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ABSTRACT

Komatipoort, a small town located at the confluence of Komati and Krokodil rivers, is
constantly being hit by floods which affect the residents of this small town as well as the
farmers settling along the rivers. This study aimed at mapping the flood hazard and
susceplibility through the integration of GIS techniques and hydraulic modeling. Due to
inconsistency in the length of streamflow data in the different gauging stations, a
Hydrological modeling HBV model, was utilized for modelling runoff'in order 1o extend
Jlow records at station X2HO32 for Komati River. Calibration was conducted using
observed data from 1982 10 1993, giving an efficiency value of 65% and validation was
done using data from 1993 to 1999, giving an efficiency value of 53%. Flood
frequencies were analyzed and flood quantiles were determined at different return
periods. HEC-RAS wus utilized to simulate the hydraulic parameters of Komati and
Krokodil rivers to obtain flood hazard maps. GIS-based multi-criteria analvsis
techniques were incorporated for flood susceptibility mapping. Hvdraulic analysis
showed that the floods mostly affect the farms and settlements along the rivers and a
small part of the central business district is affected. IFlood susceptibility mapping
showed that the area is generallv highly susceptible to flooding because of a
combination of anthropogenic and natural factors.

Key words: Flood hazard; Komatipoort;, Modelling, South Africa; Susceptibility.

INTRODUCTION

Flood is described as a brief increase in the
water level in a river to a maximum from
which the level of water retreats at a
slower pace (Kundzewicz, 2012). If water
storage i1s limited because of elevated
groundwater levels and the soil has high
moisture levels, even low amounts of

rainfall can cause a [(lood. Floods are
arguably the most terrible of all natural
disasters, with repercussions reverberating
for years to come. They are the most
recurrent natural disasters, and they rank
as the third most destructive globally after
rainstorms  and  earthquakes (Daniell,
2014). Floods are considered a serious
societal and economical threat as they lead
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to fatalities, loss of domestic resources,
land properties, agricultural properties,
settlements and roads (Swades and Surajit,
2012). Savers et al. (2013) stated that
streams always attract economical growth
because  they provide means  for
transporting goods, water supply domestic
uses and farming, as well as electricity.
Unfortunately, this places them at a high
risk for floods, which cause massive fiscal
and social losses, primarily as a
conscquence of spontancous urbanization,
unrcstrained population growth and poor
building control by authoritics
(Kundzewicz et al., 2012).

Flood risk entails hazard and vulnerability.
Hazards can ncver be modificd; therefore
reducing risk to a hazard can be best
achieved through reduction of
vulnerability of the population and
environment to the hazard (Yashon ef al.,
2014). Schanzc ez al. (2006) dcfined flood
vulncrability as the cxtent of an arca’s
inability to cndurc with the cffccts of
floods. Kumpulainen (2006) concurs and
further argucd that vulnerability is the sum
of damage potential and coping capacity.
Flood susceptibility can be dcfined as the
aspects at risk (human system, built and
natural environment) within the sysiems,
which influence the probability ol being
negatively affected during tloods (Balica
et al., 2009).

According to the IFRC (2015) report,
South Africa experiences local and wide-
area floods, which tend to burden the
country as a whole, as well as flash floods
which affect local authorities. Flooding
interrupts ~ vital  services  such  as
communication systems, domestic water
supply, transportation, electricity supply,
wastewater management services, property
damage and human fatalitics. In
accordancc with Musungu et al. (2012),
the occurrence of weather-related disasters
has incrcascd 2.4 times between 1970 and
2005, and thcy arc projected to cscalate
cven further. Studies forccast incrcased

rainfall intensity episodes in South Aftica,
which is the main determinant for floods,
but other contributing factors include land
use, type of soil, topography and
catchment area. Musungu et al. (2012)
further stated that the climate change is
likely to increase flood risk due to elevated
sea levels as well as more intense rains
which will lead to high stream flows.
Floods have become more prevalent in
South Africa, including Komatipoort arca,
which is particularly susceptible to floods.
According to thc Lowacvelder local
ncwspaper dated 05™ March 2014, raging
floods swept the XKomatipoort arca,
destroying lifc and property. Roads had to
be closed off and pcople who could not
lcave via the usual routes were airlificd by
helicopters. Bridges were washed away,
vehicles were swepl away, houses were
flooded, and water treatmeni plants were
destroyed (Khumalo, 2016). Divers
worked around the clock rescuing people
and retrieving bodies of people who had
drowned. This 1s not an isolated case, as
News24 had previously reported similarly
destructive floods in January 2012 and
January 2013 (Khumalo, 2016). The main
objective of this study is to estimate flood
quantiles for different return periods and to
evaluate and map flood hazard and
susceptibility in Komatipoort area.

METHODS AND MATERIALS
Description of the Study Area

Komatipoort is a small town located at the
convergence of the Krokodil and Komati
Rivers under the jurisdiction of Nkomazi
Municipality in the Fhlanzeni region,
Mpumalanga province in the Republic of
South Africa (Figure 1). The town is 8 km
from the Crocodile Bridge Gate into the
Kruger National Park, a mere 5 km from
the Mozambique border and 65 km from
the Swaziland border. It is a diminutive,
sleepy town within the Lowveld with an
arca of 11.71 km® and a population of
approximatcly 20,508, according to the
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2011 National Census. It is one of the
hottest towns in South Africa, with
temperatures that can rise to as high as
48°C in thc pcak of summer, and wintcr
tempcratures  of 24°C. It lics at
coordinates 25°26'Sand 31°57'E. The
clevation of Komatipoort ranges from 29
to 377 m.a.s.l. and the slopc ranges from 0

to 57%. The land uses in Komatipoort are
urban / built-up, industries, indigenous
forest, thicket, bush land, woodlands,
shrub land, agricultural land (sugarcanc,
orchards), barrcn land, watcr bodics and
wetlands. Figurc 2 shows the land usc of
Komatipoort.
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Figure 1: Komatipoort within Komati/Krokodil Catchment

Hydrological and Hydraulic Analyses

In an endeavor to meet the specific
objectives of this research, hydrological

and hydraulic analyses were carried out to
obtain a flood inundation map, and further
highlights the data requirement at each
step of analysis (Figure 2). In hydrological
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analysis, HBV (Hydrologiska Byrins historical data as an input. Data for Komati
Vattenbalansavdelning) model was utilized catchment flow area had to be extended
to obtain an reconstruct streamflow data because it was shorter than the Krokodil
for Komati catchment, using observed, Catchment flow data.
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Figure 2: Komatipoort Land usc

Stream discharge peaks were selected from flood quantiles for different return periods.
the flow data and used in EasyFit, a In hydraulic analysis, the flood quantiles
frequency analysis software, to obtain were utilized in  HEC  Geo-RAS
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(llydrological  Engincering Centre  —
Gceospaltial River Analysis System) to obtain
river channel geometry and cross-sections,
which were utilized as input in HEC-RAS
(Hydrological [ngineering Centre River

Schematic Driagram for Hydrological and Hyd ranlic Amalysis

Thserved data | Precipitation.
T=mperature, DNischang=58

Evap-oration )

Analysis Sysicm) to obtain the water levels
and stream velocity, which in turn was
used in Geo-RAS to obtain the flood
inundation map, as illustrated in Figure 3.
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Figure 3: Hydrological and hydraulic analysis

Hydrological modeling of streamflow

Duc to inconsistency in the length of
strcam(low data for Komatipoort in the 3
gauging slations, a rainflall-runoll model,
HBV, was utilized [or the reconstruction
ol runo(T data [rom the rainlall in order to
extend (backward) the data for Komati at
Mweti (Upstream) station from 1982 to
1968. The input data required by HBV

model in order to simulatc strcamflow
consists of daily valucs of precipitation,
tempcerature,  discharge  and  total
cvaporation. The Komati River (upsircam)
caichment area has & rainfall sialions;
Roodepoort, Lirmelo, Dullstroom,
Badplaas, Mbabane, Komali SASRI,
Komatipoort and Malelane. The Thiessen
polygon method was used to establish the
weight of each station towards the
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catchment rainfall, and thus obtaining the

catchment precipitation. The daily rainfall

and temperature data for the rainfall

stations were acquired from the South

African Sugar Cane Research Institute

(SASRI). The catchment has 3 gauging
0.0023R, T . +T

stations with daily streamflow data. This
data was obtained from the Department of
Water and Sanitation/hydrology,
Government of South Africa. Hargreave's
method was used to determine total
evaporation, as illustrated in equation (1).

FT, =+ b= (- IR [ N L O OOR b

Where; T e = maximum daily air
temperature (°C); T min = minimum daily
air temperature (°C); R, - extra-lerrestrial
solar radiation (MJ m%/day); a = 0
(mm/day): a calibrated co-efficient
determined on a monthly/yearly basis by
regression analysis or visual fitting; b =1
(mm/day): a calibrated co-efficient
determined on a monthly/yearly basis by
regression analysis or visual fitting,

Modecl calibration, verification and
application

Thc model was calibrated using Gap
optimization. However for peak discharge,
difficultics were cxpericnced in simulation
of pcak discharge and its timing and
thercfore, manual calibration was uscd to
overrun the auto-calibration. In order to
carryout  historical  strcamflow  data
reconstruction for the period (rom 1968 to
1981, the primary data from 1982 to 1993
was used [or model calibration, while data
from 1993 1o 1999 were used [or model
validation. This therefore provided 13
years of reconstructed discharge data i.e.
from 1968 to 1981.

Estimation of flood quantiles for
different return periods

Flood frequency was carried out using
statistical analysis of annual maximum
flood series. This was possible because
long records of streamflow data were
availablc. Flood frequency analysis was
donc with the help of EasyFit softwarc that
uscd the annual maximum flood scries as
input in order to cstablish the most
appropriatc frequency distribution that best
fits thc annual maxima data. The

goodness-ol-fil tests of Kolmogorov-

Smirnov, Anderson Darling and Chi-

Squared were carried out using the

following selection criteria:

e Lowest overall score 2 parameter iesi,
in which thec probability distributions
that were getling the lowest combined
overall scores of Kolmogorov-
Smirmov and Anderson Darling
paramelers were selecled as possible
candidaies.

o Lowesl overall score 3 parameter iesl,
in which the probability distributions
that were getting the lowest combined
overall scores of Kolmogorov-
Smirnov, Anderson Darling and Chi-
Squared paramelers were selecled as
possible candidaies.

e Common in hydrology, whereby only
probabilily distributions which are
familiar in hydrology were selecied as
possible candidates.

e The Q-Q plot was used lo visualize

how cach probability distribution pcrforms

when the peaks were plotted. The
distributions that best fitted the data scrics
al dilferent discharge ranges were selected
and recorded. Lach distribution was used

Lo estimate the lood quantiles [or different

return periods, using the probability

distribution parameters and cumulative
frequency as input according to equation

().

Where I' is relurn period. The estimate
quantile (Q (») s equal 1o the quantile for
specific return period (Q () for each
distribution. The final flood quantiles for
each period were then selected based on
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the selected distributions for each tlood
range.

Flood hazard mapping in Komatipoort

A 30 x 30 DEM of Komatipoort and
Googlc carth map was used for flood
zoning. Thc Google carth map was gco-
referenced in Arc GIS. The application of
Geographical Information System (GIS) in
(lood risk mapping can range [rom storing
and organizing hydrological data 1o
producing (lood inundation maps in order
to supporlt flood risk management
(Bishaw, 2012). Geometric key data for
HEC-RAS model was formed using HEC-
GeoRAS software, which is an extension
of ArcGIS computer package for spatial
analysis. In  HEC-GeoRAS, geometric
layers such as the river center line, flow
paths, bank lines, cross sections, and
bridges were generated by digitizing, using
the Google earth map as reference. The
essential attributes were allocated to each
of these layers. The data was then
imported to HEC-RAS for further analysis
(Sredojevic and Simonovic, 2009).

To establish flood levels, a statistical
analysis  of the discharge data was
executed in order to derive the probability
of occurrence of floods. The geometric
data was imported from HEC-geoRAS into
HEC-RAS. Manning’s “n” values were
entered for each cross section, using the
land usc map as reference. The stecady flow
data and discharge with diffcrent return
periods was also added, and the boundary
conditions werc dctermined. Data on
bridges, derived from the cxisting models
and drawings werc incorporated with the

rest of the data and a normal depth was
calculated based on the slope. After
entering all of the required data, the
simulation was carricd out and the watcr
surfacc profiles were cxtracted. The HEC-
RAS modecl results were then added into
ITEC-gcoRAS, flood zones werc cxtracted.
ITEC-GeoRAS was uscd to cxtract water
surfacc profilec data from TIEC-RAS and
was incorporate il into a floodplain map in
GIS, thus displaying the inundation [or
dilTerent return periods.

Determination of flood susceptibility in
Komatipoort

Susceptibility indicators determine how
perceptively an aspect at risk performs
when 1t 1s exposed to hazard. Flood
susceptibility is determined by
anthropogenic factors (land use and road
density), hydrological factors (drainage
density), geomorphological factors (slope
and elevation) as well as meteorological
factors (rainfall), as illustrated in Figure 4.
Thc flood susceptibility map  of
Komatipoort was dcvcloped using GIS
cvaluation tcchmiques. GIS layers were
preparcd for land usc, drainage dcnsity,
slopc, road density, rainfall, and clcvation.
Elevation and slopc were derived from the
DEM. Road densily and drainage densily
were calculated in GIS using the drainage
map and road map, respectively. These
contributing maps were all converted 1o
raster and reclassified, as illustraied in
Figure 5. The contributing properties of
each factor were ranked, and weights were
assigned to each of the factors as an
indication of the level of significance
towards flood rigk (Table 1).
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Figure 5: Schematic diagram for flood
Flood susccptibility was determined based
on a number of indicators such as rainfall,
land usc, clcvation slope, drainage density
and road density. Heavy rainfall is onc of
thc major causes of floods, hence it carrics
the most weight in flood susceptibilily
analysis. In Arc GIS, extreme rainlall
values for all the rainfall stations which
fall within the catchment of the study area
were plotted and interpolated using the
Krigging method in order to obtain a
rainfall map. The rainfall values were then
reclassified in accordance with the flood
susceptibility ranking scheme of 1 to 5,
with 1 denoting very low rainfall, thus
representing very low susceptibility to
floods and 5 denoting very high rainfall,
therefore  representing  very  high
susceptibility to floods.

Susceptibility Mapping (Malczewski, 1999)
The land usc map for Komatipoort was
also rcclassificd like the rainfall map for
determination of  flood Susceptibility
based on land usc. The valuc 1 denotes
limited land usc change, mcaning the arca
is mostly covered in [orests, thus [acing
very low susceptibility to [loods, 2
represents rangeland which poses low
susceptibility, 3 is agricultural land which
is moderately susceptible, 4 is barren land
with high flood susceptibility and the
value 5 denotes urban built-up, wetlands
and water bodies dominance in the area,
therefore  representing  very  high
susceptibility to floods.
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Tablc 1: Flood Susceptibility Criteria (Source: Malczewski, 1999).

Factors Weight Classification scheme Ranking Ranked

scheme Valucs
3 0-—150 Very Low 1
Rainfall (mm) 151 —200 Low 2
201 =250 Modcratc 3
251 -300 [Tigh 4
301 -350 Very Iligh S
Elevation (m) 2 300.1 —450 Very low 1
150.1 — 300 Low 2
75.1- 150 Modcratc 3
25.1-175 High 4
0—25 Very High 5
Slope (dcgrees) 2 29 —35 Very low 1
2228 Low 2
15-21 Modcratce 3
8—14 [Tigh 4
0-7 Very Iligh S
Drainage 2 0—7000 Very low 1
Density 7001 — 14000 Low 2
(5000m pixel) 14001 —21000 Moderate 3
21001 — 28000 High 4
28001 — 35000 Very High 5
Road Density 1 0— 15000 Very low 1
(5000m pixel) 15001 — 30000 Low 2
30001 — 50000 Moderate 3
50001 — 60000 High 4
60001 — 70000 Very High 5
Land Use 1 Forest Very Low 1
(related to water Rangeland Low 2
absorption and Agricultural land Moderate 3
drainage Barren land High 4
capacities) Urban, Wetlands, Water bodies Very High 5

The elevation map of Komatipoort was
derived from the DEM using in GIS and
also reclassified for determination of flood
Susceptibility based on the elevation. The
value 1 denotes very high elevation, thus
representing very low susceptibility to
floods and thc valuc 5 denotes very low
clevation, thereforc rcpresenting  high
susceptibility to floods. With clevation, the
higher the clevation value, the lower the
flood susccptibility, and thc lower the
valuc, the higher the susceptibility.

Flood susceptibility based on slope
involved derivation of the slope map of
Komatipoort from the DEM through
Spatial Analyst Tools in Arc GIS and
reclassified, then ranked with the value 1
denoting very high slope, thus representing
very low susceptibility to floods and the
valuc 5 denoting very low slope, therefore
representing high susceptibility to tloods.
With slope, the higher the slope value, the
lower the flood susceptibility, and the
lower the wvalue, the higher the
susceptibility.
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Flood susceptibility based on the drainage
density required derivation of drainage
density map of Komatipoort from stream
networks through Focal Statistics in Arc
GIS. The drainage density map was further
reclassified in Arc GIS, with 1 denoting
very low  drainage density, thus
representing very low susceptibility to
floods and 5 denoting very high drainage
density, therefore representing very high
susceptibility to floods.

Thc road density map of Komatipoort was
derived from roads map through Focal
Statistics in Arc GIS in order to determinc
flood susceptibility bascd on road density.
The road density map was further
reclassified in Arc GIS, with 1 denoting
very low road densily, thus representing
very low susceptibility to (loods and 5
denoting very high road density, therelore
representing very high susceptibility to
floods. The flood susceptibility map for all
factors was the weighted sum map (Flood
susceptibility), which was developed in
Arc GIS using the following map algebra
expression:

Weighted Sum = (Rainfall Value x 3) +
(Drainage Value x 2) + (Slope Value x 2)
+ (Elevation x 2) + (Road Density Value)
+ (Land Cover Value).

All 6 input maps werc added in Arc GIS,
and thc final map was obtaincd through the
usc of raster calculator in Map algcbra
under Spatial Analyst Tools, using the
wcighted sum algebra cxpression. Just like
the input maps, the flood susceptibility
map was also reclassificd in Arc GIS using
the ranking scheme of 1 (o 5, with 1
denoting very low flood susceptibility Lo

floods, 2 denoting low flood susceptibility,
3 denoting moderate flood susceptibility, 4
denoting high flood susceptibility and 5
denoting very high susceptibility to floods.
For ease of use, the traffic light approach
was used, i.e. red for high susceptibility
and green for low susceptibility.

RESULTS AND DISCUSSIONS

Extension of strcamflow data for
Komati catchment

Inconsistency in the length of flow data in
thc  diffcrent gauging  stations of
Komatipoort called for cxtension of the
said data. Flow data for Komati Catchment
was cxtended becausc it was shorter than
Krokodil Catchment (low data. This was
achieved through the utilization of HBV, a
rainfall-runoflT model which simulates
runoff from observed precipitation data
and also has the ability to extend the data
for previous, unrecorded years. The results
show that Badplaas rainfall station has the
highest rainfall contribution towards the
catchment at 35%, followed by Malelane
Rainfall station at a 24% contribution, then
Roodepoort at 12%, Ermelo at 7%,
Komatipoort at 3%, and Mbabane at 2%,
while Dullstroom and Komati SASRI
stations show no contribution towards the
catchment. This is illustrated in Figure 6.
Tablc 2 also shows that most of thc rainfall
stations havc missing data. Roodcpoort
rainfall station has 2.42% missing data,
Ermclo has 0.85%, Dullstroom has 8.5%,
Badplaas has 1.84%, Mbabanc has 0.92%,
Komati SASRI has 0.11%, Malclanc has
0.98% and Komalipoort has no missing
data.
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Tablc 2: Komati River Catchment Rainfall Stations Inventory

No. | Rainfall Station | Location Data range | % missing | Contribution weight
(Lat, Long) data towards catchment
area
L. Roodepoort -25.73, 29.82 | 1905 - 2000 2.42 0.12
2. Ermelo -26.52, 29.95 | 1942 - 1991 0.85 0.07
3. Dullstroom -25.42, 30.10 | 1906 - 1993 8.5 0
4. Badplaas -25.97, 30.52 | 1911-2000 1.84 0.35
5. Mbabane -26.32, 31.13 | 1903 - 1994 0.92 0.2
6. Komati SASRI | -25.55, 31.95 | 2001 - 2016 0.11 0
7. Komatipoort -25.35, 31.91 | 1965 - 1995 0 0.02
8. Malelane -25.50, 31.50 | 1938 - 2000 0.98 0.24
N Thiessen Polygon Map for Komati Upstream
I(o:rlatipoori

.Duilstmom (SAR)

Ermerlo

Malelane
-

B 7

Figure 6: Thiessen Polygon Map for Komati River Catchment

Table 3 shows a good streamflow records
with minimal data missing.. Gauging
stations X1HOS53, X2HO16 and X2HO36
had 9.18%, 9.0% and 9.2% missing data,
respectively. Streamflow data from Station

X2HO36 (Komati at Mweti) was used in
HBV model because it is the data that
required extension in order to match data
from station X2HO16.
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Table 3: Komati/Krokodil River Catchment Streamflow Inventory

No. | Gauging Station | Location (Lat, Long) Data range % Missing Data
. X1HOS3 -25.451, 31.95 2006 - 2016 9.18
2. X2[1016 -25.36,31.96 1960 - 2016 9.0
3. X2HO36 -25.44,31.98 1982 - 2016 9.2

HBYV Model calibration and validation

Model calibration was conducted using
data for the period of 1* October 1982 to
30" September 1993, and a model
efficiency of 65% was obtained through
Gap optimization. The parameters were
adjustcd manually for pcaks that were not
fitting wecll since auto-calibration was
failing to capturc all thc pcaks. Historical

data was obtained by using the wettest
years (1983/84 and 1984/85) as input for
the first set. The rest of the peaks were
captured by conducting annual calibration
(Figure 7). Table 4 and 5 show the
parameters that were optimized in HBV
model during calibration exercise in an
cffort to simulate thc cxtremc floods and
small and modcratc floods, respectively.

Table 4: Optimized HBV Parameters used to capture extreme floods

Paramcter | Description Range Optimized Value
FC Maximuim soil moisture storage 50 -500 142.56
LP Soil moisture value above which AET reaches 03-1 0.90
BETA Parameter that determines the relative | 1.0—-4.0 4.17
contribution of runoff from rain and snowmelt.

PERC Threshold parameter 0.5-2.0 4.42
UZL Threshold parameter 10 - 100 13.0
KO0 Storagc cocfficicent 0 0.1-1.0 0.712
K1 Storagc cocfficient 1 0.01-1.0 0.241
K2 Storagc cocfficient 2 0.001 — 1.0 0.073
MAXBAS | Changc of precipitation with clevation 1-25 0.073

Modcl validation was carricd out to check
the ability of the modcl to perform with a
definitc eminence of intended purposc.
Model validation was carricd out using
data for the period of 1% October 1993 to
30" September 1999, with a model
elTiciency ol 53%. The results in liigure 8
show a good relationship between
simulated and observed flows, although
there is a markedly high difference

between observed and simulated flows at
cxtremely high flows between the years
1983 and 1984. Since acccptable modcl
cfficiencics were obtained for calibration
and  validation (65% and 53%,
respectively), the model was then run in
order 1o extend ihe data (rom 1982 Lo
1968, thus giving 13 years ol exiended
stream flow data, as shown in Higure 9.
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Tablc S: Optimized HBV Paramcters used to capturc small to modcrate floods

Parameter Description Range Value
FC Maximum soil moisture storage 50 -500 226.65
LP Soil moisture value above which AET reaches 03-1 0.94
BETA Parameter  that determines the relative 1.0-4.0 2.62
contribution of runoff from rain and snowmelt
PERC Threshold parameter 0.5-2.0 2
UzZL Threshold parameter 10 - 100 99.57
KO Storage coefficient 0 0.1-1.0 0.8
K1 Storage coefficient 1 0.01-1.0 0.7
K2 Storage coefficient 2 0.001 — 1.0 0.17
MAXBAS Change of precipitation with elevation 1-2.5 5.28
Calibration — Observed
3000 f = = = Simulated
2500 |

Flow (mm/day
s
=
[ =t )
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Figure 7: Modcl Calibration at Komati River Catchment
Estimation of flood quantiles for In determining the best probability

different return periods

Flood frequency analysis

Since long records of flow data are
available, a flood frequency analysis of
observed data was conducted and EasyFit
software was utilized, using annual flow
peaks as input in order to establish the type
of probability distribution that best fit
these flow peaks. The goodness-of-fit tests
(Kolmogorov-Smirnov, Anderson Darling
and Chi-Squared) were conducted using
the 2 parameter test and 3 parameter test.

distribution for Krokodil River using the 2
parameter test, Frechet (3P) distribution
ranked the best at position 4, but in the 3
Paramecter tcst, Log Logistic (3P) ranked
the highest at 10. Howcver, in the overall
test, Log Logistic (3P) ranked the highest
(Table 6). In dctermining the best
probability distribution for Komati River
using the 2 paramcter test, Gumbel Max
distribution ranked the best at position 3,
but in the 3 Paramelier test, Weibull ranked
the highest at 25 and in the overall tesi,
Weibull ranked the highest (Table 7).

Tanzania Journal of Engineering and Technology, (TJET) Vol. 37 (No. 1), June, 2018




N. Khumalo, A. W. Mayo and S. Munishi

Verification
1400
—— Observed
2004 ¥ amams Simulated
1000 -
E
= 800
E
‘; 600 +
400 -
200
0 T 1
g £ = £ = & E
e = 5 i ]
2 g & = & e o
Date
Figure 8: Model Validation at Komati River Catchment
Simulated Flow
1200 -
1000 -
. 800 -
5
£ 600 -
£
™ 400 -
O Plh - ]l‘:lh T T _JI |l' bIJ\ ﬂI )IL‘* |u|'k Illh 'hi"' jI l IJ J‘Il
oo o = — (9] o = un D | Gy oD o o —
e om R i N o & N 8 Ey & oo oo
R T S S T R S R T N
Date

Figure 9: Flow extension by HBV Model at Komati River Catchment

Table 6: Parameter test for Krokodil

Distribution Kolmogorov | Anderson | Chi- 2P Test | 3 P | Overall
-Smirnov Darling Squarcd Test Rank
Log-Gamma 9 9 | 18 19 5
Log-Logistic(3P) 1 6 3 7 10 1
Pcarson (3P) 5 4 6 9 15 4
Dagum 4 3 7 7 14 3
Frechet (3P) 2 2 8 4 12 2
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Table 7: Paramecter test for Komati

Distribution Kolmogorov | Anderson | Chi- 2P test | 3P test | Overall
-Smirnov Darling Squared Rank
Gumbel Max 1 2 23 3 26 2
Gen. Lixtreme 9 3 34 12 46 5
Value
Dagum 8 12 7 20 27 3
Burr 4 14 14 18 32 4
Weibull 2 10 13 12 25 1

After obtaining the results from the first 2
tests (2 parameter and 3 parameter tests),
only the probability distributions which are
familiar in hydrology were selected. The
uncommon ones such as Burr and Dagum
were disqualified. The Q-Q plot was also
used to visualize the performance of each
probability distribution when the data
series was plotted. The distributions that
best fitted the data series at different
discharge ranges were selected and

Table 8: Best distribution for Krokodil River

recorded. Figure 10 illustrates Gamma Q-
Q Plot for Krokodil River. Table 8 shows
the Dbest probability distributions for
Krokodil River flow data. Log Logistic
(3P) gave a good fit at discharges that are
less or equal to 400 m¥/s, Reciprocal was
good for discharges at the range of 400 to
500 m’/s, and Gamma was suitable for
digcharges ranging above 500 to 1200
m’/s.

Best Distribution Parameters Discharge range (m’/s)
(Krokodil River) (1} B Y

Log-Logistic (3P) 1.37 214.31 17.22 <400
Reciprocal 43.1 2927 - 400 - 500
Gamma 1.81 201.37 0 500 -1200

Tablc 9 demonstrates the best probability
distributions (or Komalti River [low data.
General Parelo gives a suiiable fit at
discharges that are less or equal 1o 200
m’/s, Uniform is good for discharges at the
range of 200 to 400 m’/s, Pareto 2
performs well at the range of 400 to 500
m’/s, Gamma is suitable for discharges

ranging above 500 to 1250 m'/s, Log
Logistic (3P) performs well at the range of
1250 - 2250 m’/s and Reciprocal is
suitable for ranges exceeding 2250 m’/s.
These probability distributions are selected
based on the Q-Q plot of each distribution
to visualize its performance when the data
series is plotted.

Table 9: Best distribution for Komati River Upstream

Best Distribution (Komati Parameters Dischar§e range
River upstream) (m’ /s)
General Pareto k —-0.334 4504 u-—19.0 <200
Uniform o—-103.7 | p—2816.5 200 — 400
Pareto 2 a—109.0 | B-16.5 400 - 500
Gamma a=138 B=198.0 y=0 500 - 1250
Log Logistic (3P) a=1.7 B=284.6 | y=1738 1250 - 2250
Reciprocal a=43.1 B=2927 - > 2250
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Figure 10: Gamma QQ Plot for Krokodil River

Flood Quantiles for Different Return
Periods

Table 10 shows the [lood quantiles [or the
different return periods for all 3 probability
distributions. Each selected probability
distribution was used to estimate flood
quantiles for different return periods in
EasyFit software by using the probability
distribution parameters and cumulative
frequency as input. The cumulative
frequency was obtained using equation (2).
These 3 sets of flood quantiles were

compared with the already established
ranges of the probability distributions in
order to obtain the final flood quantiles.
The final flood quantiles for Krokodil
River are 142 m’/s for a 2-year return
period, 336 m*/s for a 5-year return period,
738 m?/s for a 10-ycar return period, 929
m’/s for a 20-ycar return period, 972 m’/s
for a 25-year return period, 1066 m?/s for a
50-ycar return period, 1116 m’/s for a 100-
year rcturn period, 1158 m*/s for a 500-
year return period, and 1163 m’/s for a
1000-ycar return period.
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Tablc 10: Flood quantiles for Krokodil River

T F(x) Qr Krokodil (m*/s)
Gamma | Log Logistic (3P) | Reciprocal | Final Flood quantilcs

2 0.5 159 142.37 193.2 142.4
5 0.8 372.1 336.24 479.9 336.2
10 0.9 560.2 671.3 737.8 737.8
20 0.95 831.5 897.1 928.6 928.6
25 0.96 1024.2 1010.1 9724 972.4
50 0.98 1057.9 1157.3 1066.1 1066.1
100 0.99 1278.5 1221.4 1116.2 1116.2
500 | 0.998 | 1297.2 1257.3 1158.1 1158.1
1000 | 0.999 | 13548 1330.9 1163.4 1163.4

These results indicate that, a [lood with a
discharge of 142 m’/s is likely to recur in
the study area every 2 years, a llood with a
discharge of 336 m’/s is likely fo recur
every 5 years, etc. According to this
analysis, a flood of 1066 m’/s is likely to
occur every 50 years, which was found to
be accurate considering that in the
streamflow data for Krokodil River
observed over 55 years, the maximum
flow is 1169 m’/s, and the second highest
flow is 1022 m®/s. Moreover, EasyFit
software has proven to be a reliable tool
for flood frequency analysis.

Tablc 11 shows the flood quantiles for the
different return periods for all 3 probability
distributions. These 6 scts of flood
quantiles were compared with the ranges
of the probability distributions in order to
obtain the final flood quantiles. The final
flood quantiles [or Komali River arc 356
m’/s for a 2-year return period, 540 m’/s
for a 5-year return period, 711 m’/s for a
10-year return period, 874 m’/s for a 20-
year relurn period, 926 m’/s for a 25-year
return period, 1048 m’/s for a 50-year
return period, 1240 m’/s for a 100-year

return period, 2903 m’/s for a 3500-year
return period, and 2905 m’/s for a 1000-
year return period. This analysis is
acceptable, considering that in (he
streamflow data for Komati River of 47
years, the maximum flow recorded is 2927
m‘;’s, and the second highest flow is 2210
m°/s,

Flood Hazard Mapping in Komatipoort

Figure 11(A) shows the geometric layers
that were generated in HEC Geo-RAS and
imported to HEC RAS for further analysis
for Komati and Krokodil rivers. This
gcomctric data includes thc river centre
line, flow paths, bank lincs, rcachces, cross-
scctions, and bridges. The upper rcach is
Komati River upstrcam, the lower rcach is
Komati River downstrcam and Krokodil
River is the tributary, as developed in [TEC
Geo-RAS. Figure 11(B) is a cross-section
of Komati River showing the {lood depth
al dilferent return periods. At this poini,
the (lood depth is 14 m. Figure 11(B) also
shows a high ¢levation, which suggests the
presence of a hill or a mountain,
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Table 11: Flood quantiles for Komati River

T F(x) Qr Komati (m’/s)
General | Uniform | Pareto | Gamma | Log Logistic | Reciprocal Final Flood
Parcto 2 (3P) quantilcs
2 0.5 297.7 356.4 226.2 293.0 302.0 355.2 3564
5 0.8 579.3 632.4 527.4 540.2 662.2 1259.0 540.2
10 0.9 741.6 724.5 756.9 710.7 1057.9 1919.7 710.7
20 0.95 870.3 770.5 9878.0 874.3 1634.4 2370.5 874.3
25 0.96 905.8 779.7 1062.6 926.0 1873.4 2472.6 926.0
50 0.98 1000.4 798.1 1295.6 1084.2 28454 2690.3 1084.2
100 0.99 1075.4 807.3 1530.1 1239.6 4300.0 2806.2 1239.6
500 | 0.998 1194.9 814.6 2080.2 1593.2 11140.0 2902.5 2902.5
1000 | 0.999 1229.6 815.6 2319.7 1743.2 16769.0 2014.8 20148
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Figure 11: Extracted River Geometry for Komati and Krokodil Rivers (A) and Komati
River Cross-section (B)

Flood inundation extent for ditferent

return periods

I‘igure 12 shows the exlent of a flood
inundation that is expected 1o recur in the
study area depending on the return period.
The depth of this flood ranges 10.78 m for
return period of 5 years, which increases to
16.2 m for a return period 1000 years. For
a 1000-year return period a flood depth of
up to 16.2 m will be reached, which will

inundatc an approximate arca of 6.18 km”.
I1 is evident that as flood depth inercascs,
il is expected that more people disiressed
and more properly will be damaged.
Farmers and homesteads situated along the
Komati and Krokodil rivers are the most
affected by these floods. One of the areas
that are likely to be affected by Komati
River floods 1s Komati central commercial
district, which is nested at the confluence
of these two rivers. The other areas include
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the farms and peri-urban/rural
Komatipoort, while Krokodil river floods

only affect peri-urban Komatipoort and the
agricultural areas.

20

16

12

Maximum flood depth (m)

0 1

Log Return Period

2

3 4

Figurc 12: Flood Hazard map for various rcturn pcriods

This asscssment has proven to be in line
with the 2014 prcliminary asscssment
report on Mpumalanga flood incidents by
The Ministry for Cooperative Governance
and  Traditional  Affairs (CoGTA),
Mpumalanga  Provincial ~ Governmend.
According (o this report, the March 2014
floods caused havoc in the Nkomazi
municipalily. Aboul 553 km ol municipal
streets  were  eroded, costing the
government  R33.1  million (USD
2,424,872) in reconstruction costs. Five (5)
Bridges were washed away, 4 Bridges
were damaged and 1 Foot bridge was
eroded, which required R 4.8 million
(USD 351,643) to rehabilitate. About 119
houses were flooded and damaged, leading
to R13.09 million (USD 958,960) in
remedial costs. Farmers were severely
affected as 58 water pumps were
submerged in water, electric panels were
damaged and 325 ha of sugarcanc crops
were  waterlogged, bringing the total
agricultural costs to an  cstimated
R4,143,750 (USD 303,567). There were
also immediatc costs as pcoplc had to be
airlifted sincc they were disconnected from
olher communities duc to bridges that got

washcd away, as well as humanitarian
costs in terms of temporary housing, food
parccls, blankcts and water for displaced
familics.

Flood Susceptibility Mapping

Heavy rainfall is one of the major causes
ol (loods, hence it carries the most weight
in flood susceptibility analysis. According
to Figure 13(A), the northern part of
Komatipoort (along Krokodil River)
records the highest rainfall, while the
southern part (along the Komati River)
records the lowest rainfall. This makes the
northern part of Komatipoort more
susceptible to floods because it is situated
downstream of the Krokodil River. The
map also shows that 18% of Komatipoort
has very low flood susceptibility, 17% has
low susceptibility, 20% has moderate
flood susceptibility, 24% has high
susceptibility and 21% of thc arca has a
very high flood susceptibility bascd on
rainfall.

There arc scveral types of land wuscs
identified in this study arca: barc soil,

Tanzania Journal of Engineering and Technology, (IJET) Vol. 37 (No. 1), June, 2018



N. Khumalo, A. W. Mayo and S. Munishi

urban / built-up, indigenous forest, thicket,
bush land, shrub land, agricultural land
(sugarcane, orchards), barren land, water
bodies and wetland. According to Figure
13(B). 43% of the Komatipoort has very
low to moderate susceptibility to flooding,
3% has low susceptibility, 49% is
moderately susceptible, 0.5% has high
susceptibility and 4.5% has very high
flood susceptibility. The areas that show
low susceptibility to floods arc thosc
dominatcd by forcsts and rangclands,
which offers soil coverage and thus
delaying flow. Komatipoort is a sugarcanc
arca with a sugar mill, so it is hardly
surprising that this arca is dominatcd by
agricultural land, which makes it
moderately susceptible to floods. As much
as a good porlion ol the Komalipoort is
covered in vegelation and thus reducing its
susceplibility to Nlooding, this town is also
quite developed at the river confluence,
which increases run off and thus increasing
flood susceptibility, However, high
susceptibility to floods was noted at the
confluence of the two rivers, which is the
central business district. This area 1s
dominated by built-up spaces, which
reduces infiltration and increases run-off.
The map also shows high flood
susceptibility along the two rivers. Since
wetlands have saturated soils, they hinder
infiltration, thus encouraging increased
runoff, and subscquently flooding.

Mountainous areas are less likely to be
scourged by floods, while flat plains and
valleys are always highly susceptible to
flooding. This is caused by the speed at
which runoff flows on mountains, as
compared to sluggish meandering in
valleys, allowing for runoff accumulation
and subsequently flooding. According to
Figure 13(C), Komatipoort is dominantly
moderately ~ susceptible  to tflood
susceptibility based on clcvation because
thc arca is mostly dominated by an
clevation of 75 — 150 m. Komatipoort also
has mnoticcably high susceptibility to
floods, cspecially along The Komati and
Krokodil rivers, implying that along thc
rivers, the arca has a low clevation. The
map also shows that only 0.6% of
Komaltipoort has high flood susceptibility,
83% ol this area is moderately susceptible,
16% has low susceptibilily and 0.4% has
very low flood susceptibility based on
elevation. According to Figure 13(D),
Komatipoort is  dominantly  highly
susceptible to flood based on slope. About
37% of Komatipoort area has very high
susceptibility to flooding based on slope
(slope range of 0 — 7%), 32% of
Komatipoort has high susceptibility (slope
range of 8 — 14%), 20% has moderate
susceptibility (slope range of 15 — 21%),
9% has low susceptibility (slope range of
22 — 28%) and only 2% of this area has
very low susceptibility (slopc range of 29
—35%).
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Figure 13: Komatipoort flood susceptibility maps based on various indicators.

Figure 14(A) shows that Komatipoort has
very high susceptibility to floods based on
drainage density, High drainage density
increases the risk associated with floods. 1t
was observed that 33% of Komatipoort has
very high flood susceptibility based on
drainage density, 25% has high flood

susceptibility, 13% of the area is
moderately susceptible, 21% has low
susceptibility, but only 2% of the area has
very low flood susceptibility. Road is one
of the important anthropogenic factors
inducing flood hazard, because they
disturb the free flow of water. The porosity
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of soil is traded with impervious surfaces
such as tar that accumulate little water,
reduce permeation of water into the ground
and hasten runoft, subsequently increasing
susceptibility to flooding. Higher road
density increases susceptibility to flooding.
The road density map of Komatipoort was
derived from a roads map through Focal
Statistics in Arc GIS. Figure 14(B) shows
that Komatipoort has dominantly very high
flood suscceptibility bascd on road density.
About 69% of Komatipoort has very high

flood susceptibility based on road density,
18% of the area has high flood
susceptibility, 6% of the area has moderate
flood susceptibility, 5% has low
susceptibility and only 3% of the area has
very low flood susceptibility based on road
density. The conclusion drawn here is that
urban built up areas, which are hugely
characterized by impervious surfaces and
limited vegetation, are prime victims for
flood (Liyanarachchi, 2004; Lawal et al.,
2014).
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Figure 14: Komatipoort flood susceptibility map based on (A) Drainage density and (B)
Road density

Figure 15 shows Komatipoort has a has a
dominantly high susceptibility to flooding
particularly where there are high rainfalls,
high road density, high drainage density,
low elevation, low slope and when the land
use is dominantly urban built-up, wetlands
and water bodies. About 18% of
Komatipoort has very high susceptibility
to tlooding, 17% has high susceptibility,
20% is modcratecly susceptible, 24% has
low suscceptibility and 21% has a very low
susceptibility to flooding.

The accuracy of results presented here are
a function of availability and accuracy of
the data. As pointed out by Els (2011),
data availability for the Republic if South
Africa is restricted, especially for small
towns. A 30x30 m resolution Digital
Elevation Model (DEM) with was utilized
for this study, which is a low resolution
DEM and it proved to be insufficient for
hydraulic modcling of river channcls
becausc it could not capturc and represent
sharp changes in thc topography of the
terrain. A DEM with a high resolution
(<10 m) would havc becen more suitable,
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ideally wused in concurrence with a
topographic map for clear display of
structural features. For this study, a land
usc map uscd in conjunction with a gco-
referenced Google carth map proved to be
a uscful tool in identifying thc tlooded
arcas in the abscncce of a topographic map
of the arca. Lack of long continuous flow
data is another issuc for thc study arca.
Only onc gauging slation has daia ranging
[rom 1960 (o 2016, the other stations have
much shorter daia series, which raised the
need 1o extend this data through
hydrological analysis.
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Figure 15: Komatipoort flood
susceptibility map

CONCLUSIONS

In conclusion it was observed that the best
probability  distributions for Krokodil
River flow data was the Log Logistic (3P)
for discharges that are less or equal to 400
m’/s, Reciprocal for discharges at varies
between 400 to 500 m*/s and Gamma for
discharges ranging above 500 to 1200
m’/s. The extent of a flood inundation that
is expected to recur in the study area was
dependent on the return period. The depth
of this flood ranges 10.8 m for rcturn
period of 5 ycars to 16.2 m for a rctum
period 1000 years, which covers an
approximate area of 6.2 km®. It can be

concluded that there is indeed a flood
problem along the Komati and Krokodil
rivers in Komatipoort. This flood affects
the farms and homestcads along thc banks
of these rivers, the urban residential arca,
the central business district as well as the
grasslands and natural forests. The rcsults
also show that thc arca is gencrally
susceptible to floods duc to a combination
ol anthropogenic faclors (Land usc and
road density), hydrological [faclors
(drainage  densily), geomorphological
factors (slope and elevation) as well as
meteorological factors (rainfall). Flood
frequency analysis showed the maximum
flow of 1163 m’/s for a return period of
1000 years for Krokodil River and a
maximum flow of 2915 m’/s for the same
return period for Komati River. The results
also showed that a flood of 1066 m’/s is
likely to occur every 50 years, which has
proven to be accurate considering that in
the flow data for Krokodil River observed
over 55 years, the maximum flow recorded
is 1169 m’/s, and the second highest flow
is 1022 m’/s.
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