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ABSTRACT

Developmentin urban catchments oftenresultinrivers being convertedinto large stormwater
canals where stormwateris removed as quickly as possible to prevent flooding. Acombination of
elevated peak flows, increased nutrients and contaminants and reduced bioticrichness are typical
features of these urban waterways. This study explored the dynamics of an urbanriver in Cape Town
by using high-resolution monitoring sensors and loggers to analyse and model real-time discharge
and water quality dataduring and after 14 rainfall events. Discharge and water quality datawere
collected fromthe Liesbeek River at three sites during the rainfall events. As expected, the upper
most sampling site had the lowest discharge and pollution load, compared tositesinthe middle and
lowestreaches of the river. An analysis showed significant correlations between the discharge and
electrical conductivity at all three sampling sites. Rainfall was the primary factorin 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 astrong relationship whereby anincrease in discharge resulted ina
decrease in electrical conductivity. This study revealed the discharge and water quality of
stormwaterinthe Liesbeek River during rainfall events showed the improved water quality
conditionsinthe riverduringthe rainfall events particularly after the peak discharge. Furthermore,
the implications of this study revealed that the Liesbeek River can become awater source for
recharging groundwaterand 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 etal., 2017) resultingin elevated peak flows, increased
contaminants from stormwater, decreasing biodiversity and support for habitat with a concomitant
decline in ecological services intheir waterways. A combination of these factors and the state of
urban waterways is described inthe concept of an urban stream syndrome (Walsh et al., 2005;
Bernhardtand Palmer, 2007; Bratieres et al., 2008; Walsh et al., 2010). Researchersrefertothe
‘urban stream syndrome’ to describe the conditions that alterthe flow, form and function of urban
rivers (Walsh et al. 2005).

Urban streams are treated as conduits that are designed to protectresidential areas from floods, but
most oftenresultsin unintended consequences that reduce ecological functions and services among
others (Walsh et al., 2005). While modified urbanrivers and streams become efficient stormwater
canals (Bernhardtand Palmer, 2007), they have a reduced capacity for removing pollutants during
low flow periods resultinginageneral decline in water (Walsh et al., 2005; Bratieres etal., 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
fromfully realized because drainage systems turn riversinto drains orsewers treatingitasa waste
product (Walsh et al., 2005). The abrasive use of the urban stream syndrome as a conceptthat could
apply to a terminal condition hasled to a shiftinresearch and practice in motivatingforawater
sensitiveapproach forregenerating cities that are increasingly vulnerable to water scarcity, climate
change and rapid urbanization.

The development of an urban area within catchments has caused majorchangesinthe hydrology of
catchments, particularly during rainfall events (Huanget al., 2008). Some of these changesinclude
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 asignificant
effectonthe hydrological cycle and will resultin floods and droughts becoming more frequent (IPCC,
2007; van Vlietand Zwolsman, 2008). Cities and urban areas are facingincreasing demands for water
due to rapid population growth and economic development (Fisher-Jeffes et al., 2017). Thisis
coupled with pollution of freshwater bodies which add further stress on waterresources. Urban
areas will have to adaptto a reduced rainfall future and diversify their water supply from alternative
sources such as aquifers and stormwater (Ziervogel etal., 2010; Fisher-Jeffesetal., 2017; van Mazijk
etal., 2018).

Increasing water demands in urban catchments has prompted the need for better management of
waterresources. The potential benefits of stormwater harvesting have not been fully realised (Walsh
et al. 2005). Stormwater harvesting has the potential for stormwaterto be used as a resource to
help alleviate the increasing demand for waterin urban areas (Fisher-Jeffes et al., 2017). Harvested
stormwateris used forvarious purposesincluding non-potable wateruses and forrecharging
groundwater. Stormwater harvesting also has anumber of benefitsinthatitcan improve water
security, preventorreduce flooding and improve the condition of urban waterways through flow
modulation (Woods-Ballard et al., 2007; Huang et al., 2008; Armitage etal., 2013; Fisher-Jeffes,
2015, Fisher-Jeffesetal., 2017). The utilisation of stormwater requires effective stormwater
management. Stormwater management has the potential to serve the purpose of increasing water
supply togetherwith improving water quality and protecting the ecological diversity of urbanrivers
(Wongand Eadie, 2000).
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This study examinesthe potential to augment groundwater supplies and aquiferrecharge from
stormwater harvestingto alleviate the increasing demand for waterin water stressed cities. This
research analysesthe discharge of an urban riverand associated water quality fluxes during rainfall
eventstodetermine 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
guality demonstrates the relationship between urbanrivers, its discharge and quality and ultimately
will help inform stormwater managementand harvesting.

1.2 Aims and objectives
The aim of this thesisis to analyse the discharge of an urban riverand associated water quality fluxes
duringrainfall eventsto determinethe suitable conditions for stormwater harvesting.

Objectives:

e To measure flow rate and quantify the volume of stormwaterinanurbanriverduring
rainfall events

e To analyse water quality during rainfall events

e To establishthe relationships between rainfall characteristics and discharge; the relationship
between rainfall and water quality; and the relationship between discharge and water
quality

e To modelthedischargeinanurban riverundervarious conditions

1.3 Study site

The Salt River catchmentislargely an urban catchmentin 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 Riverthat ultimately dischargesinto
Table Bay in close proximity to the Cape Town Harbour (Brown and Magoba, 2009). The Liesbeek
Riveris9km longand isfed by numerous streams from the eastern slopes of Table Mountain. The
riverflowsin a north westerly direction and passes through residential areas with varying population
densities (Fisher-Jeffes, 2015). It beginsin the foothills of Table Mountain at an elevation of 120masl|
and is fed by numerous streams fromthe eastern slopes and springs. The Liesbeek River today still
shows some of its natural beauty fromits pre-development days although 70% of the entire length
of theriveris canalised or modified by gabions and otherforms of grey infrastructure. The upper
reaches of the Liesbeek Catchment are largely natural areas whilst the lower reaches of the river
have the highestlevels of urbanland use.

Development of residential areas beganin the 18" century. The construction of the main road
between Cape Town and Wynbergin 1807-1811 and the railway connection to Wynbergin 1864 was
considered the catalyst towards increasing the residential settlementsalong or close tothe Liesbeek
River. Due to the rainfall experienced in the upperreaches of the Liesbeek Catchment and the fact
that the gradient of the river smoothens out dramatically inthe middleand lowersections, it
resultedinthe catchment beingaflood risk hazard. Inthe beginning of the 1900s when urbanization
rapidlyincreased, buildings closeto oralongthe river became flooded during the rainy season. It
was due to thisthat 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 onthe Liesbeek by students and researchers that created a
baseline of datatoreferto 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.

g
|

:

Minor Catchments

City

3  Mitchells Plain/
- Khayelitsha

- South Peninsula
~ West Coast

Figure 1: Catchmentsinthe Cape Metropolitan Area, showingthe Salt River catchment (3) in relation
to the Liesbeek River and the other catchmentsin 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 inan urbanriver. The study designincorporated 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 atthree sitesalongtheriver.
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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 whichis describedin greater detail in section
3.3. Waterquality sensorswere placedin 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 watersource for recharging the groundwaterand aquifer by understanding the
condition of the waterduringa rainfall eventin terms of its water quality as well as the volume of
waterthat can be abstracted.

The sensors were located upstream (Site 1), midstream (Site 2) and downstream (Site 3). Each site
contained one levelsensor and one water quality sensor. The location of the sensors was
strategically chosenin orderto 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 readingsin orderto understand how quality and discharge varies with rainfall
and to quantify the stormwaterinthe riverduring rainfallevents andits associated water quality
fluxes. Quantifyingand understanding the stormwaterinthe river during rainfall eve nts willenable
the use of the stormwater as a water source for recharging the groundwaterand aquifer. Details of
the level and water quality sensors are discussed in sections 3.3and 3.4 respectively. The discharge
inthe 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 highincome
suburbs with noindustrial areas, therefore this catchmentis not necessarily representative of other
urban catchments. This study monitored the discharge and water quality of the Liesbeek River using
low cost, high-resolution ultrasoniclevelsensors and water quality sensors that were placed inand
alongthe 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 alimited number of water quality parameters were selected to
analyse water quality. The exclusion of chemical and biological water quality parameters such as
ammoniaandE. colirespectively, limited the extentto fully investigate water quality, however the
study investigated how rainfallaffects dilution and therefore the selected parameters were deemed
sufficientforits purpose.

13



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 thatis discharged into urbanrivers (Walsh et al., 2005;
Bernhardtand 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 changesinriverchannels, reduced
bioticrichness and the dominance of species thatthatare tolerant of pollution (Walsh et al., 2005).

" Catchment Riparian Stream
7 5 T0NE
= 2 |l_____» Watersupply Flow
R leaks T i
2 g I
=) “5 =
g 2 \ Sewerage leaks ’_._'____...-—-'""'-'_'_‘_._—'_—'_—'_F/"t m
" Frequency of overland Biota
u flow i
Pipes, sealed drains -, . \ Tolerant fish and
c Frequency of erosive invertebrates
9 flow
© ~
° Riparian Size of high flows L
a z0ne Sensitive fish and
= .
c Water quality . intolerant
2 Connected invertebrates
5 impervious areas i 4[N, [P]
[DO] variability
a "*4[Toxicants]
]
P " 4[TSS] High flows
: \
Unconnected 2 v, tTemperature
impervious areas

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

Theillustration above shows the different pathways of surface waterflow inan urban area. Some
waterseeps underground frominfiltration, but the largervolume is transferred by overland flow and
isdischarged directly into the river. The resulting effects are shownin Figure 2 whichincludes the
changesin water quality and flow. These changes resultsinanincrease in tolerantspeciesanda

decrease insensitive species. The changesin flow and water quality are furtherdiscussed in greater
detail below.

2.2 Changesin the hydrology of urbanrivers
2.2.1 Introduction

The development of an urban area within catchments causes changesin the hydrology of the
catchment, particularly during rainfall events (Huangetal., 2008). In a natural catchment, rainfall
infiltratesinto the ground wheresome is taken up by vegetation and eventually transpires whilst the
remainderseeps throughthe soilsandintothe groundwaterwhere 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 inimpervious surfaces and simplification of drainage systems for efficient
removal of urban runoff for flood protection has caused arapid runoff in response to rainfall

(Fletcheretal., 2013). Urban run-off has the largestimpact on flow regimes of urban streams (Walsh
etal., 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-Ren6falt, 2008). Changesin land cover affects the overall balance of
waterin the hydrological system (Ahn and Merwade, 2017). Impervious surfaces and conventional
drainage systems are some drivers thatimpact the hydrology of urban catchments. Urban streams
tendto have flashier hydrographs with frequent, larger flowevents with increased flow rates,
leading to greater channelincision and bank erosion. The increased scouringand changesin
sedimentsupply can alterthe width and depth of the river, often making the river widerand deeper
with reduced bioticrichness (Walsh et al., 2005; Vietz et al., 2015). Areductioninevapotranspiration
and infiltration resultsinanincrease in peak discharge and reduced groundwater recharge from
impervious surfaces and the removal of vegetation. The decreasein groundwater effectively means
that the baseflow is reduced as well (Fletcher etal., 2013). Reduced infiltration decreasesthe
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 lowerlow 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 thatin a forested catchment, water
that reachesthe riveris usually from subsurface flows such as groundwater (Midgley et al., 2001;
Ahnand Merwade, 2017). In urban areas however, where efficient conventional drainage systems
are inplace, streamflow inrivers are mostly from runoff produced by storm events (Walsh etal.,
2010; Burns et al., 2012).

Increased impervious areas has increased the runoff volume and peak discharge in urbanrivers. It
has also decreased the lagtime (Hood et al., 2007) by reducingthe time ittakesfor theriverto
reach its peak flow (Roaand 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 foroverland flowhas resulted inincreased volume and flow rate of stormwater that
isbeingtransportedinthe catchmentto the nearest water body. This ultimately causesan earlier
and elevated peakin the hydrograph (Figure 3) with ashorterlag time, afamiliarproblemin urban
stormwater management (Hood et al., 2007; Huang et al., 2008).

The lag time of urban hydrographs decreases as the imperviousness of the areaincreases (Huang et
al., 2008), however, Hood et al. (2007) showed thatthere is not much differencein lagtimes
between conventional developments and Low Impact Developments (LID) when storm intensities
are increased todurationslongerthan 4 hours and largerthan 25mm (Hood et al., 2007). This shows
that whilstimperviousness and basin areainfluence peak discharge, the magnitude and duration of
rainfall playsaroleinit as well (Roaand 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 lagtime 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
changesinflow due to increased development. In Figure 3, the urban hydrograph shows steep rising
limbs, elevated peak flows and ashorterlag time. The pre-urban hydrograph has alower peak flow
and has continued subsurface and baseflow.
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Figure 3: Hydrographs showing flow conditions before and after urban development has taken place
(Adapted from Armitage etal., 2013).

Table 1 summarisessections 2.1and 2.2 showingthe changesin the hydrology of urban water
bodies due todevelopmentand its associated impacts, processes and effects. The table also
reiterates the changesinflow 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
ecosystemservices. 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 developmentsin catchments on receiving water bodies

Impacts Processes Effects
Changesto Reducedinfiltration and Increased volume of run off, peak e Thevolume of discharge froma developed
stream flow evapotranspiration flows and flow rates catchmentthat does not attenuate the peak
Rapid removal of Increased downstream flooding flows can be far greaterthan natural catchments
surface water Reduced baseflows (Woods-Ballard etal., 2007).
(Fletcheretal., 2013; (Fletcheretal., 2013; Walshet al.,
Walsh et al., 2005; 2005; Woods-Ballard etal., 2007)
Woods-Ballard etal.,
2007)
Changesto Increased erosion Increased channel width e Channelswidentoaccommodate increased run
stream Increased flow rates Streamerosion off
morphology and flooding Changesinchannel bed profile e Higherflow rates will cause more scouringand

Increased sediment
deposition downstream
(Vietzetal., 2015;
Woods-Ballardetal.,
2007)

(Vietzetal., 2015)

erosion of banks and cause of a build-up of
sandbars downstream
(Vietzetal., 2015; Woods-Ballard et al., 2007)

Water quality
impacts

Decomposition of
organic matter present
inrun off

Wash-off of fertilizers,
litter, seweroverflows,
oil spills, vehicles,
household detergents,
septictanks seepages
and landfills.

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

Reduction of dissolved oxygenin
waterbodies.

Nutrient rich waters

Increased levels of toxicmaterials
Increased sedimentloads.

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 resultin eutrophication
Water may become toxicand pose a health
hazard

Extra costs forthe treatment of contaminated
water

Polluted waters are aesthetically unattractive

(Walsh et al., 2005; Woods-Ballard etal., 2007)
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2.2.3 Effect of land cover change on the surface water quality of streams

Water qualityis naturally variable overtime and space and varies alongthe course of a river (Nilsson
and Malm-Rend6falt, 2008). Runoff from urban areas is one of the leading sources of water quality
degradation (Hatt et al., 2004) because urban runoffis often polluted (Davis et al., 2001) due to
human activities and untreated sewage water (Daniel et al., 2002; Liyanage and Yamada, 2017)
whichimpacts negatively on receiving water bodies. Urban development and conventional drainage
system cause an increase inimperviousness and greater hydraulicefficiency causing a quick removal
of stormwaterfrom 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; Fletcheretal., 2013; Vietzet al., 2015). Accordingto studies by Walsh et al. (2005) and
Davis et al. (2001) a change inwater quality was due to high concentrations of nutrients and heavy
metals which resulted in oxygen depletionin 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 ECand temperature all increased
withincreased imperviousness. ECin streams and urban density had a strong positive correlation.
The salinityin streamsin urban areas can be attributed toa combination of sources, interalia,
atmosphericdeposition, building materials and highways. Anincreaseinimperviousness resultsin
elevated temperatures due to the runoff thatisin contact with artificial surfaces (Youngetal.,
2013). In Brazil, sewage water goes untreated and is discharged into receivingrivers. Inthe
PiracicabaRiverbasinin S3o Paulo, Brazil, only 16% of their urban sewage and industrial effluents
are treated. Most of the urban sewage and industrial effluents are dumpedinto small streams,
renderingitto contamination and lowering the DO to nearzero values during low flows (Ometto et
al., 2000 and Daniel et al., 2002). Daniel etal. (2002) performed astudy on the impact of urban
sewage discharge into small streams inthe Piracicaba Riverbasin (Table 2) looking specifically at
water quality parameters which included, interalia, DO and EC. Itwas noted that the Quilomboand
Enxofre streams which drained the most developed catchments were of a poorer water quality than
the two streamsthat were inthe least developed catchments. The more developed catchment had
lower DO and higherEC values in theirstreams thanthe less developed catchments. Selected stream
results are summarizedin the table below (Daniel et al., 2002).

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

Stream Built-up land (%) DO (mg/L) EC (uS/cm)
Cabras 1 9.1+0.6 53.5+5.6
Guamium 3 6.3+24 151.2 £44.9
Quilombo 31 24+15 294.7 £107.1
Enxofre 50 1.8+1.6 597.5 +159.3

2.3 Relationship between rainfall, discharge and water quality
Urban rivers are known to rapidlyincrease in discharge following a rainfall event and causes various
changesin water quality (van Mazijk et al., 2018). Previous studies have documented the changein

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

Urban stormwater discharge, particularly during rainfall events, is amajor contributorto pollution of
receiving waterbodies (Davis etal., 2001; Lee et al., 2004; Walsh et al., 2005; Bratieres etal., 2008;
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Nilsson and Malm-Rendofalt, 2008). This is often the case when a rainfall event occurs afteradry
period. The existence of adry period allows for the build-up of pollutants which eventually becomes
incorporated into the runoff when the rainfallevent occurs. This is sometimes counteracted by the
dilution effect of rainfall (Nilsson and Malm-Ren6falt, 2008). A study by Lee et al. (2004) analysed
the stormwater discharge in California during successive wet seasons in which each was preceded
with alongdry summer. The resultsindicated that pollution concentration in the first part of the wet
seasonwere the highestat 1.2 to 20 times higherthanthe pollutant concentrations towards the end
of the wetseason (Lee etal., 2004). It was also noted that a rainfall eventwith alongerantecedent

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).

Theinitial period of arainfall event often has the highest levels of pollutants thataccompanies the
firstflush phenomenon (Leeetal., 2004). The firstflush phenomenonis defined as the initial period
of stormwater runoff during which the concentrations of pollutants are far higherthan later periods
of stormwater runoff (Guptaand Saul, 1996). Various factorsinfluence the first flush strength
including rainfall intensity, storm duration, number of dry days preceding rainfall, percentage of
imperviousness and catchmentarea (Guptaand Saul., 1996; Lee et al, 2002 and 2004; Liet al.,
2007). Furthermore, it was noted that the first flush phenomenon occurs before the peak flow
duringa rainfall event. A study by Li et al. (2007) which took place inan urban catchment in the city
of Wuhan, China, examined the first flush phenomenon. The results showed that elevated
concentration of pollutants were observed priorto flow peaksinall rainfall events during the study
and that the interval between the concentration peak and the peak flow was shorterforthe events
that had higherintensities during the initial rainfall period. Figure 4 indicates that the peak
concentrations occurred inthe initial rainfall period before the peak runoff, indicatingarapidly
improving water quality following the peak runoff (Li et al., 2007).
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Figure 4: Flow rate and concentration of pollutants forastorm event (41.3mm rainfall) (Li etal.,
2007).

The firstflush phenomenon was further supported by Bertrand-Krajewski et al. (1998), Jarvie et al.
(2001), Yufenet al. (2008) and McGrane et al. (2017). All fourstudiesindicated that water quality
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decreaseswith aninitial increasein discharge whichisthenfollowed by anincrease in water quality
due to the flushing and dilution of contaminants as the volume of rainfall increases (Jarvieetal.,
2001; McGrane et al., 2017).

The study by Jarvie et al. (2001) measured flow, pHand conductivity at 15-minute intervalsinthe
River Dee, Scotland. The study showed the changesin water quality during rainfall events whereby
pH experienced adeclineduringrainfall events followed by a more prolonged recovery period
followingthe peak flow (Figure 5). Conductivity however, did not reactto changesinthe flow as
abruptly as pH. Conductivity showed anincrease during the initial period of increased stream flow
(Jarvie etal., 2001). This was followed by adecrease 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 duringthe 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 adilution during the peak flow (McGrane et al., 2017).
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Figure 5: Tendency for pH to become more acidicduringarainfall event (Jarvieetal., 2001).

Various studies such as Betrand-Krajewskiet al. (1998) and Li et al. (2007) have attempted to
quantify the first flush phenomenon. The study by Bertrand-Krajewskiet al. (1998) (Figure 6)
analysed 197 rainfall eventsin 12 separate and combined sewer systems. The results indicated that
incombined sewer systems, 80% of the total pollutant massis transportedin 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). Accordingto 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
locatedin Chinawere 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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Distribution of pollutants on the first flush
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Figure 6: Flow rate and Total Suspended Solids (TSS) respectively overaperiod of 70-minutes
(Bertrand-Krajewski et al., 1998).

This section described the relationships between rainfall, flow and water quality. The studies
suggested that afterthe initial runoff volume created from a rainfall event (approximately the first
30% of volume) the pollutant concentrations are reduced by almost half, showingimproved water
guality thereafter. Monitoring discharge and water quality at a fine granularity will provide agood
indication on how water quality and discharge varies with rainfall to helpinform decision makingin
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 howeverlimited (Fekete and Vérésmarty, 2007)
particularlyin developing countries (Fekete et al., 2012).

River discharge dataformsthe basis of the Global Runoff Data Centres (GRDC) data archives which
was established in 1988 and operates underthe World Meteorological Organization (WMO) and is
regarded as the most complete global discharge dataset. According to the data archive of the GRDC,
operatingdischarge monitoring stations are in rapid decline (Figure 7) (Fekete and Voérésmarty,
2007). Hannah et al. (2011) pointed out that monitoringinfrastructure are relativelyin place in
developed countries (Hannah etal., 2011) with sparse gauging stationsin developing countries
(Vorosmarty etal., 2000). There are large gapsin discharge measurementsin Saharan Africadue to
insufficient monitoring infrastructure. It was also noted that the number of monitoring stations
reachedits peakinthe 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 etal., 2011; Fekete etal.,
2012). South Africais no different with the number of flow gauges and rainfall stationsin 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 tolowerflows and become inaccurate when high discharges occur because they are not
builtlarge enough to manage high flows. This createsagap in South Africa’s river discharge data
with inaccurate to no discharge data during high flows (Meyer et al., 2000).

GRDC Discharge Monitoring Stations
5000 . . i

4000+

3000+

2000

Number of Stations

1000+

O L
1800 1850 1900 1950 2000
Time [year]

Figure 7: Number of operating discharge monitoring stations according to the GRDC data archive
(Fekete and Vérésmarty, 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 inthe need for effectiveand
efficient water quality monitoring programs (ljaradar and Chatterjee, 2018).

Previously, water quality datawas largely restricted to field measurementsin the form of on-site
grab samples which were costly and labourintensive. The datawas then analysed off-site and in
doingso wastime consuming and slows down the process of disseminatingimportantinformation
(ljaradarand Chatterjee, 2018). Due to the time consuming nature of analysing hand grab samples of
waterquality, it has been typically restricted to individual storm events (Kirchner et al., 2004). The
laboratory analyses of single samples only provide asnapshot of the concentration levels of the
pollutants atthe time of sampling. This does not provide adequateinformation for water quality
variablesthatvary overtime and an episodicpollution event could be missed (Vranaetal., 2005).
Thistechnique of measuring water quality is limited to the temporal and spatial scales which hinder
continuous monitoring and analyses. Accordingto O’Flynn et al. (2010) itis unlikely that on-sitefield
grab samples can provide an accurate estimate of the maximum, mean and minimum values of
different water quality variables norcan 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 foradvanced equipment
to monitorand 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 dataisimportant and the monitoring
of hydrological datathatisinreal-time, continuous and at a fine granularity underpins effective
managementof riversasitincreasesthe 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 datacan be
accessed remotelyinreal-time.
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A study by O'Flynn etal. (2010) indicated the difference between on-site grab samplesand
continuous monitoringand showed the amount of detail and information thatis 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 thatis presentin pH. The diurnal signal was only
picked up with the 10-minute interval sampling. Furthermore, Figure 8illustrates the dramaticloss
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 toincreased flow rates. It also shows conductivity's weak

response to flow rate initially, followed by a strongerresponse to flow rate after day 390 (Kirchneret
al., 2004).
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Figure 8: Monthly, weekly, daily and hourly measurements of conductivity with hourly
measurements of flow overa period of 460 days at Hore stream, Wales (Kirchneretal., 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 whenitis under-sampled compared to discharge
calculationsthat has greater monitoring (more regularly sampled). This reinforces that continuous
monitoring will furtherincrease the accuracy of measuring discharge inrivers (Fekete etal., 2012) as
the reliability of collecting and evaluating river dischargeis considered a pressingissue (Kawanisi et
al., 2010). High-resolution continuous monitoring will provide new insights into catchment
behavioursand will be able to capture hydrological variations (Kirchneretal., 2004).

2.4.4 Conclusion

As land use changes continue to deteriorate urban rivers and its water quality, high-resolution
monitoring becomesimportantin buildingarobust set of data to inform models and decision
making and ultimately stormwater management. Continuous water monitoring will provide new
insightsinto 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 makingon
how to better manage our waterresources.

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). Itcan, inter alia, change the runoff within catchmentsand the
streamflow inrivers as well as change the transport of pollutantsin water (Tu, 2009). Hydrological
modellingis auseful tool for studying the effects of climate and land use changes on water
resourcesand beingable to project the impacts of future scenarios on future changes (Praskievics
and Chang, 2009). Hydrological models provide aframework to understand and investigate the
relationships between climate, hydrological processes and human activities. Hydrological models are
designed toinvestigate climate and land use changesintandem orseparately and can predict the
effects of land use and climate changes (Legesse et al., 2003).

2.5.1 Model complexity

Ultimately modelling aims to constructa component of the real world and therefore itis a simpler
representation of the real world (Silberstein, 2006). Modellingis probabilisticwith uncertainty
increasing at every stage of the process from the input of parametersto the simulation of the
hydrological processes. Further uncertainty can arise from errorsinthe model structure and the
input of parameters (Praskieviczand Chang, 2009). In theory, the more data available, the more
reliable the modelshould be (James, 2005), however, Silberstein (2006) argues that if the modelis
flawed, no addition of parameters will reducethe structural uncertainty (Silberstein, 2006). James
(2005) mentionsthatanincrease in model complexity does notalways lead toincreased model
reliability, especially when there are uncertainties (James, 2005). James (2005) further mentions
that when uncertaintyis prevalent, asimple model should be used. A simpler model however,
impliesalowerspatial resolution. Alower spatial resolution requires modellers to make assumptions
on how to aggregate catchment properties that will still provide areasonably sound model that can
mimicthe real world. Krebs et al. (2014) and Lee et al. (2017) recommended aweighted average
approach to aggregating land use properties (Krebs et al., 2014; Lee et al., 2017).

Choosingthe correctlevel of complexity is adifficult but crucial part of modelling. Itis difficult to
estimate the required level of complexity, asitis based onthe user’s objectives (James, 2005). It is
recommended that models should not be too complex ortoo simple as overly complex models will

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

Usingrainfall datathat is accurate and representative of an entire catchment can be difficultif 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 evidentin a study performed by
Fisher-Jeffes (2015) where the mean annual precipitationina 2600 hectares catchmentvaried from
600 to 1500 mm/yr. Thisindicates thatwhenamodellingtimestepisreducedtoahigh-resolution
time interval, the spatial variability becomes significant because the distribution of rainfallintensities
duringan eventcan affectthe timing and volume of peak flows during a storm event (Fisher-Jeffes,
2015).

The approachesto investigate rainfall scenarios in models vary from using the Delta-change method
which consists of choosing arbitrarily rainfall variations (either anincrease ordecrease in rainfall)
with reference to historical data. The otherapproachisto use the outputs of global and regional
climate models (El-Khoury et al., 2015; Tu, 2009). Accordingto Praskievics and Chang (2009) both
approaches have theirassociated disadvantages. Whilst choosing the formerapproach canreduce
the uncertainty associated with Global Climate Models (GCM), the arbitrary chosen rainfall
variations may be unrealisticchanges associated with climate change. The latterapproach 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 betterforreproducingthe overall shape of ahydrograph, peak flow and time to peak.
Continuous-event calibration however, provided more accurate runoff volume. An event-based
model requires aninitialized 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 modellingis that the
antecedent conditions are not takeninto account (Wanielista etal., 1991). Boughton and Droop
(2003) indicated thatthe 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
modellerorthe availability of data.

2.5.4 Sensitivity analysis

A sensitivity analysisis performed before calibration takes place. Thisis done to understand the
sensitivity of different parametersinthe model. This allows forthe calibration to focus on the most
sensitive parameters. Acommon 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 sensitivitygradientisassumed to be
linear. Thisis notalwaysthe case as most hydrological parameters are thought to be nonlinear. This
method also estimates the sensitivity of one parameter by keepingthe other parametersatan
expected value.

2.5.5 Calibration and validation

Once the sensitivity analysisis complete, the model isready to be calibrated. The model is calibrated
againstknown data —typically called observed data. Only a portion of the data is needed to be
calibrated whilstthe restis used forvalidation. The selection ratio of calibration and validation
eventsin modelling has not been consistent. Fisher-Jeffes (2015) used the 1:2 ratio (Fisher-Jeffes,
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2015). Accordingto a number of other studies, the ratioused was 1:1.3, 1:6 and 1:2 (Ashbolt etal.,
2013; Krebs et al., 2014; Mancipe-Munoz etal., 2014; Pallaand Gnecco, 2015).

2.6 Stormwater Harvesting (SWH)
2.6.1 Introduction

The growing demand for waterin urban areas together with limited water resources has seenan
increase inthe interestin Stormwater Harvesting (SWH) (Fisher-Jeffes, 2015). SWH isseenas an
optiontoincrease watersupply and decrease the demands on potable water. SWHis alsoseenasa
solutionto dealing with increased runoffand peak flows into urban waterways (Fletcheretal.,
2008). SWH, specificallyin urban areas has notbeen widely practised largely because stormwater
runoffis considered highly polluted which can have a significantimpact 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 run off on
receiving waterbodies have becomewell documented. SWHis the collection and storage of runoff
whichis eventually reused. The uncertainty of the effects of climate change makes SWH necessary
for watersecurity butitalso adds to the complexity of urban water management (Fisher-Jeffesetal.,
2017). The benefits of SWHis discussed in greater detail below.

2.6.2 Stormwater Harvesting has the potentialto improve water security

A study by Fisher-Jeffes (2015) demonstrated that SWH had the potential to reduce the potable
waterdemandinthe Liesbeek Catchment by approximately 20%. This can have significant
implications for Cape Towninterms of watersecurity. SWH has been practised in Singapore and was
one of the first countriesinthe world to use stormwater harvesting fromits urban catchments to
supplementits watersupply. Singapore is adensely populated area that receives abundant rainfall,
however, due toitslimited land area, this makes it difficult to collect and store rainfall. Due to
Singapore’sincreasing waterdemand, ithas turned its urban areas into urban water catchments
that harvestsits rainfall in the catchments. Pollutant source management strategies were putinto
placeinorder to ensure that the water quality of the runoff is acceptable for drinking water (Lim et
al., 2011). Fletcherand Deletic(2008) noted that a city in Australia called Ballarat had a typical water
usage of 10 400 Million Litres (ML) peryear undertheirstage 4 restrictions. Fletcherand Deletic
(2008) also noted that during pre-urbanization, Ballarat’s annual runoffwas 10 000ML whilst after
urbanization the run-off increased to 20 000ML per year. This excess runoff of 10 000ML following
urbanizationis equal tothe total waterusage inthe town and therefore has the potentialto
overcome the watershortages faced in the areaas well asin many othertownsin Australia because
inmost majorcitiesin Australia the total volume of stormwater exceeds the urban wateruse for
that city each year. SWH in urban areas are more reliable than rural areas because itrequires larger
rainfall eventsto produce runoffin 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 seenasa 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; Fletcheret al., 2013).
SWH systems makes use of several storage systems which includes, interalia, retention ponds,
detention ponds, rain gardens and wetlands to store the harvested stormwater. In this way, runoff is
detained and reduced downstream. This resultsin less flooding downstream of urban catchments
(Fisher-Jeffes etal., 2017). Fisher-Jeffes (2015) demonstrated the effects SWH could have inthe
reduction of floodingin 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; Fletcheretal., 2013), most studies that has
shown this, done so through modelling with little to no monitoring data available (Fisher-Jeffes,
2015).

- High hazard Low hazard

Figure 9: Floodinginthe Liesbeek River Catchment on 12 July 2009 shown (a) withoutand (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; Walshet al.,
2005, 2012; Bernhardtand 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, howeverastudy by Fletcheretal.
(2007) demonstrated that SWH could also improve urbanrivers by reducing the runoff volumeand
contaminantsthat enterurbanrivers. Thisresultedin aflow regime thatis representative of apre -
development hydrograph. Fletcheretal. (2007) used the Model for Urban Stormwater Improvement
Conceptualisation (MUSIC) to investigate the impacts of SWH on two Australian cities; Brisbane and
Melbourne. Whilstit was shown that the runoff and contaminants were reduced thatentere dits
urban waterwaysin Melbourne, this was not the case in a high density development catchment of
Brisbane thatreceived almost triplethe amount of rainfall that Melbourne received. It resultedin
longer periods of runoff as the SWH harvesting ponds be came 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 resultinover-abstraction, causing lowerlevels of flow than a pre-development flow regime
(Fletcheretal., 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 allowthe
ecosystemsto operate. Thisreinforces the importance of monitoringand buildingarobustset of
data to understand the behaviour of urban riversin 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 watersecurity inacity 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 toreduce floodingand damage to property. This often results in stormwater entering
directlyinto streams, bypassing floodplains and riparian zones. Urban development has also resulted
inthe 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, aswell as othervegetation hasresultedinadecrease in evapotranspiration. This has
resulted in decreased water quality and ecological diversity in urbanrivers. Previously, stormwater
managementtechniques to deal with geomorphicchange in urban streams were limited to altering
the flow pattern ratherthan attenuating the excess stormwatervolume (Vietz etal., 2016). The
realization that urban stormwater has led to environmental damage i nspired new stormwater
managementtechniques with multiple objectives.

2.7.2 Stormwater controlmeasures (SCMs)

In recentdecades, the urban runoff has been identified as the main contributorto stream
degradation and therefore treating urban hydrology in the form of Stormwater Control Measures
(SCMs) has been used forrestorative treatments. Anintegrated approachis needed, one that
incorporatesthe needto restore ecological aspects of the pre-development flow regime (Burns et
al., 2012) that mimics the volume balance of evaporation, runoffand infiltration (Walsh et al., 2016).
In recentdecades, SCMsincluded reducing the peak flows and extending flow duration. Recently
stormwater managementalsoincludesincorporating the stormwater systemintothe landscape
thus, aiming to mimicthe 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 (Bernhardtand
Palmer, 2007). However, Burns et al. (2012) argues that end-of-catchmentload reduction
approachessuch as constructed wetlands dolittle in reducing the frequency of high flow events.
Constructed wetlands can reduce pollutants and increase detention time butisineffective in
reducing the volume of stormwaterthrough infiltration causing afurtherdecrease in baseflow
(Burnsetal., 2012).

Understandingthe processes of urban stormwaterand the impactsit has onreceiving urban streams
are a prerequisite for developing management strategies (Fletcheretal., 2013). Burns et al. (2012)
argues that flow-regime management can successfully restore ecological restoration and return the
hydrographto a pre-development flow regime which includes having stormwaterretainedina
distributed mannerat small scales spread throughout the catchment thus covering the entire
catchmentunlike 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 stormwatervolumes but notto the extent of pre-urban development flows (Elliot
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et al., 2010; Tillinghastetal., 2012 and Hogan et al., 2013) because the physical form of modified
urban streams are different from their natural condition (Burns etal., 2012).

Thereisa growinginterestinthe control of stormwater management with the use of Low Impact
Development (LID), Water Sensitive Urban Design (WSUD) and Sustainable Drainage Systems (SuDS)
(Allenetal., 2004; Ellis etal., 2006; Van Roon, 2007; Armitage et al., 2014) and is beingwidely
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 runoffthrough pervious surfaces and treat
stormwater as close to its source as possible, actingas an on-site drainage (Bernhardtand palmer,
2007; Armitage etal., 2013; Carlson et al., 2014). It isaimed 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 stormwaterinto the landscape, thus preserving the
landscape and the hydrological cycle. This will help treat the stormwateras a resource and nota
waste product (Carlson et al., 2014), because the primary reason for deterioration of waterbodiesis
the disruption of the natural water cycle (Bernhardt and palmer, 2007; Armitage et al., 2013). The
slow nature of the process of protecting streamsis due to the lack of understanding of urban
stormwater runoff (Walsh etal., 2012). Therefore, aparadigm shiftis needed, one thatinvolves
catchment scale solutions that provides afluvial corridor and reduces the peak flow eventsto create
a feasible environment for urban rivers (Kondolf, 2011). Despite this, the field is still poorly
understoodinterms of the quantification stormwater management practices has onthe watercycle
and waterbudget of a system (Fletcheretal., 2013).

2.7.3 Conclusion

To develop new approaches to urban stormwater management, a better understanding is required
to efficiently protect and restore urban streamstoa pre-development catchment (Burnsetal.,
2014). Management of urban stormwaterremains acomplex 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 (Wongand Eadie,
2000). Integrated approachesthatincorporatesthe entire water cycle into decision making, for
example, an approach thatviews stormwateras a resource ratherthan a waste product has received
significant attentioninrecentyears, however, more research in this field is still required to
understand thisintricate complex system (Fletcher et al., 2013).
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3. Methods

3.1 Study design

This study aims to characterize stormwater quality and discharge, and model surface water quality
and discharge inan urbanriver using high-resolution data. The study designincorporated two
research activities, which was to explore surface waterin 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 inan urban riverto determine the suitable range for harvesting
stormwater. The purpose of the model was to understand the hydrological conditions and the
catchmentresponse to rainfall events undervarious conditions. Three level sensors were placed
under bridges alongthe 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
insection 3.3.6. Three water quality sensors were placed in the river formeasuring pH, DO, EC and
temperature to measure alimited set of water quality parameters. The combined set of datafrom
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 waterlevel of the riverand 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 orderto 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 discussedin sections 3.3.6and 3.4.1 respectively.

3.2 The Liesbeek Catchment

The Liesbeek Catchment covers an area of 2600 hectares and is situated alongthe eastern slopes of
Table Mountain (Figure 10). The Liesbeek Riveris 9kmlongand is fed by numerous streams from the
easternslopes of Table Mountain. The river flows approximately inthe north to north-nest direction
and runsthrough a number of middle to high-income residential areas (Fisher-Jeffes, 2015). The
headwaters of the Liesbeek River flowabove Kirstenbosch Botanical Gardens from the eastern
slopes of Table Mountain and empties outin 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 Streamiis 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 drainsin developed
areas. Finally, the Liesbeek Riverjoins the Black river 2km from their mouth in Table Bay (Brown and
Magoba, 2009).

Development of residential areas began in the 18" century. The construction of the main road
between Cape Townand Wynbergin 1807-1811 and the railway connectionto Wynbergin 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 experiencedin the upper
reaches of the Liesbeek Catchment (Figure 12) and the fact thatthe gradient smoothensout
dramatically overthe course of the river (Figure 11), it resulted in the catchment beingaflood risk
hazard. In the beginning of the 1900s when urbanization rapidly increased, buildings closeto or
alongthe riverbecame flooded during the rainy season. It was due to this that the riverbecame
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 Maqgoba, 2009). Currently, 50% of the
catchmentis considered urban. The remainder of the catchment thatis not urbanized consists of
Kirstenbosch Botanical Gardens, forestry plantations and Table Mountain National Park. The upper
reaches of the Liesbeek Riverare natural areas whilst the lowerreaches of the catchment have the
highestlevels of built-up land with more compact urban infrastructure and a higher population
density. The upperreachesalsoreceives close to three times more rainfall than the lowerreaches
(Figure 12) (Fisher-Jeffes, 2015).

The Liesbeek Catchment
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Figure 10: The Liesbeek Catchment
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Profile of the Liesbeek River
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Figure 12a & b: a) Annual average rainfalland b) annual average evaporation overthe 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 modellingdue to the researcher’s familiarity with the software and its familiarinterface
with Quantum GIS (QGIS). Furthermore, PCSWMM s ideal forresearch purposes and hydrological
modelling. PCSWMMiis 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)fortwo rainfall stations
inthe 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, howeverthese were the only two
rainfall stations that provided accurate daily as well as five-minuteinterval rainfall data. The rainfall
data fromthese two rainfall stations were used as inputs into PCSWMM. The sub-catchmentsinthe
model that were notlocated 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-
catchmentsthat fall within the regions that receive 1000-1500mm/yr of rainfall were assigned to the
Kirstenboschrain 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). Thisgave a
spatial representation of how the rainfall in the catchment might have been.

Daily (minimum and maximum) and five-minute temperature datalocated in Kirstenbosch and
Observatory were obtained from SAWS. Evapotranspiration dataforthe hydrological model was
then calculated in PCSWMM using Hargreaves’ method (Rossman, 2008). Accordingto Allen et al.
(1998) the Hargreaves method has shown reasonable results and is accepted globally. One of the
main advantages of this method isits simplicity with low data requirements.

Legend
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Figure 13: The location of the Kirstenbosch and Observatory rain gaugesin relation to samplingsites.
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3.3.3 Topography

Elevation dataforthe 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 2mand were based
on ground pointsonly. This allowed QGIS to create an accurate Digital Elevation Model (DEM). The
2m DEM was used to calculate catchment slopes and node elevationsin PCSWMM. A 2m contour
file was also obtained from the CoCTand was used to supplement the DEM data.

3.3.4 Land use and soils data

Land usesinthe 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. Thisis a simplisticrepresentation
of the land usesinthe 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 modellingis required to model runoff from pervious surfaces.
The Gren-Amptinfiltration calculation was used forthis study, therefore, Green-Ampt parameters
were used asinputsto 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 sizesfromthese fileswere used in PCSWMM. The Liesbeek Catchment has several short
stormwater pipesthatfeedsintothe mainlargerstormwater pipes that entersthe Liesbeek River. It
was decideditwould not be practical to model all the short stormwater pipes but rathera select few
that feedsintothe main pipes. Thisresulted in more waterbeing channelled into fewer pipesand
therefore the small stormwater pipes were given aslightly larger diameterin the model.
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Figure 14: Land use classificationin the Liesbeek Catchment
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Figure 15: Division of land use categories inthe Liesbeek Catchment (Fisher-Jeffes, 2015).
3.3.6 Discharge data

Riverlevels 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 1and 2 collected level datafrom May to July
2019, whilstSite 3collected level datafrom April to September 2018 and again from May to July
2019. Allthree levelsensors 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 asuitable location that fits
the conditionsfor Manning’s equation due tothe numerous weirs that obstructed the river’s flow.
Instead Site 1 fitted the conditions for a broad-crested weirfrom which discharge could be
calculated. The discharge data obtained from Site 3during 2018 was used to calibrate the PCSWMM
model.

Bolts
secured
with wing
nuts

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 etal., 2017). The sensors consisted of ultrasonic devices which
measured the distance from the sensor to the waterlevel by sendingan ultrasonicsound wave to
the water. The sound wave isthen returned and the sensor reads the echo. The sensorcalculates
the distance fromthe sensorto the top of the water usingthe speed of sound. Waterdepth was
then calculated by subtracting the recorded distance from the distance between the sensor and the
canal base. The ultrasoniclevelsensor recorded measurements every five-minutes and uploaded
themontoan open source website, from which high-resolution datarecords were downloaded. The
data was validated by usingameasuring tape to measure the distance between the sensorand the
top of the water of the riverand comparingitto the data sentto the server.

The sensors were housed in plastic containers that were kept within a marine plywood structure.
Glue was usedto secure the structure on the underside of the bridges atall sites. The marine
plywood structure housed the plasticcontainers using bolts secured by wing nuts (Figure 16). The
wingnuts could easily be loosened to remove the lunch box for maintenance purposes such as
changing the batteries. These sensors collected datafrom April to September 2018 at all three Sites.
It was later discovered that Sites 1and 2 did not fitthe 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.
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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

5
. : o . 143 2
manning’s equation whichis given bythefollowmgformula:Q = —-— 52
n 2
P3

Whereby:
Q= Flowrate; N = Manning’s roughness coefficient; A= Area; P = Wetted perimeter; S=Slope

The height of the riverat Site 1 was used to calculate flow rate using a broad-crested weir equation
whichis given by the followingformula: Q = CLH™

Whereby: Q= Flow rate; C = Discharge coefficient; L= Width of the weir; H = Height of waterabove
weir;n=1.5
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The geometricproperties needed for both equations were measured on site and was used forthe
calibration of constants for the broad crested weir. The slope was calculated usingthe 2m DEM as
well asfroma land survey undertaken by the researcherin October2018.

N

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
offersignalsinwater quality variations and they are also widely used. This allowed for comparisons
with otherstudies.

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
Scientificand 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 consumptionthan the level sensors
and therefore required a battery with amuch higher capacity. This did not allow the water quality
sensors to be attached underthe bridges as they were too heavy. The water quality sensors were
buried alongthe sides of the canal of the riverunderthe groundin 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 holesinwhich the cables came outfrom the box were then sealed usingsilicone
sealant.

Initially the water quality sensors captured the dataonto an SD card in five-minute intervals. This,
however, proved problematicas the SD card was inconsistent, which resulted in missing data.
Subsequently the water quality sensors were changed to send the dataonto an opensource website
and took measurements every five-minutes from which high-resolution datarecords were
downloaded. The water quality probes were calibrated using theirrespective calibration solutions
based on the instructions from their manuals. The water qualitydatawas validated using handheld
water quality probesthat measured pH, DO, EC and temperature. The handheld probes were placed
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ina beakerfilled with waterfrom the Liesbeek River on site. The water quality datafromthe hand
held probeswere then compared to the continuous water quality probesinthe riveras verification.

Real time clock

BNC
connector

Water quality circuit boards
(Temperature, pH, EC, DO)

Figure 21: Water quality sensors.
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Figure 22: ater quality logger housing (left) and water quality sensors atached to the canal (right
3.4.2 Water Quality parameters

3.4.2.1 pH

The pH isa 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 hydrogenions with
otherionsinthe water, therefore, itis noteasyto allocate changesin pH with a specificevent
makingita highly variable parameter (DWAF, 1996a). Changesin pH could be due to rainfall orlong
periods without rain, human perturbation, temperature and daily fluctuations. pHisan important
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parameterindetermining the state of a riverine system. pHis an importantcomponentinthe
chemical and biological systems of natural waters (US EPA, 1986). The pH can determine whethera
riverissuitable forcertain species or not. Most aquaticspecies cansurvive ina riverine system with
a pH range of 5.0 to 9.0. However, the optimal pH of waterin the riverforaquaticorganismsisfrom
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. DOisa
variable parameterthatisinfluenced by many factors such as temperature, time of day, altitude and
flow rate. Changesin DO is due to photosynthesis by plants, interactions with the atmosphere
through diffusion and through respiration of aquaticspecies. The maintenance of asufficient
amount of DO (4-6mg/L) inrivers are crucial foraquatic species. Therefore, the DO provides agood
indication of aquatichealth. There is anatural cycle of DO in whichit coincides with the cycle of
photosynthesis and respiration. The DO will decrease throughout the nightand reachits minimum
by morning, and thenrise toa maximum by mid-afternoon. High levels of dissolved oxygenina
riverine system are healthierand will consist of agreaterspecies diversity. Lowerlevels of dissolved
oxygenina riverine system willnot be able to support sensitive orintolerable species (DWAF,
1996f). Sewage run off and organic matterin rivers can reduce the dissolved oxygen due to
decomposition by microorganisms which uses the oxygen and convertsammoniainto nitrate (Watt,
2000). The DO in unpolluted waterbodies are close to butless than 10 mg/L (Chapman and
Kimstach, 1996).

3.4.2.3 Temperature

Temperature affects the rate of chemical reactions and metabolicrates of organisms and therefore
temperature plays amajorrole inthe distribution of aquaticorganisms. Water bodies show daily as
well as seasonal variations in temperature however, artificially induced changesin temperature can
affectaquaticorganisms (DWAF, 1996f).

3.4.24 EC

Electrical Conductivity (EC) in waterisa measure of the ability to pass electrical flow whichis related
to theionsand salts presentinthe water (DWAF, 1996f). Conductivity and salinity are directly
related to each otherand are importantin waterbodies asit can determine its health, because high
salinity values are associated with low DO values (Miller et al., 1988). Conductivity in water remains
constantand therefore, any change in the conductivity can be a clearindication of pollution and can
have detrimental impacts onthe water body as most aquatic organisms can only survive in a specific
salinity range (Wetzel, 2001). Salinity levelsincrease as water moves downstream because it
continuously accumulates due to natural and anthropogenicsources. Evaporation also contributes
to high EC values as salts are left behind when wateris evaporated, thus increasing the ratio of salts
to watervolume. However, rainfall and other freshwaterinputs tends to dilute the waterand
decreasesthe ECvalue (DWAF, 1996f). EC ranges from 10 - 1000 uS/cm infresh waterbodies but
can exceed 1000 if the wateris polluted ordrains 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:
e Descriptive statistics including graphs, pollutographs, tables and box plots to examine
discharge and water quality.
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e 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.

e APCSWMM model to model surface water under various rainfall designs
e Regression analysis to predict EC values based on modelled discharge data from
PCSWMM.

PCSWMM isuseful for modelling rainfall scenarios withinthe catchment, whilstthe regression
analysis allows for the predictive modelling of water quality.

3.7 Limitations of the study

Onlythree sensors were placed outinthe field that measured discharge and water quality ata
specificpoint, thereforeit gave noindication 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 tothese limitations, the sensors were removed from the field to be placed on charge
duringa dry period when the height of the waterand 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 inthe Liesbeek Riverand the
implications for stormwater management as a waterresource during peak flow. Asdiscussed earlier
stormwater harvesting hasanumber of benefits such asimproving water security, preventing or
reducing flooding and improving the condition of urban waterways through flow modulation
(Woods-Ballard et al., 2007; Huanget al., 2008; Armitage et al., 2013; Fisher-Jeffes, 2015, Fisher-
Jeffesetal., 2017). This study assessed the quality of stormwater and the implications for
abstraction and reuse by using high-resolution data of the patternsand trends observedinthe
discharge and water quality duringrainfall events.

4.1 Rainfall eventsin 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 datawere collected at Site 1, and therefore the results are limited. A selection of rainfall

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

The upperreaches of the Liesbeek Catchment are dominated by vegetation of low shrub and grasses
on the eastern slopes of Table Mountain. The upperreaches of the catchment have a lower
infrastructure and population density compared to the lower reaches of the catchment thatis highly
impacted by more compact urban areas (Fisher-Jeffes, 2015). Rainfall is unevenly distributed over
the catchmentwith the upperreachesreceiving three times more rainfall than the lowerreaches of
the catchment. The uneven distribution of rainfall and the changesin land use could be responsible
for some of the differencesin the responses to rainfall at each site. Furthermore, the contourlines
shownin figure 23 illustrates the steep mountain slopes which receives the highest amount of
rainfall inthe catchment. Site 1 was situated upstream of the catchment and experienced higher
rainfallsthan Site 2 and 3 that were situated in highly urbanized sections of the catchmentand
experienced lower rainfalls (See figure 23 and figure 12).
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Figure 23: The Liesbeek Catchment showing contourlines and stormwater pipes.
4.1.1 Comparisons between the sites
4.1.1.1 Discharge

Accordingto Table 3, the discharge inthe Liesbeek Riverincreased 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 coverandis therefore
expectedthatSite 1would have the lowest peak discharges and longestlagtimes. Site 2
experienced the highest peak discharges and shortest lagtimes. This was caused by the runoff
produced around Site 2 due to high urban density and imperviousness downstream. This was also
notedin studies by Aichele (2005) and White and Greer (2006) whereby an urbanized arearesulted
in higherstream discharge with shorterlagtimes. The lagand attenuation of peak flows for site 3
was mainly due to channel hydrauliccharacteristics. Despite Site 3havingahigheraverage
discharge, Site 2 had higher peak discharges which were shorterin duration (Figure 24). The peak
dischargesforSite 2 was close to double the peak discharge for Site 3 for rainfall events that were
above 42.2mm at Kirstenbosch (Table4). The higher peak dischargesforSite 2indicate the quick
rainfall to runoff response which may be due to the impermeable surfacesin the vicinity. Even
though Site 2 had higher peak discharges than Site 3 for high rainfall events, the total volume during
the rainfall events werestill 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+19 0.004 —28.1
Site 3 21+1.0 0.9-15.2

43




Table 4: Comparison of peak discharge between Site 2and 3.

Date Rainfall (mm) Peak discharge Peakdischarge
Kirstenbosch | Observatory | (m3/s) (m3/s)
Site 2 Site 3

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 34
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Figure 24: Discharge at Site 2 vsSite 3 forthree rainfall events.

The highest rainfall event, measured at the Kirstenbosch rain gauge site (19-20*" May 2019), did not
coincide with the highest peak discharge (Figure 25and 26) duringthe study. The most probable
reasonisthat it occurred at the beginning of the rainfall season and therefore soils were drier,
resultinginlarge amounts of infiltration before producing runoff. Some support for this explanation
was foundin 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, thereisanincrease in runoff perunit of rainfall. In the case of the Liesbeek the next
recorded rainfall event (4-5" June 2019) produced the highest peak discharges (Figure 27 and 28) at
all samplingsites. This rainfall event was the third highest recorded rainfall for discharge at
Kirstenbosch (71.6mm) and the highestrainfall at Observatory (44.4mm).
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4.1.1.2 Electrical Conductivity

Accordingto Table 5, Site 1 had the lowest EC values with an average EC of 122 uS/cm comparedto
Site 2 and 3 that had EC averages of 244 uS/cm and 237.1 uS/cm respectively. The average ECvalues
at all samplingsites were below the domesticuse threshold according to the South African Water
Quality Guidelines (SAWQG). It was also within the range that can support diverse aquaticsystems
(DWAF, 1996a; DWAF, 1996f) The EC valuesinthe Liesbeek River were also much lowerthanthe EC
inthe Philippi farmingareaonthe Cape Flats Aquifer (CFA). The borehole waterin the Philippi
farmingarearanged between 850uS/cm and 2840 uS/cmfor EC (Aza-Gnandji etal., 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 largestrange in ECin a single rainfall event at Sites 2 and 3 occurred on the 4-5 of June 2019
(Figure 27 and 28). This rainfall event was the highest rainfall recorded for Observatory (44.4mm).
The lag timesfor EC were based on the time between the peak rainfallsand the lowest
concentration values. The longest lag times for ECat Site 3 occurred on the 2-3 of May 2019. This
was the lowest rainfallrecorded at Observatory and the second lowest recorded rainfall at
Kirstenbosch forSite 3. For Site 2, the longestlagtime occurred on the 29-31°t of July 2019 (Figure
29). The lagtime for EC at Site 1 were longerthanthe lagtimes at Site 2 and Site 3. The pattern of EC
duringrainfall events atall sites were that the average EC values dropped with time with the lowest
EC valuesrecorded 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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Site 2 (29-31/07/2019)
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Figure 29: Changesindischarge and water quality for Site 2 during a rainfall event (29-31/07/2019).

The firstflush 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
thereisan increasein EC and a decrease in DO duringthe 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 valuesforSite 2 and Site 3 were 1.3 and 1.8 times higher
respectively, inthe first half of the rainy season compared to the second half. This showed that
waterin the Liesbeek River was more pollutedinthe beginning of the rainfall season. This was also
observed by Lee et al. (2004) that analysed the stormwater discharge in California over successive
wetseasons. The resultsindicated that pollutant concentrationsin the first part of the wetseason
were the highestat 1.2 to 20 times higherthan the pollutant concentrations towards the end of the
wetseason (Lee etal., 2004).
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Site 3 (27-28/06/2019)
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Figure 30: Changesindischarge and water quality forSite 3 duringa 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
uncommonina riverdraining an urban catchment as shown by Daniel et al. (2002). The urbanized
catchmentsin a study by Daniel et al. (2002) had average DO valuesof 1.8 and 2.4 mg/L. According
to Chapman and Kimstach (1996), DO levels below the value of 5mg/Ladversely affect the
functioning and survival of aquaticcommunities. According to Table 6, Site 2 had a higher DO
average of 6.0 mg/L comparedto 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 anoxicconditions
reachingvalues of 0.6 mg/L at Site 3 and 1.0 mg/L at Site 2. In both cases, these low DO values
occurred duringthe 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 83-0.6

The higher DO values at Sites 2 and 3 occurred duringthe final stages of the study period. The DO
was slightly higher during the rainfalleventsin July as opposed to the beginning of the rainy season.
The average DO valuesinJulywere 7.1 and 5.5 mg/L for Site 2 and 3 respectively compared to
before June where the average valueswere5.5and 4.4 mg/L forSite 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
(Jianlongand Ning, 2004). In a study performed by McGrane et al. (2017), it was noted that DO
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experiences amoderate decreaseduringthe rising limb of adischarge hydrograph butincreases
duringthe peakdischarge (McGrane et al., 2017). This was observed at most rainfall events at Site 3
(Figure 30) thatrecorded DO, however, it was not consistently observed during the rainfall events at
Site 2.

4.1.1.4 pH

Accordingto Table 7, Site 1 had the most acidicpH with an average of 6.6. This could be due to the
rain fed streams originating from the Table Mountain which are slightly acidicdue to the native
fynbos coupled with the mixing of rainwaterthat has a pH of 5.6 (Malmqvistand Rundle, 2002). The
pH increasesto neutral by Site 2 which can be attributed to anthropogeniccauses such asthe
incorporation of alkali pollutantsinto the stormwater. The pH at Site 3 then becomes slightly acidic
again which could be attributed to the rainfall. Astudy by Jarvie et al. (2001) observed thatrainfall
causesa decrease in pH followed a prolonged recovery period (Jarvie etal., 2001). The study by
Jarvie et al. (2001) also observed that pHreacted more dramatically to rainfall than EC. The opposite
was observedinthe 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 7.4-58
Site 2 7.0+£0.5 8.6-6.0
Site 3 6.8 £ 0.67 8.7-56

The largestrange in pH at Site 3 occurred on the 4-5™ 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
antecedentdry days which allowed for pollution build up before it got washed off during the rainfall.
This was then followed by continuous dilution by rainfallresultingin adecrease in pH. The largest
range in pH at Site 2 did not occur duringthe same rainfall event but the range was still substantial
at 7.8 — 6.0. The pH at Site 2 remained above 6.0. At site 3, June experienced the highest pHvalues,
with the values showingadrop to slightly acidicconditions in the July rainfall events.

4.1.2 Comparison between Sites 2 and 3

There were observablesimilarities and differences between Site 2and Site 3 in the discharge and
water quality data. A nonparametrictest (Mann-Whitney Utest) was performed to determine
whetherthe differencesin discharge and water quality variables between Site 2and Site 3 were
statistically significant. The Mann-Whitney Utest was used because the distribution was not normal.
The Mann-Whitney U tests forthis study (Table 8), showed thatthere is enough evidence to support
a statistically significant (a =0.05) difference between Site 2and Site 3 forall parameters.

The average discharge for Site 3 isalmost double that of Site 2. During periods of no rainfall, the
discharge at Site 2 dropsto as low as 0.07 m3/s makingitclose to 20 times lowerthanthe discharge
at Site 3. The meansforEC at Site 2 and 3 were similar, however, the Mann-Whitney Utest showed
that they are significantly different because the Mann-Whitney Utestis rank-based and compares
the medianvalues ratherthan 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 x101*

pH
Mann-Whitney U 731987.5
Significance (2-tailed) 4.09 x10°>®

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 atypical urban river showing flashy
hydrographs with steeprising limbs, particularly inthe more urbanized sections of the river
compared to upstream. Rainfall resulted in significant responsesin all 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 higherrainfall events, owingtothe dilution
factor. The results also provided cluesin understanding the behaviour of the riverin 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 observedthatanincrease inrainfall and discharge, resulted inadecrease in ECand an
increase in DO. However, anincrease inrainfall initially resulted inanincrease in ECand decreasein
DO (firstflush phenomenon), before beingtaken over by the dilution factor, causinga decrease in EC
and an increase in DO. To investigate these relationships, correlation analyses were performedin
orderto testthe 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 rainfallfor Sites 2
and 3. Temperature had a significantly strong positive correlation with ECfor Sites 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 responsivevariableto changesin discharge. DO and pH had a correlation of
0.34 at Site 2, however, the correlation was 0.003 at Site 3. Thisindicated avery weak relationship
existed between pHand 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 quickerresponse to rainfallresultinginits
steeperrisingand fallinglimbs onthe hydrographs.

The weak correlation between rainfall and the other parametersis anindication thatrainfall itself
doesnotfully explain the variationin water quality in the Liesbeek River. Other factors which has
beenincluded forcorrelation analysis in other studiesinclude antecedent dry days, first flush
strength, rainfall duration and intensity, land use, impervious area and catchment area (Guptaand
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Saul, 1996; Lee et al., 2002; Solleretal., 2005; Han et al., 2006; Kanget al., 2008; He et al., 2010;
Hathaway et al., 2012).

Table 9: Spearman’s R correlation analyses forSite 2and 3.

Spearman R correlation analysis for site 3

Variables Temper | pH EC DO Discha | Kirstenbosch Observa
ature rge rainfall 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 | -0.40*%* | 0.23** -0.14** [ 0.10** | 0.18** | 1
rainfall
Observatory | 0.018 0.19** -0.08** [ 0.10** | 0.24** | 0.38** 1
rainfall
Spearman R correlation analysis for site 2
Temper | pH EC DO Discha | Kirstenbosch Observa
ature rge rainfall 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 | -0.22** | 0.009 -0.14** | 0.06* | 0.22** | 1
rainfall
Observatory | -0.19** | 0.21** -0.17*%* [ 0.007 | 0.27** | 0.38** 1
rainfall

* = Correlationissignificantat the 0.05 level (2-tailed)
** = Correlationissignificantat the 0.01 level (2-tailed)

Furtheranalysis (Table 10) were performed to investigatethe relationship between water quality
and rainfall with 30 and 60-minute lag times. At both sites the correlations between rainfall and
water quality becomes weakerwith anincrease in the lagtime. The only exceptionis 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 lagtime increasesindicates that there is

a quick rainfall to runoff response in both sites with the strongest correlations occurring without a
lag, indicating that changesinthe characteristics of the discharge and water quality occurin
conjunction with the rainfall ratherthan adelayed response.
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Table 10: Spearman’s R correlation analyses for water quality and discharge with lagged intervalsin

rainfall.
Site 2
Rainfall Rainfall 30min lag Rainfall 60min lag

Kirstenbosc | Observator | Kirstenbosc | Observator | Kirstenbosc | Observator

h y h y h y
Temperatur | -0.22** -0.19** -0.19%* -0.18** -0.18%* -0.17**
e
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%*

Site 3
Rainfall Rainfall 30min lag Rainfall 60min lag

Kirstenbosc | Observator | Kirstenbosc | Observator | Kirstenbosc | Observator

h y h y h y
Temperatur | -0.40** 0.02 -0.35* 0.02 -0.31* 0.025
e
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**

* = Correlationissignificantatthe 0.05 level (2-tailed)
** = Correlationissignificantat the 0.01 level (2-tailed)

Table 11: Spearman’s R correlation analysis forsites 1-3with a 15 and 30-minute lag time for Site 2.

Spearman R for discharge between sites 1-3

Discharge Site 3 Site 1 Site 2 Site 2 with Site 2 with
15min lag 30min lag

Site 3 1 0.90** 0.90** 0.93** 0.94**

Site 1 0.90** 1 0.92** 0.89** 0.87**

Furthermore, correlation analysis (Table 11) was performed toinvestigate the relationshipin
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 rainfallto runoff response. All sites had significantly strong
relationships (0.90**) with each otherwith respectto discharge. The discharge relationship between
Site 1 and 2 decreases as the lag increases. This means that the changesintheirdischargeis closely
matched, reachingtheir peak discharge roughly at the same time. Despite Site 2being more
impervious comparedto Site 1, Site 1 was situated close to Kirstenbosch where the rainfall arrives
earlierthan at Observatory and also approximately three times the volume. This could be the reason
why the discharges coincide without alag. The discharge relationship between Site 2and Site 3
increases from 0.90 to 0.94 with a 30-minute lagfor Site 2. Thisindicates that Site 3 reachesits peak
discharge approximately between 15-30-minutes after Site 2.

Multivariate analysis was performedin the form of Principal Component Analysis (PCA). Results from
the PCA (Appendix B) indicated that most of the variationin the wateris explained by the
combination of discharge, DO and EC with substantial contributions from rainfall and minor

53




contributions from pHand 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
LiesbeekRiver.

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) butrainfall alone does not fully explain the variations in discharge and water quality. This was
evident by the weak correlations between rainfalland the water quality parameters. This was
furtherindicated by the PCA analysis whereby discharge, ECand DO were considered as the main
contributors.

The general trend amongst all sites were that as discharge increases, ECand 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 ECand maximum DO concentrations. This becomesimportant when evaluating the
suitable range for stormwater abstraction during rainfall events which will be further discussed in
the nextsection.

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 arainfall 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 afterthe 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 fallinglimb were compared to determine the suitable range for stormwater abstractionin the
Liesbeek River. The suitablerange for stormwater abstraction was based on the various SAWQG.

The potential foraquiferrecharge onthe CFA was explored using a study performed by Mauck
(2017) showingthe aquiferrecharge potential and flow direction. The water quality was also
compared against the water quality in the CFA, in specific, the groundwaterin the Philippi farming
area. The reasonfor thislocationin the CFAis because the aquiferis 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 (directlyrelated to the EC content). Moreover, the CFA also presents
an opportunity asan important resource that could potentially be used to augment municipal water
supplyintimesof drought (Aza-Gnandjietal., 2013).

4.3.1 Water quality guidelines

The fitness of water quality for various uses require different criteria (Cordoba et al., 2010) and is
discussedfurtherinthissection. Forthis study, the chemical and physical variables investigated for
water qualityincluded 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 waterforvarious uses based oniits physical, chemical, biological and
aestheticproperties. The quality criteria consists of a Target Water Quality Range (TWQR) which
describesthe range at which a variable would have no known adverse effects on the suitability of
the waterwhen used continually.
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4.3.1.1 Electrical Conductivity

Accordingto the SAWQG for EC (Appendix C, Table C1), the EC ranges at all the sampling sitesfall
withinthe target of 0-700 pS/cm for domestic wateruse (DWAF, 1996a). The EC values, with the
exception of one event at Site 2, meets the criteria (<500 uS/cm) to support diverse aquatic
organisms (Beharet al., 1996). Close to 50% of the EC values at both sites were within the range of

150-300 pS/cm whichis capable of causing minor damage as a result of scaling and corrosion to
equipmentforindustrial uses.

The quality of waterfor irrigationis determined by its effects on soil and plants. Water that istoo
saline can damage salt sensitive crops. Intotal 4 out of 12 and 7 out of 14 rainfall events at Site 2
and Site 3 respectively, had values above 400 uS/cm which isregarded as the limit whereby no
damage to salt sensitive crops will occur forirrigation purposes. Inall events however, the rainfall
diluted the ECvaluesto below 400 uS/cm (DWAF, 1996d). The observations above 400 uS/cm
occurredin 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 uS/cm. According to a study performed by Aza-Gnandji et al. (2013),
the EC valuesinthe Philippi farming area of the CFA ranged between 850 uS/cm and 2840 uS/cm for
borehole waterand between 990 uS/cm and 2840 uS/cm for pond waterin the months of February,
April, June and August. None of these values are below the threshold forthe SAWQG oniirrigation
(400 uS/cm). Barring one rainfall event at Site 2 (4™ of March 2019) and Site 3 (7" of March 2019),
the average EC valuesin the Liesbeek River during rainfall events were belowthe SAWQG for
irrigation. The rainfall events on the 4t and 7" of March 2019 were the lowest recorded rainfall
depth foreach site duringthe study and therefore did not cause enough dilution to lowerthe ECto
applicable standards. The minimum ECvalues however, forall rainfall events at both sites were
below the threshold forthe SAWQG oniirrigation. Thisimplies that not only isthe stormwaterin the
Liesbeek River lower than that of the Philippi farmingarea, butitis also below the threshold of the
SAWQG forirrigation. Itis therefore aplausible scenario that abstracted stormwater from the
Liesbeek River duringrainfallevents could be used to replenish the aquifer with lower ECwater.

Figure 31 displaysthe ECfor Site 2 and Site 3 throughout the study with the various water quality
thresholds. The graph show that the EC stays below the domesticuse and aquaticsystems
thresholds exceptforone event at Site 2 that was slightly above 500 uS/cm. The graph also showed
that most of the EC values were below 400 puS/cm. It is also interesting to note the gradual decrease
in EC as time continued showinglower 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 daysin between.
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ECin the Liesbeek River during rainfall events
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Figure 31: EC inthe Liesbeek Riverduring rainfallevents.
4.3.1.2 DO

For Site 3, 35% of its DO values were below 4 mg/L and 18% of DO valuesforSite 2 was below 4
mg/L. Chapman and Kimstach (1996) stated that DO levels below the value of 5 mg/Laffects the
functioning and survival of aquaticcommunities. According to the SAWQGfor DO (Appendix C, Table
C2), a range of between 5-9mg/Lfor DO can accommodate cold, intermediateand 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
aquaticsystemsthan at Site 3. Figure 32 displaysthe DO for Site 2 and Site 3 throughout the data
collection period with the range foraquaticsystems marked on the graph. Most of the DO at Site 3
was below the target range for aquatic systemsforthe 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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DO in the Liesbeek River during rainfall events
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Figure 32: DO in the Liesbeek River during rainfallevents.
4.3.1.3 pH

Accordingto the SAWQG for pH (Appendix C, Table C3), most of the data meets the criteriafor
domesticand recreational uses and aquaticsystems with only 1% of the data above 8.5, and 9%
below 6.0 at Site 3. The situationimproves at Site 2 with no values below 6.0and only 0.2% of pH
above 8.5. At Site 1 no values were above 8.0and only 13% of the data were below 6.0. Most
aquaticspecies cansurvive inariverine system with a pH range of 5.0to 9.0. However, the optimal
pH of waterinthe riverforaquaticorganismsisfrom 6.5 to 8.5 (Al-Asadi, 2016). Forindustrial use
criteria, a range of 7.0-8.0 causes little tonotendency of corrosion and scaling. Only around 50% of
the data meetsthis criterion. Most of the data meets the criteriaforirrigation purposes (6.5-8.4)
with 35% of the data falling out of this range at Site 3. The situationimproves at Site 2with only 13%
of the date falling out of the range. According to a study performed by Aza-Gnandji et al. (2013), the
pH valuesinthe Philippifarmingarea of the CFAranged between 6.6and 7.8 forthe borehole water.
In the ponds however, some of the values went above 8.4. The pH in the Liesbeek River falls within a
similarrange as the Philippifarm areaonthe CFA and therefore using the abstracted waterfromthe
riverforaquiferrecharge will pose noserious threat withregardsto pH levels.

Figure 33 displaysthe pHforSite 2 and Site 3 throughout the data collection period with the range

for domesticuse and aquaticsystems marked on the graph. AlImostall the data fell within the target
ranges for domesticuse and aquaticsystems as mentioned previously.
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pH in the Liesbeek River during rainfall events
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Figure 33: pHin the Liesbeek River duringrainfallevents.
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 highestavailable volume of stormwater does not necessarily
coincide with the best water quality during arainfall event. Therefore, the volume and water quality
for the risinglimb and falling limbs for each hydrograph at Site 2 (12a) and Site 3 (12b) were
investigated and compared. The volume of wateristhe total amount of water measuredin cubic
metresthat passes overtime.

4.3.2.1 Site 2 (Table 12a)

In total, 7 out of the 8 rainfall events recorded fordischarge had larger volumes during the falling
limb exceptforthe 19-20" May 2019 rainfall event. This was the first major rainfall event of the
rainy season and produced the highest rainfall depthin Kirstenbosch at 88.2mm. The volume for the
rising limb was 19194 m? as opposed to the fallinglimb’s volume of 18979 m3. 7 out of the 8 rainfall
had lower ECaveragesforthe fallinglimb. The one exception was the 22-23" July 2019 rainfall
event. The reason forthis 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 ECand therefore reached its
minimum ECslightly soonerthan expected. This same rainfall eventalso had ahigher DO average
duringthe risinglimb which can be attributed to the continuous dilution effect and fl ushing out
pollutants, thereforereachingits peak DO slightly soonerthan expected. The average DO during the
fallinglimb was above 5mg/Land therefore was in the range to support aquaticsystems. 6 out of
the 8 falling limbs had EC averages of below 200 uS/cm which is below the domesticuse, aquaticand
irrigation use limits for ECand within the industrial use range that will only cause minorscalingand
corrosion. The EC average duringthe fallinglimb, forexamplewas up to 10 times lowerthanthe EC
valuesinthe Philippifarmingareaonthe CFA whichisa horticultural area supplying vegetables to
Cape Town (Aza-Gnandjietal., 2013).
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Table 12a: Comparisonindischarge and water quality between fallingandrisinglimbs for Site 2.

Site 2
Date Rainfall Total volume EC average DO average pH average
(m?) (uS/cm) (mg/L)

K 0 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 largervolumes during the falling limb except for the 2-3
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 ECaverages during the falling limb. The
two exceptions were 4-5" June and 2-3 July 2019. The 2-3" July 2019 rainfall event had the
minimum EC concentration before the peak discharge. This was also the rainfall eventthathad a
highervolume duringthe rising limb and thereforethe lower EC could be due to the dilutionand
flushing out of pollutants during the high voluminous period of the rising limb. The DO duringJune
had higher DO averagesin the fallinglimb however, forall the eventsin July, the DO was higherin
the rising limb during the month of July. All ECaverages during the fallinglimb were below the
domestic, aquaticand irrigation use thresholds. The ECwas also up to 10 times lowerthan that of
the EC inthe Philippifarmingarea.

Table 12b: Comparisonindischarge and water quality between fallingand rising limbs for Site 3.

Site 3
Date Rainfall Total volume EC uS/cm DO (mg/L) pH
(m?)
K 0] 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- 55.6 | 17.8 | 8016 20227 | 141 115 4.5 4.9 6.7 7.1
1/07
2-3/07 85.2 | 6.6 | 47065 | 39619 | 108 128 5.3 5.0 7.0 6.7
18-19/07 302 |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 Potentialfor Cape Flats Aquifer recharge.

A study by Mauck (2017) modelled and mapped the capacity of the CFA and indicated that the
highest potential foraquiferrecharge occurredin areas that have the highesttopographicelevation,
such as inthe Table Mountain region (Figure 34). Figure 34 shows the high potential of recharge of
the CFA around the Table Mountainregioninthe western side of the CFA. Thisis alsothe same
regioninwhich the Liesbeek Catchment occurs. There are higher groundwaterelevationsin the
western parts of the CFA model around the Table Mountain region and therefore higherrates 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.

Liesbeek Catchment

— Liesbeek River
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MAR Potential
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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 domesticand aquaticsystems
threshold. It was not always suitable forirrigation purposes, however, once itrained, the wateris
sufficiently diluted to meet the irrigation limits. The EC averagesfor both sitesin the fallinglimb
were all below 200 uS/cm except fortwo events at each site. The EC averages forthe fallinglimb
were low enough fordomestic, irrigation, aquaticand industrial use. These values were also lower
than the EC valuesinthe Philippifarmingareaonthe CFA, and in some cases, up to 10 timeslower.
Thisshows the relatively ‘clean’ nature of the falling limb’s stormwater with respecttoits ECinthe
Liesbeek Riverand creates a plausible scenario of potentially using that stormwaterforaquifer
recharge inthe CFA.

The DO values at Site 3, were not suitable foraquaticsystems during the beginning of the rainfall. As
the rainy season progressed, the DO valuesincreased to within the suitable range foraquatic
systems. The DO averages all fell within the aquaticsystems range during the falling limb except for
the two rainfall eventsinJune atSite 3. The pH averages duringthe falling limb fell within the
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domesticuse and aquaticsystems ranges exceptforone event at Site 2 which had an average pH of
6.3. Aftercomparingtherisingandfallinglimb for bothsites, it was observed that the fallinglimb
has a highervolume and better water quality. Thisimplies that the fallinglimb is more suitable for
stormwaterabstraction in terms of water quality and volume.

Thistype 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 changesin 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-catchmentsinthe Liesbeek Catchment were delineated manually based on the stormwater
pipesaswellasa 2m contourfile. Areas that were not urbanized (e.g on the mountain) had bigger
catchments (15-160 ha) and theirboundaries were dictated by the 2m contourlines. The urbanized
areas had smallersub-catchments (1-15ha) and theirareas 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 forhighlevel planning such as stormwater harvesting, ratherthan rainwater harvesting
which requires details onamuch finerresolution. The attributes and input parameters foreach land
use was obtained from GISand 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.

Legend

® Location of flow and water quality sensors
— Liesbeek River
sub-catchment boundaries
[ Liesbeek Catchment
0 1 2 3 4 km
[ Eaaa— S|

Figure 35: Delineated sub-catchmentsin the Liesbeek Catchment.
4.4.1.2 Modelsensitivity

A sensitivity analyses was performed on the model in orderto determinethe sensitivity of the input
parameters. PCSWMM has a builtin 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 asingle factor. The sensitivity analyses did notinclude
parameters with a high degree of certainty such as area.

Parameterstested fortheirsensitivity wereflow length, slope, imperviousness, Manning’s N,
depression storage (D) forimpervious and pervious surfaces, and percentage of impervious surfaces
that has nodepression storage. Green-Ampt parameters were also tested. Thisincluded
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. Forthe sensitivity
analyses, discharge rate was used as a proxy to testthe parameters. The sensitivity analyses took
place at Site 3 fortwo storm events recorded from 2018. The first storm event experienced 7.8mm
rainfall inKirstenbosch and 0.6mmin Observatory. This eventdid not produce ahydrograph and
thusall parametersrenderedinsensitive. The second rainfall event experienced 33.4mmrainfallin
Kirstenbosch and 13.6mm in Observatory. The model was most sensitive to changes (in order):
Imperviousness, flow length, Manning’s N forimperviousness, 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 areathat has no depression storage.

4.4.1.3 Modelcalibration and validation

It is essential for models to be calibrated to ensure its reliability (James, 2005). Forthe model
calibration, 2/3 of the rainfall events wereused for calibration and 1/3 used for validation. This
resultedin 7 out of the 11 rainfall events used for calibration and 4 rainfall events used for
validation.

Calibration was undertaken at Site 3in the Liesbeek Catchment. Discharge for 11 rainfall events
were recordedin 2018. From the 11 rainfall events recorded, 7 events were used for calibration and
4 usedforvalidation. Forthe calibration, a continuous simulation was run which included seve n days
preceding the rainfall eventtoreduce 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 mainfocusforcalibration. The SRTCtool was used for the calibration. This tool
allowsthe usertotoggle buttons to assess the impacts that changesin 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 (R?). ISE measures the difference between the modelled and
observed data, therefore, the lower the difference (closerto zero) the betterthe correlation
between the modelled and observed discharge. NSE valuesvary from -o© to 1. If the NSEvalueisless
than zero, it means that using the mean discharge value of the observed datawould be more
accurate than the modelled discharge. Onthe other hand, if the NSE value isclose 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 closerthe R2isto 1,
the betterthe correlation between discharges. These three functions were used as anindication of
the performance of the model and its acceptability with regards to the degree of uncertainty.

The discharge response to rainfall inthe Liesbeek Catchment was measured for 11 rainfall events
with 7 usedforcalibrationand 4 used for validation. The results for the model calibration and

validation are presentedin Table 13a-b. The calibration forall rainfall events were acceptable with
an ISE rating of excellentand one event with an ISE rating of very good.
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Table 13a: Results of calibration for the Liesbeek Catchment.

Event date Rainfall (mm) | Integrated Nash- Coefficientof | Peak Total

Calibrations < 0 Squared Error | Sutcliffe determination | discharge volume
(1SE) Efficiency (R?) error (%) error (%)

(NSE)

7/05/2018 15 2.8 Excellent(0.6) | 0.24 0.70 -6.5 12

24/05/2018 48.8 | 16.2 Excellent 0.62 0.85 334 -12
(1.58)

27/06/2018 29.8 | 11.8 Excellent -0.49 0.82 63.9 -1
(2.86)

1-2/07/2018 83.6 | 35.6 Excellent 0.25 0.50 -8 -13
(1.83)

5-7/08/2018 55.4 | 9.6 Excellent 0.31 0.50 3.4 -7
(0.83)

12-13/08/2018 | 7.8 0.6 Excellent -1.35 0.13 -8.35 21
(0.32)

16-17/08/2018 | 33.4 | 13.6 Very good -1.81 0.55 96 13
(3.55)

Table 13b: Results of validation forthe Liesbeek Catchment.
Eventdate Rainfall (mm) | Integrated Nash- Coefficientof | Peak Total
Validations X o Squared Sutcliffe | determination | discharge | volume
Error (ISE) Efficiency | (r?) error (%) | error
(NSE) (%)

28- 83.4| 154 Excellent 0.44 0.64 3.1 -12

31/05/2018 (1.05)

14- 38.8 | 25.6 Excellent -7.26 0.82 130 6

16/06/2018 (1.72)

29- 51.4 | 20 Excellent 0.1 0.4 66.9 -13

30/06/2018 (1.38)

31/07/2018 14 2.4 Excellent 0.810 0.60 -1.0 -7.2

- (0.35)

01/08/2018

All rainfall events tended to produce respectable coefficient of determination (R2) values (0.5>)
exceptforthe rainfall event on the 29-30" June and 12-13™ August. This high coefficient of
determination (R2) values shows good correlation with observed data. The lowest coefficient of
determination (R2) value was produced forthe 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 tothe catchmentresponse inthe model as well as the

inaccuraciesinthe level sensors. The level sensors pick up a lot of ‘noise’ during low flowwhich can

be attributed tothe speed of the sound wave whichisdependentontemperature. Other
inaccuracies can alsoresultfromthe level sensor measuring the height of the crest of a wave

producingspikesinthe levelsensor’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-

17" Augustand the 14-16™ June was a result of theirvery high model peak discharges of 13.89 m3/s

63




and 11.91 m3/srespectively compared to theirobserved peak discharges of 7.1 m3/s and 4.9 m3/s.
Howevertheirtotal volume errors were low (13% and 6% respectively).
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4.4.1.4 Limitations of the PCSWMM model

Only one site was used for calibration and therefore noindication of the accuracy of the model
furtherupstream was observed. For this model, Hargreave’s method was used for
evapotranspiration which was based primarily ontemperatureand wind speed. Evapotranspiration
however, was not calibrated against measured data. The simplicity of disaggregating land use data
intothree dominant groups with weighted averages forland use and soil dataintroduces further
uncertainty. The DEM data which was used to extract node elevations, catchmentslopeand
irregular cross sections were limited to 2m grid accuracy. The sizes of the stormwater pipes were
obtained fromthe GISinformation supplied from the CoCT, however, due to the nature of the study,
not all pipes were modelled and therefore certain pipes were made slightly largerto account for the
onesthat were notincluded. Only 11 rainfall events were used for calibration and therefore there is
still uncertainty with regards to the parametersinthe model and its accuracy. Baseflow and
groundwater plays arole inthe Liesbeek Catchment however, it was notincludedinthe model.

All the above mentioned has introduced uncertainty in the model atvarying degrees. If the model is
used forfurtherresearch, itis recommended that more rainfall events be included on a continuous
scale that accounts for the ‘noise’ inthe datathat impacts the discharge particularly during low flow

64



events. Itisalso recommended that higherresolution of DEM data, ideally higher than 1m grid
accuracy be used with a higherresolution 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 potentialbased on different rainfall designs. The
purpose of modellingthe Liesbeek Catchment was to understand the hydrological conditions and
the catchmentresponse to rainfall events undervarious conditions. The section below explores
hypothetical rainfall scenariosin the Liesbeek catchment.

For the PCSWMM modelling exercise, the rainfall designs consisted of 20mm incrementsforthe
Kirstenbosch rain gauge (20mm, 40mm, 60mm, 80mm and 100mm). It has been observed thatthe
Observatory rain gauge records approximately 3times less rainfall than the Kirstenbosch rain gauge
and therefore the rainfall designs were 3times lowerfor Observatory (7mm, 13mm, 20mm, 27mm
and 33mm). The rainfall designs were all 24hour storm events. The approach of increasing rainfall
designsinincrements was used by previous studies aswell (Waters et al., 2003; Shresthaet al.,
2014). The results from the modelling exercise was taken at the same location where Site 3is
located and is summarizedin table 14. The reason forthe modelling exercise was to model discharge
inthe Liesbeek Catchmentin orderto predict peak discharges underhypothetical rainfall designs.
The peak dischargesin the modelling exercise werethen used to predict ECbased on the linear
regression equationsin figures D1-D6 (Appendix D). The ECvs Discharge scatter plotsinfigures D1-
D6 were transformedvialog10to show a more linear relationship forthe linearregression
equations. There were no consideration of catchment conditions such asimpervious surface
coverage, soilsand topographyinthe linear regression equations, w hich are known to have
importantimpacts 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 enteredintothe
regression models means the results must be interpreted with caution, beyond the healthy
scepticismthat 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 Peak Volume Nodes
Kirstenbosch | Observatory | discharge discharge (m?3) flooded
(m3/s) (m?/s)

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 34 10.7 290800 29

5 100 33 3.7 12.2 319600 33
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Table 15a: Predicted ECvalues for May, June and July based on modelled discharges (Site 2).

Event | Rainfall (mm)site2 Modelled Predicted EC | Predicted EC | Predicted EC
Kirstenbosch | Observatory | peak in May inJune inJuly

discharge (uS/cm) (uS/cm) (uS/cm)
(m*/s)

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 ECvaluesfor May, June and July based on modelled discharges (Site 3).

Event| Rainfall (mm)site3 Modelled Predicted EC | Predicted EC | Predicted EC
Kirstenbosch | Observatory | peak in May inJune inJuly

discharge (uS/cm) (uS/cm) (uS/cm)
(m/s)

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 depthincreased, the average discharge, peak discharge, volume
and nodes floodedincreased. The modelled peak discharges were slightly higher than the observed
peak dischargesforrainfall events that were of similardepth. The reason forthis was because all the
designrainfalls were 24 hours only with a symmetrical shape (Appendix E, Figure E1). The observed
rainfalls did not necessary occurovera 24 hour period with the same rainfall intensity. Table 15a-b
showed the predicted ECvalues for May, June and July based on the peak discharges from the
model. The reason for splitting up the linearregression models into each month was because each
rainfall event had some sort of impact on the nextrainfall event either due to the number of
antecedentdry days, the depth of the rainfall orthe rainfall intensity. This led to the gradual
decrease in EC through the data collection period that the average ECin May was very differentto
the average EC in July and therefore splitting up the EC into three separate months created stronger
linearregression models. It was evidentin table 15a-b that the EC decreases as the rainfall and
discharge increases forall months. This was expected as EC and discharge has a strong negative
relationship as mentionedinsection 4.2. It was also evident that the EC values were the lowestin
July comparedto June and May forSite 2. This was expected as well due to the accumulation of
rainfall events that resulted in dilution and flushing out of pollutants as we progressed through the
rainy season. The peak dischargesforall the designed rainfall depths, diluted the ECto meetthe
domesticuse, industrial use, agricultural use and aquaticsystems thresholds. The designed rainfall
depthsalso produced high quantities of volume which can be used for stormwater abstraction. In
reality however, notall of the volume can be used, as waterwill needto be leftin theriverto
maintainthe ecological reserve and the suitable water qualityrange mostly only occurs during the
fallinglimb.

The resultsforthe modelling section revealthatanincrease in discharge causes anincreasein
dilutionandthereforelower ECvalues. The results also indicatethat more surface floodingis
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expected withanincrease indischarge. The number of nodes and pipes performing over their
capacityincreased due to the increased rainfalls. Itis therefore a plausible scenario that whilst an
increase indischarge canresultin cleanerwater, it can also contribute to flooding, particularlyinthe
highly urbanized sections of the Liesbeek Catchment. This was evidentin 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 increasesin rainfall. The
study showed thatthe number of flooded nodesincreased as well as the surface flooding frequency
and the duration of floods. Waters et al. (2003) also modelled acatchment with increasing
increments of rainfall and indicated that there are increasesin discharge, peak discharge, volume
and surcharging of pipes.

It is expectedthatland use and rainfall changes will continue to have animpactin urbanized
catchments with increased stormwater runoff and flooding occurring together with anincrease in
the demand forwater (CoCT, 2012; Fisher-Jeffes etal., 2017). Stormwater harvesting could help
diversify the city’s water resources, increasing its resilience to changesin future rainfall. Stormwater
harvesting systems makes use of anumber of storage systems which includes, interalia, 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 harvestingcan
reduce flooding downstream in an urban catchmentand thatthe retained stormwater should be

usedina closed system forpurposes such as aquiferrecharge 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 riverand 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 dischargein the river. This study illustrated the
changesindischarge and water quality in response to various rainfall events at 3 sitesin the
Liesbeek River. The results showed that upstream (Site 1) had the lowest discharge rate as well as
the lowest ECvalues and pH. Site 2 and 3 had elevated ECvalues and fasterdischarges with neutral
pH values duringthe rainfall events. The Liesbeek River overall had aquick response to rainfal |, with
changesindischarge and water quality occurring within 30-minutes after the beginning of the
rainfall. Site 1had the longestlagtimes, whilst Site 2 had the shortestlagtimes. This wasindicative
of the land use changesinthe Liesbeek Catchment from upstream to downstream. Site 2’s peak

discharges were close to double that of Site 1 for rainfall events that exceeded 42mmiin
Kirstenbosch.

Rainfall resulted in significant responsesin all variables with significant levels of dilution. Rainfall
ultimately resultedinanincrease in discharge and DO, whilst causingadecrease 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 pS/cm
for Site 2 and Site 3. The dilution factor of rainfall resulted in agradual decrease in EC and a gradual
increase in DO throughout the progression of the rainy season with the lowest ECvalues and highest
DO values occurring towards the end of the study. On average, the DO at Site 2 was higherthanthe
DO Site 3. The EC at Site 2 and 3 were quite similar, however, a Mann Whitney Utest indicated that
Site 2 and 3 were statistically significantlydifferent. The Liesbeek River demonstrated the
characteristics of a typical urban river showing flashy hydrographs with steep rising limbs,
particularly inthe more urbanized sections of the river compared to upstream. The rainfall also
caused an improvementin water quality afterthe peak discharge and peak rainfall. The improved
levels of water quality was greater during the higher rainfall events, owingto the dilution factor.

Descriptive, bivariateand 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, ECand pH decreases, whilst DO increases. These trends were confirmed by the
correlation analysis. The correlation analysis also indicated that discharge had the quickestresponse
to rainfall thanthe other parameters, therefore, the peak discharges preceded the minimum ECand
maximum DO concentrations.

The water qualityinthe Liesbeek River was compared against the SAWQG for each parameter
measured to assess its suitability for various uses. The water quality and volumeforthe risingand
falling limb was also compared. The resultsindicated that the EC was below the domesticuse and
aquaticsystemsthreshold for most of the study. The EC was below the agricultural threshold forall
rainfall events during the fallinglimb. The ECvalues were also lowerthanthe EC in the Philippi
farmingareaon the CFA, and in some cases, up to 10 times lower. This showed the relatively ‘clean’
nature of the falling limb’s stormwater with respecttoits EC in the Liesbeek Riverand createsa
plausible scenario of potentially using that stormwater foraquifer recharge inthe CFA.

The DO at Site 3 initially was notsuitableforaquaticsystems, particularly during the beginning of
the rainy season. As the rainy season progressed, the DO valuesincreased to within the suitable
range for aquaticsystems at Site 2 and 3. Furthermore, it was shown that the fallinglimb had a
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highervolume and better water quality. Thisimplies that the falling limb was more suitable for
stormwaterabstractionin terms of water quality and volume.

In addition, aPCSWMM model exercise, with rainfall design scenarios in 20mm increments, were
used to predictvolume and discharge in the Liesbeek River for specificrainfall events. The peak
dischargesfrom the modelling exercise were used to predict ECinthe linearregression equations.
The results forthe modelling sectionrevealthatanincrease in discharge causesanincreasein
dilutionandthereforelowerECvalues. The resultsalsoindicated that more surface floodingis
expected with anincrease in discharge. Itis therefore a plausiblescenario that whilstanincrease in
discharge can resultin cleanerwater, it can also contribute to flooding, particularly in the highly
urbanized sections of the Liesbeek Catchment.

The utilisation of stormwaterin the Liesbeek River will require effective stormwater management.
Stormwater management has the potentialto serve the purpose of increasing water supply together
with improving water quality and protecting the ecological diversityof urban rivers (Wongand
Eadie, 2000). This study, with the emphasis on high-resolution monitoring has helpedinform
decision making for stormwater managementand harvesting.

5.2 Recommendations for further research

The degradation of urbanrivers, increasing water supply and the threat of reduced future rainfall
have beenidentified as some of the keyissuesin urban catchments. Inthisstudy the results of
water quality and discharge has been assessed and a hydrological model has been built. Thesetwo
activities have providedinsightinto an urbanriverandits catchment. Future key research activities
have beenidentified that canimprove thisstudyinthe Liesbeek Catchment:

e Measuringdischarge and water quality at multiple sites (more than 3) will provide greater
insightinto the behaviourof theriver

e Dueto the highspatial variability of rainfallin the Liesbeek Catchment, additionalrain
gaugesinthe Liesbeek Catchment that measures rainfall in five-minuteintervals will help
spatially represent the rainfall more accurately.

e Continuouslymeasure discharge and water quality duringdry and wet periods overalonger
time frame

e Dueto the quantitative nature of this study, no stakeholder engagement wasincluded.
Stakeholderengagementis animportant aspect particularly inthe management process of
dealing with urban catchments.

e A study of this nature should includeotherurban catchmentstoincorporate the
abovementioned recommendations.

Thisstudy revealed the relatively ‘clean’ nature of the waterin the Liesbeek Riverand that during
the entire rainfall event the ECwas much lowerthan the EC foundinthe Philippifarmingareaonthe
CFA.The Liesbeek Riverissituated on the foothills of Table Mountain whichis onthe western side of
the CFA. The direction of groundwater flow in the regionindicated that groundwater flows towards
the east and therefore rechargingthe central areas of the CFA. The location of the Liesbeek Riveron
the westernside of the CFA has the potential forvarious WSUD practices such as wetlands and
detention pondsto capture stormwaterand overtime recharge the groundwater of the CFA onthe
western side with relativelyclean stormwater.

Itisrecommended thatasimilarstudy be undertakeninsome of Cape Town’s more polluted
catchmentsor ariverthatis closerto the central areas of the CFA. Anexample of arivercloserto
the central regions of the CFA is the Kuils Riverand presentsitself as an attractive option foraquifer
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recharge. The catchmentis also characterized by various wetland ecosystems that play important
economicand ecological roles. Those wetlands are importantin maintaining the CFA, aswell as
reduce floodingand improving water quality. It also presentsitself as an opportunity to store water.
Itistherefore recommended that a study of this nature takes place in a catchmentthat is situated
closerto central regions of the CFA if aquiferrecharge using stormwateris being considered.
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Appendix A: Rainfall events in the Liesbeek River

Rainfallevents site 1:

Table Al: Rainfall and discharge datafor rainfall events showing total rainfall, peak and average
discharge, lagtime and antecedentdry days

Discharge Site 1

Date Total Peak Average Lag time Antecedentdry days

rainfall discharge discharge (minutes)

(mm) (m3/s) (m3/s)
19- 88.2 5.3 0.71 5 11
20/05/19
4-5/06/19 | 71.6 6.7 0.72 105 8
21- 56.6 4.0 0.49 10 8
22/06/19
18- 30.2 1.8 0.47 -105 1
19/07/19

Table A2: Rainfall and EC data for rainfall events showing total rainfall, average +standard deviation
(stdev), range, lagtime and antecedentdry days

EC Site 1
Date Total Average + st | Range Lag time | Antecedentdry days
rainfall (K) | dev (uS/cm) | (uS/cm)
8/05/19 12 130.7 £12.9 | 164.7 —108.1 11h 4
19- 88.2 118.7 £65.2 | 222.2 —43.57 Shr 11
20/05/19

Table A3: Rainfall and pH data for rainfall events showing total rainfall, average +standard deviation
(stdev), range, lagtime and antecedentdry days

pH Site 1
Date Total Average t st Range Antecedentdry days
rainfall (K) | dev
8/05/19 12 7.1+01 7.4-6.9 4
19- 88.2 6.4+0.4 7.0-5.8 11
20/05/19

80




Table A4: Rainfall and temperature dataforrainfall events showing total rainfall, average +standard
deviation (stdev), range, lagtime and antecedent dry days

Temperature Site 1
Date Total Average t st Range (mg/L) | Antecedentdry days
rainfall (K) | dev (°C)

8/05/19 12 17.1+0.7 18.2-15.9 4
19- 88.2 206+4 24.0-16.8 11
20/05/19

Rainfallevents site 2:

Table A5: Rainfall and discharge data for rainfall events showing total rainfall, peak and average
discharge, lagtime and antecedent dry days

Discharge Site 2

Date Total rainfall | Peak Average Lag time Antecedentdry days

(mm) discharg | discharge | (minutes)

K (o] e (m3/s) K (o)

(m?/s)

19- 88.2 | 22.4 | 15.3 1.2 0 -5 11
20/05/19
4-5/06/19 716 | 444 | 28.1 1.7 25 100 8
9/06/19 17.8 | 9.2 2.1 0.5 30 300 1
21- 56.6 20.8 | 9.5 0.8 10 5 8
22/06/19
27- 41.2 | 11.8 | 4.1 0.9 -20 10 3
28/06/19
18- 30.2 | 4.0 4.4 0.8 -100 -10 1
19/07/19
22- 74.2 134 | 17.8 2.9 20 -260 2
23/07/19
29- 422 | 144 |43 1.2 20 -15 3
31/07/19
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Table A6: Rainfall and EC data for rainfall events showingtotal rainfall, average + standard deviation
(stdev), range, lagtime and antecedentdry days

EC Site 2

Date Total Average + st | Range Lag time | Antecedentdry days

rainfall dev (uS/cm) | (uS/cm)

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- 88.2 | 22.4 | 273.6 £76.1 | 383.7 —123.4 25 (20 |11
20/05/19
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 (1

0

21- 56.6 | 20.8 | 302.6 +39.3 | 425.5 —218.3 25 (20 |8
22/06/19
27- 41.2 | 11.8 | 272.9 +55.2 | 376.2 —163.5 105 | 135 | 3
28/06/19
30/06/19 — | 55.6 | 17.8 | 236.9 +45.1 | 321.6 —137.5 45 |-30 |1
1/06/19
2-3/07/19 85.2 | 6.6 233.5 +37.9 | 322.3 -136.7 31 10 | 1/16
18- 30.2 | 4.0 208.7 +32.9 | 285.5 -126.3 60 (205 |1
19/07/19
22- 74.2 | 13.4 | 241.1 £+74.9 | 378.8 —104.9 -5 - 2
23/07/19 300
29- 42.2 | 14.4 | 146.5 +26.2 | 240.6 —79.8 >5h | >5h | 3
31/07/19 rs rs

Table A7: Rainfall and pH data for rainfall events showing total rainfall, average + standard deviation
(stdev), range, lagtime and antecedentdry days

pH Site 2

Peak Total Average t st dev Range Antecedentdry days
rainfall rainfall (mg/L) (mg/L)

K (0]
4/03/19 26 |94 |67+04 7.4-6.1 11
4-5/06/19 71.6 | 44.4 | 7.2+£0.3 7.8-6.0 8
27- 41.2 | 11.8 | 7.3£0.5 8.6-6.2 3
28/06/19
2-3/07/19 85.2 | 6.6 |[6.6%£0.35 81-6.1 1/16
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Table A8: Rainfall and temperature dataforrainfall events showing total rainfall, average + standard
deviation (stdev), range, lagtime and antecedent dry days

Temperature Site 2

Date Total Average t st dev Range Antecedentdry days
rainfall (°C) (°C)
K 0]

4/03/19 26 |94 |213%0.7 23.4-20.4 2

19- 88.2 | 224 | 183+1.1 22.5-16.0 11

20/05/19

Table A9: Rainfall and DO data forrainfall events showing total rainfall, average + standard deviation

(stdev), range, lagtime and antecedentdry days

DO Site 2

Date Total Average + st | Range Lag time Antecedentdry days

rainfall dev (mg/L) (mg/L)

K (o) K (o]
11/03/19 47.6 | 18.8 | 5.9+0.7 7.23-4.0 260 | 230 1
19- 88.2 | 224 [ 53+15 7.1-1.0 >300 | >300 | 11
20/05/19
4-5/06/19 71.6 | 44.4 | 3.4+0.63 7.59 — 1.66 N/A | N/A |8
18- 30.2 |40 |[54%10 8.8-2.8 -50 40 1
19/07/19
22- 74.2 | 13.4 [ 6.5+1.1 10.18 -4.92 | -5 -300 |2
23/07/19
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Rainfallevents site 3:

Table A10: Rainfall and discharge data for rainfall events showing total rainfall, peak and average
discharge, lagtime and antecedentdry days

Discharge Site 3

Date Total rainfall | Peak Average Lag time Antecedentdry days
(mm) discharge | discharge (minutes)
K o) (m?/s) (m?/s) K o)
19- 88.2 | 224 |75 2.2 15 5 11
20/05/19
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- 56.6 | 20.8 | 5.1 1.8 30 25 8
22/06/19
27- 41.2 | 11.8 | 4.0 1.9 -15 15 3
28/06/19
30/06/19 | 55.6 | 17.8 | 5.1 2.1 25 15 1
-1/07/19
2-3/07/19 | 85.2 | 6.6 10.4 3.3 50 20 1/16
18- 30.2 | 4.0 3.7 1.8 -65 12 1
19/07/19
22- 74.2 | 134 |9.1 2.7 20 -240 2
23/07/19
29- 42,2 |1 144 | 3.4 2.0 55 20 3
31/07/19
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Table A11: Rainfall and EC data for rainfall events showing total rainfall, average £ standard

deviation (stdev), range, lagtime and antecedent dry days

ECSite 3
Date Total Average + st | Range Lag time Antecedentdry
rainfall dev (uS/cm) | (uS/cm) days
K 0 K 0
7/03/19 74 |94 |4235+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
2-3/05/19 154 | 24 | 371.4+£32.1 |434.8-321.2 |(>300 |>300 |1
8/05/19 10.6 | 8.8 | 3259 +54.2 | 403.5-235.8 |-240 | 85 4
19- 88.2 | 22.4 | 303.9+98.9 |411.9-111.8 | 30 25 10
20/05/19
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- 56.6 | 20.8 | 280.4 £52.7 | 432.5-217.8 | 60 55 8
22/06/19
27- 41.2 | 11.8 | 237 £56.1 274.1-112.3 | 90 120 |3
28/06/19
30/06/19 — | 55.6 | 17.8 | 177.3 £28.3 | 227 —104.4 35 25 1
1/06/19
2-3/07/19 85.2 | 6.6 |173.1+28.6 |216.4-102.1 |-105 |-75 1/16
18- 30.2 | 40 | 184 +40.3 297.7 -123.1 | 150 230 1
19/07/19
22- 74.2 | 13.4 | 173.7 £44.2 | 266.7 £88.15 | 20 -240 | 2
23/07/19
29- 42,2 | 144 | 81 6.3 98.9 - 67.16 250 220 |3
31/07/19
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Table A12: Rainfall and pH data for rainfall events showing total rainfall, average +standard
deviation (stdev), range, lagtime and antecedent dry days

pH Site 3

Date Total rainfall Average t st dev Range Antecedentdry days

K (0]
7/03/19 74 |94 6.1+0.2 7.6 -5.7 2
11/03/19 47.6 | 18.8 75104 8.5-6.9 1
2-3/05/19 154 | 2.4 6.2+0.5 7.6 -5.6 1
8/05/19 10.6 | 8.8 58+0.2 6.3-5.6 4
19- 88.2 | 22.4 6.8 + 0.4** 7.8 — 6.0** 11
20/05/19
4-5/06/19 71.6 | 44.4 7.7+0.3 8.7-5.7 8
21- 56.6 | 20.8 7.1+£0.9 8.54-6 8
22/06/19
27- 41.2 | 11.8 7.4+0.2 8.0-6.5 3
28/06/19
30/06/19 — | 55.6 | 17.8 6.7+0.4 7.5-6 1
1/06/19
2-3/07/19 85.2 | 6.6 6.6 +£0.3 7.3-6.2 1/16
29- 42.2 | 14.4 6.9+0.3 7.4-5.9 3
31/07/19

** = Missing data
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Table A13: Rainfall and temperature dataforrainfall events showingtotal rainfall, average =

standard deviation (stdev), range, lag time and antecedent dry days

Temperature Site 3

Date Total Average t st dev Range Antecedentdry days
rainfall (°C) (°C)
K 0
7/03/19 74 |94 (206%1.2 22.1-17.7 2
11/03/19 47.6 | 18.8 | 18.1+0.6 19.4-17.2 1
2-3/05/19 154 |24 |173+0.9 19.8 -15.8 1
8/05/19 10.6 | 8.8 | 16.7+0.5 17.3-15.7 4
19- 88.2 | 224 | 16.8+0.8 18.3-14.9 11
20/05/19
4-5/06/19 71.6 | 444 [ 186113 21.5-15.9 8
9/06/19 17.8 | 9.2 | 16.2+0.5 17-15 1
21- 56.6 | 20.8 | 14.3+£0.8 16.2-12.6 8
22/06/19
27- 41.2 | 11.8 | 14.8+0.96 16.6 - 13.1 3
28/06/19
30/06/19 — | 55.6 | 17.8 | 13.8 £ 0.7 16.1-13.0 1
1/06/19
2-3/07/19 85.2 | 6.6 |143+04 15.2 -13.5 1/16
18- 30.2 |40 |14.8+0.7 15.9-13.1 1
19/07/19
22- 74.2 | 13.4 | 13.5+0.7 14.4-11.7 2
23/07/19
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Table A14: Rainfall and DO data for rainfall events showing total rainfall, average + standard

deviation (stdev), range, lagtime and antecedentdry days

DO Site 3

Date Total Average + st | Range Lag time Antecedentdry days

rainfall dev (mg/L) (mg/L)

K 0 K (0]
7/03/19 74 194 |[15+05 2.7-0.63 85 60 2
11/03/19 476 | 188 | 44+13 6.48-0.67 | 70 40 1
27- 41.2 | 11.8 | 3.3+0.7 52-1.2 90 120 3
28/06/19
30/06/19 — | 55.6 | 17.8 | 3.2+ 1.0 55-1.2 30 20 1
1/06/19
2-3/07/19 85.2 | 6.6 [3.9%0.6 54-1.38 10 -10 1/16
18- 30.2 |40 [4904 5.9-3.0 -70 20 1
19/07/19
22- 74.2 | 13.4 [ 6.1+£0.7 8.25-4.83 | 15 -245 | 2
23/07/19
29- 42,2 | 144 | 7403 8.31-6.79 | 50 15 3
31/07/19
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Appendix B: Principal Component Analysis

Principal Component Analysis (PCA) methods were used to extract key factorsinthe dataset. The
PCA method starts with the covariance matrix describing the dispersion of the original variables, and
extractingthe eigenvalues and eigenvectors. Eigenvectors are coefficients thatis multiplied by the
original correlated variables to obtain the Principal Components (PCs). Thereforea PCis the product
of the original dataand an eigenvector. PCAisareductionvariable method with PCs providing
information on the most meaningful parameters. This allows for data reduction with minimal loss of
information. Inthis study, eigenvalues greaterthan 1were 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
setswithoutloss of information (Wunderlin et al., 2001; Fatema et al., 2014; Khaledian etal., 2018).

Scree Plot
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0o

1 2 3 4 5 6

Component Number

Figure B1: Scree plot of eigenvalues of principal components forSite 2.

Table B1: Total variance of components 1-3 explained for Site 2

Initial Eigenvalues Extraction sums of squared Rotation sums of squared
loadings loadings
Component | Total | % Cumulative | Total | % Cumulative | Total | % Cumulative
Variance | % Variance | % Variance | %
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)forsite 2

Component

Parameters PC1 PC2 PC3

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 presentsthe loading of the variables undereach PC. PClrepresents the most
important processes controlling the composition of water quality in the river. It also has the highest
eigenvalue (Figure Bland B2) and therefore the highestvariance.

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 ECwhilstitisalso
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, showingastrong
positive loading for rainfall.
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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 Rotation sums of squared
loadings loadings
Component | Total | % Cumulative | Total | % Cumulative | Total | % Cumulative
Variance | % Variance | % Variance | %
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) forsite 3

Component
Parameters PC1 PC2 PC3
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 firstthree PC’s had eigenvalues greaterthan 1 and explained 88.01% of the total
variance of the data set forthe rainfall events (Figure B2 and Table B3). PC1 explained 39.36% of the
total variance and is highly positively contributed by discharge and DO whilstitis also highly
negativelycontributed by EC. This may be due to the runoff and dilution from the rainfallcausingan
increase indischarge. The dilution and faster discharges inhibit dissolved organic matter from
consuming oxygen, whilst faster discharges alsoincreases 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 organicmatterfound inthe 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, showinga
strong positive loading fortemperature and pH.

Consideringthe results from the PCA, most of the variation in the wateris explained by discharge,
DO and EC with substantial contributions from rainfall and minor contributions from pHand
temperature. Accordingto Pejman et al. (2009) water quality parameters that had a high correlation
coefficientvalue (>0.75), were considered to be significant contributors to variations in water
quality.
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Appendix C: South African Water quality Guidelines

Table C1: Water quality guidelines for EC.

EC

South African Water Quality standards

Water quality target
range

Comment

Domesticuse (DWAF, 1996a)

<700 pS/cm

No obvious health
effectsare likely
above thislimitbut
the waterwill have a
saltiertaste toit

Industrial use (DWAF, 1996c)

<150 pS/cm

No damage due to
scaling or corrosion
below this limit

Agricultural use:irrigation (DWAF, 1996c)

<400 pS/cm

No damage to salt-
sensitivecrops below
this limit

Aquaticsystems (DWAF, 1996f)

150 —500 uS/cm
(Beharetal., 1996)

Thisis the acceptable
range for freshwater
streamsto support
diverse aquaticlife

Table C2: Water quality guidelinesfor DO.

DO
South African Water Quality standards Water quality target Comment
range
Agricultural use: Aquaculture (DWAF, 1996e) 5.0-9.0 Thisrange can

accommodate cold,
intermediate and
warm waterspecies

Aquaticsystems (DWAF, 1996f)

e 4-5mg/Lfor
warm water
biotaand 5-6
mg/L forcold
waterbiota
(Davis, 1975)

e 80% -120%
saturation

Thisrange can
accommodate all
species without
causing stresson the
organisms
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Table C3: Water quality guidelinesforpH.

pH
South African Water Quality standards Water qualitytarget | Comment
range
Domesticuse (DWAF, 1996a) 6.0-9.0 Non-toxicas metal
ionsdo notreadily
dissolveinthisrange
Recreational use (DWAF, 1996b) 6.5 - 8.5 Minimal eye and ear
irritationinthisrange
Industrial use (DWAF, 1996c) 7.0-8.0 Little tono tendency
to cause corrosionand
scalinginthis range
Agricultural use:irrigation (DWAF, 1996d) 6.5-8.4 No problems with
unavailability of plant
nutrientsinthisrange
Agricultural use: Aquaculture (DWAF, 1996¢e) 6.5-9.0 Majority of species

can tolerate and
reproduce within this
range

Aquaticsystems (DWAF, 1996f)

6.5—9.0 (US EPA,
1986)

The pH value should
not change by more
than 5% of the
backgroundvalue for
a specificsite and time
of day
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Appendix D: EC vs Discharge scatter plots

EC vs Discharge Site 2 (May)

3
........... R2=0.8374

o . ........'.......!.....:_ *o9q o
M*o.o

2
y =-0.2025x + 2.3334

€
<
3 1.5
O
i 1
0.5
0
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

Discharge (m3/s)
Figure D1: Log10 of EC vs Discharge forsite 2 (May)
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Figure D2: Log10 of EC vs Discharge forsite 3 (May)
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EC vs Discharge Site 2 (June)
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Figure D3: Log10 of EC vs Discharge forsite 2 (June)
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Figure D4: Log10 of EC vs Discharge forsite 3 (June)
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EC vs Discharge Site 2 (July)
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Figure D5: Log10 of EC vs Discharge forsite 3 (July)
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Figure D6: Log10 of EC vs Discharge forsite 3 (July)
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Appendix E: Rainfall design example used in PCSWMM
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Figure E1: Example of a rainfall design used in the model forthe Kirstenbosch rain gauge.
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