Reference Grid, was extracted from the
Design Rainfall software. Alexander
(2006) stated that extreme flood peaks are
the result of prolonged and widespread
extreme rainfall events such as the 7-day
rainfall. The 7-day rainfall was significant
in establishing rainfall isohyets that
assisted in the regionalisation process.

2. Daily rainfall from the SAWS and Lynch
dataset
A consolidated dataset of one-day rain-
fall from SAWS and Lynch was created
(Figure 4). SAWS provided data from 69
gauging stations, and much older data of
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Figure 4 A: Rainfall gauging station distribution; B: Record length

35 gauging stations was extracted from
the Lynch database. The gauging stations
had an average record length of 114
years. The Lynch database provides data
from a spatial database of daily rainfall
in South Africa. The one-day rainfall
data was required to determine the
15-minute rainfall intensities that enable
the determination of point discharge at
the storm zone. The 15-minute rainfall
data was scaled down from one-day
annual maximum series rainfall using
Smithers and Schulze (2002a) scaling
factors.

METHODOLOGY

This section provides the detailed method-
ology that was followed during the research
to update the 1988 RMF approach.

Updating of the 1988 RMF method

Database of maximum flood peaks

In compiling the observed flood peak data-
base the principles were (i) that only the
Annual Maximum Series (AMS) from the
DWS dataset would be used, and (ii) that at
any one gauging station only the maximum
observed flood peak would be selected. A
new database, containing 494 flood peaks
was then created.

Determination of Qg and K¢ values
Prior to regionalisation, using the AMS

of each gauging station, the statistical
parameters utilised in calculating AQ were
determined, and AQ was calculated using
Equation 2. The Qg values were determined
using Equation 7, which were then used to
calculate the K¢ values using Equation 8.
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Regionalisation
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Figure 5 Regionalisation process

The K values were then regionalised
to determine a grouping of K regions
with similar K¢ values, and subsequently
delineating final RMF K regions by incor-
porating various geographical, climatic and
relief variables.

Regionalisation

Flood zone
Regionalisation makes it possible to trans-
fer data from gauged catchments to similar
ungauged catchments in homogeneous
regions. The regionalisation process is
illustrated in Figure 5, and explained in
more detail in the following paragraphs.
Several variables were superimposed in
delineating the RMF K regions. The vari-
ables were superimposed sequentially from
the most influential to the least. These were
the K (stations calculated K-value) values,
drainage regions, rainfall pattern, flood
homogeneous regions (SDEF, Veld Types, and
RMEF regions), vegetation and soil type, K
values at international boundaries (Regional
Maximum Flood envelopes lines K value),
river systems and seasonal rainfall regions.
These variables are shown in Figure 6, and
can be expanded on as follows:

B K values (Figure 6A):
The K isolines were regarded as the
most influential variables in determining
the new RMF regions. The Kg values
were plotted geographically in GIS and
spatially interpolated to generate Kg iso-
lines (Figure 6A). Kq regions were then
directly drawn from the isolines. The
K, regions were used to group gauging
stations with similar Kg values, without
any influences from other variables. As
aresult, 15 K regions were delineated.
A regional Kg value was assigned to each
region and a representative envelope
curve was drawn. It should be noted that
no objective criterion was used in select-
ing the regional Kg envelope value used,
but a base value of K¢ = 1.8 with a 0.2
interval was chosen based on Kovdcs’s
original approach. As a result of the
selected interval, a grouping of multiple
K isolines was required to delineate a
single K region. It was then necessary to
graphically depict the assigned regional
K envelopes against the Qg values of
stations in each Kg region. To further
improve the regionalised 15 K regions
to achieve a grouping of gauging stations
with Qg values not exceeding and not
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significantly plotting below the assigned
regional Kg envelopes, the K regions
were adjusted by including the influence
of physiographic and climatic variables
as outlined below.

B Drainage regions and topography
(Figure 6B):

It was anticipated that the regionalisa-
tion of the K regions could be improved
by reflecting the quaternary catchments
of South Africa. The quaternary catch-
ments (1946 catchments), along with the
topography, were superimposed to pro-
vide guidance regarding the edges of the
flat areas and areas of small catchments.

B Rainfall (Figure 6C):

The 7-day 1:100-year rainfall isohyets
were superimposed on the Kg regions,
and the Kg regional boundary was then
adjusted to follow the isohyets where
few or no Kg values were available.

B Flood homogeneous regions (Figure 6D):
Three of South Africa’s well-established
flood regional maps that are used for
local practices in flood hydrology were
superimposed in the adjustment of the
K regions. These include the Standard
Design Flood (SDF), the General Veld
Types and the 1988 RMF regions. The
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Figure 7 Regionalised K regions (continued on next page)
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Figure 7 (continued from previous page) Regionalised K regions

eastern escarpment consists of numer-
ous small catchment areas, therefore
the flood homogeneous regional bound-
aries provided guidance for the RMF
regional boundaries to follow.

B Vegetation and soil (Figure 6E):
Vegetation and soil types are landscape
characteristics that interact at a catch-
ment scale with climate characteristics
such as rainfall to produce catchment
runoff. Vegetation and soil types were
superimposed in altering K¢ regions.

It was found, however, that the already

10

adjusted Kg regions correspond well
with the vegetation and soil type
boundaries. This was because vegeta-
tion and soil boundaries are closely
linked to the topography.
The adjusted K regions were graphically
analysed, plotting the Qg values against
the Kg envelopes. It was then concluded
that regionalisation had been achieved, as
depicted in Figure 7. Based on the results
presented in Figure 7, the systematically
adjusted regionalisation was deemed to
be completed. As a result, 15 regions were

subsequently delineated. At this point, the
Qg values of each station and the regional K¢
envelope curves were disregarded (region-
alisation using Qg had been completed) and
consideration was now given to the actual
observed flood peaks Q;. Note that the K¢
values were only used for regionalisation.
The RMF K regions were further
enhanced as follows:
B K values along international boundaries
(Figure 6F):
Boundaries of the RMF K regions where
few or no K values were available,
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followed the rainfall isohyets. However,
along the borders of South Africa and
Namibia where, over a large area, no Kq
values were available, the updated RMF
regions of Namibia from Cloete et a/
(2014) were georeferenced and superim-
posed to adjust the boundaries of the Kg
regions to be consistent with the K values
for Namibia.

B Rivers (Figure 6G):
Major rivers were superimposed to
better understand the fluvial landscape,
with an emphasis on the flow direction
and length of the river from its catch-
ment boundary to the gauging station.

B Seasonal rainfall (Figure 6H):
Rainfall in South Africa is caused by a
variety of weather phenomena that occur
in different regions and at different times
of the year. The seasonal rainfall distribu-
tions were similarly superimposed. The
boundaries of the all-year rainfall zones
and the winter rainfall zones were used to
justify several delineated final regions.

B River K values:
Koviécs (1988) stated that rivers that
flow through multiple RMF regions
may exhibit distinct flood characteris-
tics that differ significantly from those
found in the delineated K region, thus
the lower reaches of these rivers have
a different K value compared to that
of their upper reaches. The rivers were
investigated and the sections with a dif-
ferent K value were identified.

Storm zone

In the storm zone, the peak discharges
depend only on rainfall intensity. For a
catchment area of 1 km? the discharge

is as presented in Equation 9, where i is
the maximum 15-minute rainfall inten-
sity in mm/h. Kovécs (1988) stated that a
15-minute period is the approximate time
of concentration in a catchment of 1 km?2.

Table 1 Cluster group ratios (Smithers & Schulze 2002b)

m m
error error
1 9

1.20 1.20 0.049 1.26 1.27 0am
2 1.21 1.21 0.063 10 1.19 1.18 0.090
3 1.19 118 0.072 11 1.20 1.15 0.087
4 1.21 1.22 0.090 12 1.19 1.18 0.044
5 1.20 117 0.097 13 1.28 1.30 0.139
6 117 1.16 0.055 14 1.24 1.24 0.056
7 1.15 1.14 0.051 15 1.25 1.26 0.096
8 1.20 1.20 0.032 15 1.25 1.26 0.096

Table 2 Regression coefficients and constants - 15 minutes (Smithers & Schulze 2002b)

(custer | 1 | 2 f 3 | o ] s | e ]| 7 [ s |

X 0.1764 0.0391 0.1041

coeff.

Constant 7.0258 16.0588 13.3526

0.2584
3.1253

0.0869 11.9385 0.0681 0.1169

11.9385 6.7972 12.5861 7.7585

L custer |0 ] a0 | o | a2 ] s ] e ] oas

Xeoft ~ 00159  -00069  0.0855
Constant ~ 86239 118186 113601
Q = 0.278i ©)

To determine the required regional dis-
charge at the storm zone, the 15-minute
rainfall intensities were calculated from 15
minutes of rainfall, scaled from the 1-day
rainfall, using Smithers and Schulze (2002b)
scaling factors. The rainfall stations used in
this analysis were selected from catchment
areas where the peak discharges depended
only on rainfall intensity. Flow gauging sta-
tions in these catchment areas had recorded
extreme flood peaks. The selected rainfall
stations were then geographically located
using GIS. For each station a predetermined
cluster group and the corresponding
scaling factors according to Smithers and
Schulze (2002b) were identified. Smithers
and Schulze (2002b) presented ratios of
24-hour:1-day rainfall values corresponding
to each cluster group which included an

Table 3 Distributed RMF K regional 15-minute rainfall and discharges

15-minute
rainfall

15-minute

EMEGS o8 rainfall (mm)

34 13 452
36 136 544
38 159 636
4 18.2 72.8
42 205 82.0
44 235 94.0

intensity (i)
(mm/h)

Regional
discharge
(m3/s)

(Q =0.278i)

RMF K region

12.6 4.8
15.1 50
17.7 52
20.2 54
22.8 56
26.1 58
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0.1940
4.8688

15-minute
rainfall (mm)

-0.0054 0.1094 0.3055

14.8076 9.4261 -0.9936

average, median and standard error. The
ratios are presented in Table 1.

The median ratios were used to
convert the highest 1-day rainfall values
(selected from the annual maximum
series dataset of each rainfall station) to
24-hour rainfall values. The required short
duration (15-minute) rainfall values were
then scaled down from the 24-hour scaled
rainfall, using the regression coefficients
and regression constants in Table 2, as
presented by Smithers and Schulze (2002b),
of each corresponding cluster group.

A regional 15-minute rainfall was then
selected as the highest 15-minutes rainfall
of all gauging stations in each RMF K
region. The regional 15-minutes rainfall was
converted into rainfall intensities (mm/h).
The 15-minute regional rainfall intensities
were substituted into storm zone Equation 9
to determine the regional discharge for a

Regional
discharge
(m3/s)

(Q =0.278i)

rainfall

intensity (i)
(mm/h)

295 118.0 328
325 1300 36.1
352 140.8 391
385 154.0 4238
415 166.0 46.1
444 1776 494

n



Statistical analysis for A2H007
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Figure 8 Statistical analysis
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Figure 9 New RMF K regional map
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1 km? catchment. These regional discharges
are presented in Table 3 on page 11.

When the regional discharges for the
storm zone in Table 3 were compared to
the Kovacs 1988 regional discharges, it was
observed that Kovécs’s regional discharges
were significantly larger. There is, however,
no documented reference to where Kovacs
obtained his data from, and the data in
Table 3 was therefore adopted, being the
best available information. The available
observed flood peaks from gauging stations
used in this research with catchment areas
approximately 1 km? in size were, however,
all significantly lower than the flood peaks
based on the flood zone equation, provid-
ing justification for the decision to adopt
the values from Table 3.

Transition zone

No regionalisation was carried out in the
transition zone, but only the determination
of envelope curves. The transition zone
envelope curves provide a smooth transi-
tion between the storm and flood zones.
To determine the transition zone envelope
curves, the regional discharge associated
with 15-minute rainfall intensity at the
storm zone, as determined in Table 3, and
the RMF K envelope curve in the flood
zone were required.

Homogeneity of the RMF K regions
Due to the numerous adjustments, the
homogeneity of the newly established RMF
K regions was investigated. The homogene-
ity of RMF K regions was determined using
a statistical approach where a coefficient

of variation (CV) was calculated for each
RMEF K region and then compared to a CV
threshold, adopted from Kovdcs (1980). The
purpose of this evaluation was to assess
the dispersion of Kg values within a region.
The Kg values were used since they were
the primary parameters in the regionalisa-
tion process. Kovécs (1980) calculated

the CV of his Ky values to determine

the homogeneity of his 1980 RMF flood
regions. According to Kovécs, a CV of less
than or equal to 17% satisfied the funda-
mental requirement of regionalisation and
that of homogeneous regions. Based on his
finding, the homogeneity of each RMF K
region was evaluated against a maximum
CV value of 17%. The CV was tested, using
Equation 10.

O
s <017 (10)

Vi = Hg
S
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Figure 10 A: New RMF K regions; B: Kovacs 1988 RMF K regions

CVy = the regional coefficient of varia-
tion of the K (unitless)

the standard deviation of the K¢
(unitless)

Q
~
1l

pg = the mean value of the Kq
(unitless).

Determination of envelope curves
The regional envelope curves were developed
for the flood zone and the transition zone.

Flood zone

The envelope curve in the flood zone was
established by considering the regional
boundaries of the RMF K regions, identify-
ing the separation between the flood zone
and the transition zone, and furthermore
by plotting flood peaks against respective

Journal of the South African Institution of Civil Engineering  Volume 65 Number3 September 2023

catchment areas and drawing the K enve-
lopes 15% above the highest observed flood
peaks (Q,) in each K region. These were
carried out after regionalisation. The highest
observed flood peak (“envelope determining
flood peak”) in each K region was identified,
from which the regional K envelope was then
drawn 15% above the selected flood peak
value. The 15% was adopted from Kovacs
(1988), and deemed as the safety factor
above the highest selected flood peak. The
Kovéacs 1980 envelope curves, which were
drawn above the regional maximum flood
peak, were in most cases between AK = 0.2
to AK = 0.31 above the maximum observed
value, which is equivalent to an increase in
discharge of between 15% to 30%, depending
on the catchment area. Therefore, in the
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flood zones for all K regions, the K envelope Table 4 Statistical parameters for homogeneity check

curves were drawn by adding AK = 0.2, Region Number of Standard Mean Regional CV Kovacs 1980
which is 15% of the flood peak. The assigned 9 stations deviation (o) value py 9 maximum CV
regional K envelope values were from < 2.8,

6 041 315 0.13 017
2.8, 3.4 to 5.8 with a 0.2 increment. The

boundary between the flood zone and the Region 34 n 045 347 0.12 0.17
transition zone (still to be discussed) was Region 3.6 9 056 365 015 017

Region 2.8

identified as being at the catchment area

where the trend of the plotted observed Region 38 8 057 408 014 017
flood peaks changes from aligning with the Region 4.0 3 041 425 0.10 0.17
direction of the flood zone envelope curve. Region 4.2 o = A9 T o
Transition zone Region 4.4 60 048 4.31 0n 0.17
The envelope curves in the transition zone Region 4.6 8 027 458 0.06 017
were drawn between the storm zone and the

Region 4.8 94 0.62 4.52 0.14 0.17

flood zone. The envelope was drawn from
the discharge associated with the 15-minute Region 5.0 169 0.57 462 0.12 0.17
duration rainfall over 1 km? at the storm zone

Region 5.2 52 0.53 499 0n 0.17
to the K envelope curve in the flood zone.
Region 5.4 32 049 518 0.10 0.17
Return period of the RMF Region 5.6 1 061 5.23 012 0.17
Kovécs estimated the return period of the
; Region 5.8 3 0.14 6.12 0.02 017
RMEF to be 200 years (Kovacs 1988). To
assess this finding, the return period of the
newly determined RMF values at 452 of the
gauging stations in the DWS dataset were 20°00° 25°00°E 30°00°E
determined. The AMS of each gauging Legend N
station was arranged in a descending order ;Xg reaches with different K values A
and a plotting position of each value was —— Modder
. . = Mooi
determined using the Cunnane formular. — Orange
= 2570051 — pe L 25°0'0"S
Cunnane was used as it is the suggested p c
— Sand
and the preferred plotting position in the — Vet o
L5
DWS (Van der Spuy & Rademeyer 2010).
The values were then plotted against 4.6
the probability of occurrence on a log- Q % 4.2,{.\744
probability scale, and the best visually . .
o T e 30°0'0°S - L 30°00"S
fitting probability distribution selected.
The required probability of occurrence
(hence return period) for a specific RMF
was then determined as shown in Figure 8
on page 12 for station A2H007. :
0 135 270 540 kilometres
T I I B |
T T T
20°0'0"E 25°0'0"E 30°0'0"E
RESULTS
Figure 11 River reaches with different K values
RMF K regions
The regionalisation process resulted in the Table 5 K values in particular reaches of large rivers

delineation of 15 RMF regions as presented RMF K region

Drainage region in which the

in Figure 9 on page 12. Upstream

The RMF K regions with higher K
values are dominated by hilly to moun-

(location of the River K value . gauging station
. £ reaches of river k
river section) of the river reach
flow through

tainous relief, higher rainfall and smaller Riet C 42 36 C2R002
catchment areas. RMF K regions with

lower K values are dominated by flat relief, Orange . a 4 p7HO02
lower rainfall and larger catchment areas. Sand C 46 44,428&38 C4R001
Similar trends were observed in the Kovécs

1988 RMF regional map. The highest K

region of 5.8 was delineated for the new Mooi C 46 36 C2R001

RMF K regions, which was delineated to

Modder @ 42854 38&50 C5R004

, ] Vet C 44 36 C4R002
accommodate the gauging station that had
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Figure 12 New RMF K regional envelope curves (continued on next page)
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Figure 12 (continued from previous page) New RMF K regional envelope curves

exceeded the Kovécs Ki Regions 5.4 and
5.6, with the latter the highest K region as
defined by Kovdacs. The lowest K region
represents a region with K values lower
than K = 2.8; however, in accordance with
Kovdcs (1988), such a K region was defined
as < 2.8. Kovdacs (1988) stated that the RMF
in such a region should be determined
using a K value of 2.8.

When the RMF K regions (Figure 10A
on page 13) were compared to Kovécs’s
1988 RMF regions (Figure 10B), general
similarities and differences were observed.

16

The new RMF K regional map showed
that, in contrast to the Kovacs 1988 RMF
regional map, a more localised regional
map, with regions having smaller areas,
particularly those with high K values, was
delineated. However, various boundaries of
the new RMF K regional map corresponded
to those of the Kovacs 1988 RMF regional
boundaries, and these were observed mostly
in the western and northeastern parts of the
country. The lower (2.8, 3.4) and the higher
(5.0, 5.2, 5.4) K regions were observed to be
consistent with those defined by Kovdcs,

despite having different sizes. The high
correlation and similarities between the new
RMEF and the Kovacs 1988 RMF regions
instil confidence in the validity of the new
RMEF regions. The new regions were delin-
eated using a much larger dataset and longer
record length compared to the Kovacs 1988
regions. As a result, 15 RMF K regions
were delineated in this study compared to
Kovécs’s previous 8 RMF regions.

With the much larger dataset it was
required to evaluate the homogeneity of
the RMF K regions.
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The homogeneity of the RMF K regions
was evaluated using the statistical param-
eters (0 and p) listed in Table 4 on page 14.
The number of gauging stations located
within a region are shown. Equation 10 was
then used to calculate the regional coef-
ficient of variation.

K regions 4.4, 4.8, 5.0 and 5.2 all had
more than 50 gauging stations per region
and, according to Table 4, a CV of less than
0.14, which gave credence to the regionali-
sation approach. Based on the CV of the
K values in each new RMF K regions, as
discussed above, the regions were deemed
to be homogeneous.

It was, however, observed that certain
reaches of rivers running through the RMF
K regional boundaries had a markedly dif-
ferent K value compared to the K value of
the region, similar to what was observed
by Kovécs. The positions of these river
reaches are shown in Figure 11 on page 14.
If any flood estimation had to be carried
out within these six reaches, a river K value
different to the RMF K region in which it is
situated needs to be used. The river reach
K values and corresponding information
are presented in Table 5 on page 14.

Envelope curves
The final regional K envelope curves are
presented in Figure 12.

Table 6 Regional envelope curve equations

RMF K region

Envelope Areal range
equation (m3/s) (km2)

Transition zone Flood zone

Areal range
(km?)

Envelope
equation (m3/s)

Qpyr = 19.3A044 1-500 Qg = 1.7A072 500 - 600 000
34 Oy = 126402 1-500 Oy = S3A0EE 500 - 600 000
36 Ofye= 15 1-500 Olyye= 7% 500 - 10 000
38 Q= 177805 1-500 Qpyr = 11.0A062 500 - 80 000
4.0 Qg = 20.2A0-56 1-500 Qgup = 15.9A000 500 - 80 000
42 Qpur = 22.8A058 1-200 Qrue = 22.9A058 200 - 80 000
44 Qg = 26.1A061 1-200 Qe = 33140 200 - 80 000
4.6 Qg = 29.5A061 1-1000 Qg = 47.9A054 1000 - 80 000
48 Qpye = 32.8A06° 1-80 Qpur = 69.2A052 80 — 80 000
5.0 Qg = 36.1A073 1-80 Qg = 100.0A0-20 80— 80000
5.2 Qg = 39.1A078 1-80 Qg = 144.5A048 80 - 10 000
54 Qquir = 42.88087 1-50 Qg = 208.9A040 50 - 10000
56 Qgr = 46.1A092 1-50 Qg = 302.0A044 50 - 10000
58 Qg = 49.4A098 1-50 Qg = 436.58042 50 - 10 000

The regional discharge at the storm zone
increases as the RMF K values increase. The
transition zone envelope was drawn from
the regional point discharge to the regional
K envelope curve in the flood zone.

In several RMF K regions the bound-
ary between the flood zone and transition

could not easily be defined due to the
irregular and scatter plotting of the limited
available observed flood peaks or a lack of
gauging stations. In this regard, the transi-
tion zone envelope curves were drawn in
the context of the Kovacs RMF envelope
curves where the largest catchment area

80

70

60

50

40

Number of stations

30

20

0to 100 to 200 to
100 200 500

500 to
1000

1000to 2000to  5000to
2000 5000 10 000

RMF return period range (years)

10 000 to
20000

20000to 50000 to

100 000 to 200 000 to

50000 100 000 200000 500000
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boundary of 500 km? was adopted. This
was applied for RMF K regions 2.8, 3.4, 3.6,
3.8 and 4.0. In regions 3.6, 3.8, 4.2 and 4.6 a
clear boundary between the flood zone and
transition zone could be defined.

The storm zone regional discharges
at 1 km? on the RMF K regional envelope
diagram were significantly lower than
those in the Kovécs (1988) RMF. However,
the regional discharges for the storm zone
determined in this study were found to
be significantly higher than the observed
flood peaks for gauging stations plotting
closer to 1 km2. This finding confirmed
that the regional 15-minute rainfall intensi-
ties used were indeed applicable.

It was observed that, for the higher K
regions, most of the plotted maximum
observed flood peaks in the flood zone
follow the trend of the K regional enve-
lope fairly well. The flood peaks plotting
towards the lower limit of the transition
zone were observed to be significantly
lower than the storm zone regional dis-
charge at 1 km?. This provided confidence
that the determined regional discharge at
the storm zone associated with 15-minute
rainfall intensity at 1 km? is applicable,
even though these values are significantly
lower than the Kovécs storm zone values.

Envelope equations

The derived RMF K regional envelope
equations are presented in Table 6 on

page 17 along with their applicable catch-
ment area range. The envelope curve repre-
sents the RMF that can be expected in each
of the K regions for any catchment size.
The applicable areal range corresponds to
the catchment area boundaries of zones on
the envelope curve diagrams in Figure 12.
The applicable area range in the transition
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zone is defined by the catchment area from
the storm zone to the flood zone.

Return period of the RMF
It was noted that the RMF values of gaug-
ing stations in a K region did not provide a
consistent return period, but varied depend-
ing on the historical flood peaks and the
catchment area. In the further analysis of
the return period of the RMF, the stations
(14 stations) with a return period of greater
than 1 in 500 000 years were stations with
very limited data or short record lengths and
were therefore excluded from the analysis.
Figure 13 on page 17 is a histogram of the
number of gauging stations with RMF fall-
ing in various ranges of return periods.
Figure 13 shows that 69 out of 466
stations had RMF values associated with
a return period in the range of 200 to 500
years, while 109 stations were in the range
of 10 000 to 50 000 years (both scenarios
respectively highlighted by boxes in the
figure). Most of the RMF values were
associated with return periods greater than
1in 2 000 years. A cumulative frequency
diagram generated from the histogram
in Figure 13 is shown in Figure 14. From
Figure 14 it was observed that, for an
exceedance probability of 0.5 (the median
value), the return period associated with
the RMF is 5 000 years.

Application of the RMF

To calculate the RMF of a site of interest,

the RMF K regional map in Figure 9 and

the RMF K regional envelope equations in

Table 6 are used. This requires the following

actions:

B The geographical location and catch-
ment area of the sites of interest must
be determined.

B The RMF K region of the site must be
identified from Figure 9.

B The RMF K regional envelope equa-
tion must be identified from Table 6,
corresponding to the identified RMF K
region. It should also be remembered to
identify the zone (transition or flood) of
the site, using its catchment area.

B Lastly, the required RMF should be
calculated, using the identified RMF K
regional equation for the correct zone,
by substituting the catchment area of
the site in the relevant equation.

B If the required RMF is for a site located
along the identified river section with a
different K value from that of the RMF
K region, the RMF K regional envelope
curve equation corresponding to the K
value of the river section (see Table 5)
should be used.

CONCLUSIONS

The objectives of this study were to develop
an improved approach to estimate the RMF
as an upper limit flood. A refined region-
alisation approach was used to regionalise
flood peaks, and 15 RMF K regions with
their associated envelope curves were
identified. The lowest RMF K region is 2.8
and the highest RMF K region is 5.8. The
homogeneity of the regions was evaluated,
and it was concluded that the regions were
indeed homogeneous. The envelope curves
in the flood zone corresponding to the
RMEF K regions were drawn 15% above the
maximum observed flood peak. The transi-
tion zone envelope curves were drawn from
the K envelope curve in the flood zone to
the regional point discharge at 1 km?2in the
storm zone. It was evident from this study
that the regional discharge associated with
a 15-minute rainfall intensity at 1 km? was
higher than the observed flood peaks that
plotted closest to the 1 km? catchment areas.
This supported the regional discharges at
the storm zone. Envelope equations were
generated for each region, which can be
applied in estimating the RMF for any site
of interest. It was concluded that the return
period associated with median RMF peaks in
this study was estimated to be 1:5 000 years,
but ranged from less than 100 to more than
500 000 years, as opposed to the original
Kovdcs estimation of 1:200 years.
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