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ABSTRACT

The study of climate change and its effect on the eutrophication of surface waters is a current and
critically important study for the well-being of the entire planet. Within the same emission scenario
various probable climate change models outcomes are possible that affect the water quality of a
body of water. Voélvlei is an off-channel dam that supplies water to the city of Cape Town in the
Western Cape Province of South Africa. Historically, it is a eutrophic dam and with climate
change, its water quality is expected to worsen. Four statistically downscaled climate models are
used to produce meteorological outputs that drive the hydrodynamic and water quality model. The
times simulated were the present day (1971-1990), the intermediate future (2046-2065) and the
distant future (2081-2100). The operating procedure was not expected to change for the dam and
inflows and withdrawals were kept the same for each of the simulation periods. The water quality
model CE-QUAL-W?2 version 3.6 was used. The bathymetry was validated with measured data.
The model was calibrated for temperature, phosphorus loading, ammonium, nitrite-nitrates and
chlorophyll-a concentration. The model was used to predict a present day situation in the dam,
which was the basis from which future changes would be assessed. The main driver for algal
growth other than nutrients and light was water temperature, which was linked to air temperature.
With climate change, the air temperature will raise and enhance algal growth. The limiting nutrient
was phosphorus during the winter and the rest of the year nitrogen limits algal growth. In the
present day, the dominant algal group was the green algae.

With climate change an increase in the surface water temperature will increase evaporation and
cause a decrease in the yield of the dam and further concentrates the algal nutrients. The surface
phosphates concentration show increases in all months but especially in autumn. The total algal
growth was increased annually and especially during autumn, signalling a seasonal shift and
lengthening of the bloom season. The dominant algae however are still the green algae. There
will be an increase in the annual concentration of diatoms. The green algae are present in the
highest concentrations when compared to diatoms and cyanobacteria. The increase in its nutrients
throughout the year as well as the increased water temperature allowed for unabated growth the
entire year with peaks earlier in the year during autumn. Cyanobacteria are present at the surface
for the entire year at significant concentrations but with intermediate and future climate change
their concentrations does not change significantly. The result for cyanobacteria was inconclusive
as the inter-variability between the climate models has the greatest variability for cyanobacteria,
with 2 models showing an increased concentration and 2 a decreased concentration for
intermediate and future time-period. For climate change, the water quality worsens especially
during winter. With climate change water quality will worsen earlier in the year confirming a
seasonal shift. The modelling of dissolved oxygen proved daunting as the results indicated
supersaturation. The concentration of dissolved oxygen does not vary much as would be expected
due to the warmer waters.



OPSOMMING

Die studie van klimaatsverandering en die uitwerking daarvan op die eutrofiseering van die
oppervlaktewater is 'n huidige en krities belangrike studie vir die welsyn van die hele planeet.
Binne dieselfde emissie scenario, is verskeie moontlike uitkomste van klimaat modelle moontlik en
die invloed op die kwaliteit van die opperviakwater. Voélvlei is 'n buite-bedding dam wat water
verskaf aan die stad van Kaapstad in die Westelike Provinsie van Suid-Afrika. Histories is dit is 'n
eutrofiese dam en met die verandering van die klimaat sal die kwaliteit van die water na verwagting
verswak. Vier statisties afgeskaal klimaat modelle word gebruik om meterologiese toesttande te
skep en hiedie word dan gebruik as invoer vir die hidrologiese and water kwaliteits model vir die
huidige situasie (1971-1990), die intermediére toekoms (2046-2065) en die verre toekoms (2081-
2100). Die bedruifs-proses vir die dam was nie verwag om te verander nie en die invloei en
onttrekkings was dieselfde gehou vir elk van die simulasie periodes. Die watergehalte model CE-
QUAL-W2 3.6 was gebruik. Die bathymetrie was bevestig met gemete data. Die model was
gekalibreer vir temperatuur, fosfor, ammonium, nitriet-nitrate en chlorofil-a konsentrasie. Die
model was gebruik om 'n huidige situasie in die dam te simuleer, wat die basis vir
klimaatsveranderinge sou wees. Die vernaamste aandrywer vir die alge groei anders as
voedingstowwe en lig, was water temperatuur, wat met lugtemperatuur gekoppel was. Met
klimaatsverandering word die lugtemperatuur verhoog en alge groei. Die beperkende voedingstof
was fosfor gedurende die winter en die res van die jaar was die dam stikstof beperk. Die
dominante alge-groep in die huidige situasie was die groen alge.

Met klimaatsverandering stuig die temperatuur van die opperviakwater, verhoog verdamping,
veroorsaak afhame in die vlak van die dam en verhoog die konsentrasie van die alge
voedingstowwe. Die oppervilak fosfate konsentrasie verhoog in al die maande veral in die herfs.
Die totale alge groei jaarliks en veral gedurende die herfs, 'n teken van 'n seisoenale verskuiwing
en verlenging van die blom seisoen. Die dominante alge was nog steeds groen alge. Daar sal 'n
toename in die jaarlikse konsentrasie van diatome wees. Die groen alge is in die hoogste
konsentrasies vergelyk met diatome en sianobakterieé. Die toename in die voedingstowwe deur
die loop van die jaar, sowel as die verhoogde watertemperatuur kan vir 'n onverpoos groei vir die
hele jaar, veral in die herfs. Sianobakterieé is teenwoordig vir die hele jaar op beduidende
konsentrasies, maar met intermediére en toekomstige klimaat verander die konsentrasies nie veel
nie. Die resultaat vir sianobakterieé was onoortuigend as gevolg van die inter-veranderlikheid
tussen die klimaats modelle, met 2 modelle wat 'n toename in konsentrasie voorspel en 2 'n
afname in konsentrasie voorspel. Vir klimaatsverandering, die kwaliteit van die water vererger
veral in die winter. Met klimaatsverandering skyf hierdie verswakking van water kwaliteit na vroeér
in die jaar, wat bevestig 'n seisoenale skui vir verergering. Die modellering van opgeloste suurstof
was uitdagende en die resultate was super-versadig. Die konsentrasie van opgeloste suurstof
wissel nie veel as wat verwag sou word as gevolg van die warmer water.
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Adsorption

Algal respiration

Anoxia
Anthropogenic

Benthic
Benthivorous
Biogenic

Boreal
Cyanobacteria

Desorption
Detritus

Dinoflagellates
El Nino

Epilimnion
Epiphyton
Euclidean
Eutrophic
Exosphere
Extracellular
Flocculation

Holomictic

hPa
Hydrodynamic
Hydraulic
Hydrology
Hypertrophic
Hypolimnetic
Hypolimnion

GLOSSARY

The adhesion of atoms, ions, biomolecules or molecules of gas, liquid, or
dissolved solids to a surface

A process whereby food molecules are processed to obtain chemical
energy

An extreme low level of hypoxia, literally no oxygen.

Effects, processes or materials derived from human activities, as opposed
to those occurring in biophysical environments without human influence
The lower regions of the water-body including the sediment surface
Animals that feed on organisms living on the bed of the water-body

These are substances produced by the life process such as excretion or
secretions

Northern hemisphere

Also known as blue-green algae - a phylum of bacteria that obtain energy
through photosynthesis. Certain cyanobacteria produce toxins which can
be neurotoxins (nerve), hepatotoxins (liver), cytotoxins (tissue), and
endotoxins, and can be dangerous to humans and animals.

A process whereby a substance is released from or through a surface.
The process is the opposite of adsorption.

Non-living particulate organic material. It includes the bodies or fragments
of dead organisms as well as faecal material.

A type of plankton that has a whip-like tall

A globally coupled climate phenomenon whereby warming of the eastern
Pacific Ocean causes varying weather
Chris t childo in Spanish). El Nino 1is
also as the El Nino Southern Oscillation (ENSO).

Upper portion of a lake, down to the thermocline

Organisms attached to immovable substrates in the water-body
Ordinaryodo distance between 2 points,
Rich (high in nutrients) and an increased level of water quality problems
The outermost layer of the atmosphere

Outside of the cell

The process whereby particles distributed within a fluid are conglomerated
and then removed from the fluid

Lakes that have a uniform temperature and density from top to bottom,
allowing the lake waters to mix.

hectopascals=100P a s ¢ 6Ph)0 s

The study of fluids in motion

The study of the mechanical properties of fluids

The study of movement, distributions and quality of water

Excessive levels of nutrients and water quality are almost continuous
Water in the hypolimnion

The dense, bottom layer of water in a thermally-stratified lake, below the
thermocline. Typically, the hypolimnion is the coldest layer of a lake in
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Hypoxia
lonosphere

Labile
Lachrymal
Lentic
Lotic

Lymnology, Lymnolytic

Macrophyte
Mesoscale

Mesosphere
Mesotrophic

Metalimnetic
Monomictic

Oligotrophic
Orography

Orthophosphate

Perihelion
Periphyton

Planorbid

Phytoplankton
Primary production

Radiosonde

summer, and the warmest layer during winter. It is isolated from surface
wind mixing during summer, and usually receives insufficient irradiance for
photosynthesis to occur.

Low levels of oxygen, detrimental to aerobic organisms

Stretches from 50 to 1,000 km, and the part of the atmosphere that is
ionized by solar radiation. It typically overlaps both the exosphere and the
thermosphere.

Adaptable

The glands that produce tears

Refers to standing/stagnant waters or still waters

Refers to flowing water, from the Latin lotus, past participle of lavere, to
wash. It refers to rivers, springs and streams.

Refers to inland waters

An aquatic plant that grown in or near water

An area of between 5 and several hundred kilometres for the study of
local climate conditions

A layer extending from the stratopause to 807 85 km.

Intermediate level of nutrients with emerging signs of water quality
problems

Refers to the thermocline

Are dams that are thermally stratified throughout much of the year. The
density difference between the warm surface waters and the colder
bottom waters prevents these lakes from mixing in summer. During winter
the surface waters cool to a temperature equal to the bottom waters then
it mixes thoroughly each winter from top to bottom.

Low in nutrients, usually no water quality problems.

The study of the formation and relief of mountains. Can more broadly
include hills, and any part of a region's elevated terrain. Orography (also
known as oreography, orology or oreology) falls within the broader
discipline of geomorphology.

A chemical molecule or ion containing 1 phosphate element such as
phosphoric acid, H;PO,

The point in the orbit of a planet that it is closest to the sun

A complex mixture of algae, cyanobacteria, heterotrophic microbes and
detritus that is attached to submerged surfaces in most aquatic
ecosystems. It serves as an important food source for invertebrates,
tadpoles and some fish.

Air breathing snails

Microscopic photosynthesising plankton

The production of organic compounds from atmospheric or aquatic carbon
dioxide, principally through the process of photosynthesis, with
chemosynthesis being much less important. Almost all life on earth is
directly or indirectly reliant on primary production.

A device for use in weather balloons that measures various atmospheric
parameters and transmits them to a fixed receiver.
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Refractory
Riparian

Secchi

Stratopause

Stratosphere

Stochastic

TDS
Thermal stratification

Thermocline

Thermosphere

Troposphere

Tropopause
Turbidity

Zooplankton

Slowly decomposing organics that exert a effect on the dissolved oxygen
concentrations

The interface between land and a river or stream. Riparian is also one of
the fifteen terrestrial biomes of the earth.

A measurement of a water-bodyd s t ur bi di ty. A disc
or line, and lowered slowly down in the water. The depth at which the
pattern on the disk is no longer visible is taken as a measure of the
transparency of the water. This measure is known as the Secchi depth.
The level of the atmosphere which is the boundary between two layers,
stratosphere and the mesosphere. The stratopause is 50 to 55 km above
the Earth's surface.

The stratosphere extends from the tropopause to about 51 km. The
ozone layer is contained in this layer.

Random.

Total Dissolved Solids

The separation of lakes into three layers: Epilimnion - top of the lake,
Metalimnion (or thermocline) - middle layer that may change depth
throughout the day, Hypolimnion - the bottom layer of the lake.

A thermocline (sometimes metalimnion) is a thin but distinct layer in a fluid
in which temperature changes more rapidly with depth than it does in the
layers above or below. In water-bodies, the thermocline may be thought
of as an invisible blanket, which separates the upper mixed layer from the
calm, deep water below.

The thermosphere is between 320 and 380 km. The top of the
thermosphere is the bottom of the exosphere.

The troposphere begins at the Earthos
km at the poles and 17 km at the Equator, with some variation due to
weather.

The atmospheric boundary between the troposphere and the stratosphere
The cloudiness or haziness of a fluid caused by individual particles
(suspended solids) that are generally invisible to the naked eye, similar to
smoke in air. The measurement of turbidity is a key test of water quality.
A drifting predatory type of plankton
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BOD
DOM
DWA

DWA
GCM
HAB
[IASA
IPCC
MWTP
MWWTP

NTU

OECD

POM
RCM
SLP
SRES
TWQR
WWTP

ACRONYMS

Biological Oxygen Demand

Dissolved Organic Matter

The Department of Water Affairs, previously the Department of Water
Affairs and Forestry (DWA)

The former Department of Water Affairs and Forestry, now DWA
Global Circulation Model for climate change modelling
Hazardous Algal Blooms

International Institute for Applied Systems Analysis
Intergovernmental Panel on Climate Change, established in 1988
Municipal Water Treatment Plant

Municipal Waste Water Treatment Plant

Nitrogen

Nephelometric Turbidity Units, used to quantify turbidity

Oxygen

Organisation for Co-operation and Economic Development
Phosphorous

Particulate Organic Matter

Regional Circulation Model for climate change modelling

Sea Level Pressure

Special Report on Emissions Scenarios

Target Water Quality Range

Waste Water Treatment Plant
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1 BACKGROUND

The rivers of South Africa differ in water chemistry because of differences in geology and climate,
as well as in the nature of the terrestrial vegetation and anthropogenic impacts. Thus, riverine
biotas differ in their water quality requirements. Two of the major water quality problems facing
water quality managers in South Africa are salinisation of rivers and the eutrophication of both
rivers and dams. As a result of the clearing of native vegetation for the preparation of agricultural
land, groundwater levels have risen, thereby mobilising the stored salt and causing adverse
impacts on farmland, infrastructure, water resources and biodiversity in catchments (Pannell et al.,
2006). The Berg River, in particular, has a long history of salinity concerns that have been
ascribed to significant quantities of sodium and chloride in the weathered shale, which would leach
out under favourable conditions, as well as dryland salinity runoff from irrigated wheat lands and
other agricultural practices. An increase in the inflow of plant nutrients into a water-body and
favourable prevalent weather conditions may result in an excess growth of periphyton (attached
algae) and phytoplankton (floating algae), as well as macrophytes (aquatic plants).

Water quality is influenced by a range of natural factors that include biological, geological,
hydrological, meteorological and topographical influences. These factors may vary seasonally
according to differences in weather conditions, run-off volumes and water levels. Human
(anthropogenic) influences on water quality are mainly due to flow diversions, water abstraction,
wetland drainage, dam construction and pollution. The discharges of agricultural, industrial and
urban wastewater, as well as the diffuse run-off of agricultural fertilisers and pesticides into
catchments, are negative factors influencing water quality (Codd, 2000:52).

Public opinion increasingly supports action to mitigate greenhouse gas emissions, thereby
minimising the rate and magnitude of anthropogenic climate change. The majority of the people in
many countries now believe that they will see the impacts of climate change in their lifetimes, and
that adaptation to the changes is essential for limiting the potential impacts. Continuing to improve
how the scientific community assesses and communicates uncertainty to the public and decision
makers is crucial to improving the utility of research on climate change both in perception and in
reality (Moss, 2007:1).

In recent history, it could be said that the South African policy towards eutrophication had been
inadequate. A need was therefore identified in 2000 by the Water Research Commission (WRC)
to develop capacity for eutrophication management (Walmsley, 2000). The results of this study
included:

1 A guide to assess eutrophication-related water quality for rivers, lakes and wetlands;

1 Aninternet based Nutrient Enriched Assessment Protocol (NEAP); and

1 A course outline and training material for short course in eutrophication assessment

(Rossouw et al., 2008).

Cyanobacteria (blue-green algae) blooms in South African waters are a problem and have existed
for many decades. It is argued that the trophic status of major dams in Gauteng was high enough
that a regional crisis exists, but that the problem has not reached national crisis status. Algal
problems are routinely experienced in 10 dams, of which 5 are situated in the economics and
population hub of the country namely Gauteng. In dams such as Hartebeespoort, hypertrophy



exists and severe cyanobacteria problems have been common for decades. Other dams are
incipient eutrophic, which was common worldwide and has resulted in eutrophication being
identified as the greatest threat to future water supply across the world (Harding, 2006).

The aim of this study was to perform an investigation into the effect of climate change on the
surface water quality of Voélvlei Dam with an emphasis on the surface algal growth for climate
change scenarios. The objectives of the study should provide a quantitative analysis of

1. The effect of climate change on air temperature and water temperature;

2. The effect of climate change on algal nutrient dynamics; and

3. The effect of climate change on algal growth and possible algal succession.

In order to meet these aims and objectives a literature review was performed and emphasis was
given to:
1. Introduction of the concept of climate change and its effects;
Expound on eutrophication and factors affecting it within the context of climate change;
Study site selection and characterisation;
The water quality model selection;
CE-QUAL-W2 capabilities and shortcomings for this study;
The model setup, calibration and validation;
Performing present day simulations to establish a baseline study;
Rerun the simulations with the climate change data and note the changes; and
Draw conclusions and present possible recommendations.

© 0N Ok ®WDN

Once the literature study was performed, the effect of climate change on the surface water of
Voélvlei Dam may be assessed to ascertain how the eutrophication level changes. Conclusions
are drawn and recommendations for future research are made.



2 LITERATURE REVIEW

2.1 THE STUDY OF CLIMATE CHANGE

The study of the climate is necessary to quantify the consequences of future climate on the planet
and its subsequent effects, especially on surface water quality. The simulation of future climates is
the result of climatological studies that quantify the consequences of deliberate and inadvertent
anthropogenic changes to the atmosphere from the present time into the future. It was with this
foresight that the Intergovernmental Panel on Climate Change (IPCC, 2007) was established in
1988 by the United Nations Environmental Programme (UNEP) and the World Meteorological
Organization (WMO). Climate change, as defined by IPCC, refers to statistically significant
variations in climate that persist for an extended period, typically decades or longer. It includes
shifts in the frequency and magnitude of sporadic weather events, as well as the slow, continuous
rise in global mean surface temperature (IPCC, 2007).

2.1.1 A mechanism for climate change

Gases such as carbon dioxide (CO,), methane (CHy,), chlorofluorocarbons (CFCs), nitrous oxides

(NO,) and water vapour (H,O), allow the passage of shortwave solar radiation from the sun onto

the earth surface, whilst absorbing the re-radiated radiation from the earth. The occurrence of

these gases in the atmosphere has maint ai ned t he Earthdés surface tem
33°C higher than would otherwise have been the case. This heating is essential to sustain life on

the planet, and this mechanism has been dubbed the Greenhouse Effect (Carter et al, 1994).

2.1.2 Modelling the climate

Forecasting of climate has always been difficult, as much of the motion of the atmosphere is
derived from perturbations (cyclones, anticyclones, troughs and ridges), instability of flow and
randomness. Numerical models of weather and climate are based on the general mathematical
equations describing mass (chemistry), motion, hydrostatic equilibrium and energy balances within
the atmosphere, oceans, land and ice, but due to its complexity, a quantitative mathematical
solution is likely to be ineffective (Laprise, 2008).

In climate modelling, the planet is usually divided into a 3-dimensional grid (see Figure 1), the
basic equations applied to each grid cell and the results evaluated. Atmospheric models calculate
predicted winds, heat transfer, radiation, relative humidity and surface hydrology within each grid,
and evaluate interactions with the neighbouring point. Due to the climate system being non-linear,
its behaviour is chaotic and is difficult to model mathematically.
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Figure 1. A typical grid used when developing a climate model

Adopted from the NOAA website http://celebrating200years.noaa.gov/breakthroughs/climate _model/welcome.html (2010)

Implementation of climate models requires an understanding of the strengths and weaknesses of
the model, as well as an evaluation of the model 0

2.1.3 Global Circulation Models (GCM)

The primary reason for developing climate models was to quantify the potential climate change of
the future. Model simulations depend on assumptions regarding the anthropogenic emissions of
greenhouse gases, which in turn depend on numerous assumptions regarding human behaviour.
The predictive ability of these models is becoming more sophisticated, and projections of future
climate are becoming consistently more accurate. The problem of unpredictability remains in the
assumptions about future changes in atmospheric conditions or boundary conditions.

Different assumptions of socio-economic development and its subsequent emissions and
concentration of greenhouse gases introduce uncertainty at the start of a climate change study
(see Figure 2). There are many uncertainties concerning future socio-economic conditions, and it
is almost impossible to simulate the effects on water resource systems based on future water use,
derived from the forecast conditions. Further assumptions about the impact of changes in
atmospheric composition enlarge the cumulative uncertainty in quantitative climate change
estimates (Fujihara, et al., 2008, Houghton, 2007 and Bergant, et al., 2006).
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Figure 2: Increasing uncertainties within a climate change scenario development
Adopted from Bergant et al., 2006

Global Circulation Models or General Circulation Models (GCMs) are the tools required to
simulate/predict a coupled climate system with hemispheric linkages. GCMs simulate several
aspects of the climate components and interactions. The interaction between the different
components of ocean layers, land masses, temperature gradients, solar radiation, clouds, ocean
currents, trade winds, represent a complex system which requires significant computing resources
to produce meaningful forecasts. With the current computing power, most GCMs operate at
medium-coarse resolutions and use meshes with spacing in the horizontal of a few hundred
kilometres usually about 300 km (May, 2007:60 and Lau et al., 1999), similar to Figure 1, to
capture the large-scale circulation flows. These grid sizes are however, insufficient for resolving
features such as terrain and land-sea contrasts. Local topography plays a vital role in determining
rainfaldl patterns and a GCMO6s Dbasic representat.i
practical use for predicting localised rainfall patterns (Laprise, 2008).

2.1.4 Anthropogenic emission scenarios

The ability to predict future climate is dependent on the future emissions of greenhouse gases. As
mentioned before, these rely on assumptions regarding human behaviour, activities, population,
economic growth, energy use and sources of energy generation. Several scenarios representing
these assumptions were developed by the IPCC in a Special Report on Emission Scenarios
(SRES) in 2001. The 35 developed scenarios were categorised into four different storylines, which
included estimates of greenhouse gases from all sources namely Al, A2, B1 and B2 scenarios
(see Figure 3).



The Al scenario describes a world of rapid economic growth, a population that peaks mid-century
and declines thereafter with the introduction of new, more efficient technologies. The Al scenario
further develops into three groups based on the alternative direction of technological changes in
the energy system, namely:

1 ALFI: fossil fuel intensive;

1 ALT: reliance on non-fossil fuel energy sources; and

1 AlLB: balanced energy sources.

The A2 scenario describes a heterogeneous world with self-reliance and preservation of local
identities. A continuous population growth was experienced with economic development regionally
orientated and technological change more fragmented and slow.

The Bl scenario describes a convergent planet with population peaks in the mid-century and
declines afterwards (as with Al), but with a rapid change towards a service and information
economy, reduction in material intensity and the introduction of clean and resource-efficient
technologies. The emphasis was on global solutions to economic, social and environmental
sustainability.

: Economic
Economic ' - Slower technological change
- Rap!d economic gr(_)Wth - Less emphasis on economic,
- Regional technolog_lcal advancements social and cultural interactions
- Market based solutions between regions
Socio-economic _ ) ) - Economic growth is uneven
-Investment and  innovation  in Socio-economic
education and institutions - Continuous increase in
- Internﬁtlo?al mobility of people, ideas populgtion N
and tec nology ) - Social and political structures
- Population peaks mid-century and diversify
declines thereafter MORE MARKET- - Preservation of local identities.
Environment ORIENTED Environment
- Active management of environment - Environment has only a use
value for human needs.
MEDIUM Al A2 HIGH
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MORE MORE
GLOBAL REGIONAL
B1 B2
Low
EMISSIONS
Economic / Economic o
_ Shift towards a service and MORE - Local solutions to sustainability
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The B2 scenario describes a world in which the emphasis is on local solutions to economic, social
and environmental sustainability. In this scenario, the world has an increasing population (at a rate
slower than A2), intermediate levels of economic change and less rapid and more diverse
technological change than in the A1 and B1 scenarios.

All scenarios are equally valid, with no assigned probabilities of occurrence. The SRES scenarios
do not include additional climate initiatives such as the United Nations Framework Convention on
Climate Change or the emission targets of the Kyoto Protocol (Houghton, 2007:117).

2.1.5 A Global Circulation Model projection

Numerous difficulties exist in the prediction of future climate. For example, GCMs require
significant computer processing power, limiting the number of possible results. The behaviour of
the sun is also difficult to predict with respect to its random solar flares and its light and heat
intensity output. Similarly, short-term disturbances such as El Nifio or volcanic eruptions are
difficult to predict. The major forces that drive climate such as ocean layers, land masses,
temperature gradients, solar radiation, clouds, ocean currents and trade winds are well understood
and remain relatively stable.

When Mount Pinatubo erupted in 1991, it provided scientists with an opportunity to test the
success of climate model predictions in response to the sulphate aerosols ejected into the
atmosphere. The models accurately forecasted the subsequent global cooling of approximately
0.5°C soon after the eruption. Furthermore, the radiative, water vapour and dynamical feedbacks
included in the models were quantitatively verified (Rosenzweig et al., 2007 and Hansen et al.,
2007). An example of the output from a typical GCM is shown in Figure 4.
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Figure 4 Changes in temperature, precipitation and pressure for A1B scenario

Adopted from Trenberth et al., 2007



Figure 4 shows the surface air temperature (°C, left panel), precipitation (mm day'*, middle panel)
and sea level air pressure (hPa, right panel) projections for boreal winter (December to February,
top panel) and summer (June to august, bottom panel) between 2080 and 2099. The projections
were generated based on the A1B scenario, and are represented here as changes in climatic
variables for the period 2080 to 2099 relative to those observed between 1980 and 1999. The
presence of stippling within the maps denotes areas where the magnitude of the mean exceeds
the standard deviation, indicating less variance and a more plausible model for these areas.

In line with projected general global trends, Figure 4 indicates southern Africa will likely experience
warming of approximately 3-4.5°C during summer (December to February) and up to 0.4 mm/day
less rainfall during winter (June to August), as well as lower sea level air pressure.

2.1.6 Regional climate models (RCM)

In terms of regional changes in climate, GCMs convey little information as their scale is sometimes
as large as 300 km? and is much larger than the area under investigation. For example, patterns
of precipitation are dependent on orographic factors and the surface characteristics of the region,
GCMs will therefore be a poor representation of changes at a regional scale because it lacks the
necessary detail in surface characteristics. Therefore, outputs from global GCMs have to be
downscaled to an appropriate spatial resolution to obtain relevant future projections for local-level
assessments (See Figure 5). While numerous downscaling techniques exist, they all essentially
follow the same basic methodology. The output from GCM simulations are used to provide the
initial and driving lateral meteorological boundary conditions for the high-resolution regional climate
models. Downscaling may be achieved using statistical downscaling methods, or by incorporating
nested numerical mesoscale regional models in the GCM (i.e. dynamic downscaling). The result of
the downscaling was Regional Climate Models (RCMs) or limited area GCMs. An increase in
resolution results as the RCM accounts for the sub-GCM-grid-scale forcing functions. RCMs
produce high resolution simulations of surface variables which in turn are affected by vegetation,
land use and topographical features and are thus not an interpolation of GCM results (Landman et
al., 2006).

RCMs perform the same task as GCMs bhut over a restricted area, with the RCM driven at its
boundaries by updates from the GCM (Lau et al., 1999; Houghton, 2007 and Tyson and Preston-
Whyte, 2000). RCMs can generate reliable descriptions of regional scale water and energy cycles,
particularly where complex orography and coastlines regulate the key climate variables (Kim et al.,
2008). RCM downscaling of GCMs have improved GCM estimates of precipitation by up to 30%.
GCMs provide the large-scale atmospheric patterns whilst the local features (top) influence the
climate beyond the resolution of GCMs (Lau et al., 1999).



Figure 5 A schematic diagram of downscaling

Adopted from Timbal and McAvaney, 2000

It is important that a RCM produce results consistent with the boundary conditions obtained from
the GCM results and should not differ substantially from those produced by the GCM. The RCM
variables may drift to their own climatology away from the large-scale forcing data of the GCM
when the internal forcing such as local topography was strong or the large scale forcing of the
GCM was weak (Laprise, 2008, Houghton 2007).

2.1.7 Statistical downscaling to a RCM

Statistical downscaling has been widely used in weather forecasting. Many variations of statistical
downscaling exist, including; empirical, multiple linear regression, and non-linear regression. A
multiple linear regression model is a function of large-scale predictor variables (such as
temperature and sea level pressure (SLP)) and local scale (mesoscale) predictors such as
temperature and precipitation. Scenarios downscaled statistically depend on the assumption that
the empirical relationships that link the GCM to the downscaled data was valid under future climate
conditions. Large-scale relevant predictors are selected using correlation analysis, partial
correlation analysis and scatter plots, and considering physical sensitivity between selected
predictors and predictors for the site in question.

Precipitation is modelled as a conditional process in which local precipitation amounts are
correlated with the occurrence of wet-days, which in turn are correlated with regional-scale
atmospheric predictors. The root mean square (rms) of daily precipitation is averaged over the
RCM grid and a precipitation index was computed for each grid box, which is finally distributed
over the area of study. (Khan et al., 2006 and Quintana-Segui et al., 2010).

The advantage of this technique is that it was easily applied. One disadvantage of the statistical
method of downscaling is that it relies on the availability of sufficient high resolution data over long
periods so that statistical relationships may be established. It was not possible to be sure how



valid the statistical relations are for a climate-changed situation (Houghton, 2007; Quintana-Segui
et al., 2010).

2.1.8 Uncertainty in the downscaled RCM model

Downscaling and bias-correction of a RCM is vital when only one climate model is used for small
basins where many interactions are present. The selection of downscaling techniques and the
treatment of uncertainties have a significant effect on the results of the RCM. However, the
uncertainty relating to the downscaling and bias-correction is lower than the uncertainty in the
emissions scenarios and climate modelling, (refer to Figure 2 for uncertainty depictions). Other
sources of uncertainty may be feedbacks between the changing climate and vegetation, human
adaptations to the new climate (changes in agriculture, water management practices, urbanisation
etc.) and other human induced changes of the system. In certain instances, these changes might
be more important than the climate change itself (Quintana-Segui et al., 2010).

This study uses four statistically downscaled RCM A2 models for the Voélvlei Dam quinery
catchment level.

2.1.9 The use of climate change models in South Africa

The use of downscaled climate data from a variety of GCMs to project changes in rainfall,
temperature and hydrological regimes under climate scenarios across the country at quinery
catchment level (Knoesen et al., 2009) was used as a basis for the identification of impacts on the
identified systems.

The Climate Systems Analysis Group based at the University of Cape Town has statistically
downscaled four GCMs for use at local level. These have been quality controlled and processed
by the School of Bioresource Engineering and Environmental Hydrology at the University of Natal
for use in hydrological models, which project environmental climate and hydrological changes. The
results of these analyses to be used in this study include; present/ historical conditions (1971-90),
intermediate future (2046-2065) and distant future (2081-2100) projections. The four GCMs are:

1 CCC (Centre National de Recherches Meteorolgiques, France);

1 CNRM (Canadian Centre for Climate Modelling and Analysis, Canada);

1 ECH (Max Planck Institute for Meteorology, Germany); and

1 IPSL (Institut Pierre Simon Laplace, France).

2.1.10 The impacts of climate change for Southern Africa

One of the foremost impacts of climate change concerns regional water resources, particularly in
areas with high climate variability. Figure 6 shows the recorded temperature increases for the four
cardinal African land regions (Sahara, West, East and Southern Africa) for 1906 to 2005 (black
line) and as simulated (red envelope) by climate models incorporating known forcing functions of
climate change; and as projected for 2001 to 2100 by climate models (orange envelope). The bars
at the end of the orange envelope represent the range of projected changes for 2091 to 2100.
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The blue bar represents projections under the B1 scenario where the world was dependent on
clean, efficient technology. The orange bar represents the A1B scenario where the world uses a
balanced source of energy, and the red bar represents the A2 scenario where the world was
heterogeneous with constant population growth and slow technological changes. The black line is
dashed where observations are present for less than 50% of the area in the decade concerned.
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Figure 6 Temperature trends from 1901 to 1950 and predictions to 2100

Adopted from Christensen et al., 2007

Estimates based on observational constraints, such as atmospheric and ocean temperatures
indicate that the equilibrium climate sensitivity is greater than 1.5°C with a probable value between
2°C and 3°C. The upper 95% limit remains difficult to predict from current observations without
being able to estimate the extent of global dependence on greener technologies and lifestyles.

Figure 4 and Figure 6 support the generally accepted estimations based on modelling and
observational studies, which suggest that the equilibrium climate sensitivity is likely to be between
2°C to 4.5°C (IPCC, 2007 and Carter et al., 1994). The effects of climate change on Southern
Africa were assessed in the IPCC 4" assessment report (Christensen et al., 2007). The results
showed that by the end of 20" century temperature was expected to increase by 2-3.5°C
compared to values observed in the years 1980-1999. Increases at the upper limit of this range
are expected to occur in the interior, while coastal regions are expected to have increases
corresponding to lower limit of that range. Winter (June-August) temperature increases are
projected to be greater than those experienced during the summer (December-February) months.

11



Schulze (2006), using downs c al e d G CtivGAgricudtunatl Catchments Research Unit model
(ACRU model), identified sensitive regions southern Africa where climate change would have a
profound impact on water resources. The winter rainfall region of the Western Cape Province was
identified as one of the most vulnerable regions. The A2 models for southern Africa show between
a 3-6°C temperature increase for the region.

2.2 WATER QUALITY IN RESERVOIRS AND RIVERS

Water quality is a combination of the physical, chemical, biological and aesthetic characteristics of
water. Many of these characteristics are controlled or influenced by constituents that are either
dissolved or suspended in water. It is most frequently used with reference to a set of standards
against which compliance or fithess of use can be assessed. The most common standards used
to assess water quality relate to drinking water, agricultural use, safety for human contact and for
the health of ecosystems. Environmental water quality, also called ambient water quality, relates
to water-bodies such as lakes, dams, rivers, and oceans. Water quality standards vary
significantly due to different environmental conditions, ecosystems, and intended human uses.
Toxic substances and high populations of certain microorganisms can present a health hazard for
recreational purposes. These conditions may also affect wildlife that uses the water for drinking or
as a habitat. Modern water quality regulations generally specify protection of fisheries and
recreational use and require as a minimum, maintenance of applicable water quality standards
(WHO, 2003 and DWA, 1996).

Lakes, reservoirs and other water-bodies respond directly to climate changes and the variability in
these responses will affect water resources, water quality and aquatic ecosystems. Increasing
water temperatures may alter the hydrodynamics in lakes, lengthening the thermal stratification
period and deepening the thermocline, i.e. the interface between the upper mixed layer and deeper
calm layer. These shifts may increase nutrient release from the sediments and lead to alterations
in lake nutrient circulation. These changes in climate variables thus directly influence water quality
in lakes by altering changes in flow patterns and water temperature. High concentrations of
nutrients (phosphates and nitrogen) and expected variability of climate can lead to an increased
frequency of phytoplankton blooms and an alteration of the trophic balance. As a result, dissolved
oxygen concentrations can fluctuate widely and algal productivity may reach critical (problematic)
levels (Komatsu et al., 2007 and IPCC, 2007).

2.2.1 South African water quality guidelines

One of the goals of the Department of Water Affairs (DWA) is to strive to maintain the quality of

South Africa's water resources such t MFoathisrdasoe y

the No Effect Range in the South African Water Quality Guidelines (2006) is referred to as the
Target Water Quality Range (TWQR). DWA Guidelines for water use for recreational and other
purposes is shown in Table 1. For each water quality constituent there isa No Ef f e c t
This was the range of concentrations or levels at which the presence of a particular constituent
would have no known or anticipated adverse effects on the fitness of water for a particular use or
on the protection and maintenance of the health of aquatic ecosystems. These ranges were
determined by assuming long-term continuous use (lifelong exposure) and incorporate a margin of
safety.
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Table 1 Summary of water quality for recreational and other use

Constituent of concern Target concentration or condition Effect of the constituent

At a mean concentration of 15 mg/I
Free floating algae 0-15 mg/I for recreational full contact nuisance conditions are encountered for
<12% of the year

Ammonia (mg NHs/ &) 0-1 for human consumption

Nitrate and nitrite 06 mg/a for human ¢|30 mg/a may be haza
health form ingestion

Phosphorus Less than 0.025 mg/|

Total dissolved solid 0-450 mg/ a for huma n| Nohealth riskin this range

(TDS)

Conductivity 0-70 mS/m for human consumption No health risk in this range

Compiled from DWA, 1996

2.3 EUTROPHICATION
2.3.1 A Definition for eutrophication

There have been many definitions for eutrophication and Ahl in 1980 expressed eutrophication as
a process leading to nutrient rich conditions irrespective of biological effects. Subsequently the
broader definition of eutrophication has been described as anything, including external and internal
sources, playing a part in accelerating nutrient loading to a water-body and increasing the nutrient
level within the water-body. The composition of the nutrient load was proportionally dependent on
conditions determined by man as well as a host of natural factors including geological,
topographical and hydrological influences. In South Africa, eutrophication has been recognised as
a priority water quality problem for over 30 years and in a study on the eutrophication status of a
number of South African reservoirs, it was found that the extent of eutrophication had increased
since the problem was f(Rosseutetiald2008:1)i f i ed i n th

Currently, one of the most widely accepted definitions of eutrophication is that of the Organisation
for Economic Cooperation and Development (OECD) which describes the process as fthe nutrient
enrichment of waters which results in the stimulation of an array of symptomatic changes, amongst
which increased production of algae and aquatic macrophytes, deterioration of water quality and
other symptomatic changes are found to be undesirable and interfere with water uses6 ( Wa |
2000:5). Eutrophication is therefore a natural or unnatural process of nutrient enrichment of a
water-body and results in the reduction in species diversity at all trophic levels (Codd, 2000:52).

The increase of nutrients within a water-body could result in an increased production of algae and
a deterioration of water quality, whereas excessive development of blooms is indicative of
uncontrolled eutrophication.

The word trophy (trophe) is of Greek origin and literally means nourishment or that which is
connected to nutrition. The trophic indices were developed to classify the plant or animal
community affected by anthropogenic disturbances and to assess quality status of the aquatic
environment. At least four types of trophic statuses can be distinguished namely, oligotrophic,
mesotrophic, eutrophic and hypertrophic. The nutrient condition of water and water-bodies are
classified as follows:
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Oligotrophic low in nutrients and usually no water quality problems;

Mesotrophic intermediate level of nutrients with emerging signs of water quality problems;
Eutrophic rich (high) and an increased level of water quality problems; and

Hypertrophic excessive levels of nutrients and water quality problems are persistent.

=A =4 =4 =4

2.3.2 Causes of eutrophication

Generally, eutrophication occurs in water-bodies independent of human activities, but human
activities are causing nutrient enrichment of water-bodies to occur at an unprecedented and
accelerated rate. Eutrophication was acknowledged as nuisance algae growth in lakes and
phosphorus was identified as the nutrient of concern that encouraged eutrophication. Later
nitrogen was seen to be limiting in estuarine and coastal waters and opposing views emerged as to
which of the two nutrients was the limiting factor for algae growth. In 1987, Denmark was proactive
and limited the pressure on the aquatic environment by reducing the load of phosphorus by 80%
and that of nitrogen by 50% in its wastewater (Harremoés, 1998:9). Today the numerous incidents
of eutrophication are linked to human induced increases of the nutrient loading of a water-body,
particularly phosphorus and nitrogen. The solution to the eutrophication problem requires a multi-
disciplinary, multi-sector and multi-focal approach to reduce the rate at which water quality is being
degraded.

2.3.3 The sources of algal nutrients

A nutrient is defined as a chemical compound or element that is used by plant cells for growth. In
the case of eutrophication, the nutrients are mostly inorganic elements assimilated by plants and in
conjunction with photosynthesis produce organic material. Once an oversupply of nutrients is
prevalent in a water-body the result is a deterioration of water quality and an increase in algal
biomass.

A distinction is ma d e bet ween t wo types of eutroédphicatab
eutrophication. Natural eutrophication is related to the natural eutrophication of the water-body

which is dependent on geology and natural features of the catchments and is a slow process.

Cultural eutrophication is directly attributed to man-made influences and is the result of accelerated

nutrient addition and premature eutrophication of the water-body. The rate of cultural
eutrophication is directly proportional to the amount of nutrients added to the water-body. Figure 7

shows a graphical representation of some of the main nutrients and physical factors that affect the

trophic state of a water-body.
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Figure 7 The main factors that affect the trophic states of water-bodies

Algal growth is dependent on a large number of chemical and physical factors. These include
temperature, phosphorus, nitrogen, oxygen, hydrogen, carbon, sulphur trace elements and
sunlight. Of these aforementioned elements phosphorus (P), nitrogen (N) and light are the critical
driving forces for the algal growth process. The nutrients of concern for eutrophication is P as
phosphate ions (PO,*) and N as nitrate (NO3) and nitrite (NO,) as well as ammonium ions (NH,")
although they may occur in organic forms, they are utilised by plants in the inorganic form (Dallas
and Day, 2004:85). The method of using only phosphate ions to determine the nutrient load by
DWA has been critigued and the accepted scientific standard was to use total amount phosphorus
as the determinant for the nutrient load to a water-body (Harding, 2006).

The composition of aquatic plant tissue is C1o6H2630110N16P Which is a ratio of C:N:P of 106:16:1.
This ratio is the Redfield-Richards ratio and the optimal ratio range of N:P for algal growth is 8:1 to
12:1. It has been observed that P and N are frequently the limiting nutrients in freshwater systems
as increases in the levels of these 2 nutrients will raise the probability of eutrophication
(Harremoés, 1998). It was generally accepted that the management of N and P inputs to the
aguatic environment was paramount to the eutrophication solution (Walmsley, 2000; Owuor et al.,
2007).

Cultural eutrophication sources (anthropogenic sources) are point sources and include the nutrient

loads from wastewater treatment plants (WWTP) as well as run-off water. Run-off water is literally
all spills and effluent bearing nutrients that ultimately flows to the water-body.
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2.4 FACTORS AFFECTING WATER QUALITY AND ALGAL GROWTH

Water temperature, pH, available light, turbidity, total suspended solids (TSS), total dissolved
solids (TDS), nitrogen, phosphorus, salinity and trace elements influence water quality and algal
growth. Water quality and algal growth is dependent on several variables for its lifecycle, such as
a conducive environmental conditions and nutrients, which may be categorised into the following
for this study.

1 Water temperature and direct solar radiation;
The quantity of dissolved oxygen in the water-body;
Light penetration, turbidity and suspended solids within the water-body;
Dissolved solids, salinity and conductivity of the water-body;
Availability of nitrogen within the water-body; and
Availability of phosphorus within the water-body.

=A =4 =4 =4 4

2.4.1 The effect of temperature and solar radiation on algal growth

The natural thermal or background thermal characteristic of a water-body is dependent on the
hydrological, climatological and structural features of its region and catchment area. Natural
sources and sinks of heat include solar radiation (usually the dominant source), evaporation and
condensation of water vapour at the surface, conduction, heat transfer to and from the air and
sediments into the water-body, back-radiation, precipitation, surface run-off as well as groundwater
input (Wetzel, 2001).

All organisms have a temperature range at which optimal growth occurs and their life cycles are
directly linked to temperature. Temperature primarily affects algal photosynthetic metabolism by
controlling the enzyme reaction rate of the algae and an optimum temperature for each species
was observed (DeNicola, 1996). Shortwave solar radiation of the wavelength range 400-700 nm is
of the greatest importance to aquatic biologists as this wavelength provides the energy that drives
photosynthesis (Hauer and Hill, 2007, DeNicola, 1996 and Incropera and Thomas, 1977). This
range was known as the photosynthetically active radiation (PAR) range and is measured with
photocell equipment systems. In the absence of shortwave solar radiation data, the amount of
shortwave radiation which penetrates the water surface to a depth is a function of cloud cover, the
total amount of suspended solids (organic and inorganic) and algae present in the water i.e. it is
transparency dependent (Cole and Wells, 2008).

Water temperature is primarily determined by direct solar radiation as well as other factors such as
latitude, elevation, shading vegetation and morphology (Wetzel, 2001 and DeNicola, 1996). The
high specific heat capacity’ of water makes it susceptible to absorb heat quickly and release it
slowly without large temperature changes, contributing to its thermal stability and thus providing a
buffer for sudden external temperature changes. Temperature does not limit biomass and primary
production but rather sets the upper limit for production when other factors are optimal (DeNicola,
1995). No single temperature is suited for all seasons and organisms to ensure optimum growth.

! Specific heat capacity of water Cp=4.1855 J/(°K.mol) at 15°C and 1 atmosphere compared to petroleum 2.3, benzene 1.8, asbestos
0.84, clay 0.92 J/(°K.mol) (Perry, 1985) This implies that a larger amount of heat is required to raise or lower the temperature of water
bylC
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Slight temperature changes that are persistent leads to a preference of one aquatic species over
another and the organism profile of a water-body changes. Sudden temperature changes may
have proportional effects on the aquatic fauna and flora and will influence the development,
growth, size, intra-species selection as well as the age of sexual maturity for at least the duration of
the change (Dallas and Day, 2004 and Owuor et al., 2007). Higher water temperatures will
promote evaporation from the water surface and change concentrations of organic and inorganic
compounds, usually increasing salinity. This change will be important for marine and estuarine
waters as the evaporation would increase the salinity as well as being problematic for freshwater
purification managers.

The consequences of global warming for some areas are increased solar radiation, light
availability, air temperature increase, less rainfall and less cloud-cover as well as a loss of shading
riparian vegetation compounding the in-body water-temperature increase. This will promote
photosynthesis but inhibit algae and plants that are unable to cope with high light intensity (UV
levels) thereby imposing a selection criteria for certain species of plants and animals (Wotton,
1995). There is a shift in the dominance of algal classes from bacillariophyceae (a type of diatom)
(<20 C) to chlorophyceae (green algae) (15 -30 C) to cyanophyceae (phylum of cyanobacteria
(>30C) asthewater-bodyd s t emper at ur e i ncr eahiediversitygdredticedmp er a |
and cyanobacteria dominates (DeNicola, 1996). Higher temperatures also increase metabolic
rates, oxygen demand and CO, production by aquatic organisms (Dallas and Day, 2004). This
was more pronounced in shallow lakes, as less heat is required to raise the water temperature
especially along the banks (DeNicola, 1996).

Cyanobacteria have a wide temperature tolerance but when the water temperature exceeds 20°C
rapid increase in the biomass of cyanobacteria may occur if other factors support this (Owuor et
al.,, 2007:9). Cyanobacteria can survive in temperatures up to 75 C (DeNicola, 1996) and
dominate in hot-water springs. Anthropogenic causes of thermal pollution into a water-body
includes heated industrial effluent discharges, returning heated cooling waters from power stations,
inter-basin water transfer (as in the case of Theewaterskloof to the Upper Berg, (Dallas and Day,
2004 and Snaddon and Davies, 1999).

2.4.2 The effect of dissolved oxygen (DO) on algal growth

Dissolved oxygen is essential to the respiratory metabolism of most aquatic organisms and its
concentration is determined by atmospheric inputs, photosynthesis, respiration and oxidation
(Wetzel, 2001). Thus, the distribution of oxygen within a water-body is the major driving force for
the distribution, behaviour and growth of aquatic organisms. In unpolluted water-bodies, the DO
concentration is usually above 80% saturation. The diffusion of oxygen from the atmosphere into a
water-body is slow and its distribution is controlled by a combination of solubility conditions,
barometric pressure, hydrodynamics, photosynthesis and metabolic reactions (Wetzel, 2001). A
decrease in dissolved oxygen concentration occurs with higher temperatures as shown in Figure 8.
Further depletion of oxygen concentration is due to the higher microbial action at the elevated
temperature, which is possible under climate change conditions. The diurnal variations of DO
concentration in water-bodies because of photosynthesis and respiration could alter in-lake DO
profiles (Hauer and Hill, 2007).
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Figure 8 Nomogram chart for quick dissolved oxygen calculations

Adopted from Motimer, 1956 and www.waterontheweb.org

As the temperature, increases due to projected global warming the solubility of oxygen deceases
further decreasing the oxygen solubility. Reduced inflow caused by a reduction in rainfall would
also decrease the re-aeration potential due to mixing. Increased frequencies of oxygen depletion
may occur in the hypolimnion of eutrified water-bodies where anaerobic decomposition of material
occurs (Wotton, 1995 and Wetzel, 2001) which would favour algal species that are tolerant to the
lower DO levels.

2.4.3 The effect of light and turbidity on algal growth

The availability of underwater light is an environmental factor that influences species composition
and biomass of phytoplankton within the water-body. A reduction in the availability of light limits
phytoplankton production. Light penetration into a water-body is directly affected by the turbidity
and amount of suspended solids dispersed within the water-body. Turbidity is defined as the
property that causes light to be scattered and absorbed. The effect of turbidity is easily seen as it
reduces the clarity of water and limits the light penetration, which both has ecological
consequences. The scattering of light is caused by suspended matter (silt, clays, plankton,
organisms etc.) whilst the light is absorbed by soluble organic compounds. Light penetration is
measured using light probes, spectrophotometer, turbidimeter or Secchi disc. The units of turbidity
is NTU (Nephelometric Turbidity Units) or in the case of the Secchi disc, meters. The total
suspended solids (TSS) is defined as all the particles that are trapped by a 0.45 pm pore size filter
(Dallas and Day, 2004 and Rossouw, 2000)

The sources of increased turbidity and algae are limited to hydrology, geomorphology (erosion),
guantity of living and non-living matter as well as industrial discharges into the catchment. The
effect of turbidity in a water-body is dependent on the total load of solids and the frequency of
discharge. If the discharges are infrequent, no negative effects may be presented. In South
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Africa, the suspended load may account for 85-95% of the bed load, which enters a water-body,
and the remaining is contributed by the bed load (Rossouw, 2000:50). In turbid waters light
penetration is reduced, the rate of photosynthesis decreases and at turbidity levels of 5 NTU
primary production of photosynthesis is reduced by 3-13% in New Zealand streams (Dallas and
Day, 2004).

As a rule of thumb, if the Secchi disc depth is less than 0.2m (i.e. the water is highly turbid) the

euphotic (light penetration) zone is very shallow and algal growth is severely inhibited by light
availability. If the Secchi depth exceeds 0.8m, light limitation is cancelled out and algal growth is

limited by nutrient availability (Rossouw, 2000). Cyanobacteria like Microcyctis, and other gas
vacuolateds peci es with &éswim bladdersd can move vertic
as to access their ideal light conditions (Owour et al., 2007) whenever the light intensity is too high

or low. Such species also adapt to various light intensities by varying its chlorophyll content. The

modelling of any motile species is extremely difficult and would require vast computing power and

resources beyond the scope of this study.

The apparent benefit of suspended solids is that nutrients, trace elements and toxins adsorb onto
the suspended solids and are settled out of the lifecycle or may be transported away.

2.4.4 The effect of TDS, conductivity and salinity on algal growth

The total amount of dissolved organic and inorganic matter as well as the total ions dissolved in

water contributes to the total dissolved solids within the water. Natural TDS is determined by
geographical location (soil type etc.) and atmospheric conditions. Sources of anthropogenic TDS

are from industrial effluents, mining, aquaculture and irrigation. TDS is everything in the water that

is not actually water and includes hardness, softness, alkalinity, chlorides, bromides, sulphates,

silicates, airborne pollutants and all organic compounds. It also provides a gauging stick of the

salinity of water. Conductivity is the ability of water to conduct an electric current and correlates

with TDS for the same water type. Tolerance to TDS/salinity is species specific as they are
confined to freshwater (<2350@M0Mgmag) adaop,r eEBNBArere s ( !
mg/ a) and do not thrive outside these condDWAaints
uses the relationship for Western Cape waters where:

TDS (mg/d = conductivity (mS/m) X 6.6 or 5.5 (Dallas and Day, 2004 and DWA, 1996)

Different algae show varied sensitivities to TDS and the algae that can persist over a wider range

of salinities becomes dominant (such as M. circinale) . Above 250 mg/ a of sali
Cyclotella meneghiniana and M. aeruginosa is excluded from the biomass (Prinsloo and Pieterse,

1994). In addition, increasing salinities should result in the aggregation of photosynthetically

inhibited cells and, through prolonged exposure to increasing osmotic stress, produce large, rapidly

sinking detritius particles supporting microbial decomposition perpetuating high microbial oxygen

demand and anoxia within the water-body (Sellner et al., 1988).

19



2.4.5 The effect of Nitrogen on algal growth

Nitrogen is an abundant element and is an essential building block of proteins and a constituent of
chlorophyll. The sources of N with respect to water quality tests are ammonia (NH3), ammonium
(NH,"), nitrites (NO,) and nitrates (NO3) as well as atmospheric N, which is fixed by algae. From
the aspect of eutrophication, it is very seldom that nitrogen is the limiting nutrient within a water-
body as it is so abundant. Naturally occurring ammonia is produced by the decomposition of
organic matter that contains ammonia. Anthropogenic sources of ammonia are from sewage and
industrial effluents and may be present as both ammonia and ammonium ions. Nitrite occurs
naturally as an anion in fresh and sea waters, whereas anthropogenically it is introduced to
receiving waters as wastes from aquaculture, sewage effluents and industrial effluents. Nitrite ions
are toxic to fish and causes anoxia during periods of high activity of fish. Nitrate ions are scarce in
natural water sources as they are constantly being depleted by the process of photosynthesis,
converting nitrates to organic nitrogen. Nitrates are introduced to water from industrial effluents,
agricultural runoff and fertilizers. Nitrates are only toxic at high concentrations with respect to its
background levels.

High levels of nitrogen as well as phosphorus in freshwaters may favour the growth of toxic
Microcystis strains over non-toxic ones (Vézie et al., 2002). Cyanobacteria such as Anabaena sp.
and others can utilise the nitrogen present in the atmosphere for growth and hence it is not seen as
limiting for their growth (Dallas and Day, 2004). From an eutrophication management aspect, it is
easier to manage and police the anthropogenic loading of a water system so that the subsequent
abatement of eutrophication may take place but the case for nitrogen management is not easy or
practical as it is abundant in the system. Nitrogen is essential for growth but rarely a limiting
growth element for algae.

2.4.6 The effect of Phosphorus on algal growth

Phosphorus is another essential element for all life forms. Phosphorus occurs as orthophosphate
(POs"), polyphosphates and organic phosphates. Orthophosphates are considered the immediate
available form of P for uptake by algae. The concentration of P is influenced by mineralization,
sorption onto suspended material or sediment, desorption, algae uptake and precipitation with
calcium or iron. Excessive concentrations of P are the most common cause of eutrophication in
freshwater lakes, water-bodies, streams, and in the headwaters of estuarine systems. These high
levels of P lead to high algal populations and high respiration rates, causing hypoxia or anoxia in
poorly mixed bottom waters and in surface waters during the night under calm, warm conditions.
Low dissolved oxygen causes aquatic animal biodiversity to decrease and the release of many
materials normally bound to bottom sediments, including various forms of P. This release of P
reinforces the eutrophication and is referred to as internal loading. See Figure 9 for a
conceptualisation of this phenomenon (Walmsley, 2000: (Dallas and Day, 2004: Correll, 1999).
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Eutrophication with regards to P input
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Figure 9 Conceptual eutrophication with regards to P in bottom waters

Adapted from Correll, 1998:262

Anthropogenic activities often result in large loads of P to receiving waters leading to higher
primary production as well as a shift in the trophic status of the receiving waters. High primary
production leads to high rates of decomposition and depletion of dissolved oxygen in bottom
waters. These eutrophic conditions result in fish kills and major shifts in the species composition at
all trophic levels. P is released from the decaying matter at in the sediments compounding the
amount of available P and this P is available as plant nutrient increasing further the primary
production (Correl, 1998).

Phosphate has been considered by many (Walmsley, 2000; Correll, 1999; Rossouw, 2000; Heisler
et al., 2008; Harremoés, 1998) as being the constituent of concern for plant nutrient enrichment in
water-bodies. The level of P in an aquatic body is determined by DWA and is specific to the water-
body and for the Berg River catchment, this is 0.025 mg/l (DWA, 1996 and DWA, 2011). However,
this standard has been shown to be inadequate as damage to river systems occurs at P
concentration of 20 wéerbodiessmd wSautthrAfsthiod aln of
the frequency of eutrophication problems increase. This decision to limit only ortho-phosphate has
been critiqued and the accepted scientific standard is to use total phosphorus as the determinant
for load to a water-body (Harding, 2006 and personal communication July 2010). The level of P in
effluent discharges into a catchment was fixed in 1985 by the then DWA at 1 mg/ a of
phosphate.

2.4.7 The limiting nutrient concept

Algae and macrophytes require about 20 different elements for existence. However, the rate of
plant growth is dependent on the concentration and ratios of nutrients present in the water. Plant
growth is limited by the nutrient present in the least quantity relative to the growth needs of the
plant. This phenomenon is termed the limiting nutrient concept, forming the basis of eutrophication
management, i.e. minimise the quantity of the nutrient thus limiting the growth of the plant.
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The critical nutrients considered for the growth of algae are N and P (Ahl., 1980:50). South African
water quality guidelines recommend that in order to establish the trophic state of a water-body, the
inorganic P and inorganic N is to be used. Water-bodies with no water quality problems have
ratios of TN:TP (total N : total P) greater than 25-40:1, whilst eutrophic systems have TN:TP ratios
of <10:1. Usually if N/P ratio is >10, P is limiting, but if N/P ratio is <10, N is limiting. The TN:TP
ratio is affected by turbidity in spite of the nutrient for algal growth being available. TP and TN
concentrations below 0.005 mg of P/ & and 0.5
eutrophication, but in the presence of sufficient P, nitrogen fixing compounds can fix atmospheric
nitrogen to make up the deficit (Dallas and Day, 2004). See Table 2 for ranges of P and N for
South African waters

Table 2 Selected ranges of P and N as well as their effects

Average summer

concentrations Symptoms and effects
Inorganic Inorganic
Phosphate Nitrogen
mg / a mg / a
Oligotrophic conditions with few water quality
< 0.005 <0.5 problems, no nuisance algae or blooms
Mesotrophic with moderate, occasional water quality
0.005 - 0.025 05-25 problems, occasional nuisance algae, algal blooms
seldom toxic
Eutrophic with frequent water quality problems,
0.025-0.25 25-10 frequent nuisance algal growth and may include

cyanobacteria

Hypertrophic with continuous water quality problems,
>0.25 >10 almost constant nuisance algae and cyanobacteria

Adopted from Dallas and Day, :2004:93 and DWA 1996

2.5 TROPHIC STATUS

In order to classify and compare various water-bodies various trophic status indices were devised
and applied by various organisations and individuals. Since this study only considers the surface
layer of the water-body, a standard applicable to this study is the TRIX index.

2.5.1 The Trophic Index (TRIX)

This index characterises the trophic levels in coastal marine areas and was adopted by the Italian
national legislation. It is the linearisation of chlorophyll-a concentration (ChA in ug/ad), the absolute
dissolved oxygen concentration in percentage (DO %), the total nitrogen (Nmin = Nnirate + Nnitiee +
Nammonia IN H9/&) and the total phosphorus (TP pg/d). This is represented mathematically as:

(log(ChA+aD0O%+ N min+TP) +1.5)
1.2

TRIX =
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From this equation, the following states of marine waters are classified (Table 3).

Table 3 Categories of TRIX values

TRIX value Trophic category
<4 Low trophic level
4-5 Middle trophic level
5-6 High trophic level
6-8 Very high trophic level

From Pavluk and bij de Vaate, 2008:3602

The TRIX index was chosen even though it was for marine waters, it was a sufficient measure of
the trophic levels of surface waters as no Secchi depth measurements are required. This index
was used in conjunction with the DWA limits to establish the present state as well as the effect of
climate change on the dam.

2.6 TOXIC ALGAE AND THEIR NEGATIVE EFFECTS

Some of the largest African lakes have been subject to anthropogenic loading for years and the
natural balances between the flora and fauna have become disturbed. The easiest visible
consequence of this is the water hyacinth and/or the increasing incidence of cyanobacteria blooms
throughout Africa (Rossouw et al., 2008). These noxious invasives have spread to southern Africa,
resulting in illness, stock losses and disrupting aquaculture.

2.6.1 Human health risks

It was suggested that excessive eutrophication was the major factor for the increased occurrence
of harmful algal blooms in recent years. The direct effects of these blooms are toxicity to
organisms and discoloration of water or foam production (Du Plessis et al., 2007). A number of
species that are linked to blooms has been noted in marine, brackish as well as freshwater. Figure
10 shows the locations for cyanobacteria events within South Africa that directly contributed to loss
of livestock and death of wild animals for 2009.

23



B lzstore

Recorded cyanobacterial toxicity
events in water storage and supply

N

Figure 10 The locations of recorded cyanobacteria toxicity events in South Africa

Adopted from Oberholster et al., 2009. Red dots caused the death of animals, livestock and Blue dots are toxicity events in the Kruger
National Park

Cyanobacteria aggregations (blooms, scums and mats) are among the most common and best
known symptoms and consequences of anthropogenic eutrophication for surface waters,
worldwide (Harding, 2006:8). Overfishing and increased aquaculture alter the food webs which
may alter the grazers that feed on harmful algal blooms (HAB) (Heisler et al.,, 2008:4).
Eutrophication, especially an increase in P often leads to significant shifts in phytoplankton
speciesd composi tforming cyanobacarial (El Hérry et @alm2008:1264). Oceanic
cyanobacteria dispersal occurs via natural currents and storms or by dispersal in ballast water
exchange or shellfish seeding operations by which algal cells and cysts may be transported.

The common symptoms of cyanotoxin poisoning such as stomach pains, diarrhoea and vomiting
are easily confused with gastrointestinal illness and thus not readily linked to cyanotoxins. People
who have compromised immune systems or HIV/AIDS are especially at risk as well as children
under the age of 5 for whom diarrhoea is the third most important cause of death after HIV/AIDS
and low birth weight (Oberholster and Ashton, 2008:8). In Brazil the death of 88 children from over
2000 cases of gastroenteritis was the result of an outbreak of cyanobacteria toxins in drinking
water (Oberholster and Ashton, 2008).

2.7 WATER TREATMENT FACILITY PROBLEMS
Once a water-body is eutrified and toxic blooms occur, an increase in the cost of water treatment is

required to render it potable. These increased processing costs could be attributed to changes in
odour and taste of the water to be treated. The resulting increases in cyanobacteria, algal and

24



plant biomass may reduce water quality by increasing the turbidity and particulate matter resulting
in the blockage of water filter at the Municipal Water Treatment Plant MWTP (Codd, 2000:52). The
treatment is usually to react eutrified water with activated carbon and ozone. Downing and Van
Ginkel (2004:30) stated that the additional cost of treating the Voélvlei Dam amounted to ZAR
60000 per day with the total cost of ZAR 7000000. This was for December 2000 to May 2001
during the time of an Anabaena bloom in the dam.

2.7.1 Aquatic fauna and flora problems

tisesti mated that the worldsd phytoplankton p
which some 200 species cause HABs (Du Plessis et al., 2007). Eutrophication leads to a decrease
in dissolved oxygen and subsequent mortality of aerobic aquatic organisms. Amphibians that are
exposed to this high nutrient environment are at risk as reduced survivorship, altered feeding and
swimming activity, and decreasing growth of and development of the larvae are witnessed.
Nutrients increase the density of planorbid snails and likely the intensity of parasite infection
resulting in malformations in amphibians affecting species diversity within the water-body (Petlzer
el at, 2008:186). Eutrophication results in the reduction in species diversity in water-bodies at all
animal trophic levels and usually results in the dominance of cyanobacteria (El Herry et al., 2008).

2.7.2 Mitigating the effects of eutrophication

Controlling the trophic state of a water-body is directly linked to controlling the anthropogenic load
to the system. Long term eutrophication control would be based on measures aimed at reducing
the external loads of nutrients to a water-body. In certain cases, the control of some of these
measures may be unfeasible or it may not be possible to lower the levels sufficiently to have the
desired effect, such as in the case of temperature. In such cases, the control regimes would target
the symptoms of eutrophication without trying to eliminate the problem of nutrient enrichment
(Rossouw, 2008). Any attempt to eliminate the effects of eutrophication within a water-body
without applying measures to limit the external nutrient load will prove fruitless in the long run.

From an eutrophication management perspective, it is easier to manage and police the
anthropogenic loading of a water system so that the subsequent abatement of eutrophication may
take place. In order to limit the nutrient loads of return flows and inflows into a water-body the
anthropogenic point sources of nutrients must be negated or limited, specifically the N and P inputs
(Walmsley, 2000, Owuor et al., 2007).

P is recognised as the fundamental cause of eutrophication for the following reasons:

9 Better empirical relations have been observed between algal growth and P concentrations
in lakes and water-bodies i.e. it is the key element;

1 P availability determines the influence of other nutrients, i.e. it is the limiting nutrient;

1 P can be managed more easily (for example than N) because of its chemical and biological
properties and it is more easily attenuated at a point source for example at the WWTP;

1 Nitrogen plays a secondary role but becomes important at high levels of eutrophication; and

1 The removal of P in terms of its availability is the only practical way to combat
eutrophication (Rossouw, 2008).
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Controlling external nutrient loads to a water-body may include measure such as:

1

Modification of products that contain high levels of P and N so as to minimise or eliminate
these nutrients into the catchments. Examples of these would be replacing P-based
detergents with P free detergents in the industrial and domestic cleaning sectors such as
what Denmark did in 1987 by reducing the load of phosphorus by 80% and that of nitrogen
by 50% (Harremoés, 1998:9 and Quayle et al., 2010);

Limiting the discharge levels from WWTP into the catchment with regards to P and N, i.e.
setting higher standards as the treatment of domestic effluent is capable of removing up to
95% of the phosphorus ((Dallas and Day, 2004); and

Control diffuse sources of nutrients in the catchments. The agricultural sector is the main
source of diffuse load on the catchment and changes in agricultural practises and fertiliser
application would be required to achieve this goal. The timing of the application of
fertilizers to avoid the application thereof before heavy rainfall events and avoiding the
fertilization of areas susceptible to erosion are some measures that may be adopted
(Rossouw, 2008).

Within the water-body some of the techniques to reduce the internal loads of nutrients may include:

T
T
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Nutrient trapping by binding nutrients to the sediments and allowing them to settle;
Selective water depth discharges from water-bodies to extract nutrient rich bottom waters.
This may be for treatment and re-assimilation into the water-body or as water for agriculture
and aquaculture;

Aeration of the hypolimnion to reduce the release of nutrient from the sediment;

Using chemicals to control algal blooms and invasive plants;

Dredging of the nutrient rich sediments and disposing of them (Rossouw, 2008:11); and
Biomanipulation of the food chain like the removal of benthivorous fish (like carp) that
disturb the sediments facilitating re-suspension of sediments and the nutrients trapped in
them.

In the event of an emergency or short term control the following measures are often implemented:

1

Physical barriers to contain algal blooms and plants to a specific area or the use of
chemicals (FeSO, or CuSQ,) to contain the blooms;

Dissolved air flotation and activated carbon are used by MWTP to treat eutrified water for
domestic consumption which is costly; and

Ozone/UV treatment reduces the concentration of dissolved organic hydrocarbons,
halogenated hydrocarbons, polycyclic aromatic carbohydrates, pesticides, dioxins, and
(pathogenic) micro-organisms (Rossouw, 2008:11, IPCC, 2007:501)

P is the fundamental element to restrict to achieve a reduction in eutrophication. This should occur
ideally at point sources and at WWTPs, which can potentially remove up to 95% of P as well as by
modifying current agricultural practices of over-fertilisation and optimising the timing of application
of fertilisers.

Thus, algal growth is affected by numerous factors such as light, solar radiation, water temperature
and nutrients. Eutrophication is the direct result of over-nitrification of surface waters leading to an
excess of algal growth in the water-body and subsequent increased potable treatment costs. It
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had been postulated that with climate change, the increased water temperatures would enhance
algal growth in water-bodies especially eutrified surface water. What follows is an investigation
into the effect of climate change on eutrophication of surface water.
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3 MODELLING THE EFFECT OF CLIMATE CHANGE ON EUTROPHICATION

The general impacts of climate change on southern Africa were assessed in the IPCC 4"
assessment report (Christensen et al. 2007). The results indicated that by the end of the 20"
century temperature is expected to increase by 2 - 3.5°C compared to values observed in the
1980 - 1999. Results of assessments carried out specifically for South Africa corroborate these
results (Schulze, 2006 and Schulze, 2007) .

Changes in temperature and higher ultraviolet light penetration are likely to severely affect
freshwater systems, and human populations which rely upon them. Projections of changes in
climate (temperature, rainfall and runoff) are extremely difficult to model, and assessing projected
climate impacts on freshwater ecosystems is even more challenging, particularly with regard to
human influences and responses. The consequences of human-induced impacts include the
following effects on aquatic systems, and are likely to be exacerbated with the effects of climate
change (Kernan et al., 2007):

Acidification and eutrophication by sulphur and nitrogen compounds;

Invasive aquatic species introduction, which alters flow patterns;

Mobilisation of organic substances from soils;

Dam building and river diversion;

Erosion and sedimentation;

Increased ultra-violet radiation; and

Habitat fragmentation.

= =4 4 -4 —a -8 -

It is important to note that algal blooms, and especially blue green algae, result in many human
health-related complications. The impacts of global warming will potentially increase the frequency
of toxic algal blooms and this will have a greater chance of human related impacts such as
diarrhoea and even potentially toxic algal related fatalities for communities that drink water directly
from the river or dam. Management of eutrophication is of particular concern, since this presents
severe problems for the treatment of potable water and presents a potential health threat when
trihalomethanes (THMSs) are formed after chlorination (Kernan et al, 2007).

As previously noted, current climate change models predict climates up to 100 years into the
future. They predict higher temperatures of between 3 and 4.5°C and less rainfall for southern
west Africa. With the current anthropogenic loading on water-bodies, this would qualitatively result
in at least the following:

1 Less water inflow into the catchment and the same (present) nutrient loads would result in
increased nutrient concentration within the water-body, potentially allowing for greater algal
growth because nutrients will be less limiting;

1 The climate change would result in lower water levels and increase the rate of
decomposition of organic material freeing up more nutrients compounding eutrophication,
as well as an increasing in nutrient release from the sediments;

1 The lower water levels would result in longer retention times and decreased flushing
resulting increased eutrophication and salinity (Jgrgensen, 2008);

1 Surface water temperature would increase accelerating the growth of algae, specifically
those with higher temperature tolerances (usually cyanobacteria) (Cole and Wells, 2008);
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1 An intervention at the municipal water treatment plant (MWTP) to eliminate the blooms and
treat water to potable standards, increasing the cost of treatment;

1 Climate change forces higher summer temperatures in the Western Cape and hence faster
algal growth and prevalence of more cyanobacteria incidents; and

1 Higher water temperature would increase the biological oxygen demand (BOD) resulting in
anoxia and species reduction. The dying algae would release their nutrients during decay
compounding the situation (Meisner et al., 1987).

Evidently, eutrophication will be adversely affected by the projected climate changes. What are
required are predictions of the extent of these changes and the associated changes in water
guality so that appropriate mitigating factors may be employed. In order to quantify this potential
effect of climate change on water quality a tool is required to simulate the interaction between
meteorological driving forces and the water quality response. For this study, the modelling tool
selected is a hydrodynamic and water quality model. The ensuing sections will discuss the
modelling tools in more detail.

3.1 MODELLING WATER QUALITY

3.1.1 A concise history of Water Quality models

Water quality models have been used for many years to predict the effect of external influences on
water quality. Initial water quality variables studied were dissolved oxygen and biological oxygen
demand in order to manage the impacts of effluents. Once computers became commercially
availabl e ( 19 6coniplex nmthematicadl $oyjmulae were applied and calculated
parameters now included temperature. As other constituents of water quality is considered
important due to their interactive effect on water quality, more complex models were developed
and since t hehaslBeB 8 drewing dmphragsis on hydrodynamic models coupled to
water quality processes. Interactions with the sediment are also modelled as well as some form of
algal modelling (Nitsche, 2000). With the increasing power of computers, the models being
developed now are more complex and computer runtime intensive.

Water quality models may be one dimensional, two-dimensional or three-dimensional, this
progression usually indicate the degree of accuracy of the model used. A one-dimensional model
will usually oversimplify the hydrodynamics with constant volumes of each segment in the water
column. A more accurate representation of the water-body would be obtained using a two-
dimensional model, whereas three-dimensional modelling produce results that mimic the real
system.

The aim of hydrodynamic water quality modelling is to describe interactions between the hydraulics
of a system and its chemical and biological components. A model is an invaluable tool for water
guality managers since it can assist in the decision for varying scenarios.

A model for a catchment may be categorised according to the processes they address such as:
1 hydrodynamic and hydraulic models (H/H);
1 hydrological and watershed models (H/W);
1 surface water quality models (SWQ);
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1 groundwater models (GW);
1 ecological models (E).

3.1.2 Hydrodynamic and hydraulic models (H/H)

Hydrodynamic and hydraulic models provide a description of circulation, mixing and density
stratification processes that can affect the water quality and transport of constituents of concern
within a water-body. These types of models use water-body geometry, boundary conditions,
inflows, withdrawals as well as meteorological data to simulate water levels, flow velocities,
salinities, temperatures and velocities. Depth, slope of bed, morphology of river channels, surface
area, wind-speed, mixing depth, precipitation tidal influences, and temperature and pressure is
information on physical properties of water-body required as an input to these models. Physical
processes simulated by hydrodynamic models include tidal, wind, and buoyancy or density forcing,
and turbulent momentum and mass transport. The spatial dimensions of these models vary from
1-D longitudinal, 2-D in the longitudinal and vertical, 2-D in the horizontal (vertically averaged), to
fully 3-D. Hydrodynamic models use numerical solutions for fundamental governing equations for
the conservation of momentum and/or mass to predict water movements. Hydrodynamic models
such as CH3D-WES are distributed as standalone models and can be coupled internally or
externally with WASP5 or CE-QUAL-W2 water quality models. Hydrodynamic models may also
form the transport foundation for lake or river mass balance models. They use hydro-
meteorological forcing functions to predict the transport that is needed for a constituent mass
balance simulation (Limno-Tech, 2002).

3.1.3 Hydrological and watershed models (H/W)

Hydrologic and watershed models are useful for assessing hydrology to manage the water
resources of a watershed. This category of models can simulate the generation and dispersion of
a constituent of concern from the point of origin to its discharge into receiving waters. These
models can be used to quantify total watershed contributions of flow, sediment, nutrients and other
constituents of interest. These models require hydro-meteorological data such as rainfall,
temperature, humidity and solar intensity. The watershed models evaluate the effects of different
land uses and practices, land cover and soil properties on pollutant loadings to water-bodies.
Available hydrologic/watershed models vary from simple methods to detailed loading models
depending on their capabilities. Simple methods have very limited predictive capabilities and
generally provide rough estimates since they are derived from empirical relationships. Detailed
models are complex models with greater spatial and temporal resolutions and they use storm
events or continuous simulation to predict flow and pollutant concentrations for a range of flow
conditions. They include physical processes of infiltration, runoff, pollutant affects, groundwater
and surface water interactions. Applications for these models vary depending on data availability
and modelling needs (Limno-Tech, 2002).

3.1.4 Surface water quality models (SWQ)

Surface water quality models predict scenarios associated with water quality constituents that
result in fish kills, taste and odour problems, human health impacts and other ecosystem
disturbances. This category of models includes models that predict dissolved oxygen, nutrient
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eutrophication, sediment transport and the fate and transport of constituents. Surface water quality
models are used to analyse water quality related problems concerning inputs; reactions and
physical transport as well as outputs. The analysis of pollutants in surface waters describes load-
response relationships, cause-effect mechanisms, and, in some cases, the impact of pollutants on
biota in the system. The parameters simulated include nutrients (generally phosphorus, nitrogen
and silicon), dissolved oxygen, biochemical oxygen demand (BOD), chlorophyll, temperature,
phytoplankton, zooplankton, and faecal coliforms. These models simulate physical (dilution,
advection, and dispersion), chemical, and biological processes (for example, nutrient-algal cycle,
algal growth and kinetics, DO-BOD cycle, decay, benthic algae, and sediment diagenesis).
Eutrophication models predict the production, transformation and decay of phytoplankton biomass
in response to changes in nutrients, temperature and light. In some cases, eutrophication and
sorbent dynamic models are coupled, which derive and form the basis for the hydrophobic
contaminant transport models. The biomass growth rate components of eutrophication model can
be linked to a food web bioaccumulation model to predict the contaminant body burden in species
(Limno-Tech, 2002).

3.1.5 Groundwater models (GW)

Groundwater models address issues related to water supply, sub-surface contaminant transport,
remediation, and mine dewatering. These models can be used for tracking pollutants in the
saturated and unsaturated zones as well as evaluating the transport of pollutants due to migration
and interactions of groundwater and surface water. Groundwater withdrawals can result in lower
river and stream water levels. The hydrology of the watershed can be impacted due to
precipitation, runoff, groundwater, surface storage, and river water levels. Coupled watershed and
groundwater models can simulate the effect of water fluctuations on groundwater flow and its
influence on watershed hydrology. Groundwater models generally require a large amount of
information and a complete description of the flow system. Most of the groundwater models
require a high level of expertise by the operator (Limno-Tech, 2002).

3.1.6 Ecological models (E)

This category includes a wide variety of models and techniques for the ecological assessment of
the aquatic system. It includes habitat and species classification, index systems, as well as
toxicological and ecological models that simulate the effect of stressors on habitats. These types
of models can examine or predict the status of a habitat, biological population or biological
community. Ecological effects models for addressing the impacts of water withdrawals include a
wide range of evaluation and assessment techniques that affect the ecosystem structure and
function. Changes in water quantity, water quality and sediment dynamics driven by water
withdrawals can affect the following components and interactions in an aquatic ecosystem:

1 Species habitat;
Production and diversity of flora;
Acute and chronic toxicity to any species;
Population levels;
Growth of species (that can affect the bioenergetics costs);
Predator-prey relationships;

=A =4 =4 -4 A
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1 Food web structure;
1 Energy flow and nutrient cycling; and
9 Bioaccumulation of contaminants.

Specifically, for dealing with issues related to fish species, these effect models should incorporate
the effect of hydraulic conditions on:
9 Fish stranding under various climatic and diurnal conditions;
1 Fish behaviour and shelter-type that can vary with flow conditions;
9 Effects on the shift in substrate type, vegetation, and water quality that may affect fish
behaviour, recruitment and survival;
9 Effects on the activities and bioenergetics of different life-stages and species.

Because of the inherent connection between species and its habitat, the effects models are best
suited when used in combination with each other, as well as with other categories of models
(Limno-Tech, 2002).

3.2 A REVIEW OF RELEVANT WATER QUALITY MODELS

The water quality models available today are multipurpose and these can be used for river and
reservoir modelling, runoff modelling, hydrology and hydrodynamic modelling, water quality
modelling, ground water and ecological modelling. The primary purpose behind the conception of
the model is used to gauge the performance of the model as well as its applicability from previous
applications to the current problem. Of particular concern for this project were the water quality
and hydrological/hydrodynamic models and their ability to simulate response to a climate change
scenario. The identification of relevant models was based on a literature and web-based search,
as well as personal experience. What follows is a description of a method for selecting a model/s
for a water quality-related problem with driving inputs from various climate change scenarios.

3.2.1 Model selection

The selection of the appropriate models to address a particular management question was based
on many considerations, including management objectives, data availability and available
resources. The models presented in Table 4 differ in their capabilities, complexity, and resource
requirements. The model inventory provides useful information to support the model selection
process. The data needs associated with many of these models may require significant resources
to apply them on a site-specific basis; resource and data availability for a given site are critical
considerations in the model selection process.

Simple models require less expertise and less data, so they can be used by a wider community,
but often they are limited in the management questions that they can credibly address. Complex
models generally have high spatial, temporal and process resolutions, require large data sets, and
involve extensive computation time. These models, however, can only be used by a limited
number of experts. In addition, in some cases, these more complex models have undergone
limited field testing and great care should be taken in applying them on a site-specific basis without
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rigorous calibration.

following factors will help meet the needs:
1 A clear definition of the problem must be outlined;
91 Define the specific modelling need;
Identify availability of system specific inputs, calibration, and

1 Resources available:

validation data set;

For selecting models from this inventory, user-specific information for the

1 Identify the availability of modelling expertise, ease-of-use concerns, the model accuracy,

and details required;

1 Define whether the analysis was required at a screening level or detailed level.

The models reviewed can address one or more system processes, such as hydrodynamics,
sediment transport, water quality, or ecological effects. Based on the current inventory, there is no
single model that could quantify the ecological impacts for a climate change projection.

For the purposes of this study only water quality, hydrodynamic and hydraulic models was
considered to address the effect of climate change on eutrophication and subsequent water

guality.

The following models were examined for their suitability in water quality modelling under climate
change scenarios. Table 4 provides a summary of some of the popular models for water quality,

hydrology and hydrodynamics.

Table 4 A summary of some of the current available models

Steady Supporting
Model name and description Type of model Applicability state or Dimension Agency

to this study dynamic
ALIS Aquatic Landscape
Inventory System (ALIS) and H/W N Dynamic 2D OMNR
associated database
AQUATOX Ecosystem Model E and SWQ N Dynamic 2D USEPA
ATLSS Across Trophic Level
System  Simulation for the Coordinated
freshwater wetlands of the H/W and E N Dynamic 2D through USGS
everglades and big Cypress
swamp
BASINS Better ~ Assessment Mixed
Science Integrating point and Dynamic 1-D steady | USEPA and
Nonpoint Sources(NPSM T H/W and SWQ Y and steady | stateto 3-D | CEAM
Dynamic QUAL2E i Steady state) state
QUAL-2E Steady state, one SWQ Y Steady 1-D USACOE
dimensional water quality model state
CE-QUAL-ICM | is a 3-D time
variable integrated compartment H/H and SWQ Y Dynamic 3-D USACOE

eutrophication model
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CE-QUAL-RIV1 Hydrodynamic & H/H and SWQ Dynamic 1-D USACOE

Water Quality Model for Streams

CE-QUAL-W2 2-D laterally USACOE

averaged hydrodynamic  and H/H and SWQ Dynamic 1-D, 2-D Portland State

water quality model University

CH3D-WES Curvilinear

Hydrodynamics in Three H/H Dynamic 3-D USACOE

Dimensions - Waterways

Experiment Station

DUFLOW Water quality, Agricultural

hydrodynamic and groundwater H/H and SWQ Dynamic 1-D University of

model Wageningen
Simon  Fraser

ECOFATE Ecosystem model H/H and SWQ Dynamic 2-D University,
Canada (Frank
P. Gobas)

EFDC: Environmental Fluid Tetra-

Dynamics Code Hydrodynamics H/H and SWQ Dynamic 1-Dto 3-D | Tech/Virginia

and transport model Institute of
Marine Sciences

ELCOM-CAEDYM: Estuarine and Centre for Water

Lake Computer Model is coupled Research,

with Computational Aquatic | H/H, E and SWQ Dynamic 3-D University of

Ecosystems Dynamic Model Western
Australia

EUTROMOD Receiving water SWQ Steady 1-D NALMS

model state

GBTOX/GBOCS  Green Bay SWQ Dynamic 3-D USEPA

Toxics Model

HEC-2/HEC-RAS River Analysis H/H Steady 1-D (HEC-2) | USACOE

System

MIKE-11/ MIKE-21/ MIKE-3 Danish

Generalised Modelling Package- H/H and SWQ Dynamic 1,2 and 3D | Hydraulic

1D/ 2D/3D i hydrodynamics Institute

RATECON Rate Constant Model Trent University,

for Chemical Dynamics SWQ Dynamic 1-D Canada (Donald
Mackay)

RMA-2V Hydrodynamic analysis 2-D lateral USACOE

model H/H Dynamic

SAGEM Saginaw Bay Ecosystem SWQ Dynamic 3-D USEPA

Model

SMPTOX4  Simplified Method Steady- 1-D USEPA/CEAM

Program i Variable-Complexity | H/H and SWQ state
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Stream Toxics Model

WASP5 Water Quality Analysis SWQ Y Dynamic 1-Dto 3-D USEPA

Simulation Program

Where H/W is hydrological/watershed model, H/H is hydrodynamic/hydraulic, SWQ is surface water quality, E is ecological effects
Adopted from Limno-Tech, 2002 and Nitsche, 2000.

Most of the models reviewed in the inventory (Table 4) are distributed as stand-alone models, and
they generally address one or more aspects of a water quality problem, such as hydrodynamics,
sediment transport, water quality, or ecological effects. Model selection is an arduous process and
the criteria for selecting include:

91 Applicability of the model,
Cost of the model,
Support/training in the use of the model;
Availability of data in the form that the model requires as an input;
Its ability to model constituents of concern such as phosphates, temperature, oxygen etc.;
The frequency of the outputs.

=A =4 =4 =4 =

The following subsections are descriptions of surface water quality models deemed capable of
simulating the effect of climate change on eutrophication as well as the choice of a model for this
task.

3.2.2 BASINS

The EPA developed the Better Assessment Science Integrating Point and Nonpoint Sources
(BASINS) decision support tool to assess water quality over large watersheds. Its primary
purposes are to facilitate examination of environmental information, to provide an integrated
watershed and modelling framework and to support analysis of point and nonpoint source
management alternatives (Limno-Tech, 2002). The BASINS decision tool includes the Hydrologic
Simulation Program-FORTRAN (HSPF) model to simulate the point and nonpoint source runoff
and pollution loadings in a watershed. Applications of BASINS includes the identification of
impaired surface waters from point and nonpoint pollution, wet weather combined sewer overflows,
storm water management issues, and drinking water source protection. BASINS has also been
used in urban/rural land-use evaluations, animal feeding operations and habitat management
practices.

Data requirements for BASINS are extensive. Much of the necessary data iss provided with the
software and more detailed, site-specific data can be added if desired. Overcoming the lack of
integration, limited coordination, and time-intensive execution typical of more traditional
assessment tools, BASINS makes watershed and water quality studies easier by bringing key data
and analytical components together "under one roof".

The primary limitation of BASINS corresponds to its extensive resource requirements. There is
also concern that providing automated access and/or default values for all model inputs and data
will lead to applications that do not adequately describe a specific system. There is lack of data for
many watersheds to allow for accurate modelling (Limno-Tech, 2002 and Lee et al, 2010).

35




3.2.3 QUAL-2E

QUAL-Z2E is established and widely used although it is a steady state model. It is one of the QUAL
series of models and has a two-decade history in water quality management and waste-load
allocation studies. Its primary purpose of development was as a water quality management,
planning and waste-load allocation tool applicable to conventional pollutants. The model may be
used for water quality/eutrophication, far field, stream/river, 1-D, branching, steady flow, steady-
state/quasi-dynamic as well as advective/dispersive transport. Twenty-six physical, chemical, and
biological properties have to be specified whilst it can predict up to 15 water quality constituent
concentrations. Amongst the parameters that were modelled are temperature, salinity, BOD, N, P,
Chlorophyll a as well as a 1* order kinetics of constituents. The QUAL2E Windows interface was
developed to make the model more user-friendly. It provides input screens to facilitate preparing
model inputs and executing the model. It also has help screens and provides graphical viewing of
input data and model results. It was widely used and accepted for various solutions to
environmental problems. It has a water quality planning tool to aid in developing total maximum
daily loads (TMDLs). The modeld seakness are that it:
1 Is a steady-state model, best suited for low-flow analysis and not wet weather related
events;
1 Requires significant site-specific data for its proper application; and
1 Considers only steady flow and the only time-varying forcing functions are the climatologic
variables that primarily affect diurnal temperature and dissolved oxygen.

Documentation for QUALZ2E is available at http://www.epa.gov/ord/webpubs/qual2e/and further
information available at: http:/smig.usgs.gov/cgi-bin/SMIC/model _home_pages/model home.
(Limno-Tech, 2002, Nitsche, 2000 and QUAL 2E manual). Currently a modernised version of
QUAL-2E has been released, known as QUAL-2K designed for the Microsoft windows
environment. QUAL-2K is programmed in Virtual Basic and Microsoft Excel is used as the
graphical user interface. The supporting agency is the USEPA and 2.11b8 is the current version
(www.epa.gov/athens/wwgtc/html/qual2k.html, 2013).

3.24 CE-QUAL-ICM

CE-QUAL-ICM is a 3 dimensional time-variable integrated-compartment eutrophication model
developed by the United States Army Corporation of Engineers (USACOE) and is also is a
member of the QUAL family of models. Its primary purpose is to simulate time-varying
concentrations of water quality constituents by coupling hydrodynamic and water quality
components. Applications of this model include the 3-D model of the Chesapeake Bay where the
model was employed to simulate long-term trends in Chesapeake Bay eutrophication (Cerco and
Cole, 1995) as well as to assess the water quality impacts of a confined disposal facility in Green
Bay, Wisconsin. The model may be applied to most water-bodies in One-Dimensional (1-D), Two-
Dimensional (2-D), or Three-Dimensional (3-D) and for unsteady flows. Geometric data to
describe the finite difference representation of the water-body have to be defined as well as 140
parameter values needed to specify kinetic interactions. Initial and boundary conditions have to be
specified and operators should have extensive modelling experience.
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Although the model has full capabilities to simulate state-of-the-art water quality kinetics, it is
limited by available data for calibration and verification. In addition, the model may require
significant technical expertise in aguatic biology and chemistry to be used appropriately (Cerco and
Cole, 1995 and Limno-Tech, 2002). Further Information is available at
http://www.epa.gov/ednnrmrl/tools/model/ce-icm.htm and http://smig.usgs.gov/cagi-
bin/SMIC/model_home pages/model _home

3.25 CE-QUAL-RIV1

This model is another member of the QUAL family and its primary purpose is to simulate transient
water quality conditions associated with highly unsteady flows that can occur in regulated rivers.
This model can handle multiple control structures such as dams. The model consists of two codes:
RIV1H, a stand-alone hydraulic routing code and RIV1Q, a water quality code that uses output
from RIV1H to provide dynamic water quality simulation. With changes in discharge conditions i.e.
for unsteady flows, the model can be used to simulate the concentration of water quality variables.
The model can be used to evaluate the ecological impacts caused by change in concentrations
under different scenarios of discharge conditions (water use and withdrawals). RIV1H requires
river geometry and boundary conditions to perform hydraulic calculations. Geometric data include
locations of control structures, streambed elevations, river cross sections and distances between
nodes. Boundary conditions include flow rates and stages, lateral inflows or withdrawals and
boundary conditions defined by discharge, stage or a stage-discharge rating curve. RIV1Q
requires initial in-stream and inflow boundary water quality concentrations, meteorological data for
temperature computations as well as rate coefficients.

The model has large resource requirements and requires a trained user whilst not having a user
friendly interface as it uses an ASCII input file. It also does not include sediment quality
component and may exhibit numerical instability under certain conditions. The model is only
applicable to situations where flow is predominantly one-dimensional. It simulates conventional
pollutants only and contains limited eutrophication kinetics (Nitsche, 2000 and Limno-Tech, 2002).

3.2.6 CE-QUAL-W2 version 3.6

CE-QUAL-W?2 is a two-dimensional (longitudinal-vertical) hydrodynamic and water quality model

developed by the Army Corps of Engineersé6é Water wa

of the QUAL family of models. The primary purpose of the model is to simulate time-varying
concentrations of water quality constituents by coupling hydrodynamic and water quality
subroutines. The model has been applied to many rivers, lakes, reservoirs, and estuaries for
nearly 20 years and can simulate temperature, salinity, DO, carbon balance, N, P, Si,
phytoplankton, bacteria as well as first-order decay. Geometry data are required to define the finite
difference representation of the water-body. Initial and boundary conditions have to be specified
and the required hydraulic parameters include horizontal and vertical dispersion coefficients for
momentum and temperature/constituents as well as the Chezy coefficient, used to calculate
boundary friction. Simulation of water quality kinetics requires the specification of approximately
60 coefficients. Data is required to provide boundary conditions and assess model performance
during calibration. Because the model assumes lateral homogeneity, it is best suited for relatively
strong longitudinal and vertical water quality gradients; it may be inappropriate for large water-
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bodies and has extensive data requirements (Limno-Tech, 2002 and Cole and Wells, 2008). An
advantage of this model is that it has previously been used for South African water-bodies and in
particular for Voélvlei Dam.

3.2.7 DUFLOW

Duflow (Dutch flow) is a one-dimensional, non-steady state model for water movement and water
guality Duflow was originally developed to simulate the water movement (both quantitatively and
gualitatively) in estuaries in the South-West of the Netherlands. Duflow has a user-friendly
graphical interface. It includes 3 models hydrodynamic and water quality module (DUFLOW), the
rainfall-runoff module (RAM) and the groundwater module (MODUFLOW). It has 2 predefined
water quality components that may be modelled independently. DUFLOW simulates constituents
such as N, P, O, sediment-water interaction, 3 algal species and one phytoplankton species. In
DUFLOW, flow is modelled using 1-D St-Venant equation, which is solved numerically. Dispersion
in DUFLOW can be modelled as a function of the flow velocity. Transport by advection and
dispersion is modelled automatically in DUFLOW and the user does not have to make inputs into
the implementation of these transport processes. A scenario manager allows the user to see the
result of various scenarios such as pollution spills and to compare the results. Its major
disadvantage is that it is a 1-D model and cannot describe longitudinal dispersion at low flowrates.
Online documentation is available at www.mx-groep.nl/duflow/ (DUFLOW, 2000, Nitche, 2000 and
Ritzema, 2010).

3.2.8 EFDC

Environment Fluid Dynamics Computer code (EFDC) is a general purpose modelling package for
simulating three-dimensional flow, transport and biogeochemical processes in surface water
systems including rivers, lakes, estuaries, reservoirs, wetlands, and coastal region. It was
originally developed by Virginia Institute of Marine Science as authorized by USEPA. The EFDC
model has been-used for modelling studies in the estuaries of the Chesapeake Bay System, the
Indian River Lagoon and Lake Okeechobee in Florida, the Peconic Bay System in New York,
Stephens Passage in Alaska, and Nan Wan Bay, Taiwan. The model has also been used to
simulate large scale wetlands flow and transport in the Everglades. EFDC is applicable to rivers,
lakes, reservoirs, estuaries, wetlands, and coastal regions.

The EFDC model has three primary functional components namely hydrodynamics, water-quality
and sediment transport integrated into a single software system. The hydrodynamic model
component is based on the three-dimensional shallow water equations and includes dynamically
coupled salinity and temperature. The coupled water quality/eutrophication and a
sediment/toxicant transport and fate sub-models included in the EFDC can be used to assess the
ecological impacts of water quality and water quantity.

Technical expertise is required and the input data to drive the model include open boundary water

surface elevation, wind and atmospheric, thermodynamic conditions, open boundary salinity and
temperature, volumetric inflows and inflowing concentrations of sediment and water quality state
variabl es. l nput file templates are included wi!t
i nput data preparation. EFDCs6 main weaknesses

38


http://www.mx-groep.nl/duflow/

hydrodynamics is required to use the model effectively as well as expertise in eutrophication
processes is required to use the water quality component. It also requires extensive computer
resources (Limno-Tech, 2002 and Jeong et al., 2010).

Further information is available at http://www.epa.gov/ednnrmrl/tools/model/efdc.htm and
http://smig.usgs.qgov/cqi-bin/SMIC/model home pages/model home.

3.29 ELCOM-CAEDYM

The Estuarine and Lake Computer Model coupled with an ecological model Computational Aquatic
Ecosystem Dynamics Model (ELCOM-CAEDYM) is a three-dimensional hydrodynamic model.
ELCOM was primarily developed by the Centre for Water Research, University of Western
Australia (www.cwr.uwa.edu.au) to simulate hydrodynamics and transport in stratified water-bodies
with spatially-varying wind stress, surface heat exchange, tidal boundaries and multiple inflows
(including groundwater sources).

The model solves the three-dimensional Reynolds-averaged, unsteady, hydrostatic, Boussinesq,
Navier-Stokes and scalar transport equations on a cartesian mesh. The hydrodynamic algorithms
are a semi-implicit, finite-difference approach based on a second-order Euler-Lagrange advection
of momentum with an implicit solution of the free surface evolution. Scalar transport uses a
conservative discretisation of a flux-limiting third method. Turbulence modelling uses a mixed-
layer approach in the vertical with constant eddy viscosities for the horizontal.

CAEDYM consists of a set of subroutines containing a series of equations that describe the major
biogeochemical processes influencing water quality. These include primary and secondary
production, nutrient (P and N) and metal cycling, oxygen dynamics and the movement of sediment.
ELCOM and CAEDYM are coupled such that ELCOM simulates salinity and temperature, passing
values for these parameters to CAEDYM for modification of ecological state variables, whilst
CAEDYM passes the water quality variables to ELCOM for advective and dispersive processes.

The strength of this model is that it is a coupled system that models hydrodynamics and water
guality simultaneously whilst it weaknesses are large data requirements as well as the user having
to be proficient in modelling and use of the model A major disadvantage to these complex models
is that a sensitivity analysis over the entire parameter space is impossible and that the
establishment of generic parameter values for general plankton models has remained elusive
(Hodges and Dallimore, 2006, Chan et al., 2002).

3.2.10 EUTROMOD

Eutrophication model (EUTROMOD) is a spreadsheet-based watershed and lake modelling
procedure for eutrophication management, with an emphasis on uncertainty analysis. The
spreadsheet uses land and land-use characteristics to estimate surface runoff, sediment and
nutrient yields from a watershed. The model estimates nutrient loading, various trophic state
parameters, and tri-halo-methane concentration in the lake using data pertaining to land use,
pollutant concentrations, and lake characteristics. It predicts growing season average conditions
as a function of annual nutrient loadings.
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The model was developed using empirical data from the USEPA({
with trophic state models used to relate phosphorus and nitrogen loading to in-lake nutrient
concentrations. The phosphorus and nitrogen concentrations were then related to maximum
chlorophyll level, Secchi disk depth, dominant algal species, hypolimnetic dissolved oxygen status,

and tri-halo-methane concentration. EUTROMOD allows for uncertainty analysis by considering

the error in regression equations employed, and using an annual mean precipitation and coefficient

of variation to account for hydrologic variability.

EUTROMOD simulates total P and N concentrations in the lake based on all inputs, watershed
characteristics, land use, precipitation and evaporation. It also generates output on the probability
of the blue-green algal dominance, which is directly applicable to evaluate the ecological impacts
caused by water withdrawal. EUTROMOD is limited in its application because it is designed for
watersheds in the southern United States and it provides predictions only of growing season
averages. It is an empirical (not mechanistic) model and its application is limited (Limno-Tech,
2002).

Further information on EUTROMOD is available from through www.nalms.orgq or
http://www.epa.gov/owow/tmdl/nutrient/linkage.html.

3.2.11 MIKE 11, MIKE 21, MIKE 3

The MIKE series of models represents a continuous development since the early 1970s by the
Danish Hydraulic Institute where MIKE 11 is 1-D, MIKE 21 is 2-D and MIKE 3 is 3-D model. The
system has been applied in hundreds of applications and is presently used as the basis for
countrywide river models in Bangladesh. The package includes models for rainfall, runoff,
hydrodynamics, advection, dispersion, sediments and water quality simulations. The primary
purpose of MIKE 21 is to simulate hydraulics, sediment transport and water quality in estuaries,
rivers, lakes, estuaries, bays, coastal areas and seas, irrigation systems and similar bodies.

The system consists of five main modules:

1 A hydrological module that computes the rainfall-runoff from rural catchments;

1 A hydrodynamic module that computes discharges and water level variations in rivers and
flood plains. This module solves the full dynamic, diffusive or kinematic wave equations;

1 A sediment transport module that simulates sediment transport, dune formation, bed level
changes and hydraulic resistance;

1 A transport-dispersion module that includes a special description for cohesive sediments;
and

1 A water quality module that simulates chemical and biological processes.

The constituents that are modelled include hydrodynamics, DO, BOD, nutrients, phytoplankton,
temperature, bacteria and toxins. The input data for a MIKE simulation consists of organisational
input, initial values, boundary and topographical data. It has a user-friendly model interface,
although extensive modelling experience is required. The model is proprietary and in 1999, the
cost of MIKE 21 was more than ZAR 100000 (Nitsche, 2000 and Limno-Tech, 2002). See
www.dhisoftware.com for more information on the MIKE series of models and current cost.
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3.2.12 WASP5

Water Quality Analysis Simulation Program (WASP) is a surface water quality modelling
application that has its origins in the Manhattan College of environmental engineering program in
the |l ate 606s. Dt 2-Dvoa 3D rhodel and reagl be acuplea with hydrodynamic
models. The model simulates time varying processes of advection and dispersion, considering
point and diffuse mass loading as well as boundary exchange. WASP5 includes two sub-models
for water quality/eutrophication and toxics, namely EUTRO5 and TOXI5. The body of water to be
simulated must be divided into a series of completely mixed computational segments. Loads,
boundary concentrations, and initial concentrations must be specified for each state variable.
Forcing functions such as temperature must also be specified for time and spatially variable
parameters.

In TOXI5, up to 12 spatially variable environmental variables, such as pH and light extinction, may
be specified as needed. In addition, up to 17 time-variable functions may be used to study diurnal
or seasonal effects on pollutant behaviour. In EUTROS5, up to 16 spatially variable environmental
parameters, 60 rate constants, and 14 time-variable functions can be specified. The model
processes parameters such as temperature, salinity, bacteria, DO, BOD, N, P, phytoplankton, first-
order decay, products, process kinetics, equilibrium sorption and re-suspension/deposition. Its
strengths are that it provides the flexibility to describe almost any water quality constituent of
concern, along with its widespread use and acceptance. The major weaknesses of WASP5 are
that:
1 It has limited hydrodynamic capabilities with the 1-D RIVMOD-H and DYNHYD5 models;
1 There is a potential for instability or numerical dispersion in the user specified
computational network;
1 Zooplankton dynamics are not simulated in EUTROS5 although their effect may be
described by user specified forcing functions that vary in space and time; and
1 It has an intermediate-level method for computation of sediment oxygen demand and
benthic nutrient fluxes (Limno-Tech, 2002).

Further Information is available for WASP5 at the following web addresses
http://smig.usgs.gov/cqgi-bin/SMIC/model home pages/model home
http://www.epa.gov/ednnrmrl/tools/model/wasp5.htm
http://www.epa.gov/region4/water/tmdl/tools/wasp.htm

3.3 THE MODEL SELECTION

The model selection is largely based on the users experience with the model as well as its
applicability to the study. To predict the effect of climate change on the water quality and
subsequent eutrophication requires both a water quality and hydrodynamic model. Due to the data
requirements for a three dimensional model being extensive, a two dimensional model was
considered to be sufficiently accurate for this study. Ease of use of the model as well as its
previous application is considered advantageous along with any technical support offered. Finally,
the price of the model is considered.
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The model chosen for this study is CE-QUAL-W2 because of its proven ability to accurately
represent hydrodynamics and the ability to represent multiple algal groups. Modelling algae in
multiple groups is important because modelling algae as one conglomerate is only a general
approximation of actual conditions because kinetic rates are species dependent. A more accurate
representation is possible by modelling algae as groups based on different species (Nielsen,
2005). The model had previously been used for Voélvlei Dam, thus local technical support is
available. The model is freely distributed by Portland State University and is used worldwide.

3.4 THE THEORETICAL BASIS FOR CE-QUAL-W2 HYDRODYNAMIC AND WATER
QUALITY MODEL

CE-QUAL-W?2 is a two-dimensional (longitudinal-vertical) hydrodynamic and water quality model
developed by the United States Ar my Corps of Engineersd Water ws
(USACOE) and is part of the QUAL family of models. The primary purpose of the model is to
simulate time-varying concentrations of water quality constituents by coupling hydrodynamic and
water quality components. The model has been applied to many rivers, lakes, reservoirs, and
estuaries for nearly 20 years. The model will simulate water temperature, salinity, DO, carbon
balance, N, P, Si, phytoplankton, bacteria as well as first-order decay. Geometry data is required
to define the water-body mathematically. The governing equations of state are solved using the
finite difference method. Initial and boundary conditions have to be specified and the required
hydraulic parameters include horizontal and vertical dispersion coefficients for momentum and
temperature/constituents as well as the Chezy coefficient, used to calculate boundary friction.
Simulation of water quality kinetics requires the specification of approximately 60 coefficients.
Data is required to provide boundary conditions and assess model performance during calibration.
Because the model assumes lateral homogeneity, it is best suited for relatively strong longitudinal
and vertical water quality gradients; it may be inappropriate for large water-bodies where Coriolis
forces are present or where significant lateral gradients exist. The model has extensive data
requirements. It allows for user-defined numbers of algal, zooplankton and macrophytes groups
(Cole and Wells, 2008).

Amongst the limitations of CE-QUAL-W?2 are:

1 Hydrodynamics and transport. The governing equations are laterally (x-z axis) and layer
averaged (bank to bank for rives). Lateral averaging assumes lateral variations in
velocities, temperatures, and constituents are negligible. This assumption may be
inappropriate for large water-bodies exhibiting significant lateral variations in water quality.
Whether this assumption is met is often a judgment call on the user and depends in large
part on the questions being addressed. Eddy coefficients are used to model turbulence.
Currently, the user must decide among several vertical turbulence schemes the one that is
most appropriate for the type of water-body being simulated. The equations are written in
the conservative form using the Boussinesq and hydrostatic approximations. Since vertical
momentum is not included, the model may give inaccurate results where there is significant
vertical acceleration (Cole and Wells, 2008).

1 Water quality. Water quality interactions are, by necessity, simplified descriptions of an
aguatic ecosystem that are extremely complex. Improvements will be made in the future as
better means of describing the aquatic ecosystem in mathematical terms and time for
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incorporating the changes into the model become available in this one area (Cole and
Wells, 2008).

1 Sediment oxygen demand (SOD). The model includes a user-specified sediment oxygen
demand not coupled to the water column thus does not compute SOD and sediment to
water column nutrient fluxes based on organic matter delivery to the sediments. SOD only
varies according to temperature. The first order model was tied to the water column settling
of organic matter. The model does not have a sediment compartment that models kinetics
in the sediment and at the sediment-water interface. This places a limitation on long-term
predictive capabilities of the water quality portion of the model (Cole and Wells, 2008).

1 Computer limits. A considerable effort has been invested in increasing model efficiency
including a vertically implicit solution for vertical turbulence in the horizontal momentum
equation. However, the model still places computational and storage burdens on a
computer when making long-term simulations. Yearlong water quality simulations for a
single water-body can take from a few minutes to days for multiple water-bodies in a large
river basin. Applications to dynamic river systems can take considerably longer than water-
bodies because of much smaller time-steps needed for river numerical stability (Limno-
Tech, 2002 and Cole 2008).

In this study, the CE-QUAL-W2 model was applied to Voélvlei Dam for potential climate induced
eutrophication and water quality changes. The model uses a numerical scheme for direct coupling
between the hydrodynamic and water quality simulations. It is based on a finite-difference
approximation of the laterally averaged equations of motion including the free surface equations,
hydrostatic pressure, momentum, continuity, constituent transport and equation of state.

3.4.1 The conservation laws of fluid flow

The model uses laterally averaged equations of motions derived from the three dimensional
equations of motion and continuity. The mathematical expression for the general model of fluid
flow and heat transfer was developed from the basic principles of conservation of mass,
momentum and energy. The governing equations are obtained by performing mass, momentum
and energy balance of the fluid (in this case water) about a control volume. The conservation laws
of physics state that:
9 The mass of a fluid is conserved;
1 The rate of change of momentum equals the sum of the forces on the control volume
(Newtonbés samkcond | aw)
1 The rate of change of energy equals the sum of rate of heat addition and the rate of work
done on the control volume (First law of thermodynamics).

Typical behaviour of the fluid was described in terms of velocity, pressure, density and temperature
which themselves are considered as averages over a vast number of molecules. The control
volume under consideration was thus the smallest possible volume of the fluid that was not
influenced by molecular interactions.
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Figure 11 A typical control volume

Adopted from Versteeg and Malalasekera, 1995

The fundamental equation applied is:
Rate of increase of mass in volume= Net rate of flow of mass into the volume (2)

The continuity equation was the mathematical representation of mass conservation on a control
volume and was expressed as

— n” 6=0 (2
This is the equation describing the unsteady, three-dimensional mass conservation of a

compressible fluid. If the fluid was incompressible i.e. density } was constant, which water is
assumed to be thenn " 6=0 or

- — — ®)

Where u,v and w was the velocity of the fluid in the X, y and z directions respectively.

Momentum and energy conservation describe the changes of properties on a control volume and
these properties are a function of position and time. Considering the following figure
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Figure 12 Stress on a control volume

Adopted from Versteeg and Malalasekera, 1995

The equation that describes the momentum conservation in the x direction was derived by setting
the rate of change of x-momentum equal to the total force in the x-direction due to surface stresses
(T) plus the rate of increase of x-momentum due to internal sources. This was mathematically
expressed as for the X, y and z directions. The dam has no slope and hence gravity was excluded
for the transport model.

Unsteady acceleration + convective acceleration = pressure gradient + turbulent stresses + source
or sinks.

— “Yand this simplifies to

— 60— '— ] —  -— - Y (4)

And similarly for the y direction
— 0— '— 1 — -— - Yw (5)

And for the z direction
— 60— '— 1 — -— - — — — Y (6)

The z-momentum equation was simplified and lateral averaging was applied and the laterally
averaged equations of state for CE -QUAL-W2 was summarised as follows

The laterally averaged continuity equation is

— — né (7)
Where
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B is the control volume width

U is the laterally averaged velocity in the x direction
W is the laterally averaged velocity in the z direction
g is the net lateral inflow per unit volume

The x momentum equation (U)
_ — — -— - — — Yo (8)

The z momentum equation equals zero
— T 9)

There are now 3 equations and 3 unknowns U, W and P. This implies that the density was known
for the solution of the momentum equations. The equations of state relates the density to
temperature and concentration of dissolved substances and was represented as

"QYdr YARYO'Y'Y (10)

Thus, density was a function of temperature, total dissolved solids and inorganic suspended solids.
The laterally free water surface equation was defined as

6— —. Y6Qda no6Qa (11)

Where
d is the water surface

From equation 8, any constituent may be substituted for U then the set of equations may be solved
numerically. The source/sink term was fully described in the following sections for each constituent
of concern. The reader is referred to the user manual of CE-QUAL-W?2 for further reading.

CE-QUAL-W?2 allows the user to specify which water quality constituents to model in the dam. The
omission of any constituent could have a marked effect on the simulated output. The lack of data
for certain water quality variables (for example inorganic suspended solids, refractory dissolved
organic matter, labile particulate organic matter and labile dissolved organic matter) in the inflows
(provided data) immediately limits the model in terms of calculating the external loading of these
constituents. The following sections describe the water quality variables sources or sinks and their
interaction as used by CE-QUAL-W2 as per user manual. The water quality interactions of the
modelled constituents are described in the following sections as taken from Cole and Wells (2008).

3.4.2 Total dissolved solids

Total dissolved solids (TDS) affect water density and ionic strength, thereby affecting water
movements, pH, and the distribution of carbonate species. Dissolved solids are normally
expressed as TDS in freshwater applications. TDS and salinity as used by the model are not
equivalent, salinity is conservative while TDS is not. In the model, however, both are treated
conservatively with the rate term set to zero (Cole and Wells, 2008)

46



3.4.3 Generic constituents

Any number of generic constituents can be defined in the model such that they can settle and
decay. The user supplies a zero and/or 1st order decay coefficient with or without an Arrhenius
temperature dependence function, and/or a settling velocity. Generic constituents do not interact
with the hydrodynamics nor any other water quality state variables as shown in Figure 13.

Generic Constituent

decay settling

:

system loss

Figure 13 Internal fluxes of generic constituents
Adopted from Cole and Wells, 2008

The governing equation for the source or sink generic constituents is

YQ 0&EQ L—C0 BgQ1 — 12)

Where:

dy= temperature rate multiplier

T = water temperature, °C

¥ 4 = settling velocity, m s™

Ko = zero order decay coefficient, g m? s™ at 20°C

K, = first order decay coefficient, s* at 20°C

0 4 = generic constituent concentration, g m™

A conservative tracer was included in the model to allow dye study simulations, movements of
conservative materials through the water-body, and as an aid in calibrating and testing flow
regimes. As a conservative material, this constituent has no internal sources or sinks and the rate
term was set to zero. It thus shows whether a source or sink has been omitted from the model
(Cole and Wells, 2008).

3.4.4 Phosphates

For the purposes of CE-QUAL-W2 modelling phosphorus was assumed to be completely available
as ortho-phosphate (PO,) for uptake by phytoplankton. Measurements of soluble reactive
phosphorus are closest to the form used in the model. The internal fluxes between phosphate and
other water quality variables are shown in Figure 14 as used by the model.
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Figure 14 Internal fluxes of phosphorus

Adopted from Cole and Wells, 2008

The rate equation describing the phosphate source/sink is:

SD = a (Kaf_ Kag)dp I: a+a (Ker_ Keg)deI: e+ Kldomdpgomlz Idom+ Krdomdpgomlz rdom+ KlpomdpgomF Ipom+
K Pom'dpgomF pomr+ KSdPgomF s+ SODgom% * é KCBODRCBODdP-cBODQT- 20': CBOD + KSdPOMgOM F S +

cell

Ased_ Pp(a V'/ssF ss+ WpomF poml+ M/pomF pomr+ V,/FE F FE)
\Y4 Dz

SOIxOM F p+é. KzrszF zoo

(13)

Where,
gz = model cell thickness, m
Ased = sediment surface area, m?
V = cell volume, m®
Pp = adsorption coefficient, m°g™
fosea = fraction of macrophyte phosphorus uptake from sediments
Upe = epiphyton stoichiometric coefficient for phosphorus
Up, = algal stoichiometric coefficient for phosphorus
Upm = macrophyte stoichiometric coefficient for phosphorus
Up, = zooplankton stoichiometric coefficient for phosphorus
Upom = Organic matter stoichiometric coefficient for phosphorus
Up.ceop = phosphorus/CBOD stoichiometric ratio
Jom = temperature rate multiplier for organic matter decay
U = temperature rate multiplier for CBOD decay
RBOD = conversion ratio for 5-day CBOD to CBOD ultimate
¥ 1ss = inorganic suspended solids settling velocity, m/sec
¥ e = particulate organic matter settling velocity, /sec
Kag = algal growth rate, /sec
Ka = algal dark respiration rate, /sec
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Keg = epiphyton growth rate, /sec

Ker = epiphyton dark respiration rate, /sec
Kmg = macrophyte growth rate, /sec

K = macrophyte respiration rate, /sec

Kz = macrophyte respiration rate, /sec

Kipom = labile DOM decay rate, /sec

Krpowm = refractory DOM decay rate, /sec
Kipom = labile POM decay rate, /sec

Krpom = refractory POM decay rate, /sec
Kceop = CBOD decay rate, /sec

Ksed = sediment decay rate, /sec

SOD = anaerobic sediment release rate, g Im?/s
0 p = phosphorus concentration, g/m*

U re = total iron concentration, g m™

0l 1ss = inorganic suspended solids concentration, g m™
0 .= algal concentration, g m™

0 . = epiphyton concentration, g m*

U Loom = labile DOM concentration, g m™

0 pom = labile POM concentration, g m

0 rpowm = refractory DOM concentration, g m3
0 reom = refractory POM concentration, g m™
0 ceop = CBOD concentration, g m™

U seq = Organic sediment concentration, g m*
macro = Macrophyte concentration, g m3

0 ,00 = zooOplankton concentration, g m™

[l el

The contribution of algae to the phosphate rate shown in Term 1 of the rate equation 13, K, (algal
respiration) was much smaller than the algal growth rate K,, thus the net effect was the
disappearance of phosphates. The contribution of Particulate Organic Matter (POM) and
Dissolved Organic Matter (DOM) to phosphates is shown in terms 2 to 5. Organic sediments are
accumulated when algae die and settle. Phosphates from these sediments can be released by
either a first order or zero order decay rates. These contributions are indicated by terms 6 and 7,
respectively.

Phosphates that are adsorbed onto Inorganic Suspended Solids (ISS) and on to Iron (Fe) settle out
at the same rate as the particles to which it was attached and was permanently removed from the
water column. Phosphates can also be temporarily removed from the water column by adsorbing
onto POM i when decay of this material occurs, the phosphates are released back into the water
column.

In this study, measured data no ISS or Fe was modelled, implying that phosphates could not be

removed from the water column but adhered onto the suspended sediments as FePO,
compounds.
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3.4.5 Nitrate-Nitrite

Nitrite is an intermediate product in nitrification between ammonium and nitrate. Nitrate is used as
a source of nitrogen for algae and epiphyton during photosynthesis. Preferential uptake of
ammonium over nitrate by algae and periphyton is included. The interactions between NO,+NO3
and other water quality constituents are shown in Figure 15.

Figure 15 Internal flux of nitrate/nitrite

Adopted from Cole and Wells, 2008

The rate equation describing the NO,+NO; source/sink concentration is:

IJF NOx _

S\le: KNH4gNH4F NH4 KNOngoXF NOX ,/,/NOXT a KangaF a(l- I:’NH4)'

—a KengeF e(l- PNH4) (14)

Where
OnHa = temperature rate multiplier for nitrification
Jnox = temperature rate multiplier for denitrification
Une = epiphyton stoichiometric coefficient for nitrogen
Una = algal stoichiometric coefficient for nitrogen
Pnra = ammonium preference factor
Knna = nitrification rate, sec™
Knox = denitrification rate, sec™
Kag = algal growth rate, sec™
¥ nox = sediment transfer velocity, m sec?
0 yy4 = @ammonia-nitrogen concentration, g m=
U nox = hitrate-nitrogen concentration, g m=
0 .= algal concentration, g m™

Nitrification is only allowed to occur if oxygen was present, and denitrification was allowed only if

dissolved oxygen is less than a model specified minimum value [O2LIM] of 0.1 mg/l. In the model,
the nitrate+nitrite concentration was in units of NO3; + NO, as N (Cole and Wells, 2008).
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