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ABSTRACT

Hydropower is the leading source of renewable energy. It provides more than 97% of all
electricity generated by renewable sources internationally. Small hydropower plants
(SHPs) can be an alternative and a complement to large power generating plants, especially
in the less developed world where the demand for electricity is growing rapidly. The socio-
economic development in the Inkomati River Catchment has experienced slow growth in
recent years. One of the major reasons identified is the lack of availability of electrical
energy, which hinders agricultural production, job creation and economic growth,
particularly in small rural communities. The installation of small hydropower plants in the
Inkomati River Catchment which experiences variable flows has the potential to produce

clean and cheap energy for boosting and sustaining economic growth in the region.

Numerous hydrological studies conducted in the Inkomati River Catchment have focused
on the mitigation of floods and droughts, while little attention has been given to the
hydropower potential of the catchment. The objectives of this study were to: (i) derive and
verify a simple methodology to estimate daily streamflow quantiles at gauged sites using
flow duration curves (FDCs), (ii) to regionalise the FDCs in order to estimate daily
streamflow quantiles at ungauged sites, and (iii) to demonstrate the use of the regionalised
FDCs to estimate potential hydropower production at selected sites in the Inkomati River
Catchment. To address these objectives, FDCs were computed using only reliable daily
streamflow data gathered from twelve gauged stations across the Inkomati River
Catchment. Since most of the gauged stations in the catchment are sparse, regionalisation
was performed using morphoclimatic characteristics (drainage area, hypsometric fall, Mean
Annual Precipitation (MAP) and river length) parameterized using a Geographic
Information System (GIS). The methodology developed enables daily streamflow quantiles
to be estimated at both gauged and ungauged sites. The verification of the accuracy of the
regionalisation was done by calculating the root mean square error at two selected gauging
stations, which were not used in the calibration procedure. The power equation was applied
to determine the power potential at the Mac-Mac River and Ressano Garcia gauging
stations, assuming a 50% and 70% overall plant efficiency (€) of the turbine. The method
estimates the flow and, given adequate head, the potential hydropower can be estimated,

especially from small catchments (<100 km? drainage area).
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1. INTRODUCTION

The ability to meet the demand for energy is currently a serious problem in many countries,
particularly in developing countries, as a result of increasing population and slow economic
growth (Bakis and Demirbas, 2004; Balat, 2006). Moreover, there is a growing need to
construct hydro-electric schemes because of the serious environmental effects associated with
the production of energy when using fossil fuels (Aslan et al., 2008).The use of Small
Hydropower Plants (SHPs) offers an alternative to generate renewable electricity at a relatively

low cost for sustainable socio-economic growth (Blanco et al., 2008).

(SHPs) are generally constructed as “run-of-river” with no dam (Aslan et al., 2008) and are a
development of hydropower on a small scale (Yuksel, 2008). They can also be developed at
existing dams which have been constructed for the control of water levels of rivers and lakes

and for irrigation schemes (Aslan et al., 2008).

Hydropower plants play an important role in the generation of cleaner renewable energy and
can be useful for water resources management (Kaygusuz, 2002; Yuksel, 2008). The
development of SHPs can contribute to meeting the energy needs of local people in remote and
mountainous areas and thus improve their standard of living and quality of life (Bakis and
Demirbas, 2004; Balat, 2006; Dudhani et al., 2006). One significant advantage for the
installation of SHPs is that they have less of an environmental impact than other energy sources
(Paish, 2002). The environmental impact of hydropower plants is minimal because they do not
cause pollution through carbon dioxide emissions (Yuksel, 2008). SHPs can be installed in a
large range of environmental conditions, but there are several factors that need to be addressed
prior to their installation, including technical, environmental, ecological, human and legal

considerations (Dudhani et al., 2006; Kaldellis, 2007).

Globally, hydropower is starting to become a “success story”. It contributes to one-fifth of the
world’s power generation and provides the majority of the electricity supply in 55 countries
(Yuksel, 2008). In Africa, hydropower contributes to more than 50% of electricity generated in

approximately 25 countries (Bartle, 2002). Mozambique has a natural potential for the efficient
1



and effective use of SHPs (Associates, 2003). The country has small-scale hydropower
potential and adequate topographical conditions in which water resources could be utilized to
generate electricity (Consultec and BKS, 2001). However, electricity production in the country
is far from satisfying the needs of the population, especially in the rural areas (Associates,
2003). Consequently, there is a need to develop additional energy production systems by

promoting the development of small-scale hydropower systems.

As the demand for water resources increases and becomes more complex and diversified, the
need for hydrological information becomes more important (Vogel and Fennessey, 1995). Flow
duration curves are a key concept in the estimation of hydropower production potential and are

thus important for the operation of SHPs along the rivers (Karamouz et al., 1991).

The objective of this dissertation was to (i) derive and verify a simple methodology to estimate
daily streamflow quantiles at gauged sites using flow duration curves (FDCs), (ii) to regionalise
the FDCs in order to estimate daily streamflow quantiles at ungauged sites, and (iii) to
demonstrate the use of the regionalisied FDCs to estimate potential hydropower production at
selected sites in the Inkomati River Catchment. This document contains seven chapters. Chapter
1 contains a general introduction, while Chapter 2 provides theoretical concepts related to SHPs
and highlights the methods of estimating the power potential from hydropower plants. This
includes the concept of flow duration curves and their application in hydropower plant design.
Chapter 3 contains details of the methodology employed in this study, which includes the
description, assessment and reliability of observed rainfall and flow data of the selected
stations, the determination of physical catchment parameters, the derivation of flow duration
curves at gauged sites and the regionalization of flow duration characteristics, using multiple
regression techniques and hydro-potential determination for SHPs. The results obtained from
the application of the method in the Inkomati River Catchment are presented in Chapter 4. The
discussion, conclusions drawn from the results and recommendations for future studies are
detailed in Chapter 5. Finally, the references used and the appendices are presented in Chapters

6 and 7, respectively.



2. SMALL HYDRO-ELECTRIC POWER PLANTS

This chapter defines Small Hydropower Plants (SHPs), classifies hydropower plants, highlights
the factors that need to be considered for the installation of small hydro plants and describes the

concept of estimating power potential using the Flow Duration Curve approach.

2.1 Definition of Small Hydropower Plants

Small Hydropower Plants are defined as a development of hydroelectric power on a small scale
to serve small communities or industries, mainly in the rural areas. This kind of project varies
according to the generating capacity of up to 10 megawatts (MW), which is accepted as the
upper limit. (Paish, 2002) and (Yiiksel, 2007) defined an SHP as a ‘run-of-river’ or a small dam
installation, which uses the flow of water within a natural river. Small hydropower plants
depend on a suitable flow available in the river and an adequate head of water (Balat, 2006;
Dudhani et al., 2006; Aslan et al., 2008). Head and flow are used to determine the magnitude of
the power that can potentially be produced at the selected site. Head can be expressed in the
form of gross head and net head. Gross head is the difference between headwater and tail-water
elevation. The calculation of the elevation of head-water and tail-water can be obtained by
surveying the area. The variation of the elevation must be observed throughout the year. Net
head (rated head, effective head and design head) is considered as gross head minus losses in
the water passage entrances, the penstocks and valves, down to the turbine. When the flow is
known, the losses can be estimated. Hydropower plants are generally described as Low Head,
when the head is between 2-30 m, Medium Head, when the range is between 30-100 m and
High Head, when the head is greater than 100 m and not greater than 305 m. Mountainous
catchments with significant hydraulic heads are usually considered for the development of

small hydropower plants (Niadas, 2005).

Small hydropower plants are one of the most cost-effective and environmentally-benign energy
technologies that can be considered for the electrification of rural communities in less-

developed countries (Paish, 2002; Kaldellis, 2007). This kind of technology can be extremely



robust and can work for long periods, with minimal maintenance requirements (Paish, 2002;

Bakis and Demirbas, 2004).

The use of the hydropower resources in small catchments in the region, combined with the
minimization of the environmental impacts by SHPs, not only fulfills the energy demand of the
small communities of the regions, but is also viable economically through job creation, revenue
generation and by supporting sustainable development (Blanco ef al., 2008). Small hydropower
plants are especially important in poor rural communities which lack the resources, because

they are the most basic, self-sustaining and least-cost methods of power generation (Blanco et

al., 2008).

Figure 2.1 shows an example of the layout of a small hydropower plant. Water is diverted from
the river by a weir, which is constructed across it. The water then passes through to the forebay
tank, where it can be filtered, and then descends to the turbine, where the power is generated by

the rotating turbines (Paish, 2002).

Wair amd intake

Figure 2. 1  Layout of small hydropower plant, (Paish, 2002)



2.2 Classification of Hydropower Plants

There is no standard or clear consensus regarding the classification ranges of hydropower plants
(Ballance et al., 2000; Paish, 2002). According to the European classification, hydropower
plants can be categorized into large-scale, mini- or micro- and small hydropower plants.
Hydropower plants can be classified into categories, as shown in Table 2.1 (Balat, 2006;
Ramachandra and Shruthi, 2007). Small hydropower plants were chosen to be the focus of this

study.

Table 2. 1 Classification of hydropower plants (Balat, 2006)

Size Class Range
Micro <100 kW
Mini 100 — 500 kW
Small 500 kw — 50 MW
Large > 50 MW

In addition to the scale of development, there are different philosophies behind large and small
hydropower plants. Small hydropower plants are generally dependent on instantaneous
streamflow, are susceptible to variations in flow and designed to be connected with smaller
grids (Ballance et al., 2000; Blanco et al., 2008).The determination of flow is more difficult
because it involves a hydrological study of the stream or source of water to be used in
producing power and it is needed to estimate how the flow varies with time. Flow in
hydropower studies can be characterized by Flow Duration Curves (FDCs) and the flow

hydrographs.

2.3 Factors that need to be considered for the Installation of SHPs

A small hydropower plant can be developed by the simple design of turbines, generators and

civil works, as shown in Figure 2.2 (Dudhani et al., 2006).
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Figure 2. 2 Planning for small hydropower plants (Dudhani et al., 2006)

Yiiksel (2007) suggests that the principal requirements that should be considered when
developing small hydropower plants are:
suitable rainfall and runoff in the catchment area,

adequate hydraulic head of water across the turbine,



a means of transporting water from the intake to the turbine, where the energy can be
generated,
a turbine housing structure containing the power generation equipment and valve gear, and

a tailrace, to return the water to the natural water course.

In addition, legislative and administrative issues must be considered in order to mobilize and
accelerate the development of SHPs (Tsoutsos et al., 2007). The following requirements also

need to be considered when developing small hydropower plants (Kaldellis, 2007) including:

environmental issues, for example, ecological needs,
the location of the proposed installation and the legal rights to the water resources,
installation safety, and

the integrity of documents required by legislation.

The installation of hydropower plants has advantages as well as disadvantages. Some of the
advantages of SHPs (Tsoutsos et al., 2007) are:

They are a more concentrated energy resource, compared to wind and solar power,

the energy available is readily predictable,

power is usually continuously available on demand,

no fuel is required,

they are durable,

do not lead to adverse environmental impacts,

have low operating and maintenance costs, and

most importantly, they improve living conditions.

The disadvantages include (Yiiksek and Kaygusuz, 2006):
modifications to the hydrological regimes that may have negative impacts on the
environment,
high investment requirements,

dependency on runoff,



local land use modification, and

requirement for good management of competing water uses and water quality.

2.4 Method for Estimating Power Potential

Of the several methods that can be used to estimate the potential power from hydropower
plants, two primary methods have been widely used. The first method is the non-sequential or
Flow Duration Curve (FDC) and the second method is Sequential Streamflow Routing (SSR)
(Karamouz et al., 1991). The FDC is generally selected for high-head, run-of-river projects,
where the head is generally fixed and, in some cases, for low-head projects, where the head
varies with discharge. The SSR method is selected for multipurpose projects and is more
appropriate for examining the feasibility of power at constructed water conservation and flood
control projects (Karamouz et al., 1991; Bekoe et al., 2012; Younis and Hasan, 2014). This

review focuses on the FDC method.

2.4.1 Flow duration curve method

A FDC is defined as the relationship between discharge (Q) and the percentage of time during
the period analyzed, in which the particular flow is equalled or exceeded (D) (Mimikou and
Kaemaki, 1985a; Vogel and Fennessey, 1994; Castellarin et al., 2004; Niadas, 2005;
Rojanamon et al., 2007).

FDCs are used for many water resources development and management purposes, including the
installation of small hydropower plants (Yu ef al., 2002; Castellarin et al., 2007). A FDC is
described as a simple cumulative function of daily, weekly and monthly streamflow (Fennessey
and Vogel, 1990; Vogel and Fennessey, 1994; Vogel and Fennessey, 1995). FDCs show the
relationship between the time excess probability and the discharge corresponding to the
probability (Kim, 2004). Streamflow data is used to derive a FDC, which determines the design
flow for hydroelectric power plants (Blanco, 2008). FDCs are useful graphical and analytical

tools for illustrating and evaluating the relationships between the magnitude and frequency of



streamflow (Vogel and Fennessey, 1995). A typical flow duration curve is illustrated in Figure

2.3.
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Figure 2. 3  Typical Flow Duration Curve (Karamouz et al., 1991)

2.4.2 Flow duration curves in hydropower applications

FDCs can be applied to a wide variety of water resource problems, such as hydropower
planning, water quality management and flood frequency analysis (Vogel and Fennessey,
1994). In the context of hydropower estimation, FDCs are applied in hydropower feasibility
studies for run-of-the river operations (Vogel and Fennessey, 1995; Nobert et al., 2011). The
FDC method is a suitable method for preliminary or screening studies (Karamouz et al., 1991).
One of the requirements for developing a FDC is a sufficient period of record (Vogel and
Fennessey, 1995; Nobert ef al., 2011). In this method, streamflow values are related to their
corresponding exceedance percentage values, which show the percentage of time that different
levels of stream flows are exceeded. FDCs are developed by ranking all daily flow data
according to discharge, but not in the sequence in which they occurred. It means that

streamflow data can be organized in a descending order of magnitude (Karamouz et al., 1991).



In order to plot the FDC for a given river, it is necessary to analyze the streamflow data at
gauged sites for a sufficient period of recorded data. The data is ranked according to the
probability of exceedance. The probability of exceedance (Pe;) is estimated using Equation 2.1

(Karamouz et al., 1991; Castellarin et al., 2004):

Pe = ﬁ 100 Equation (2.1)
where
Pe, = probability that a given flow will be equalled or exceeded (% of time),
i = rank in descending order position on the listing (dimensionless), and
N = number of events for period of record (dimensionless).

In order to determine the power potential at a given site, under conditions where monthly data
are available, the available head at the site, plant efficiency and turbine discharge must be
known. According to Karamouz et al. (Karamouz et al., 1991), the firm power is estimated

using Equation 2.2:

P=egQOH Equation (2.2)
where

P = potential power (W),

H = gross head (m),

0 = discharge through turbine (m’.s™),

e = overall plant efficiency (%), and

9 = specific weight of water, (9.8 N.m™).

Flow duration curves can be converted to power duration curves, using the power equation. The
equation for the conversion of a flow duration curve to a power duration curve is described in

Equation 2.3 (Karamouz et al., 1991; Ramachandra and Shruthi, 2007):

10



.gQ. .H,
P = LQ” Equation (2.3)

* 1000
where
P = power production at exceedance percentage i (kW),
o = turbine discharge at percentage exceedancei (%),
H. = net head available with river flow at exceedance percentage i (m),
e = overall plant efficiency with turbine discharge equal to Q; (%), and
9 = specific weight of water (9.8 N.m™)

The application of the Equation 2.3 can be from the plant intake, through the penstock, turbine
intake, turbine, draft tube and tail water. Generally, the relationship between the turbine
efficiency, discharge and water head are provided by the manufacturer (Vogel and Fennessey,

1995).

The power generation for each calendar month can be estimated, using Equation 2.3 and
streamflow data, as illustrated in Figure 2.4. From the power duration curve, maximum power
that can be generated and consequently the firm energy for a given level of reliability (e.g.

90%), can be determined.
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Figure 2. 4  Illustration of flow duration and power duration curves (Karamouz et al., 1991)

2.4.3 Regionalization of flow duration curves

In most cases, potential sites for SHPs are ungauged, therefore regionalisation is necessary to
estimate the required hydrological information at the ungauged site from a limited number of
available streamflow gauging stations (Castellarin et al., 2004). Regionalisation methods are
still a challenge and several methods have been developed to predict at ungauged sites. In
general, the regionalisation techniques can provide a mechanism to estimate the hydrological
regime at ungauged sites. Regionalisation techniques are classified in the following categories:
spatial proximity, flow duration curves, regression and physical similarity (Nobert et al., 2011;

Archfield et al., 2013; Shoaib et al., 2013).

The regionalisation of FDCs can be developed, using parametric and graphical approaches

(Castellarin et al., 2004; Kim, 2004; Castellarin ef al., 2007, Patel, 2007; Mohamoud, 2008).

12



The parametric methods use a parametric representation of FDCs and can be used in the
estimation of FDCs at ungauged sites and the regional relationships can also obtain through
different methods, such as multiple regression models, kriging, etc (Cheng et al., 2012). The
parametric approach can be further divided in two categories, i.e. statistical and analytical

methods.

The statistical approach requires extensive catchment, climate and soils information. The
statistical methods have a probabilistic approach to FDCs and are characterized by viewing of
the FDC as the complement of the cumulative frequency distribution. The common steps for the
application of this approach are the following:
a suitable frequency distribution can be chosen for a particular region and the parameters of
the distribution can be estimated from the gauged streamflow observations in the study area,
and
regional regression models can be identified to predict the parameters of the distribution at
ungauged sites using the geo-morphological and climatic characteristics of the catchments

(Fennessey and Vogel, 1990; Castellarin ef al., 2004; Kim, 2004; Castellarin et al., 2007).

Analytical methods can be divided into two different groups, namely:
the first procedure includes the representation of FDCs by analytical relationships for
ungauged river catchments estimated through regional models, and
the second procedure includes a regional procedure that uses standardized graphical
representations of FDCs (Mimikou and Kaemaki, 1985a; Franchini and Suppo, 1996;
Castellarin et al., 2004; Kim, 2004).

The graphical approach is based on the following steps:
Firstly, it is necessary to standardize the flow duration curves for all gauged river basins
through the division by the mean or median discharge.
Secondly, through an average of the standardized FDC in different sites, the graphical

regional flow duration curve is estimated, and

13



Finally, the FDC for a particular basin can be estimated using the mean or median discharge
in the gauged stations with the dimensionless FDC (Smakhtin et al., 1997; Ganora et al.,
2009)

Overall, the main objective of regionalization is to estimate FDCs at ungauged river catchments
(Castellarin et al., 2004; Castellarin ef al., 2007) . Gauged data are used to estimate the regional
FDC, where there is a limited amount of hydrological information (Yu et al., 2002).
Regionalization techniques can also be applied to selected catchments, to compute daily flow
time series for a selected period (Smakhtin and Toulouse, 1998; Kim, 2004). The sites can be
assumed to be ungauged for the purpose of comparison between observed data and simulated

time series (Kim, 2004).

This chapter addressed a detailed review of the concept of Small Hydropower Plants and their
classification according to the class size and range. Some of the factors that need to be
considered for the development of SHPs were highlighted. The review also defined and
described the FDC method and its application in hydropower plants. The next chapter of this
document describes the methodology used in this research and includes detailed information

about the gauged and ungauged sites, statistical analyses and the regional model.
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3. METHODOLOGY

This chapter contains a description of the hydrometric and meteorological stations located in
the Inkomati River Catchment, which is the focus area for this study. This is followed by the
presentation of observed flow and rainfall data for all selected stations. The third part presents
the estimation of physical catchment parameters, which are calculated by using available spatial
data processed through a Geographic Information System (GIS). The FDCs are calibrated using
the gauged data and then regionalized regressions are developed to estimate the parameters of
the FDCs at ungauged sites using Multiple Regressions Techniques. Finally, the hydro-potential

for Small Hydropower Plants is determined using the power equation.

3.1 Description of the Study Area

The Inkomati River Catchment is a trans-national catchment shared by Mozambique, Swaziland
and South Africa. This catchment has an area of approximately 46,700 km? in total, with 28,600
km? in South Africa, 2,500 km? in Swaziland and 15,600 km? in Mozambique (Taucale, 2007).
The layout of the Inkomati River Catchment is shown in Figure 3.1.

On the Mozambican side, this study was conducted, using data in the Inkomati River
Catchment, ranging from Ressano Garcia in the western region bordering on South Africa to
the Marracuene District in the east (Indian Ocean). The catchment is situated between the
Limpopo River to the north and the Umbeluzi, Matola and Infulene Rivers to the south and is
characterized by coastal dunes in the east. The river mouth is approximately 20 km from
Maputo City (NDW, 1991; JIBS, 2001; Vaz and Van der Zaag, 2003). Data from flow gauging

stations in both Mozambique and South African side have been utilized in this study.

The Inkomati River Catchment rises in the Drakensberg mountains and plateau with elevations
above 2000 m in the west of the catchment and drops to the homogeneous flat plain to the east
of the Libombo Mountains at an elevation of generally below 150 m. Five rivers originate in the
plateau area, namely the Komati, Crocodile, Sabie, Massintonto and Uanetze Rivers. The

Komati and Crocodile Rivers are the two main branches in the upper river catchment. The
15



confluence of the Komati and Crocodile Rivers is upstream of the Mozambican border, where

the river is called the Inkomati (Consultec and BKS, 2001).

The Crocodile River is the larger tributary in the South African part of the catchment. It gathers
additional flows from the Elands and Kaap Rivers. In addition, a significant tributary to the

Inkomati River Catchment is the Mlumati River.

The Sabie, Massintonto and Uanetze Rivers are important tributaries to the Inkomati and all of
them rise in South Africa and flow through the Kruger National Park, before crossing the
border to their confluences with the Inkomati River in Mozambique. The Mazimechopes River
has its sub-catchments in Mozambique, draining the northern extremes of the Inkomati River
Catchment, mainly downstream of the Magude District (NDW, 1991; JIBS, 2001; Vaz and Van
der Zaag, 2003).

The altitude of the Inkomati Catchment varies between 0 and 2700 m, and close to the border

between South Africa and Mozambique the highest altitudes do not exceed 750 m (Consultec
and BKS, 2001).
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Map of the study area showing location of flow gauging and rainfall stations
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The climate in the catchment is characterized by two different seasons. The hot and rainy
season (summer) is from October to March. High precipitation occurs mainly in December
and March. The cool and dry season (winter) lasts (six) months (from April to September),

with little to no precipitation recorded during that season (Consultec and BKS, 2001).

The mean annual precipitation in the Mozambican part of the Catchment varies from 1073
mm along the coast to 509 mm along/near the South African border in the west. The average
annual precipitation is approximately 650 mm on the Mozambique side, while it reaches 740
mm in the South African side. The mean annual potential evaporation in the Catchment is

1900 mm (NDW, 1991; JIBS, 2001; Vaz and Van der Zaag, 2003).

The mean annual temperature ranges between 22°C and 24°C on the Mozambican side and
between 14°C to 22°C on the South African side. Maximum temperatures are observed in

December and January and the minimum temperatures usually occur from June to July.

3.1.1 Description of hydrometric and meteorological stations

The observed daily rainfall and flow data from twelve rain gauges and eleven hydrometric
stations from National Institute of Meteorology and Directorate of Water Resources in
Mozambique were collected, with each data set having a different period of record. From
the information on the website of the Department of Water Affairs in South Africa, it was
possible to identify thirteen gauged stations which were considered in the study. Consistent
procedures were adopted as a means of checking the quality of the data. Some

characteristics of the stations in the catchment are summarised in Tables 3.1, 3.2 and 3.3.
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Table 3. 1

Characteristics of the raingauges stations in Mozambique

Name of Latitude | Longitude Period Record length | Elevation
Station (years) (m)

R. Garcia 25°26'S 31°59'E May1956 — Jul 1983 27 130
Moamba 25°36° S 32°14’ E Jan 1951 — Dec 1983 32 110
Sabie 25°19'S 32°14'E Jan1951 — Dec 1983 32 80
Magude 25°02'S 32°39'E Aug 1915 — Sep 1941 26 18
Chobela 25°00' S 32°44'E Jan 1951 — Dec 2004 53 15
Macia 25°02'S 33°06' E Jan 1951 — Mar 2009 58 56
Manhiga 25°22'S 32°48'E Jan 1951 — Oct 2007 56 35
M.Maragra 25°27'S 32°48'E  |Mar 1970 — May 1996 26 100
Bobole 25°37'S 32°40'E Jan 1974 — Dec 1974 1 66
Marracuene 25°44'S 32°41'E Jan 1951 — Jul 2007 56 26
Praia do Bilene 25°17'S 33°15'E Sep 1958 — Jan 2005 47 20
Mapulanguene 24°29'S 32°05'E Sep 1971 — May 1981 10 418
Table 3. 2 Characteristics of the flow gauging stations in Mozambique

Name of Latitude | Longitude Period Catchment | Record

Station Area length

(km?) | (years)

Moamba E-22 25°34'30"S | 32°15'06"E June 1954 — Jan 2009 21850 28
R.Garcia E-23 25°26'05"S | 31°59'37"E Jan 1949 — Feb 2009 21200 53
R.Garcia E-24 25°26'14"S | 31°59'35"E Oct 1987 — Jul 1999 - -
Machatuine 25°19'18"S | 32°15'18"E Oct 1997 — May 2008 - -
E-26
Chinhanguanine | 25°17'00"S | 30°3029"E Dec 1983 — Dec 2006 31037 19
E-27
Bobole E-29 25°36'46"S | 32°4020"E Oct 2001 — Sep 2006 72 -
Magude E-43 25°01'47"S | 32°39'01"E Apr 1955 — May 2008 37500 47
Chobela E-44 25°01'05"S | 32°45'03"E Dec 1957 -May 2005 37600 46
Incoluane E-45 | 25°04'42"S | 32°53"27"E Feb 1957 — Sep 1974 42942 19
M.Major E-396 | 25°33'16"S | 32°11'55"E Oct 2008 — Dec 2008 - -
Sabie E-413 25°18'58"S | 32°1729"E Jan 1999 — Sep 2000 - -
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Table 3. 3

Characteristics of the flow gauging stations in South Africa

Name of Place Latitude | Longitude | Catchment Period Record
Station Area length
(km?) (years)
X2H008 Queens River 25°47'14"S | 30°5528"E 180 | 1948-2005 57
X2H010 Noordkaap River | 25°36'55"S | 30°52'30"E 126 | 1948-2005 57
X2HO012 Dawsonsspruit 25°39'43"S | 30°15'38"E 91 | 1952-2005 53
X2H024 Suidkaap River 25°42'60"S | 30°50'06"E 80 | 1964-2005 41
X2HO035 Kruisfonteinspruit | 25°11'14"S | 30°52'48"E 16 | 1982-2005 23
X2H047 Suartkoppiesspruit | 25°37'05"S | 30°24'06E 110 | 1985-2005 20
X2H068 Sand River 25°37'05"S | 30°53'59"E 64 | 1969-2005 57
X2H072 Nsikazi River 25°16'25"S | 31°1523"E 240 | 1989-2002 20
X3H001 Sabie River 25°0528"S | 30°46'41"E 174 | 1948-2005 57
X3H003 Mac-Mac River 24°59'50"S | 30°48'51"E 52 | 1948-2005 57
X3H007 White Water 25°09'15"S | 31°00'09"E 46 | 1963-1991 28
River
X3HO11 Marite River 24°5321"S | 31°0529"E 212 | 1978-2005 27
X3H020 White Waters 25°08'42"S | 31°01'05"E 62 | 1973-2005 32
River
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3.1.2 Reliability of Mozambican observed flow and rainfall data

The periods of observed daily streamflow data for the 11 gauging stations in the Inkomati
River Catchments in Mozambique are shown in Figure 3.2 and Table 3.2. Most of the
stations have been operating since their inception, but many are not operational because of
technical problems. Among these gauging stations, six stations have been selected and were
considered for this study. The selected gauging stations are Moamba E-22, Ressano Garcia
E-23, Chinhanguanine E-27, Magude E-43, Chobela E-44 and Incoluane E-45. The gauging
stations that have a short record of flow data and large amounts of missing flow were

identified from Figure 3.2.

The streamflow data from the Moamba, Ressano Garcia, Chinhanguanine, Magude, Chobela
and Incoluane gauging stations revealed that most of the stations have high values of
streamflow, mainly in 1976 and 2000. Therefore, these values indicate floods in the
catchment. In order to obtain a general assessment of the reliability of the observed flow and
rainfall data, percentages of missing flow and rainfall data were compared, as shown in
Figures 3.4, 3.6, 3.8, 3.10, 3.12 and 3.14, using the selected rainfall stations for the sub-
catchment where the gauging stations are located. Based on the period and reliability of the
data, stations at Ressano Garcia E-24, Machatuine E-26, Bobole E-29, Moamba Major E-
396 and Sabie E-413 were excluded from further analysis.

The plotted daily streamflow data revealed that, in some data sets, gaps or missing data
periods make streamflow records shorter than the period of record. In order to minimize this
limitation, all observations were used in the analysis despite periods of missing data within

the record.
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Figure 3.2  Length of observation periods at gauging stations in the Inkomati River

Catchments in Mozambique
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3.1.2.1 Moamba gauging station

As shown in Figure 3.1, the Moamba (E-22) gauging station is located downstream of the
Ressano Garcia E-23 station. Observed daily streamflow data are available from this station
for the period June 1954 to December 1984. These periods of available records were linked
into a single time series record, representative of the longest period record (June 1954 to
September 1961, February 1964 to December 1984 (Copestake and Young, 2008). The
missing flow data amounts to approximately 21.4 % of the entire period and the drainage
area is 21850 km”. The period of data (June 1954 to September 1961, February 1964 to
September 1990, and December 1996 to January 2009) was selected from Figure 3.3 and it
was used to generate the FDC. The FDC for the Moamba (E-22) gauging station is shown in
Figure 7.1 in Appendix 1.

The Moamba District has a rainfall station, as shown in the Figure 3.1. This station was
established in January 1951 and the observed rainfall was available up until December
1983.The rainfall data has some periods of missing rainfall or suspect data, when compared
to the records of the surrounding rainfall stations, as shown in Figure 3.4. Missing data and
annual rainfall and flows are shown in Figures 3.3 and 3.4. Figure 3.4 illustrates total
rainfall from the Moamba, Ressano Garcia and Sabie raingauges, and total flow data from
the Moamba gauging station and was used to obtain a general assessment of the reliability
of the flow and, rainfall data, and to illustrate the percentages of missing flow and rainfall
data. The Moamba gauging station is surrounded by Ressano Garcia and Sabie raingauges
upstream and downstream, respectively. The Ressano Garcia and Moamba rainfall stations
are located in the same catchment. The altitude of the Moamba rainfall station is
approximately 110 meters. Data from the Moamba rainfall station was available from 1951
to 2009. The highest and lowest values of the observed rainfall are 865 mm in 1966 and 3.1
mm in 2005, respectively. Flow data from 1954 to 1984 was used in this study. Periods of
missing flow data were from 1961 to 1963 and 1990 to 1996. The highest and lowest values
of the observed flow data are 145.1 mm (1981) and 32.6 mm (1970), respectively as shown
in Figure 3.4.
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Figure 3.3  Daily average discharge at the Moamba gauging station (E-22)

1600 -

1400 |-
1200 |-
1000 -
=800 ||
£600 |
=400 |

200 |

Streamflow/Rainfall

1949 +

1
2 OONOOOOPRWN-O
QOO0 OOOOO

“Flow/Rainfall (%)

Total Rainfall-Moa (mm) ™= Total Rainfall-R
[ Total Rainfall-Sb (mm) —— Total Flow (mm
—— Missing Flow (%) Missing Rainfal

.G (mm)
?(%)

Figure 3.4  Rainfall and flow data of the represented station (E-22)

3.1.2.2 Ressano Garcia gauging station

The Ressano Garcia gauging station (E-23) is located downstream of the

Crocodile and Komati Rivers. Observed daily streamflow data is availabl

confluence of the

e from this station

for the period January 1949 to February 2009. Suspect flow data (constant at 1.0 m’.s™)

24




were detected because of repeated flow values, therefore the suspect data was excluded from
the original data (January 1949 to September 1952). Approximately 11.3% of the flow data
is missing. The time series of the daily flow data used in the analysis was from October
1952 to February 2009. The drainage area is 21200 km?. The period of data used in the
analysis (October 1952 to February 2009) was selected from Figure 3.5, which was used to
generate the FDC. The FDC for the Ressano Garcia (E-22) gauging station is shown in
Figure 7.2 in Appendix 1.

The Ressano Garcia rain gauge station has measured daily rainfall data, from its
establishment in May 1956 to December 1983. The total annual rainfall was calculated from
monthly rainfall data. This station is situated downstream of the Komatipoort border in
South Africa and upstream of the Moamba rainfall station on Mozambique side. The
Ressano Garcia and Moamba rainfall stations are located in the same catchment. The
Ressano Garcia gauging station is located upstream of the Moamba and Sabie raingauges
and downstream of the Komatipoort border, respectively. The elevation of the Ressano
Garcia rainfall station is approximately 130 meters. For this study data used from 1956 to
1970 was used. The highest and lowest values of rainfall are 687.9 mm (1966) and 28.1 mm
(1970), respectively. A period of missing flow data was from 1994 to 2001. The highest and
lowest values of flow data are 258.9 mm (1955) and 4.7 mm (2003), respectively (Figure
3.6).
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Figure 3. 6  Rainfall and flow data of the represented station (E-23)

3.1.2.3 Chinhanguanine gauging station

Chinhanguanine (E-27) is a gauging station situated downstream of the Moamba gauging

station along the Inkomati River Catchment. The area of this catchment is 31073 km?” and its
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flow is gauged downstream of the Magude gauging station. This station has been operating
from December 1970 to December 2006, with daily streamflow data available. For this
station, flow data is missing from October 1984 up to February 2000. Therefore, the time
series (December 1970 to September 1984) was used to estimate the FDC and (March 2000
to December 2006) was not used because the data was unreliable. The missing data amounts
to approximately 63.15% of the entire period. The period of data used in the analysis was
selected from Figure 3.7 and the data used was up to 1984, which was used to generate the
FDC. FDC for the Chinhanguanine (E-27) gauging station is shown in Figure 7.3 in
Appendix 1.

At the Chinhanguanine gauging station area, there is no rainfall station with a significant
period of record. Hence, the closest rainfall stations used for comparison were the Sabie and
Moamba stations (upstream) and the Chobela station (downstream). The elevation of the
Sabie rainfall station is 80.0 m and the Moamba rainfall station is 110.0 m. The Moamba,
Sabie and Chobela rainfall stations are not located in the same catchment. The
Chinhanguanine gauging station is surrounded by Moamba and Sabie raingauges (upstream)
and Chobela raingauge (downstream), respectively. The Sabie rainfall station selected for
comparison between rainfall and flow data. Flow data from 1970 to 1984 was used in this
study. The highest and lowest values of rainfall are 1202.7 mm (1978) and 728.3 mm
(1963), respectively. The highest and lowest values of flow data of the Chinhanguanine
gauging station are 270.8 mm (1976) and 4.4 mm (1983), respectively (Figure 3.8).
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Figure 3.7  Daily average discharge at Chinhanguanine gauging station (E-27)
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3.1.2.4 Magude gauging station

The Magude gauging station (E-43) is located downstream of the Chinhanguanine gauging
station E-27. Observed daily streamflow data is available from this station for the period
November 1952 to May 2008. The drainage area is 37500 km”. The record has missing data,
which amounts to approximately 16.6% of the observed period. The time series of
streamflow data (April 1955 to January 1961, November 1964 to January 1997 and July
1997 to May 2008) were linked, in order to generate the FDC (Copestake and Young, 2008).
After 1988, the streamflow seems to be lower, this can be explained by land use,
abstractions and flow regulation and it is not caused by rainfall. The quality of the
streamflow data at Magude appears to be better compared to other stations. The reasonable
time series or period of data was selected from Figure 3.9, which was used to generate the

FDC. FDC for the Magude (E43) gauging station is contained in Figure 7.4 in Appendix 1.

The Magude gauging station is situated downstream of the Sabie rainfall station. The
Chobela and Macia rainfall stations are located in the same Catchment. Figure 3.10 show
that the rainfall and flow data are well-distributed in all surrounding stations, in spite of
having some gaps from 1983 up to 1994 at the Chobela raingauge station. The Magude
gauging station is surrounded by Sabie raingauge (upstream), Chobela and Macia
raingauges (downstream), respectively. The elevation of the rainfall station is approximately
18 meters. In the Magude gauging station area, there is no rainfall station with a significant
period of record. Therefore, the Chobela rainfall station was used because it is the closest
station, less than ten (10) km from Magude, and this rainfall station was commissioned in
1951. Flow data from 1951 to 2000 was used in this study. The highest and lowest values of
the rainfall are 1202.4 mm (1977) and 200.5 mm (1979), respectively. Periods of missing
flow data were from 1961 to 1964 and 1991 to 1997.The highest and lowest values of the
flow data are 241.5 mm (1955) and 4.3 mm (1982), respectively (Figure 3.10).
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Figure 3.9  Daily average discharge at Magude gauging station (E-43)
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Figure 3. 10  Rainfall and flow data of the represented station (E- 43)

3.1.2.5 Chobela gauging station

The Chobela gauging station (E-44) is situated downstream of the Magude gauging station.

Observed daily streamflow data is available for this station for the period January 1951 to
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May 2005. The drainage area is 37600 km”. The linking of short time series in the analysis
was applied to this data series (December 1957 to September 1962, January 1968 to August
1981, October 1982 to 1988 and October 1993 to May 2005), (Copestake and Young, 2008).
The missing flow data amounts to approximately 28% and the suspect data are relatively
few. The period of data used in the analysis was selected from Figure 3.11 and included
December 1957 to September 1962, January 1968 to August 1981, October 1982 to 1988
and October 1993 to May 2005, which was used to generate the FDC. The FDC for the
Chobela (E-44) gauging station is shown in Figure 7.5 in Appendix 1.

The Chobela rainfall station is located downstream of the Magude rainfall station. The
distribution of rainfall data in all three stations seems to be good, since their establishment.
The exception is the Chobela rainfall station, which has missing data from 1984 to 1994
(almost 10 years). The Chobela and Macia rainfall stations are located in the same
Catchment. The Chobela gauging station is surrounded by Sabie raingauge (upstream),
Chobela and Macia raingauges (downstream), respectively. The altitude of the Chobela
rainfall stations is approximately 15 meters. In this study, flow data from 1951 to 2000 was
used. Periods of missing flow data were from 1960 to 1968 and 1986 to 1993. The highest
and lowest values of the rainfall are 1202.4 mm (1977) and 200.5 mm (1979), respectively.
The highest and lowest values of the flow data are 396.2 mm (1998) and 18.8 mm (1983),
respectively (Figure 3.12).
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Figure 3. 11  Daily average discharge at Chobela gauging station (E-44)
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Figure 3. 12 Rainfall and flow data of the represented station (E-44)

3.1.2.6 Incoluane gauging station

The Incoluane gauging station (E-45) is located downstream of the Chobela gauging station.

Observed daily streamflow data is available from this station for the period January 1956 to
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September 1974. The drainage area is 42942 km?. The time series were linked to create a
long time series from October 1956 to February 1960 and March 1969 to September 1974
(Copestake and Young, 2008). The flow at the Incoluane gauging station is constant from
June 1961 to February 1969, indicating suspect data during this period. Missing streamflow
data amounts approximately 64.3% of the record. The period of data used in the analysis
(October 1956 to February 1960 and March 1969 to September 1974) was selected from
Figure 3.13, which was used to generate the FDC. FDCs for the Incoluane (E-45) gauging
stations are not shown in Appendix 1 as the streamflow data was not reliable enough to be

used for further analysis in this study.

The Chobela and Macia rainfall stations are located upstream of the Incoluane gauging
station and they are very close to each other. The distribution of rainfall data in all three
stations seems to be good, since their establishment. The exception is the Chobela rainfall
station, which showed missing data from 1984 to 1994 (almost 10 years). The Macia and
Chobela rainfall stations are located in the same catchment. The Incoluane gauging station
is surrounded by Chobela and Macia raingauges (upstream), and Manhica raingauge
(downstream), respectively. The elevation of the Macia rainfall stations is approximately 56
meters. The Macia rainfall station was commissioned in 1951. For this study, flow data from
1969 to 1974 was selected. The highest and lowest values of the rainfall are 1664.8 mm
(1976) and 155.8 mm (1980), respectively. The Incoluane gauging station was estabilished
in 1956. In this study, the data from 1956 to 1974 was selected. However, there are some
gaps from 1960 to 1969. The highest and lowest values of the flow data are 277.2 mm
(1974) and 44.6 mm (1971), respectively (Figure 3.14).
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Figure 3. 13  Daily average discharge at Incoluane gauging station (E-45)
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Figure 3. 14  Rainfall and flow data of the represented station (E-45)

The selected gauging and rainfall stations all have more than ten years of the record. The
longest record of the flow data was registered in Ressano Garcia (57 years) and followed by
Magude (56 years) gauging stations. The station at the highest elevation is the Ressano
Garcia with 130 meters and the lowest elevation is 15 meters at Chobela rainfall stations. In
terms of topography, the Mozambican part of the Inkomati River Catchment is a floodplain
region. The Incoluane gauging station has the largest catchment area with (42 942 km?).

In this study, missing rainfall and flow data were the biggest constraint in the analysis of the
selected stations. The reason of these missing data in the time-series might have been caused
by several reasons, including the temporary absence of observers, the cessation of
measurement or absence of observations, poor management of data related to water

resources and limited financial resources to carry on with the project.

For most of the data used, there is a good correspondence between rainfall and streamflow,
therefore where there are high values of precipitation there is a notable increase of
streamflow values. During the dry season, there is significant reduction of streamflow which
is exacerbated by the land use, abstractions and flow regulation in Xinavane sugar cane

plantation.
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Table 3.4 provides a summary of the gauging stations analysis and an assessment of data for
each station on the Mozambique side. Ressano Garcia E-24, Machatuine E-26, Bobole E-29,
Moamba Major E-396 and Sabie E-413 were excluded from further analysis because the

data are not reliable enough to be used in this study.

Table 3. 4 Summary of Mozambican gauging stations analysis and assessment of data
Stations Record period | Reliable data Comments

Moamba E-22 1954 - 2009 Useful data
R.Garcia E-23 1949 - 2009 Useful data
R.Garcia E-24 1987 - 1999 Not reliable Suspect data
Machatuine E-26 1997 - 2008 Not reliable Short record
Chinhanguanine E-27 | 1983 - 2006 Useful data
Bobole E-29 2001 - 2006 Not reliable Missing data
Magude E-43 1955 - 2008 Useful data
Chobela E-44 1957 - 2005 Useful data
Incoluane E-45 1957 - 1974 Not reliable Suspect and short record
M. Major E-396 1957 - 1974 Not reliable short record
Sabie E-413 1999 - 2000 Not reliable short record

3.1.3 Assessment and reliability of South African observed flow data

On the South African side of the Inkomati River Catchment, eight flow gauging stations
were selected from the Sabie/Sand, the Crocodile and the Komati sub-catchments. The data
measured at these stations are mean daily flow data and all of the stations are still operating
since their establishment. The selected flow gauging stations are Queens River/Sassenheim
(X2H008), Noordkaap River/Bellevue (X2HO010), Suidkaap River/Glenthorpe (X2H024),
Suartkoppiesspruit/Kindergoed (X2H047), Nsikazi River/Kruger National Park (X2H072),
Sabie River/Sabie (X3H001), White Water River/ Ethna (X3H007), Marite River/Injaka
(X3HO11), Mac- Elands River/Dawsonsspruit (X2H012) and Mac River/Geelhoutboom
(X3H003). The amount of missing data is not significant, compared with the Mozambican
gauging stations. Most of these gauging stations have good streamflow data. The Kruger

National Park (X2H072), Ethna (X3H007) and Injaka (X3HO11) gauging stations were
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excluded because the data was not reliable for analysis. The time series of the streamflow

has been plotted in Figures 3.15 to 3.22.

3.1.3.1 Sassenheim gauging station

The Sassenheim (X2HO008) gauging station is located on the Queens River. Observed daily
streamflow data is available from this station for the period February 1948 to January 2006.
The unreliable/missing flow data amounts to approximately 2.83% of the observed period
and the total catchment area is 180 km®. This station records approximately 2.1% of the total
discharge of Crocodile River. The reasonable time series or period of data that was
considered for the Sassenheim (X2HO008) gauging station was determined from Figure 3.15.
The time series (February 1948 to January 2006) was then used to generate the FDC for the
station (see Figure 7.6 in Appendix 1).
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Figure 3. 15 Daily average discharge at Sassenhein gauging station (X2H008)

3.1.3.2 Bellevue gauging station

The Bellevue (X2HO010) gauging station is located on the Noordkaap River. Observed daily

streamflow data is available from this station for the period February 1948 to January 1987.
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The unreliable/missing flow data amounts to approximately 3.73% of the record and the
total catchment area is 126 km”. This station records approximately 2.5% of the total
discharge of Crocodile River. The reasonable time series or period of data that was
considered for the Bellevue (X2HO010) gauging station was determined from Figure 3.16.
The time series (February 1948 to January 1987) was then used to generate the FDC for the
station (see Figure 7.7 in Appendix 1). From 1970’s there is significant reduction of
streamflow, particularly in dry months, this might be explained by land use (forest increase),

abstractions and flow regulation.
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Figure 3. 16 Daily average discharge at Bellevue gauging station (X2H010)

3.1.3.3 Glenthorpe gauging station

The Glenthorpe (X2H024) gauging station is located on the Suidkaap River. Observed daily
streamflow data is available from this station for the period September 1964 to January
2006. The unreliable/missing flow data amounts to approximately 0.64% and the total
Catchment area is 80 km?. This station measures about 1.8% of the total discharge of
Crocodile River. The reasonable time series or period of data that was considered for the
Glenthorpe (X2H024) gauging station from Figure 3.17. The time series (September 1964 to
January 2006) was then used to generate the FDC for the station (see Figure 7.8 in

Appendix 1).
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Figure 3. 17 Daily average discharge at Glenthorpe gauging station (X2H024)

3.1.3.4 Kindergoed gauging station

The Kindergoed (X2H047) gauging station is located before the confluence with Elands
River and it is used to study the impact of forestry on the catchment. Observed daily
streamflow data is available from this station for the period October 1985 to January 2006.
The unreliable/missing flow data amounts to approximately 2.13% of the record and the
total catchment area is 110 km?. This station measures about 1.1% of the total discharge of
Crocodile River. The reasonable time series or period of data that was considered for the
Kindergoed (X2H047) gauging station was determined from Figure 3.18. The time series
was (October 1985 to January 2006) then used to generate the FDC for the station (see

Figure 7.9 in Appendix 1).
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Figure 3. 18 Daily average discharge at kindergoed gauging station (X2H047)

3.1.3.5 Kruger National Park gauging station

The Kruger National Park (X2HO072) gauging station is located on theNsikazi River.
Observed daily streamflow data is available from this station for the period December 1989
to August 2009. The unreliable/missing flow data amounts to approximately 50% of the
record and the total catchment area is 64 km®. The reasonable time series or period of data
that was considered for the Kruger National Park (X2H072) gauging station was determined
from Figure 3.19. The flow data was deemed to be unreliable and was not used in the

analysis.
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Figure 3. 19 Daily average discharge at Kruger National Park gauging station (X2H072)

3.1.3.6 Sabie gauging station

The Sabie (X3H001) gauging station is located in good downstream conditions of the River.
Observed daily streamflow data is available from this station for the period March 1948 to
March 2006. The unreliable/missing flow data amounts to approximately 1.75% of the
record and the total catchment area is 174 km®. The reasonable time series or period of data
that was considered for the Sabie (X3HO001) gauging station was determined from Figure
3.20. The time series (March 1948 to March 2006) was then used to generate the FDC for
the station (see Figure 7.10 in Appendix 1).
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Figure 3. 20 Daily average discharge at Sabie gauging station (X3H001)

3.1.3.7 Ethna gauging station

The Ethna (X3HO007) gauging station is located on theWhite Water

streamflow data is available from this station for the period November 1963 to November

1986. The flow data is unreliable because the rating has been exceeded and has also been

changed over time. The total catchment area is 46 km?. The flow d

unreliable and was not used in the analysis (see Figure 3.21).
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Figure 3. 21 Daily average discharge at Ethna gauging station (X3H007)

3.1.3.8 Injaka gauging station

The Injaka (X3HOI11) gauging station is located on the Marite River. Observed daily
streamflow data is available from this station for the period November 1978 to December
1999. The unreliable/missing flow data amounts to approximately 11.19% of the record and
the total catchment area is 212 km?. This station was excluded from further analysis because
the flow data was deemed to be not reliable enough and the probability of exccedance of the

FDC was not reaching 100%.
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Figure 3. 22 Daily average discharge at Injaka gauging station (X3HO11)

3.1.3.9 Dawsonsspruit gauging station

The Dawsonsspruit (X2H012) gauging station is located before the confluence with the
Elands River. Observed daily streamflow data is available from this station for the period
October 1956 to January 2006. The unreliable/missing flow data amounts to approximately
1.84% of the record and the total catchment area is 91 km?. This station measures about 1%
of the total discharge of Crocodile River. The reasonable time series or period of data
(October 1956 to January 2006) that was considered for the Dawsonsspruit (X2HO012)
gauging station was determined from Figure 3.23. The time series was then used to generate

the FDC for the station (see Figure 7.11 in Appendix 1).
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Figure 3. 23  Daily average discharge at Dawsonsspruit gauging station (X2H012)

3.1.3.10 Mac-Mac River gauging station

The Geelhoutboom (X3H003) gauging station is located of the Mac-Mac River. Observed
daily streamflow data is available from this station for the period March 1948 to March
2006. The unreliable/missing flow data amounts to approximately 0.13% of the record and
the total catchment area is 52 km”. The reasonable time series or period of data (March 1948
to March 2006) that was considered for the Geelhoutboom (X3HO003) gauging station was
determined from Figure 3.24. The time series was then used to generate the FDC for the

station (see Figure 7.12 in Appendix 1).
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Figure 3. 24  Daily average discharge at Geelhoutboom gauging station (X3H003)

Table 3.5 provides a summary of the gauging stations analysis and an assessment of data for
each station on the South African side. Kruger National Park (X2H072), Ethna (X3H007)
and Injaka (X3HO11) were excluded from further analysis because the data were deemed to
be not reliable enough to be used in this study. The Incoluane (E-45) gauging station on the

Mozambican side was also excluded for the same reason.
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Table 3. 5 Summary of South African gauging stations analysis and assessment of data

Stations Record Reliable data Comments
period
Queens River X2H008 1948-2005 | Useful data
Noordkaap River X2H010 1948-2005 | Useful data
Dawsonsspruit X2H012 1952-2005 | Useful data
Suidkaap River X2H024 1964-2005 | Useful data

Suart Koppesspruit X2H047 1985-2005 | Useful data

Nsikazi River X2H072 1989-2002 | Not reliable Suspect data
Sabie River X3H001 1948-2005 | Useful data
Mac-Mac River X3H003 1948-2005 | Useful data
White Water River X3H007 1963-1991 | Not reliable Suspect data
Marite River X3HO011 1978-2005 | Not reliable Suspect data

3.2 Determination of Catchment Physical Parameters

In this study, a GIS was used to obtain the river network from a digital elevation model
(DEM) and to extract the important catchment parameters that affect streamflow. The Arc
View GIS 3.2 spatial analyst tool (Patterson, 1997) was used to estimate physical
parameters. A digital elevation model (DEM) for Mozambique was generated with a
resolution of 90x90 m, downloaded from the USGS website (Patterson, 1997). From the
DEM, the following parameters were extracted: the drainage area (A) in square quilometers
(km?), the hypsometric fall (H) in meters (m) and the length of the main river course from
the divide of the catchment to the gauging station in quilometers (Mimikou and Kaemaki,
1985a). The mean annual precipitation (P) in milimeters (mm) was calculated from monthly
rainfall in the Mozambican side of the Inkomati River Catchment (hydro-meteorological

data). The extracted parameters are illustrated in the results chapter.
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3.2.1 Mean annual precipitation

In this study, the Thiessen Polygon method was applied to estimate the mean annual
precipitation, because a single point precipitation measurement is quite often not
representative of the volume of precipitation falling over a given catchment area. Therefore,
a dense network of point measurements can provide a better representation of the true
volume over a given area (Fiedler, 2003; Bayraktar et al., 2005; Al-Hallag and Elaish,
2008).

The Arc View 3.2 Areal-Rain extension (Berk, 1988) was used for the creation of the
Thiessen polygon. The Inkomati River Catchments’ average depths were computed as
shown in Tables 4.1 and 4.2 in the Results chapter. To estimate the mean annual

precipitaiton, Equation 3.1 was used:

PA
PA +P A, +PA, +..+P A, _Z !

MAP = = Equation (3.1)
A +A,+A4A,+...+ A4, c
2.4,
i=1
where
MAP = mean areal precipitation, or the weighted average (mm),
P; = MAP of the station located at the centroid of the
Polygon=i, and
A; = areas of the i-th polygon (km?).

The Thiessen polygons generated for the area are displayed in Figure 3.25
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Figure 3. 25 Map of Inkomati River Catchment showing the Thiessen polygon method

3.2.2 Drainage area

Drainage area is the most important catchment parameter that affects streamflow discharge

(Hussein and Raman, 2010). There is a close relationship between the size of the catchment

and the discharge. The discharge volume from a catchment can be related to the contributing

area (Hussein and Raman, 2010). Sub-catchment boundaries can be determined, using

topographical maps or DEMs. In this study, the stream gauging stations were taken as outlet

points and their catchments were determined as contributing drainage areas to those gauges

(Rojanamon et al., 2009). After digitization, sub-catchment polygons were used to extract

the necessary information from either the DEM or other spatial data (Rojanamon et al.,

2009).
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3.2.3 Hypsometric fall

The hypsometric fall is defined as the difference between the highest point value (upstream
elevation) and the lowest point (downstream elevation) in the catchments or sub-catchments
close to the selected gauging station (Mimikou and Kaemaki, 1985a). In this study, the
hypsometric fall was calculated from upstream, to the outlet gauge point, with the upstream
elevation taken at the catchment divide, from where the main river starts (Rojanamon et al.,

2009).

3.2.4 River length

The DEM was used to create an interconnected river network. The flow from one cell
(pixel) at higher altitude to an adjacent cell having the lowest altitude of the surrounding 8
creates a grid or raster of flow direction. The accumulation of flow from pixel to pixel
moving down slope allows the generation of a raster of flow accumulation. The areas of
highest flow accumulation define the river course. The length of the main rivers was
calculated from the flow accumulation raster by using the longest stream branch in the sub

catchments (Mimikou and Kaemaki, 1985a).

33 Derivation of Flow Duration Curve for the Gauged Sites

A FDC is defined as a graph of the streamflow of the river (m’.s™) plotted against the
frequency of exceedance (%) (Viola ef al., 2010). FDCs were derived from observed daily
streamflow data in the Inkomati River Catchment. The construction and interpretation of
FDC is provided by many sources and the calculations were done, using the available record
period of reliable data (Ganora et al., 2009). The probability of exceedance in percentage

(%) was calculated using Equation 2.1.
For the estimation of hydropower, 50%, 75% and 90% percentiles of non-exceedance are

generally considered (Kusre et al., 2010). For this study, eight levels of percentile flows

have been considered.
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3.4  Development of Regional Flow Duration Frequency Curves

The objective of Multiple Regression analysis (MRA) is to develop a prediction equation,
relating a variable to independent predictor variables. MRA can lead to significant increases
in prediction accuracy and the ability to measure the effect of each independent variable on
the dependent variable (McCuen, 1993). Regression is used for the purpose of obtaining the
relation between variables, while regression analysis is used to represent this relation via
mathematical functions. The regression equation is the result of the function defined by the
regression analysis. This equation includes the dependent variable (response) and the
independent variables (predictors) that define the dependent variable (Corston and Colman,

2003).

Before starting the regression analysis, appropriate relationships in the model should be
considered and selected, so that the model can be built up from these. It is firstly necessary
to investigate which kind of relations exist between the dependent and independent
parameters (McCuen, 1993). The relationship between the response and predictors can be
linear or non-linear, for example, exponential, power, logarithmic, quadratic and cubic
equations. To obtain the FDC, the discharge Q was plotted against the percent of time D
during the period of the record in which the particular discharge is equalled or exceeded

(Niadas, 2005).

Various models of FDCs have been developed in different studies. For example,
(Alejandrino and McNally, 1983) proposed an exponential model for daily FDC in the
Philippines. (Mimikou and Kaemaki, 1985b) proposed the use of a cubic model for monthly
FDC in the Western and Northwestern regions of Greece. (Franchini and Suppo, 1996)
proposed the use of an exponential equation for calculating average daily discharge in a
Limestone area of the Molise in Italy. (Yu et al., 2002) found that the cubic model fitted the
daily FDC in the upstream catchments of the Cho-Shuei Creek in central Taiwan. From

these studies, different results were found.

According to (Mimikou and Kaemaki, 1985a), the calibration of the FDC of all eleven
gauging stations (South Africa and Mozambique) was done, using various mathematical

models or Equations as follows:
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O =aexp(-bD) Equation (3.2)

Q=aD"’ Equation (3.3)
O=a-blnD Equation (3.4)
O=a- bD+cD? Equation (3.5)
O=a- bD+ cD’ - dD? Equation (3.6)
where

0 = average daily discharge per unit area of the catchment (m’.s km™?),
D = corresponding time of exceedance (%), and

a b, c d = constants.

Equations 3.2; 3.3; 3.4; 3.5 and 3.6 are referred to as exponential, power, logarithmic,

quadratic and cubic models, respectively.

3.4.1 Statistical analysis

In this study, the SPSS software Version 18 (Corston and Colman, 2003) and the Stata
software Version 11 as applied by (Berk, 1988; Kennedy, 2003; Kutner et al., 2004) were
used in the regression analysis of all thirteen gauging stations (4 in Mozambique listed in
Table 3. 4 and 6 in South Africa listed in Table 3.3, and different types of relationships and
appropriate predictor variables were investigated (Corston and Colman, 2003). SPSS 18 and
Stata 11 are software packages used for entering, manipulating and summarizing data and
for conducting statistical analyses (Corston and Colman, 2003). The analysis was
performed, starting from the discharge as a dependent parameter. Independent parameters
considered included the probability of time exceedance, the mean annual precipitation, the
drainage area, the hypsometric fall and the length of the main river or the longest river in the
sub-catchments. Equations 3.2 to 3.6 were applied in the calibration to select the best fitting

model for all the gauging stations.
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3.4.2 Regional Model

The application of the regionalized regression relationships to estimate the FDCs at
ungauged sites in different geographic regions throughout the world, could be one of the
steps that could be used to solve problems related to the scarcity of observed streamflow

data, or generally, at sites where data is not sufficient (Castellarin et al., 2004).

The morphoclimatic characteristics of catchments have been used in the regionalisation of
FDCs. Regionalisation is therefore one of the methods to transfer hydrological information
from gauged sites to ungauged sites (Mimikou and Kaemaki, 1985a; Rojanamon et al.,

2007).

The hydrological regionalisation has been undertaken by plotting contours of equal value of
some numerical measure of the hydrological characteristics. The data can be transferred
from one gauged site to an ungauged site of interest, or by explaining analytically the spatial
variation of some parameters of the hydrological characteristic at various measuring sites

(Kusre et al., 2010).

The regionalisation approach plotted the spatial variation of the parameters, for example a
and b, in the power model in Equation 3.3, and regression analyses was performed at all
stations (Mimikou and Kaemaki, 1985a). Four regression equations were tested based on a
study reported in literature (Mimikou and Kaemaki, 1985a) in order to model estimate the

parameters (a, b, ¢ and d) at ungauged sites. The equations used were the following:

V=by+b P+byA+bs;L+bsH Equation (3.7)
V="byP" (4/L) ¥ H" Equation (3.8)
V=byP" 4" (H/L)" Equation (3.9)
V=byP" 4" B 1" Equation (3.10)
where

14 = dependent variable representing a, b, ¢, d,

P = mean annual precipitation (mm),
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H = hypsometric fall (m),
A = drainage area (km?),
L = length of the main river (km), and

by,b, b,,b;b, = regressions constants.

MRA was performed according to standard statistical methods. For example, Equations 3.7
to 3.10 were used to estimate the two parameters a and b of the power model in Equation
3.3 at each station in order to find the best prediction model, which expresses those
parameters in terms of Precipitation (P), Area (4), Hypsometric fall (H) and Length of the
river (L).

The Mac-Mac River (X3H003) and R.Garcia E-23 on the South African and Mozambican
sides, respectively were not used for the calibration procedure. However, they were selected
for independent verification of the methodology because both of them are located upstream
of the catchment on both sides and the border and they represent a range of catchment sizes
with the Mac-Mac River (X3H003) and R.Garcia (E-23) are small (154 km?) and big (21200
km?) catchments, respectively. The accuracy of the regional model was verified from the
data of the estimated flow duration, using the Root Mean Square Error (RMSE), shown in

Equation 3.11.

N ) A \2
RMSE = N‘[Z [QTJ } Equation (3.11)
i=1 i
where
o) = observed discharge (m>.s™),
0. = estimated discharge (m’.s™),
I = ranges from 1 to N,
N = number of data points, and
RSME = root mean square error (%).
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3.4.3 Determination of hydro-potential for Small Hydropower Plants

Small hydropower plants are the most important renewable source for the production of the
electric power. In order to determine the power potential at a given site, under conditions
where the daily or monthly flow data and head at the site are available, the plant efficiency,

specific weight of water and flows must be known (Ramachandra et al., 2004).

This chapter has described the methodology used in this study and included information
about the assessment and reliability of observed flow and rainfall data on both sides of the
international boundary between Mozambique and South Africa. The following chapter
contains the details of the application and the results from the application of the above

methodology.
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4. RESULTS

The results for the determination of physical catchment parameters using Geographical
Information Systems (GIS) at the selected sites, the derivation of Flow Duration Curves
(FDCs) for the gauged sites, the development of regional flow frequency curves using the
multiple regressions analysis (MRA), and the estimation of hydro-potential for Small

Hydropower Plants (SHPs) are presented in this chapter.

4.1 Determination of Catchment Physical Parameters

Using GIS, several morphoclimatic characteristics of the drainage basins in the selected
Mozambican and South African gauging stations were extracted, as summarised in Table
4.1. In general, the drainage area and length of the main rivers on the Mozambican sub-
catchments have high values (up to 42 942 km? and 109 km, respectively), compared with
the values on the South African side (up to 398 km? and 34 km, respectively). The
hypsometric falls and mean annual precipitation have relatively low values (674 m and 872
mm) on the Mozambican side, compared with the values on the South African side (1040 m

and 1294 mm).

Table 4. 1 Morphoclimatic characteristics for the Mozambique and South Africa

catchments
Station Name Station Area Hypsometric. MAP | Length
ID (km?) Fall (mm) | (km)
(m)

Moamba E-22 21850 208 571 42
R.Garcia E-23 21200 674 460 90
Chinhanguanine E-27 31073 52 574 40
Magude E-43 37500 393 693 102
Chobela E-44 37600 408 694 109
Incoluane E-45 42942 370 872 90
Queens River-Sassenheim X2H008 180 820 820 10
Noordkaap River-Bellevue X2H010 127 740 845 20
Suidkaap River-Glenthorpe X2H024 82 780 814 9
Suartkoppiesspruit-Kindergoed X2H047 349 760 796 29
Nsikazi River-Kruger National Park | X2H072 249 440 721 32
Sabie River-Sabie X3H001 230 980 | 1241 22
White waters River-Ethna X3H007 61 720 1178 12
Dawson Spruit X2H012 398 200 871 29
Mac-Mac River- Geelhoutboom X3H003 154 440 | 1294 13
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4.2 Derivation of Flow Duration Curve for the Gauged Sites

FDCs are used to compare the flow regimes of different rivers (Patel, 2007). The
construction of the flow duration curves was based on ranking the daily discharge data and
the frequency of exceedance was calculated for each value. The percentage of time that any
discharge is exceeded can be estimated from the plotted graphs as contained in Figures 7.1

to 7.12 in Appendix 1.

The flow estimates for various levels of probability of exceedance and the flow quantiles for
all selected gauging stations are presented in Table 4.2 and Figure 4.1. These results indicate
that all the Mozambican gauging stations have high flows for almost all exceedance levels
from 10% to 95%. The high and low flow values are represented in the flow duration
intervals (0-10%) and (90-100%), which generally indicate floods and drought events,
respectively. Table 4.2 contains a summary of the streamflow quantiles for the eight flow
duration intervals and the catchment areas of all gauging stations. The results indicate that
the Incoluane gauging station E-45 has the largest total drainage area (42 942 km?) and the
streamflow values are also larger than other interval levels, except level D=95% with 1.1
m’s™. Gauging stations X2H072 and X3HO007 have the lowest streamflow values and their

drainage areas are relatively smaller (249 and 61 km?, respectively).

Table 4. 2 Flow estimates for various levels of probability of exceedance (D) (%)
Station Area Flow (m’.s”)
(kmz) 10% 25% 50% 60% 75% 80% 90% 95%
E-22 21850 141.5 69.6 28.8 17.3 5.7 34 0.0 0.0
E-23 21200 142.8 63.3 24.5 14.6 5.6 3.8 1.0 0.7
E-27 31073 269.2 124.4 46.5 338 19.3 14.6 5.7 3.2
E-43 37500 118.5 45.7 17.2 114 5.6 4.6 3.1 1.9
E-44 37600 212.8 74.2 36.4 29.2 18.6 15.5 7.8 4.2
E-45 42942 307.5 | 203.2 68.7 51.5 23.7 16.2 7.3 1.1
X2HO008 180 1.4 0.7 0.3 0.2 0.1 0.1 0.1 0.0
X2HO010 127 1.8 1.0 0.7 0.5 0.4 0.4 0.2 0.0
X2H024 82 1.0 0.6 0.4 0.3 0.2 0.2 0.2 0.1
X2H047 349 0.7 0.4 0.2 0.1 0.1 0.1 0.1 0.0
X2HO072 249 0.6 0.1 0.0 0.0 0.0 0.0 0.0 0.0
X3H001 230 3.2 1.8 1,1 0.9 0.6 0.5 0.2 0.0
X3HO007 61 0.7 0.4 0.3 0.2 0.1 0.0 0.0 0.0
X3HO011 154 3.2 1.6 0.8 0.6 0.4 0.3 0.0 0.0
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The FDCs for all selected gauging stations are presented in Figure 4.1. The results in Figure
4.1 indicate that the curves lie close to each other and are grouped for the Mozambican and
South African stations. The biggest differences can be seen in the area of extreme low
flows, which are exceeded more than 90% of the time, and high flows, which are exceeded

less than 5% of the time.

FDCs
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Figure 4.1  Superimposed daily Flow Duration Curves for all selected flow gauges

Figure 4.1 indicates that approximately 10% of all days have zero flows. If the slope of the
low flow part (drought) of the FDC is flat, groundwater/subsurface flow contribution is
normally significant and low flows are sustainable. The shape of the FDC can be an

indication of hydrogeological conditions in the catchment.

4.3 Regionalisation using the Multiple Regressions Technique

The objective of this section, therefore, was to identify a reasonable model of FDCs for the
Inkomati River Catchment. The curve can be fitted using five mathematical models, namely,
logarithmic, quadratic, cubic, power and exponential. By using regression analysis, the

models in Equations 3.2 to 3.6 were fitted to each set of paired values of discharge (Q)
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versus the time probability of exceedance. After fitting the five models, the best fitted model

(observed minus the estimated data is minimum).

4.3.1 Calibration of the flow duration curves

Various mathematical models were used for the calibration of the FDCs at gauging stations.
The calibration results at each station are presented in this section. The average coefficient
of determination (R?) was good in all models and the mean standard error showed the lowest
values. The results are summarised in Tables 4.3. The power model was therefore selected
for use in the regionalisation of the FDC models because it showed highest average value of

R? and seven times than other models.

Table 4. 3 Coeficient of determination (R*) and Mean Square Error (MSE) for five

mathematical models

Exponential Power Logarithmic Quadratic Cubic
Station ) MSE ) MSE " MSE " MSE ) MSE
R (m’.s™") R (m’.s) R (m’.s")? R (m’.s")? R (m’.s™y

E-22 0.82 55.89 | 0.88 45.49 | 0.80 52.63 | 0.54 79.82 | 0.64 70.36
E-27 0.89 66.55 | 0.87 70.84 | 0.90 54.44 | 0.68 0.96 | 0.98 26.48
E-43 0.84 71.29 | 0.87 62.97 | 0.59 106.7 | 0.34 135.5 ] 0.81 72.22
E-44 0.92 50.07 | 0.84 72.05 | 0.84 63.07 | 0.61 48.99 | 0.99 19.48
X2H008 | 0.78 0.72 1 0.92 0.42 1 0.71 0.73 1 0.80 0.60 | 0.86 0.51
X2H010 | 0.81 1.05 1 0.90 0.77 1 0.58 1.39 1 0.69 1.19 1 0.79 0.99
X2H024 | 0.76 0.42 | 0.97 0.16 | 0.80 0.30 | 0.84 0.26 | 0.89 0.22
X2H047 | 0.81 0.24 | 0.93 0.14 ] 0.83 0.18 1 0.90 0.15 1 0.93 0.12
X3H001 | 0.82 1.15 1 0.93 0.72 1 0.85 0.82 1 0.90 0.68 | 0.95 0.49
X2H012 | 0.82 0.50 | 0.97 0.22 | 0.37 0.91 10.49 0.82 1 0.59 0.74
Average | 0.83 24.8 1 091 254 10.73 21.8 | 0.68 26.9 | 0.84 19.2

At the Moamba gauging station E-22, the relationship between the discharge and the
probability of exceedance was analyzed by applying Equations 3.2 to 3.6. The results
showed that the power, exponential and logarithmic models have the best fit (R*=88%,
R’=82% and R’=80%), followed by the cubic and quadratic models (R*=64% and R*=54%,
respectively). All of the models are a good fit, with coefficients of determination R? ranging
from 54% to 88%. The lowest MSE=45.49 was indicated in the power model. The high and

low flows were well-estimated. The results for the power model are shown in Figure 4.2.
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Figure 4.2  Daily Flow Duration Curves of observed and estimated flow data for (E-22)

The relationship between the dependent (flow) and independent (probability of exceedance)
variables at the Chinhanguanine gauging station E-27 was determined, using Equations 3.2
to 3.6.The results of the analysis showed that all of the models had good fits, with
coefficients of determination (1?) ranging from 68% to 98%. The cubic and logarithmic
models have the best fit (R>=98% and R*=90%, respectively), followed by the exponential,
power and quadratic models (R’=89%, R*=87% and R’=68%, respectively). The
MSE=54.44 was indicated in the logarithmic model. The high flows were under-estimated

and the low flows over-estimated. The results for the power model are illustrated in Figure
4.3.
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Figure 4.3  Daily Flow Duration Curves of observed and estimated flow data for (E-27)

The relationship between discharge (dependent) and the probability of exceedance
(independent) at the Magude gauging station E-43 was regressed by using Equations 3.2 to
3.6. The results of the analysis showed that the power, exponential and cubic models had
good fits, with coefficients of determination R? ranging from 81% to 87%. The power,
exponential and cubic models resulted in the best fits (R*=87%; R*=84% and R*=81%,
respectively), followed by the logarithmic and quadratic models (R*=59% and R’=34%).
The MSE=62.97 was indicated in the power model. The high and low flows were well-

estimated. The results for the power model are shown in Figure 4.4.
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Figure 4.4  Daily Flow Duration Curves of observed and estimated flow data for (E-43)
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The relationship between the discharge and the probability of exceedance at the Chobela
gauging station E-44 was regressed by using Equations 3.2 to 3.6. The results of the analysis
showed that all of the models had good fits, with coefficients of determination R? ranging
from 61% to 99%. The cubic and exponential models have the best fit (R*=99% and
R?=92%), followed by the power, logarithmic and quadratic models (R*=84%, R*=84% and
R?=61%, respectively). The MSE= 50.07 was observed in the exponential model. The high
flows were under-estimated and the low flows over-estimated. The results for the power

model are shown in Figure 4.5.
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Figure 4.5  Daily Flow Duration Curves of observed and estimated flow data for (E-44)

At the Queens River gauging station X2HO008, the relationship between the discharge and
the probability of exceedance was regressed by applying Equations 3.2 to 3.6. The results
showed that the power and cubic models had the best fit (R>=92% and R*=86%), followed
by the quadratic, exponential and logarithmic models (R*=80%; R*=78% and R*=71%,
respectively). The models had good fits, with coefficient of determination R ranging from
71% to 92%. The MSE=0.42 was shown in the power model. The high and the low flows

were well-estimated. The results for the power model are illustrated in Figure 4.6.
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Figure 4.6  Daily Flow Duration Curves of observed and estimated flow data for

(X2H008)

At the Noordkaap River gauging station X2HO010, the relationship between the discharge
and the probability of exceedance was regressed by using Equation 3.2 to 3.6. The results
found in this analysis showed that the power and exponential models had the best fit
(R*=90% and R*=81%)), followed by the cubic, quadratic and logarithmic models (R*=79%;
R’=69% and R’=58%, respectively). The models had good fits, with coefficient of
determination R? ranging from 58% to 90%. The MSE=0.77 was found in the power model.
The high and the low flows were well-estimated. The results for the power model are shown

in Figure 4.7.
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Figure 4.7  Daily Flow Duration Curves of observed and estimated flow data for

(X2H010)

The relationship between the discharge and the probability of exceedance at the Suidkaap
River gauging station X2H024 was regressed by using Equations 3.2 to 3.6. The results of
the analysis show that all of the models are a good fit, with coefficients of determination R
ranging from 76% to 97%. The power, cubic and quadratic models have the best fits
(R*=97%; R*=89% and R’= 84%), followed by the logarithmic and exponential models
(R2=80% and R’=76%, respectively). The power model indicated that the MSE=0.16. The
high flows and the low flows were well-estimated. Figure 4.8 illustrates the results of the

power model.
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Figure 4.8  Daily Flow Duration Curves of observed and estimated flow data for

(X2H024)

The relationship between the discharge and the probability of exceedance at the
Suartkoppiesspruit gauging station X2H047 was regressed by using Equations 3.2 to 3.6.
The results of analysis showed that all of the models are a good fit, with coefficients of
determination R” ranging from 81% to 93%. The power, cubic and quadratic models have
the best fit (R*=93%; R*=93% and R*=90%), followed by the logarithmic and exponential
models (R*=83% and R’=81%, respectively). The MSE=0.12 was found in the cubic model.
The high flows were under-estimated and the low flows over-estimated. The results for the

power model are illustrated in Figure 4.9.
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Figure 4.9  Daily Flow Duration Curves of observed and estimated flow data for

(X2H047)

The relationship between the discharge and the probability of exceedance at the Sabie River
gauging (Station X3HO001) was regressed by using Equations 3.2 to 3.6. The results of
analysis show that all of the models are a good fit, with coefficients of determination R*
ranging from 82% to 95%. The cubic, power and quadratic models have the best fit
(R*=95%; R*=93% and R*=90%, respectively), followed by the logarithmic and exponential
models (R*=85%; R*=82% and R*=82%, respectively). The MSE=0.49 was shown in the
cubic model. The high flows were under-estimated. The median and low flows were well-

estimated. The results of the power model are illustrated in Figure 4.10.
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Figure 4. 10 Daily Flow Duration Curves of observed and estimated flow data for

(X3H001)

The relationship between the discharge and the probability of exceedance at the

Dawsonsspruit gauging (Station X2H012) was regressed by using Equations 3.2 to 3.6. The

results of the analysis show that the power and exponential and cubic models are a good fit,

with coefficients of determination R” ranging from 59% to 97%. The power, exponential,
and cubic models have the best fit (R*=97%; R*=82% and R*=59%, respectively), followed
by the quadratic and logarithmic models (R*=49%; R*=37%, respectively). The MSE=0.22

was found in the power model. The high flows were under-estimated. The median and low

flows were well-estimated. The results of the power model are illustrated in Figure 4.11.
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Figure 4. 11 Daily Flow Duration Curves of observed and estimated flow data for

(X2HO012)

The results of the regression analysis in the calibration of flow duration models for all
gauging stations are summarized in Table 4.2. The average R? at all stations of the
exponential, power, logarithmic, quadratic and cubic models are 0.83, 0.91, 0.73, 0.68 and
0.84, respectively. The power model was the best-fitting (accurate) (R*=91%) followed by
the cubic model (R?=84%). It was found that the power model in Equation 3.3 had the best
fit among ten gauging stations because it showed the highest average value of R? and seven

times. The lowest average value of MSE=19.2 was shown in the cubic model.

4.3.2 Regionalization of the flow duration curves

Using Equations 3.7 to 3.10, MRA was used to predict the calibrated parameters (a and b)
in Equation 3.3, using precipitation (P), Area (4), hypsometric fall (H) and length of the

river (L) as potential predictor variables. The parameters and morphoclimatic data used in

the Multiple Regression Analysis are shown in Table 4.4.
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Table 4. 4 Parameters, morphoclimatic data used in the MRA

Name and station code a b P A H L
(mm) (km’) (m) (km)
Moamba- E-22 394.6384 0.4964 571 21850 208 42
Chinhanguanine E-27 615.1862 0.4784 574 31073 52 40
Magude- E-43 501.1255 0.5674 693 37500 393 102
Chobela- E-44 551.74201 0.4924 694 37600 408 109
Queens River- X2H008 4.6176 0.5384 820 180 820 10
Noordkaap River-
X2H010 6.9657 0.5234 845 127 740 20
Suidkaap River- X2H024 2.6958 0.4542 814 82 780 9
Suartkoppiesspruit-
X2H047 1.7006 0.4711 796 349 760 29
Sabie River- X3H001 8.1293 0.4549 1241 230 980 22
Dawsonsspruit- X2H012 3.1244 0.6821 398 200 871 29

4.3.3 Estimation of the parameter a

Using Equation 3.7, a scatter matrix for parametera, and the variables area (A4),
precipitation ( P ), length ( L) and hypsometric fall ( H') was drawn as shown in Figure 4.12.
This indicates that parameter a is approximately linearly related to area and length, and

poorly related to precipitation and hypsometric fall.
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Figure 4. 12 Scatter matrix for variablesa, P, A, H and L for Model 3.7

However, the correlation matrix in Table 4.5 indicates that all variables are related to a at
5% significance level (all P-values <0.05). In other words, the probability that any of the
predictors P, A, H and L has no effect in determining the regionalized value of the parameter
a is less than the significance level of 0.05. Thus, each of the four predictors significantly

affect the value of the parameter a.

Table 4. 5 Correlation matrix for variablesa, P, A, Hand L for Model 3.7
(Note that the numbers in brackets are p-values. Here, a p-value indicates the
probability that two variables are uncorrelated)
a P A H L
a 1
P | -0.6673 (0.0249) 1
A | 0.9797 (0.0000) | -0.6319 (0.0370) 1
H | -0.6580 (0.0277) | 0.4505 (0.1644) | -0.6075 (0.0474) 1
L | 0.7871(0.0040) | -0.4595 (0.1551) | 0.8867 (0.0003) | -0.4334 (0.1829)

Note that the correlation matrix indicates that the predictor variables are highly correlated:

A and P (p-value=0.0370); H and A4 (p-value=0.0474) and L and A (p-value=0.0003).
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Hence, there is possibly a problem of multi-collinearity, making some parameter estimates

insignificant (Kutner et al., 2004).

Fitting a linear regression model with a as the response variable, and the morphoclimatic
variables as predictors, it was found that the regression model with Equation 3.7 with the

equationis the following:

a=92.7064- 0.184P +0.02004 - 0.0357H - 2.6783L , with R* =0.99 and RMSE = 30.242 .

However, the parameters estimate corresponding to the area ( A ) (p-value <0.0001) and the
length (p-value < 0. 006) are significantly different from zero. The best way of selecting
significant predictors of a is to use step-wise regression, where the area (4) and length (L)
were retained. The fitted model is: @ =54.8895+0.02094 - 2.8805L , with R* =0.99 and
RMSE =27.849 . The root mean square error (RMSE) is expressed in m’.s™.

A plot of the residuals versus fitted values in Figure 4.13 shows that residuals are randomly
scattered around e=0. However, the variance seems to be constant. Although the model has
a high coefficient of determination R?, some estimated values of a are negative, namely for

gauging stations X2H010, X2H047, X2H012 and X3HO0O01.
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Figure 4. 13 Plotted graph of residual versus fitted values for model 3.7

When using Model 3.8 a = b,P"' (4/L)"* H”, the corresponding model on the log scale is:

In(a) = In(b,) + b, In(P) + b,[In(A4) - In(L)]+ b, In(H)

The scatter matrix shown in Figure 4.14 reveals that the ratio of In(4/L) is approximately

related toIn(a) .
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Figure 4. 14  Scatter matrix for the variablesa, P, 4, Hand L for Model 3.8

However, the correlation matrix in Table 4.6 indicates that In(a) is significantly correlated
with two predictor variables; In(A4/L) andIn(P) at 5% significance level (Kutner et al.,
2004).

Table 4. 6 Correlation matrix for the variablesa, P, 4, H and L for Model 3.8
la 1P Al IH

la 1

1P -0.6964 (0.0173) 1

Al 0.9644 (0.0000) -0.7666 (0.0059) 1

H -0.5476 (0.0812) 0.4929 (0.1234) -0.6347 (0.0359)

Performing multiple regression with In(a) as the response variable, and In(P), In(L) and

In(H) as predictor variables, resulted in:

In(a) = - 11.0863+0.9667In(P) +1.4438In(4/ L) +0.3741In(H), with R>=0.94 and

RMSE =0.72.
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However, it was found that only area by length In(A4/L) is an important predictor of In(a)

(p=0.001). The model in step-wise regression is: In(a)=-1.6053+1.2538In(4/L); or

a=e""%(4/L0)"** with R* =0.93 and RMSE =0.70.

A plot of the residuals versus fitted values in Figure 4.15 shows that residuals are randomly

scattered around e=0, and assumption of equal variance was not quite satisfied.
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Figure 4. 15 Plotted graph of residual versus fitted values for model 3.8

Model 3.9 with equation a = b,P"' 4°*(H / L)” can be written in the log scale as

In(a) =In(b,) + b, In(P) + b, In(A) + b,[In(H) - In(L)]. The scatter matrix of the variables
In(a) ,In(P), In(A4), In(H) and In(H /L) is shown in Figure 4.16 and indicates that In(a) is
positively and linearly related with In(A4)and negatively linearly related with precipitation

(P) and ratio of hypsometric fall and length In(H/L).
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Figure 4. 16  Scatter matrix for the variablesa, P, A, H and L for Model 3.9

Indeed, the correlation matrix in Table 4.7 indicates that In(a) is significantly correlated
with all the three predictor variables, In(P), In(A4) and In(H /L) at the significance level
of 5%.

Table 4. 7 Correlation matrix for variablesa, P, A, Hand L for Model 3.9
la 1P 1A Hl

la |1

IP | -0.6964 (0.0173) |1

1A | 0.9645 (0.0000) -0.7334 (0.0102) 1

H1 | -0.8069 (0.0027) 0.6065 (0.0479) -0.8882 (0.0003)

Performing multiple regressions with In(a) as the response variable, and In(P), In(4) and

In(H/L) as predictor variables, gives the following:

In(a) =-9.4525+0.4484In(P) +1.16421In(A4) +0.4681In(H /L), with R*=094 and
RMSE =0.71 It was found that only area In(A) is significant and an important predictor

variable of a, (p=0.001). The step-wise regression also confirmed that the results of the
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regression analysis that only In(4) was the significant predictor of In(a). The model in
step-wise regression is: In(a) = - 3.4262+0.9225In(4) or a=e>**4""*; with R* =0.92

and RMSE =0.70.

A plot of the residuals versus fitted values in Figure 4.17 shows that there is a violation of

random scattering and the constancy of variance of residuals.
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Figure 4. 17  Plotted graph of residual versus fitted values for Model 3.9
_ bl 4b2 7b3 rb4
Model 3.10 with equation ¢ = byPTATHTLY a1 be written in the log scale as follows:

In(a) = In(b, ) + b, In(P) + b, +In(A) + b, In(H) +b, In(L)

The scatter matrix of the variablesIn(a) , In(P), In(4), In(H) and In(L) as shown in Figure

4.18 reveals that In(a) is positively related to area In(4)and In(L), and negatively related

to precipitation In(P)and hypsometric fall In(H).
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Figure 4. 18  Scatter matrix for the variablesa, P, 4, Hand L for Model 3.10

However, the correlation matrix in Table 4.8 indicates that In(a) is significantly correlated
with three predictor variables; In(P), In(4), and In(L) at the significance levelof 5%. Note

that the correlation matrix indicates that the predictor variables are highly correlated or there

is some collinearity between In(A) and In(P) (p-value=0.0102), between In(H) and In(A)
(p-value=0.0487), and between In(L) and In(A4) (p-value=0.0004).

Table 4. 8 Correlation matrix for variablesa, P, A, H and L for Model 3.10

la 1P 1A IH IL

la 1

IP | -0.6964 (0.0173) 1

1A | 0.9645 (0.0000) -0.7334 (0.0102) 1

IH | -0.5476 (0.0812) 0.4929 (0.1234) -0.6047 (0.0487) 1 1

IL 0.8005 (0.0031) -0.5319 (0.0921) 0.8794 (0.0004) -0.4327 (0.1838)

Performing multiple regressions with In(a) as the response variable, and In(P), In(A4),

In(H) and In(L) as predictor variables, result in:
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In(a) = - 10.5170+0.8077 In(P) +1.2855In(4) + 0.3366 In(H) - 0.88481n(L),

with R*=0.95 and RMSE =0.73. However, note that only area In(A4) is significant
variable predictor of a (p-value=0.009). The model in step-wise regression or backward
elimination confirms that only In(A4) is significant predictor of In(A4)and the resulting
model is: In(a)=-3.4262+0.9225In(4) ora=e**?4***; with R*=0.93 and
RMSE =0.70 . This model is the same as the one found using of Model 3.9.

4.3.4 Estimation of the parameter b

An inspection of the values of parameter b in Table 4.8 indicates that b is close to 0.5 for all
stations. Hence b may be independent from the values of variables P, 4, H and L. The
scatter matrix of the variables b, P, 4, H and L displayed in Figure 4.20 confirms that

there is no relationship between b and predictor variables P, A, H and L.

According to the results, using the fitting Models 3.7 to 3.10, the scatter matrix, correlation
matrix, multiple linear regressions and stepwise regression showed that none of the
prediction variables has an influence on the value of 5. The parameter 5 should then be
constant. Multiple linear regression and stepwise regression show that b was estimated by

b=b,=0.5067 for Model 3.7. It was found that b = b, satisfies all models from 3.7 to 3.10,

b=byand b =b, =b,=b, =0.
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Figure 4. 19  Scatter matrix for the variablesb,P, A, H and L for Models 3.7 to 3.10
Table 4.9 Correlation matrix for variablesb, P, A, H and L for Models 3.7 to 3.10
b P A H L
b 1
P |-0.2992(0.3714) |1
A | 0.0556(0.8711) |-0.6319(0.0370) |1
H | -0.3588(0.2786) | 0.4505(0.1644) | -0.6075(0.0474) |1
L | 0.1975(0.5605) | -0.4595 (0.1551) | 0.8867 (0.0003) | -0.4334 (0.1829)

For all Models 3.8 to 3.10, Inb=-0.6882, henceb =0.5067. It was concluded that with

this value of the parameters, the calibration or power model can be written as:

a=e 1.6053(A/L)1.2538 and b — 05067, Q — e—l.6053 (A/L)I.ZSSSD—0.5067 )
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4.3.5 Summary of regionalization

In summary, using Equation 3.3 the discharge (Q) for a given probability of exceedance
(D) at ungauged sites can be estimated using the catchment specific drainage area (A)

divided by the length (L). Then, the model in the power Equation 3.3 can be written as:

Q — e—l.6053 (A/L)I.ZSSS D—0.5067

The regional Equation 4.1 can be used at any ungauged sites within the catchment to be

studied, mainly in the mountainous regions.

For Models 3.8 to 3.10, the same procedure of starting with a scatter matrix was used,
followed by the correlation matrix, multiple regression analysis and step-wise regression.

The result shows that b =0.5067 orlogb =-0.69. Hence, the parameter b is approximately

Equation (4.1)

0.5. The results of the above discussion are summarised in Table 4.10.

Table 4. 10  Performance of Regional model

Models R’ RMSE P-value Equations
(m’.s™)
3.7 MRA 0.99 | 3024 A=0.000
L=0.014

STEPWISE 0.99 | 27.85

a=54.8895+0.02094 - 2.8805L

3.8 MRA 0.94 | 0.72 0.000

STEPWISE 0.93 | 0.70

a= e—l,6053(A/L)1.2538

3.9 MRA 0.94 | 0.71 0.001

STEPWISE 0.92 | 0.70 g = o 34262 409225
3.10 MRA 0.95 | 0.73 0.009

STEPWISE 092 | 0.73 g = o 34262 409225
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4.4 Verification

In this section, the regional model developed was evaluated at two other locations, the Mac-
Mac River gauging station (X3H003) on the South African side and the Ressano Garcia
gauging station (E-23) on the Mozambican side along Inkomati River Catchment, which
were not used in the calibration procedure. Tables 3.2 and 3.3 contain all the characteristics

of the stations and the morphoclimatic characteristics of these drainage catchments.

Equation 4.1 was used to check if it fits the data of the two selected gauging stations. The
Flow Duration Curves of observed and estimated discharges were plotted, using the model

in Equation 4.1.

The result in Figure 4.21 shows that the estimated discharge was well-estimated in the high
and low flows. The Mozambican gauging station (Ressano Garcia E-23) was also used for
verification. Figure 4.22 shows that the estimated values are very high and located in the
high flows range. The correlation between observed versus estimated values seems to be
good, except in the interval from 0% to approximately 18% exceedance probability. As a

consequence, the accuracy of the model will be affected.
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Figure 4. 20 Flow Duration Curves at the Geelhoutboom gauging station X3H003
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Figure 4. 21 Flow Duration Curves at the Ressano Garcia gauging station E-23

The accuracy of the regional models was examined from observed and estimated discharges
by calculating the root mean square error, using Equation 3.11. The results of the analysis
showed that the estimated accuracy was satisfactory and equal to RMSE=3% for the Mac-
Mac River gauging station X3H003 and presented good accuracy of prediction, taking into
account the root mean square error (RMSE). The result of the analysis for the Ressano
Garcia gauging station E-23 showed that the estimated accuracy was not satisfactory
because the root mean square error was equal to RMSE=22%. The error in the regional

prediction at this station was therefore high and was unacceptable.

4.5 Calculation of the power at Mac-Mac River and Ressano Garcia gauging

stations (X3H003 and E-23)

Power was estimated using Equation 2.3 for an assumed head of 25m based on topography
and for assumed overall plant efficiencies of 50% and 70%. The 10%, 60% and 90% flow
exceedance percentiles were used in the calculations, taking into consideration high,

medium and low discharges.

The results are summarized in Table 4.11 and indicate that the Mac-Mac River gauging

station X3H003 and Ressano Garcia gauging station E-23 can produce power, using the
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potential power generated values of the same probabilities of exceedance. The amount of

power that can be obtained from a stream depends on the quantity of water flow, the suitable

height which the water falls (head) and the plant efficiency to convert mechanical energy to

electrical energy (Ramachandra et al., 2004; Hussein and Raman, 2010).

Table 4. 11  Results of power from observed discharge at two selected stations
Station Discharge Head | Efficiency | Specific Power (P;) (kw)
(m’.s™) (m) (%) . weight
10% | 60% | 90% @, [10% [60% |90%
(N.m™)
X3H003 | 1.444 | 0.555 | 0.394 | 25 50 9.8 17.7 6.7 4.8
X3H003 | 1.444 | 0.555 | 0.394 | 25 70 9.8 24.8 9.5 6.8
E-23 142.8 | 14.6 | 1.0 25 50 9.8 1,749.3 | 178.9 12.3
E-23 142.8 | 14.6 | 1.0 25 70 9.8 2,449.0 | 250.4 0.2
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5. DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

In this study, the main objectives were to: (i) derive and verify a simple methodology to
estimate daily streamflow quantiles at gauged sites, using flow duration curves (FDCs), (ii)
to regionalise the FDCs in order to estimate daily streamflow quantiles at ungauged sites,
and (ii1) to demonstrate the use of the regionalised FDCs to estimate potential hydropower

production at selected sites in the Inkomati River Catchment.

In this study, the results indicate that most of the South African gauging stations are located
in higher-lying mountainous regions, where a high average rainfall occurs (Smakhtin and
Toulouse, 1998). The results indicate that the Mozambican side has lower rainfall, declivity
and less favourable conditions for hydropower generation than on the South African side.
This is attributed to the large catchments and flood plain areas (Viola et al., 2010; Nobert et
al.,2011).

FDCs can be divided into five flow duration intervals, namely, high flows (0-10%
exceedance), moist or wet conditions (10-40% exceedance) and medium range flows (40-
60% exceedance), dry or drought conditions (60-90% exceedance) and low flows (90-100%
exceedance) (Viola et al., 2010; Nobert et al., 2011). The results for the gauges in South

Africa indicate that the rivers are perennial, as also shown by (Smakhtin, 2001a).

The differences in the low flow regions of the superimposed curves (FDCs) may be partly
attributed to the inaccuracies of low-flow measurements, but they are mostly due to the fact
that some observed records (e.g. gauging stations X2H072, X3H007 and X3HO011) include
the period of the most severe drought on record, while the others do not. Some of the rivers
in the region, which are normally perennial, ceased to flow for a short period and that has
affected the shape of some flow duration curves in the area of extreme low flows (Smakhtin
et al., 1997; Smakhtin, 1997; Smakhtin and Toulouse, 1998; Smakhtin, 2001b). Most of the
rivers in South Africa are perennial, with a clear wet season from December to March. This

season is followed by a long recession period, with minimum flows from July to September.

Vogel and Fennessey (1994); Vogel and Fennessey (1995) state that the shape of the FDC

can be determined by rainfall pattern, the size and the physiographic characteristics of the
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catchment. The shape can also be influenced by water resources development (e.g. regulated
flow, such as the Inkomati River Catchment) and type of land-use (Smakhtin, 2001b). Water
resource management is one of the most important issues that can help to understand the
impact of land-use changes on streamflow. Therefore, it can be useful in predicting the
change of the Flow Duration Curve due to land-use changes (Shao et al., 2009a), while
steep curves indicate a small or variable baseflow contribution (Smakhtin and Toulouse,

1998; Smakhtin, 2001b; Patel, 2007).

The strength of using FDCs to estimate streamflow in gauged stations was corroborated by
many authors in literature (Mimikou and Kaemaki, 1985a; Vogel and Fennessey, 1994;
Vogel and Fennessey, 1995; Castellarin et al., 2004; Rojanamon et al., 2007; Younis and
Hasan, 2014). The FDC method was successfully applied in this study, to estimate
streamflow quantiles in the Inkomati River Catchment in South Africa. The results obtained
in this study showed that the gauging stations had reliable streamflow data, namely
Moamba, Chinhanguanine, Magude, Chobela, Sassenheim, Bellevue, Glenthorpe,
Kindergoed, Ethna and Geelhoutboom gauging stations, FDC was vigorous, reliable and
successfull. However, stations with unreliable streamflow data, including Ressano Garcia,
Machatuine, Bobole, Incoluane, M. major, Sabie, Nsikazi River, White Water River and

Marite River, were not used in the analysis.

The morphoclimatic parameters, such as catchment area, hypsometric fall, mean annual
precipitation and river length were utilized in this study, to identify sites with potential
catchments for hydropower production. Regionalisation was performed based on these site

characteristics.

In this study, the FDCs of gauging stations previously selected in the Inkomati River were
constructed and fitted by five distribution equations, namely, the exponential, power,
logarithmic, quadratic and cubic equations.The calibration of FDCs at the selected stations
demonstrated that the power model was the best fit for all the stations, with an average
coefficient of determination R? equal to 0.91. This finding was different from that of
previous researches, such as (Mimikou and Kaemaki, 1985b), who proposed to use cubic
equation in modelling the FDC. The power model was therefore selected for use in the

regionalisation of the FDC models because it showed the highest average value of R? and
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seven times than other models. It can be concluded that the Flow Duration Curves of
observed and estimated discharges were well-estimated, especially in the South African
gauging stations. For all the sites, the power model was to be the best estimator of FDC at

gauged sites.

The regionalisation approach was applied, in order to overcome limitations related to the
scarcity of the gauged sites in the catchment, mainly in the remote and inaccessible areas.
Multiple regression analysis allowed for the derivation of a regional equation, which was
used to estimate streamflow at ungauged sites within the Inkomati River Catchment. For
regionalisation, the drainage area and the length of the main river were the most significant
factors for streamflow quantile estimation at ungauged sites. Scatter matrices, correlation
matrices, multiple linear regressions, stepwise regression and the plotting of residual errors

were used to obtain suitable regional equation.

Verification was performed to evaluate the accuracy of the regional model, using the root
mean square error (RMSE), which is expressed in percentage. The root mean square error,
which is an accuracy estimator, was used to determine how well estimated streamflow
compared with observed streamflow. The streamflow in the regional model was well
estimated in the Mac-Mac River gauging stations as indicated by the low root mean square
error of 3%. However, for the Ressano Garcia, the model was not satisfactory, as depicted
by the high root mean square error of 22%. Possible reasons for high root mean square error
could be attributed to a reduction in streamflow due to water usage. It could also be caused
by agriculture practices, including irrigation water abstraction, which are likely to reduce

streamflows to downstream areas.

The power was calculated, based on flow, head height and plant efficiency, to convert
mechanical energy to electrical energy, as given by Equation 2.3. The results of power
obtained from observed discharge at two selected gauging stations (Mac-Mac River and
Ressano Garcia), both are situated in the South African sides, respectively, were shown in
Table 4.11. The power produced in these two gauging stations at 10% of probability
exceedance, was higher than the power produced at 60% and 90% of probability
exceedance. These results might probably be caused by the high, values of the discharge,

especially in Ressano Garcia, where the catchment area is bigger than the Mac-Mac River.
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The amount of power is given in kilowatts/day.The power produced in these gauging
stations showed that micro-, mini- or small hydropower plants could be set up, according to
the classification of hydropower plants (Balat, 2006). In this study, it was concluded that this
kind of hydropower plant could provide an ideal way of producing electricity in rural and

mountainous areas, where the demand is scattered and relatively low.

In this study, the development of a regional model was undertaken, where the model in
Equation 3.8 was selected to be the best model to explain the spatial variation of the
parameters of the flow duration curves. The drainage area (4) and the length of the river (L)

are the most significant parameters.

The different results obtained in this study and in literature can be attributed to the different
time scales of the analyses, different geographic regions and different climate
characteristics. Through this study, the FDC approach showed its ability to represent and
assess high flows and low flows, using observed and estimated discharges (Shao et al.,
2009b; Warburton, 2010). Applying the regionalisation of FDCs, it was possible to
determine a regional equation (Equation 4.1 in Table 4.10) in the Results Chapter. This
equation can be used at ungauged sites, such as the Inkomati River Catchment, mainly on

the South African side (Mimikou and Kaemaki, 1985b).

The Mac-Mac River gauging station (X3HO003) was not used in the development of the
model and was selected from the Sabie sub-catchments on the South African side for
independent evaluation of the method, because it is located upstream in the mountainous
regions. The Ressano Garcia gauging station (E-23) is also located upstream of the Moamba
gauging station (E-22) and it is also characterized by high topography, compared with other
stations on the Mozambican side. The result supports the recommendations by (Franchini
and Suppo, 1996; Rojanamon et al., 2007), where the model that gives the smallest RMSE
value can be used to predict flow at the ungauged sites, which are located within the
catchment area. The results obtained from verification and accuracy of the regional models
suggests that land use change is one of the factors that have influenced the flow pattern at

the Ressano Garcia gauging station.
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One of these two gauging stations used in the independent evaluation of the method is
located on the South African side in the mountains and has a relatively small drainage area
with higher MAP, compared with the MAP on the Mozambican side. This shows that the
flows at higher altitudes exhibit larger variability, compared with flows at lower altitudes
(Arora et al., 2005). (Castellarin et al., 2004; Rojanamon et al., 2007) stated that the
conditions mentioned are favourable for the development of small hydropower plants. The
Ressano Garcia gauging station E-23 is located upstream on the Mozambican side. It has
high values of flow at certain times, mainly during the rainy season. As a result, the values
of potential power which could be produced are also very high. However, the region is
located in a floodplain, where the conditions mentioned are not favourable for the

installation of SHPs.

It was also concluded that most of the stations suitable for the installation of SHPs in the
Inkomati River Catchment fall in the South African side. Possible reasons are (i) availability
of perennial streams, and (ii) good terrain characteristics (e.g. suitable head and available
streamflow rate). By contrast, most of the sites on the Mozambican side are characterized by
regions with low topography (< 600m elevation), large catchment areas and high discharges.
Hence, it is recommended that the Mozambican side might not potentially be suitable for

SHPs, and further investigation is required.

This result suggests that the reduction in streamflow at the border station of Ressano Garcia
can be attributed to other factors, such as the use of water upstream in Komatipoort side.
Another direct effect of agriculture on streamflow takes place through irrigation water
abstraction, as large volumes of water are diverted from the river system, consequently

reducing the flows to downstream areas.

It is recommended, therefore, that the network of the meteorological and hydrological
stations be improved to cover larger areas and more catchments, particularly in
Mozambique. For further investigation, the procedures followed in this research should be
carefully applied to other regions, taking into consideration the similar geomorphologic
features, such as homogeneity in terms of climate, topography, hydrology and other relevant

factors.
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The accurate application of the FDC method and the monitoring of the rivers regimes should
be done on a national level, to help the water resources managers and planners to develop

and implement the best water management practices.
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7. APPENDICES

7.1 Appendix 1

Flow duration curves were plotted from all selected gauging stations on the Mozambican
and South African sides. These Figures are results of the assessment and reliability of

Mozambican and South African observed flow data. The plots of daily FDCs (logarithmic

scale) are presented in Figures 7.1 to 7.12
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Figure 7.1  Flow Duration Curve on logarithmic scale at Moamba station
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Figure 7. 2

Flow Duration Curve on logarithmic scale at Ressano Garcia station
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Figure 7. 3

Flow Duration Curve on logarithmic scale at Chinhanguanine station
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Figure 7.4  Flow Duration Curve on logarithmic scale at Magude station
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Figure 7.5  Flow Duration Curve on logarithmic scale at Chobela station
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Figure 7.6  Flow Duration Curve on logarithmic scale at Sassenheim station
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Figure 7.7  Flow Duration Curve on logarithmic scale at Bellevue station
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Figure 7.8  Flow Duration Curve on logarithmic scale at Glenthorpe station
FDC Log-X2HO47T
10
Ky
E 1
=
o
=
E 0.1
=
w
0.01
a 10 20 a0 A0 a0 =Tl il g0 =1l 100
Prob.Exceedance (%)
Figure 7.9  Flow Duration Curve on logarithmic scale at Kindergoed station
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Figure 7. 10  Flow Duration Curve on logarithmic scale at Sabie station
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Figure 7. 11  Flow Duration Curve on logarithmic scale at Dawsonsspruit station
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Figure 7. 12 Flow Duration Curve on logarithmic scale at Geelhoutboom station
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7.2 Appendix 2

Various mathematical models were used for the calibration of the FDCs at gauging
stations.The results of the regression analysis in the calibration of flow duration models for

all gauging stations are summarized in Tables 7.1 and 7.10

Table 7. 1 Results of analysis of the mathematical models at Moamba station
Equations R’ Coefficients
0 =763.617exp(-0.199D) 0.82 a=763.617
b=-0.199
0 =394.638D*° 0.88 a=394.638
b=-0.496
0 =442.304-105.504In D 0.80 a=442.304
b=-105.504
O =295.466 - 9.087D +0.66D° 0.54 a=295.466
b=-9.087
c=0.66
0 =395.254- 21.059D +0.366D - 0.001D* | 0.64 a=395.254
b=-21.059
c=0.366
d=-0.001
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Table 7. 2 Results of analysis of the mathematical models at Chinhanguanine station

Equations

RZ

Coefficients

0 =835.568exp(- 0.984D)

0.89

a=835.568
=-0.984

Q0 =615.186D"*"

0.87

a=615.186
b=-0.478

0 =685.701-160.766 In D

0.90

a=685.701
b=-160.766

O =480.034 - 14.441D +0.104D*

0.68

a=480.034
b=-14.441
c=0.104

0 =626.249- 31.978D +0.543D° - 0.003D°

0.98

a=626.249

b=-31.978
c=0.543
d=-0.003

105




Table 7. 3 Results of analysis of the mathematical models at Magude station

Equations

RZ

Coefficients

0 =2031.254exp(- 0.791D)

0.84

a=2031.254
b=-0.791

-0.567

0=501.126D

0.87

a=501.126
b=-0.567

0 =520.425-128.61In D

0.59

a=520.425
b=-128.61

O =328.203- 11.256D +0.087D°

0.34

a=328.203
b=-11.256
c=0.087

0 =760.253- 262.855D +0.178D* - 0.001D°

0.81

a=760.253

b=-262.855
c=0.178
d=-0.001
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Table 7. 4 Results of analysis of the mathematical models at Chobela station

Equations

RZ

Coefficients

0 =962.257exp(- 0.152D)

0.92

a=962.257
b=-0.152

-0.492

0=551.742D

0.84

a=551.742
b=-0.492

0 =616412-146.649In D

0.84

a=616.412
b=-146.649

O =429.257 - 13.704D +0.103D"

0.61

a=429.257
b=-13.704
c=0.103

O =800.840 - 247.431D +0.122D* - 0.001D°

0.99

a=800.840

b=-247.431
c=0.122
d=-0.001

107




Table 7. 5 Results of analysis of the mathematical models at Sassenheim station

Equations R Coefficients

0 =10.405exp(- 0.312D) 0.78 a=10.405
=0.312

Q:4618D -0.538 092 a:4.618
b=-0.538

0=4.786-1.152InD 0.71 a=4.786
b=-1.152

Q=5.759-1.619D +0.000D" 0.80 a=5.759
b=-1.619
¢=0.000

Q=6.381- 2.055D+0.001D° - 0.000D" 0.86 a=6.381
b=-2.055
c=0.001
d=-0.000
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Table 7. 6 Results of analysis of the mathematical models at Bellevue station

Equations

RZ

Coefficients

0 = 28.618exp(- 0.901D)

0.81

a=28.618
b=-0.901

-0.523

0 =6.966D

0.90

a=6.966
b=-0.523

0 =6.946- 1.6441n D

0.58

a=6.946
b=-1.644

0 =8.620- 2.459D +0.000D°

0.69

a=8.620
b=-2.459
¢=0.000

0 =9.853-3.346D +0.003D° - 0.000D"

0.79

a=9.853
b=-3.346
¢=0.003
d=-0.000
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Table 7. 7 Results of analysis of the mathematical models at Glenthorpe station

Equations R’ Coefficients

0 =2.471exp(- 0.531D) 0.76 a=2.471
=-0.531

Q — 2696D -0.454 097 322696
b=-0.454

0 =2.702-0.5961nD 0.80 a=2.702
b=-0.595

Q0 =3.049- 0.759D +0.000D° 0.84 a=3.049
b=-0.759
¢=0.000

Q0 =3.327-0.953D+0.001D* - 0.000D’ 0.89 a=3.327
b=-0.953
¢=0.001
d=-0.000
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Table 7. 8 Results of analysis of the mathematical models at Kindergoed station

Equations R’ Coefficients

O = 2.101exp(- 0.089D) 0.81 a=2.101
=-0.089

Q:1.701D -0.471 0.93 a:1701
b=-0.471

0=1.807-0.413InD 0.83 a=1.807
b=-0.413

0 =2.076- 0.540D +0.000D* 0.90 a=2.076
b=-0.540
¢=0.000

Q =2.238- 0.652D +0.000D° - 0.000D" 0.93 a=2.238
b=-0.652
¢=0.000
d=-0.000
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Table 7.9 Results of analysis of the mathematical models at Sabie station

Equations

RZ

Coefficients

0 =9.843exp(- 0.083D)

0.82

a=9.843
b=-0.083

-0.455

0=8.129D

0.93

a=8.129
b=-0.455

0 =8.750-1984InD

0.85

a=8.750
b=-1.984

0 =9.829- 2.495D +0.000D°

0.82

a=9.829
b=-2.495
¢=0.000

0 =10.740 - 3.124D +0.002D* - 0.000D"

0.68

a=10.740

b=-3.124
¢=0.002

d=-0.000
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Table 7. 10 Results of analysis of the mathematical models at Dawsonsspruit station

Equations R Coefficients

a=29.262

0 =29.262exp(- 3.459D) 0.82
=-3.459

0=3.124D 0.97 a=3.124
b=-0.682

0 =2.834-0.699InD a=2.834
0.37
b=-0699

0 =3.778 - 1.145D +0.000D> a=3.778
0.49 b=-1.145

¢=0.000

O =4.475-1.623D +0.001D* - 0.000D" a=4.475
b=-1.623

¢=0.001
d=-0.000

0.59

113



