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ABSTRACT 

Development in urban catchments often result in rivers being converted into large stormwater 

canals where stormwater is removed as quickly as possible to prevent flooding. A combination of 

elevated peak flows, increased nutrients and contaminants and reduced biotic richness are typical 

features of these urban waterways. This study explored the dynamics of an urban river in Cape Town 

by using high-resolution monitoring sensors and loggers to analyse and model real-time discharge 

and water quality data during and after 14 rainfall events. Discharge and water quality data were 

collected from the Liesbeek River at three sites during the rainfall events. As expected, the upper 

most sampling site had the lowest discharge and pollution load, compared to sites in the middle and 

lowest reaches of the river. An analysis showed significant correlations between the discharge and 

electrical conductivity at all three sampling sites. Rainfall was the primary factor in altering discharge 

and electrical conductivity. Predictive modelling using selected rainfall designs indicated that 

average discharge and total volume increases with increasing rainfall. Linear regression analysis for 

electrical conductivity indicated a strong relationship whereby an increase in discharge resulted in a 

decrease in electrical conductivity. This study revealed the discharge and water quality of 

stormwater in the Liesbeek River during rainfall events showed the improved water quality 

conditions in the river during the rainfall events particularly after the peak discharge. Furthermore, 

the implications of this study revealed that the Liesbeek River can become a water source for 

recharging groundwater and aquifers. 
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1. Introduction  

1.1 Overview 
In general, urban catchments are changed from their pre-development state by several factors, inter 

alia, rapid population, increasing water demands and increasing impervious surfaces through 

development (CoCT, 2012; Fisher-Jeffes et al., 2017) resulting in elevated peak flows, increased 

contaminants from stormwater, decreasing biodiversity and support for habitat with a concomitant 

decline in ecological services in their waterways. A combination of these factors and the state of 

urban waterways is described in the concept of an urban stream syndrome  (Walsh et al., 2005; 

Bernhardt and Palmer, 2007; Bratieres et al., 2008; Walsh et al., 2010). Researchers refer to the 

‘urban stream syndrome’ to describe the conditions that alter the flow, form and function of urban 
rivers (Walsh et al. 2005).  

Urban streams are treated as conduits that are designed to protect residential areas from floods, but 

most often results in unintended consequences that reduce ecological functions and services among 

others (Walsh et al., 2005). While modified urban rivers and streams become efficient stormwater 

canals (Bernhardt and Palmer, 2007), they have a reduced capacity for removing pollutants during 

low flow periods resulting in a general decline in water (Walsh et al., 2005; Bratieres et al., 2008). 

The degradation of urban streams occurred despite the fact that urban streams have the potential to 

provide precious natural resources through stormwater harvesting, however, this potential is far 

from fully realized because drainage systems turn rivers into drains or sewers treating it as a waste 

product (Walsh et al., 2005). The abrasive use of the urban stream syndrome as a concept that could 

apply to a terminal condition has led to a shift in research and practice in motivating for a water 

sensitive approach for regenerating cities that are increasingly vulnerable to water scarcity, climate 
change and rapid urbanization.  

The development of an urban area within catchments has caused major changes in the hydrology of 

catchments, particularly during rainfall events (Huang et al., 2008). Some of these changes include 

increased high flows and reduced low flows, making urban waterways vulnerable to flooding and 

droughts. These changes are exacerbated by climate change. Climate change will have a significant 

effect on the hydrological cycle and will result in floods and droughts becoming more frequent (IPCC, 

2007; van Vliet and Zwolsman, 2008). Cities and urban areas are facing increasing demands for water 

due to rapid population growth and economic development (Fisher-Jeffes et al., 2017). This is 

coupled with pollution of freshwater bodies which add further stress on water resources.  Urban 

areas will have to adapt to a reduced rainfall future and diversify their water supply from alternative 

sources such as aquifers and stormwater (Ziervogel et al., 2010; Fisher-Jeffes et al., 2017; van Mazijk 

et al., 2018).  

Increasing water demands in urban catchments has prompted the need for better management of 

water resources. The potential benefits of stormwater harvesting have not been fully realised (Walsh 

et al. 2005). Stormwater harvesting has the potential for stormwater to be used as a resource to 

help alleviate the increasing demand for water in urban areas (Fisher-Jeffes et al., 2017). Harvested 

stormwater is used for various purposes including non-potable water uses and for recharging 

groundwater. Stormwater harvesting also has a number of benefits in that it can improve water 

security, prevent or reduce flooding and improve the condition of urban waterways through flow 

modulation (Woods-Ballard et al., 2007; Huang et al., 2008; Armitage et al., 2013; Fisher-Jeffes, 

2015, Fisher-Jeffes et al., 2017). The utilisation of stormwater requires effective stormwater 

management. Stormwater management has the potential to serve the purpose of increasing water 

supply together with improving water quality and protecting the ecological diversity of urban rivers 
(Wong and Eadie, 2000). 
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This study examines the potential to augment groundwater supplies and aquifer recharge from 

stormwater harvesting to alleviate the increasing demand for water in water stressed cities. This 

research analyses the discharge of an urban river and associated water quality fluxes during rainfall 

events to determine the suitable conditions for stormwater harvesting by simultaneously measuring 

flow rate and the volume of stormwater and water quality during rainfall events using sensors and 

loggers that generate high-resolution continuous data. Monitoring discharge together with water 

quality demonstrates the relationship between urban rivers, its discharge and quality and ultimately 
will help inform stormwater management and harvesting. 

1.2 Aims and objectives 

The aim of this thesis is to analyse the discharge of an urban river and associated water quality fluxes 

during rainfall events to determine the suitable conditions for stormwater harvesting. 

Objectives: 

 To measure flow rate and quantify the volume of stormwater in an urban river during 
rainfall events 

 To analyse water quality during rainfall events 

 To establish the relationships between rainfall characteristics and discharge; the relationship 

between rainfall and water quality; and the relationship between discharge and water 
quality 

 To model the discharge in an urban river under various conditions 

1.3 Study site  

The Salt River catchment is largely an urban catchment in Cape Town that experiences a 

Mediterranean style climate with wet winters and dry summers. The Liesbeek is a sub-catchment of 

the Salt River catchment (Figure 1) covering an area of 2600 hectares and abuts the eastern slopes of 

Table Mountain before it flows into the confluence of the Black River that ultimately discharges into 

Table Bay in close proximity to the Cape Town Harbour (Brown and Maqoba, 2009) . The Liesbeek 

River is 9km long and is fed by numerous streams from the eastern slopes of Table Mountain. The 

river flows in a north westerly direction and passes through residential areas with varying population 

densities (Fisher-Jeffes, 2015). It begins in the foothills of Table Mountain at an elevation of 120masl 

and is fed by numerous streams from the eastern slopes and springs. The Liesbeek River today still 

shows some of its natural beauty from its pre-development days although 70% of the entire length 

of the river is canalised or modified by gabions and other forms of grey inf rastructure. The upper 

reaches of the Liesbeek Catchment are largely natural areas whilst the lower reaches of the river 

have the highest levels of urban land use.  

Development of residential areas began in the 18th century. The construction of the main road 

between Cape Town and Wynberg in 1807-1811 and the railway connection to Wynberg in 1864 was 

considered the catalyst towards increasing the residential settlements along or close to the Liesbeek 

River. Due to the rainfall experienced in the upper reaches of the Liesbeek Catchment and the fact 

that the gradient of the river smoothens out dramatically in the middle and lower sections, it 

resulted in the catchment being a flood risk hazard. In the beginning of the 1900s when urbanization 

rapidly increased, buildings close to or along the river became flooded during the rainy season. It 

was due to this that the river became canalized between 1942 and 1962. The canalization was to 
improve the conveyance of water downstream (Brown and Maqoba, 2009).   
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The Liesbeek Catchment was chosen for this study for several reasons including its Mediterranean 

climate which allowed for the monitoring of discharge and water quality during the rainfall season. A 

number of studies has been done on the Liesbeek by students and researchers that created a 

baseline of data to refer to for this study, in particular, the study from Fisher-Jeffes (2015) which 
examined the storm and rainwater harvesting potential of the catchment using predictive modelling.  

 

Figure 1: Catchments in the Cape Metropolitan Area, showing the Salt River catchment (3) in relation 
to the Liesbeek River and the other catchments in Cape Metropolitan Area (Ogutu, 2007). 

1.4 Study design and overview of methods 

This study aimed to characterize stormwater quality and discharge, and model surface water quality 

and discharge in an urban river. The study design incorporated two research activities, which 

examined the surface water quality and discharge to use predictive modelling for selected rainfall 

scenario events. The monitoring of discharge and water quality took place along the Liesbeek River. 

The purpose of using a predictive model was to understand how rainfall events , under different 

scenarios, could affect the flow and water quality. Data were captured at three sites along the river. 



13 
 

Level sensors were placed under bridges along the river to measure the height of the water. For this 

study, height was measured as a proxy for discharge which is described in greater detail in section 

3.3. Water quality sensors were placed in the river to measure pH, DO, EC and temperature which 

were indicators of water quality that were measured at five-minute intervals during rainfall events. 

The results were used to understand the relationship between discharge, water quality and rainfall. 

The purpose of monitoring of discharge and water quality is to understand how the Liesbeek River 

could become a water source for recharging the groundwater and aquifer by understanding the 

condition of the water during a rainfall event in terms of its water quality as well as the volume of 

water that can be abstracted.   

The sensors were located upstream (Site 1), midstream (Site 2) and downstream (Site 3). Each site 

contained one level sensor and one water quality sensor. The location of the sensors was 

strategically chosen in order to capture the spatial and temporal variability of rainfall in the Liesbeek 

Catchment. The reason for measuring discharge and water quality in tandem at each site was to 

create simultaneous readings in order to understand how quality and discharge varies with rainfall 

and to quantify the stormwater in the river during rainfall events and its associated water quality 

fluxes. Quantifying and understanding the stormwater in the river during rainfall eve nts will enable 

the use of the stormwater as a water source for recharging the groundwater and aquifer. Details of 

the level and water quality sensors are discussed in sections 3.3 and 3.4 respectively. The discharge 

in the Liesbeek River was undertaken from April 2018 to September 2018 and then again from May 

to July 2019, whilst data collection for water quality took place from March to July 2019.  

1.5 Scope and limitations of study 

The study took place in the Liesbeek Catchment which consisted of mostly middle to high income 

suburbs with no industrial areas, therefore this catchment is not necessarily representative of other 

urban catchments. This study monitored the discharge and water quality of the Liesbeek River using 

low cost, high-resolution ultrasonic level sensors and water quality sensors that were placed in and 

along the Liesbeek River. The study period included two rainfall seasons and were restricted to 

rainfall events with no data collection during the dry seasons ruling out the comparison between dry 

and wet periods. 

Temperature, Electrical Conductivity (EC), pH and Dissolved Oxygen (DO) were monitored as a proxy 

for water quality and therefore a limited number of water quality parameters were selected to 

analyse water quality. The exclusion of chemical and biological water quality parameters such as 

ammonia and E. coli respectively, limited the extent to fully investigate water quality, however the 

study investigated how rainfall affects dilution and therefore the selected parameters were deemed 
sufficient for its purpose. 
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2. Literature Review 

2.1 Urban stream syndrome 
Modern infrastructure and rapid urbanization have reduced the size and scale of floodplains and 

elevated the volume of stormwater runoff that is discharged into urban rivers (Walsh et al., 2005; 

Bernhardt and Palmer, 2007). These characteristics are cited in the research literature as causal 

factors that contribute to the urban stream syndrome that feature flashier hydrographs, elevated 

concentrations of nutrients and contaminants, morphological changes in river channels, reduced 
biotic richness and the dominance of species that that are tolerant of pollution (Walsh et al., 2005).   

 

Figure 2: Impacts on the flow and quality of streams in an urban landscape (Adapted from Walsh et 
al., 2005). 

The illustration above shows the different pathways of surface water flow in an urban area. Some 

water seeps underground from infiltration, but the larger volume is transferred by overland flow and 

is discharged directly into the river. The resulting effects are shown in Figure 2 which includes the 

changes in water quality and flow. These changes results in an increase in tolerant species and a 

decrease in sensitive species. The changes in flow and water quality are further discussed in greater 
detail below. 

2.2 Changes in the hydrology of urban rivers 
2.2.1 Introduction 

The development of an urban area within catchments causes changes in the hydrology of the 

catchment, particularly during rainfall events (Huang et al., 2008). In a natural catchment, rainfall 

infiltrates into the ground where some is taken up by vegetation and eventually transpires whilst the 

remainder seeps through the soils and into the groundwater where it eventually reaches nearby 

streams. The water cycle has however, changed due to urban development (Fletcher and Deletic, 
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2008). The increase in impervious surfaces and simplification of drainage systems for efficient 

removal of urban runoff for flood protection has caused a rapid runoff in response to rainfall 

(Fletcher et al., 2013). Urban run-off has the largest impact on flow regimes of urban streams (Walsh 
et al., 2012).  

2.2.2 Land cover changes on the flow regime of urban rivers 

The flow regime is determined by a combination of factors such as its magnitude, duration and 

frequency (Nilsson and Malm-Renöfält, 2008). Changes in land cover affects the overall balance of 

water in the hydrological system (Ahn and Merwade, 2017). Impervious surfaces and conventional 

drainage systems are some drivers that impact the hydrology of urban catchments. Urban streams 

tend to have flashier hydrographs with frequent, larger flow events with increased flow rates, 

leading to greater channel incision and bank erosion. The increased scouring and changes in 

sediment supply can alter the width and depth of the river, often making the river wider and deeper 

with reduced biotic richness (Walsh et al., 2005; Vietz et al., 2015). A reduction in evapotranspiration 

and infiltration results in an increase in peak discharge and reduced groundwater recharge from 

impervious surfaces and the removal of vegetation. The decrease in groundwater effectively means 

that the baseflow is reduced as well (Fletcher et al., 2013). Reduced infiltration decreases the 

volume of dry-weather flows and increases the volume of wet-weather flows (Walsh et al., 2010).  

Previous studies found that land use changes such as urban infrastructure, had a significant effect on 

the hydrology of catchments. It was noted that built up land replacing vegetation cover can affect 

the duration and severity of high and low flows, creating higher high flows due to increased run off 

and lower low flows due to decreased baseflow (Aichele, 2005; White and Greer, 2006; Ahn and 

Merwade, 2017). This concurs with Walsh et al. (2012) that noted that urban catchments had lower 

baseflows than natural catchments. Furthermore, it was noted that in a forested catchment, water 

that reaches the river is usually from subsurface flows such as groundwater (Midgley et al., 2001; 

Ahn and Merwade, 2017). In urban areas however, where efficient conventional drainage systems 

are in place, streamflow in rivers are mostly from runoff produced by storm events (Walsh et al., 

2010; Burns et al., 2012).  

Increased impervious areas has increased the runoff volume and peak discharge in urban rivers. It 

has also decreased the lag time (Hood et al., 2007) by reducing the time it takes for the river to 

reach its peak flow (Roa and Delleur, 1974). Previous studies have noted that urban catchments 

produce larger peak flows than natural catchments (Stall and Smith, 1961; Espey et al., 1966; Hood 

et al., 2007; Huang et al., 2008). Urban land use, stormwater pipes and the substitution of 

subsurface flow for overland flow has resulted in increased volume and flow rate of stormwater that 

is being transported in the catchment to the nearest water body. This ultimately causes an earlier 

and elevated peak in the hydrograph (Figure 3) with a shorter lag time, a familiar problem in urban 
stormwater management (Hood et al., 2007; Huang et al., 2008).  

The lag time of urban hydrographs decreases as the imperviousness of the area increases (Huang et 

al., 2008), however, Hood et al. (2007) showed that there is not much difference in  lag times 

between conventional developments and Low Impact Developments (LID) when storm intensities 

are increased to durations longer than 4 hours and larger than 25mm (Hood et al., 2007). This shows 

that whilst imperviousness and basin area influence peak discharge, the magnitude and duration of 

rainfall plays a role in it as well (Roa and Delleur, 1974). In summary, the peak discharge and lag time 

depends primarily on two basin characteristics; the area of the basin and the fraction of 

imperviousness. The peak discharge and lag time also depend on two storm characteristics; the 
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amount of rainfall and the rainfall duration (Roa and Delleur, 1974). Figure 3 also summarises the 

changes in flow due to increased development. In Figure 3, the urban hydrograph shows steep rising 

limbs, elevated peak flows and a shorter lag time. The pre-urban hydrograph has a lower peak flow 
and has continued subsurface and baseflow. 

 

Figure 3: Hydrographs showing flow conditions before and after urban development has taken place 
(Adapted from Armitage et al., 2013). 

Table 1 summarises sections 2.1 and 2.2 showing the changes in the hydrology of urban water 

bodies due to development and its associated impacts, processes and effects.  The table also 

reiterates the changes in flow and water quality due to urban development, altering the flow, form 

and function of urban waterways which Walsh et al. (2005) alluded to. Urban rivers have become 

modified which has compromised the function of rivers in supporting habitats and providing 

ecosystem services. These impacts are important to understand in dealing with stormwater 
harvesting and its associated challenges. 
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Table 1: Adapted from Woods-Ballast (2007), summarising the impacts, processes and effects of developments in catchments on receiving water bodies 

 Impacts Processes Effects 
Changes to 
stream flow 

 Reduced infiltration and 
evapotranspiration 

 Rapid removal of 
surface water 
(Fletcher et al., 2013; 
Walsh et al., 2005; 
Woods-Ballard et al., 
2007) 
 

 Increased volume of run off, peak 
flows and flow rates 

 Increased downstream flooding 
 Reduced baseflows 

(Fletcher et al., 2013; Walsh et al., 
2005; Woods-Ballard et al., 2007) 
 

 The volume of discharge from a developed 
catchment that does not attenuate the peak 
flows can be far greater than natural catchments 
(Woods-Ballard et al., 2007). 

Changes to 
stream 
morphology 

 Increased erosion 
 Increased flow rates 

and flooding 

 Increased sediment 
deposition downstream 
(Vietz et al., 2015; 
Woods-Ballard et al., 
2007) 

 

 Increased channel width 
 Stream erosion 

 Changes in channel bed profile 
(Vietz et al., 2015) 

 Channels widen to accommodate increased run 
off 

 Higher flow rates will cause more scouring and 
erosion of banks and cause of a build-up of 
sandbars downstream 
(Vietz et al., 2015; Woods-Ballard et al., 2007) 
 

Water quality 
impacts 

 Decomposition of 
organic matter present 
in run off 

 Wash-off of fertilizers, 
litter, sewer overflows, 
oil spills, vehicles, 
household detergents, 
septic tanks seepages 
and landfills. 
(Walsh et al., 2005; 
Woods-Ballard et al., 
2007) 

 

 Reduction of dissolved oxygen in 
water bodies. 

 Nutrient rich waters  

 Increased levels of toxic materials 

 Increased sediment loads.  
 Raised temperature levels in water 

bodies 

 Increased algal growth 
(Walsh et al., 2005; Woods-Ballard 
et al., 2007) 

 Reduced dissolved oxygen can kill off fish species 
 Increased nutrients can result in eutrophication 

 Water may become toxic and pose a health 
hazard 

 Extra costs for the treatment of contaminated 
water 

 Polluted waters are aesthetically unattractive 
(Walsh et al., 2005; Woods-Ballard et al., 2007) 
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2.2.3 Effect of land cover change on the surface water quality of streams 

Water quality is naturally variable over time and space and varies along the course of a river (Nilsson 

and Malm-Renöfält, 2008). Runoff from urban areas is one of the leading sources of water quality 

degradation (Hatt et al., 2004) because urban runoff is often polluted (Davis et al., 2001) due to 

human activities and untreated sewage water (Daniel et al., 2002; Liyanage and Yamada, 2017) 

which impacts negatively on receiving water bodies. Urban development and conventional drainage 

system cause an increase in imperviousness and greater hydraulic efficiency causing a quick removal 

of stormwater from urban areas (Hatt et al., 2004). In urban areas, ecosystems are degraded due to 

increased volume, intensity and flow rate of runoff that bypasses floodplains and enters directly into 

streams leading to stream bank erosion and an increase in pollutants (Walsh et al., 2005; Bratieres et 

al., 2008; Fletcher et al., 2013; Vietz et al., 2015). According to studies by Walsh et al. (2005) and 

Davis et al. (2001) a change in water quality was due to high concentrations of nutrients and heavy 

metals which resulted in oxygen depletion in rivers (Walsh et al., 2005; Davis et al., 2001).  

A study by Hatt et al. (2004) which sampled water quality variables in fifteen small streams draining 

independent sub-basins east of Melbourne, Australia, noted that EC and temperature all increased 

with increased imperviousness. EC in streams and urban density had a strong positive correlation. 

The salinity in streams in urban areas can be attributed to a combination of sources, inter alia, 

atmospheric deposition, building materials and highways. An increase in imperviousness results in 

elevated temperatures due to the runoff that is in contact with artificial surfaces (Young et al., 

2013). In Brazil, sewage water goes untreated and is discharged into receiving rivers. In the 

Piracicaba River basin in São Paulo, Brazil, only 16% of their urban sewage and industrial effluents 

are treated. Most of the urban sewage and industrial effluents are dumped into small streams, 

rendering it to contamination and lowering the DO to near zero values during low flows (Ometto et 

al., 2000 and Daniel et al., 2002). Daniel et al. (2002) performed a study on the impact of urban 

sewage discharge into small streams in the Piracicaba River basin (Table 2) looking specifically at 

water quality parameters which included, inter alia, DO and EC.  It was noted that the Quilombo and 

Enxofre streams which drained the most developed catchments were of a poorer water quality than 

the two streams that were in the least developed catchments. The more developed catchment had 

lower DO and higher EC values in their streams than the less developed catchments. Selected stream 

results are summarized in the table below (Daniel et al., 2002). 

Table 2: DO and EC results for streams under different urban development percentages (Daniel et 
al., 2002) 

 

2.3 Relationship between rainfall, discharge and water quality  
Urban rivers are known to rapidly increase in discharge following a rainfall event and causes various 

changes in water quality (van Mazijk et al., 2018). Previous studies have documented the change in 

the discharge in rivers before and during a rainfall event with its associated water quality fluxes 
(Jarvie et al., 2001; Li et al., 2007; Sabater and Tockner, 2009; van Mazijk et al., 2018).  

Urban stormwater discharge, particularly during rainfall events, is a major contributor to pollution of 

receiving water bodies (Davis et al., 2001; Lee et al., 2004; Walsh et al., 2005; Bratieres et al., 2008; 

Stream Built-up land (%) DO (mg/L) EC (µS/cm) 
Cabras 1 9.1 ± 0.6 53.5 ± 5.6 

Guamium 3 6.3 ± 2.4 151.2 ± 44.9 
Quilombo 31 2.4 ± 1.5 294.7 ± 107.1 

Enxofre 50 1.8 ± 1.6 597.5 ± 159.3 
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Nilsson and Malm-Renöfält, 2008). This is often the case when a rainfall event occurs after a dry 

period. The existence of a dry period allows for the build-up of pollutants which eventually becomes 

incorporated into the runoff when the rainfall event occurs. This is sometimes counteracted by the 

dilution effect of rainfall (Nilsson and Malm-Renöfält, 2008). A study by Lee et al. (2004) analysed 

the stormwater discharge in California during successive wet seasons in which each was preceded 

with a long dry summer. The results indicated that pollution concentration in the first part of the wet 

season were the highest at 1.2 to 20 times higher than the pollutant concentrations towards the end 

of the wet season (Lee et al., 2004). It was also noted that a rainfall event with a longer antecedent 

dry period was more likely to produce higher pollution loads in the discharge during the initial 
rainfall period (Li et al., 2007; Yufen et al., 2008).   

The initial period of a rainfall event often has the highest levels of pollutants  that accompanies the 

first flush phenomenon (Lee et al., 2004). The first flush phenomenon is defined as the initial period 

of stormwater runoff during which the concentrations of pollutants are far higher than later periods 

of stormwater runoff (Gupta and Saul, 1996). Various factors influence the first flush strength 

including rainfall intensity, storm duration, number of dry days preceding rainfall, percentage of 

imperviousness and catchment area (Gupta and Saul., 1996; Lee et al, 2002 and 2004; Li et al., 

2007). Furthermore, it was noted that the first flush phenomenon occurs before the peak flow 

during a rainfall event. A study by Li et al. (2007) which took place in an urban catchment in the city 

of Wuhan, China, examined the first flush phenomenon. The results showed that elevated 

concentration of pollutants were observed prior to flow peaks in all rainfall events during the study 

and that the interval between the concentration peak and the peak flow was shorter for the events 

that had higher intensities during the initial rainfall period. Figure 4 indicates that the peak 

concentrations occurred in the initial rainfall period before the peak runoff, indicating a rapidly 

improving water quality following the peak runoff (Li et al., 2007).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Flow rate and concentration of pollutants for a storm event (41.3mm rainfall) (Li et al., 
2007). 

The first flush phenomenon was further supported by Bertrand-Krajewski et al. (1998), Jarvie et al. 

(2001), Yufen et al. (2008) and McGrane et al. (2017). All four studies indicated that water quality 
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decreases with an initial increase in discharge which is then followed by an increase in water quality 

due to the flushing and dilution of contaminants as the volume of rainfall increases (Jarvie et al., 

2001; McGrane et al., 2017). 

The study by Jarvie et al. (2001) measured flow, pH and conductivity at 15-minute intervals in the 

River Dee, Scotland. The study showed the changes in water quality during rainfall events whereby 

pH experienced a decline during rainfall events followed by a more prolonged recovery period 

following the peak flow (Figure 5). Conductivity however, did not react to changes in the flow as 

abruptly as pH. Conductivity showed an increase during the initial period of increased stream flow 

(Jarvie et al., 2001). This was followed by a decrease in conductivity as the stream flow continued to 

increase. In a study performed by McGrane et al. (2017) that monitored catchments with various 

attributes, it was noted that DO decreased moderately during the rising limb of a flow hydrograph 

but increased during peak flows. It was also noted that observed EC showed a pre-event peak which 

was followed by a dilution during the peak flow (McGrane et al., 2017). 

 

Figure 5: Tendency for pH to become more acidic during a rainfall event (Jarvie et al., 2001). 

Various studies such as Betrand-Krajewski et al. (1998) and Li et al. (2007) have attempted to 

quantify the first flush phenomenon. The study by Bertrand-Krajewski et al. (1998) (Figure 6) 

analysed 197 rainfall events in 12 separate and combined sewer systems. The results indicated that 

in combined sewer systems, 80% of the total pollutant mass is transported in the first 79% of the 

total volume for 50% of the rainfall events. In separate sewer systems, 80% of the total pollutant 

mass is transported in the first 74% of the total volume for 50% of the rainfall events (Bertrand-

Krajewski et al., 1998). According to Li et al. (2007) the first 30% of run off volume is highly polluted. 

The fractions of pollution load transported by the first 30% of run off volume in an urban catchment 

located in China were 62.4% of TSS, 59.4% of chemical oxygen demand, 46.8% of total nitrogen, and 

54.1% of total phosphorus.  
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Figure 6: Flow rate and Total Suspended Solids (TSS) respectively over a period of 70-minutes 
(Bertrand-Krajewski et al., 1998). 

This section described the relationships between rainfall, flow and water quality. The studies 

suggested that after the initial runoff volume created from a rainfall event (approximately the first 

30% of volume) the pollutant concentrations are reduced by almost half, showing improved water 

quality thereafter. Monitoring discharge and water quality at a fine granularity will provide a good 

indication on how water quality and discharge varies with rainfall to help i nform decision making in 

stormwater harvesting.  

2.4 Monitoring of discharge and water quality 
2.4.1 River discharge monitoring 

Discharge of rivers are one of the most accurately measured aspects of the hydrological cycle. The 

collection and distribution of the data are however limited (Fekete and Vörösmarty, 2007) 

particularly in developing countries (Fekete et al., 2012).  

River discharge data forms the basis of the Global Runoff Data Centres (GRDC) data archives which 

was established in 1988 and operates under the World Meteorological Organization (WMO) and is 

regarded as the most complete global discharge data set. According to the data archive of the GRDC, 

operating discharge monitoring stations are in rapid decline (Figure 7) (Fekete and Vörösmarty, 

2007). Hannah et al. (2011) pointed out that monitoring infrastructure are relatively in place in 

developed countries (Hannah et al., 2011) with sparse gauging stations in developing countries 

(Vörösmarty et al., 2000). There are large gaps in discharge measurements in Saharan Africa due to 

insufficient monitoring infrastructure. It was also noted that the number of monitoring stations 

reached its peak in the 1980s which coincided with increased concerns surrounding population 

growth and environmental degradation, but soon after, as the focus became more concentrated on 

climate change, the monitoring of in situ networks declined (Hannah et al., 2011; Fekete et al., 

2012). South Africa is no different with the number of flow gauges and rainfall stations in decline 

(Pitman, 2011). Runoff and discharge of South African rivers are measured using flow gauging 

stations. These gauging stations consist of compound gauging weirs. The stations are however, 
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restricted to lower flows and become inaccurate when high discharges occur because they are not 

built large enough to manage high flows. This creates a gap in South Africa’s river discharge data 

with inaccurate to no discharge data during high flows (Meyer et al., 2000). 

 

 

 

 

 

 

 

Figure 7: Number of operating discharge monitoring stations according to the GRDC data archive 

(Fekete and Vörösmarty, 2007). 

2.4.2 Water quality monitoring 

Deterioration of water quality has prompted the need for water quality monitoring systems all over 

the world (Dong et al., 2015). The deterioration of water quality through multiple stresses such as, 

population growth, urbanization and increased pollution has resulted in the need for effective and 

efficient water quality monitoring programs (Ijaradar and Chatterjee, 2018).  

Previously, water quality data was largely restricted to field measurements in the form of on-site 

grab samples which were costly and labour intensive. The data was then analysed off-site and in 

doing so was time consuming and slows down the process of disseminating important information 

(Ijaradar and Chatterjee, 2018). Due to the time consuming nature of analysing hand grab samples of 

water quality, it has been typically restricted to individual storm events (Kirchner et al., 2004). The 

laboratory analyses of single samples only provide a snapshot of the concentration levels of the 

pollutants at the time of sampling. This does not provide adequate information for water quality 

variables that vary over time and an episodic pollution event could be missed (Vrana et al., 2005). 

This technique of measuring water quality is limited to the temporal and spatial scales which hinder 

continuous monitoring and analyses. According to O’Flynn et al. (2010) it is unlikely that on-site field 

grab samples can provide an accurate estimate of the maximum, mean and minimum values of 

different water quality variables nor can it give accurate trends and fluctuations with temporal 

variability (O'Flynn et al., 2010).  

2.4.3 Comparisons between grab sampling and continuous monitoring 

The importance of maintaining water quality standards increased the need for advanced equipment 

to monitor and manage water resources (O’Flynn et al., 2007). The realization of the shortcomings of 

traditional river discharge and water quality measurements has resulted in more continuous data 

collection by in situ sensors. River discharge and water quality data is important and the monitoring 

of hydrological data that is in real-time, continuous and at a fine granularity underpins effective 

management of rivers as it increases the accuracy of the data which can effectively capture 

hydrological variability at high-resolutions (Kawanisi et al., 2010). This allows for constant 

surveillance of biological and physiochemical parameters in water quality in which the  data can be 
accessed remotely in real-time.  
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A study by O'Flynn et al. (2010) indicated the difference between on-site grab samples and 

continuous monitoring and showed the amount of detail and information that is obtained with 

continuous monitoring as opposed to on-site grab samples. O’Flynn et al. (2010) showed that on-site 

grab sampling does not capture the diurnal signal that is present in pH. The diurnal signal  was only 

picked up with the 10-minute interval sampling. Furthermore, Figure 8 illustrates the dramatic loss 

of information that occurs at lower sampling frequencies. Much like what O’Flynn et al. (2010) 

illustrated, Kirchner et al. (2004) illustrated that monthly, weekly and daily measurements conceal 

the rapid response of conductivity to increased flow rates. It also shows conductivity’s weak 

response to flow rate initially, followed by a stronger response to flow rate after day 390 (Kirchner et 
al., 2004). 

 

 

Figure 8: Monthly, weekly, daily and hourly measurements of conductivity with hourly 

measurements of flow over a period of 460 days at Hore stream, Wales (Kirchner et al., 2004). 

Continuous monitoring provides high-resolution data which enables enhanced accuracy. The more 

monitoring that takes place the less uncertainty there is as Fekete et al. (2012) pointed out that 
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discharge calculations have greater uncertainty when it is under-sampled compared to discharge 

calculations that has greater monitoring (more regularly sampled). This reinforces that continuous 

monitoring will further increase the accuracy of measuring discharge in rivers (Fekete et al., 2012) as 

the reliability of collecting and evaluating river discharge is considered a pressing issue (Kawanisi et 

al., 2010). High-resolution continuous monitoring will provide new insights into catchment 

behaviours and will be able to capture hydrological variations (Kirchner et al., 2004). 

2.4.4 Conclusion 

As land use changes continue to deteriorate urban rivers and its water quality, high-resolution 

monitoring becomes important in building a robust set of data to inform models and decision 

making and ultimately stormwater management. Continuous water monitoring will provide new 

insights into the rhythms and patterns of urban rivers and the kind of pollutants that are transferred 

by these rivers. The robust set of high-resolution data can ultimately help inform decision making on 

how to better manage our water resources. 

2.5 Hydrological modelling 
Climate and land use changes can affect the hydrological cycle including the quality and quantity of 

water (El-Khoury et al., 2015). It can, inter alia, change the runoff within catchments and the 

streamflow in rivers as well as change the transport of pollutants in water (Tu, 2009). Hydrological 

modelling is a useful tool for studying the effects of climate and land use changes on water 

resources and being able to project the impacts of future scenarios on future changes (Praskievics 

and Chang, 2009). Hydrological models provide a framework to understand and investigate the 

relationships between climate, hydrological processes and human activities. Hydrological models are 

designed to investigate climate and land use changes in tandem or separately and can predict the 
effects of land use and climate changes (Legesse et al., 2003).  

2.5.1 Model complexity 

Ultimately modelling aims to construct a component of the real world and therefore it is a simpler 

representation of the real world (Silberstein, 2006).  Modelling is probabilistic with uncertainty 

increasing at every stage of the process from the input of parameters to the simulation of the 

hydrological processes. Further uncertainty can arise from errors in the model structure and the 

input of parameters (Praskievicz and Chang, 2009). In theory, the more data available, the more 

reliable the model should be (James, 2005), however, Silberstein (2006) argues that if the model is 

flawed, no addition of parameters will reduce the structural uncertainty (Silberstein, 2006). James 

(2005) mentions that an increase in model complexity does not always lead to increased model 

reliability, especially when there are uncertainties (James, 2005).  James (2005) further mentions 

that when uncertainty is prevalent, a simple model should be used. A simpler model however, 

implies a lower spatial resolution. A lower spatial resolution requires modellers to make assumptions 

on how to aggregate catchment properties that will still provide a reasonably sound model that can 

mimic the real world. Krebs et al. (2014) and Lee et al. (2017) recommended a weighted average 

approach to aggregating land use properties (Krebs et al., 2014; Lee et al., 2017).  

Choosing the correct level of complexity is a difficult but crucial part of modelling. It is difficult to 

estimate the required level of complexity, as it is based on the user’s objectives (James, 2005). It is 

recommended that models should not be too complex or too simple as overly complex models will 

increase uncertainty however, too simple models may be an unrealistic representation of the real 
world. 
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2.5.2 Rainfall data 

Using rainfall data that is accurate and representative of an entire catchment can be difficult if there 

are high levels of spatial and temporal variabilities in the catchment. This is typically the case in 

catchments where mountainous topography is present. This was evident in a study performed by 

Fisher-Jeffes (2015) where the mean annual precipitation in a 2600 hectares catchment varied from 

600 to 1500 mm/yr. This indicates that when a modelling time step is reduced to a high-resolution 

time interval, the spatial variability becomes significant because the distribution of rainfall intensities 

during an event can affect the timing and volume of peak flows during a storm event (Fisher-Jeffes, 
2015).  

The approaches to investigate rainfall scenarios in models vary from using the Delta-change method 

which consists of choosing arbitrarily rainfall variations (either an increase or decrease in rainfall) 

with reference to historical data. The other approach is to use the outputs of global and regional 

climate models (El-Khoury et al., 2015; Tu, 2009). According to Praskievics and Chang (2009) both 

approaches have their associated disadvantages. Whilst choosing the former approach can reduce 

the uncertainty associated with Global Climate Models (GCM), the arbitrary chosen rainfall 

variations may be unrealistic changes associated with climate change. The latter approach includes 

the uncertainty associated with GCMs which can vary in their projections (Denault et al., 2006; 

Praskievics and Chang, 2009). 

2.5.3 Event vs continuous modelling  

In the past, event-based modelling was commonly used however, in recent times, continuous 

modelling has become more prevalent. Tan et al. (2008) showed that an event-based calibration 

approach was better for reproducing the overall shape of a hydrograph, peak flow and time to peak. 

Continuous-event calibration however, provided more accurate runoff volume. An event-based 

model requires an initialized period when running the model or that certain parameters at the start 

of the simulation be assumed because one of the shortcomings of event-based modelling is that the 

antecedent conditions are not taken into account (Wanielista et al., 1991). Boughton and Droop 

(2003) indicated that the choice of event-based or continuous modelling remains a personal 

preference. The choice between the two types of modelling could be dictated by the focus of the 

modeller or the availability of data.  

2.5.4 Sensitivity analysis  

A sensitivity analysis is performed before calibration takes place. This is done to understand the 

sensitivity of different parameters in the model. This allows for the calibration to focus on the most 

sensitive parameters. A common sensitivity analysis is the factor perturbation method which 

involves keeping all parameters fixed whilst varying a single parameter. James (2005) outlined the 

shortcomings of this method which includes the fact that the sensitivity gradient is assumed to be 

linear. This is not always the case as most hydrological parameters are thought to be nonlinear. This 

method also estimates the sensitivity of one parameter by keeping the other parameters at an 
expected value.  

2.5.5 Calibration and validation 

Once the sensitivity analysis is complete, the model is ready to be calibrated. The model is calibrated 

against known data – typically called observed data. Only a portion of the data is needed to be 

calibrated whilst the rest is used for validation. The selection ratio of calibration and validation 

events in modelling has not been consistent. Fisher-Jeffes (2015) used the 1:2 ratio (Fisher-Jeffes, 
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2015). According to a number of other studies, the ratio used was 1:1.3, 1:6 and 1:2 (Ashbolt et al., 
2013; Krebs et al., 2014; Mancipe-Munoz et al., 2014; Palla and Gnecco, 2015).  

2.6 Stormwater Harvesting (SWH) 
2.6.1 Introduction 

The growing demand for water in urban areas together with limited water resources has seen an 

increase in the interest in Stormwater Harvesting (SWH) (Fisher-Jeffes, 2015). SWH is seen as an 

option to increase water supply and decrease the demands on potable water. SWH is also seen as a 

solution to dealing with increased runoff and peak flows into urban waterways  (Fletcher et al., 

2008). SWH, specifically in urban areas has not been widely practised largely because stormwater 

runoff is considered highly polluted which can have a significant impact on receiving water bodies 

(Walsh et al., 2005; Lim et al., 2011). The impacts urban runoff has on urban waterways has also 

increased the acceptance of SWH as an alternate water supply as the effects of polluted runoff on 

receiving waterbodies have become well documented. SWH is the collection and storage of runoff 

which is eventually reused. The uncertainty of the effects of climate change makes SWH necessary 

for water security but it also adds to the complexity of urban water management (Fisher-Jeffes et al., 
2017). The benefits of SWH is discussed in greater detail below.  

2.6.2 Stormwater Harvesting has the potential to improve water security 

A study by Fisher-Jeffes (2015) demonstrated that SWH had the potential to reduce the potable 

water demand in the Liesbeek Catchment by approximately 20%. This can have significant 

implications for Cape Town in terms of water security. SWH has been practised in Singapore and was 

one of the first countries in the world to use stormwater harvesting from its urban catchments to 

supplement its water supply. Singapore is a densely populated area that receives abundant rainfall, 

however, due to its limited land area, this makes it difficult to collect and store rainfall. Due to 

Singapore’s increasing water demand, it has turned its urban areas into urban water catchments 

that harvests its rainfall in the catchments. Pollutant source management strategies were put into 

place in order to ensure that the water quality of the runoff is acceptable for drinking water (Lim et 

al., 2011). Fletcher and Deletic (2008) noted that a city in Australia called Ballarat had a typical water 

usage of 10 400 Million Litres (ML) per year under their stage 4 restrictions. Fletcher and Deletic 

(2008) also noted that during pre-urbanization, Ballarat’s annual runoff was 10 000ML whilst after 

urbanization the run-off increased to 20 000ML per year. This excess runoff of 10 000ML following 

urbanization is equal to the total water usage in the town and therefore has the potential to 

overcome the water shortages faced in the area as well as in many other towns in Australia because 

in most major cities in Australia the total volume of stormwater exceeds the urban water use for 

that city each year. SWH in urban areas are more reliable than rural areas because i t requires larger 

rainfall events to produce runoff in forested catchments whilst urbanized areas can produce runoff 

with small rainfall events (Fletcher and Deletic, 2008).  

2.6.3 Stormwater harvesting reduces flooding 

SWH is seen as a method to attenuate peak flows, reduce runoff volumes and ultimately prevent 

floods (Woods-Ballard et al., 2007; Huang et al., 2008; Armitage et al., 2013; Fletcher et al., 2013). 

SWH systems makes use of several storage systems which includes, inter alia, retention ponds, 

detention ponds, rain gardens and wetlands to store the harvested stormwater. In this way, runoff is 

detained and reduced downstream. This results in less flooding downstream of urban catchments 

(Fisher-Jeffes et al., 2017). Fisher-Jeffes (2015) demonstrated the effects SWH could have in the 

reduction of flooding in the figure below (Figure 9). Whilst the attenuation of peak flows has shown 
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to be a consistent beneficiary of SWH (Hatt et al., 2006; Fletcher et al., 2013), most studies that has 

shown this, done so through modelling with little to no monitoring data available (Fisher-Jeffes, 

2015).  

 

Figure 9: Flooding in the Liesbeek River Catchment on 12 July 2009 shown (a) without and (b) with 
stormwater harvesting (Fisher-Jeffes, 2015). 

2.6.4 Stormwater harvesting improves urban rivers 

Urbanization degrades urban rivers, removes riparian zones, changes the water quality and flow 

regime of rivers and replaces natural channels with piped drainages (Davis et al., 2001; Walsh et al., 

2005, 2012; Bernhardt and Palmer, 2007; Fletcher et al., 2007).  It has been shown by Fisher-Jeffes et 

al. (2017) that stormwater harvesting can be a viable alternative to conventional water supplies with 

benefits such as providing water security and prevent flooding, however a study by Fletcher et al. 

(2007) demonstrated that SWH could also improve urban rivers by reducing the runoff volume and 

contaminants that enter urban rivers. This resulted in a flow regime that is representative of a pre -

development hydrograph. Fletcher et al. (2007) used the Model for Urban Stormwater Improvement 

Conceptualisation (MUSIC) to investigate the impacts of SWH on two Australian cities; Brisbane and 

Melbourne. Whilst it was shown that the runoff and contaminants were reduced that entere d its 

urban waterways in Melbourne, this was not the case in a high density development catchment of 

Brisbane that received almost triple the amount of rainfall that Melbourne received. It resulted in 

longer periods of runoff as the SWH harvesting ponds became flooded and overflowed. It was also 

shown that if the demand of SWH is too high and the capacity of the storage ponds are too low, it 

can result in over-abstraction, causing lower levels of flow than a pre-development flow regime 

(Fletcher et al., 2007). A balance needs to be met with regards to the demand for SWH, the storage 

capacity and the minimum amount of flow needed in urban rivers to adequately allow the 

ecosystems to operate. This reinforces the importance of monitoring and building a robust set of 

data to understand the behaviour of urban rivers in terms of its volume and water quality under 

varying conditions. 
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2.6.5 Conclusion 

SWH offers an alternative water supply to conventional surface water schemes which could ensure 

improved water security in a city that experiences droughts. It can also help attenuate peak flows, 

lowering the volume of flow downstream which effectively would prevent flooding. It can also 

provide amenity values through the creation of detention ponds, wetlands and parks that are 
regularly maintained. 

2.7 Stormwater management 
2.7.1 Introduction 

Traditionally stormwater management practices were designed to remove stormwater as quickly as 

possible to reduce flooding and damage to property. This often results in stormwater entering 

directly into streams, bypassing floodplains and riparian zones. Urban development has also resulted 

in the removal of floodplains and riparian zones, decreasing the attenuation of stormwater causing 

an increase in erosion and bank instability (Vietz et al., 2016). The removal of floodplains and 

riparian zones, as well as other vegetation has resulted in a decrease in evapotranspiration. This has 

resulted in decreased water quality and ecological diversity in urban rivers. Previously, stormwater 

management techniques to deal with geomorphic change in urban streams were limited to altering 

the flow pattern rather than attenuating the excess stormwater volume (Vietz et al., 2016). The 

realization that urban stormwater has led to environmental damage inspired new stormwater 

management techniques with multiple objectives. 

2.7.2 Stormwater control measures (SCMs) 

In recent decades, the urban runoff has been identified as the main contributor to stream 

degradation and therefore treating urban hydrology in the form of Stormwater Control Measures 

(SCMs) has been used for restorative treatments. An integrated approach is needed, one that 

incorporates the need to restore ecological aspects of the pre-development flow regime (Burns et 

al., 2012) that mimics the volume balance of evaporation, runoff and infiltration (Walsh et al., 2016). 

In recent decades, SCMs included reducing the peak flows and extending flow duration. Recently 

stormwater management also includes incorporating the stormwater system into the landscape 

thus, aiming to mimic the natural hydrological cycle. This has been done by using small scale 

detention ponds, biofiltration ponds and porous pavements. These techniques are aimed at 

minimising the impacts on receiving water bodies, making restoration more effective (Bernhardt and 

Palmer, 2007). However, Burns et al. (2012) argues that end-of-catchment load reduction 

approaches such as constructed wetlands do little in reducing the frequency of high flow events. 

Constructed wetlands can reduce pollutants and increase detention time but is ineffective in 

reducing the volume of stormwater through infiltration causing a further decrease in baseflow 
(Burns et al., 2012).  

Understanding the processes of urban stormwater and the impacts it has on receiving urban streams 

are a prerequisite for developing management strategies (Fletcher et al., 2013). Burns et al. (2012) 

argues that flow-regime management can successfully restore ecological restoration and return the 

hydrograph to a pre-development flow regime which includes having stormwater retained in a 

distributed manner at small scales spread throughout the catchment thus covering the entire 

catchment unlike in end-of-catchment load reduction approaches (Burns et al., 2012). Previous 

studies by Elliot et al. (2010); Tillinghast et al. (2012) and Hogan et al. (2013) has suggested that 

SCMs can reduce stormwater volumes but not to the extent of pre-urban development flows (Elliot 
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et al., 2010; Tillinghast et al., 2012 and Hogan et al., 2013) because the physical form of modified 
urban streams are different from their natural condition (Burns et al., 2012). 

There is a growing interest in the control of stormwater management with the use of Low Impact 

Development (LID), Water Sensitive Urban Design (WSUD) and Sustainable Drainage Systems (SuDS) 

(Allen et al., 2004; Ellis et al., 2006; Van Roon, 2007; Armitage et al., 2014) and is being widely 

promoted to control runoff and prevent downstream floods (Hood et al., 2007). Examples of these 

stormwater control techniques include wetlands, rain gardens, treatment trains, filter strips and 

porous pavements (Hood et al., 2007; Armitage et al., 2013) In urban areas, streams are designed to 

act as drains or sewers with the purpose of moving stormwater away from urban areas to prevent 

flooding (Armitage et al., 2013). The broad philosophy of WSUD and SuDS is aimed at minimizing 

peak flows and extend flow duration whilst reducing runoff through pervious surfaces and treat 

stormwater as close to its source as possible, acting as an on-site drainage (Bernhardt and palmer, 

2007; Armitage et al., 2013; Carlson et al., 2014). It is aimed at returning the flow regime to pre-

development and restore water quality and the health of receiving water bodies (Fletcher et al., 

2013). This technique involves integrating urban stormwater into the landscape, thus preserving the 

landscape and the hydrological cycle. This will help treat the stormwater as a resource and not a 

waste product (Carlson et al., 2014), because the primary reason for deterioration of water bodies is 

the disruption of the natural water cycle (Bernhardt and palmer, 2007; Armitage et al., 2013). The 

slow nature of the process of protecting streams is due to the lack of understanding of urban 

stormwater runoff (Walsh et al., 2012). Therefore, a paradigm shift is needed, one that involves 

catchment scale solutions that provides a fluvial corridor and reduces the peak flow events to create 

a feasible environment for urban rivers (Kondolf, 2011). Despite this, the field is still poorly 

understood in terms of the quantification stormwater management practices has on the water cycle 
and water budget of a system (Fletcher et al., 2013).  

2.7.3 Conclusion 

To develop new approaches to urban stormwater management, a better understanding is required 

to efficiently protect and restore urban streams to a pre-development catchment (Burns et al., 

2014). Management of urban stormwater remains a complex challenge. Stormwater has the 

potential to be used as a resource and therefore stormwater management could serve the purpose 

of improving water quality and protecting the ecological diversity of urban rivers (Wong and Eadie, 

2000). Integrated approaches that incorporates the entire water cycle into decision making, for 

example, an approach that views stormwater as a resource rather than a waste product has received 

significant attention in recent years, however, more research in this field is still required to 

understand this intricate complex system (Fletcher et al., 2013). 

 

 

 

 

 

 



30 
 

3. Methods 

3.1 Study design 
This study aims to characterize stormwater quality and discharge, and model surface water quality 

and discharge in an urban river using high-resolution data. The study design incorporated two 

research activities, which was to explore surface water in the present through water quality and 

discharge analysis and the future through surface water modelling. The monitoring of discharge and 

water quality took place along the Liesbeek River. The purpose of the monitoring was to understand 

the water quality and discharge in an urban river to determine the suitable range for harvesting 

stormwater. The purpose of the model was to understand the hydrological conditions and the 

catchment response to rainfall events under various conditions.  Three level sensors were placed 

under bridges along the river which measured the height of the water. For this study,  the height of 

the water level was used to calculate the discharge. The calculations are described in greater detail 

in section 3.3.6. Three water quality sensors were placed in the river for measuring pH, DO, EC and 

temperature to measure a limited set of water quality parameters. The combined set of data from 

these sensors were used to understand the relationship between discharge, water quality and 

rainfall. 

Six (three level and three water quality) sensors were used for the purpose of this study which 

measured the water level of the river and the water quality. The level and water quality sensors 

were located upstream (Site 1), midstream (Site 2) and downstream (Site 3) (Figures 18, 19 and 20). 

The location of the sensors was strategically chosen in order to capture the spatial and temporal 

variability of rainfall in the Liesbeek Catchment as indicated in Figure 12. Details of the flow and 
water quality sensors are discussed in sections 3.3.6 and 3.4.1 respectively. 

3.2 The Liesbeek Catchment 

The Liesbeek Catchment covers an area of 2600 hectares and is situated along the eastern slopes of 

Table Mountain (Figure 10). The Liesbeek River is 9km long and is fed by numerous streams from the 

eastern slopes of Table Mountain. The river flows approximately in the north to north-nest direction 

and runs through a number of middle to high-income residential areas (Fisher-Jeffes, 2015). The 

headwaters of the Liesbeek River flow above Kirstenbosch Botanical Gardens from the eastern 

slopes of Table Mountain and empties out in Table Bay. The Liesbeek River begins on the foothills of 

Table Mountain at an elevation of 120masl which drains numerous streams on its eastern slopes. 

The Protea Stream is the southernmost source of the Liesbeek River. Protea Stream is joined by 

Window Stream, Hiddingh Stream which arises at the top of Mountain, joins the Liesbeek River. The 

remaining streams are joined into the Liesbeek River through piped stormwater drains in developed 

areas. Finally, the Liesbeek River joins the Black river 2km from their mouth in Table Bay (Brown and 

Maqoba, 2009). 

Development of residential areas began in the 18th century. The construction of the main road 

between Cape Town and Wynberg in 1807-1811 and the railway connection to Wynberg in 1864 was 

considered the catalyst towards increasing the residential settlements along or close to the Liesbeek 

River. The Liesbeek River today still shows some of its natural beauty albeit being affected by severe 

urbanization with much of the lower sections canalised. Due to the rainfall experienced in the upper 

reaches of the Liesbeek Catchment (Figure 12) and the fact that the gradient smoothens out 

dramatically over the course of the river (Figure 11), it resulted in the catchment being a flood risk 

hazard. In the beginning of the 1900s when urbanization rapidly increased, buildings close to or 

along the river became flooded during the rainy season. It was due to this that the river became 

canalized between 1942 and 1962. The canalization was to improve the conveyance of water 
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downstream from Claremont and Rondebosch (Brown and Maqoba, 2009).  Currently, 50% of the 

catchment is considered urban. The remainder of the catchment that is not urbanized consists of 

Kirstenbosch Botanical Gardens, forestry plantations and Table Mountain National Park. The upper 

reaches of the Liesbeek River are natural areas whilst the lower reaches of the catchment have the 

highest levels of built-up land with more compact urban infrastructure and a higher population 

density. The upper reaches also receives close to three times more rainfall than the lower reaches 
(Figure 12) (Fisher-Jeffes, 2015).  

 

Figure 10: The Liesbeek Catchment 
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Figure 11: Gradient of the Liesbeek River 

 

Figure 12a & b: a) Annual average rainfall and b) annual average evaporation over the Liesbeek 

Catchment (Fisher-Jeffes, 2015). 

3.3 Hydrological modelling: Data collection and processing 
3.3.1 Selection of software 

Personal Computer Storm Water Management Model (PCSWMM) is a commercial software package 

that improves the usability and functionality of the United States (US) Environmental Protection 

Agency (EPA) software SWMM (Armitage et al., 2014). The PCSWMM software was chosen for 
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hydrological modelling due to the researcher’s familiarity with the software and its familiar interface 

with Quantum GIS (QGIS). Furthermore, PCSWMM is ideal for research purposes and hydrological 

modelling. PCSWMM is also widely used in South Africa and internationally recognized as a standard 
for modelling stormwater.  

3.3.2 Rainfall, temperature and evaporation data 

Rainfall data was obtained from the South African Weather Service (SAWS) for two rainfall stations 

in the Liesbeek Catchment. The two rainfall stations were located in Kirstenbosch and Observatory 

(Figure 13). Due to the high variability of rainfall within the Liesbeek Catchment (from 600 to 1500 

mm/yr), only using two rainfall stations was not considered ideal, however these were the only two 

rainfall stations that provided accurate daily as well as five-minute interval rainfall data. The rainfall 

data from these two rainfall stations were used as inputs into PCSWMM. The sub-catchments in the 

model that were not located in Observatory and Kirstenbosch were then assigned to the rainfall 

stations based on Figure 12 and their proximity to the rainfall station (Figure 13). The sub-

catchments that fall within the regions that receive 1000-1500mm/yr of rainfall were assigned to the 

Kirstenbosch rain gauge. Whilst the sub-catchments that falls within the region that receives less 

than 1000mm/yr of rainfall were assigned to the Observatory rain gauge (see figure 12). This gave a 
spatial representation of how the rainfall in the catchment might have been. 

Daily (minimum and maximum) and five-minute temperature data located in Kirstenbosch and 

Observatory were obtained from SAWS. Evapotranspiration data for the hydrological model was 

then calculated in PCSWMM using Hargreaves’ method (Rossman, 2008). According to Allen et al. 

(1998) the Hargreaves method has shown reasonable results and is accepted globally. One of the 

main advantages of this method is its simplicity with low data requirements. 

Figure 13: The location of the Kirstenbosch and Observatory rain gauges in relation to sampling sites. 
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3.3.3 Topography 

Elevation data for the Liesbeek Catchment was obtained from the City of Cape Town (CoCT) in the 

form of Light Detection And Ranging (LiDAR). The LiDAR data had a resolution of 2m and were based 

on ground points only. This allowed QGIS to create an accurate Digital Elevation Model (DEM). The 

2m DEM was used to calculate catchment slopes and node elevations in PCSWMM. A 2m contour 
file was also obtained from the CoCT and was used to supplement the DEM data.  

3.3.4 Land use and soils data 

Land uses in the Liesbeek catchment were manually delineated using aerial imagery and land use 

ESRI shapefiles on QGIS. The land uses were classified into three dominant groups (Figure 14); 

Nature and conservation, green open space and residential areas. This is a simplistic representation 

of the land uses in the Liesbeek Catchment. Due to the nature of the study,  high-resolution detail in 

the catchment was not needed whereas Fisher-Jeffes et al. (2015) that looked at rainwater 

harvesting, needed high-resolution data to account for property and roof sizes. Soil types were 

obtained from the CoCT. Infiltration modelling is required to model runoff from pervious surfaces. 

The Gren-Ampt infiltration calculation was used for this study, therefore, Green-Ampt parameters 

were used as inputs to the model, which are based on soil types.  

3.3.5 Stormwater network data 

The stormwater pipe networks of the Liesbeek Catchment were obtained in GIS files from the CoCT. 

The pipe sizes from these files were used in PCSWMM. The Liesbeek Catchment has several short 

stormwater pipes that feeds into the main larger stormwater pipes that enters the Liesbeek River. It 

was decided it would not be practical to model all the short stormwater pipes but rather a select few 

that feeds into the main pipes. This resulted in more water being channelled into fewer pipes and 
therefore the small stormwater pipes were given a slightly larger diameter in the model.  

 

Figure 14: Land use classification in the Liesbeek Catchment 
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Figure 15: Division of land use categories in the Liesbeek Catchment (Fisher-Jeffes, 2015). 

3.3.6 Discharge data  

River levels were measured in situ from April to September 2018 and then again from May to July 

2019 at three locations across the Liesbeek River. Site 1 and 2 collected level data from May to July 

2019, whilst Site 3 collected level data from April to September 2018 and again from May to July 

2019. All three level sensors were located in canalized, rectangular sections of the Liesbeek River. 

Sites 2 and 3 were selected on the basis that flow would be uniform and thus discharge could be 

calculated using Manning’s equation. Upstream however, did not have a suitable location that fits 

the conditions for Manning’s equation due to the numerous weirs that obstructed the river’s flow. 

Instead Site 1 fitted the conditions for a broad-crested weir from which discharge could be 

calculated. The discharge data obtained from Site 3 during 2018 was used to calibrate the PCSWMM 
model.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16: Water level sensor: Diagram (left) and photograph (right) (Adapted from Fell et al., 2017). 
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The level sensors are low cost measuring devices that were developed by researchers at the 

University of Cape Town (Fell et al., 2017). The sensors consisted of ultrasonic devices which 

measured the distance from the sensor to the water level by sending an ultrasonic sound wave to 

the water. The sound wave is then returned and the sensor reads the echo. The sensor calculates 

the distance from the sensor to the top of the water using the speed of sound. Water depth was 

then calculated by subtracting the recorded distance from the distance between the sensor and the 

canal base. The ultrasonic level sensor recorded measurements every five-minutes and uploaded 

them onto an open source website, from which high-resolution data records were downloaded. The 

data was validated by using a measuring tape to measure the distance between the sensor and the 
top of the water of the river and comparing it to the data sent to the server.  

The sensors were housed in plastic containers that were kept within a marine plywood structure. 

Glue was used to secure the structure on the underside of the bridges at all sites. The marine 

plywood structure housed the plastic containers using bolts secured by wing nuts (Figure 16). The 

wing nuts could easily be loosened to remove the lunch box for maintenance purposes such as 

changing the batteries. These sensors collected data from April to September 2018 at all three Sites. 

It was later discovered that Sites 1 and 2 did not fit the conditions for Manning’s equation, rendering 

the data at Sites 1 and 2 useless. Thereafter, all three level sensors broke. This prompted the 

development of three new level sensors which were housed in similar plastic containers and 
structures (Figure 17). The new level sensors collected data from May to July 2019. 

        

 

 

 

 

 

 

 

Figure 17:  Old (left) and new (right) level sensors. 

Once the height of the river was determined, the flow rate at Site 2 and 3 was calculated using 

manning’s equation which is given by the following formula: 𝑄 =  
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Whereby: 

Q = Flow rate; N = Manning’s roughness coefficient; A = Area; P = Wetted perimeter; S = Slope 

The height of the river at Site 1 was used to calculate flow rate using a broad-crested weir equation 
which is given by the following formula: 𝑄 = 𝐶𝐿𝐻𝑛 

Whereby: Q = Flow rate; C = Discharge coefficient; L = Width of the weir; H = Height of water above 
weir; n = 1.5 
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The geometric properties needed for both equations were measured on site  and was used for the 

calibration of constants for the broad crested weir. The slope was calculated using the 2m DEM as 

well as from a land survey undertaken by the researcher in October 2018. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Site 1 (Upstream) 

 

 

 

 

 

 

 

 

 

 

Figure 19: Site 2 (midstream) 
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Figure 20: Site 3 (downstream) 

3.4 Water Quality 

3.4.1 Water quality selection and data 

The water quality parameters that were chosen for this study were temperature, pH, Electrical 

Conductivity (EC) and Dissolved Oxygen (DO). The selected parameters were chosen because they 

offer signals in water quality variations and they are also widely used. This allowed for comparisons 

with other studies.  

Water quality parameters such as pH, EC, DO and Temperature (Figure 21) were used in this study as 

a proxy to measure water quality. The water quality instruments were purchased from Atlas 

Scientific and were calibrated based on the instructions from the manual. These sensors measured 

water quality in real-time from March to July 2019. The water quality sensors were located at Sites 

1-3. The water quality sensors however, had a higher battery consumption than the level sensors 

and therefore required a battery with a much higher capacity. This did not allow the water quality 

sensors to be attached under the bridges as they were too heavy. The water quality sensors were 

buried along the sides of the canal of the river under the ground in a water proof box with the cable 

probes coming out of the box and into the river through a pipe that was glued to the wall of the river 

(Figure 22). The holes in which the cables came out from the box were then sealed using silicone 

sealant. 

Initially the water quality sensors captured the data onto an SD card in five-minute intervals. This, 

however, proved problematic as the SD card was inconsistent, which resulted in missing data. 

Subsequently the water quality sensors were changed to send the data onto an open source website 

and took measurements every five-minutes from which high-resolution data records were 

downloaded. The water quality probes were calibrated using their respective calibration solutions 

based on the instructions from their manuals. The water quality data was validated using handheld 

water quality probes that measured pH, DO, EC and temperature. The handheld probes were placed 
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in a beaker filled with water from the Liesbeek River on site. The water quality data from the hand 
held probes were then compared to the continuous water quality probes in the river as verification.  

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Water quality sensors. 

Figure 22: Water quality logger housing (left) and water quality sensors attached to the canal (right)  

3.4.2 Water Quality parameters 

3.4.2.1 pH 

The pH is a measure of the acidity of the water. The pH is determined by many factors such as 

rainfall quantity, temperature, run off, microbial activity and the interaction of hydrogen ions with 

other ions in the water, therefore, it is not easy to allocate changes in pH with a specific event 

making it a highly variable parameter (DWAF, 1996a). Changes in pH could be due to rainfall or long 

periods without rain, human perturbation, temperature and daily fluctuations. pH is an important 
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parameter in determining the state of a riverine system. pH is an important component in the 

chemical and biological systems of natural waters (US EPA, 1986). The pH can determine whether a 

river is suitable for certain species or not. Most aquatic species can survive in a ri verine system with 

a pH range of 5.0 to 9.0. However, the optimal pH of water in the river for aquatic organisms is from 
6.5 to 8.5 (Al-Asadi, 2016). 

3.4.2.2 DO 

Dissolved Oxygen (DO) is the measure or weight of oxygen molecules dissolved in water. DO is a 

variable parameter that is influenced by many factors such as temperature, time of day, alti tude and 

flow rate. Changes in DO is due to photosynthesis by plants, interactions with the atmosphere 

through diffusion and through respiration of aquatic species. The maintenance of a sufficient 

amount of DO (4-6mg/L) in rivers are crucial for aquatic species. Therefore, the DO provides a good 

indication of aquatic health. There is a natural cycle of DO in which it coincides with the cycle of 

photosynthesis and respiration. The DO will decrease throughout the night and reach its minimum 

by morning, and then rise to a maximum by mid-afternoon. High levels of dissolved oxygen in a 

riverine system are healthier and will consist of a greater species diversity. Lower levels of dissolved 

oxygen in a riverine system will not be able to support sensitive or intolerable species (DWAF, 

1996f). Sewage run off and organic matter in rivers can reduce the di ssolved oxygen due to 

decomposition by microorganisms which uses the oxygen and converts ammonia into nitrate (Watt, 

2000). The DO in unpolluted water bodies are close to but less than 10 mg/L (Chapman and 
Kimstach, 1996).  

3.4.2.3 Temperature 

Temperature affects the rate of chemical reactions and metabolic rates of organisms and therefore 

temperature plays a major role in the distribution of aquatic organisms. Water bodies show daily as 

well as seasonal variations in temperature however, artificially induced changes in temperature can 
affect aquatic organisms (DWAF, 1996f). 

3.4.2.4 EC 

Electrical Conductivity (EC) in water is a measure of the ability to pass electrical flow which is related 

to the ions and salts present in the water (DWAF, 1996f). Conductivi ty and salinity are directly 

related to each other and are important in water bodies as it can determine its health, because high 

salinity values are associated with low DO values (Miller et al., 1988). Conductivity in water remains 

constant and therefore, any change in the conductivity can be a clear indication of pollution and can 

have detrimental impacts on the water body as most aquatic organisms can only survive in a specific 

salinity range (Wetzel, 2001). Salinity levels increase as water moves downstream because it 

continuously accumulates due to natural and anthropogenic sources. Evaporation also contributes 

to high EC values as salts are left behind when water is evaporated, thus increasing the ratio of salts 

to water volume. However, rainfall and other freshwater inputs tends to dilute the water and 

decreases the EC value (DWAF, 1996f). EC ranges from 10 - 1000 µS/cm in fresh water bodies but 

can exceed 1000 if the water is polluted or drains large amounts of run off from an urbanized 
catchment (Chapman and Kimstach, 1996). 

3.5 Data analysis 

The discharge and water quality obtained from the sensors during rainfall events were 

comprised of the following analyses: 

 Descriptive statistics including graphs, pollutographs, tables and box plots to examine 
discharge and water quality.  
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 Correlation analysis between the water quality parameters, discharge and rainfall to 

examine their relationships. 
 

The descriptive statistics were used as a way to visualise the data in a meaningful way and 

allows for visual comparisons. The correlation analysis further investigated the comparisons 
between the sites by allowing the relationships between the variables at each site to be 

quantified. 

 

 A PCSWMM model to model surface water under various rainfall designs 

 Regression analysis to predict EC values based on modelled discharge data from 

PCSWMM. 
 

PCSWMM is useful for modelling rainfall scenarios within the catchment, whilst the regression 

analysis allows for the predictive modelling of water quality. 
 

3.7 Limitations of the study 

Only three sensors were placed out in the field that measured discharge and water quality at a 

specific point, therefore it gave no indication of the discharge and water quality of the river between 

the sensors. The sensors were battery operated and therefore when the battery was low, the 

sensors were taken out of the field and the batteries were placed on charge. This resulted in missing 

data on the days when the sensors were removed from the field. Whenever the signal at the 

locations was low, it would not send a reading to the website, resulting in fragmented data. In 

response to these limitations, the sensors were removed from the field to be placed on charge 

during a dry period when the height of the water and water quality remains constant with little to no 

runoff, therefore ensuring that rainfall events were captured during the rainfall season. 

Furthermore, there were several of limitations in the PCSWMM model which is discussed in Chapter 
4.  
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4. Results and Discussion 
 

This chapter discusses stormwater quality and the rate of discharge in the Liesbeek River and the 

implications for stormwater management as a water resource during peak flow.  As discussed earlier 

stormwater harvesting has a number of benefits such as improving water security, preventing or 

reducing flooding and improving the condition of urban waterways through flow modulation 

(Woods-Ballard et al., 2007; Huang et al., 2008; Armitage et al., 2013; Fisher-Jeffes, 2015, Fisher-

Jeffes et al., 2017). This study assessed the quality of stormwater and the implications for 

abstraction and reuse by using high-resolution data of the patterns and trends observed in the 
discharge and water quality during rainfall events.  

4.1 Rainfall events in the Liesbeek Catchment  
A total of 14 rainfall events were recorded during the study however, not all sites recorded all 14 

rainfall events due to equipment failures including poor signal transmission at various times. 

Insufficient data were collected at Site 1, and therefore the results are limited. A selection of rainfall 

events were discussed in this section with the full record of rainfall events available in Appendix A 
(See tables A1-A14). 

The upper reaches of the Liesbeek Catchment are dominated by vegetation of low shrub and grasses 

on the eastern slopes of Table Mountain. The upper reaches of the catchment have a lower 

infrastructure and population density compared to the lower reaches of the catchment that is highly 

impacted by more compact urban areas (Fisher-Jeffes, 2015). Rainfall is unevenly distributed over 

the catchment with the upper reaches receiving three times more rainfall than the lower reaches of 

the catchment. The uneven distribution of rainfall and the changes in land use could be responsible 

for some of the differences in the responses to rainfall at each site. Furthermore, the contour lines 

shown in figure 23 illustrates the steep mountain slopes which receives the highest amount of 

rainfall in the catchment. Site 1 was situated upstream of the catchment and experienced higher 

rainfalls than Site 2 and 3 that were situated in highly urbanized sections of the catchment and 
experienced lower rainfalls (See figure 23 and figure 12). 



43 
 

 

Figure 23: The Liesbeek Catchment showing contour lines and stormwater pipes. 

4.1.1 Comparisons between the sites  

4.1.1.1 Discharge  

According to Table 3, the discharge in the Liesbeek River increased from upstream (Site 1) to 

downstream (Site 3). Site 1 had an average discharge of 0.6 m3/s, whilst Site 2 had an average 

discharge of 1.2 m3/s and Site 3 had an average discharge of 2.1 m3/s. According to Fisher-Jeffes 

(2015) the upper catchment has a lower urban density and more vegetation cover and is therefore 

expected that Site 1 would have the lowest peak discharges and longest l ag times. Site 2 

experienced the highest peak discharges and shortest lag times. This was caused by the runoff 

produced around Site 2 due to high urban density and imperviousness downstream. This was also 

noted in studies by Aichele (2005) and White and Greer (2006) whereby an urbanized area resulted 

in higher stream discharge with shorter lag times. The lag and attenuation of peak flows for site 3 

was mainly due to channel hydraulic characteristics. Despite Site 3 having a higher average 

discharge, Site 2 had higher peak discharges which were shorter in duration (Figure 24). The peak 

discharges for Site 2 was close to double the peak discharge for Site 3 for rainfall events that were 

above 42.2mm at Kirstenbosch (Table 4). The higher peak discharges for Site 2 indicate the quick 

rainfall to runoff response which may be due to the impermeable surfaces in the vicinity. Even 

though Site 2 had higher peak discharges than Site 3 for high rainfall events, the total volume during 
the rainfall events were still higher at Site 3.  

Table 3: Average ± standard deviation (STD) and range for discharge data across Sites 1-3. 

Discharge 
Site Average ± STD Range 

Site 1 0.6 ± 0.7 0.0003 – 6.7 
Site 2 1.2 ± 1.9  0.004 – 28.1 

Site 3 2.1 ± 1.0 0.9 – 15.2 
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Table 4: Comparison of peak discharge between Site 2 and 3. 

Date Rainfall (mm) Peak discharge 
(m3/s)  
Site 2 

Peak discharge 
(m3/s)  
Site 3 

Kirstenbosch Observatory 

19-20/05/19 88.2 22.4 15.3 7.5 

4-5/06/19 71.6 44.4 28.1 15.2 
9/06/19 17.8 9.2 2.1 2.7 

21-22/06/19 56.6 20.8 9.5 5.1 

27-28/06/19 41.2 11.8 4.1 4.0 
18-19/07/19 30.2 4.0 4.4 3.7 

22-23/07/19 74.2 13.4 17.8 9.1 
29-31/07/19 42.2 14.4 4.3 3.4 

 

 

Figure 24: Discharge at Site 2 vs Site 3 for three rainfall events. 

The highest rainfall event, measured at the Kirstenbosch rain gauge site (19-20th May 2019), did not 

coincide with the highest peak discharge (Figure 25 and 26) during the study. The most probable 

reason is that it occurred at the beginning of the rainfall season and therefore soils were drier, 

resulting in large amounts of infiltration before producing runoff. Some support for this explanation 

was found in a study by Beighley et al. (2003) who observed catchments can absorb rainfall at the 

start of the rainfall season before producing a hydrological response, and then as the rainy season 

continues, there is an increase in runoff per unit of rainfall.  In the case of the Liesbeek the next 

recorded rainfall event (4-5th June 2019) produced the highest peak discharges (Figure 27 and 28) at 

all sampling sites. This rainfall event was the third highest recorded rainfall for discharge at 

Kirstenbosch (71.6mm) and the highest rainfall at Observatory (44.4mm).  
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Figure 25: Changes in discharge and water quality at Site 3 for the highest rainfall recorded at 
Kirstenbosch (19-20/05/2019). 

 

Figure 26: Changes in discharge and water quality at Site 2 for the highest rainfall event recorded at 

Kirstenbosch (19-20/05/2019). 
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Figure 27: Changes in discharge and water quality at Site 3 for the highest rainfall event recorded at 
Observatory (04-05/06/2019). 

 

Figure 28: Changes in discharge and water quality at Site 2 for the highest recorded rainfall event at 

Observatory (04-05/06/2019). 
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4.1.1.2 Electrical Conductivity 

According to Table 5, Site 1 had the lowest EC values with an average EC of 122 μS/cm compared to 

Site 2 and 3 that had EC averages of 244 μS/cm and 237.1 μS/cm respectively. The average EC values 

at all sampling sites were below the domestic use threshold according to the South African Water 

Quality Guidelines (SAWQG). It was also within the range that can support diverse aquatic systems 

(DWAF, 1996a; DWAF, 1996f) The EC values in the Liesbeek River were also much lower than the EC 

in the Philippi farming area on the Cape Flats Aquifer (CFA). The borehole water in the Philippi 

farming area ranged between 850 μS/cm and 2840 μS/cm for EC (Aza-Gnandji et al., 2013). 

Table 5: Average ± standard deviation (STD) and range for Electrical Conductivity data across Sites 1-
3. 

Electrical Conductivity  
Site Average ± STD Range 

Site 1 122.8 ± 55.5 222.2 – 43.5 
Site 2 244.1 ± 71.3 520.2 – 30.1 

Site 3 237.1 ± 96.9 490 – 67.1 

 

The largest range in EC in a single rainfall event at Sites 2 and 3 occurred on the 4-5th of June 2019 

(Figure 27 and 28). This rainfall event was the highest rainfall recorded for Observatory (44.4mm). 

The lag times for EC were based on the time between the peak rainfalls and the lowest 

concentration values. The longest lag times for EC at Site 3 occurred on the 2-3rd of May 2019. This 

was the lowest rainfall recorded at Observatory and the second lowest recorded rainfall at 

Kirstenbosch for Site 3. For Site 2, the longest lag time occurred on the 29-31st of July 2019 (Figure 

29). The lag time for EC at Site 1 were longer than the lag times at Site 2 and Site 3. The pattern of EC 

during rainfall events at all sites were that the average EC values dropped with time with the lowest 

EC values recorded on the last rainfall event of the data collection period. In general, the peak 

discharge did not coincide with the lowest EC concentration. 
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Figure 29: Changes in discharge and water quality for Site 2 during a rainfall event (29-31/07/2019). 

The first flush phenomenon of increased EC at the beginning of the rainfall event was observed 

however, the increase in EC caused by the first flush was negligible compared to the decrease in the 

EC caused by dilution. Figure 30 shows an example of the first flush phenomenon at Site 3 whereby 

there is an increase in EC and a decrease in DO during the initial period of the rainfall event. The 

peak concentration for EC preceded the peak discharges. The peak discharges then preceded the 

minimum EC concentration. This was also observed by previous studies (Jarvie et al., 2001; Li et al., 

2007; McGrane et al., 2017). The EC values for Site 2 and Site 3 were 1.3 and 1.8 times higher 

respectively, in the first half of the rainy season compared to the second half. This showed that 

water in the Liesbeek River was more polluted in the beginning of the rainfall season. This was also 

observed by Lee et al. (2004) that analysed the stormwater discharge in California over successive 

wet seasons. The results indicated that pollutant concentrations in the first part of the wet season 

were the highest at 1.2 to 20 times higher than the pollutant concentrations towards the end of the 
wet season (Lee et al., 2004).  
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Figure 30: Changes in discharge and water quality for Site 3 during a rainfall event (27-28/06/2019). 

4.1.1.3 Dissolved Oxygen 

No DO data were recorded for Site 1 as the DO probe at Site 1 did not work. Low DO values are not 

uncommon in a river draining an urban catchment as shown by Daniel et al. (2002). The urbanized 

catchments in a study by Daniel et al. (2002) had average DO values of 1.8 and 2.4 mg/L. According 

to Chapman and Kimstach (1996), DO levels below the value of 5mg/L adversely affect the 

functioning and survival of aquatic communities. According to Table 6, Site 2 had a higher DO 

average of 6.0 mg/L compared to Site 3’s 4.7 mg/L. Site 2 had a maximum DO of 10.1 mg/L whilst 

Site 3 had a maximum DO of 8.6 mg/L. In some cases DO values dropped close to anoxic conditions 

reaching values of 0.6 mg/L at Site 3 and 1.0 mg/L at Site 2. In both cases, these low DO values 

occurred during the beginning of the rainfall season. 

Table 6: Average ± standard deviation (STD) and range for Dissolved Oxygen data across Sites 2 and 
3. 

Dissolved Oxygen  
Site Average ± STD Range 

Site 2 6.0 ± 1.7 10.1 – 1.0 
Site 3 4.7 ± 1.6 8.3 – 0.6 

 

The higher DO values at Sites 2 and 3 occurred during the final stages of the study period. The DO 

was slightly higher during the rainfall events in July as opposed to the beginning of the rainy season. 

The average DO values in July were 7.1 and 5.5 mg/L for Site 2 and 3 respectively compared to 

before June where the average values were 5.5 and 4.4 mg/L for Site 2 and 3 respectively. The 

general trend was that DO increased with rainfall. This could be due to the flushing and diluting 

effects of rainfall, inhibiting pollutants that may deplete DO through processes such as nitrification 

(Jianlong and Ning, 2004). In a study performed by McGrane et al. (2017), it was noted that DO 
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experiences a moderate decrease during the rising limb of a discharge hydrograph but increases 

during the peak discharge (McGrane et al., 2017). This was observed at most rainfall events at Site 3 

(Figure 30) that recorded DO, however, it was not consistently observed during the rainfall events at 
Site 2.  

4.1.1.4 pH 

According to Table 7, Site 1 had the most acidic pH with an average of 6.6. This could be due to the 

rain fed streams originating from the Table Mountain which are slightly acidic due to the native 

fynbos coupled with the mixing of rainwater that has a pH of 5.6 (Malmqvist and Rundle, 2002).  The 

pH increases to neutral by Site 2 which can be attributed to anthropogenic causes such as the 

incorporation of alkali pollutants into the stormwater. The pH at Site 3 then becomes slightly acidic 

again which could be attributed to the rainfall. A study by Jarvie et al. (2001) observed that rainfall 

causes a decrease in pH followed a prolonged recovery period (Jarvie et al., 2001). The study by 

Jarvie et al. (2001) also observed that pH reacted more dramatically to rainfall than EC. The opposite 

was observed in the Liesbeek River whereby the EC was more responsive to rainfall than pH. 

Table 7: Average ± standard deviation (STD) and range for pH data across Sites 1-3. 

pH  

Site Average ± STD Range 
Site 1 6.6 ± 0.5 7.4 – 5.8 

Site 2 7.0 ± 0.5 8.6 – 6.0 
Site 3 6.8 ± 0.67  8.7 – 5.6 

 

The largest range in pH at Site 3 occurred on the 4-5th of June 2019 which was the highest rainfall 

recorded for Observatory (Figure 27). The large range of 8.7 to 5.7 could be explained by the 8 

antecedent dry days which allowed for pollution build up before it got washed off during the rainfall. 

This was then followed by continuous dilution by rainfall resulting in a decrease in pH. The largest 

range in pH at Site 2 did not occur during the same rainfall event but the range was still substant ial 

at 7.8 – 6.0. The pH at Site 2 remained above 6.0. At site 3, June experienced the highest pH values, 
with the values showing a drop to slightly acidic conditions in the July rainfall events.  

4.1.2 Comparison between Sites 2 and 3 

There were observable similarities and differences between Site 2 and Site 3 in the discharge and 

water quality data. A nonparametric test (Mann-Whitney U test) was performed to determine 

whether the differences in discharge and water quality variables between Site 2 and Site  3 were 

statistically significant. The Mann-Whitney U test was used because the distribution was not normal. 

The Mann-Whitney U tests for this study (Table 8), showed that there is enough evidence to support 
a statistically significant (α = 0.05) difference between Site 2 and Site 3 for all parameters. 

The average discharge for Site 3 is almost double that of Site 2. During periods of no rainfall, the 

discharge at Site 2 drops to as low as 0.07 m3/s making it close to 20 times lower than the discharge 

at Site 3. The means for EC at Site 2 and 3 were similar, however, the Mann-Whitney U test showed 

that they are significantly different because the Mann-Whitney U test is rank-based and compares 

the median values rather than the means. 
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Table 8: Mann-Whitney U test for water quality variables and discharge 

EC 
Mann-Whitney U 14758028 

Significance (2-tailed) 2.05 x10-11 
pH 

Mann-Whitney U 731987.5 

Significance (2-tailed) 4.09 x10-58 

DO 

Mann-Whitney U 1542837.5 
Significance (2-tailed) 7.02 x10-124 

Discharge 
Mann-Whitney U 1936913 

Significance (2-tailed) 1.0 x10-200 

 

Concluding remarks 

The Liesbeek River demonstrated the characteristics of a typical urban river showing flashy 

hydrographs with steep rising limbs, particularly in the more urbanized sections of the river 

compared to upstream. Rainfall resulted in significant responses in al l variables with significant levels 

of dilution. The rainfall improved the water quality after the peak discharge and peak rainfall. The 

improved levels of water quality was greater during the higher rainfall events, owing to the dilution 

factor. The results also provided clues in understanding the behaviour of the river in terms of its 

discharge and water quality that would help in determining the suitable range for stormwater 

abstraction.  

4.2 Relationship between rainfall, discharge and water quality 
4.2.1 Correlation analysis 

It was observed that an increase in rainfall and discharge, resulted in a decrease in EC and an 

increase in DO. However, an increase in rainfall initially resulted in an increase in EC and decrease in 

DO (first flush phenomenon), before being taken over by the dilution factor, causing a decrease in EC 

and an increase in DO. To investigate these relationships, correlation analyses were performed in 

order to test the strength of the relationship between the variables. Spearman rank-order 

correlations (Spearman R coefficient) were used to study the correlation structure between variables 

as the data showed abnormal distribution of water quality parameters (Wunderlin et al. 2001).  

Table 9 provided the correlation matrix for water quality variables, discharge and rainfall for Sites 2 

and 3. Temperature had a significantly strong positive correlation with EC for Si tes 2 (0.68) and 3 

(0.60). EC and discharge had significantly strong negative correlations for Sites 2 ( -0.76) and 3 (-0.62). 

EC was also the most responsive variable to changes in discharge. DO and pH had a correlation of 

0.34 at Site 2, however, the correlation was 0.003 at Site 3. This indicated a very weak relationship 

existed between pH and DO. Discharge had a positive correlation of 0.44 with DO at Site 3, whilst 

that correlation was only 0.18 at Site 2. Discharge at Site 2 had a stronger positive correlation with 

rainfall than at Site 3. This can be expected due to Site 2’s quicker response to rainfall resulting in its 

steeper rising and falling limbs on the hydrographs.  

The weak correlation between rainfall and the other parameters is an indication that rainfall itself 

does not fully explain the variation in water quality in the Liesbeek River. Other factors which has 

been included for correlation analysis in other studies include antecedent dry days, first flush 

strength, rainfall duration and intensity, land use, impervious area and catchment area (Gupta and 
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Saul, 1996; Lee et al., 2002; Soller et al., 2005; Han et al., 2006; Kang et al., 2008; He et al., 2010; 
Hathaway et al., 2012). 

Table 9: Spearman’s R correlation analyses for Site 2 and 3. 

Spearman R correlation analysis for site 3 

Variables Temper
ature 

pH EC DO Discha
rge 

Kirstenbosch 
rainfall 

Observa
tory 
Rainfall 

Temperature 1       
pH 0.009 1      

EC 0.60** -0.13** 1     

DO 0.18** 0.003 -0.61** 1    
Discharge -0.04* -0.13** -0.62** 0.44** 1   

Kirstenbosch 
rainfall 

-0.40** 0.23** -0.14** 0.10** 0.18** 1  

Observatory 
rainfall 

0.018 0.19** -0.08** 0.10** 0.24** 0.38** 1 

Spearman R correlation analysis for site 2 
 Temper

ature 
pH EC DO Discha

rge 
Kirstenbosch 
rainfall 

Observa
tory 
rainfall 

Temperature 1       
pH N/A  1      

EC 0.68** 0.12** 1     
DO 0.14* 0.34** -0.33** 1    

Discharge -0.67** -0.12** -0.76** 0.18** 1   

Kirstenbosch 
rainfall 

-0.22** 0.009 -0.14** 0.06* 0.22** 1  

Observatory 
rainfall 

-0.19** 0.21** -0.17** 0.007 0.27** 0.38** 1 

* = Correlation is significant at the 0.05 level (2-tailed) 

** = Correlation is significant at the 0.01 level (2-tailed) 
 

Further analysis (Table 10) were performed to investigate the relationship between water quality 

and rainfall with 30 and 60-minute lag times. At both sites the correlations between rainfall and 

water quality becomes weaker with an increase in the lag time. The only exception is DO at Site 2 

whereby, after the 30-minute lag time in rainfall the positive correlation increased. The general 

decrease in correlations for water quality and rainfall as the lag time increases indicates that there is 

a quick rainfall to runoff response in both sites with the strongest correlations occurring without a 

lag, indicating that changes in the characteristics of the discharge and water quality occur in 
conjunction with the rainfall rather than a delayed response.  
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Table 10: Spearman’s R correlation analyses for water quality and discharge with lagged intervals in 
rainfall. 

Site 3 

 Rainfall Rainfall 30min lag Rainfall 60min lag 
 Kirstenbosc

h 
Observator
y 

Kirstenbosc
h 

Observator
y 

Kirstenbosc
h 

Observator
y 

Temperatur
e 

-0.40** 0.02 -0.35* 0.02 -0.31* 0.025 

pH 0.23** 0.19** 0.22** 0.17** 0.21** 0.16** 

EC -0.14** -0.08** -0.12** -0.06** -0.09** -0.04** 
DO 0.10* 0.10* 0.069** 0.079** 0.05** 0.06** 

Discharge 0.18** 0.24** 0.13** 0.16** 0.09** 0.12** 

* = Correlation is significant at the 0.05 level (2-tailed) 

** = Correlation is significant at the 0.01 level (2-tailed) 

 

Table 11: Spearman’s R correlation analysis for sites 1-3 with a 15 and 30-minute lag time for Site 2. 

 

Furthermore, correlation analysis (Table 11) was performed to investigate the relationship in 

discharge across the three sites with 15 and 30-minute lag times for Site 2. Site 2 was chosen to have 

the lag times given its relatively quicker rainfall to runoff response. All sites had significantly strong 

relationships (0.90**) with each other with respect to discharge. The discharge relationship between 

Site 1 and 2 decreases as the lag increases. This means that the changes in their discharge is closely 

matched, reaching their peak discharge roughly at the same time. Despite Site 2 being more 

impervious compared to Site 1, Site 1 was situated close to Kirstenbosch where the rainfall arrives 

earlier than at Observatory and also approximately three times the volume. This could be the reason 

why the discharges coincide without a lag. The discharge relationship between Site 2 and Site 3 

increases from 0.90 to 0.94 with a 30-minute lag for Site 2. This indicates that Site 3 reaches its peak 
discharge approximately between 15-30-minutes after Site 2. 

Multivariate analysis was performed in the form of Principal Component Analysis (PCA). Results from 

the PCA (Appendix B) indicated that most of the variation in the water is explained by the 

combination of discharge, DO and EC with substantial contributions from rainfall and minor 

Site 2 

 Rainfall Rainfall 30min lag Rainfall 60min lag 
 Kirstenbosc

h 
Observator
y 

Kirstenbosc
h 

Observator
y 

Kirstenbosc
h 

Observator
y 

Temperatur
e 

-0.22** -0.19** -0.19** -0.18** -0.18** -0.17** 

pH 0.009 0.21** -0.002 0.21** 0.006 0.20** 

EC -0.14** -0.17** -0.08** -0.09** -0.05** -0.06** 
DO 0.06* 0.007 0.04 -0.02 0.03 -0.02 

Discharge 0.22** 0.27** 0.14** 0.18** 0.09** 0.11** 

Spearman R for discharge between sites 1-3 

Discharge Site 3 Site 1 Site 2 Site 2 with 
15min lag 

Site 2 with 
30min lag 

Site 3 1 0.90** 0.90** 0.93** 0.94** 

Site 1 0.90** 1 0.92** 0.89** 0.87** 
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contributions from pH and temperature. The results from the PCA also reinforces the findings from 

the correlation analysis that rainfall itself does not fully explain the variation in water quality in the 

Liesbeek River.  

Concluding remarks 

The relationships between rainfall, discharge and water quality were established using descriptive, 

bivariate and multivariate analysis.  Rainfall influences all hydrological processes (Niemczynowicz, 

1999) but rainfall alone does not fully explain the variations in discharge and water quality. This was 

evident by the weak correlations between rainfall and the water quality parameters. This was 

further indicated by the PCA analysis whereby discharge, EC and DO were considered as the main 
contributors.  

The general trend amongst all sites were that as discharge increases, EC and pH decreases, whilst DO 

increases. These trends were confirmed by the correlation analysis. Discharge had the quickest 

response to rainfall than the other parameters, therefore, the peak discharge preceded the 

minimum EC and maximum DO concentrations. This becomes important when evaluating the 

suitable range for stormwater abstraction during rainfall events which will be further discussed in 

the next section. 

4.3 Suitable range for stormwater abstraction and potential for aquifer recharge 
This study has established that the peak discharge and minimum EC concentration do not coincide 

directly with a rainfall event. It has also been established that the peak discharge precedes the 

minimum EC concentration. This means that the highest volume and improved water quality occurs 

slightly after the peak discharge. The water quality for Sites 1-3 were benchmarked against the 

South African Water Quality Guidelines (SAWQG) (DWAF, 1996a-f), US EPA, and various other 

studies to determine the suitability of the water quality. The volume and water quality of the rising 

and falling limb were compared to determine the suitable range for stormwater abstraction in the 

Liesbeek River. The suitable range for stormwater abstraction was based on the various SAWQG.  

The potential for aquifer recharge on the CFA was explored using a study performed by Mauck 

(2017) showing the aquifer recharge potential and flow direction. The water quality was also 

compared against the water quality in the CFA, in specific, the groundwater in the Philippi farming 

area. The reason for this location in the CFA is because the aquifer is used for agricultural purposes, 

with its crops intensively irrigated with groundwater drawn from the CFA. In the past the CFA has 

been affected by salinity issues (directly related to the EC content). Moreover, the CFA also presents 

an opportunity as an important resource that could potentially be used to augment municipal water 

supply in times of drought (Aza-Gnandji et al., 2013). 

4.3.1 Water quality guidelines 

The fitness of water quality for various uses require different criteria (Cordoba et al., 2010) and is 

discussed further in this section. For this study, the chemical and physical variables investigated for 

water quality included pH, EC, DO and temperature. The SAWQG were developed by the 

Department of Water Affairs and Forestry (DWAF). These guidelines were used as the primary 

source of judging the fitness of water for various uses based on its physical, chemical, biological and 

aesthetic properties. The quality criteria consists of a Target Water Quality Range (TWQR) which 

describes the range at which a variable would have no known adverse effects on the suitability of 

the water when used continually.  
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4.3.1.1 Electrical Conductivity 

According to the SAWQG for EC (Appendix C, Table C1), the EC ranges at all the sampling sites fall 

within the target of 0-700 μS/cm for domestic water use (DWAF, 1996a). The EC values, with the 

exception of one event at Site 2, meets the criteria (<500 μS/cm) to support diverse aquatic 

organisms (Behar et al., 1996). Close to 50% of the EC values at both sites were within the range of 

150-300 μS/cm which is capable of causing minor damage as a result of scaling and corrosion to 
equipment for industrial uses.  

The quality of water for irrigation is determined by its effects on soil and plants. Water that is too 

saline can damage salt sensitive crops. In total 4 out of 12 and 7 out of 14 rainfall events at Site 2 

and Site 3 respectively, had values above 400 μS/cm which is regarded as the limit whereby no 

damage to salt sensitive crops will occur for irrigation purposes. In all events however, the rainfall 

diluted the EC values to below 400 μS/cm (DWAF, 1996d). The observations above 400 μS/cm 

occurred in the first half of the rainy season. Only 2.4% and 8.8% of the data at Site 2 and Site 3 

respectively, were above 400 μS/cm. According to a study performed by Aza-Gnandji et al. (2013), 

the EC values in the Philippi farming area of the CFA ranged between 850 μS/cm and 2840 μS/cm for 

borehole water and between 990 μS/cm and 2840 μS/cm for pond water in the months of February, 

April, June and August. None of these values are below the threshold for the SAWQG on irrigation 

(400 μS/cm). Barring one rainfall event at Site 2 (4th of March 2019) and Site 3 (7th of March 2019), 

the average EC values in the Liesbeek River during rainfall events were below the SAWQG for 

irrigation. The rainfall events on the 4th and 7th of March 2019 were the lowest recorded rainfall 

depth for each site during the study and therefore did not cause enough dilution to lower the EC to 

applicable standards. The minimum EC values however, for all rainfall events at both sites were 

below the threshold for the SAWQG on irrigation. This implies that not only is the stormwater in the 

Liesbeek River lower than that of the Philippi farming area, but it is also below the threshold of the 

SAWQG for irrigation. It is therefore a plausible scenario that abstracted stormwater from the 

Liesbeek River during rainfall events could be used to replenish the aquifer with lower EC water.  

Figure 31 displays the EC for Site 2 and Site 3 throughout the study with the various water quality 

thresholds. The graph show that the EC stays below the domestic use and aquatic systems 

thresholds except for one event at Site 2 that was slightly above 500 μS/cm. The graph also showed 

that most of the EC values were below 400 μS/cm. It is also interesting to note the gradual decrease 

in EC as time continued showing lower EC values towards the end of the study. This gradual decrease 
in EC can be attributed to the dilution of rainfall with minimal antecedent dry days in between. 
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Figure 31: EC in the Liesbeek River during rainfall events. 

4.3.1.2 DO  

For Site 3, 35% of its DO values were below 4 mg/L and 18% of DO values for Site 2 was below 4 

mg/L. Chapman and Kimstach (1996) stated that DO levels below the value of 5 mg/L affects the 

functioning and survival of aquatic communities. According to the SAWQG for DO (Appendix C, Table 

C2), a range of between 5-9 mg/L for DO can accommodate cold, intermediate and warm water 

species. Based on the range given by SAWQG, 61% of the data from Site 3 and 22% of the data from 

Site 2 are below 5mg/L. With an average DO of 6mg/L, the water at Site 2 is more suitable for 

aquatic systems than at Site 3. Figure 32 displays the DO for Site 2 and Site 3 throughout the data 

collection period with the range for aquatic systems marked on the graph. Most of the DO at Site 3 

was below the target range for aquatic systems for the first half of the rainy season. The second half 

of the rainy season saw a gradual increase in DO that fell within the target range. The gradual 

increase in DO throughout the rainy season can be attributed to the continuous dilution from the 

rainfall events and flushing out of pollutants. 
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Figure 32: DO in the Liesbeek River during rainfall events. 

4.3.1.3 pH  

According to the SAWQG for pH (Appendix C, Table C3), most of the data meets the criteria for 

domestic and recreational uses and aquatic systems with only 1% of the data above 8.5, and 9% 

below 6.0 at Site 3. The situation improves at Site 2 with no values below 6.0 and only 0.2% of pH 

above 8.5. At Site 1 no values were above 8.0 and only 13% of the data were below 6.0. Most 

aquatic species can survive in a riverine system with a pH range of 5.0 to 9.0. However, the optimal 

pH of water in the river for aquatic organisms is from 6.5 to 8.5 (Al -Asadi, 2016). For industrial use 

criteria, a range of 7.0-8.0 causes little to no tendency of corrosion and scaling. Only around 50% of 

the data meets this criterion. Most of the data meets the criteria for irrigation purposes (6.5-8.4) 

with 35% of the data falling out of this range at Site 3. The situation improves at Site 2 with only 13% 

of the date falling out of the range. According to a study performed by Aza-Gnandji et al. (2013), the 

pH values in the Philippi farming area of the CFA ranged between 6.6 and 7.8 for the borehole water. 

In the ponds however, some of the values went above 8.4. The pH in the Liesbeek River falls within a 

similar range as the Philippi farm area on the CFA and therefore using the abstracted water from the 
river for aquifer recharge will pose no serious threat with regards to pH levels.  

Figure 33 displays the pH for Site 2 and Site 3 throughout the data collection period with the range 

for domestic use and aquatic systems marked on the graph. Almost all the data fell within the target 
ranges for domestic use and aquatic systems as mentioned previously. 
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Figure 33: pH in the Liesbeek River during rainfall events. 

4.3.2 Falling limb vs rising limb 

It has been established that the peak discharge does not coincide with the peak DO and minimum EC 

concentration. This means that the highest available volume of stormwater does not necessarily 

coincide with the best water quality during a rainfall event. Therefore, the volume and water quality 

for the rising limb and falling limbs for each hydrograph at Site 2 (12a) and Site 3 (12b) were 

investigated and compared. The volume of water is the total amount of water measured in cubic 

metres that passes over time. 

4.3.2.1 Site 2 (Table 12a) 

In total, 7 out of the 8 rainfall events recorded for discharge had larger volumes during the falling 

limb except for the 19-20th May 2019 rainfall event. This was the first major rainfall event of the 

rainy season and produced the highest rainfall depth in Kirstenbosch at 88.2mm. The volume for the 

rising limb was 19194 m3 as opposed to the falling limb’s volume of 18979 m3. 7 out of the 8 rainfall 

had lower EC averages for the falling limb. The one exception was the 22-23rd July 2019 rainfall 

event. The reason for this could be due to the light rain that was present for half a day before finally 

reaching the peak rainfall. This may have led to a continuous dilution of EC and therefore reached its 

minimum EC slightly sooner than expected. This same rainfall event also had a higher DO average 

during the rising limb which can be attributed to the continuous dilution effect and fl ushing out 

pollutants, therefore reaching its peak DO slightly sooner than expected. The average DO during the 

falling limb was above 5mg/L and therefore was in the range to support aquatic systems. 6 out of 

the 8 falling limbs had EC averages of below 200 μS/cm which is below the domestic use, aquatic and 

irrigation use limits for EC and within the industrial use range that will only cause minor scaling and 

corrosion. The EC average during the falling limb, for example was up to 10 times lower than the EC 

values in the Philippi farming area on the CFA which is a horticultural area supplying vegetables to 
Cape Town (Aza-Gnandji et al., 2013). 
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Table 12a: Comparison in discharge and water quality between falling and rising limbs for Site 2. 

Site 2 
Date Rainfall Total volume 

(m3) 
EC average 
(μS/cm) 

DO average 
(mg/L) 

pH average 

K O Rising Falling Rising Falling Rising Falling Rising Falling 
19-20/05 88.2 22.4 19194 18979 136 129 5.9 6.5   

4-5/06 71.6 44.4 22472 62906 128 124   7.6 6.3 
9-10/06 17.8 9.2 1082 3831 260 186     

21-22/06 56.6 20.8 7601 12877 300 235     

27-28/06 41.2 11.8 5272 18198 265 177   7.5 7.5 
18-19/07 30.2 4 5249 8212 181 130 5.8 7.2   

22-23/07 74.2 13.4 35789 35958 120 136 9 7.9   
29-31/07 42 14.2 2720 3648 249 247     

 

4.3.2.2 Site 3 (Table 12b) 

In total, 9 out of the 10 rainfall events had larger volumes during the falling limb except for the 2-3rd 

July 2019 rainfall event. This was the second largest rainfall event recorded at Kirstenbosch at 

85.2mm. A total 8 out of the 10 rainfall events had lower EC averages during the falling limb. The 

two exceptions were 4-5th June and 2-3rd July 2019. The 2-3rd July 2019 rainfall event had the 

minimum EC concentration before the peak discharge. This was also the rainfall event that had a 

higher volume during the rising limb and therefore the lower EC could be due to the dilution and 

flushing out of pollutants during the high voluminous period of the rising limb. The DO during June 

had higher DO averages in the falling limb however, for all the events in July, the DO was higher in 

the rising limb during the month of July. All EC averages during the falling limb were below the 

domestic, aquatic and irrigation use thresholds. The EC was also up to 10 times lower than that of 
the EC in the Philippi farming area. 

Table 12b: Comparison in discharge and water quality between falling and rising limbs for Site 3. 

Site 3 
Date Rainfall Total volume 

(m3) 
EC μS/cm DO (mg/L) pH 

K O Rising Falling Rising Falling Rising Falling Rising Falling 
19-20/05 88.2 22.4 16478 17610 149 122   7.5 7.1 

4-5/06 71.6 44.4 24711 38519 112 115     
9-10/06 17.8 9.2 11581 14790 313 216     

21-22/06 56.6 20.8 10533 12490 252 229   7.9 7.4 

27-28/06 41.2 11.8 7343 18929 260 130 2.5 4.4 7.2 7.8 
30/06-
1/07 

55.6 17.8 8016 20227 141 115 4.5 4.9 6.7 7.1 

2-3/07 85.2 6.6 47065 39619 108 128 5.3 5.0 7.0 6.7 
18-19/07 30.2 4 6902 10858 182 138 5.6 5.3   

22-23/07 74.2 13.4 17071 21975 117 99 7.7 7.2   
29-31/07 42 14.2 5337 9851 79 74 7.8 7.3 7.2 7.0 
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4.3.3 Potential for Cape Flats Aquifer recharge. 

A study by Mauck (2017) modelled and mapped the capacity of the CFA and indicated that the 

highest potential for aquifer recharge occurred in areas that have the highest topographic elevation, 

such as in the Table Mountain region (Figure 34).  Figure 34 shows the high potential of recharge of 

the CFA around the Table Mountain region in the western side of the CFA. This is also the same 

region in which the Liesbeek Catchment occurs. There are higher groundwater elevations in the 

western parts of the CFA model around the Table Mountain region and therefore higher rates of 

groundwater flow. The topography and groundwater levels around the Table Mountain regions of 
the CFA allows water to flow towards the east therefore recharging the central regions of the CFA. 

 

Figure 34: Managed Aquifer Recharge potential of the CFA (Adapted from Mauck, 2017). 

Section 4.3 has shown that the EC in the Liesbeek River was within the domestic and aquatic systems 

threshold. It was not always suitable for irrigation purposes, however, once it rained, the water is 

sufficiently diluted to meet the irrigation limits. The EC averages for both sites in the falling limb 

were all below 200 μS/cm except for two events at each site. The EC averages for the falling limb 

were low enough for domestic, irrigation, aquatic and industrial use. These values were also lower 

than the EC values in the Philippi farming area on the CFA, and in some cases, up to 10 times lower. 

This shows the relatively ‘clean’ nature of the falling limb’s stormwater with respect to its EC in the 

Liesbeek River and creates a plausible scenario of potentially using that stormwater for aquifer 
recharge in the CFA.  

The DO values at Site 3, were not suitable for aquatic systems during the beginning of the rainfall. As 

the rainy season progressed, the DO values increased to within the suitable range for aquatic 

systems. The DO averages all fell within the aquatic systems range during the falling limb except for 

the two rainfall events in June at Site 3. The pH averages during the falling limb fell within the 
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domestic use and aquatic systems ranges except for one event at Site 2 which had an average pH of 

6.3. After comparing the rising and falling limb for both sites, it was observed that the falling limb 

has a higher volume and better water quality. This implies that the falling limb is more suitable for 
stormwater abstraction in terms of water quality and volume.  

This type of information was only made possible due to the high-resolution data that monitored 

discharge, water quality and rainfall in five-minute intervals. This provided a deeper understanding 

of the changes in discharge and water quality in response to rainfall and how water quality varies 
with discharge during rainfall events.  

4.4 Modelling  
4.4.1 The Liesbeek Catchment model 

4.4.1.1 Sub-catchment delineation 

145 Sub-catchments in the Liesbeek Catchment were delineated manually based on the stormwater 

pipes as well as a 2m contour file. Areas that were not urbanized (e.g on the mountain) had bigger 

catchments (15-160 ha) and their boundaries were dictated by the 2m contour lines. The urbanized 

areas had smaller sub-catchments (1-15 ha) and their areas were dictated by the stormwater pipes 

and road network. The calculation of imperviousness was based on typical land use characteristics 

and so did not necessarily represent local conditions. According to Fisher-Jeffes (2015) this is 

acceptable for high level planning such as stormwater harvesting, rather than rainwater harvesting 

which requires details on a much finer resolution. The attributes and input parameters for each land 

use was obtained from GIS and in some cases estimated based on recommendations from Rossman 

(2008) such as Manning’s n and depth of depression storage. Using PCSWMM’s area weighting tool, 
weighted averages of the attributes and input parameters were calculated for each sub-catchment.  

Figure 35: Delineated sub-catchments in the Liesbeek Catchment. 

4.4.1.2 Model sensitivity 

A sensitivity analyses was performed on the model in order to determine the sensitivity of the input 

parameters. PCSWMM has a built in sensitivity analysis called the Sensitivity-Based Radio Tuning 

Calibration (SRTC) tool. This tool uses the factor perturbation method which involves keeping all the 
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parameters at a fixed value whilst varying a single factor. The sensitivity analyses did not include 
parameters with a high degree of certainty such as area.  

Parameters tested for their sensitivity were flow length, slope, imperviousness, Manning’s N, 

depression storage (D) for impervious and pervious surfaces, and percentage of impervious surfaces 

that has no depression storage. Green-Ampt parameters were also tested. This included 

conductivity, suction head, and initial deficit. The sensitivity analyses was used as a means to 

determine the most sensitive parameters and therefore used for calibration. For the sensitivity 

analyses, discharge rate was used as a proxy to test the parameters. The sensitivity analyses took 

place at Site 3 for two storm events recorded from 2018. The first storm event experienced 7.8mm 

rainfall in Kirstenbosch and 0.6mm in Observatory. This event did not produce a hydrograph and 

thus all parameters rendered insensitive. The second rainfall event experienced 33.4mm rainfall in 

Kirstenbosch and 13.6mm in Observatory. The model was most sensi tive to changes (in order): 

Imperviousness, flow length, Manning’s N for imperviousness, Depression storage (impervious) and 

slope. The model was least sensitive to changes (in order): Manning’s N for perviousness, Depression 

Storage (pervious), Green-Ampt parameters (Conductivity, initial deficit, suction head) and 
percentage of the impervious area that has no depression storage. 

4.4.1.3 Model calibration and validation 

It is essential for models to be calibrated to ensure its reliability (James, 2005). For the model 

calibration, 2/3 of the rainfall events were used for calibration and 1/3 used for validation. This 

resulted in 7 out of the 11 rainfall events used for calibration and 4 rainfall events used for 
validation. 

Calibration was undertaken at Site 3 in the Liesbeek Catchment. Discharge for 11 rainfall events 

were recorded in 2018. From the 11 rainfall events recorded, 7 events were used for calibration and 

4 used for validation. For the calibration, a continuous simulation was run which included seve n days 

preceding the rainfall event to reduce the impacts associated with the assumptions of antecedent 

conditions. The same parameters as the sensitivity analyses were used, whereby the most sensitive 

parameters were the main focus for calibration. The SRTC tool was used for the calibration. This tool 

allows the user to toggle buttons to assess the impacts that changes in parameters will have. 

Discharge was modelled and compared to observed discharge data. The performance of the model 

was assessed by three functions, namely; Integrated Squared Error (ISE), Nash-Sutcliffe Efficiency 

(NSE) and coefficient of determination (R2). ISE measures the difference between the modelled and 

observed data, therefore, the lower the difference (closer to zero) the better the correlation 

between the modelled and observed discharge. NSE values vary from -∞ to 1. If the NSE value is less 

than zero, it means that using the mean discharge value of the observed data would be more 

accurate than the modelled discharge. On the other hand, if the NSE value is close to 1, the better 

the correlation between the observed and modelled discharges. The coefficient of determination 

measures the variance of modelled discharges from observed discharges. The closer the R2 is to 1, 

the better the correlation between discharges. These three functions were used as an indication of 
the performance of the model and its acceptability with regards to the degree of uncertainty.  

The discharge response to rainfall in the Liesbeek Catchment was measured for 11 rainfall events 

with 7 used for calibration and 4 used for validation. The results for the model calibration and 

validation are presented in Table 13a-b.  The calibration for all rainfall events were acceptable with 
an ISE rating of excellent and one event with an ISE rating of very good.  
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Table 13a: Results of calibration for the Liesbeek Catchment. 

Event date 
Calibrations 

Rainfall (mm) Integrated 
Squared Error 
(ISE)  

Nash-
Sutcliffe 
Efficiency 
(NSE) 

Coefficient of 
determination 
(R2) 

Peak 
discharge 
error (%) 

Total 
volume 
error (%) 

K O 

7/05/2018 15 2.8 Excellent (0.6) 0.24 0.70 -6.5 12 

24/05/2018 48.8 16.2 Excellent 
(1.58) 

0.62 0.85 33.4 -12 

27/06/2018 29.8 11.8 Excellent 
(2.86) 

-0.49 0.82 63.9 -1 

1-2/07/2018 83.6 35.6 Excellent 
(1.83) 

0.25 0.50 -8 -13 

5-7/08/2018 55.4 9.6 Excellent 
(0.83) 

0.31 0.50 3.4 -7 

12-13/08/2018 7.8 0.6 Excellent 
(0.32) 

-1.35 0.13 -8.35 21 

16-17/08/2018 33.4 13.6 Very good 
(3.55) 

-1.81 0.55 96 13 

 

Table 13b: Results of validation for the Liesbeek Catchment. 

Event date 
Validations 

Rainfall (mm) Integrated 
Squared 
Error (ISE)  

Nash-
Sutcliffe 
Efficiency 
(NSE) 

Coefficient of 
determination 
(r2) 

Peak 
discharge 
error (%) 

Total 
volume 
error 
(%) 

K O 

28-
31/05/2018 

83.4 15.4 Excellent 
(1.05) 

0.44 0.64 3.1 -12 

14-
16/06/2018  

38.8 25.6 Excellent 
(1.72) 

-7.26 0.82 130 6 

29-
30/06/2018 

51.4 20 Excellent 
(1.38) 

0.1 0.4 66.9 -13 

31/07/2018 
– 
01/08/2018 

14 2.4 Excellent 
(0.35) 

0.810 0.60 -1.0 -7.2 

 

All rainfall events tended to produce respectable coefficient of determination (R2) values (0.5>) 

except for the rainfall event on the 29-30th June and 12-13th August. This high coefficient of 

determination (R2) values shows good correlation with observed data. The lowest coefficient of 

determination (R2) value was produced for the lowest rainfall event (7.8mm in Kirstenbosch and 

0.6mm in Observatory). The highest discrepancy in total volume error occurred during the lowest 

rainfall event which can be attributed to the catchment response in the model as well as the 

inaccuracies in the level sensors. The level sensors pick up a lot of ‘noise’ during low flow which can 

be attributed to the speed of the sound wave which is dependent on temperature. Other 

inaccuracies can also result from the level sensor measuring the height of the crest of a wave 

producing spikes in the level sensor’s data. These inaccuracies however are not observed during high 

discharges as discrepancies of 1-2cm become negligible. The high peak discharge errors for the 16-

17th August and the 14-16th June was a result of their very high model peak discharges of 13.89 m3/s 
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and 11.91 m3/s respectively compared to their observed peak discharges of 7.1 m3/s and 4.9 m3/s. 
However their total volume errors were low (13% and 6% respectively).  

 

Figure 36a: Site 3 - observed vs modelled discharge (Calibration) 

 

Figure 36b: Site 3 – observed vs modelled data (Verification) 

4.4.1.4 Limitations of the PCSWMM model 

Only one site was used for calibration and therefore no indication of the accuracy of the model 

further upstream was observed. For this model, Hargreave’s method was used for 

evapotranspiration which was based primarily on temperature and wind speed. Evapotranspiration 

however, was not calibrated against measured data. The simplicity of disaggregating land use data 

into three dominant groups with weighted averages for land use and soil data introduces further 

uncertainty. The DEM data which was used to extract node elevations, catchment slope and 

irregular cross sections were limited to 2m grid accuracy. The sizes of the stormwater pipes were 

obtained from the GIS information supplied from the CoCT, however, due to the nature of the study, 

not all pipes were modelled and therefore certain pipes were made slightly larger to account for the 

ones that were not included. Only 11 rainfall events were used for calibration and therefore there is 

still uncertainty with regards to the parameters in the model and its accuracy. Baseflow and 

groundwater plays a role in the Liesbeek Catchment however, it was not included in the model.  

All the above mentioned has introduced uncertainty in the model at varying degrees. If the model is 

used for further research, it is recommended that more rainfall events be included on a continuous 

scale that accounts for the ‘noise’ in the data that impacts the discharge particularly during low flow 
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events. It is also recommended that higher resolution of DEM data, ideally higher than 1m grid 
accuracy be used with a higher resolution of land use data. 

4.4.1.5 Hypothetical rainfall designs 

There are various ways of investigating rainfall scenarios as mentioned in section 3.3. For this study, 

the chosen approach was the Delta-change method which consists of choosing arbitrarily rainfall 

variations with reference to historical data. The reason for choosing this approach was because the 

study was focused on determining the harvesting potential based on different rainfall designs. The 

purpose of modelling the Liesbeek Catchment was to understand the hydrological conditions and 

the catchment response to rainfall events under various conditions. The section below explores 
hypothetical rainfall scenarios in the Liesbeek catchment.  

For the PCSWMM modelling exercise, the rainfall designs consisted of 20mm increments for the 

Kirstenbosch rain gauge (20mm, 40mm, 60mm, 80mm and 100mm). It has been observed that the 

Observatory rain gauge records approximately 3 times less rainfall than the Kirstenbosch rain gauge 

and therefore the rainfall designs were 3 times lower for Observatory (7mm, 13mm, 20mm, 27mm 

and 33mm). The rainfall designs were all 24hour storm events. The approach of increasing rainfall 

designs in increments was used by previous studies as well (Waters et al., 2003; Shrestha et al., 

2014). The results from the modelling exercise was taken at the same location where Site 3 is 

located and is summarized in table 14. The reason for the modelling exercise was to model discharge 

in the Liesbeek Catchment in order to predict peak discharges under hypothetical rainfall designs. 

The peak discharges in the modelling exercise were then used to predict EC based on the linear 

regression equations in figures D1-D6 (Appendix D). The EC vs Discharge scatter plots in figures D1-

D6 were transformed via log10 to show a more linear relationship for the linear regression 

equations. There were no consideration of catchment conditions such as impervious surface 

coverage, soils and topography in the linear regression equations, which are known to have 

important impacts on the generation of surface runoff and, in turn, river discharge and pollutant 

concentrations (Miller et al. 2014; McGrane et al. 2017). The lack of catchment data entered into the 

regression models means the results must be interpreted with caution, beyond the healthy 

scepticism that should already be attached to models and the use of scenarios (Silberstein 2006).  

Table 14: Hypothetical rainfall designs showing average and peak discharge, volume and nodes 
flooded at Site 3. 

Event Rainfall (mm) Average 
discharge 
(m3/s) 

Peak 
discharge 
(m3/s) 

Volume 
(m3) 

Nodes 
flooded Kirstenbosch Observatory 

1 20 7 1.9 4.2 171900 4 

2 40 13 2.4 6.5 212800 13 
3 60 20 2.9 9.7 254200 22 

4 80 27 3.4 10.7 290800 29 
5 100 33 3.7 12.2 319600 33 
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Table 15a: Predicted EC values for May, June and July based on modelled discharges (Site 2). 

Event Rainfall (mm) site 2 Modelled 
peak 
discharge 
(m3/s) 

Predicted EC 
in May 
(μS/cm) 

Predicted EC 
in June 
(μS/cm) 

Predicted EC 
in July 
(μS/cm) 

Kirstenbosch Observatory 

1 20 7 4.2 161.1 158.7 129.8 

2 40 13 6.5 147.4 143.2 117.2 
3 60 20 9.7 136.0 130.4 106.7 

4 80 27 10.7 133.3 127.4 104.3 
5 100 33 12.2 129.8 123.6 101.1 

 

Table 15b: Predicted EC values for May, June and July based on modelled discharges (Site 3). 

Event Rainfall (mm) site3  Modelled 
peak 
discharge 
(m3/s) 

Predicted EC 
in May 
(μS/cm) 

Predicted EC 
in June 
(μS/cm) 

Predicted EC 
in July 
(μS/cm) 

Kirstenbosch Observatory 

1 20 7 4.2 156.9 133.2 142.5 
2 40 13 6.5 112.5 100.4 122.1 

3 60 20 9.7 82.9 77.5 106.0 
4 80 27 10.7 77.0 72.8 102.4 

5 100 33 12.2 69.7 66.8 97.7 

 

Table 14 showed that as the rainfall depth increased, the average discharge, peak discharge, volume 

and nodes flooded increased. The modelled peak discharges were slightly higher than the observed 

peak discharges for rainfall events that were of similar depth. The  reason for this was because all the 

design rainfalls were 24 hours only with a symmetrical shape (Appendix E, Figure E1). The observed 

rainfalls did not necessary occur over a 24 hour period with the same rainfall intensity. Table 15a-b 

showed the predicted EC values for May, June and July based on the peak discharges from the 

model. The reason for splitting up the linear regression models into each month was because each 

rainfall event had some sort of impact on the next rainfall event either due to the number of 

antecedent dry days, the depth of the rainfall or the rainfall intensity. This led to the gradual 

decrease in EC through the data collection period that the average EC in May was very different to 

the average EC in July and therefore splitting up the EC into three separate months created stronger 

linear regression models. It was evident in table 15a-b that the EC decreases as the rainfall and 

discharge increases for all months. This was expected as EC and discharge has a strong negative 

relationship as mentioned in section 4.2. It was also evident that the EC values were the lowest in 

July compared to June and May for Site 2. This was expected as well due to the accumulation of 

rainfall events that resulted in dilution and flushing out of pol lutants as we progressed through the 

rainy season. The peak discharges for all the designed rainfall depths, diluted the EC to meet the 

domestic use, industrial use, agricultural use and aquatic systems thresholds. The designed rainfall 

depths also produced high quantities of volume which can be used for stormwater abstraction. In 

reality however, not all of the volume can be used, as water will need to be left in the river to 

maintain the ecological reserve and the suitable water quality range mostly only occurs during the 
falling limb. 

The results for the modelling section reveal that an increase in discharge causes an increase in 

dilution and therefore lower EC values. The results also indicate that more surface flooding is 
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expected with an increase in discharge. The number of nodes and pipes performing over their 

capacity increased due to the increased rainfalls. It is therefore a plausible scenario that whilst an 

increase in discharge can result in cleaner water, it can also contribute to flooding, parti cularly in the 

highly urbanized sections of the Liesbeek Catchment. This was evident in the PCSWMM model 

whereby most of the flooded nodes occurred downstream. A study performed by Shrestha et al. 

(2014), used PCSWMM to model a peri-urban catchment using hypothetical increases in rainfall. The 

study showed that the number of flooded nodes increased as well as the surface flooding frequency 

and the duration of floods. Waters et al. (2003) also modelled a catchment with increasing 

increments of rainfall and indicated that there are increases in discharge, peak discharge, volume 
and surcharging of pipes. 

It is expected that land use and rainfall changes will continue to have an impact in urbanized 

catchments with increased stormwater runoff and flooding occurring together with an increase in 

the demand for water (CoCT, 2012; Fisher-Jeffes et al., 2017). Stormwater harvesting could help 

diversify the city’s water resources, increasing its resilience to changes in future rainfall. Stormwater 

harvesting systems makes use of a number of storage systems which includes, inter alia, retention 

ponds, detention ponds, rain gardens and wetlands as well as sub-surface storages such as aquifer 

recharge to store the harvested stormwater. In this way, runoff is detained and re duced 

downstream. Stormwater abstraction has the potential to reduce flooding and ease the demands for 

non-potable water uses. Fisher-Jeffes et al. (2017) noted in a study that stormwater harvesting can 

reduce flooding downstream in an urban catchment and that the retained stormwater should be 

used in a closed system for purposes such as aquifer recharge to prevent evaporation losses (Fisher-
Jeffes, 2015; Fisher-Jeffes et al., 2017).   
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5. Conclusion 

5.1 Key findings 
This study aimed to analyse discharge of an urban river and associated water quality fluxes during 

rainfall events. The study addressed the primary objectives of measuring discharge and water quality 

using high-resolution monitoring, quantitatively establishing the relationships between discharge, 

water quality and rainfall, and lastly, modelling the discharge in the river. This study illustrated the 

changes in discharge and water quality in response to various rainfall events at 3 sites in the 

Liesbeek River. The results showed that upstream (Site 1) had the lowest discharge rate as well as 

the lowest EC values and pH. Site 2 and 3 had elevated EC values and faster discharges with neutral 

pH values during the rainfall events. The Liesbeek River overall had a quick response to rainfal l, with 

changes in discharge and water quality occurring within 30-minutes after the beginning of the 

rainfall. Site 1 had the longest lag times, whilst Site 2 had the shortest lag times. This was indicative 

of the land use changes in the Liesbeek Catchment from upstream to downstream. Site 2’s peak 

discharges were close to double that of Site 1 for rainfall events that exceeded 42mm in 
Kirstenbosch.  

Rainfall resulted in significant responses in all variables with significant levels of dilution.  Rainfall 

ultimately resulted in an increase in discharge and DO, whilst causing a decrease in EC. The dilution 

factor of rainfall was intensified during high rainfall events. This was evident during the highest 

rainfall event recorded at Observatory (44.4mm) whereby the EC decreased by around 400 μS/cm 

for Site 2 and Site 3. The dilution factor of rainfall resulted in a gradual decrease in EC and a gradual 

increase in DO throughout the progression of the rainy season with the lowest EC values and highest 

DO values occurring towards the end of the study. On average, the DO at Site 2 was higher than the 

DO Site 3. The EC at Site 2 and 3 were quite similar, however, a Mann Whitney U test indicated that 

Site 2 and 3 were statistically significantly different. The Liesbeek River demonstrated the 

characteristics of a typical urban river showing flashy hydrographs with steep rising limbs, 

particularly in the more urbanized sections of the river compared to upstream. The rainfall also 

caused an improvement in water quality after the peak discharge and peak rainfall. The improved 
levels of water quality was greater during the higher rainfall events, owing to the dilution factor.  

Descriptive, bivariate and multivariate analyses were completed to establish the relationships 

between the variables during rainfall events. The general trend amongst all sites were that as 

discharge increases, EC and pH decreases, whilst DO increases. These trends were confirmed by the 

correlation analysis. The correlation analysis also indicated that discharge had the quickest response 

to rainfall than the other parameters, therefore, the peak discharges preceded the minimum EC and 

maximum DO concentrations.  

The water quality in the Liesbeek River was compared against the SAWQG for each parameter 

measured to assess its suitability for various uses. The water quality and volume for the rising and 

falling limb was also compared. The results indicated that the EC was below the domestic use and 

aquatic systems threshold for most of the study. The EC was below the agricultural threshold for all 

rainfall events during the falling limb. The EC values were also lower than the EC in the Philippi 

farming area on the CFA, and in some cases, up to 10 times lower. This showed the relatively ‘clean’ 

nature of the falling limb’s stormwater with respect to its EC in the Liesbeek River and creates a 
plausible scenario of potentially using that stormwater for aquifer recharge in the CFA.  

The DO at Site 3 initially was not suitable for aquatic systems, particularly during the beginning of 

the rainy season. As the rainy season progressed, the DO values increased to within the suitable 

range for aquatic systems at Site 2 and 3. Furthermore, it was shown that the falling limb had a 
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higher volume and better water quality. This implies that the falling limb was more suitable for 
stormwater abstraction in terms of water quality and volume.  

In addition, a PCSWMM model exercise, with rainfall design scenarios in 20mm increments, were 

used to predict volume and discharge in the Liesbeek River for specific rainfall events. The peak 

discharges from the modelling exercise were used to predict EC in the linear regression equations. 

The results for the modelling section reveal that an increase in discharge causes an increase in 

dilution and therefore lower EC values. The results also indicated that more surface flooding is 

expected with an increase in discharge. It is therefore a plausible scenario that whilst an increase in 

discharge can result in cleaner water, it can also contribute to flooding, particularly in the highly 

urbanized sections of the Liesbeek Catchment. 

The utilisation of stormwater in the Liesbeek River will require effective stormwater management. 

Stormwater management has the potential to serve the purpose of increasing water supply together 

with improving water quality and protecting the ecological diversity of urban rivers (Wong and 

Eadie, 2000). This study, with the emphasis on high-resolution monitoring has helped inform 
decision making for stormwater management and harvesting.  

5.2 Recommendations for further research 
The degradation of urban rivers, increasing water supply and the threat of reduced future rainfall 

have been identified as some of the key issues in urban catchments.  In this study the results of 

water quality and discharge has been assessed and a hydrological model has been built. These two 

activities have provided insight into an urban river and its catchment. Future key research activities 
have been identified that can improve this study in the Liesbeek Catchment: 

 Measuring discharge and water quality at multiple sites (more than 3) will provide greater 

insight into the behaviour of the river 

 Due to the high spatial variability of rainfall in the Liesbeek Catchment, additional rain 

gauges in the Liesbeek Catchment that measures rainfall in five-minute intervals will help 

spatially represent the rainfall more accurately.   

 Continuously measure discharge and water quality during dry and wet periods over a longer 

time frame 

 Due to the quantitative nature of this study, no stakeholder engagement was included. 

Stakeholder engagement is an important aspect particularly in the management process of 

dealing with urban catchments.  

 A study of this nature should include other urban catchments to incorporate the 

abovementioned recommendations.  

This study revealed the relatively ‘clean’ nature of the water in the Liesbeek River and that during 

the entire rainfall event the EC was much lower than the EC found in the Philippi farming area on the 

CFA. The Liesbeek River is situated on the foothills of Table Mountain which is on the western side of 

the CFA. The direction of groundwater flow in the region indicated that groundwater flows towards 

the east and therefore recharging the central areas of the CFA. The location of the Liesbeek River on 

the western side of the CFA has the potential for various WSUD practices such as wetlands and 

detention ponds to capture stormwater and over time recharge the groundwater of the CFA on the 
western side with relatively clean stormwater.  

It is recommended that a similar study be undertaken in some of Cape Town’s more polluted 

catchments or a river that is closer to the central areas of the CFA. An example of a river closer to 

the central regions of the CFA is the Kuils River and presents itself as an attractive option for aquifer 
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recharge. The catchment is also characterized by various wetland ecosystems that play important 

economic and ecological roles. Those wetlands are important in maintaining the CFA, as well as 

reduce flooding and improving water quality. It also presents itself as an opportunity to store water. 

It is therefore recommended that a study of this nature takes place in a catchment that is situated 
closer to central regions of the CFA if aquifer recharge using stormwater is being considered.  
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Appendix A: Rainfall events in the Liesbeek River  

 

Rainfall events site 1: 

Table A1: Rainfall and discharge data for rainfall events showing total rainfall, peak and average 
discharge, lag time and antecedent dry days 

 

Table A2: Rainfall and EC data for rainfall events showing total rainfall, average ± standard deviation 

(st dev), range, lag time and antecedent dry days 

 

Table A3: Rainfall and pH data for rainfall events showing total rainfall, average ± standard deviation 

(st dev), range, lag time and antecedent dry days 

 

 

 

 

Discharge Site 1 
Date Total 

rainfall 
(mm) 

Peak 
discharge 
(m3/s) 

Average 
discharge 
(m3/s) 

Lag time 
(minutes) 

Antecedent dry days 

19-
20/05/19 

88.2 5.3 0.71 5 11 

4-5/06/19 71.6 6.7 0.72 105 8 

21-
22/06/19 

56.6 4.0 0.49 10 8 

18-
19/07/19 

30.2 1.8 0.47 -105 1 

EC Site 1 

Date  Total 
rainfall (K) 

Average ± st 
dev (μS/cm) 

Range 
(μS/cm) 

Lag time Antecedent dry days 

8/05/19 12 130.7 ± 12.9 164.7 – 108.1 11h 4 

19-
20/05/19 

88.2 118.7 ± 65.2 222.2 – 43.57 5hr 11 

pH Site 1 

Date  Total 
rainfall (K) 

Average ± st 
dev  

Range Antecedent dry days 

8/05/19 12 7.1 ± 0.1 7.4 – 6.9 4 

19-
20/05/19 

88.2 6.4 ± 0.4 7.0 – 5.8 11 
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Table A4: Rainfall and temperature data for rainfall events showing total rainfall, average ± standard 
deviation (st dev), range, lag time and antecedent dry days  

 

 

 

 

 

Rainfall events site 2: 

Table A5: Rainfall and discharge data for rainfall events showing total rainfall, peak and average 

discharge, lag time and antecedent dry days 

 

 

 

 

 

 

 

 

 

Temperature Site 1 
Date  Total 

rainfall (K) 
Average ± st 
dev (°C) 

Range (mg/L) Antecedent dry days 

8/05/19 12 17.1 ± 0.7 18.2 – 15.9 4 

19-
20/05/19 

88.2 20.6 ± 4 24.0 – 16.8 11 

Discharge Site 2 
Date Total rainfall 

(mm) 
Peak 
discharg
e 
(m3/s) 

Average 
discharge 
(m3/s) 

Lag time 
(minutes) 

Antecedent dry days 

K O K O 

19-
20/05/19 

88.2 22.4 15.3 1.2 0 -5 11 

4-5/06/19 71.6 44.4 28.1 1.7 25 100 8 

9/06/19 17.8 9.2 2.1 0.5 30 300 1 
21-
22/06/19 

56.6 20.8 9.5 0.8 10 5 8 

27-
28/06/19 

41.2 11.8 4.1 0.9 -20 10 3 

18-
19/07/19 

30.2 4.0 4.4 0.8 -100 -10 1 

22-
23/07/19 

74.2 13.4 17.8 2.9 20 -260 2 

29-
31/07/19 

42.2 14.4 4.3 1.2 20 -15 3 
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Table A6: Rainfall and EC data for rainfall events showing total rainfall, average ± standard deviation 
(st dev), range, lag time and antecedent dry days 

 

Table A7: Rainfall and pH data for rainfall events showing total rainfall, average ± standard deviation 
(st dev), range, lag time and antecedent dry days 

 

 

 

EC Site 2 
Date  Total 

rainfall 
Average ± st 
dev (μS/cm) 

Range 
(μS/cm) 

Lag time Antecedent dry days 

K O K O 
4/03/19 2.6 9.4 430.4 ± 32.5 520.2 ± 361.4 275 300 2 

11/03/19 47.6 18.8 294.6 ± 72.8 426.3 ± 149.8 20 -10 1 

19-
20/05/19 

88.2 22.4 273.6 ± 76.1 383.7 – 123.4  25 20 11 

4-5/06/19 71.6 44.4 267.1 ± 96.4 478.3 – 30.1 20 95 8 

9/06/19 17.8 9.2 237.6 ± 38.9 327.1 – 179.6 60 >30
0 

1 

21-
22/06/19 

56.6 20.8 302.6 ± 39.3 425.5 – 218.3 25 20 8 

27-
28/06/19 

41.2 11.8 272.9 ± 55.2 376.2 – 163.5 105 135 3 

30/06/19 – 
1/06/19 

55.6 17.8 236.9 ± 45.1 321.6 – 137.5 45 -30 1 

2-3/07/19 85.2 6.6 233.5 ± 37.9 322.3 – 136.7 31 10 1/16 

18-
19/07/19 

30.2 4.0 208.7 ± 32.9 285.5 – 126.3   60 205 1 

22-
23/07/19 

74.2 13.4 241.1 ± 74.9 378.8 – 104.9 -5 -
300 

2 

29-
31/07/19 

42.2 14.4 146.5 ± 26.2 240.6 – 79.8 >5h
rs 

>5h
rs 

3 

pH Site 2 
Peak 
rainfall 

Total 
rainfall 

Average ± st dev 
(mg/L) 

Range 
(mg/L) 

Antecedent dry days 

K O 
4/03/19 2.6 9.4 6.7 ± 0.4 7.4 – 6.1 11 

4-5/06/19 71.6 44.4 7.2 ± 0.3 7.8 – 6.0 8 

27-
28/06/19 

41.2 11.8 7.3 ± 0.5 8.6 – 6.2 3 

2-3/07/19 85.2 6.6 6.6 ± 0.35 8.1 – 6.1  1/16 
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Table A8: Rainfall and temperature data for rainfall events showing total rainfall, average ± standard 
deviation (st dev), range, lag time and antecedent dry days  

 

Table A9: Rainfall and DO data for rainfall events showing total rainfall, average ± standard deviation 

(st dev), range, lag time and antecedent dry days 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature Site 2 

Date  Total 
rainfall 

Average ± st dev 
(°C) 

Range 
(°C) 

Antecedent dry days 

K O 

4/03/19 2.6 9.4 21.3 ± 0.7 23.4 – 20.4 2 

19-
20/05/19 

88.2 22.4 18.3 ± 1.1 22.5 – 16.0 11  

DO Site 2 

Date  Total 
rainfall 

Average ± st 
dev (mg/L) 

Range 
(mg/L) 

Lag time Antecedent dry days 

K O K O 

11/03/19 47.6 18.8 5.9 ± 0.7 7.23 – 4.0 260 230 1 

19-
20/05/19 

88.2 22.4 5.3 ± 1.5 7.1 – 1.0 >300 >300 11 

4-5/06/19 71.6 44.4 3.4 ± 0.63 7.59 – 1.66 N/A N/A 8 

18-
19/07/19 

30.2 4.0 5.4 ± 1.0 8.8 – 2.8  -50 40 1 

22-
23/07/19 

74.2 13.4 6.5 ± 1.1 10.18 – 4.92 -5 -300 2 
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Rainfall events site 3: 

Table A10: Rainfall and discharge data for rainfall events showing total rainfall, peak and average 
discharge, lag time and antecedent dry days 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discharge Site 3 

Date 
 

Total rainfall 
(mm) 

Peak 
discharge 
(m3/s) 

Average 
discharge 
(m3/s) 

Lag time 
(minutes) 

Antecedent dry days 

K O K O 
19-
20/05/19 

88.2 22.4 7.5 2.2 15 5 11 

4-5/06/19 71.6 44.4 15.2 0.95 35 110 8 
9/06/19 17.8 9.2 2.7 1.7 55 325 1 

21-
22/06/19 

56.6 20.8 5.1 1.8 30 25 8 

27-
28/06/19 

41.2 11.8 4.0 1.9 -15 15 3 

30/06/19 
– 1/07/19 

55.6 17.8 5.1 2.1 25 15 1 

2-3/07/19 85.2 6.6 10.4 3.3 50 20 1/16 

18-
19/07/19 

30.2 4.0 3.7 1.8 -65 12 1 

22-
23/07/19 

74.2 13.4 9.1 2.7 20 -240 2 

29-
31/07/19 

42.2 14.4 3.4 2.0 55 20 3 
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Table A11: Rainfall and EC data for rainfall events showing total  rainfall, average ± standard 
deviation (st dev), range, lag time and antecedent dry days  

EC Site 3 
Date  Total 

rainfall 
Average ± st 
dev (μS/cm) 

Range 
(μS/cm) 

Lag time Antecedent dry 
days 

K O K O 
7/03/19 7.4 9.4 423.5 ± 31.2 468.7 – 324.8 45 70 2 

11/03/19 47.6 18.8 296.7 ± 72.1 441 – 155.4 75 45 1 

2-3/05/19 15.4 2.4 371.4 ± 32.1 434.8 – 321.2 >300 >300 1 

8/05/19 10.6 8.8 325.9 ± 54.2 403.5 – 235.8  -240 85 4 

19-
20/05/19 

88.2 22.4 303.9 ± 98.9 411.9 – 111.8 30 25 10 

4-5/06/19 71.6 44.4 276.7 ± 94.7 490.5 – 80.7 45 120 8 

9/06/19 17.8 9.2 274 ± 43.5 350.7 – 205.2 115 >300 1 

21-
22/06/19 

56.6 20.8 280.4 ± 52.7 432.5 – 217.8  60 55 8 

27-
28/06/19 

41.2 11.8 237 ± 56.1 274.1 – 112.3  90 120 3 

30/06/19 – 
1/06/19 

55.6 17.8 177.3 ± 28.3 227 – 104.4 35 25 1 

2-3/07/19 85.2 6.6 173.1 ± 28.6 216.4 – 102.1 -105 -75 1/16 

18-
19/07/19 

30.2 4.0 184 ± 40.3 297.7 – 123.1 150 230 1 

22-
23/07/19 

74.2 13.4 173.7 ± 44.2 266.7 ± 88.15 20 -240 2 

29-
31/07/19 

42.2 14.4 81  ± 6.3 98.9 – 67.16 250 220 3 
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Table A12: Rainfall and pH data for rainfall events showing total rainfall, average ± standard 
deviation (st dev), range, lag time and antecedent dry days  

pH Site 3 
Date  Total rainfall Average ± st dev Range Antecedent dry days 

K O 

7/03/19 7.4 9.4 6.1 ± 0.2 7.6 – 5.7 2 

11/03/19 47.6 18.8 7.5 ± 0,4 8.5 – 6.9  1 

2-3/05/19 15.4 2.4 6.2 ± 0.5 7.6 – 5.6 1 

8/05/19 10.6 8.8 5.8 ± 0.2 6.3 – 5.6  4 

19-
20/05/19 

88.2 22.4 6.8 ± 0.4** 7.8 – 6.0** 11 

4-5/06/19 71.6 44.4 7.7 ± 0.3 8.7 – 5.7 8 

21-
22/06/19 

56.6 20.8 7.1 ± 0.9 8.54 - 6 8 

27-
28/06/19 

41.2 11.8 7.4 ± 0.2 8.0 – 6.5 3 

30/06/19 – 
1/06/19 

55.6 17.8 6.7 ± 0.4 7.5 – 6  1 

2-3/07/19 85.2 6.6 6.6 ± 0.3 7.3 – 6.2 1/16 

29-
31/07/19 

42.2 14.4 6.9 ± 0.3  7.4 – 5.9 3 

** = Missing data 
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Table A13: Rainfall and temperature data for rainfall events showing total rainfall, average ± 
standard deviation (st dev), range, lag time and antecedent dry days  

Temperature Site 3 
Date  Total 

rainfall 
Average ± st dev 
(°C) 

Range 
(°C) 

Antecedent dry days 

K O 
7/03/19 7.4 9.4 20.6 ± 1.2 22.1 – 17.7 2 

11/03/19 47.6 18.8 18.1 ± 0.6 19.4 – 17.2  1 

2-3/05/19 15.4 2.4 17.3 ± 0.9 19.8 – 15.8 1 

8/05/19 10.6 8.8 16.7 ± 0.5 17.3 – 15.7 4 

19-
20/05/19 

88.2 22.4 16.8 ± 0.8 18.3 – 14.9  11 

4-5/06/19 71.6 44.4 18.6 ± 1.3 21.5 – 15.9  8 

9/06/19 17.8 9.2 16.2 ± 0.5 17 – 15  1 

21-
22/06/19 

56.6 20.8 14.3 ± 0.8 16.2 – 12.6 8 

27-
28/06/19 

41.2 11.8 14.8 ± 0.96 16.6 – 13.1 3 

30/06/19 – 
1/06/19 

55.6 17.8 13.8 ± 0.7 16.1 – 13.0  1 

2-3/07/19 85.2 6.6 14.3 ± 0.4 15.2 – 13.5 1/16 

18-
19/07/19 

30.2 4.0 14.8 ± 0.7 15.9 – 13.1 1 

22-
23/07/19 

74.2 13.4 13.5 ± 0.7 14.4 – 11.7 2 
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Table A14: Rainfall and DO data for rainfall events showing total rainfall, average ± standard 
deviation (st dev), range, lag time and antecedent dry days 

DO Site 3 
Date  Total 

rainfall 
Average ± st 
dev (mg/L) 

Range  
(mg/L) 

Lag time Antecedent dry days 

K O K O 
7/03/19 7.4 9.4 1.5 ± 0.5 2.7 – 0.63 85 60 2 

11/03/19 47.6 18.8 4.4 ± 1.3 6.48 – 0.67 70 40 1 

27-
28/06/19 

41.2 11.8 3.3 ± 0.7 5.2 – 1.2  90 120 3 

30/06/19 – 
1/06/19 

55.6 17.8 3.2 ± 1.0 5.5 – 1.2  30 20 1 

2-3/07/19 85.2 6.6 3.9 ± 0.6 5.4 – 1.8  10 -10 1/16 

18-
19/07/19 

30.2 4.0 4.9 ± 0.4 5.9 – 3.0 -70 20 1 

22-
23/07/19 

74.2 13.4 6.1 ± 0.7 8.25 – 4.83 15 -245 2 

29-
31/07/19 

42.2 14.4 7.4 ± 0.3 8.31 – 6.79 50 15 3 
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Appendix B: Principal Component Analysis 
 

Principal Component Analysis (PCA) methods were used to extract key factors in the dataset. The 

PCA method starts with the covariance matrix describing the dispersion of the original variables, and 

extracting the eigenvalues and eigenvectors. Eigenvectors are coefficients that is multiplied by the 

original correlated variables to obtain the Principal Components (PCs). Therefore a PC is the product 

of the original data and an eigenvector. PCA is a reduction variable method with PCs providing 

information on the most meaningful parameters. This allows for data reduction with minimal loss of 

information. In this study, eigenvalues greater than 1 were used as a cut-off value to determine the 

number of factors. PCA is a powerful technique used for reducing the dimensionality of large data 
sets without loss of information (Wunderlin et al., 2001; Fatema et al., 2014; Khaledian et al., 2018). 

 

Figure B1: Scree plot of eigenvalues of principal components for Site 2.  

Table B1: Total variance of components 1-3 explained for Site 2 

 

 

 

 

 

 

 

 Initial Eigenvalues Extraction sums of squared 
loadings 

Rotation sums of squared 
loadings 

Component Total % 
Variance 

Cumulative 
% 

Total % 
Variance 

Cumulative 
% 

Total % 
Variance 

Cumulative 
% 

1 1.79 29.91 29.91 1.79 29.91 29.91 1.72 28.71 28.71 
2 1.42 23.72 53.63 1.42 23.72 53.63 1.38 23.03 51.70 

3 1.03 17.12 70.75 1.03 17.12 70.75 1.14 19.01 70.75 
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Table B2: Principal Component (PC) matrixes (rotated) for site 2 

 Component 
Parameters PC 1 PC 2 PC 3 

EC -0.87 0.19 0.16 
Discharge 0.79 0.32  

DO 0.27 0.82  

pH -0.47 0.74 -0.16 
Rainfall (Observatory)   0.86 

Rainfall (Kirstenbosch) 0.15 -0.10 0.57 
 

Tables B2 and B4 presents the loading of the variables under each PC. PC1 represents the most 

important processes controlling the composition of water quality in the river. It also has the highest 
eigenvalue (Figure B1 and B2) and therefore the highest variance.  

For Site 2, three PC’s explained 70.75% of the total variance for the rainfall events (Table B1). PC1 

explained 29.91% of the total variance and is highly negatively contributed by EC whilst it is also 

highly positively contributed by discharge. PC2 explained 23.72% of the total variance and is highly 

positively contributed by DO and pH. PC3 explained 18.73% of the total variance, showing a strong 
positive loading for rainfall.  

 

Figure B2: Scree plot of eigenvalues of principal components for Site  3. 

Table B3: Total variance of components 1-3 explained for Site 3 

 Initial Eigenvalues Extraction sums of squared 
loadings 

Rotation sums of squared 
loadings 

Component Total % 
Variance 

Cumulative 
% 

Total % 
Variance 

Cumulative 
% 

Total % 
Variance 

Cumulative 
% 

1 2.75 39.36 39.36 2.75 39.36 39.36 2.42 34.53 34.53 
2 2.09 29.92 69.28 2.09 29.92 69.28 1.93 27.62 62.15 

3 1.31 18.73 88.01 1.31 18.73 88.01 1.81 25.85 88.01 
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Table B4: Principal Component (PC) matrixes (rotated) for site 3 

 Component 
Parameters PC 1 PC 2 PC 3 

Discharge 0.895 0.363  
DO 0.894   

EC -0.839  0.479 

Rainfall (Kirstenbosch)  0.923  
Rainfall (Observatory)  0.907  

Temperature   0.908 
pH  0.309 0.852 

 

For Site 3, the first three PC’s had eigenvalues greater than 1 and explained 88.01% of the total 

variance of the data set for the rainfall events (Figure B2 and Table B3). PC1 explained 39.36% of the 

total variance and is highly positively contributed by discharge and DO whilst it is also highly 

negatively contributed by EC. This may be due to the runoff and dilution from the rainfall causing an 

increase in discharge. The dilution and faster discharges inhibit dissolved organic matter from 

consuming oxygen, whilst faster discharges also increases DO. Furthermore, the dilution causes a 

decrease in EC. A study by Mishra (2010) however, found that DO negatively correlated whilst EC 

was positively correlated in PC1. This was due to the high levels of organic matter found in the urban 

wastewater which consumed DO (Mishra, 2010). PC2 explained 29.92% of the total variance and is 

highly positively contributed by rainfall. PC3 explained 18.73% of the total variance, showing a 
strong positive loading for temperature and pH.   

Considering the results from the PCA, most of the variation in the water is explained by discharge, 

DO and EC with substantial contributions from rainfall and minor contributions from pH and 

temperature. According to Pejman et al. (2009) water quality parameters that had a high correlation 

coefficient value (>0.75), were considered to be significant contributors to variations in water 
quality. 

 

 

 

 

 

 

 

 

 

 

 

 



92 
 

Appendix C: South African Water quality Guidelines 
 

Table C1: Water quality guidelines for EC. 

 

Table C2: Water quality guidelines for DO. 

 

 

 

 

 

 

EC 

South African Water Quality standards Water quality target 
range 

Comment 

Domestic use (DWAF, 1996a) ≤700 µS/cm No obvious health 
effects are likely 
above this limit but 
the water will have a 
saltier taste to it 

Industrial use (DWAF, 1996c) ≤150 µS/cm No damage due to 
scaling or corrosion 
below this limit 

Agricultural use: irrigation (DWAF, 1996c) ≤400 µS/cm No damage to salt-
sensitive crops below 
this limit 

Aquatic systems (DWAF, 1996f) 150 – 500 µS/cm 
(Behar et al., 1996) 

This is the acceptable 
range for freshwater 
streams to support 
diverse aquatic life 

DO 

South African Water Quality standards Water quality target 
range 

Comment 

Agricultural use: Aquaculture (DWAF, 1996e) 5.0 – 9.0  This range can 
accommodate cold, 
intermediate and 
warm water species 

Aquatic systems (DWAF, 1996f)  4-5 mg/L for 
warm water 
biota and 5-6 
mg/L for cold 
water biota 
(Davis, 1975) 

 80% - 120% 
saturation  

This range can 
accommodate all 
species without 
causing stress on the 
organisms 
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Table C3: Water quality guidelines for pH. 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

pH 
South African Water Quality standards Water quality target 

range 
Comment 

Domestic use (DWAF, 1996a) 6.0 – 9.0  Non-toxic as metal 
ions do not readily 
dissolve in this range 

Recreational use (DWAF, 1996b) 6.5 – 8.5  Minimal eye and ear 
irritation in this range 

Industrial use (DWAF, 1996c) 7.0 – 8.0 Little to no tendency 
to cause corrosion and 
scaling in this range 

Agricultural use: irrigation (DWAF, 1996d) 6.5 – 8.4 No problems with 
unavailability of plant 
nutrients in this range 

Agricultural use: Aquaculture (DWAF, 1996e) 6.5 – 9.0 Majority of species 
can tolerate and 
reproduce within this 
range 

Aquatic systems (DWAF, 1996f) 6.5 – 9.0  (US EPA, 
1986) 
 

The pH value should 
not change by more 
than 5% of the 
background value for 
a specific site and time 
of day  
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Appendix D: EC vs Discharge scatter plots 
 

 

Figure D1: Log10 of EC vs Discharge for site 2 (May) 

 

Figure D2: Log10 of EC vs Discharge for site 3 (May) 
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Figure D3: Log10 of EC vs Discharge for site 2 (June) 

 

Figure D4: Log10 of EC vs Discharge for site 3 (June) 
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Figure D5: Log10 of EC vs Discharge for site 3 (July) 

 

Figure D6: Log10 of EC vs Discharge for site 3 (July) 
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Appendix E: Rainfall design example used in PCSWMM 
 

 

Figure E1: Example of a rainfall design used in the model for the Kirstenbosch rain gauge. 




