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ABSTRACT

This research report presents the flow modelling of water through a wetland utilising the
Australian Water Balance Model (AWBM) within Goldsim and PCSWMM. The modelling
was undertaken to understand the hydrological routing and removal of nitrogen in order to
potentially use this understanding to inform passive water treatment systems and
emphasise one of the most valuable wetland functions, namely their ability to treat water.
The AWBM and PCSWMM results both predicted flow peaks at the correct frequency when
compared to observed flow data, however the peaks of the AWBM were generally of a
lower amplitude than the observed data. The amplitude of the PCSWMM simulated graph
peaks mimic the observed data very well. Due to the better correlation compared to
PCSWMM, it is recommended to utilise the AWBM to inform water management at the

Wakkerstroom Vlei, although some additional calibration would be required.
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1 INTRODUCTION

Wetlands are immensely valuable ecosystem components as they provide a number of
services, including recharge of the groundwater table, flood attenuation (Acreman and
Holden, 2013), habitats for fauna and flora and passive water treatment, in addition to
aesthetic, recreational and educational benefits (Tsihrintzis et al., 1998). In order to prevent
the mismanagement of wetlands, we need to understand them (Gopal, 1991). As hydrology
is considered to be one of the most influential factors affecting wetland ecosystems (Low
et al., 2016; Tsihrintzis et al., 1998; Wen et al., 2013), being able to hydrologically model

flow through a wetland is a step towards understanding them.

The School of Animal, Plant and Environmental Sciences (APES) at the University of the
Witwatersrand has been investigating the limits to the capacity of the Wakkerstroom Vlei
in Mpumalanga, South Africa, to absorb and sequester nitrogen and phosphorus, and
detoxify Escherichia coli, resulting from inputs of municipal sewage. These investigations
have been ongoing since 2016 and have considered the annual water balance of the Vlei.
The Wakkerstroom Vlei is part of the Wakkerstroom Wetland Nature Reserve and Joubert
& Ellery (2013) state the importance of this Vlei by highlighting that it is invaluable to the
immediate and downstream water users. This research therefore modelled both the
hydrological and biochemical components of the Wakkerstroom Vlei specifically. This will

help to inform future research and monitoring of the Vlei.

1.1 Wetlands

The Ramsar Convention on Wetlands (Ramsar, 1971) defines wetlands as “areas of
marsh, fen, peatland or water, whether natural or artificial, permanent or temporary, with
water that is static or flowing, fresh, brackish or salt, including areas of marine water the
depth of which at low tide does not exceed six metres.” The National Water Act (NWA)
(The National Water Act (Act No. 36 of 1998), 1998) defines a wetland as “land which is
transitional between terrestrial and aquatic systems where the water table is usually at or
near the surface, or the land is periodically covered with shallow water, and which land in

normal circumstances supports or would support vegetation typically adapted to life in
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saturated soil”. While the Ramsar definition is widely accepted throughout most of
international community, the Department of Water and Sanitation (DWS) has declined to
use the Ramsar definition because “the NWA caters for the characteristics of a watercourse
(water quantity, biota and habitat at least) and is more practical and suitable to use in local

conditions” (Department of Water and Sanitation, 2017).

The DWS have explicitly stressed that wetlands are “of national importance” as a direct
result of the invaluable services they provide. However, wetlands are being degraded at
unsustainable rates with several studies (Clilverd et al., 2016; Davidson, 2014; UNWWAP,
2003) reporting that more than half of the global wetland area has been lost since 1900
and corresponding concerning terms such as ‘precarious’ (Price et al., 2018), ‘fragile’
(Shanbhag and Borges, 2008; Tooth et al., 2002), ‘disrupted’ (Clilverd et al., 2016) and
‘threatened’ (Verones et al., 2013) are often used to describe their states. Bullock &
Acreman (2003) assert that the management of wetlands must play a meaningful role in
the integrated water resources and flood management of all river basins due to their strong

influence on the hydrological cycle.

In order to manage wetlands effectively, it is necessary to first understand them because
alterations to the hydrology of the watershed can substantially impact the wetlands within
the catchment area and their valuable functions (Acreman and Miller, 2006). Hydrology is
believed to be one of the most important factors influencing wetland ecosystems (Low et
al., 2016; Tsihrintzis et al., 1998; Wen et al., 2013) with a direct impact on their physical,
chemical and biological components (Arega, 2013). Furthermore, the flow rate through
water courses is the single biggest factor influencing nutrient retention (Saunders and Kalff,
2001). To better understand wetlands, hydrological models are required to assess the
hydrological fluctuations to consider the influences of water management policies (Wen et

al., 2013).

Wetlands are able to act as sinks for numerous components, including pollution, heavy
metals and nutrients (Khan and Shah, 2010), with wetlands able to retain more nitrogen

than lakes or rivers (Saunders and Kalff, 2001). Nutrient imbalances can decrease
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ecosystem productivity (Galloway et al., 2004) or reduce biodiversity through
eutrophication (Baldwin et al., 2001) and/ or acidification (Kelly et al., 1990). The selected
biochemical parameter of interest for this research study is nitrogen because nitrogen is a
known plant nutrient (Galloway et al., 2004) and the isotope 15N can be measured in the
plants as it progresses through the wetland. Nitrogen is a common water pollutant and
frequently a contaminant of concern due to its potential ability to detrimentally affect natural
water systems (Lee et al., 2009) which results in the need to invest large amounts of money

and resources to remove the pollutant.

1.2 Specific Objectives

The research proposed to model the Wakkerstroom wetland to understand its flow and
nitrogen removal characteristics in order to understand one of the most valuable wetland
functions, namely their ability to treat water. This understanding also assists with the

management of the water resources of the Wakkerstroom Vlei.

The research pursued three research objectives (ROs) as described below.

1.2.1 Research Objective 1: Hydrological modelling of the Zaaihoek Dam
catchment

This first RO was to hydrologically model the catchment of the Zaaihoek Dam.

1.2.2 Research Objective 2: Hydrological modelling of the Wakkerstroom Vlei
This research sought to inform the work undertaken by the APES by hydrologically
modelling the retention time of the Wakkerstroom Vlei. This RO utilised the results of the

modelling of the Zaaihoek Dam catchment (first RO).

1.2.3 Research Objective 3: Biochemical modelling of nitrogen through the Vlei

The intention was to create a quantitative biochemical model for nitrogen removal/
assimilation by building on the hydrological model developed as part of the second RO.
However, it was necessary to make a number of simplifying assumptions to allow a

qualitative model to be developed.
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1.3 Limits of research

This research models the hydrological behaviour of the Wakkerstroom Vlei by using the
available inflow, climate, landscape and reservoir data in order to predict the outflow rates.
The biochemical model is driven by the outputs from the hydrological model. The modelling
methods employed in this research are focussed on the site specific conditions and inputs,

and the results are similarly site specific.

The confining dolerite dykes help to ‘confine’ the wetland boundary which simplifies the
modelling process. This simplification is expected to further reinforce the likelihood that the

model results are site specific.

As the only available flow data exists at the Zaaihoek Dam outlet, the hydrology of the
Zaaihoek Dam catchment had to be modelled in order to enable the modelling of its sub-

catchment — the Wakkerstroom Vlei catchment.

The modelling of the flow of nitrogen is based on data obtained from an APES research
project (Sanderson, 2018) which unfortunately did not have the characteristics of frequent
sampling. It is believed that the results obtained from the biochemical modelling component
are unlikely to be suitable for use at other sites due to the nature of the water quality

sampling frequency and site specific hydrological modelling.

1.4 Summary of unresolved issues
There are multiple models available which can be used to hydrologically model flows
through wetlands, with no single approach appearing to be dominant. Furthermore, there

are a great number of approaches for coupling other analyses with the hydrological models.

While all found studies state that they achieved a good degree of accuracy for their model,
some claim that their models can be generalised to similar sites (Tsihrintzis et al., 1998;
Wester et al.,, 2018) with one even stating that their model could be applied to other
wetlands with minimal available empirical data (Mansell et al., 2000). Developing such a
model, which can be applied across different wetlands, would allow it to be widely utilised

for different scenarios at a variety of wetland assessments and comparative analyses.
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Although such a goal may be unachievable because of the large number of variables which
exist across different wetland systems, it is however one that modellers aspire to in order
to avoid having to switch between different models that require lots of site specific input
data. This research intended to create a model which could be extended upon in the future

to become such a generic model.

A number of studies made use of certain input parameters, such as physical site specific
or climatological parameters, from literature which leads to recommendations for future
work to examine these parameters more closely (von Christierson et al., 2015; Li, Zhang,
et al.,, 2015). There is limited literature that addresses the modelling of biochemical
processes through wetlands in comparison to the documented literature research on
wetland hydrological modelling. This contrast supports this research report because its

results are expected to add to this field of knowledge.

The fact that nitrogen is a nutrient opens future opportunities to explore how nature
manages nitrogen. Therefore, modelling nitrogen through the wetland is important to
understand how these natural nitrogen processes could be enhanced or utilised elsewhere
in the treatment of contaminated water. The Wakkerstroom Vlei has proven to be very
effective at naturally removing nitrogen as the water flows through the wetland (Sanderson,
2018). Nature may therefore have more efficient and cost-effective ways in which to
breakdown and/ or transform nitrogen than traditional industrial methods. This could be
extremely useful for companies to save money and minimise environmental impacts as
well as developing solutions to ensure receiving environments are not contaminated. It is
therefore important to model the flow to understand the relationship between flow rates and
the corresponding treatment efficiencies, as well as which plants (individually or jointly)
allow this nitrogen management to be successful in order to be emulated elsewhere

(Saunders and Kalff, 2001).

While examples of hydrological modelling of wetlands in literature are not uncommon, the
modelling has hardly been conclusive except that adequate data for calibration allows most

models to achieve a satisfactory level of accuracy, as can be seen in the following chapters.
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2 LITERATURE REVIEW

2.1  Hydrology

Water is one of earths most precious resources and is central to many naturally occurring
processes. In order to manage this valuable resource and help solve water problems,
hydrology has evolved into an extremely important field of study (Bales, 2015). Chow et al.,
(1988) described the importance of hydrology to humans and the environment, due to its
many practical uses such as; water supply, wastewater, pollution reduction, design and
operation of hydraulic structure, erosion control, flood control and irrigation (Jajarmizadeh

etal., 2012).

Hydrology is the study of the water cycle (Chow et al., 1988) as well as the biological,
chemical and physical processes of water within this cycle, including all phases (solid, liquid
and gas) of water (Marshall, 2013). Hydrology focusses on the occurrence, distribution and
movement of water in nature, the interactions with earth materials and the biological
processes and human activities that affect water movement, distribution and quality
(Dingman, 2015; Sen, 2015). More specifically, hydrology deals with the occurrence,
management, control and prediction of rainfall, drought, floods, runoff and groundwater
(Sen, 2015). Engineering applies hydrology in the form of laws, calculations, and modelling
in order to provide better management and control over the natural resource of water (Sen,

2015). This application can be utilised for many water sources, one of which are wetlands.

2.1.1 Wetland hydrology

Wetland hydrology is the driving force that creates and maintains wetlands and changes
can affect plant composition, wildlife and wetland functions (Brown et al., 2009; Tiner, 2009)
Fennessy et al., (2004) stated that the most important variable of wetland ecosystems is
hydrology because it drives the formation of wetland soils and therefore the development
of the biotic communities. Wetlands are created and maintained by sustained soil
saturation. Fauna, flora and wetland function are affected by changes in topography,

climate and other hydrological conditions (Tiner, 2009). Wetlands have long since been
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identified as important natural resources because they provide a large range of important

services that includes water purification (Scholz and Lee, 2005;Golden et al., 2014).

Wetland hydrology is of key importance from both an ecological and engineering
perspective as it describes a wetland’s specific productivity, species diversity and nutrient
cycling. Scholz and Lee (2005) state the importance of understanding hydrological
conditions to enable the best utilisation of wetlands for removing pollutants from the water.
Technological advancement within the field of hydrology has allowed numerical and
statistical calculations, and modelling to be utilised within this field (Jajarmizadeh et al.,

2012).

2.2 Wetland systems modelled

A model is an approximation of a real world system, while a good model is one which is
able to provide appropriately accurate results with the least complexity (Moradkhani and
Sorooshian, 2009). As discussed above, hydrology is the main driver for the wetland
ecosystems, and a number of examples exist in the literature where freshwater (von
Christierson et al., 2015; Clilverd et al., 2016; Li, Zhang, et al., 2015; Mansell et al., 2000;
Tsihrintzis et al., 1998) and tidal (Arega, 2013; Trivisonno et al., 2013; Wester et al., 2018)

wetlands have been modelled.

A number of studies exist where the flow of nitrogen has been modelled through wetlands
to better understand their ability to clean or polish water (Van Dam et al., 2007; Griffiths
and Mitsch, 2017; Kazezyilmaz-Alhan et al., 2007), to inform policy makers (Kansiime et

al., 2007) and to support water management strategies (Mayo and Bigambo, 2005).

Various research projects have made use of coupled analyses to model hydrological and
other aspects such as particle transport (Arega, 2013), sediment fluxes (Kiesel et al., 2013),
dissolved oxygen concentrations (Cheng et al., 2012), biogeochemical processes (von
Christierson et al., 2015; Shi et al., 2018) or hydraulics (Clilverd et al., 2016; Tsihrintzis et

al., 1998; Wester et al., 2018).
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The various models also utilise differing numbers of dimensions to suit their needs, for
example, one-dimensional (Cheng et al., 2012), two-dimensional (Arega, 2013; Clilverd et
al., 2016; Li, Zhang, et al., 2015; Mansell et al., 2000; Trivisonno et al., 2013; Tsihrintzis et
al., 1998), quasi-two-dimensional (Wester et al.,, 2018) or three-dimensional (von
Christierson et al., 2015). Some of the models listed here are applicable in two- or three-
dimensional space, such as the MIKE suite. With respect to model complexity, the number
of dimensions does not necessarily determine the accuracy of the model outputs, but rather

the suitability of the number of dimensions for the specific application.

2.3  Existing models

A number of models were found in the literature for hydrological modelling of wetlands and
these include, amongst others, WETLANDS (Mansell et al., 2000), CTSS8 (Trivisonno et
al., 2013; Wester et al., 2018) Link-node SWMM-EXTRAN (Tsihrintzis et al., 1998), the
Personal Computer Storm Water Management Model (PCSWMM) (Charbonneau and
Bradford, 2016), Flux-PIHM-BGC (Shi et al., 2018), HEC-RAS (Cheng et al., 2012), the
MIKE suite of models (von Christierson et al., 2015; Clilverd et al., 2016; Li, Zhang, et al.,

2015) and Goldsim (Ind, 2014).

Flux-PIHM-BGC (Shi et al., 2018) and the MIKE software suite (von Christierson et al.,
2015) are both distributed models capable of undertaking coupled hydrological and
biogeochemical modelling, although no literature could be found on Flux-PIHM-BGC
having been used for modelling wetland flows and cycles. Goldsim (Strand et al., 2010;
Vandenberg, J and Lauzon, N and Prakash, S and Salzsauler, 2011) and PCSWMM
(Perrelli and Irvine, 2013) can similarly undertake coupled analyses as the user is only
limited by his or her abilities to mathematically describe the processes. Goldsim is a
graphical simulation software programme which was developed to undertake steady,
dynamic and probabilistic modelling and can conceptually be thought of as a “visual
spreadsheet” (Goldsim, 2018). PCSWMM is a GIS-based Graphical User Interface
software programme which is driven by the US EPA SWMM5 engine

(https://support.chiwater.com/77618/why-choose-pcswmm).
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A number of model types exist for estimating runoff with varying emphasis on underlying
physical mechanisms, mathematical modelling approaches and input data intensity
requirements (Li, Lambert, et al.,, 2015). Rainfall-runoff modelling using rainfall and
evaporation typically falls into one of three groups, namely, physically based, black box or
conceptual (Beven, 2006). Physically based models are built on the underlying system
principles and consequently very complex processes (Li, Lambert, et al., 2015), while black
box models have the advantage of generally being efficient in data processing but are often
restrictive as they do not take cognisance of these underlying physical mechanisms (Li,
Lambert, et al., 2015). Conceptually based models fall between the physically based and
black box models in terms of computational efficiency, data requirements and transparency

(Li, Lambert, et al., 2015).

The Australian Water Balance Model (AWBM) is a conceptual rainfall runoff model which
considers runoff from the perspective of accounting for all water entering, leaving and being

stored in a system (Boughton, 2010).

Mansell et al. (2000) utilised a model known as WETLANDS to successfully hydrologically
model a 0.4 km? wetland system. The model only required a few inputs and was able to
fairly accurately predict the groundwater table elevations. Three years of data was used for
the model calibration. The authors concluded that the model can be used as a predictive
wetland hydrological model for sites which only have limited empirical data as simplifying

assumptions can be incorporated.

An extremely large lake wetland catchment system of 1.62 x10% km? in China was
hydrodynamically modelled (Li, Zhang, et al., 2015) using MIKE 21 to understand the
residence times of the various flow components and the corresponding biochemical
processes. This study made use of observed water levels, flow rates, the surface area of
the lake and dye tracers to calibrate the modelling. Nine years of water level and flow data
were available for this calibration. While the study successfully validated the model with a

resulting correlation R? coefficient of between 0.79 and 0.84, it is believed that the
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developed model is site specific but useful for understanding the local water environment

and aiding decision makers.

A study was undertaken for a 1.42 km?2 wetland system in the context of flood detention
design and rehabilitation by Tsihrintzis et al. (1998). Hydrology was highlighted as the most
influential factor informing wetland design and hence accurate models are required to
reduce the possibility of failed designs. The SWMM-EXTAN model was utilised and
calibrated using observed flow rates and water levels, with the Manning’s roughness
coefficient used as the calibration variable. This dynamic flow routing model is built upon
the United States Environmental Protection Agency (US EPA) Storm Water Management
Model (SWMM). The correlation R2 coefficient was high (0.93) for the predicted hydrograph
and the predicted water elevation in the one flow path (0.85), but poorer for another flow
path (0.12). Generally, the pre-project maximum predicted conditions and observed water
elevations compared better than the project predicted conditions and observed water
elevations. One reason for the poorer correlation was attributed to the less frequent
sampling of observed flow rates and water elevations (every three to five days over a six
month period) in comparison to the modelled daily time step. It is believed that the
modelling approach can be applied to other projects with the inclusion of appropriate site

specific model parameters.

A project in Denmark examined a rehabilitated wetland in the context of surface-,
groundwater and nitrate processes (von Christierson et al., 2015). The study highlighted
the importance of wetlands in reducing nutrient loads, amongst other benefits. A “detailed
eco-hydrological” model was developed to investigate the nitrate dynamics, with the
calibration undertaken using observed water levels and flow rates. The researchers made
use of a coupled ECO Lab/ MIKE SHE model. Reasonable calibration of the groundwater
levels was obtained with the predicted levels underestimating the groundwater levels by 10
to 15cm. The area of the catchment was 254 km?2. Approximately a year’'s worth of data

was used for calibration, but not all data were measured at the same frequency interval.
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The researchers state that further work will be undertaken to determine the model’s

suitability for modelling larger scale catchments.

Another study utilising a coupled MIKE 11/ MIKE SHE model for freshwater wetlands was
undertaken by Clilverd et al. (2016) for a 115 km?2 catchment. This research made use of
13 months of data of the groundwater levels for the calibration of the model, followed by 12
months of data for the validation process. The Root Mean Square Error (RMSE) approach
was used to minimise the difference between the observed and predicted levels and the
Nash-Sutcliffe efficiency was utilised when assessing the goodness of fit between them.
This modelling was able to realise a very good correlation between the observed and
predicted levels. It was unclear whether the authors believed the model could be applied

to other wetland systems.

2.4 Biochemical

Nitrogen is a nutrient that plays a significant role in the eutrophication of surface waters
(Moffat, 1998). Wetlands have been found to be the most efficient nitrogen remover when
compared to other freshwater systems (Saunders and Kalff, 2001). Nitrogen exists in
several forms in wetland systems with the main means of removal from the system being
through denitrification, sedimentation and plant uptake (Saunders and Kalff, 2001). A brief
summary of the various nitrogen flows and processes in wetlands is presented in Error!

Reference source not found..
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Figure 2.1 Nitrogen cycle in wetlands (Adapted from Baldwin et al. (2001))

The rate at which nutrients, specifically nitrogen and phosphorous, are taken up in wetlands
is influenced by seasonal changes in vegetation (Khan and Shah, 2010). A study looking
at the ability of wetlands to reduce nutrient concentrations in agricultural water by
Woltemade (2000) indicated that wetlands have the ability to remove almost 70% of nitrate
nitrogen. The retention time of wetlands was concluded to be the most influential factor

accounting for the wetland’s removal effectiveness.

The coupled hydrological and biochemical modelling undertaken by von Christierson et al.
(2015) included the main nitrogen removal processes prevalent in riparian wetlands,
namely, nitrification, denitrification, plant uptake and processes, adsorption and

mineralisation.

Kazezyilmaz-Alhan et al. (2007) used SWMM to model the hydrological process and

WETSAND to model the solute transport dynamics. This modelling allowed for the surface
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and groundwater interactions and concluded that these interactions significantly influence

wetland dynamics and should consequently be considered when modelling wetlands.

The removal of nitrogen has also been modelled using logistic equations (Van Dam et al.,
2007) and built into the model with four sequential stages or vertical layers, namely papyrus
mat, water, sludge and sediment. This model was calibrated using measured data from a
wetland which receives effluent from a WWTP, much like the situation in the Wakkerstroom

Vlei, and the resulting simulated results were found to be realistic.

2.5 Wakkerstroom Vlei

Wakkerstroom is a small town in Mpumalanga approximately 28km due east of the town of
Volksrust and just north of the KwaZulu Natal border. The town is on the South African
Highveld and experiences warm, wet summers and cold, dry winters. The Wakkerstroom
Vlei, which will be the wetland utilised for this research, is part of the Wakkerstroom
Wetland Nature Reserve, that lies northwest of the town of Wakkerstroom, refer to Figure
2.2. The Vlei is an approximately 1000ha un-channelled valley-bottom wetland in the upper

reaches of the Tugela River catchment area (Joubert and Ellery, 2013).
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Figure 2.2 Wakkerstroom layout figure (Background images from Google (2020))

The Wakkerstroom Vlei is controlled by dolerite outcrops (Tooth et al., 2004), which are the
remnants of intrusive dykes formed during the mid-Jurassic period (Duncan et al., 1997).
Tooth et al. (2004) explain that the intrusive dolerite material, being more resistant to
erosion than the sand- and mudstone material, limits the rate of erosion the contained sand-
and mudstone materials. The dykes consequently cause rivers to meander and form
wetland floodplains (Tooth et al., 2004). Figure 2.3 illustrates the position of the dolerite
dykes relative to the Wakkerstroom Vlei. It should be noted that the dolerite intrusions can

effectively be described as the main reason for the wetland existing.
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Figure 2.3 Schematic section through the Wakkerstroom Vlei (Adapted from Joubert
& Ellery (2013) and Scholes (2018))

The Wakkerstroom Vlei is hydrologically maintained by rivers, as with the majority of
wetlands on the Highveld (Ellery et al., 2011; Rogers, 1995). Most of the incoming flow is
from the Wakkerstroom River but there are also some minor tributaries, each with their own
small catchments, as well as the outflow from the local wastewater treatment plant (WWTP)
near the upstream start of the wetland. The Wakkerstroom River and minor tributaries are
all of a good water quality but the WWTP is discharging water with elevated nitrogen and

phosphorous levels (Sanderson, 2018).

According to Joubert & Ellery (2013) it is possible to subdivide the approximately five
kilometre long Wakkerstroom Vlei into three hydrogeomorphic units travelling in a

downstream direction:

e 1km uppermost floodplain wetland.
e 2km un-channelled valley-bottom wetland.

e 2km lowermost floodplain wetland.

The Vlei consists of a significant number of reeds that provide considerable flow resistance,
hence a high roughness coefficient (Joubert and Ellery, 2013). Joubert & Ellery (2013) also

highlight that reeds combined with the moderately flat overall slope of less than 0.3%
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results in the wetland having “high water purification, water storage and flood attenuation

value” and is consequently invaluable to the immediate and downstream water users.

The river which flows out of the Vlei is known as the Thaka or Utaga River. The Thaka
River flows in a south westerly direction into the Zaaihoek Dam approximately three
kilometres downstream of the Wakkerstroom Vlei. The Zaaihoek Dam was constructed in
1988 (South African Institution of Civil Engineers, 1989) on the confluence of the Thaka

and Slang Rivers. Flow gauging station V3R003 exists just below the Zaaihoek Dam.

2.6 Research assumptions

Some researchers appear to detail all of their main assumptions (von Christierson et al.,
2015; Clilverd et al., 2016) while others did not state any assumptions (Kiesel et al., 2013;
Trivisonno et al., 2013). The most common assumptions made in the literature are related
to the simplification of boundary conditions (Arega, 2013; von Christierson et al., 2015;
Clilverd et al., 2016; Mansell et al., 2000; Tsihrintzis et al., 1998; Wester et al., 2018) with
the second most common assumption being that the flow through the wetland can be
characterised as shallow flow (Arega, 2013; Wester et al., 2018). These two assumptions
are considered adequate and appropriate for modelling flows in wetlands if the assumed

boundary conditions do still realistically describe the site.

2.7 Calibration

The majority of studies which modelled flow through wetlands utilised flow parameters such
as depth or flow rates (Arega, 2013; Clilverd et al., 2016; Mansell et al., 2000; Trivisonno
et al., 2013; Tsihrintzis et al., 1998; Wester et al., 2018) to calibrate their models, and they
generally produce good results. The calibration processes documented in the literature
generally manipulated the roughness coefficients (von Christierson et al., 2015; Kiesel et
al., 2013; Trivisonno et al., 2013) although some utilised flow rates (Broekhuizen et al.,

2019; Perrelli and Irvine, 2013).
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3 METHODS EMPLOYED TO ADDRESS THE OBJECTIVES

3.1 Considerations

Unfortunately there was no readily available flow data immediately up- or downstream of
the Wakkerstroom Vlei so it was necessary to enlarge the geographical area considered in
order to be able to utilise the available flow data. In light of this approach it was decided to
focus the initial modelling on the flows at the Zaaihoek Dam, some 4km downstream of the
Wakkerstroom Vlei, and then use the calibrated hydrologic model for the Wakkerstroom
Vlei catchment to develop a predictive model. This approach of developing a predictive
model for the Wakkerstroom Vlei using the Zaaihoek Dam hydrological model parameters
is deemed to be appropriate as the Wakkerstroom Vlei is a sub-catchment of the Zaaihoek
Dam catchment as it is similar to other studies which have reproduced predicted discharge

rates for other locations within a river network (Grayson et al., 1992; Senarath et al., 2000).

Upon development of a hydrological model for the Wakkerstroom Vlei, it was possible to
extend the model to also consider the flow of nutrients, and more specifically nitrogen,

through the Vilei.

3.2 Data utilised for modelling

A large amount of data already exists for the Zaaihoek Dam. The available data includes:

e Measured outflow rates for the Slang River component.
e Measured flow data from the Zaaihoek Dam spillway.
e Measured rainfall and pan evaporation rates.

e Water quality data.

The initial modelling indicated that using a single meteorological station for the whole
catchment was not adequate. The overall catchment was split into similar elevations zones
resulting in each of the two rivers entering Zaaihoek Dam consisting of three sub-
catchments. In addition to the available Zaaihoek data, additional rain gauges exist that are

more appropriate for the higher reaches of the overall catchment.
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Nutrient data was obtained from an Honours Research Report (Sanderson, 2018)
undertaken through the APES. This research looked at the ability of the Wakkerstroom Vlei
to remove nutrients and coliform contaminants by measuring the nutrient and bacterial
levels in the water. These nutrient results were kindly made available for this research in
order to inform the nutrient modelling through the Wakkerstroom Vlei. However, the
sporadic nature of the obtained water quality data made it unfeasible to allow detailed

modelling of the flow of nitrogen through the wetland.

3.3 Modelling approach
The modelling undertaken during this research looked at the large scale catchment runoff
contributing to the Zaaihoek Dam. The reason for selecting this location was the availability

of data from the DWS and other freely available rainfall data extraction utilities.

Once a calibrated model was generated for the Zaaihoek Dam, the Wakkerstroom Vlei
hydrology was then addressed since it is a sub-catchment of the Zaaihoek Dam.
Thereafter, the Wakkerstroom Vlei hydrological model was extended to consider the flow

of nitrogen through the wetland.

3.4  Choice of model

Numerous software packages exist which can be used for modelling hydrological systems
(Devi et al., 2015) with the main types being lumped or distributed models. In a lumped
model the system is seen as a single unit, while a distributed model divides the system into

smaller sets to allow parameters to vary spatially (Moradkhani and Sorooshian, 2009).

While some research have been based on utilising separate models for their coupled
hydrologic analyses (Arega, 2013; Kiesel et al., 2013), we have decided to rather utilise a
single model which makes use of internal coupled analyses to simplify the integration

process.

The ROs stated in the previous section are not new as they were successfully undertaken
by von Christierson et al. (2015). However, this research will utilise a two-dimensional

model instead of the von Christierson et al. (2015) three-dimensional modelling approach.
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Kazezyilmaz-Alhan et al. (2007) concluded that ground- and surface water interactions
should be incorporated into hydrological wetland models to allow water quality components
to be more accurately modelled. Due to the dolerite outcrops present (Tooth et al., 2004)
the groundwater portion of the Wakkerstroom Vlei catchment was ignored. This exclusion

could have negatively impacted on the accuracy of the hydrological results.

3.4.1 Australian Water Balance Model
The AWBM has been used by a number of researchers (Escobar et al., 2015; Heneker,

2002; Sharifi et al., 2004) around the world for predicting flow rates.

The AWBM considers antecedent moisture conditions by utilising the elementary bucket
approach (Boughton, 2004) as presented in Figure 3.1 with runoff only taking place after
the buckets, or surface stores, are full. The AWBM assumes that each catchment area
can be defined by three partial areas (A1, A2 and A3) adding to unity, with each partial area
having its own respective surface storage capacity (C1, C2 and C3). These partial areas
with their individual storage capacities are shown in Figure 3.1a while Figure 3.1b displays

the resulting rainfall-runoff relationship.

Excess
l %
= Runoff é
c2
Al
C3
A2 A‘u"g
Rainfall
C1  C2Ag C3 -
A3
(a) (b)

Figure 3.1 Schematic multi-bucket approach (Adapted from Boughton (1987, 2004))

The runoff indicated in Figure 3.1a is split between surface and base flow to take account
of both overland and sub-surface flow, with each having an attenuation component utilising
recession constants (Boughton, 2004). This split between the above and below ground

components transforms the structure to the one indicated in Figure 3.2.
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Figure 3.2 Expanded schematic of AWBM (Adapted from Boughton (2010))

The abbreviations used in Figure 3.1 and Figure 3.2 are as follows:

Al, A2 and A3: Partial areas with different surface storage capacities

BS: Quantity of water in the base flow store

C1,C2 and C3: Surface storage capacities corresponding to the partial areas
E: Evaporation

P: Precipitation

SS: Quantity of water in the surface store

The quantity of water in the surface store is calculated by Equation (3.1) and the discharge
rates from the surface and base attenuation stores are calculated as shown by Equation

(3.2) and Equation (3.3):

SS = Excess * (1.0 — BFI) (3.2)
qu‘rface =55 (1.0 —K;) (3.2)
and
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Qbaseflow =BS * (10 - Kb) (33)

Where:

SS: Quantity of water in the surface store

BFI: Base flow index

Qsurface! Discharge from the surface attenuation store
Ks: Surface flow recession constant

Qbaseflow: Discharge from the base flow attenuation store
BS: Quantity of water in the base flow store

Kb: Base flow recession constant

3.4.2 Goldsim

As discussed in Section Error! Reference source not found. it was identified that the
Goldsim software package would be suitable for modelling the behaviour of the Vlei.
Goldsim has programmed an AWBM model for free download from the Goldsim Model

Library database (https://support.goldsim.com/hc/en-us/articles/115008698407-

Australian-Water-Balance-Model-AWBM-). This model was used as the basis for the

surface and base flow components within the overall water balance model of the Zaaihoek

Dam catchment.

While the AWBM was not developed to act as a coupled model (Boughton, 2004), the
inclusion of the model within Goldsim allows coupling of the hydrological processes with
the relevant biochemical processes through use of the Contaminant Transport Module
(CTM). A standalone academic licence (Version 12.1) was obtained from Goldsim for the

purposes of undertaking this research.
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343 PCSWMM

In addition to the use of Goldsim, the software programme PCSWMM was utilised to
determine how the AWBM modelling within Goldsim influences the results obtained, with a
discussion of the PCSWMM details included in Section Error! Reference source not
found.. A Professional Educational single-user license of PCSWMM was obtained through
the Computational Hydraulics International (CHI) University Grant Programme for the

purposes of undertaking this research.

3.5 Model time step

The models can be based upon a variety of time steps, although the AWBM is limited to
utilising hourly or daily steps, with the daily option often used for water management or
yield assessments and the hourly option typically selected for hydraulic design or flood
estimation purposes (Boughton, 2004). In numerical modelling the time step should ideally
be as large as possible to reduce computational effort, without influencing the results

obtained.

The selected time step of one day was checked relative to the time it takes for the whole
catchment to contribute to the runoff in the form of the time of concentration calculation
(Kirpich, 1940) as a relative sanity check. While calculating the time of concentration is not
the same as determining the appropriate modelling time step, this was deemed to be
suitable as the time of concentration was calculated to be less than day (between 190 and
670 minutes) and hence within the selected water balance modelling time step. This result
indicates that the selected time step is deemed to be appropriate for the Zaaihoek Dam

catchment water balance modelling.

3.6 Model components

The AWBM approaches runoff modelling by using a water balance calculation for each time
step. In order to model the in- and outflows from the Zaaihoek Dam, a water balance model
was similarly developed for the dam, with the components illustrated in Figure 3.3 and

summarised below:
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Figure 3.3 Schematic Zaaihoek Dam water balance components

Where:

Base flow: The subsurface flow rate calculated by the AWBM model.

Direct precipitation: Rainfall directly onto the dam.

Evaporation: Evaporation losses from the dam surface.

Pumping: A pumped system exists to convey water to nearby users.

River release: Flow rate released to maintain the downstream river ecosystem.

Spill: The rate at which water leaves the dam if the water level
exceeds the spillway invert level

Surface runoff: The surface flow rate calculated by the AWBM model.

3.7 Input parameters

3.7.1 Climate data
The Zaaihoek rainfall and evaporation data was downloaded from the DWS website

(http://www.dwa.gov.za/Hydrology/ (Department of Water and Sanitation, 2019)). The

evaporation data was supplied as S-Class pan values which were converted to lake
evaporation rates using the pan correction factors contained in the Water Research

Commission book entitled “Surface water resources of South Africa” (Midgeley et al., 1994).
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The available evaporation data is monthly instead of daily but this is deemed to be
appropriate for this modelling due to the lower sensitivity of the modelling to evaporation
than rainfall (Chapman, 2003) which made it possible to convert the monthly figures to daily
figures by dividing the total monthly value by the number of days in each month (Boughton,

2004).

Additional rainfall data for the sub-catchments was obtained from the Daily Rainfall Data
Extraction Utility (DRDEU) (Kunz, 2004), Version 1.4. This software locates nearby stations
and the stations with the most appropriate elevations were selected for each of the three
sub-catchments. The three most appropriate stations available were owned by the South

African Weather Service (SAWS):

e  Skurweklip (SAWS number 0371421_W) — Utilised for the upper sub-catchment
e Groenvlei (SAWS number 0407418_W) — Utilised for the middle sub-catchment

e Barrowfield (SAWS number 0407148 W) — Utilised for the lower sub-catchment

Supplementary data for the Groenvlei and Barrowfield stations were obtained free of
charge from the SAWS as part of a Disclosure Agreement for the purposes of conducting

research.

Open water evaporation rates were converted to evaporation rates from wetlands based
on the known reed species present in the Wakkerstroom Vlei in accordance with values

documented in Mohamed et al. (2012).

3.7.2 Flow data
The pumping data, Zaaihoek spillway overflow and river component flow rates were

downloaded from the DWS website (http://www.dwa.gov.za/Hydrology/ (Department of

Water and Sanitation, 2019)).

The pumped flow rates were included within the AWBM by simply using an input table.
However, PCSWMM is not able to handle an existing time series of outflows and so the

pumped rate was incorporated by setting the pumped outflow as a negative inflow.
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3.7.3 Modelling period informed by input data

Unfortunately, as the Zaaihoek Dam was only commissioned in 1988 (South African
Institution of Civil Engineers, 1989), the DWS datasets generally cover from April 1988 to
December 2018, while the SAWS stations were closed in late December 2010 and the
DRDEU datasets were only available from January 1920 to August 2000. This resulted in
the only period of data which covered both climate and flow rates being from October 1988
to August 2000. This is one month short of twelve years, which was initially split to allow
the first eight years of data to be used for the calibration of the model and the remaining
three years and eleven months to be used for the validation of the calibrated model.
However, it was then realised that the rainfall and flow data did not match as expected,
with the initial (Period A) and latter (Period C) portions having weaker correlations than the

middle portion (Period B) as can be seen in Figure 3.4.
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Figure 3.4 Comparison of rainfall and run-off

It was subsequently decided that instead of using a single model to calibrate and validate
the results using periods with weaker correlations between rainfall and flow rate, it would

be preferable to utilise two separate models covering the period of good correlation. This
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approach is deemed to be acceptable as shorter calibration periods of two and three years
(Boughton, 2007; Makungo et al., 2010) have successfully been by other researchers,
although contrasting views also exist which suggest that the accuracy improves with

increasing lengths of data sets (Arsenault et al., 2018).

While the period of good correlation indicated in Figure 3.4 by the green shading includes
an extreme event (>79 md/s resulting from the three main rain gauges recording daily
rainfall depths between 73 mm and 150.5 mm) in February 1996, it was decided to run the
models with and without this year of data to assess the effect of the extreme event on the
calibration of the models. However, Boughton (2006) states that extreme events negatively

impact upon the calibration of such rainfall runoff models.

3.7.4 Patching of climate and flow data

A couple of the datasets downloaded from the DWS site included some gaps due to a
variety of reasons. The missing data portions were patched using either interpolation from
the surrounding values or converting the monthly averages into daily flows. The

completeness of the downloaded climate and flow data is presented below as Table 3.1

Table 3.1 Input data completeness

Data Data source | Missing Comments
Zaaihoek rainfall (none)
Zaaihoek evaporation (none)
Zaaihoek spill rate (none)
Zaaihoek river component 0.7% missing Manually patched
(Slang River)
Zaaihoek-Majuba pipeline DWS 0.2% missing Manually patched
Pipeline from Zaaihoek Dam (none)
Pipeline from Zaaihoek Dam (none)
Pipeline from Zaaihoek Dam (none)
Pipeline from Zaaihoek Dam (none)
Pipeline from Zaaihoek Dam (none)
Skurweklip rainfall 1.6% missing,
G — 66.2% patc;hed Already patched by
roenvlei rainfall 1.6% missing, .
DRDEU DRDEU prior to
58.8% patched download
Barrowfield rainfall 0.2% missing,
72.2% patched

The downloaded DWS Slang River flow rates included the Zaaihoek overflow rates as the

Slang River measuring weir is downstream of both the dam wall and dam spillway outlet.
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Figure 3.5 illustrates that the flow rates measured by the measuring weir consist of both

the river release component and dam spill rates.

Slang River
Measuring weir

Figure 3.5 Zaaihoek Dam release components (Background image from Google

(n.d.))

In light of this, the Zaaihoek Dam spillway rates were subtracted from the Slang River flow
rates to allow each component to be considered separately within the model. However, it
was found that this sometimes resulted in negative flow rates (i.e. the spillway rates were
sometimes larger than the Slang River rates). This is deemed to be as a result of the nature
of the Slang River measuring weir being more accurate for lower flow rates and less
accurate for the larger overflow rates (refer to Figure 3.6). The Slang River flow rates were
patched using average flow rates based on the monthly averages for these instances where

the Zaaihoek Dam overflow rates were greater than the Slang River rates.
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Figure 3.6 View looking upstream from the Slang River measuring weir (Source: DWS
website

(http://www.dwa.gov.za/Hydrology/Verified/Hylmage.aspx? Station=V3H028))

3.7.5 Catchment areas

A digital elevation model (DEM) consisting of 5m contours of the overall Zaaihoek Dam
catchment area was obtained (refer to Figure 3.7) from the Chief Directorate: National Geo-
Spatial Information (CD:NGI) Database and the catchment boundaries were delineated
within PCSWMM. The overall catchment was split into three sub elevations to better
account for the large variation in height (>400 m). The PCSWMM sub-catchment
delineation function was used to split the overall catchment and then each sub-catchment
was linked to the appropriate rainfall station depending on whether the sub-catchment fell
into the Upper, Middle or Lower category. These coloured sub-catchments are illustrated

in Figure 3.8.
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Zaaihoek Dam

Figure 3.7 Zaaihoek Dam catchment DEM
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Figure 3.8 Delineation of sub-catchments

Zaaihoek Dam has two incoming rivers, namely the Slang and Thaka. The catchment of
each of these rivers was divided into three sub-catchments as discussed above, with the

relevant labels included in Figure 3.9.
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Figure 3.9 Delineation of catchments

This DEM was further processed within PCSWMM to locate flow paths and generate the

irregular channel cross sections, both of which are used by the PCSWMM modelling.

3.7.6  AWBM specific input parameters

The required input parameters for the AWBM model are summarised below in Table 3.2.

Table 3.2 AWBM input parameters

Parameter Units Value Source

Al 0.134 | These are the default partial area fractions recommended

A2 0.433 | for the AWBM which were found to be appropriate for the

A3 0433 Zaaihoek catchment as the model is more sensitive to other
) input parameters.

C1 mm 12.4 | C1 =0.075 x Avg*

c2 mm 126.0 | C2 =0.762 x Avg*

C3 mm 252.0 | C3 =1.524 x Avg*

Avg* mm 165.4 | Avg = Average annual rainfall - Average annual runoff

Catchment km? 617 | Delineated and measured within PCSWMM

area

BFI 0.658 | This is the default AWBM input value which was later

calibrated
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retention time

Kb 0.309 | This is the default AWBM input value which was later
calibrated

Ks 0.869 | This is the default AWBM input value which was later
calibrated

Zaaihoek Dam m3 | 55,365,000 | Assumed to be 30% full due to the model starting in the

starting middle of the dry season

volume

Diameter  of m 1.2 | The largest known diameter was selected based on

orifice pipe available SAICE article (South African Institution of Civil
Engineers, 1989)

Discharge 0.67 | Typical circular orifice discharge coefficient value

coefficient

(Cd)

Martin’'s Dam m3 167,323 | Assumed to be 80% full

starting

volume

Wakkerstroom | days 19 | Online article**

*The average capacity is not used directly in the AWBM, but rather just to calculate the partial
storage capacities (Boughton (2010))
**“|OL news website” (2018)

3.7.7 PCSWMM specific input parameters

The modified Green-Ampt method was used to take account of infiltration. This method is

based on water travelling vertically down the soil profile in a saturated layer with the wetted

zone being fully saturated and the moisture content in the un-wetted zone below the wetting

front being at an initial degree (United States Environmental Protection Agency, 2016). The

soil in the sub-catchments was modelled as a Loamy Sand soil texture, with typical

literatures values extracted from the SWWMS5 User's Guide (James et al.,, 2010) and

converted to metric units, as provided below in Table 3.3. These input parameters were

then calibrated within PCSWMM.

Table 3.3 Infiltration parameters from literature (James et al., 2010)

Parameter

Saturated hydraulic conductivity

Suction head

Porosity

Field capacity

Wilting point

Value Units
29.97 mm/hr
60.96 mm
0.437 (fraction)
0.105 (fraction)
0.047 (fraction)

Similar to the AWBM, PCSWMM makes use of a “bucket” type model, known as

Depression Storage which accounts for the depth of water which needs to be stored prior
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to the onset of runoff. The initial values were selected to be 1 mm and 2 mm for the
Impervious and Pervious areas respectively. These depths were also used as calibration

variables.

PCSWMM requires that the Imperviousness of the sub-catchments is specified. This
parameter accounts for all impervious surfaces in the sub-catchment areas. The starting
value was selected to be 2% based on the recommended value for rural/ agricultural areas
in the SWMM Hydrology Manual (United States Environmental Protection Agency, 2016)

and this was then modified during calibration of the model.

PCSWMM allows for some immediate runoff from each sub-catchment by incorporating a
Zero Imperviousness parameter. This is the percentage of the imperviousness area which
does not have any depression storage. The initial value was specified as 25% and this was

then modified during the model calibration step.

The channels were modelled as having Manning’s Roughness Coefficients of 0.05, which
is comparable with fairly regular natural channels (James et al., 2010). The roughness
coefficient of the pervious portion of each sub-catchment was based on work undertaken
on overland flow hydraulics which presented a Manning’s Roughness Coefficient of 0.5
(Emmett, 1970). While this value is higher than typically purported for grassed areas (0.13
to 0.24 (James et al., 2010)), it was found it be more appropriate for the modelled sub-

catchments.

3.7.8 Hydraulic data

The river flow component of the Zaaihoek Dam outlet was modelled as an orifice at the
base of the dam. According to an article published soon after the Zaaihoek Dam was
commissioned (South African Institution of Civil Engineers, 1989), it was determined that
there are four river outlet pipes from the dam, ranging in diameter from 400 mm to
1200 mm. Unfortunately, as the control operational guides of the outlet pipes were

unknown, the outlet was modelled as a single 1200 mm orifice with a discharge coefficient
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of 0.67, although this single value was used as one of the calibration parameters to try

better account for the unknown varying controls.

The other inputs included the spillway rating curve which was downloaded from the DWS
database (Department of Water and Sanitation, 2019) and the stage capacity relationship
for the dam which was generated by measuring the dam basin contours from the survey

file. These datasets were both inserted as lookup tables.

The outlet of the Wakkerstroom Vlei storage unit was modelled as a weir with the following

attributes, which were then calibrated within the model:

e The length of the weir approximately equal to the width of the Vlei.
e A discharge coefficient of 2.95 which was also used as a variable during model

calibration.

3.8 Biochemical modelling

The data provided in Sanderson (2018) covered three locations, namely:

e Below Martin’s Dam (i.e. the clean stream inflow into the Wakkerstroom Vlei).
e Below the eSizamaleni sewage leak.

e At the bottom end of the Wakkerstroom Vlei.

These measured nutrient concentrations are presented as Figure 3.10. As can be seen
from this figure, there are only 37 data points for each of the three locations, with some
locations sampled two or three times per day towards the end of the sampling exercise.
These sporadic sampling results in a dataset are unsuitable for integration with the daily

time step hydrological model developed as part of this research.
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Figure 3.10 Nitrate data obtained from Sanderson (2018)

In lieu of more comprehensive data, the mean and standard deviation values were
calculated for each location and then used to describe a normal distribution for the data
set. These distributions were utilised within the CTM, an add-in to Goldsim, which was
coupled with the calibrated hydrological model, to model the flow of nitrogen through the

Wakkerstroom Vlei.

3.9 Model calibration

In the past it was more challenging to calibrate models due to limited computing power,
with the calibration approach often being undertaken manually and with a limited number
of variables (Senarath et al., 2000). The Goldsim and PCSWMM models were calibrated
by comparing the observed and predicted flow rates and minimising the RMSE, as had
similarly been done as part of the calibration of other catchment rainfall-runoff models
(Hafezparast and Fatemi, 2013; Kim et al., 2007; Madsen, 2000; Makungo et al., 2010).
However, it was found that the inclusion of the extremely wet period over February and
March in 1996 tended to distort the calibration as the RMSE minimises the error by trying

to calibrate the higher flow rates to the detriment of the lower flows, as also highlighted
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previously by Boughton (2006). This period was subsequently excluded from the model
duration such that the modelling was undertaken between 1 July 1996 and 30 June 1998.
The reason for starting the model during the dry winter period instead of the start of the

hydrological year was to simplify the starting volumes of the dams.

A Water Research Commission report was found which stated that the quality of the data
at the weir immediately downstream of the Zaaihoek Dam had the highest quality data for
the period 1991 to 1998, but that the data “is not acceptable for verification” (Smithers et

al., 2007).

3.9.1 Goldsim

The predicted overflow rates were compared against the measured overflow rates. Using
a RMSE approach where the difference between the daily measured and predicted spill
rates were calculated, the input parameters were calibrated using the inbuilt Goldsim
optimisation function. The RMSE equation proposed by Goldsim is included here as

Equation 3.1.

Equation 3.1

2
RMSE = \/ ?:1(Qm,i - Qp,i)
N

Where:

Qm: Measured spill rate
Qyp: Predicted spill rate
N: Number of values

The Goldsim optimisation function minimised the RMSE difference through Monte Carlo
sampling of the user selected parameters within the specified ranges. The parameters
included in the optimisation runs are tabulated in Table 4.1 and the RMSE setup in Goldsim

has been included as Figure 3.11.
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Figure 3.11 Goldsim RMSE

3.9.2 PCSWMM

The Sensitivity-based Radio Tuning Calibration (SRTC) tool was used within PCSWMM to
calibrate the predicted flow rates against the observed (i.e. DWS) flow rates. This tool
makes use of user selected uncertainty ranges for each parameter requiring calibration and
then runs the model multiple times to assess the impacts of varying the selected variables.
Upon completion of the runs, the user individually goes through each variable and adjusts
the value by either using the auto-calibrate option or manually adjusting the value. Once
each parameter has been adjusted and an estimated new correlation between the
predicted and observed flow rates provided, the model is rerun with the adjusted values to

confirm the estimated correlation. The process can be repeated as many times as desired.

Historically the majority of calibration has been undertaken manually but the advancements

now afford some models the ability to utilise automatic calibration (Senarath et al., 2000).
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The use of the SRTC is a combination of both manual and automatic measures as the
initial steps are undertaken automatically but then the modeller still needs to adjust (or tune)
each parameter individually, although the SRTC is able to assist with the automatic
calibration of each one individually. However, the automatic calibration of a particular
parameter happens in isolation of the others, so it is necessary to re-run the newly
calibrated model to confirm whether or not the expected correlations match or improve

upon the estimated correlation parameter.

3.10 Validation

Following on from the mismatched rainfall and flow data described above, the software
package, PCSWMM, was used to validate the Goldsim AWBM. This approach of validation
does not validate the model in terms of the modelled catchment but does validate the model

in terms of modelling accuracy.
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4  RESULTS AND DISCUSSIONS

4.1 Research Question 1

This first RO was to hydrologically model the catchment of the Zaaihoek Dam.

The AWBM was utilised to account for the incoming surface and base flow components,
which were considered as part of the overall Zaaihoek Dam water balance. This daily time
step water balance took account of the various in- and outflows, with the predicted

compared to the measured flow rates.

The mismatched rainfall and flow data for the Zaaihoek catchment area limited the available
dataset which was available for modelling. This is deemed to be as a result of the patched
nature of the available rainfall data and, to a greater degree, the poor quality of measured
data at the weir immediately downstream of the Zaaihoek Dam (Smithers et al., 2007).
Boughton (2007) found that short data sets, namely two to five years, generally give
acceptable flow rate predictions but that longer data sets, typically at least ten years, give

more accurate estimates.

The initial modelling runs resulted in extremely poor correlations with the observed data.
This was typically due to errors in the model which were systematically worked through and
rectified. An optimisation process was undertaken once the obvious errors had been
rectified. This process focussed on the parameters which were deemed to be the most
uncertain or the ones to which the model was understood to be the most sensitive. The
ranges for these selected optimisation parameters were set to suitable values and the
model was optimised, by minimisation of the RMSE, was then run. A typical optimisation

run progress update is included as Figure 4.1.
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Figure 4.1 Typical RMSE optimisation run showing how the selected variables are

adjusted to minimise the RMSE

The RMSE optimisation approach discussed in the previous chapter resulted in a R2
correlation of 0.448 when compared with the chosen observed data. The PCSWMM results
were similarly compared to the observed flow data and a R? correlation of 0.366 was
obtained when compared with the chosen observed data. These correlation coefficients
are too low to provide confidence in the modelling results according to Boughton (2006) as

the value should be at least 0.6.

The calibrated AWBM and PCSWMM input parameters are presented in Table 4.1 and
Table 4.2 respectively and full- and truncated times series results are presented in Figure
4.2 and Figure 4.3 respectively to allow a comparison between the rainfall and the predicted
flow rates. It should be noted that the rainfall indicated is the daily sum of the rainfall from
the three rain gauges, i.e. the total system rainfall for the whole catchment. The summation

of catchment rainfall depths is deemed to be an appropriate inclusion on the graphs as the
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sub-catchments have approximately equal areas and hence there the total does not need
to be a weighted total, especially considering the runoff is the sum of the sub-catchment

runoff rates, i.e. system flow for the whole catchment.

Table 4.1 Comparison of AWBM input and calibrated parameters

Parameter Units Start value Optimised value
BFI1 0 N/A*
BFI2
BFI3 0.658 ~0
BF14 0.534
BFI5 0.192
BFI16 0.824
Kbl 0.309 ~1
Kb2 0.971
Kb3 0.162
Kb4 ~0
Kb5 0.963
Kb6 ~0
Ksl 0.869 ~1
Ks2 0.660
Ks3 ~0
Ks4 ~1
Ks5 0.054
Ks6 ~1
ClL mm 12.4 297.6
C1M 299.6
Ciu 17.0
C2L mm 126 11.2
C2M 123.7
C2u 110.9
C3L mm 252.0 299.6
C3M 130.4
C3uU 15.7
Zaaihoek Dam starting volume m? 55,365,000 4,673
Diameter of orifice pipe m 1.2 1.2
Discharge coefficient (Cd) 0.67 ~1
Martin’s Dam starting volume m? 167,323 29,744
Wakkerstroom Vlei retention | days | 19 38
time

*Excluded from optimisation runs due to the exclusion of the baseflow component for the

Wakkerstroom Vlei.
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Table 4.2 Calibrated PCSWMM variables

Parameter Units | Initial | Calibrated sub-catchment values
value
Upper Middle Lower
Depression | Impervious mm |1 1 1 1
storage
Pervious 2 1.5 2 2.5
Percentage impervious % 2 13.8 12.0 6.1
Zero impervious 25 100 100 100
Manning’s Impervious 0.01 |o0.01 0.01 0.01
roughness
Pervious 0.5 0.5 0.5 0.5
Natural channels 0.05 0.05 0.05 0.05
System Observed PCSWMM Goldsim
g 2T
£
-
5
0
50—
Error: Goldsim PCSWMM
ISE rating Very good Very good
45 ISE 3.91 4.48
NSE 0.438 0.263
40 R? 0.448 0.365
SEE 3.68 4.21
LSE 9880 13000
35 LSE dim 882000 342000
RMSE 54.5 65.4
= 30— RMSE dim  0.129 0.105
E
= 25—
%20
10 ‘ ﬂ | |
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Figure 4.2 Comparison of observed and predicted flow rates with rainfall
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Figure 4.3 Comparison of observed and predicted flow rates with rainfall - 6 month
zoomed in period

When comparing the AWBM and PCSWMM results, the following general observations are

made:

e The Goldsim AWBM provided better baseflow correlations than the PCSWMM

results.

e The PCSWMM results provided a better fit for the peak flows than the AWBM.

The peaks in the observed flow data appear to closely approximate the peaks in the
observed rainfall data, which gives support to the selection of this period of data for the
modelling. The amplitude of peaks in the Goldsim AWBM results poorly approximate the
observed flow data, but the frequencies of the peaks do correspond. Conversely, the
amplitude of the peaks predicted by the PCSWMM seem to match relatively well, while the
frequencies of the peaks similarly match. The magnitude of the Goldsim AWBM peaks

during low flows correspond better with the observed data than the similar low flows for the
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PCSWMM results, although the AWBM results do seem to slightly overestimate the lower

flows.

This underestimation of the larger flow events has been noted as a limitation of the model
by the developer of the AWBM (Boughton, 2004). The fact that PCSWMM has a better
match to the observed peak flow rates than the Goldsim AWBM results in terms of
mimicking the graph, but a poorer overall R? correlation value (0.365 compared to 0.448),
reinforces the assertion that extreme events skew the calibration of rainfall runoff models

(Boughton, 2006).

A weakness in generating daily evaporation input data from monthly evaporation data is
that equal evaporation occurs every day of the month, regardless of whether or not it rains
that day. While this is not expected to significantly lower the correlation between the
predicted and observed data, it does negatively impact upon the results but is still deemed

to be an appropriate approximation for this modelling.

Some of the simplifying assumptions made during this research, such as modelling of the
orifice outlet pipes from the Zaaihoek Dam as a single pipe, potentially limit the accuracy
of the model but the assumptions were necessary in light of not being able to obtain more

consistent and reliable data.

411 AWBM

The AWBM within Goldsim was able to account for both the surface and baseflow
components of the incoming streams and it is believed that better calibration of the model
would have been possible with better quality input data. Comments on the calibrated

parameters have been included as follows:

e BFI: The baseflow indices included for BFI1 and BFI2 are for the catchment feeding
the Wakkerstroom Vlei. Due to the presence of the dolerite outcrops highlighted by
Joubert and Ellery (2013) which prevent groundwater flows from entering the Vlei,
these baseflow contributions were set to zero. BFI3 parameter optimised to result

in negligible groundwater contributions to the Zaaihoek Dam, although this is
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counterintuitive as there are no known dolerite outcrops within the BFI3 region to
prevent groundwater reaching the Dam. The low to high range of BFI values for
the Slang River catchment do not allow conclusive statements to be made around
the influence of groundwater on the overall flow contributions for this river
catchment.

Kb: The baseflow recession constant has a default value of 0.309 within the
AWBM. The calibration results ranged from ~0 to ~1 which makes it appear that
the calibration, understandably, focussed more on mathematical calibration rather
than calibration to achieve realistic parameter values. It would have been
advantageous to physically calibrate this parameter with site specific data using
the streamflow records (Klaassen and Pilgrim, 1975) if such flow data existed.
Ks: Similar to the baseflow recession constant, the surface water recession had its
calibrated values range between ~0 and ~1 even though the default value was
0.869. Like the baseflow recession constant, it is felt that the mathematical
calibration took preference over the realistic calibration and this parameter could
also be physically calibrated within the catchment using the streamflow records
(Klaassen and Pilgrim, 1975) if such flow data existed.

C1: The first surface storage capacity was expected to be close to 12 mm but the
calibration got this value closer to 300 mm for the lower and middle catchments
while the upper catchment result of 17 mm indicated relatively good agreement
with the specified starting value. The large values for C1L and C1M indicate that
these catchments appear to be more sensitive to larger rainfall events as the lower
rainfall depths would effectively get excluded with the high C1 surface storage
capacities.

C2: This second surface storage capacity was initially calculated to be 126 mm
and the C2M catchment is in very close agreement with this value as the calibration
value was ~124 mm. C2U reached an optimised value of ~111 mm which is also
relatively close to the starting value. C2L value of just over 11 mm is lower than

expected and places greater reliance on smaller storm events, although this large
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discrepancy between expected and optimised values could partially be
mathematically compensating for the large depth reached during the calibration of
C1L.

C3: The third surface storage capacity was expected to be 252 mm based on
literature (Boughton, 2010). C3L was only slightly higher (~300 mm) than this value
and hence probably reasonable, but C3M and C3U are ~130 mm and ~16 mm
respectively and hence much lower than the anticipated value. This could again be
due to the model mathematically compensating for some of the higher storage
capacity values in the other catchments.

Zaaihoek Dam starting volume: It was assumed that the starting volume would
be 30% of the capacity due to the modelling starting in the middle of the dry season.
This result of 4,673 m3 is far lower than expected as it equates to less than 0.003%
of the total capacity and it is likely by this point in the stage capacity of the actual
dam that the water would have negligible depth, probably appear to effectively be
dry and almost unable to yield even the ecological flow reserve. This value is
consequently not seen as reasonable as the modelling only started in the middle
of a dry season during a fairly normal hydrological year.

Diameter of orifice pipe: The possibility of multiple pipes ranging between
400 mm and 1200 mm diameter without any information on the operational rule of
these pipes resulted in a single 1200 mm pipe being selected as the starting point
with an upper limit of 1200 mm specified for the optimisation. It can be concluded
that since the optimisation kept the diameter at the upper limit that a single pipe is
probably inadequate to match the observed flows, especially during higher flow
periods.

Discharge coefficient: A commonly accepted factor of 0.67 was specified as the
starting value for the optimisation. However, the optimisation concluded that the
value should be close to unity. This result further reinforces the belief that a single

1200 mm pipe was not adequate to model the ecological reserve flows, especially
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the high flows, from the Zaaihoek Dam as the coefficient was facilitating more water
out through the pipe instead of allowing for realistic energy losses.

e Martin’s Dam starting volume: It was assumed that the starting volume would be
30% of the capacity due to the modelling starting in the middle of the dry season.
This result of 29,744 m?3 is lower than expected as it equates to just over ~14% of
the total capacity.

e Wakkerstroom Vlei retention time: the duration was found to be 38 days as part
of the calibration process, which compares favourably with the nutrient data
(Sanderson, 2018). The nutrient data showed that the shapes of the nitrate curves
at the inlet to the Vlei and at the end are between 34 and 39 days when only looking
at the large trough in the data, and roughly 40 days (13 days) when other troughs
and peaks are compared. While this manual analysis of the nutrient data is not
necessarily accurate, especially given the patchy nature of the data, it does add

some credibility to the predicted retention time.

412 PCSWMM
Although PCSWMM has the ability to model rural catchments, it was developed for urban

catchments (Kumar et al., 2006).

Clilverd et al. (2016) found that PCSWMM was sensitive to the roughness coefficient but
this was not evident in the calibration of the developed model. The Manning’s roughness
parameters were included within the calibration set of variables, but only negligible
modifications were recommended by the SRTC to the extent that these parameters were

left unmodified.

The length of the weir outlet from the Vlei was initially set to be equal to the width of the
Vlei, although the calibration of the model resulted in the weir length being equivalent to
roughly two thirds of the Vlei width. This is probably a reasonable conclusion given how
tortuous the outlet of the Vlei appears to be while narrowing to the outlet channels as

highlighted on Figure 4.4.
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Weir “lengths”

Figure 4.4 Approximated Vlei outlet weir lengths (Background image from Google
(2020))

Conversely to the AWBM modelling, the calibration of the diameter of the orifice leaving
the Zaaihoek Dam reduced the pipe diameter and discharge coefficient to 741 mm and

0.485 respectively.

The depression storage for the pervious catchment portions decreased slightly from 2 mm
to 1.5 mm for the upper catchment, stayed the same for the middle catchment and
increased slightly for the lower catchment. This is to be expected that the steeper sub-
catchments will have less depression storage than flatter sub-catchments, although it was
expected that the range would be closer to 4 mm to account for the tall grasses and shrubs

which are present in the sub-catchments.
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An unexpected larger change during the calibration tuning process was the increase in the
percentage of impervious catchment in each sub-catchment. The upper, middle and lower
sub-catchments increased from 2% to 13.8%, 12% and 6.1% respectively. Furthermore,
the model calibrated that the whole portion of this impervious area has zero depression

storage and hence reports almost immediately as runoff.

The only infiltration parameter which the calibration tuning adjusted was the saturated
hydraulic conductivity. It was reduced from ~30 mm/hr to ~15 mm/hr. This was considered

to be one of the ways in which the model increased the runoff to better match the peaks.

4.2 Research Question 2
This research sought to inform the work undertaken by the APES by hydrologically
modelling the retention time of the Wakkerstroom Vlei. This RO utilised the results of the

hydrological modelling of the Zaaihoek Dam catchment (first RO).

The overall hydrological model was setup with the Wakkerstroom Vlei as a separate
modelling piece and hence minimal additional work was required to extract the relevant
predictive model portion for the Vlei out of the whole model. As this portion of the model
does not have observed data associated with it, it was not possible to calibrate the
predictive model. The Vlei was hydrologically modelled using both the AWBM and
PCSWMM and the results with the system rainfall are presented below as Figure 4.5 to

allow comparisons between the predicted results from the two different models.
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Figure 4.5 Comparison of predicted Wakkerstroom Vlei outflows for PCSWMM and
Goldsim

The R? correlation between the predicted flow rates is only 0.062 and this indicates a poor
correlation between the outputs from both models, although it is worth highlighting based
on discussions for the overall catchment that each model has its own relative strengths
with regards to high and low flows and hence a single comparison between them does not
necessarily mean that the models are only correct for the pieces they are in agreement.
The shape of the predicted rates typically follows the system rainfall, as to be expected. It
can further be seen that the PCSWMM peak flow rates are generally three to four times the

rates predicted by the AWBM.

4.3 Research Question 3

The intention was to create a quantitative biochemical model for nitrogen removal/
assimilation by building on the hydrological model developed as part of the second RO.
However, it was necessary to make a number of simplifying assumptions to allow a

qualitative model to be developed.
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It was not possible to undertake quantitative nutrient modelling due to the sporadic nature
of the available observed nutrient data. The relevant modelling principles were incorporated
into the Goldsim AWBM by using the CTM to allow an indication of how the modelling of
nitrogen would have been undertaken if more comprehensive data were available. This
was done by assigning probability distributions for each set of supplied nitrate data points
(Sanderson, 2018) and attempting to get the extended Goldsim model to calibrate

accordingly.

The input distribution concentrations were based on the supplied data set. The various
flows include the incoming river quality, sewage inflow and Wakkerstroom Vlei outflow

concentrations are presented in Figure 4.6
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Figure 4.6 Nitrate input rates into Goldsim model

However, the numerous data gaps and simplifying assumptions made it difficult to achieve
a working model that generates reasonable results, even when the same RMSE approach,

as utilised during the hydrological model, was incorporated.

It was expected to see trends in the data set indicating varying uptake and transfer rates in
the nutrient modelling results, as the rate at which nutrients, specifically nitrogen and

phosphorous, are taken up in wetlands is influenced by seasonal changes in vegetation
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(Khan and Shah, 2010). This ability to view the uptake rates was limited due to the simplistic

nature of the model. The modelled results are presented in Figure 4.7.
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Figure 4.7 CTM results

The results are considered to be unrealistic as the modelled outflow reaches an equilibrium
concentration and then stays perfectly constant even though the supplied outflow data

indicates variability in the outflow nitrate concentrations.
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5 CONCLUSIONS AND RECOMMENDATIONS

The AWBM and PCSWMM results both predicted flow peaks at the correct frequency when
compared to observed flow data, however the peaks of the AWBM were generally of a
lower amplitude than the observed data which was expected (Boughton, 2004). The

amplitude of the PCSWMM peaks matched the observed data fairly well.

Due to the better correlation compared to PCSWMM, it is recommended to utilise the
AWBM to support decision making purposes even though the correlation value of 0.448 is
below the commonly accepted threshold value of 0.6, although some additional calibration

would be required.

The baseflow and surface water recession constants could be physically calibrated within
the catchment using the streamflow records (Klaassen and Pilgrim, 1975) and so it would
be advantageous for additional flow monitoring stations to be installed to assist with the

calibration of these parameters.

As with the majority of research studies, additional better quality data would assist in better
calibration of the models. This data should include daily rainfall, evaporation and climate
data as well as daily flow rates at gauging stations. The flow gauges should ideally be sited
at least one per sub-catchment, with the rain gauges similarly being sited in each

catchment.

A flow gauge before and after the Wakkerstroom Vlei would facilitate calibration of the

predictive flow model for the Vlei.

While obtaining additional water quality data for the polluted water emanating from the
sewage plant would assist with modelling the flow of nutrients, the first priority should be to

stop the pollution source.

The developed nitrogen model is not considered to be useful to others due to the number
of simplifications and assumptions made while setting it up. However, additional nutrient

data, with the sampling frequency being on a daily time scale as far as possible, would
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assist in developing a more robust data set to inform the nitrogen assimilation capacity of

the Vlei. The overlapping of the nutrient and rainfall data sets would also be advantageous.

The stage capacity relationships of the Zaaihoek and Martin’s Dams were developed
utilising the available survey data but bathymetric surveys of these storage facilities, as
well as for the Wakkerstroom Vlei would improve the accuracy of the depth-volumetric

relationship.

It is strongly suspected that the weir downstream of the Zaaihoek Dam may require
calibration for larger flow events due to the mismatch between the observed spillway and
total weir flow rates. Development of a weir rating curve for this hydraulic structure would

also assist similar modelling in the catchment.

Obtaining an understanding of the operational rule of the orifice pipes which control the
ecological reserve would allow the models to be extended to take account of the additional

operating considerations and complexities.
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