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EXECUTIVE SUMMARY

The Mgeni Catchment, 4 079 km’ in area upstream of the Inanda Dam, is the vital water source for both the Greater
Durban and Pietermaritzburg Metropolitan areas in KwaZulu-Natal. It supplies water for approximately 45% of
the Province's population in a region which produces 20% of South Africa’s gross national product. In this area
of highly variable rainfall, Umgeni Water manages five dams for water supply. With the population in the Greater
Durban and Pietermaritzburg Metropolitan areas projected to expand 1o between 9 and 12 million by the vear 2025,
it was recognised over a decade ago that the rapidly accelerating water demand would exceed local raw water
resources by the tum of the century. The increased occurrence of retumn flows, intensified agricultural practices and
the presently unco-ordinated growth of large informal settlements which are associated with the population
expansion and influxes into the region are expected to lead to severe deterioration of the water quality of streams,
rivers and dams. During summer months, frequent convective thunderstorms result in the transport of suspended
solids, pathogens and phosphorus from the subcatchments into receiving channels, with the consequence that
domestic, agricultural, industrial, ecological and recreational user groups are affected.

In response to these perceived potential water-related problems, the Umgeni modelling group approached the
Department of Agricultural Engineering at the University of Natal in Pietermaritzburg in 1988 to undertake a two-
phase rescarch programme which would develop a dynamic system model of the Mgeni catchment. Phase 1 of this
research programme was completed in 1992, The main objectives of Phase 2 of the research programme, entitled
Development of a Distributed Hydrological Modelling System to Assist with Water Quantity and Quality

Management in the Mgeni Catchment, Phase 2 were twofold, viz.

- the development of a simulation tool. in which the ACRU modelling system was 1o be further developed
to incorporate relevant water quality simulation capabilities so as to enable the modelling of selected water
quality parameters, viz. sediments, phosphorus and Escherichia coli (E. coli), which are important 1o those
responsible for planning and management of Mgeni catchment's water resources, and

L setting up of an operating model, in which the extended and verified ACRU modelling system was to be
applied in simulations of water quantity and water quality in order to implement and evaluate the model

for potential catchment scenarios of the future.

In order to meet the above objectives, which require specific and demanding modelling capabilities, the ACRU
hydrological modelling system was selected. ACRU is a physical conceptual model based on a daily timestep and
can be applied in a distributed mode. This intensively rescarched multi-purpose model is centred on daily multi-
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layer soil water budgeting. 1t has been structured to be highly sensitive to climate and to land cover and land use

changes on soil water and runoff processes

Streamflow Simulations

The ACRL hydrological and water quality modelling system was configured for the Umgeni catchment upstream
of Inanda Dam to simulate daily streamflows for 137 subcatchments for the 34-vear period from | January 1960

to 31 January 1993

Simulated ime series were compared against observed time senes and maps and tables were produced 1o quantify
and qualify the following hydrological components. on both a subcatchment and management subcatchment (i¢

Quaternary catchment) basis:

- streamflow production under current conditions.
‘ streamftlow production under pristine conditions,
» the impact of current land use on streamflow production, and
. the impact of possible future tand use scenarios on streamflow

Simulated streamflows were verified against observed runoff data from 6 management catchments. The
verifications, an example of which is given in Figure ES1, included time series plots of simulated vs. observed
streamflows. a comparison of accumulated totals of streamflows, a comparson of month-by-month simulated and
observed tlows for median conditions and for conditions in the wertest vear in 10 and the driest year in 10 All six
verifications gave coefficients of determination above 78%, with four exceeding 84%. In each case simulated
streamflow totals were within 6% of observed values with five subcatchments ssimulating to within 3% of observed
flows. Differences of standard deviations were consistently within 15%, with three subcatchments” differences

below 4%.

Following the successful verifications of streamflow output from the ACRE model, daily streamflow sequences for
all 137 subcatchments were produced for the period 1960 to 1993 Mean annual runoff was found to range from

44 10 390 mm in the various subcatchments

Impacts of present land uses on streamflows were assessed by comparing stream flows produced under “current”
and under “pristine” (Acocks’ Veld Types) land covers. The hyvdrological impacts of current land use compared

with streamflows under pristine land cover conditions can be significant within individual subcatchments, ranging
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Figure ES|

VERIFICATION OF OUTPUT FROM THE ACRU MODEL
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from 100% (i.c. 2 doubling of ) increase in streamflows 10 a decrease by more than 60%. The highest reductions
of streamflows were found in subcatchments which are under intensive agricultural use  In particular,
subcatchments with a high proportion of commercial forest and sugarcane plantations exhibit significant reductions
in water yield of up 10 60%. On the other hand, subcatchments that are either highly urbanised or exhibit a high
population density show an increase in water vield as in the Pretermarnitzburg area and in the Valley of a Thousand
Hills immediately upstream of Inanda dam. This increase in water vield can be attributed to the widespread
substitution of pristine vegetal cover with impervious surfaces or highly compacted soil with large proportions of

bare ground in many former KwaZulu homeland areas

In modelling future water vield scenarios, two types of hydrological impact studies were undertaken

Impact Study | represents the impacts of commercial forest plantations. farm dams and irrigated agricultural
streamflows for three management subcatchments. Impact Study 11 compares the impacts of grassland, cucalypts,

sugarcane and maize on five ACRL subcatchments ranging in mean annual precipitation from 680-1 200 mm

While the impacts of unused farm dams per se was found not to significantly affect downstream streamflows, the
impacts of irrigating crops and pastures was found to be significant on streamflows. The reduction in streamflow
varies, depending on the proportion of the catchment under imgation. Commercial afforestation was found to
reduce streamflows significantly, with eucalypts utilising more water than wartle, and wattle more water than pines
in their influence on streamflows. In the second Impact Study the highest impacts were found to be in the low
rainfall areas of the Umgeni catchments, with impacts decreasing with increasing rainfall. Eucalypts were found

to impact streamflows more than sugarcane, which in tum reduced streamflows more than grazing areas and maize

Water Quality Simulations

Significant water quality impacts in the Umgeni catchment begin with the detachment of soil particles from the
parent matenal. These particles can carry appreciable concentrations of absorbed phosphorus and pathogens, which
are indicated by the presence of £ coli. 1t is the phosphorus and pathogens which reach the receiving streams that
result in serious water quality problems in rivers and reservoirs in the Umgenm catchment. In order to simulate the
transport of non-point source phosphorus and £ coll, it is important to first be able to simulate with confidence the
likely movement of the soil particles on a catchment scale. The procedure was therefore 1o simulate the water
quality determinands by first generating a spanal distribution of erosion potential and then 1o simulate subcatchment

sediment yield histories and finally to simulate phosphorus and £ coli loadings
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A comprehensive digital terrain model dataset related 1o soil loss related physics was developed. This phase
involved the application of the recently developed Revised Universal Soil Loss Equation, RUSLE, at a grid scale
of 250 by 250 m. The soil loss potential was determined for cach of the 65 256 grid cells making up the area
upstream of Inanda Dam. Innovative new procedures were developed 1o model the ramfall erosivity. This soil loss
potential information was used in the ACRL sediment yield model to estimate the amounts of stormflow derived
at cach subcatchment outlet on a daily basis. Hence, those arcas which are likely to yield large sediment loads, and
potentially carry attached phosphorus and pathogens to the receiving streams, can be identified. The daily sediment
yield model could then be used 1o0;

- estimate long-term sediment loads to reservoirs or works,
. determine the effects of extreme sediment yield events on water use criteria, and
¢ estimate the effects of land use changes on sediment yield within the catchment.

The ACRU sediment yield model results were verified in the Mgeni catchment using three separate approaches, viz:

. by comparing with the estimates of sediments trapped in large reservoirs over a period of time,
. by comparing with suspended solids data collected by Umgeni Water on a once-a-week basis, and
¢ by companng with suspended solids and discharge data collected by the Department of Agricultural

Engincering at the Henley weir at frequent, discharge related intervals during the course of a number of
runoff events in 1993 and 1994, using an automatic sediment sampler.

With the confidence gained from the sediment yield verifications using all three approaches, and the ability of the
model to reproduce estimated loads of varying magnitude, whether on a long-term basis or for individual events,
the ACRU model could be used 1o generate daily, and subsequently long-term average, subcatchment yields from
each of the 137 subcatchments. The mean annual simulated sediment yield for the 137 subcatchments ranged from
210629 tkm”. Highest sediment yields were found in the highly ¢roded Valley of a Thousand Hills as well as in
subcatchments in the Edendale area, where large proportions of informal dwellings are located. In analysing
findings based on simulated sediment load sequences, it became apparent that single flood evenmts with low
recurrence probabilities, such as those experienced during the September 1987 floods, mobilise large amounts of
sediments. Hence, for instance, during a single week in September 1987, 18.1% of the total 34-year sediment yield
estimate was computed in the Subcatchment 9 of the Midmar Management Subcatchment,

In modelling non-point source phosphorus yvield, the phosphorus sources from a number of origins were included
in the ACRU model, viz:
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. fertilizer applications in agriculture,
. livestock depositions.
. depositions from the atmosphere in rnfall (wet deposition) and through adherence to dust particles (dry

deposition), as well as from

¢ human sources through seepage and overflow of pit latrines.

A phosphorus pollution potential map was produced by adding all phosphorus inputs that would be available within
the top 10 mm of soil. Values for wet and dry atmospheric deposition, numbers of beef cattle, dairy cows and
sheep, amounts and application frequencies of fertilizers for sugarcane, maize and mixed crops as well as inputs
from human facces where inhabitants are without proper sanitation. were summed up to give results in kg km=.a'.
Values of the 250 by 250 grid cell points for potential loading in the Mgeni catchment varied from less than 250

to more than 4 800 kg km.a™.

Following intensive verification studies of the ACRL phosphorus vield model, again using a range of technigues,
a map based on subcatchment diffuse source phosphorus yield was produced for the Mgeni catchment. Mean
annual phosphorus yield values were simulated to range from 0.5 10 650 kg km . The distribution of high and low
long-term phosphorus yield values over the Mgeni catchment is quite dissimilar 1o the distribution of long-term
annual sediment vields. Significant non-point source phosphorus loads emanate from the Albert Falls Management
Subcatchment, with its many feedlots, whereas the subcatchment has a relatively low sediment yvield. It is therefore
obvious that the high phosphorus loads are due to the large amounts of source phosphorus in these subcatchments,

as is indicated in the phosphorus pollution potential map

An £ colt model for the ACRE system was developed, in which account is taken of grazing livestock and humans
in areas of inadequate sanitation. Following again an intensive verification study of the £ colt model. this pathogen
indicator was mapped on a subcatchment basis for 137 subcatchments with £ coli concentration ranging from 30

1o 18 200 counts. 100 mi

Areas of highest £ coli concentrations are associated with informal settlements. in particular along the Msunduzi
river in its lower reaches and central parts of the Valley of a Thousand Hills. 1t s also evident that high E. coli
concentrations are not alway s associated with areas of high sediment vield. In Management Subcatchment 10, for
example, high average £ coli counts are simulated (| (00«10 000 counts. 100 m& ) even though the average annual
sediment vield in this arca is relatively low (25-100 tkm™ ). his 15 due to the large populations in informal

settlements in this area as well as the relatively high stocking rates

Two future modelling scenanos were evaluated in terms of water quality. In the first scenario an increase in

vi
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subsistence farming and informal settlements in the Msunduzi catchment. upstream of Pietermaritzburg. indicated
sediment yield increases by 17%, phosphorus increases by 76% and £ coli concentrations by 40%. Phosphorus
yield increases by far the most significant due to its dependence both on the land use changes, that is a population

influx as well as agricultural expansion

In & second impact study on water quality the Table Mountain Management Subcatchment was subjected to a 50%
replacement of present savanna and indigenous woodland by, in turn, eucalypt plantations, sugarcane cultivation
and intensive smallholder agriculture. Impacts on both sediment yield and phosphorus yield were up to 2 orders
of magnitude higher for conversion to smallholdings than for conversion to eucalypts.

Conclusions and Recommendations

General conclusions and recommendations from the hydrology component of this important project include the

following.

. A modelling system, with comprehensive datasets for the Mgeni catchment upstream of Inanda Dam, has
been established to simulate components of the hydrological cycle.

‘ Observed and simulated runoff compare very favourably in catchments with significantly different land
uses and water yields.

. The system can therefore be used to study the individual components of the hydrological cycle, such as
soil moisture content histories, low flow periods, base flows and peak flows.

» The modelling system can furthermore be used to estimate components of the hydrological cycle which
determine water quality processes.

» The system is highly suitable for determning the impacts of anticipated land use change scenarios on the

aquatic environment,

General conclusions and reccommendations that can be made from the achievements in water quality simulations
of this study include the following:

. A modelling system, with comprehensive data sets for the Mgeni catchment upstream of Inanda Dam, has
been established to simulate non-point source sediment yield, phosphorus loads and E. coft concentrations
at subcatchment Jevel.

- T'he system is highly suited to determining the impacts of anticipated land use change scenarios on selected
walter quality responses.

vii
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A need for adequate water quality monitoring methods to yield reliable estimates of the total loading of

L
sediments and phosphorus has been identified. It is recommended that integrated sampling, or automatic
sampling, be instituted in critical catchments

' A need for expernnmentation designed to allow for the observation of the transport mechanisms of

oli within a catchment has also been identified

sediments, phosphorus and E ¢
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

The Mgeni catchment, 4 387 km® in arca, is the vital water source for both the Greater Durban and Pietermaritzburg
Metropolitan areas in the Province of KwaZulu-Natal (Figure 1*). It supplies water for approximately 45% of the
Province's population in a region which produces 20% of South Africa’s gross national product. Umgeni Water,
the Statutory Water Board responsible for the management and supply of water, has over the past 10 years supplied
a mean volume of 204 million m’ annually to consumers living in and adjacent to the Mgeni catchment area, with
the maximum annual supply reaching 270 million m' in 19931994 (Umgeni Water, 1994). The mean annual
volume supplied represents 37% of the long-term annual water yield produced in the catchment area of the Mgeni
upstream of, and including Inanda Dam. During the period 1960-1993 the annual precipitation (MAP) for the
4 079 km* catchment area upstream of Inanda Dam varied between a low of 578 mm in 1992 and a high of
| 384 mm in 1987, averaging 902 mm per annum for that period. In order to make provision for a secure water
supply under these highly variable rainfall conditions, Umgeni Water manages five dams for water supply, with a
combined capacity of 7459 million m'. These are the Midmar, Albert Falls, Henley, Nagle and Inanda Dams

Their combined volume represents 135% of the mean annual runoff (MAR), under current land use conditions, of

the catchment area upstream of Inanda Dam,

Some 1.5 million people live in the area upstream of Inanda Dam, while a further 3 million are supplied by transfers
of water captured in the Mgeni catchment to areas downstream of Inanda Dam in the Durban Functional Region.
The population in the Greater Durban and Pictermaritzburg Metropolitan arcas has been projected to expand to
between 9 and 12 million by the year 2025 (Home Glasson Partners, 1989), with major population concentrations
within the former KwaZulu arcas in, and adjacent to, the Mgeni catchment. Apart from urban concentrations, areas
within the former KwaZulu homelands are amongst the most densely populated arcas in the catchment (Figure 2°).
It was recognised over a decade ago already that the rapidly accelerating water demand would exceed local raw
water resources by the turn of the century (Breen, Akhurst and Walmsley, 1985). Provision is thus currently being

made 10 supplement water resources in the Mgeni system by means of water transfers from adjacent and relatively

. Figure numbers with an asterix arc in colour and arc found at the ond of the docemem
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undeveloped catchments, such as the Mooi and Mkomazi, which have sources originating in the mountainous region
of the southern Drakensberg. The increased occurrence of return flows, intensified agncultural practices and the
presently unco-ordinated growth of large informal settlements which are associated with population expansion and
influxes into the region are expected to lead to further deterioration of the water quality of streams, nivers and dams
During summer months, frequent convective thunderstorms of high intensity rainfall result in the transport of
suspended solids, £ coli and phosphorus from the subcatchments into receiving channels, with the consequence that
domestic, agrnicultural, industrial, ecological and recreational user groups are affected. The anticipated decline in
water quality will most probably be associated with increased purification costs and health risks in areas where
untreated water 1s widely used for domestic or recreational purposes, as well as in potentially irreversible

degradation of the niverine environment

In response to these perceived potential water related problems, concemned parties met at a workshop entitled Warer
Qualuy Management in the Mgeni Catchment which was convened by the Natal Town and Regional Planning
Commission and the Foundation for Research Development in February 1985 (Breen of wl., 1985). Arising from
this workshop, the Mgeni Modelling Group was establshed to work towards answering key questions raised at the
workshop, which included

. development of a dynamic system model of the Mgeni catchment which was to link hydrological responses

from rural. urban and industrial arcas to make broad predictions of water quality trends.

v compilation of a land use map,

e assessment of the implications of inter-catchment water transfers,

- establishment of the impacts of afforestation on water supply.

o establishment of the relationships between land use and nutrient/pollutant export, and

e evaluation of currently available water quality prediction models with a view to developing improved
models

The Mgen: Modelling Group came to the conclusion that a modelling approach could provide information essential
to those responsible for planning the development and management of the Mgeni catchment (Walmsley and
Fumess, 1987). The Department of Agnicultural Engincering (DAE) at the Universaty of Natal in Pictermanitzburg
was then requested, through the Mgeni Modelling Group, to undertake a two-phased research programme which

would develop the framework of such a model, with funding provided by the Water Rescarch Commussion (WRC)

-~
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1.2 OBJECTIVES OF RESEARCH

In Phase | of the research programme, entitled Distributed Hydrological Modelling System for the Mgeni Catchment,
the ACRU hydrological modelling system (Schulze, 1989) was set up for the Mgeni, following some substantial
model refinement to accommaodate the principal hydrological processes associated with large, complex catchments
(Tarboton and Schulze, 1992). Furthermore, an extensive data base, required to enable detailed streamflow
simulation on a daily time step, was established. Large sections of the data base have since been utilised by other
hydrological studies in the Mgeni catchment, such as the Mgeni River System Analysis Study (BKS Inc., 1994) and
the Department of Water Affairs and Forestry's (DWAF) Mgeni Catchment Water Quality Management Plan:
Hydrology & Hydraulics (DWAF, UW, BKS and NSI, 1994). The results of Phase | of the research programme
are described by Tarboton and Schulze (1992) in the WRC Report No. 234/1/92, which also contains sections on
concepts of simulation modelling, a description of the ACRU model, verification studies, as well as initial scenario

applications.

The main objectives of Phase 11 of the research programme, entitled Development of a Distributed Hydrological
Modelling System to Assist with Water Quantity and Quality Management in the Mgeni Catchment, Phase I, were

two-fold, viz:

. the development of a simulation tool, in which the ACRL modelling system was to be further developed
10 incorporate relevant water quality simulation capabilities so as to enable the modelling of selected water
quality parameters, viz. sediments, phosphorus and £ coli, which are important to those responsible for

planning and management of the Mgeni catchment's water resources, and

. setting up of an operating model. m which the extended and verified ACRU modelling system was to be
applied in simulations of water quantity and water quality in order to implement and evaluate the model

for potential catchment scenarios.

Phase 11 rescarch activities thus focused on improving the hydrological modelling system developed in Phase |, and
incorporating selected water quality components and subroutines. Because the major water quality problems
occurring in the Mgeni catchment include the cutrophication of reservoirs, with phosphorus being the limiting
nutrient, and frequent bacteriological contamination of streams and rivers, the ACRU modelling system was
enhanced to enable it to simulate the non-point source mobilisation and transport of phosphorus and E. colt into
receiving water bodies. Besides contributing to deterioration of streamflow and reservoir storage, sediments also

constitute the most important transporting medium for phosphate in its insoluble state, and also play a significant
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1.3 CRITERIA FOR THE SELECTION OF AN APPROPRIATE HYDROLOGICAL
MODEL

In order to meet the above objectives. specific and demanding modelling capabilities had to be realised. particularly
in terms of modelling concepts and the model's capabilities in representing of the variability of hydrological
characteristics and responses in ume and space.  This section highlights the particular capabilities of the

hydrological model chosen for this study

Hydrological and water quality modelling are traditionally performed using one or more of four different modelling

approaches:

- Stochastic models. These are so-called “black box™ models. m which inputs (e.2. rainfall) are ransformed
10 output (¢.g. runof) with littke or no understanding of the processes involved in the transformation,  This
type of mode! relies heavily on histonical records of both input and output variables being a representative

sample over time

. Calibration and parameter optimising models. These are models in which parameters of the model are
adjusted to enable the model output 1o match observations as closely as possible. The major drawbacks
of these models are that they are diata demanding (for the calibration procedure) and that parameters are
wdentified for a particular catchment, making parameter transfers 1o ungauged catchments problematic and

speculative

. Parametric models  These are so-called "grey box™ models, representing a partial understanding of
hydrological processes. but in which the system's spatial heterogenenty (¢.2. of soils, vegetation. terrain)
1s not taken account of because inputs (and henee outputs) are spatially averaged (lumped). Consequently,
hydrological processes and their varability are integrated such that their parameter expressions are ofien

indices rather than having strictly physically meaningful values

. Deterministic, physical conceptually based models. These belong to the group of “white box™ models,
in which the behaviour of the hydrological system is descnibed in terms of mathematical relationships
which outline the interactions and Iinkages of the vanous components of spatially and temporally varying

catchment hydrological process

N
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With the high spatial vanability of ramfall, soils, land cover, altitudes, slopes and population distribution within the
Mgeni catchment, it 1s vital to account for the unique hydrological and water quality characteristics of smaller,
relatively homogeneous, parts of the subsystem. This can only be achieved by subdividing the Mgeni catchment

into a number of subcatchments, thus necessitating a distributed hydrological modelling approach

In aiming at reliable predictions within the Mgeni svstem of both present and future hvdrological and water quality
behaviour in ungauged subcatchments, which may be composed of unique climatic, soil, vegetative, topographical
and anthropogenic characteristics. the selection of a "white box™ model with the capability of operating in

distributed mode was deemed necessary

Other than the spanal resolution of model inputs, the model's time step plays a major role in representing
hydrological processes realistically. In a hydrological system, individual rainfall events, which occur over relatively
short ume intervals, are the driving forces on which the system's longer term streamflow behaviour is based. A
daaly time step model, in contrast to one that utilises (say) monthly time steps, is thus capable of responding to the
important intra-monthly fluctuations of rainfall. For example. given a monthly total rainfall of sav 80 mm., it
remains unknown in @ monthly model whether the rainfall occurred on a single dayv, which would probably result
in significant runoff generation and potentially i the mobilisation of soil particles, sediments and other pollutants,
or whether the rainfall occurred over several days, cach with relatively low daily rainfall, which would most likely
produce very little runoff and negligible mobilisation of pollutants. To that end, for realistic hydrological and water

quality simulations, a model was required with at least a daily time resolution

The ACRU hydrological modelling system contains the modelling capabilities and criteria identified m the
requirements outlined above: it 1s a physecal conceptual model, based on a daily time step and can be applied in
distributed mode.  An additional advantage is that interfaces have been developed to accommodate information from
a Geographical Information System (GIS), which plays an integral part in collecting, combining. calculating and

overlaving relevant spatial features for a large set of subcatchments

1.4 A BRIEFINTRODUCTION TO THE ACRUMODELLING SYSTEM

The ACRL model was developed within the Department of Agricultural Engineering at the University of Natal in
Pictermaritzburg. The theoretical background. concepts and capabilities of the ACRL model are detailed in a
handbook entitled Ffvdrology anmd Agrotvdrology: 4 Text to Accompany the ACRU 3.00 Modelling System by

Schulze (1995), while practical considerations are presented in the ACRL' 3 00 User Manual under editorship of
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Figure 3 The

{CRU agrohydrological modelling system: Concepts (Schulze, 1995)

Smithers and Schulze (1995)

and the USA (Schulze

[he model has been verified widely on data from southern Africa, Chile, Germany
19958 1CR!

has been used extensively in decision making in southermn Africa and

internationally in water resources related research and applications in Botswana, Chile, Germany, Lesotho, Namibsa
Swaziland and the UUSA

The ACRL agrohvdrological modelling system (Schulze

modelling philosophies (Figures 3 and 4)

|995) has been designed according 10 the followmng
It is a pinsical conceprwal model, 1e. 1t 1s conceptual in that ot concerves of a catchment system in which

important hydrological processes and couplings are idealised, and physical 10 the degree that physica
processes are represented exphcitly

{CRU is not a parameter fittng or optimising model and var ables (rather than optimised parameters ) are

by and large, estimated from physical charactenstics of the catchment
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Figure 4 The ACRLU agrohydrological modelling system: General structure (Schulze, 1995)
¢ It 1s a mudti-purpose model (Figure 3) which integrates the vanous water budgeting and runoff producing

components of the terrestrial hydrological system with risk analysis, and can be applied in design
hvdrology, crop vield modelling, reservorr vield simulation and imigation water demand supply. regional
water resources assessment, planning optimum water resource utilisation and resolving conflicting
demands on water résources

- The model operates on darly ime steps utihising danly raintall input, thereby making optimal use of
available data. Certamn more cvelic, conservative and less sensitive vanables (e.g2 temperature, reference
potential evaporation), for which values may have to be input at monthly level (if daily values are not
available), are transformed intemally in ACRL 10 daly values by Fourier Analysis.  In routines in which
sensitive intra=daily mnformation (¢ g. of rainfall distribution) is required, this is obtained by synthetic
disaggregation of daily input within the model

water hudgcting. 1t has therefore been structured

The AC°RL ' mode! revolves around dails mudne-laver sod
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1o be highly sensitive to climate and to land cover/use’ changes on the soil water and runoff processes.
In addition, the water budget 1s responsive, infer alia, to supplementary waterng by immigation, to changes
in tillage practices. to changes in vegetation or to the onset and degree of plant stress.

ACRU has been designed as a multi-level model, with either multiple options or alternative pathways (or
a hicrarchy of pathways) available in many of its routines, depending on the level of input data available
or the detail of output required. Thus, for example. reference potential evaporation, interception losses,
values of soil water retention constants, maximum as well as total evaporation, leaf area index, components
of the peak discharge estimation. hydrograph routing, reservoir storage : arca relationships or the
length of phenological periods in crop growth, all may be estimated by various methods according to the

level of input data at hand or the relative accuracy of simulation required

ACRU can operate at a point or as a lumped catchment model. However, an important option in areas
of complex land uses and variability of soils is that ACRU can operate as a distributed cell-type model.
In distributed mode subcatchments are identified, demarcated and flows can take place from “exterior”
through “imerior” subcatchments according 10 a predetermined configuration, with each subcatchment able
1o generate individually requested outputs which may be different 10 those of other subcatchments, or may
operate with different levels of input/information.

The model includes a dvmamic input opriown 10 facilitate modelling of hydrological responses to climate,
land use or management changes in a ime series.  These changes may be either long-term/gradual changes
such as forest growth, urhanisation, expansion of irrigation projects and climate trends, or abrupt changes
such as clearfelling, fire impacts, dam construction, irrigation development or introduction of new land
management strategies, and changes of an intra-annual nature (¢.2. crops with non-annual cycles, such as

sugarcane).

ACRU operates in conjunction with the interactive ACRU Undities, which consists of a suite of software
tools to aid in the preparation of input information (ACRU Menubuilder) and output information (ACRL
Owipuibwilder). The ACRU Menubuilder prompts the user with a series of questions, facilitating the
parameterisation of a distributed catchment. The Menubuilder contains altemative decision paths with
preprogrammed Decisson Support Systems. Furthermore, the Menubuilder includes a help facdity, built-in

Lawd cover is distinguished from Jomd wse in that the term dund wse relates %0 manaped or antifical land sarfaces only i ¢ any form
of agriculoure or settiements, while the icrm Jamd cover associanes with any Kind of land serface, both managed and pristine, thas
includmg natural landscapes such as savannas, woodlands, veld etc




fHvar nd Wa ‘ gom Caichmer
fotauln v y 13 well 28 warmnine mi 12¢s Which inform the user that unrea ¢ value iIve Deen input
- {CRL combines the mor s potential, based on the Revise iversal Soil L Egquation
RUSLE), w la tal runoff volume peak discharge and dail il water content to calculate
lally sediment 1 from a subcarchment Aadmona can simulate a daly 1ep th
ibcatchment 1o Osphon ¢id and the concentral 4 ractena, the indicator organism or
.
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The ACRU model s centred on a danly multi-laver sodl water budget (Figure 4), and hence the model simulate
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stormflow
bhaseflow

streamilow  fron ) jpstream  catchments when simulating Listnbuted. multiple

accumula
subcatchments, and
peak discharge (including hydrograph routing when simulating distributed multiple subcatchments)

vegrated with modules embedded within the ACR model 10 enable

ponents of the walcr Dudget arc o

!

reservorr vield (overflow, reservoir status, abstractions. transfers)

sediment vield (daily, monthly, annual; reservoir sedimentation)

imgation water demand (for different crops, application efficiencies, modes of scheduling)
mganon water supply (from streams, reservoirs and combinations; off-channel reservoir storage )
wetlands hvdrological responses,

efects of abstractions from the stream (¢ g. for domestn purposes) on catchment water vield
fluctuations of shallow groundwater under certain conditions,

hydrological impacts of atforestator

effects of other land cover and management (e.g. tillage) changes (gradual or abru

scasonal crop viclds (maize, sugarcane and winter wheat under cither dryland or irrigated conditions, as

wW¢e

as for non-crop specific net above-ground primary production),

the effects of enhanced atmospheric CO, levels on transpiration suppression and hence on crop vield and
Waler resources,

mobilisanion and transport of sediments into receiving water bodies

receiIving waler bogies, and or

export of total phosphorus from non-pomnt sources i

export of £ coll Trom non-point SOuUrces into receiving water bodies

HOW "GOOD" IS A MODEL? THE WHY AND HOW OF VERIFYING
SIMULATED HYDROLOGICAL TIME SERIES

| part of the hy drological modelling process is to establish that the strean flow simulated by the model is

it with that of the physical system ot represents. A model can only be apphed with confidence once the

itput has been tested for accuracy and corr







CHAPTER 2

STREAMFLOW SIMULATIONS

I'he ACRU hydrological and water quality modelling system was configured for the Mgeni catchment upstream of

Inanda Dam to simulate daily streamflows for 137 subcatchments for the 34-vear period from | January 1960 to

31 December 1993, Simulated nme series were compared against observed time series, and maps and tables were

produced to quantify and qualify the following hydrological components, on both a subcatchment and Management

Subcatchment (Quaternary Catchment) basis

2.1

2.1.1

streamflow production under current conditions,
streamflow production under pristine conditions,
the impact of current land use on streamflow production, and

the impact of possible future land use scenarios on stream flow

MODELLING THE MGENI SYSTEM WITH ACRU

Lavout of the Mgeni Simulation System

An important task in setting up the ACRU model for distributed modelling was the demarcation of the entire study

area into subcatchments which. hydrologically, were considered relatively homogencous. In order 10 be meaningful

for subsequent verification studics and to provide hydrological information required by managers, the division of

the Mgen: catchment upstream of Inanda Dam into subcatchments had to comply with the following requirements

the subcatchments should ideally not be larger than 50 km*. except where a high level of homogeneity
existed or where the rainfall gauging network was very sparse,

the subcatchments had to be relatively homogeneous in terms of climate, soils and land cover,

currently operational gauging weirs with long records, operated by the Department of Water Affairs and
Forestry (DWAF), were to be situated at the outlet of a particular subcatchment,

available water quality sampling stations operated by Umgeni Water (UW) were 1o be located at the outlet
end of a particular subcatchment, and

individual subcatchments had to be a subset of Quaternary. or so-called Management Subcatchments
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Following these guidelines, the study arca was delincated into 137 subcatchments.  Figure 5 illustrates the

distribution of gauging weirs, water quality sampling stations, useable ramnfall stations and the 137 so-called ACRU
subcatchments. The 12 Management Subcatchments upstream of Inanda Dam and their breakdown into 4CR!

subcatchments are displaved in Figure 6. When simulating the streamflow gencrated within a subcatchment, it was
important that runofl contributions from any upstream subcatchments would have had to have been determined
previously in order to incorporate upstream runoft contributions to a downsiream subcatchment. Therefore, the

sequence in which subcatchments are analysed was defined « pvioni

For cach of the 137 ACRL subcatchments a considerable number of variables and parameters representing the
unique hydrological properties ol each respective subcatchment had to be collected and integrated into an

information input menu. Procedures for this are described in the following section

2.1.2 Preparation of the Input Menu

Input information and data sets required by the ACRE model have already been presented in Figure 3. Owing to
the spatial nature of the information collected for the Mgeni catchment, a GIS was developed 1o facilitate processing
and generation of modelling inputs. The sources of ey data and their conversion into hydrological vanables are

described below. For more detail, the reader 15 referred to Tarboton and Schulze (1992)

2.1.2.1 Subcatchment Information

Subcatchments were delineated on |1:50 000 topographical maps and then digitised and combined with a 250 by

250 m digital elevation model (DEM). Information such as area, geographical locaton and mean elevation were

calculated by the GIS, viz. ARC'INFO 6. | (ESRI, 1992), exported and written to the 40 R data input meny

"
-
e
e

Climate

Rainfall data constitute the single most important variable in hydrological modelling, and considerable time was
spent in obtaining the best possible representation of daily arcal rainfall for each subcatchment. The approach
followed was the so-called driver station method, whereby one rainfall station was selected to “drive” the
hydrological response of a subcatchment. In order to account for the rmtall station’s localion and elevanon relative

to the subcatchment it represents, daily precipitation values could be adjusted.  The determination of adjustment

factors was based on median monthly ramfall salues available from Dent. o7 &/ (1989) on a one minute by one
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minute of a degree (1' x 1) latitude longitude grid. i.e. a grid arca of approximately 1.6 by 1.6 km. By infilling any
missing daily values using distance weighted values from neighbouring rainfall stations, a complete daily record
of 34 years, from | January 1960 1o 31 December 1993, was generated for all 137 subcatchments, Mean annual
precipitation (MAP) values were categorised by subcatchment and are displayed in Figure 7°, which shows arcas
of relatively high and low MAP. For the 34-vear period the MAP for the entire study area was determined 10 be

902 mm

Potential evaporation is a more continuous process and is temporally less variable than rainfall; individual daily
values thus do not necessarily have 1o be defined. A I’ x 1" latitude/longitude grid containing mean monthly A-pan
equivalent potential evaporation values, developed by Schulze and Maharaj (1994), was superimposed with the
subcatchment boundaries, to produce mean monthly A-pan equivalent evaporation values per subcatchment.
Monthly values are disaggregated into daily values by Fourier Analysis internally in ACRU, taking cognisance of

whether or not it rained on a particular day

2.1.2.3 Soils

In South Africa major soil associations are mapped by so-called Land Types. Relevant soil information was made
available by the former Soil and Irrigation Research Institute (now Institute for Soil, Climate and Water) and
the Land Type boundaries were digitised. For each Land Type, hydrological soil parameters, such as thicknesses
of top- and subsoil horizons, their soil water contents at saturation, drained upper limit and permanent wilting point
as well as saturated soil water redistribution fractions, were determined.  The calculations were based on
information supplicd with the Land Type maps together with an especially developed decision support system
After combining the Land Type map with the subcatchment boundanies, representative subcatchment values for cach

of the individual hydrological soil parameters were determined by area-weighting.

2.1.2.4 Land Cover

A land cover map (Figure 8*) was produced by the Institute for Natural Resources (Bromley, 1989), based on a
SPOT satellite image from 1986, aerial photography, topographical maps and field visits during 1986. The
hydrological properties of each of the 21 land cover classes which were identified in the Mgeni catchment, were
defined by a number of variables including the crop coefficient, canopy interception value, the fraction of active
root system in the topsoil horizon, and a variable which specifies whether or not a catchment is predominantly under

forest, in which case enhanced wet canopy evaporation rates are activated. All vanables were calculated for cach

15




Hydrology and Water Quality of the Mgeni Carchment

subcatchment by superimposing the land cover with subcatchment maps and area-weighting the relevant values

I'he land cover map is a raster map with a grid size of 250 by 250 m

The same hydrological variables, but related to natural vegetation, were determined for assumed "pristine” land
cover conditions which, for this study, were represented by Acocks' (1988) Veld Types. Such pristine conditions
were deemed to exist before significant anthropogenic land cover changes had occurred in the catchments. Figure

9* shows the distribution of Acocks’ vegetation types in the study area

2.1.2.5 Streamfow Simulation Control Variables

Streamflow information required for cach subcatchment consists of a coefficient representing that fraction of total
stormflow generated from rainfall on a given day that will exit the subcatchment on the same day as the rainfall
event, a variable which regulates the groundwater (baseflow) contributions to total streamflow, the effective depth
of soil from which stormflow is generated, the fractions of the catchment that are occupied by impervious areas with
or without direct connection to a watercourse. and a coefficient of initial abstraction used to estimate the amount

of rainfall abstracted by interception. surface storage and infiltration before stormflow commences.

2.1.2.6 Farm Dams

Information was collected for cach of 1138 farm dams located in the study arca (Tarboton and Schulze, 1992). The
information included location, surface arca at full capacity . wall length, axis kength, basin slope, dam shape. storage

capacity, arca'capacity relationship, and drafts. Figure 10* shows the distribution of farm dams

2.1.2.7 lrrigated Areas

For each irrigated arca identified from the land cover map, information was gathered describing the most important
parameters of an irrigation project (Tarboton and Schulze, 1992). These parameters included the arca irnigated. its
soil properties. crop characteristics. mode of irrigation scheduling. wrigation ¢y cle, conveyance losses, farm dam

losses and source of irmgation water (¢ither dam or river)




Streamflow Simulation

2.1.2.8 Abstractions and Releases from Reservoirs

Values of daily flow releases from the Mgeni and Albert Falls Dams were available from gauging weirs and were
obtained from the DWAF. Monthly abstractions and releases from Henley and Nagle Dams were supplied by
Umgeni Water. Monthly effluent values and estimates for Darvill Wastewater Works were provided by Umgeni
Water. All this information was included in a set of dynamic input files, each enabling the ACRU modelling system
to access the relevant abstraction and release information, as it changed with time, for the 34-vear simulation period.

2.2  VERIFICATION STUDIES

2.2.1 Methodology and Results

The aim of streamflow simulations in the Mgeni catchment was not the perfect matching of daily streamflow with
observed runoff records, but rather the generation of streamflow sequences to provide information on the
magnitudes of high and low flows with an associated probability of recurrence. In order 1o ensure that the land
cover information used in the study, which is based on a survey undertaken in 1986 (Tarboton and Schulze, 1992),
was representative of the actual land cover over a given period, the time period 1979 to 1993 was selected for the
verification study. This period represents the year of the land cover survey plus seven years on either end of that
year. The distribution of the principal land covers for each subcatchment was assumed to be representative for the
period of the verification

Streamflow values from ACRL from six of the twelve Management Subcatchments which are shown in Figure 6°,
viz. from the Mpendle, Lions, Karkloof, New Hanover, Nagle and Henley subcatchments, were verified against
observed data. Figures 11 to 16 show the summarised results of the verification studies. The following information
is displayed for each verification analysis:

o a time series plot of simulated and observed monthly totals of daily streamflows for the verification period,
¢ a comparison of accumulated monthly totals of daily streamflows for simulated and observed values, and
o a comparison of month-by-month plots of simulated and observed distributions at the 10th, S0th and 90th

percentiles of streamflow. These represent the expected non-exceedences of streamflows for any given
month, at the median (i.c. expected) streamflow value (SO0th percentile), and at the highest streamflow
expected statistically once in 10 years (90th percentile) as well as the lowest (10th percentile).

17
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Furthermore, the following are shown

¢ a plot of distributions of mean monthly precipitation (MMP), mean monthly streamflow (MMR), mean
monthly reference potential evaporation (MMPE) and mean moathly total (actual) evaporation (MMTE),

. a pic diagram providing information on the proportional distributions of the major land cover classes,

. a summary of statistics charactenising the performance of ACRL by comparing simulated and observed
monthly totals of daily streamflows, and

. a summary of catchment characteristics, presenting important climatic and hydrological information.

Verification results of monthly totals of daily simulated and observed streamflows show that all simulations of
verified Management Subcatchments gave cocfficients of determination (i.e. r* values) above 78%, with four
exceeding 84%. In cach case, simulated streamflow totals were within 6% of observed values, with five
subcatchments simulating to within 3%. Differences of standard deviations were consistently within 15%, with
three Management Subcatchments’ differences below 4%. The conservation of the variability of streamflow is
particularly important for water resource management and subsequent water quality simulations. Month-by-month
comparisons of simulated against observed median as well as highest and lowest streamflows expected once in ten
years show a very good correspondence, with highly acceptable representation of their seasonal vanations. In
addition, the simulated daily flows are also sufficiently correlated with daily Mlow observistions o warrant

confidence in using the simulated hydrology in water quality modelling

From these highly successful verification studses it may be concluded that the ACRL' model can be used with
confidence to simulate hydrological responses in the Mgeni catchment and that the model can be expected 10

provide acceptably realistic answers when used to simulate the hydrology of anticipated future land uses

2.2.2 A Note on Data Problems

The comparison of a simulated and observed time senes of streamflows is associated with problems which can be
related to the simulation process, on the one hand, and to the monitoring of rainfall and streamflow on the other,
During the data preparation process for streamflow simulation, a number of simplifications were inevitable, such
as the representation of each subcatchment’s daily ramfall by a single rainfall station, the averaging of divergent
soils properties to provide representative values for an entire subcatchment, or the assumption that land cover did

not change significantly during the simulation period
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VERIFICATION OF OUTPUT FROM THE ACRU MODEL

Mpendle Management Subcatchment (1979 - 1993)

Comparusos of mosthly totals of stream flow
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Verification of streamflow for the Mpendle Management Subcatchment
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VERIFICATION OF OUTPUT FROM THE ACRU MODEI

Lions Management Subcatchment (1979 . 1993)

Comparisoa of moathly totals of stream flow
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Figure 12 Verification of streamflow for the Lions Management Subcatchment
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VERIFICATION OF OUTPUT FROM THE ACRU MODEL

Karkloof Management Subcatchment (1979 - 1993)

Comparison of monthly totals of streamflow

(1979-1993)
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Figure 13 Verification of streamflow for the Karkloof Management Subcatchment
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VERIFICATION OF OUTPUT FROM THE ACRU MODEL

New Hanover Management Subcatchment (1979 - 1993)

Comparison of monthly totals of streamflow

(1979.1993)
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Figure 14 Verification of streamflow for the New Hanover Management Subcatchment
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VERIFICATION OF OUTPUT FROM THE ACRU MODEL

Nagle Management Subcatchment (1979 - 1993)

Companson of monthly totals of streamflow
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Figure |5 Verification of streamflow for the Nagle Management Subcatchment
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VERIFICATION OF OUTPUT FROM THE ACRU MODEL

Henley Management Subcatchment (1979 - 1993)
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Figure 16 Verification of streamflow for the Henley Management Subcatchment
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On the other hand, streamflow and rainfall data are inevitably not error-free. Operator inefficiency, equipment
failure, poor siting of raingauges, changing rating tables or poor calibration of gauging weirs are all problems which
are regularly encountered. Figure 17 illustrates some of these problems when matching streamflows and rainfall
records. Daily simulated and observed streamflows are compared for gaugng station U2HO13 for 1991 Simulated
streamflow is generated by the rainfall from a driver station considered the most representative for the respective
subcatchment. Both types of mismatches, viz. the simulation of streamflow when no streamflow was measured

(case B in Figure 17) and the absence or underestimation of simulated streamflow when it was measured (case A
in Figure 17), are largely indicative of a sparse or unrepresentative ramgauge network in a hilly area with highly
variable rainfall. This problem is particularly valid in the months when localised thunderstorms are common.
A localised rainfall event with small areal extent and measured by the raingauge will result in the simulation of
streamflow, although the subcatchment as a whole may have received relatively little rainfall.  Alternatively, a
rainfall event followed by the generation of streamflow might occur at some distance from the raingauge. resulting
in no simulation of stormflow, while stormflow may have been measured at a gauging weir. Whle these data
shortcomings in the simulation process tend 1o be self-cancelling in statistics of total monthly flow accumulations,
these imperfections may be the cause of poor matching of simulated and observed streamflows at a danly fevel. The
only solution to this problem is to establish a denser raingauge network, with particular emphasis being focused on
the installation of additional rmingauges in the higher lying arcas

Since the aim of these simulations was the generation of sequences of daily streamflows with associated risk
analysis to provide information on the recurrence of high and low flows, these data problems do not, in the final
analyses of a 34 year simulation period. present the problem that they would for simulations of a short duration.

Simulated and Observed Daily Streamflows at U2HO13, 1991
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Figure 17 Evidence of data problems when simulating daily streamflows at gauging station U2HO13 in

1991: A = underestimation of streamflow; B = overestimation of streamflow




2.3 WHERE IN THE MGENI CATCHMENT ISSTREAMFLOW GENERATED?
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24  MODELLING HISTORICAL  SCENARIOS: GENERATION OF
STREAMFLOWS UNDER PRISTINE CATCHMENT CONDITIONS

The ACRL hydrological modelling system, being physical conceptual in structure and in particular being able to
account the most important hyvdrological characteristics of various land covers and land uses, can be applied 10

scenanios that simulate catchment conditions other than those occurring under present climate and land cover,

Pristine streamtlow 15 defined here as the streamflow that would occur under climatic conditions similar to those
at present, but with the catchment assumed 1o be covered entirely by natural vegetation under pristine conditions
and in equilibrium with climatic condinons.  Pristine streamflow 15 used in water resources analysis to evaluate
subsequent anthropogenic impacts and to obtain a streamflow record that may serve as an objective base against
which 1o compare catchment scenarios, such as the evaluation of the impact of current land cover conditions on

pristine streamflow and water quality

The simulation of hyvdrological responses from a calchment in pristine conditions was achseved with the ACRLU

modelling system by

¢ assuming all farm dams and reservoirs not to have existed,
- disregarding all water abstractions and transfers, and
' replacing current land use, 1.¢. 1n urban and rural areas, both wrigated and drvland agriculture as well as

exotic forest plantations, with the naturally occurring vegetation, as represented by the vegetation

described in Acocks' (1988) Veld Types (Figure 9¢)

Since the pristine vegetation has different hydrological response characteristics to those of the current land uses

the following ACRL vanables were adjusted 10 represent these natural vegetation types:

. crop coetficients (month-by-month),

' canopy mterception values in mm per ramday (month-byv-month).

- fraction of active root system in the topsoil horizon (month-by-month).

' the variable which specifics whether the catchment is predominantly under forest, in which case enhanced

wet canopy evaporation rates are activated.,
- the effective depth of the soil considered 1o be contributing 10 stormflow generation.

¢ porosity values of the topsoil honzon (increased due to nllage of agricultural land, which changes the

topsoil's bulk density and hence soil water content held at porosity ),
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Table | Sclected hydrological characteristics of the 12 Management Subcatchments
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Hvdrology and Water Ouality of the Mgeni Catchment

predominantly under grazing in fair condition (Figure 8*). The oniginal land cover was Highland & Dohne
Sourveld (Figure 9*), which is considered to have higher canopy interception values and a higher evaporative

demand than that under grazed veld, thus resulting in a lower streamflow production.

Simulations in all 12 Management Subcatchments revealed an overall reduction in streamflow. In the so-called
"internal” Management Subcatchments, upstream contributions and abstractions of streamflow from neighbouring
subcatchments are considered, thus altering the results exhibited in Figure 19* somewhat. The highest reduction
in streamflow was simulated in the New Hanover (40 5%) and Nagle (36.1%) subcatchments, both of which are
highly afforested or under intensive sugarcane cultivation. The lowest reductions in streamflows were found in the
Mpendle, Midmar and Henley subcatchments, which are largely under grassveld. The relatively large reduction
of streamflow in the Lions subcatchment can be attributed to its relatively large proportion of irrigated agriculture
with its associated water losses due 1o increased evaporation dunng and after irrigation applications, as well as 10
conveyance losses. The highly significant overall decrease of 58% in streamflow in the Inanda subcatchment can

be explained by significant water abstractions from Nagle Dam to supply areas below Inanda Dam

In Figure 20, exceedence curves of present and pristine MARs are compared. using streamflow simulations from
the 137 ACRU subcatchments. The two curves are relatively parallel, with the curve representing pristine
streamflows being, on average, 40 mm (i.c. 40 000 m* km* a') above the present streamflow line. This represents
an overall decrease in streamflow under present land use conditions of 19%, when compared 1o streamflow under

pristine land cover conditions
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Figure 20 Comparison of exceedence curves of present and pristine water yvields for the study area

30




Strcamflow Simulation

2.6 MODELLING FUTURE SCENARIOS : EVALUATING IMPACTS OF LAND
USES ON STREAMFLOWS

Two types of hydrological impact studies were undertaken. Impact Study | represents the impacts of commercial
forest plantations, farm dams and wrigated agriculture on streamflows for three Management Subcatchments
Impact Study 11 compares the impacts of grassland, cucalypts, sugarcane and maize on five ACRE subcatchments

ranging in MAP from 683 10 | 186 mm

2.6.1 Study | : Impacts of Afforestation, Farm Dams and Irrigation

Impact Study | had the objective of evaluating the impacts of commercial forest plantations, farm dams and imigated
agriculture on three Management Subcatchments, viz. the Lions, Karkloof and New Hanover subcatchments (cf’

Figure 6*). Streamflow responses were investigated for nine catchment scenarios

* Scenario A present land cover (cf. Figure 8°)
8 Scenario B: pristine conditions (assuming vegetation according 10 Acocks' Veld Types, cf.

Figure 9°¢),

8 Scenario C impact of farm dams (1.¢. pristine conditions plus present farm dams),
. Scenario D impact of imigated agriculture (i.¢. pristine conditions plus present irmgation),
v Scenano B impact of forest plantations, assuming present Species COMposition (1. pristine

condimions plus present plantations),

Scenario | impact of forest plantations, assumed 10 be entirely under pines. i.e. Pinus

parwla (1 e. pristine conditions plus total present forest = pines).

4 Scenanio G impact of forest plantations, assumed to be entirely under cucalypts, ie.
Ewcalyprus grondis (Le. pristine conditions plus total present forest
cucalvpts),

. Scenano H: impact of forest plantations, assumed to be entirely under wattle, 1.¢. Acacia
mearnsii (i.e. pristine conditions plus total present forest -~ wattle),

- Scenano | impact of a doubling of the arca under forest plantations. assuming present

species composition.

During the configuration of the ACRL modelling system for the individual simulations, a number of input variables

had 10 be modified. each representing one of the various hydrological attributes of the different land uses. or else
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Table 2 Impacts of land use on mean annual streamflow for various catchment scenarios

Mecan Asnual Streamflow (mm)' he
Subcatchment Subcatchment Subcatchment

OUP =97 ma) =108 mm) | AP - 926 mm)
A: Presest Land Cover AME (=123%) 2773 198%) | 13001 (-205%)

.nu-a---uﬂmm 2332 i e 218 4

C: Pristine Conditions + Farm Dams 2339 (= 03%) M5 0% 2084 0 1%)
&mo-u-om-og 1802 227 9T (-75%) K9 (-44%)
E: Pristine Conditions + Preseat Forest Plantations 1929 (17 3% M0 (:213%) 1567 (<28 3%)
¥: Pristine Conditions + Presest Forest = IR04 (1R R%) Wie (2a3% | ess (220%)
G: Pristine Conditions + Present Forest = Pine 1959  (<160%) 2779 (<196%) 1650 | (-24.5%)
H: Pristine Conditions + Present Forest = Watthe 195 4 -=162%) 272 (=19 2%) 1632 (24 %)
I: Pristine Conditions + 2x Presest Forest Plantation 1784 (23 %%) 2416 (<30 1%) 134 13K %)

! Ihe streamtbow is expressed in mm o render inter-catchments results comparable  One mm of sarcamflow 15 e cqun alkemt volume
of the entare Catchanent 2eca being one mm under water  Owne mam is the cquivalent o 1000 M Am *
2 I'he beacketed percentages in cach casc are m comparison with Sconane B

2.6.1.2 Scenario B

The replacement of present land use with pristine vegetation results in increases in simulated streamflows
Comparing Scenanio A with Scenario B, there is a decrease in streamflow (percentages given under scenario A in
brackets). Simulated decreases in streamflow are similar for the Lions and Karkloof subcatchments. In the New
Hanover subcatchment, however, the decrease in simulated MAR is about 40%, which is attributed to the high
intensity to which this catchment s already utilised agriculturally at present.  Under pristine conditions, runofT
coeflicients (R) shown in Tablke 1 are larger than those under present land uses These R, values also increase with

catchment MAP from 23.6% in the New Hanover 1o 23 8% in the Lions 1o 32.0%6 in the Karkloof subcatchment.

2.6.1.3 Scenario C

Onerall, the effect of farm dams per se (1Le. without abstractions from them) on streamflow is negligible. The reason
for this is that an unused farm dam is filled typically within the first year of construction and then spills over for
most of the rainy scason. thus not significantly affecting streamflow. In the Lions subcatchment, the effect of farm

dams is even a slightly positive one in terms of streamflow production. There are two reasons for this behaviour
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2.6.1.7 Scenario G

While pines have a high interception capacity (because of high surface tension associated with their needled leaves).
they are known to utilise soil water conservatively, reducing their maximum evaporation rates at an early stage in
the soil drving process, when the soils are still relatively wet (Schulze, 1995). The result is a streamflow reduction

that is consistently smaller than that under mixed species conditions.

2.6.1.8 Scenario H

Wattles are assumed to have a higher consumptive water use than pines, a lower interception capacity and a
physiological response to the reduction of soil water content which lies between that of pines and eucalypts. This
results in a streamflow reduction that is slightly higher than that under pine plantations in the Lions and New
Hanover subcatchments, but moderately lower in the Karkloof catchment. This indicates that, under specific

catchment conditions, certain hydrological processes dominate over others.

2.6.1.9 Scenario |

The doubling of afforestation areas does not result in a doubling of streamflow reduction. When one compares
results from Scenario | with those from Scenario E, the further reduction of MAR due 1o doubling the afforested

area is thus not 100%, but only between 45 and 57% more

2.6.2  Study I : Impacts of Different Dryland Agricultural Systems

In this impact study, comparative simulations of water use by pristine vegetation (represented by Acocks” Veld
Types), presently occurring natural grassveld (assumed to be in fair hydrological condition, as found in most parts
of the Mgeni catchment), maize (planted on | November, with a 140-day growing scason), sugarcane (assuming
whole farm operations) and cucalypt plantations (age 5 vears, with pitting as the typical site preparation technique)
and their impacts on long-term catchment streamflows were performed. In order 10 assess the principal impacts of
these land cover scenarios for a range of climatic conditions present in the Mgeni catchment, five ACRU
subcatchments were selected, representing catchments with respective MAPs approximating 700, 800, 900, | 050
and 1 200 mm. Aparnt from MAP, cach subcatchment retained its unique characteristics regarding potential
evaporation and soils. Streamflows from these catchments were simulated for a range of land use scenanos,

substituting in turn a natural grassveld cover reduced by 25, 50, 75 and 100% with a corresponding increase in
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maize, sugarcane and cucalypt land uses. In total, 70 simulations were performed, and from cach simulation output
the mean, median, 10th and 90th percentiles of streamtlow were extracted for each month. As an example, scasonal
patterns for a yvear of median streamflow vield and 100%6 land cover under the respective land uses for five rainfall

regimes are presented in Figure 21

Results of the simulations displaved in Figure 21 indicate the following

Eucalypt plantations have the highest water demand of the land uses assessed, reducing catchment water
yields considerably more than other land uses do. Indeed, streamflows from catchments entirely under
cucalypt plantations would become extremely low in climatic regions which would be considered marginal

to forest production, these being arcas with an MAP of 800 mm or less

= Sugarcane simulations reveal a reduction in the water yield which is less than eucalypt plantations but

more than veld or pristine (virgin) catchment conditions.

Relative and absolute reductions in water yield increase with decreasing MAP

. In these simulations carchments fully under maize are simulated to produce the highest streamflows This
ts hypothesised to be due 10 the relatively sparse canopy cover and associated low interception in the
period before planting in November, also 1o the increased soil porosity of the plough horizon. Both these
factors result in a relatively high groundwater recharge potential early in the rainy season, which in turm
produces a strong baseflow. These impacts decrease with increasing MAP

Table 3 summarises the annual streamflows produced by five catchments receiving varving ranfall under five land

uses, for a year with median ramfall and a year with the lowest rainfall expected once in ten vears. To render results

comparable, runoff coefficients were calculated and are given in percentages. The simulated results indicate the

following

o The hydrological system does not respond linearly and, for a given land use, an increase in MAP does not
necessarily result in an increase in streamflow. This is explained by the different catchments selected for
this study, cach having a unigue combination of physiographic charactenistics, particularly regarding soils,

physiographic and climatic conditions

Catchments under grassveld in fair conditions tend to produce higher streamflows when compared to
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lable 3 Annual streamflows (in mm) and runoff coefficients (bold: in %s) produced by five catchments receiving
varving rainfall under five land uses

CHNSENS - Yw-p.‘.-ud— ¢ Year with lowest rainfall
Land Use cxpected once in 10 years
MAP (mm) MAP (mm)
A3 ™ 00 1052 | 118 4 ™3 o0 1052 118
Grassvedd 6x Y T2 Wie | 3337 i | 322 263 13 0N 2270
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m §5 13 6N we MR § Sin s ) 239 [ Hs X AN 469
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Maise e | 62 N3 LR 2K | 19 ¢ |T L | Sin (
145 (£ s 203 | e %8 62 a4 144 169
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Sugarcase 387 282 15a 8 120 | 2370 124 T3 KK S §312 L)
52 32 1% 143 e 1N 09 1.2 L1 0
m 3 9 L) &2 1 | i 53 i : 4 22 ¥
15 0 LR (%] n= l 0" (Y 0 1.5 19

catchments under operational conditions. During a year with median rainfall, of the catchments were

only 75% covered by cucalypts, and the remainder covered by grassveld, simulated streamflows would

be about two thirds of those from catchments completely under dryland sugarcane. For the driest vear in

ten these condiions would produce approximatels half of a drvland sugarcane catchment's streamflow

| nder condiions of complete cover with one land use and 1n the dnest ramnfall vear in ten, a carchment
under drviand sugarcane would produce approxmmatels two 1o four times more streamilow than a

catchment entirgly uncer cucals pt plantatons

Results reported in this study are based on simulations and certain inherent simplifications of the complex
hydrological system. Both impact studies indicate that the effects of different land uses on streamtlows are ven
complex and cannot be reported within a single graph or table.  The governing physiographical and chimatical
charactenistics of a specific catchment as well as the occurrence of drier and wetter periods have to be taken into
account. The regulating factors which have an impact on streamilow production are raintall and evaporation as well
as soils and land cover. All available relevant varables were accounted for In the case of trees, results correspond
with catchment experiment results obtained in Mp w.xl.mg.l-‘- an Lill ¢/ . 1980) and within the Meem carchment
(Moerdvk and Schulze, 1991 While these results are considered to be realistic in thewr relative magnitudes. one
has to bear i mind that models do not represent natural systems perfectly. Hence, the above

results obtained should be used as an index of impacts rather than as absolute values
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Hydrological impacts of varnous land uses will have an impact on the water quality of the respective streams. One
important impact on water quality is the reduction in streamflow, which corresponds with a reduction of the dilution
potential of a stream or river. An effluent with a given load of pollutants will thus have a stronger negative effect

on a stream’s water qualay under low flow condimons than under higher Mowing conditions.  This is valid for both

point and non-point source pollution

ACRU s simulation capabilities for three important water quality variables, viz. sediments, phosphorus and £ cole,

as well as results from these simulations are presented in the following chapter







CHAPTER 3

WATER QUALITY SIMULATIONS

Significant water quality impacts in the Mgeni catchment begin with the detachment of soil panticles from the parent
material. These particles can carry appreciable concentrations of absorbed phosphorus and pathogens, which are
indicated by the presence of £ coli. The phosphorus and pathogens which reach the receiving streams can result
in sersous water guality problems in rivers and reservoirs in the Mgeni catchment. Apart from being the main
transporting agent for water quality constituents of concern. sediments themselves are a potennal hazard 1o water
resources management. Sediments become trapped in reservoirs, decreasing their storage capacities and the

elevated concentranion of suspended solids in flowing water reduces the environmental quality of the rivers

In order to simulate the transport of non-point source phosphorus and £ cofr, it is important 10 first be able 10
simulate, with confidence, the likely movement of the soil particles on a catchment scale. In order to do this, it s
thus expedient to initially identify areas prone 10 soil loss. Therefore the procedure in simulating the water quality
determinands is to first generate a spatial distribution of erosion potential, then to simulate subcatchment sediment
vield histories and finally 1o simulate phosphorus and £ coli loadings. The loading histories are reported on a daily
basis for cach subcatchment in the Mgeni system to allow for immediate identification of unacceptably high sources
of sediment, phosphorus or electrical conductivity. In this study no stream routing of the sediments from the outlet
of one subcatchment 1o another was performed. Hence it is only non-point source water quality determinands that

have been included in the simulations

3.1 WHERE IN THE MGENI CATCHMENT IS THE SOIL PRONE TO EROSION?

Soil particles are detached by ramfall impact and are entrained and scoured by overland flow. The potential of these
particles reaching and impacting a receiving stream is dependent on the amount of soil detached and the carrying
capacity. or encrgy, of the overland flow. These processes are modelled in two separate phases, using
comprehensive data sets associated with soil Joss related physics. In the first phase source erosion 1s estimated while
in the second phase the amount of sediment delivered to the catchment outlet is estimated. The first phase involves
the application of the recently developed Revised Universal Soil Loss Equation, RUSLE (Renard er af | 1991)
Because RUSLE 1s o field scale rather than a catchment scale model, the study area was subdivided into small grid

cells, each 250 by 250 m. The soil loss potential was determined for each of the 65 256 individual gnd cells making
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L1.2  Data and Information Requirements for Monthly Soil Loss Potential Maps
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soil erodibility factor

- per cent silt plus very fine sand
- per cent sand
- per cent clay
- soil permeability
- per cent organic mater
- soil structure
slope
- surface curvature

- flow accumulation in the catchment

slope length and gradient factor
slope (per cent and degree)
- land cover class

. flow accumulation in the catchment
cover and management factor
per cent covered by canopy cover (month-by-month)
per cent covered by ground cover (month-by-month)
mass of buried residue and roots (month-by-month)
support practice factor
land cover class
slope

management practice

Fundamental Principles in Determination of RUSLE Factors

The fundamental principles in the determination of the five mam RUSLE factors are described briefly below.

RN LN |

Rainfall Erosivity, R

In order to represent the rainfall erosivity factor, expressed in so-called El, units in which E is ramfall energy and

1, is the highest inensity for a 30-minute period of ramnfall in an event, an approach inttially developed by Smithen

and Schulze (1982), using data from autographic rainfall records, was used as a first step. This approach recognises
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3.1.34 Land Cover (Cover and Management), C

For cach month and cach of the 21 land cover classes delineated for the Mgeni catchment (Figure 8*), information
on canopy cover. mulch cover, litter mass, root mass of the top 100 mm of soil was used to develop the RUSLE
cover factor for the cover class. The cover factors were then incorporated ito a GIS coverage resulting in a set of

monthly C factors, for each individual grid cell. representing the land cover influence on soil loss.

3105 Conservation (Support) Practices, ¥

Factors representing the reduction of soil Joss due 1o conservation practices were estimated by combining kand cover
and slope information and assigning a set of rules for farming practices across the range of agricultural land uses

in the Mgeni catchment,

3.1.4 Preparation of Final Soil Loss Potential Maps

Each of the maps of R, K, LS. C and P was produced in ARC/INFO's GRID environment as a gnd map. with the
catchment area upstream of Inanda Dam being subdivided into 65 256 square grid cells, cach with an associated
area of 0.0625 km® (i.c. 250 m x 250 m). A digital elevation model of the study area was an important data base
from which further information could be derived. The preparation of monthly soil loss potential maps was based
on the combination of 27 maps, each representing an individual factor of the RUSLE, with the rainfall erosivity and
land cover factors being represented on a month-by-month basis. Thirteen soil loss potential maps were prepared,
one for each month and one for the mean annual soil loss potential.  The map displaying the mean annual soil loss
potential 1s presented in Figure 22* The detailed information displayed in this map was not used directly in the
sediment vield modelling described below. However, the factors used in deriving the map were transferred, where
relevant, 1o the sediment yield study. The soil loss potential map i Figure 22* gives an overview of the distribution
of sediment source areas in the study arca. The main sediment source arcas include the Valley of a Thousand Hills,
arcas with informal scttlements (cf Figure 8*) and those arcas that are steep, have erodible soils and poor
management practices. Arcas under grassveld, forest plantations, well managed agricultural practises and urban

areas were estimated to have a low soil loss potential.

While the general trends displayed in the set of soil loss potential maps are realistic, the underlying assumptions and

generalisations made in the preparation of input data dictate that the maps be viewed as an initial result.  Thus,
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while the values displayed are in the correct order of magnitude (Kelbe and Snyman, 1993), values displaved should
be assumed 1o give a relative indicanon (low vs. medium vs high) rather than an absolute measure of the true soil

loss potential in the different areas

3.2 MODELLING SEDIMENT YIELD WITH ACRL

3.2.1 From Soil Loss to Sediment Yield

Not all of the soil particles detached from the parent material in a catchment are transported to the stream network
Progressive deposition and re-entrasnment of the sediments occur within & catchment. Hence. while Figure 22°
shows the arcas within the Mgeni catchment upstream of Inanda Dam which are prone to erosion, these are not
necessarily the arcas which vickd the highest sediment loads into receiving streams. Indeed. the sediment delivery
process may significantly reduce the amount of source erosion reaching the subcatchment outlet. The ACRI
sediment yield model therefore estimates the amount of stormflow denved sediment reaching the outlet of each
subcatchment on a daily basis Hence. those areas which are likely to yvield large sediment loads. and potentialls
camy attached phosphorus and pathogens to the receiving streams, can be wdentified. The results of the simulanons

presented here will md in defiming catchment management practices aimed at mamntaining acceptable sediment,

phosphorus and pathogen loads 10 receiving waters

3

2.2 Requirements of a Sediment Yield Model for the Mgeni Catchment

The processes of sediment detachment, overland transport and im-stream Seposilion and entramment comprise a
complex combination of physical and hyvdraulic mechanisms. These are tradiionally described with van ing degrees
of simphification in order to model sediment v ield at the scale of a catchment of (say) 30 km The theoretical
considerations and data requirements vary wadely tor the different approaches. In order to develop an approprate
sediment vick! modelling system for the Mgeni catchment, a state-of-the-an review of methods of sediment yield
modelling, ranging from the use of empinical algorithms to models mvoking detailed physical process modelling
was undertaken.  Special anention was pand o the three-way compromise between the advantages of model
simplicity. the complex spatial vaniability of caschment by drological response and the economic limtations of field
parameter measurement.  This review 1s avinlable on request from the Department of Agnicultural Engineering

the Universiy of Natal in Pictermarntzbury
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It was established that the approach offered by the Modified Universal Soil Loss Equation (MUSLE) would be well
suited for application in the Mgeni catchment, The method simulates the entrainment and transporting energy of
the runoff using the total stormflow and the peak discharge which are derived in the ACRE hydrological model on
an event by event (daily) basis. The source of sediment which is available for transport is defined using the soil,
slope. cover and practice parameters derived from the RUSLE and used in the development of the soil loss potential
map (Figure 22*). The sediment yield for individual events is modelled and is output on a daily basis. The daily

sediment yield model can thus be used to:

. estimate long-term sediment loads to reservoirs or works,
. determine the effects of extreme sediment yield events on water use criteria, and o
: estimate the effects of land use changes on sediment vield within the catchment

3.2.3 Preparation of Information for the Sediment Yield Model

I'he RUSLE parameters for the soil erodibility. slope length/'steepness. vegetation cover and management practices
were averaged for each of the 137 ACRU subcatchments using the 250 m x 250 m GIS database in Section 3.1 by
overlaving the respective maps with the ACRU subcatchment boundaries. The input information 10 the sediment
yield model comprises parameters affecting the soil loss potential and the subseguent transfer of sediments 1o the

basin outlet

3201 Soil Loss Potential

A single slope steepness factor and the management factor were derived by averaging these parameters over the
ACRU subcatchments. Monthly cover factors for each subcatchment were derived as an area-weighted average of
monthly cover factors of the different land uses making up the subcatchment. A unique approach was adopted with
respect 1o the soil erodibility factors in that they were designed in the model 10 be dependent on the prevailing soil
moisture status. This phenomenon has been described by Renard er af. (1991) and current experimentation is being
conducted by the Department of Agricultural Engineering at the University of Natal to verify the effects of soil
moisture status on soil erodibility in the Mgeni catchment. In the ACRU sediment yield model, therefore, the soil
erodibility potential is greater in dry soil moisture conditions, resulting in significantly enhanced yield from a
catchment when a storm event occurs subsequent 10 a prolonged dry period. This phenomenon, the so-called firss

flush effect, has been identified as occurning in the Mgeni catchment from a study of the sediment yield daa
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3.2.32 Sediment Transfer

The dual processes of source erosion by rainfall impact and runoff encrgy (erosion) and of sediment entrainment
and transport (delivery) are modelled in ACRL using principles of the Modified Universal Soil Loss Equation
(Lorentz and Schulze, 1995). The storm discharge and the peak flow rate of each runofT event are simulated in the
ACRLU hydrology modelling system and are used to simulate the energy of soil erosion and sediment delivery in the
ACRU sediment yield model

3.3  VERIFICATION STUDIES OF SEDIMENT YIELD

3.3.1 Approaches to Verifyving Sediment Loads

Three separate approaches to verifying the prediction of sediment loads in the subcatchments were adopted

. The first approach involved comparing the estimates of sediments trapped 1n large reservoirs over a period
of time, with the estimate of the total sediment load reaching the reservoir, derived by summing the daily
sediment yields simulated by the ACRLU model over the same period

. The second approach made use of the suspended solids data collected by Umgeni Water on a once & week
basis over the period 1989 to 1994 at five selected sites. On the sampling day, a single (grab) sample was
taken manually from the stream at a variable time during the day. Estimates of daily sediment loads were
made using these data for the days on which the grab samples were taken, together with measured flow
data for the same day. These loads were then compared with those predicted on the same day using the
ACRU model

. The third method made use of suspended solids and discharge data collected by the Department of
Agricultural Engineering of the University of Natal a1 the Henley weir at frequent, selected intervals during
the course of a number of runoff events in 1994, using an automatic ISCO sediment sampler. The
sediment loads resulting from these events were estimated by integrating the sediment fluxes derived from
the concentration of suspended solids samples and the associated streamflow. The load estimates were

then compared with the predicted total loads for each of the different events

An example of ¢ach verification approach is presented in the sections which follow
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3.3.2 \Verification Using Reservoir Survey Studies and Estimates

Estimates of the total loads of sediments trapped in selected reservoirs in the Mgeni catchment have been made by
Rooscboom er al. (1992) for a period when consecutive surveys of the reservoir basin have been made. The
additional amount of sediment passing through the reservoir was also estimated by considering reservoir trap
efficiencies. In addition to reporting the sediment yicld results for individual reservoirs in the Mgeni catchment,
Rooseboom er @/ (1992) present a method, based on statistical analyses of sediment vield data. for estimating
sediment vields at sites where no measurements are available. This method has been used in a study reported by
BKS (1994) to estimate the sediment vield for catchments forming part of ACRL sediment vield simulations over
the identical period, where rainfall records permitted. The results of these three estimates of sediment yield are
presented in Table 4 for the subcatchments contributing to the Midmar, Albert Falls and Henley Dams.

Table 4 Comparison of simulated sediment yield (Lkm“.a") with estimates derived from reservoir surveys

(Rooseboom ¢r al . 1992, BKS, 1994)

Catchment Kooseboom 1 al. BKS (199%4) ACRU
Midmar Dam catchment 10 967 s
(1965198 5) 1965 1481) (196519 1)
Albert Falls Dam catchment 3l 3008 172
(1974108 %) (1974-1951) (1974-195%)
Henley Dam catchment w' 9 UL
(IS42-198T) (IS42-1957) (1900 19K7)
* after comrection foe
catchment arca

Simulated results of the long-term sediment vield loadings at these three locations compare favourably with those
estimated from reservoir survey techniques. However, the sediment yvields simulated by the ACRLU model exceed
those of the other two estimates in all three cases. This is hypothesised to be due to the use of relatively recent
(1986) land use information for the entire period of simulation.  Since the sediment yield parameters used in the
simulation are based on higher percentages of agniculture and informal settlements than were prevalent in these
arcas during the period between surveys, the resulting simulated loads can be expected 10 be higher than those based
on reservoir survey techmiques. Nonetheless, the model successfully predicts low average annual sediment yields

where these have been observed (Midmar) and high loads in catchments where these are observed (Henley).
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3.3.3  Verification Using Weekly Grab Samples

Suspended solids data collected over the five-year period 1989-1993 from five of the subcatchments in the upper
Mgaeni catchment were used to venfy the sediment vield predictions made using the ACRL mode The
subcatchments used are listed in Table 5. FEstimates of measured sediment load for the day on which the
measurement was taken were derived by multiplying the measured suspended solids concentration with the total

discharge in the river at the sample point for the day on whech the sample was taken

lable § Comparison of simulated and estimated daly sex

Umgeni Waler Sampling Station ! 21 S

1.1
ACRU Subcatchment Numbers 1015 1.7 18.2% 4960 “6-M0
New

Locatson Description Lions River Mpeadic Karkloof

Estimated Average Daily Loads (1) Derived 20.¢ ; | 5 o
from Suspeoded Selids Mexsurements, [989.
1993

Simulated Average Daily Loads (1) on Days 2032 ! > ? | J N
of Sampling, 19991993

Simulated Average Daily Loads (1) over 3 | . 15 T 2 a1 e |
Five-Year Period, 19991993

Ihese samples were not always collected at the same tme of day.  Dunng significant runoff events. the data

collected may not represent the average sediment discharge conditions for the day. Nonetheless, in this
verificanon studs . the suspended soluds concentranion of thas single 2rab sample 1s assumed to represent the How

werghted concentration foe the diy . These load estimates were then compared with th

s¢ simulated by the 4 RV

nodel. A Iy pecal comparnson 1S shown i Fieure 23 tor the Umeens Water Station ST 2HO . on the Msund

iz

river. The parameters used in the 1CRE sediment vield model 1o estimate the long-term loadings described in the

previous venlication study were wdentical to those used i thes venification stids

The loads estimated from the measured suspended solids concentrations rarelhy fall on davs on which the sedimem
oad was predicted by the JOCRD model 1o be at a maximum.  [wo exceptions were obsenved lor two separate events
occurrng i carly Februany and late June of 1989 at the Henles woir, as shown in Figure 25 In addimion. the loads

estimated from measured data do comcide with the magnitude of the simulated koads on the day concerned. A
comparison of all the simulated and measured loads for the S-vear period is made in Fable 5. These compare

tazvourably tor Umeem Water's Samphing Sushons nd 3 However. the

it Stations 2 id S 1 enceed those estimated trom the sampic data
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Figure 23 Comparison of simulated and estimated (from suspended solids) sediment loads for 1989 at

Station 57, Msunduzi River

This could well be due 10 inaccuracies in the loads derived from measured data. The results shown in the
comparison serve to highlight the need for reliable methods of measuring the total sediment load, whether on a daily

basis or on the basis of variable time intervals, as in the verification study discussed below

3.3.4 Verification Using Flow Integrated Sediment Sampling Techniques

A number of separate runoff events were monitored at the Henley weir during 1993, 1994 and 1995 by taking
samples automatically during the event. An ISCO automatic water sampler was programmed 1o pump a water
sample from the river at an interval related directly to incremental volumes of niver discharge. This resulted in
samples being taken more frequently at high flow rates than during lower flows, allowing for adequate definition
of the rapidly changing concentrations duning the peak flows of the event. Incremental sediment fluxes could then
be summed for the duration of the event 10 yicld the total sediment yield. The data collected during a typical event
is presented in Figure 24. A comparison of the sediment loads measured during the events and those simulated by
extending the ACRL simulation period into 1995 is given in Table 6. Two additional autographic rainfall measuring

stations were set up in the catchment to provide more accurate rainfall data for modelling the events which were

monitored
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Figure 24 Hydrograph and associated suspended solid concentrations for a runoff event in the Msunduzi

River at gauging station U2HO1 1, 1994

Table 6 Comparison of estimated and simulated sediment loads from automatic monitoring at Henley Weir for
seven events

Event No. Date of Event Farimated Sedimest L osd | Simulated Sediment Load
(D) for the Evest (1) for the Same Duration
(Day. month,
year)
] N8.1063% 60 14
2 80193 $81 1278
3 1026 | 246 b3 Y
4 290594 |40 2
s 250794 M 104
o 151194 13 5
7 27.12.94 %0 13

Despite two anomalies the sediment loads generally compare favourably with those estimated for the measured
events. This is significant since the estimated event loadings vary from |3 tons to 1 246 tons and the sediment yield
model has therefore been tested over a wide range of event loadings. The two anomalies occur in Events 2 and 4
In Event 2 on 08.01.94 the simulated load is more than twice than that estimated from measurements and does not
follow the order of magnitude agreement that is evident in the other events. This anomaly can be explained by
examining the observed event runoff volume and peak flow and comparing these with the simulated volume and
peak flow. The simulated values are greater than those observed, indicating that the poor sediment yield simulation

results from poor hvdrological simulations, Similarly, in Event 4, the simulated sediment yield i1s lower by an order

of magnitude than that estimated from measurements. Again, this is related to the hydrological simulation of the
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runoff volume and peak flow, which, in turn, is dependent on the rainfall input. The rainfall which was recorded
and used in the simulation was clearly less than that which actually occurred in the catchment during that event.
Using the measured runoff volume and peak flow recorded at the Henley weir in the simulation of sediment yield
results in a load of 196 tons for Event 4, which is of the correct order of magnitude to that estimated from suspended
solids measurements, viz. 140 tons. It is evident, therefore, that accurate sediment vield simulations are dependent
on accurate hydrological simulations, which in tum are linked to representative rainfall measurements for the
subcatchments. It is encouraging, however, that simulsted sediment yield loads compare well with those estimated
from measurements in those cases where the hydrology is simulated adequately

3.3.5 Conclusions on Sediment Verification Studies

Results of the verification studies are encouraging. with the simulated results comparing favourably with those
estimated from the reservoir surveys and from river sample data. The ability of the model to reproduce the
magnitude of the estimated loads appears to be sound for loads of varying magnitude, whether on a long-term basis
or for individual events. This is acceptable, given the wide range of yields predicted by Rooseboom er al. (1992)
for the region in which the Mgeni catchment falls.

The vernification studies of sediment yield have, however, exposed the limited use of weekly grab samples, both for
estimating long-term average sediment loads and for estimating the magnitude of daily loads. The need for adequate
methods of continuous or integrated sampling which can be used 10 estimate daily, and consequently long- term,
sediment loads is glaringly apparent. Such monitoring strategies would facilitate an invaluable data base with which
to test and refine the predictions of sediment yield using the ACRU, or any other, model. Such testing and
refinement would enhance the ability of the ACRU sediment yield model to provide even more accurate estimates
both of the distribution of sediment vields and of the effects of land use changes, as well as improving estimates
of phosphorus yield and £ coli counts

These sediment yield verifications indicate that a robust simulation model of sediment yield has been developed
and can be applied to estimate the distribution of sediment yield in the subcatchments of the Mgeni basin,
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34  WHERE IN THE MGENI CATCHMENT ARE SEDIMENTS PRODUCED ?

I'he average annual subcatchment sediment yvields were denived by first simulating daily sediment loads for each
subcatchment for the period 1960-1993 and then computing annual averages. Figure 25° displays the average
annual sediment yvield for the 137 ACRL subcatchments of the Mgeni catchment upstream of Inanda Dam. The
mean annual simulated sediment vield for the 137 4CRL subcatchments ranged from 2 to 629 tkm*. This range
compares well with that reported by Rooseboom ef al (1992) of 20 to 723 thkm~.a  for the same region. Within
the study area the Valley of a Thousand Hills delivers the highest sediment yields. Another area of high simulated
sediment vield is a subcatchment in the Edendale area, where large proportions of informal dwellings are located.
When companing Figures 22* and 25° it appears, on first inspection, that the sediment yicld map displays similar
spatial distributions to that of the sotl loss potential map. This is not so everywhere, however. For example, an
ACRU subcatchment in the upper region of the Mgeku Management Subcatchment has a medium soil loss potential,
comprising the full range of very low to very high soil loss potentials, resulting in a mean annual soil loss potential
of 2030 tkm*. The mean annual sediment vield was simulated to be 195 t km™, which is in the medium to low
range compared with the rest of the Mgeni catchment. indicating a low sediment delivery ratio of 9.6%. In contrast,
the subcatchment comprising Inanda Dam was estimated to have a low mean annual soil loss potential of 641 tkm=,

but shows a mean annual sediment vield of 287 tkm™~. This indicates a sediment delivery ratio of 44.8%,

35 FINDINGS BASED ON SIMULATED SEDIMENT LOAD SEQUENCES

With the confidence from theee independent verification gpproaches that the dominant dvnamics of sediment yield
are being simulated realistically in the ACRL model, simulation runs can be used to gain insight into long-term
response patterns of sediment yield. Figure 26 shows monthly sediment vields for the 34-year simulation period
for three ACRL’ subcatchments with low, medium and high sediment yvields, respectively. What 1s apparent 1s that
single flood events with low recurrence probabilities, such as those experienced during the September 1987 floods,
mobilise very large amounts of sediments. Simulations in ACRU Subcatchment 9 in the Midmar Management
Subcatchment resulted in a total sediment load of 11 927 t for the simulation period. During the single week in
September 1987, when a flood with a recurrence interval of approximately S0 years resulted in substantial sediment
movement. a simulated load of | 867 t was transported. This represents |8.1% of the total 34-year sediment vield
estimate. In subcatchments with an already high sediment load, extreme events such as the September flood of 1987
play a relatively lesser role. because the background sediment load is higher. For ACRU Subcatchment 132, in the

Inanda Management Subcatchment for example, it was simulated that 10 8% of the total 34.vear sediment load was

transported during the September 1987 floods, a considerably lower amount than in the case of Subcatchment 9.
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Figure 26
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3.6 MODELLING NON-POINT SOURCE PHOSPHORUS YIELD WITH ACR!

3.6.1 Sources of Phosphorus
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evident that the dominant processes of phosphorus source production and transport should be included in the model
so that the observed variation in phosphorus loading could be simulated successfully. Consequently, phosphorus
is modelled in two separate, but interacting, states - these being the adsorbed and dissolved states.

The different sources of phosphorus and the mechanisms of phosphorus transport in a catchment are represented
schematically in Figure 27. In the ACRU phosphorus model, total available phosphorus is added to the top 10 mm
of soil (the so-called mixing zone) in maize, sugarcane and mixed crop land uses via fertilizer during the appropriate
period of application. Phosphorus is also added to the agricultural land uses as well as to the rest of the catchment
via atmospheric deposition. The phosphorus added to the soil from these sources is distnibuted between the
adsorbed state and the dissolved state according to an adsorption process which is dependent on-

¢ per cent clay in the soil,

. per cent soil organic matter,

. soil pH and

- prevailing soil moisture status

ACRU Phosphorus Model: Concepts
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Figure 27 Concepts of the ACRU phosphorus model
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3.6.3 Preparation of Information

3631 Agrnicultural and Distributed Sources of Phosphorus




Water Qualiny Simulations

3.6.3.2 Livestock Sources of Phosphorus

Information on livestock densities of beef cartle, dairy cows and sheep was based on a survey undertaken by the
Department of Agriculture and Fisheries (1981). Commercial livestock numbers are assumed not 1o have vaned
much during the past 15 vears. The distribution of dairy cows, beef cattle and sheep for the 137 ACRU
subcatchments were derived from livestock density maps. The following assumptions were made for the spatial

distnbution of hivestock

. commercial livestock 1s associated with either pasture or grassland,
. cows graze predominantly on planted pasture, at a maximum stocking rate of 300 animal units per km-,
‘ and the remaining livestock would be distributed over grassland.

The daily output of phosphorus used in ACRL was 43 g per dairy cow, |1 g per beef cattle and 2.5 g per sheep

3.6.3.3 Human Sources of Phosphorus

The ACRL phosphorus mode! inchudes the impact of pat latrines in rural and informal urban settlements. Areas with
this form of sanitation, which is liable 1o effluent to the natural water regime, are divided between those within a
buffer zone adjacent to a stream (1.¢. within 250 m) and those which are more remote from the stream network. The
impact of those arcas within the buffer zone is elevated i the model compared to the impact of more remote sites,
but the impacts of both are dependent on extreme events of rainfall. It is in the modelling of the effects of
inadequate sanitation that observed phosphorus load data have been used to guide the setting of the magnitude of
these impacts. Adequate monitoring of the impacts of rural sanitation 1o receiving streams at a catchment scale is

therefore recommended

3.6.4 Production of a Phosphorus Pollution Potential Map

A phosphorus pollution potential map was produced by adding all phosphorus inputs that would be available within
the top 10 mm of soil. Values for wet and dry atmospheric deposition. numbers of beef cattle, dairy cows and
sheep, amounts and application frequencies of fertilizers for sugarcane. maize and mixed crops as well as inputs

from human faeces where inhabitants are without proper sanitation, where summed up to give results in kg km “a'
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Figure 29 Comparison of simulasted and estimated phosphorus loads for 1989 at Station 57, Msunduzi River

Fable 7 Comparison of estimated and simulated daily phosphorus loads for 1989 to 1993

Estimated Average Simulated Average Simulated Average
Daily Loads Daily Loads Daily Loads over Five-

Station 1989-1993 on Days of Sampling, Year Period,

19891993 1989-1993
(e (kg) (p)
] 173 279 90
21 12 W 19.3
s 121 13 6 510
1.1 A - 1.7
57 114 372 S )

3.7.2 Verification Using Flow Integrated Sampling of Phosphorus

Ihe samples taken of runoff events at the Henley weir, reported in Section 3.3.4 "Verdfication Using Flow

Imtegrated Sediment Sampling Technigres™, were also analyvsed for total phosphorus and loads were estimated by
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integration of flow and concentration hydrographs. A typical event is shown in Figure 32 and a summary of the

events monitored successfully in 1994 is presented in Table 8
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Figure 32 Hydrograph and associated phosphorus concentrations for a runoff event in the Msunduzi River

at gauging station U2HO11, 1994

Table 8 Comparison of estimated and simulated phosphorus loads from automatic monitoring at Henley Weir for
£
four events

Event No. Date of Event Estimated Phosphorus Load Simulated Phosphorus Load
(Day, month, year) (kg) for the Event (kg) for the Same Duration

4 290394 Y 1

< 2¢ 01794 62 21

6 15.11.94 16 3

7 27.12.94 134 6

The first three events reflect the same differences as indicated in the sediment vield estimates presented in Table
6. The differences between simulated and estimated total phosphorus for these events 1s similar to the differences
between simulated and estimated sediment yields for the same events. The simulated total phosphorus load is
greater than that estimated for the last event sampled, whereas the simulated sediment yield is less than that
estimated for the same event. This is due to the large rainfall depth associated with the event and thus a large

contribution of total phosphorus simulated from pit latrine sources. This aspect of the total phosphorus model

therefore requires some refining
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38  WHERE IN THE MGENI CATCHMENT IS NON-POINT SOURCE
PHOSPHORUS PRODUCED ?

s

Figure 33* displays the phosphorus vield as it was simulated for the 137 ACRLU subcatchments. Mean annual
phosphorus yield values ranged from 0.5 1o 830 kg.km . The distribution of high and low annual phosphorus vield
values over the Mgeni catchment is Quite dissimilar to the distribution of long-term annual sediment yields
Signifi¢ant non-point source phosphorus loads emanate from the Albert Falls Management Catchment, with its
many feedlots, whereas this subcatchment has a relatively low sediment vield. 11 is therefore obvious that the high
phosphorus loads are due 10 the large amounts of source phosphorus in these subcatchments, as 15 indicated in the

phosphorus pollution potential map

Additional monitoring by means of continuous, or ntegrated, sampling would prove invaluable in further

verification of the subcatchment loadings shown in Figure 33*

39  MODELLING E coli WITH ACRU

Modelling £ coli m the Mgen: catchment was undenaken from a series of suppositions of dommnant processes.

£ coli modelling s in a development phase and is presented here 1o indicate the state of development and
verification. In modelling the fate of £ coli in a catchment, two sources have been conssdered. These are from
grazing livestock and from humans in arcas of inadequate sanitation (Figure 34). The livestock considered are those
distnibuted in the grassland and pasture land use areas and not those in miensive feedlots which is considered a pomt
source, which 1s not as vet considered in the model. The source of £ colt from the livestock 1s distnibuted between
that existing in the sediment bound state and that i suspension in the soil water or runoff water. The transport of
the £ coli from this source 1s modelled in the same manner as the distnbuted source phosphorus. The £ coli
emanating from arcas of madequate sanitation is modelled in the same manner as the phosphorus from this source,
and is dependent predominantly on population density and extreme ramfall events.  The parameters which define
the loading of the £ coli from both these sources are poorly documented in the literature, Use was therefore made

of the measured £ colt data in estimating the relative impacts of these sources
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ACRU E. Coli Model: Concepts
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Figure 34 Concepts of the ACRLU E coli model

3.10  VERIFICATION STUDY OF E coli CONCENTRATION

3.10.1 Umgeni Water Weekly Sampling

Results of the companison between measured and simulated £ coli concentrations are shown in Figure 35 for the
Station 57 for 1989. The comparison is the poorest of the three water quality determinands studied. The simulated
average £ coli concentrations at Station 57 for the period 1989 to 1993 is lower than for the measured data during
the same period. The reverse is true for all of the other four catchments used in the verification study as indicated
in Table 9. The relationship between £ coli and sediment load presented in Figure 31°* for Station 5.1 shows that
simulated £ coll loads are predominantly higher than the loads estimated from the grab samples, indicating that the
model is oversimulating the loads. This is hypothesised 10 be caused by the impact of the livestock numbers having
been set too high and the impact of human sources set too low i the initial compilation of the ACRU E colf model
Since the setting of these parameters 1s based on the observed data, these adjustments can easily be made in the
model. However, monitoring experiments of the fate of £ coli in the surface and subsurface environment are

highly recommended
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Table 9 Companson of measured and simulated £ coli concentrations for 1989 10 1995
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WHERE IN THE MGENI CATCHMENT IS NON-POINT SOURCE E.
PRODUCED ?

coli

While the distribution of average £ coli counts shown in Figure 36* allows for convenient identification of

potentially high vield areas, it does not necessanly map expected concentrations accurately. Mean annual ssimulated

E colt concentrations in the 137 ACRL subcatchments range from 30 to 18 200 counts 100m{ . Areas of highest
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E coli concentrations are associated with informal settlements, in particular along the Msunduzi river in its lower
reaches and central parts the Valley of a Thousand Hills. It is also evident that high £ colf concentrations are not
always associated with areas of high sediment yield. In Management Subcatchment 10, viz. Table Mountain (cf.
Figure 6*), high £ coli counts are simulated (1 000-1 0 000 counts. 100 mf ') even though the sediment yield in this
area is relatively low (25-100 tkm®). This is due to the large populations in informal scttlements in this area as well

as the relatively high stocking rates

3.12 MODELLING FUTURE SCENARIOS : EVALUATING IMPACTS OF LAND
USES ON WATER QUALITY

In order 10 demonstrate the versatility and value of ACRL model in the Mgeni Catchment, two scenanos of realistic

future land use change are examned in regard 10 thewr impacts on hydrology and water quality. These are

o Scenario A An increase in subsistence farming and informal settiements in the Msunduz catchment.
upstream of Pietermaritzburg,
4 Scenano B Change of land use in the Table Mountain Management Subcatchment from savanna

and woodland to each of eucalyptus plantations, sugarcane ficlds or intensive cropping

3.12.1 Study I: Impacts of Increases in Subsistence Farming and Informal Settlements

Upstream of Pietermaritzburg

This scenano was modelled by altering the parameters for a catchment comprising ACRL Subcatchments 76 to 91
{Henley and upper Pietermaritzburg Management Subcatchments) to reflect a twofold increase in the area of
subsistence agricultural smallholdings and a doubling of the informal settlement population. The hydrology and
water quality were then simulated in the catchment with the revised land uses and compared to the simulations under

present conditions. This comparison is summarised in Figure 37

Water quality deterioration is immediately apparent due to the informal settiements and subsistence agriculture
The relative increase in the different water quality determinands is significant.  While simulated sediment vield
increases by 1 7%, the phosphorus yield increases by 76% and the £, cofi concentrations by 40%. Phosphorus vield

increase is by far the most significant due to its dependence on both the land use changes. i.¢. a population influx
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Figure 37 Comparnison of the hydrology and water quality upstream of Pietermaritzburg between present

and a future land use scenario comprising a doubling of areas under subsistence agriculture and
nformal settlements

as well as agricultural expansion. The E coli is affected by the population increase, together with the livestock
increase associated with informal settlement units. The sediment vield is predominantly affected by the increase
in tillage and, to a lesser extent, the increase in runoff caused by the expansion of impervious and compacted areas
associated with settiements. The hydrology is not as severely affected as the water quality. Baseflow decreases by
some 20%, but the total streamflow increases by 6% These changes are associated primarily with the increases in

impervious and compacted areas

3.12.2 Study II: Impacts of Increases in Eucalypt Plantations, Sugarcane Cultivation or
Intensive Smallholder Agriculture in the Table Mountain Management

Subcatchment

This scenano was compiled using three different simulations. In the first simulation, 50% of the present savanna
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS

General conclusions and recommendations that can be made from the hydrological simulations with the ACRU
model in this study include the following:

* The ACRU modelling system, with comprehensive data sets for the Mgeni catchment upstream of Inanda
Dam, was configured to simulate components of the hydrological cycle.

. Simulated and observed streamflows compare very favourably in catchments with significantly different
land uses and water yields.

° The modelling system can therefore be used to assess magnitudes and time sequences of individual

components of the hydrological cycle, such as soil moisture content, low flows and peak flows, as well
as generating hydrological processes which determine water quality.
* The system is uniquely adapted to determining the impacts of anticipated land use change scenarios on the

aquatic environment,

Further conclusions and recommendations that can be made from the water quality simulations with the ACRU
model in this study include the following

¢ A modelling system, with comprehensive data sets for the Mgeni catchment upstream of Inanda Dam, was
established to simulate sediment yield, phosphorus loads and £ coli concentrations at subcatchment level.
. The modelling system is uniquely adapted to determining the impacts of anticipated land use change

scenarios on selected water quality responses.

= A need for adequate water quality monitoring methods to yield reliable estimates of the total loading of
sediments and phosphorus has been identified. It is recommended that integrated sampling, or automatic
sampling, be instituted in cntical catchments

. A need for experimentation designed to allow for the observation of the transport mechanisms of
sediments, phosphorus and £ cofi within a catchment has also been identified
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Mean Annual Precipitation per Subcatchment
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Mean Annual Runoff (mm) per Subcatchment
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Mgeni Catchment
Mean Annual Soil Loss Potential
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