~ GEOMORPHOLOGICAL CHANGE
MODELS FOR THE SABIE

RIVER IN THE KRUGER

NATIONAL PARK

AL Birkhead - GL Heritage - CS James
KH Rogers - AW van Niekerk

WRC Report No 782/1/00

~aw v Water
Research
Commission




Disclaimer

This report emanates from a project financed by the Water Rescarch Commission (WRC) and s
approved for publication. Approval does not signify that the contents necessarily reflect the views
and policies of the WRC or the members of the project steering committee, nor does mention of
trade names or commercial products constitute endorsement or recommendation for use,

Vrywaring

Hierdie verslag spruit voort uit 'n navorsingsprojek wat deur dic Waternavorsingskommissie
(WNK) gefinansier is en goedgekeur is vir publikasie. Goedkeuring beteken nic noodwendig dat
die inhoud die siening en beleid van dic WNK of dic lede van die projek-loodskomitee weerspieel
nic, of dat melding van handelsname of ~ware deur dic WNK vir gebruik goedgekeur of aanbeveel
word nie.




GEOMORPHOLOGICAL CHANGE MODELS FOR THE SABIE RIVER
IN THE KRUGER NATIONAL PARK

A.L. BIRKHEAD'. G.L. HERITAGE®, C.S. JAMES',
K.H. ROGERS' AND A.W. VAN NIEKERK'

'Centre for Water in the Environment
University of the Witwatersrand
Private Bag 3, WITS 2050
Johannesburg
South Afnca

‘Department of Geography. Pee! Building
Umiversity of Salford
Manchester MS 4WP

United Kingdom

Report 10 the Water Research Commission on the Proiect
"Scenano Modelling for the Kruger Nauonal Park Rivers
Research Programme Decision Support System”

Project Leaders: Professor C.S. James
Professor K.H. Rogers

WRC Report No: 782/1/00
ISBN No: 1 B6B4S 3170



DEDICATION

Andre van Niekerk
1960 - 1996

This research report 1s dedicated 1o the memory of our colleague and co-author. Andre van
Niekerk. Andre died tragically in a motor vehicle accident en route from the Kruger National
Park in May 1996. Andre contributed significantly 10 the concepts and research upon which
this work 1s founded, and indeed was the principal author of the original research proposal.
Quantification of geomorphological change in complex bedrock influenced systems such as the
Sabie River is a perplexing task, and this study was made that much more difficult without the
contribution of the key proponent. Andre’'s absence has been sorely felt by we his colleagues
and the wider research community in South Afnca. He contnbuted greatly to state of the art
nvers research in South Africa, publishing significant work in the fields of fluvial hvdraulics,
sedimentology and geomorphology. We extend our sincere sympathies 10 Andre's wife,
Simone, and children Benjamin and Michael.




EXECUTIVE SUMMARY

1 Background and Motivation

The Kruger National Park Rivers Research Programme (KNPRRP) was established to develop
understanding of the funcuoning of the natural environments of the rivers and the
methodologies required to define their water quantty and quality requirements under constantly
changing climatic conditions and land-use practices in the catchment.

It was recognised early in the programme that ecological functioning of the nvers depends
strongly on their physical forms, which are determined by the distribution of sedimem
accumulations in association with bedrock structures and vegetation. Previous studies carmed
out by the Centre for Water in the Environment (CWE) were therefore planned and carried out
10 improve understanding of the nature of this physical template and its dynamic response to
changes in the hvdrological regime, such as could result from water resources development

upstream.

The study of Heritage er @l (1997a) described the contemporary morphology of the Sabie and
Letaba Rivers, the establishment of the temporal pattern of change in the channel morphology,
the construction of a conceptual model of channel change, the quantification of catchment
processes and their effects at appropriate spatial scales. and the development of rudimentary
predictive models for fluvial geomorphological change.

The Sabie and Letaba Rivers were classified according to a hierarchical system (Fig. a). The
classificauon uses the principle of agglomerative association with increasing spatial scale, from
groups of morphological units progressing through channel types, reaches, macro-reaches and
zones, through to the whole niver svstem. This has enabled the descriptive mapping of the
geomorphological structure of the Sabie River, and forms the basis for structuring both
conceptual and quantitative models of geomorphological change.

A semi-quantitative sediment transport and storage model was developed by Heritage er a/
(1997a) for predicting change at the channel type scale on an annual basis. The Sabie River
in the KNP was divided into "sections” (referred to in this study as cells), based on the five
principal channel type categories (single thread. braided, mixed anastomosing. bedrock
anastomosing and pool-rapid). Topographical information (surveved cross-sections),
characteristic flow resistance coefficients and rating data were used 10 delermine annual
sediment transport capacities based on daily flows. Annual sediment loads were assigned to
cells (based on channel type) where these data were not available. The change in storage for
the channel type cells was modelled for the penod 1959 10 1993, and the results were
compared to the change in area of exposed sediment from aerial photographs at fixed points
along the Sabie River from 1986 through to 1989. The results showed a complex spatial
pattern of change with zones of increased sedimentation immediately downstream of the
Sanngwa, Nwaswitshaka and Sand River tributanies.



The study carmed out by Hentage e/ al. (1997a) laid 2 solid foundaton for understanding the
morphological dynamics of the Sabie and similar nivers, but did not produce the predictive
methodologies required for the Decision Support System (DSS) being developed within the
KNPRRP. Accordingly, their report recommended the following further research (the chapter
numbers indicate where the topics are addressed in this report):

. Refinement and verification of the suite of geomorphological change and hvdrodynamic
models through model application (chapters 2, 3 and §).

. Integration of geomorphological and ecological studies at the spatial and 1emporal scales

at which geomorphological change can be realhisucally predicted (chapter 7)

. Development of models (and understanding) for prediction of ecological change 1n
response to geomorphological change (chapters 1, 2, S and 7).

. Modelling of geomorphological change along the Sabie River under scenarios specified
through the KNP DSS (chapter 6).

The project described in this report was intended to continue the previous work carried out on
the Sabie River, and to pursue these recommendations.
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2. Project objectives

The main objective specified for this proiect was the development of geomorphological change
models for integration with a Decision Support System for water resource management. This
was 10 be achieved through pursuit of the following aims:

. Refinement, verification and testing of a suite of hydraulic and geomorphological
change models developed by the Centre for Water in the Environment (CWE) for use
in the Kruger National Park (KNP) Decision Support System (DSS).

. Modelling of geomorphological change on the Sabie River since the early 19005 in
order to isolate the ¢ffects of past climatic change and anthropogenic influences.

. Integration of the results with other research conducted within the KNP Rivers
Research Programme.

3 Major results and conclusions

3.1  Overview of contributions to the understanding and prediction of
geomorphological change along the Sabie River

An investigation of the influence of flow regime on the direction and magnitude of
geomorphological change along the Sabie River is described in chapter 2. It 1s demonstrated
that, in this semi-arid system, the dominant discharge occurs towards the high magnitude end
of the statistical distnibution of flood events; the implications of this are discussed with
reference to the management of flows to maintain the ecological integrity of the Sabie River.

Previous geomorphological studies (van Nickerk and Hentage, 1993 van Nickerk eral., 1995;
Moon er al., 1997; Hentage er al., 1997a) have considered the movement of non-cohesive,
medium grained sand within the Sabie River system, since this 1S the fracton primanly
responsible for morphological activity within the active channel. Cohesive fine-grained
sediments also occur, however, as large scale consolidated deposits within the incised macro-
channel. usually deposited as clay drapes following large flood events. A study of the potential
for erosion of consolidated sediments by the infrequent large-magnitude flow events
charactenistic of semi-anid flow regimes is described in chapter 3, where the results are
discussed with relevance to the proposed management of the Sabie River flow regime.

Fluvial geomorphological change is driven by channel hydraulics, whose understanding 1s a
prerequisite for the development of predictive models. The most recent and extensive study
concerning channel flow resistance along the Sabie River was undertaken by Broadhurst ef al.
(1997). The hydraulic information generated by this project was hmited by hydrological
conditions at the ime to low and intermediate discharges (up 10 80m'/s). A large flood in the
Sabie River in February 1996 (approximately 2000 m'/s) provided an opportunity to collect
addiuonal high flow hydraulics data, and an extended hydraulics data set 1s presented in chapter
4. These data are integral to every aspect of this project. and indeed are essential to any study
along the Sabie River requiring a translation of discharge into local hydraulic conditions.



Chapter 5 describes the development, calibration and verification of a SEDiment FLux and
stOrage mode! (SEDFLO) for the Sabie River in the KNP. This is an extensive refinement of
the channel type based sediment transport model developed by Hentage er al. (1997a).
Historical data derived from aerial photographic records covering 56 years (1940 10 1996) were
used to calibrate and test SEDFLO. Chapter 6 describes the modelling of dynamic sediment
storage response to changes in the flow and sediment regimes for different scenanos. The
scenanos were based on the instream flow requirement (IFR) recommendations for the Mante,
Sand and Sabie Rivers (DWAF, 1997). These represent the most recent flow modificauon
recommendations, from an ecological perspective.

SEDFLO predicts temporal changes in sediment storage (as reflected by bar growth and
erosion) for 40 linked channel type cells along the Sabie River. The biota, however, respond
to changes at substantially smaller spatal scales, and 1t has therefore been necessary to develop
a model that predicts change at the morphological unit scale. Chapter 7 describes the
application and testing of a such a model, which was first developed for predicung change at
the unit morphological scale along the Sabie River (KNP) under the auspices of the Biological-
abiological LINKS (BLINKS) programme (Hentage er al., 1997b). The conceptual framework
of the model 1s presented. together with a description and justificatnon of the spaual and
temporal scales at which it operates and the structure of its input data in relation to SEDFLO
predicuons. The model 1s applied to illustrate the nature of changes over the period 1940 10
1996.

3.2 Influence of Mow regime on sediment transport characteristics

The transport of sediment through a river reach depends on discharge, and will therefore vary
considerably through natural hydrological vanations. Simulating sediment movement along
the Sabie River required establishing the influence of flow regime (the characteristic pattern
of temporal discharge vanation) on sediment movement through each of the morphologically
distinct channel types used as model cells. This was done by considening the frequency and
effectiveness of sediment transport across the flow regime, using measurements of channel
geometry, sedimentology. flow resistance and water surface slopes. It was found that, for all
the channel types. most sediment transport occurs during large floods. Considening flows over
a duration of 5 days, the major flood events account for between 23% and 43% of the potential
annual sediment movement, depending on channel type (Table a).

For all alluvial channel types most sediment transport is associated with relatively frequent (up
to 2-vear return period) floods. For example, flows below the 1.1 year return period account
for 39% of potential bulk sediment transport in braided channels. As the influence of bedrock
increases, the larger. less frequent floods become progressively more important for bulk
sediment transport. The floods responsible for 80% of potential sediment transport through
the different channel types are those with return periods up 10 2.5 vears for brasded channels,
3.7 years for single thread channels, 3.8 vears for mixed anastomosing channels, 7.0 vears for
pool-rapid channels, and 7.8 years for bedrock anastomosing channels.

Vi



Table a Discharge rates and return penods on the annual maximum Lme senes
corresponding 10 the maximum annual potential sediment transport

Channel Type Peak Return Contribution to annual sediment

annual period transport of peak flows over a §
Mlow (m’/s) (vears) day duration (%)

Braided 720 12.6 23

Pool-Rapid 721 12.6 35

Single-Thread 561 10.5 32

Mixed Anastomosing 1126 9.0 26

Bedrock Anastomosing 622 12.6 43

The implications of these findings for the management of flows to maintain the ecological
integrity of the Sabie River are clear: changes 1o the present magnitude-frequency regime of
flood flows will disrupt the prevailing balance in sediment transport processes and could induce
rapid morphological change in the system. The importance of high magnitude, infrequent
flows for the maintenance of macro-channel alluvial features has also been emphasised in the
inundation frequency study of Hentage er al. (1995).

33 Influence of Nooding on the erodability of cohesive sediments

As well as for sediment transport, large floods are also important geomorphologically because
of their ability to erode the cohesive sediment deposited as large scale consolidated bar forms
within the incised macro-channel. A measure of the potential for this erosion is provided by
a statistical analysis of the frequency distributions of resisting and applied shear stresses, and
1s discussed with reference to field observations following a large flood in February 1996. The
critical resistance to erosion of the cohesive sediments was determined from in siru shear vane
strength measurements, combined with laboratory testing of disturbed samples. The spanal
distribution of maximum shear stresses applied during the flood was determined using
measurements of channel geometry, flow resistance, flood stages and water surface slopes.

The analysis shows that 68% of the cohesive sediments along the Sabie River may potentially
be entrained by a discharge of approximately 2000 m'/s. This value 1s similar (63% to 75%)
for all the channel types with the exception of bedrock anastomosing channels, where the
deposits have a 91 % chance of being eroded at this discharge. The higher probability in the
bedrock anastomosing channel types results from the significantly higher applied shear stresses
(Table b).

During the flood of February 1996 (the peak was gauged at 1705 m"/s and 2259 m"/s. upstream
and downstream of the Sand River tributary, respectively) removal of cohesive material was
spatially 1solated for the sites investigated along the length of the river, with vegetatonal cover
providing increased protection from erosive forces. The proportion of the cohesive bed
matenal eroded duning this flood was less than the 68% predicted. although it was difficult 1o
assess accurately because of spaual vanability and the presence of more recent overlying

deposits.
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Although the actual erosion of cohesive matenal from the Sabie River bed duning the flood was
less than had been estimated. it is clear that large scale stnpping of the macro-channel deposits
can occur. The observed erosion was less than estimated because local boundary shear stresses
were reduced by in-channel vegetation and also because the flow would have been transporting
some catchment-derived sediment and not have entrained its full load from the channel bed.
Furthermore, no account was taken of flood duration; longer or multiple floods would have
greater potential for eroding cohesive sediments, resulting in stnipping levels nearer to the
predicted maximum potential. This emphasises the need to manage the npanan vegetaton 1o
enable 1t to continue affording protection o the cohesive bed dunng extreme flood events, and
also 10 take account of the sediment loads denved from the catchment duning floods.

Table b Probability of eroding cohesive sediments (discharge between 1705 m/s
and 2259 m'/s)
Channel type Spatial Probability of | Average applied
composition erosion shear stress
(%) (%) (Pa)
Braided 14 63 70
Pool-Rapid 28 66 63
Single-Thread 3 75 80
Mixed Anastomosing 35 63 59
Bedrock Anastomosing 20 9] 145
Sabie River 100 68 70

34 Extended Mow resistance data set

Hydraulic and geomorphological conditions are the prnimary determinants of physical habitat
in nivers, and 1t is therefore necessary to understand the mechanisms controlling local hydraulic
parameters when predicung the impacts of changes in the flow and sediment regimes. Local
hydraulic conditions such as flow depth. velocity and bed shear are determined by the total
flow resistance of the channel, which represents the aggregate of skin friction, channel form
and vegetational resistance components.  Broadhurst e7 al. (1997) carnied out an extensive
study of flow resistance in the Sabie River. The study quanufied the total flow resistance at
both the morphological unit and channel type (association of morphological units) scales. The
flow resistance information was, however, limited to discharges below 40 m'/s, except for the
mixed anastomosing channel type where hydrological conditions during the study permitted
measurements up to 80 m*/s and for one isolated event of 1000 m'/s.

The large flood event of 14 February, 1996 provided an opportunity to extend this data set,
The flood peak was gauged from the road bridges at Kruger Gate and immediately downstream
of the Sand River confluence at 1705 m'/s and 2259 m'/s, respectively. Peak and receding
limb stage levels were recorded at the monitoning sites selected during previous studies.

Vi



Multiple linked cross-sectional profiles located at the same representanve channel types used
by Broadhurst ef al. (1997) were used 1o compute the reach averaged total flow resistances
according to the Barnes (1967) methodology. Manning's flow resistance coefficient values for
the extended data set are ploted in Fig. b. The extended relationships converge at high flows
due to the reduced influence of channel type specific hydraulic controls (e.g. channel
morphology and vegetation structure).
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five pnincipal geomorphological channel types along the Sabie River (extended
from Broadhurst er al.. 1997).

3.5 Scenario modelling of temporal sediment storage along the Sabie River

The semi-quantitative sediment flux and storage model, developed for predicting change at the
channel type scale on an annual basis by Hentage er a/. (1997a) has been refined, calibrated
and verified using historical data derived from aerial photographs covening 56 years.
Modelling 1s carried out in two phases. The first phase deals with the production of sediment
in the catchments of the Sabie River and its tributaries, and the delivery of this eroded source
matenal to the study length of the nver in the KNP. In the second phase the transport and
storage of the sediment along the nver is computed using the Sabie River SEDiment FLux and
stOrage model (SEDFLO).

The first phase is performed jointly by the CALSITE and ACRU models. CALSITE was

applied to the Sabie River catchment by Donald (1997), and is considered to provide more
accurate long-term sediment yields. CALSITE output is in terms of annual sediment yield,

x



however, and because SEDFLO operates on a daily basis, these annual values were distributed
in ime according to the daily vananons predicted by ACRU .

In SEDFLO the sediment transport along the river is calculated by the widely accepted total
load equation of Ackers and White (1973). The model was calibrated for the Sabie River
using historical information describing changes in sedimentation obtained from aenal
photographs. The photographs provided useful assessments of geomorphological change and
changes 1n coverage by alluvial bars, as illustrated in Fig. ¢. The 1940 to 1986 and 1944 10
1986 records (Fig. ¢) were used as a single data set for model calibration by determining the
equivalent change over a 46 year period by linear extrapolation of the 1944 1o 1986 data where
necessary. During the period 1940 to 1986, the braided channel types exhibit the highest
individual (cell 2) and average rate of bar growth (5.1%), followed by the pool-rapid (2.3%)
and mixed anastomosing (1.5%) channel types. The bedrock anastomosing channel types have
remained relatively stable, with an average rate of accumulation of only 0.3% of the total
change along the nver in the KNP. Only two cells (1 and 21) have been classified as single-
thread channel types, and display zero and 2.4% of the total bar growth.

Application of SEDFLO indicates a long-term (1940 to 1986) change in sediment storage for
the Sabie River within the KNP of approximately 3.5x10" tons/annum (Fig. d). Shorter-term
changes 1n sed:ment storage are highly vanable, reflecung penods of progressive sediment
accumulation imerspersed by significant declines during vears expenencing large flow events.
The average increase in sediment’storage duning penods of progressive accumulanion 1s as high
as 40x10" rons’annum, while the loss of sediment during years experiencing large floods is
generally greater than 200x10° tons.

The predicted changes in sediment storage are shown to be realistic when compared with
changes in alluviation along the length of the Sabie River and the rate of siltation of the dam
at Lower Sabie. The modelling of pre1940 change within the bedrock anastomosing channel
types shows significant losses of in-channel sediment storage, and although there are no
histonical data 10 test this finding, a sequence of observed change suggests the occurrence of
an extreme flood prior 1o 1940,

The following conclusions have been drawn from the scenario modeliing of temporal sediment
storage along the Sabie River, using flow regimes denved from IFR recommendations.

’ Long-term rates of alluviation increase approximately in proportion to reduced mean
annual runoff,
. Transient sediment storage behaviour is reduced by diminished flooding, as illustrated

for the Sabie and Sand River IFR scenarios in Figs. e and f. This is likelv to impact
significantly the spatial and temporal assemblages of geomorphological features and
associated aquatic and niparian habnats as irreversible sedimentation reduces the
proportional occurrence of bedrock influence in the system.

. In adjusting to new dynamic equilibrium states in response to a reduced flooding
regime, alluvial channel types tend to erode whilst pools and (10 a lesser degree) mixed




anastomosing channel types tend to aggrade (Fig. g). Loss of storage in braided
channel types is likely to result in smaller active channels, incised within the macro-

channel infill deposit.

The extent of calibration required when using SEDFLO casts senious doubts on the advisabihity
of using high resolution sediment transport models to describe bulk sediment movement and
storage behaviour in complex systems such as the Sabie River. Requirements of greater
accuracy with this approach must inevitably lead to impractically high resolution discretization
and inappropriate detail in process modelling, with prohibitive data requirements. This
approach 1s also inappropriate at the spatial scale directly influencing biotic response and an
alternative, rule-based, modelling technique has therefore been developed for predicting change
at the morphological unit scale.
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3.6  Rule based modelling of geomorphological unit change along the Sabic River

At the scale appropriate for infernng biological response. volumes of sediment are less
important to predict than the forms of deposits. Qualitative, rather than quantitative,
description is therefore required. A logical rule-based approach has been developed that
describes changes in relative proportions of morphological units constituting the different
channel types. This model uses the general trends predicted by SEDFLO and translates them
into channe! form changes that influence biotic response. The same division of the nver into
cells and the same principal channel types are used as for SEDFLO. Daily flows are specified
by indices representing the categories of base flow, freshette, annual flow or flood. and
sediment input 10 each cell by indices representing the categones of low, reduced, moderate
and high. The percentage representauon of each morphological umt in a cell 1s then adjusted
on the basis of these indices using rules determined from expert knowledge, field observation,
aenal photograph interpretation and space for ime substitution techmques.

The model was tested using synthesized flow and sediment flux data from SEDFLO, and the
output compared with observed change in the areal coverage by unconsolidated sediment
deposits within each of the five representative cells (one for each representative channel type)
on the Sabie River. The results were also compared with the gross pattern of erosion and
deposition predicted for each representative cell to determine if the modelled patterns of change

were similar.

The rule based model appears 1o predict the direction of change in unconsolidated sedimentary
deposits satisfactonly, the results indicaung that sediment flux may have a greater influence
on channel form than flow varability. Only in the case of the mixed anastomosing cell were
predictions consistently poor. In some yvears expected changes to the macro-channel deposits
were not confirmed by the model, possibly due to the lack of knowledge concerning the change
dvnamics of these features over longer time scales, In some instances. the morphological
change predicuons were not consistent with the historical aenal photographic data or the bulk
change in sediment storage modelled using SEDFLO, and the degree of accuracy varned
between the respective channel type cells. Possible reasons for the modelling inaccuracies
include inaccuracy of rules due to limited expert knowledge and the assumption of untested
morphological change hierarchies. These nadequacies reflect lack of detail. rather than
shortcomings in the approach. and these can be supplemented as more knowledge becomes
available.

The application of the rule based geomorphological unit change model gives encouraging
evidence to support the further development of this methodology as a predictive 1ool. Further
development and refinement, however, requires more data on morphological dvnamics at the
unit scale for a range of active and macro-channel features. The direct quanuficatuon of areal
coverage by unit scale morphological features from acrial photographs over the period of
record (1940 to 1996) was bevond the scope of this project and will require a protracted
desktop study. These data are, however, imperative 10 any real further developments of the
methodology. Continuation of acrial photographic data coliection 1s essential for providing
historical records necessary for further model testing.
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4 Attainment of objectives

The models presented in this report provide a basis for assessing the impact of waler resources
development in the Sabie River catchment on the physical charactenistics of the river, and
hence on biotic response.

The hydraulic and geomorphological change models previously developed by the CWE for use
in the KNP DSS have been refined, venfied and tested. SEDFLO. which describes the bulk
distribution of sediment along the river and changes on a channel type scale, 1s fully developed
and can be applied to predict responses to natural or anthropogenic hydrological changes. Use
of the model is described in the appendix to this report and the code is available on the
KNPRRP web site (hup://'www.ccwr.ac.za/knprrp/index. html). This model could be applied
10 other nvers in Southern Africa but would require substantial field work to obtain the
necessary data, and to describe any channel types different from those on the Sabie. The rule-
based model for translating SEDFLO output to the morphologic unit scale 1s not fully
developed due to current lack of knowledge of system behaviour at this scale, although the
model structure shows potential for its development into a valuable tool.

SEDFLO has been applied to predict the niver response to scenanios based on IFR
recommendations, to demonstrate the magnitude of possible changes. It has not been used to
isolate the effects of past climatic and anthropogenic changes. as onginally proposed. because
the data currently available are inadequate for making this distinction for input and because the
value of this analysis 1s now considered to be less important than when originally motivated.
This application could be carried out after extensive interpretation of climatic and hydrological
data, but 1ts value should be carefully reconsidered before doing so.

The model applications have been integrated with other research conducted within the
KNPRRP. The scenanio modelling undertaken so far used IFR recommendations for the
Mante, Sand and Sabie Rivers. The rule-based model was applied in close collaboration with
the BLINKS project.

The scenarios modelled provide an indication of the effects of applying exisung IFR
recommendations, but do not allow for reservoir spillage or different reservoir operation
options. Once comprehensive water resource svstem simulations have been completed.
SEDFLO can be used again to refine the predictions presented in this report

5 Recommendations for further research

Further research is necessary to improve understanding of channel adjustment at the
morphological unit scale, in order to enable more reliable rules 1o be formulated for the rule-
based model.

The high level of dependence of SEDFLO on site-specific calibration makes its transferability

to other nvers difficult. Further research on novel (e.g. rule-based) modelling approaches
should lead to more easily transferable products.
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1 Introduction

1.1 The rivers of the Kruger National Park

The seven major nvers flowing through the Kruger National Park (KNP) in the Mpumalanga
Lowveld (Crocodile, Sabie, Olifants. Letaba, Shingwedzi, Levuvhu and Limpopo Rivers) all nse
beyvond the western border of the KNP and drain catchments that are being subjected to increasing
pressure for their available land and water resources. This pressure anses from the escalating
human population growth and associated domestic water demands in the rural areas immediately
west of the KNP, coupled with afforestation and agnicultural development in the upper
catchments.  Studies undertaken by the Sabie River Working Group in comjunction with the
Department of Water Affairs and Forestry (DWAF) and the Development Bank of Southern
Africa have shown that the need for water resource development in the region is so great that it
can be justified on purely economic grounds (DWAF, 1994)

Attention has been focused mainly on the Sabie River as the most natural, but imminently
threatened and only perennial river flowing through the KNP Construction of the Injaka Dam
on a nbutary of the Sabie River 1s well underway, with the Bushbuckridge transfer pipeline
having been completed The additional water supply will be used primarily to meet domestic
requirements, thereby implementing the Government's Reconstruction and Development
Programme. It will also provide higher assurance supplies for the agricultural sector and
allocation for the conservation of the nvenine ecosystems of the area and the associated natural
environment (DWAF, 1994)

The Sabie River drains approximately 6000 km* of the Mpumalanga Province in the north-east
of South Africa (Fig. 1) It is a semi-arid catchment, with a mean annual precipitation varying
from 1800 mm over a relatively small area on the Drakensberg escarpment in the west, to 400 mm
in the east  Ths 1s in sharp contrast 1o the mean annual evapotranspiration losses of 1400 mm in
the west, rising to 1700 mm in the east  Rainfall, and consequently discharge, are highly vanable
within the KNP, displaying seasonal minima (0.5 m'/s to | m"/s) in the dry winter months (April
10 September) and mean summer flows of 15 m¥s 10 20 m"/s Extreme flood events have been
gauged in excess of 2000 m*/s (February 1996) Changes in the flow and sediment regimes of the
Sabie River are leading to morphological adjustments, with an associated alteration in habitat and
water availability for aquatic and npanan fauna and flora (Hentage er al.. 1997a) The Sabie
River in the KNP is charactensed by a wide fringe of riparian vegetation colonising the river
banks, where more than 130 indigenous species of shrubs and trees occur The riverine
environment provides essential habitat for fish, reptiles, amphibians, invertebrates, lippopotami,
birdlife and browsers that utilise the nparian zone

A number of projects have been conducted into physical and biotic aspects of the Sabie River and
its catchment area, including the geology (Cheshire, 1994), hvdrology (Chunnett er al , 1990,
Hughes er al., 1996, Jewitt er al . 1957), geomorphology (Hentage er @/, 1997a, 1997b),
hvdraulics (Broadhurst er a/., 1997) nparnian vegetation (Carter and Rogers, 1995, de Fontaine,
1995, van Coller and Rogers, 1995, van Coller and Rogers, 1996, van Coller eral , 1997) and us
water use (Birkhead er al., 1997), fish and invertebrates (Weeks er a/., 1996, O'Keeffe er al ,
1996), and these should be consulted for detailed information
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Figure 1 Sabie River catchment and location of study sites and the Injaka Dam

1.2 Project objectives
The main objectives of this project were

] Refinement, verification and testing a suite of hvdraulic and geomorphological change
models developed by the Centre for Water in the Environment (CWE) for use in the KNP
Decision Support System (DSS)

(]

Modelling of geomorphological change on the Sabie River since the early 1900s in order
to isolate the effects of past climatic change and anthropogenic influences

3 Integration of the results with other research conducted within the KNPRRP
This project represented a continuation of previous work conducted on the Sabie River in the

KNP by the CWE, and 1t is therefore appropriate 1o cite the main objectives and findings of two
relevant earlier studies upon which much of the work described in this repont is based

o



1.2.1 The geomorphological response to changing flow regimes of the Sabie and Letaba
River systems (Heritage er al, 1997a)

The main objectives pursued in the study included the descniption of the contemporary morphology
of the Sabie and Letaba Rivers, the establishment of the temporal pattern of change in the channel
morphology, the construction of a conceptual model of channel change, the quantification of
catchment processes and their effects at the appropriate spatial scales, and the development of
predictive models for fluvial geomorphological change The strategy adopted by Hemage er al
(1997a) 1o achieve the above aims and findings pertinent to the present study are discussed below

The Sabie and Letaba systems were classified according to a lhuerarchical system (Fig 2). The
classification uses the principle of agglomerative association 1o increase the spatial scale, from
groups of morphological units progressing through channel types, reaches, macro-reaches and
zones, through to the whole nver system The classification system has allowed the descriptive
mapping of the geomorphological structure of the Sabie and Letaba Rivers, and forms the basis
for structuring both conceptual and quantitative models of geomorphological change

On the Sabie River, five principal channel types are common and readily recognisable, including
alluvial single thread (fully alluvial, regular single channel river, straight or sinuous planform),
alluvial braided (alluvial multi-channe! network of distnibutanes). mived anastomosing (multi-
channel network of distributanes in both alluvium and bedrock), hedrock anastomosing (multi-
channel network of stable bedrock distributaries), and poo! rapid (system of alternating steep
bedrock rapids ané associated upstream pools)
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Figure2 Agglomerate geomorphological hierarchy of the Sabie River inthe Kruger National
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(P Y]



The Sabie River channel types identified by Heritage er al. (1997a) are used throughout this study
and brief descriptions of the five principal types are therefore provided

Braided

The degree of braiding in the Sabie River, as defined by the number of braid distributaries,
is low and appears restricted to the deposition of mid-channel and lateral bars within an
active channel whose cohesive banks are well protected by vegetative cover

Geomorphological diversity is lower than for those channel types directly influenced by
bedrock Quantification of the features present along a 4 S km stretch of braided channel
(Fig 1) revealed that bedrock features were restricted to small rapids. Alluvium is present
as bedrock core bars and mid-channel and lateral deposits in the active channel  The pools
display some degree of alluviation The macro-channel areas are also dominated by lateral
alluvial features, with rare bedrock outcrops

Single-Thread

The alluvial single-thread channel type has developed in sections of the Sabie River where
alluvium has accumulated to cover any bedrock influence in the macro-channel  The active
channel may be straight or sinuous, with the freedom to make planform adjustments
restricted by the width of the incised macro-channel Few geomorphological features exist
in the active channel, which is composed largelv of deep alluvial pools and rare mid-channel
and lateral bars The macro-channel consists wholly of lateral bars and alluvial bank
morphological units

Pool-Rapid

The pool-rapid channel type is itself geomorphologically diverse and displays many bedrock
feawures Detailed field investigation of the geological controls revealed a number of
reasons for this, including localised geochemical differences and diffening lithologies
(Cheshire, 1994) These factors create active channel pool-rapid sequences, the scale of
which depends on local geological vanability and channel gradient Typically, the rapids
are free of sediment apart from occasional boulders and bedrock core bars The pool areas
are more variable ranging from sediment free bedrock areas to bedrock-lined pools
incorporating a variety of bar types, particularly mid-channel bars and lateral deposits The
acuve pool-rapid typically occupies only a portion of the macro-channel width Large scale
sedimentary features have been deposited over much of the bedrock across the remainder
of the incised macro-channel

Mixed Anastomosing

Mixed anastomosing channel types exhibit a high geomorphic diversity. containing multiple
bedrock, mixed and alluvial distributary channels that divide and rejoin over a distance
much greater than the distributary width A small percentage of the active distributary
channels are filled with alluvial matenial in the form of lateral, mid-channel and lee bars
Pools also contain some sediment  The macro-channel exhibits extensive lateral alluvial
deposits, islands and bedrock core bars The multi-channel planform appears to be
relatively stable. with the river commonly reverting to its old low flow course following
floods greater than the capacity of the active channels



Bedrock Anastomosing

Bedrock anastomosing channels were first identified on the Sabie River by van Niekerk and
Heritage (1993) and are dominated by bedrock features. Kale er al (1996) have
recognised similar multi-channel bedrock distributary reaches on the Narmada River, India

Typically, the incised macro-channel has widened to extend three to four times the average
width and this continues for several kilometres downstream Geomorphological diversity
1s high with many features occurring at a low density  Numerous steep gradient active
channel bedrock distributaries exist within the incised channel, descnbing a tortuous route
over the resistant rock. These distnibutanes display very few alluvial features within then
bedrock channels, with sediment accumulation being restricted to lateral deposits and
alluvium in pools in the form of armoured clastic lags and finer deposits in dead zones

Bedrock features include pools. rapids, cataracts and small waterfalls  The macro-channel
1s charactensed by bedrock core bar deposits (van Niekerk er a/.. 1995) and occasional
larger islands between distributary channels Elevated bedrock areas are common, forming
exposed bedrock pavements

Channel change was investigated at two temporal scales, including short term (annual) change as
evidenced by aenal photographs between 1986 and 1993, and long term (=50 vears) change
inferred from a single set of aenal photographic records utilising space for time substitution

A conceptual model was constructed in which the directions of morphological change between ten
potential channe! types in the continuum from bedrock to alluvial systems were quantified based
on aenal photographic interpretations and sediment vield studies. Ofthe factors influencing change
over ecologically relevant timescales, one determinant was identified as static (geology), whilst
others were considered 1o be dvnamic over the short term (flow and sediment dynamics) and long
term (hyvdrology and sediment production) Flow vanability and magnitude, sediment inputs and
channel competence were identified as the principal controls on channel form. and the conceptual
model predicts the probable directions of channel type change as a result of altening the control
variables

The quantification of catchment control processes was addressed through sediment production
modelling using Geographical Information Svstem (GIS) techmques and a detailed hvdrological
study of recorded daily flows within the Sabie River catchment Investigations of flow and
sediment dvnamics were also undertaken at the regional nver and representative channel type
scales through extensive field monitoring

A semi-quantitative sediment transport and storage model was developed for predicting change
at the channel type scale on an annual basis. The Sabie River in the KNP was delineated into
"sections” (referred to in this study as cells), based on the five principal channel type categories
Topographical information (surveyed cross-sections), charactenstic flow resistance coefficients and
rating data were used to determine annual sediment transport capacities based on daily flows
Annual sediment loads were assigned to cells (based on channel tvpe) where these data were not
available The change in storage for the channel type cells was modelled for the period 1959 10
1993, and the results were compared to aenal photographs at fixed points along the Sabie River
from 1986 10 1989 The results show a complex spatial pattern of change with zones of increased
sedimentation immediately downstream of the Saringwa, Nwaswitshaka and Sand River tributanes
To improve its predictive reliability, the semi-quantitative model has been refined, calibrated and
tested as described in chapter S of this report



The recommendations for further research suggested by the geomorphological study (and the
chapter references where they are addressed within the current report), include

. Refinement and verification of the suite of geomorphological change and hydrodynamic
models through model application (chapters 3 and 5)

. Integration of geomorphological and ecological studies at the spatial and temporal scales
at which geomorphological change can be realistically predicted (chapter 7)

. Development of models (and understanding) for prediction of ecological change in

response to geomorphological change (chapters 1.2, S and 7)

. Modelling of geomorphological change along the Sabie River under scenanos specified
through the Decision Support System (DSS) (chapter 6)

1.2.2  Translating discharge into local hydraulic conditions on the Sabie River:
an assessment of channel flow resistance (Broadhurst er al., 1997)

The main objective in the study was to identify and quantify the flow resistance components on the
Sabie River and to predict their effects on local hvdraulic variables under different flow conditions
The overall objective was achieved through the identification of a spatial flow resistance
hierarchucal structure within the Sabie River (1¢ represemative reaches, channel tvpes.
morphological units, cross-sections and distributary channels). an evaluation of the different
methods for evaluating flow resistance, the establishment of hvdraulic monitoring networks, the
quantification of flow resistance at various spatial scales, and the compilation of appropriate
guidelines

1.3 Contribution of the present project towards understanding and predicting
geomorphological change along the Sabie River

The ability to predict morphological adjustments rests on quantitative description of the underlving
processes of hvdraulics and sediment dvnamics The necessary investigations of these
fundamentals are described in chapters 1 to 4 The models developed to simulate morphological
behaviour at appropriate scales are then presented in chapters 5to 7

In temperate systems, the flow regime i1s dominated by low-magnitude high-frequency flow events
and across the flow regime it 1s these flows that are considered to be responsible for the bulk of
potential sediment movement within the system (Wolman and Miller, 1960). In contrast, semi-arid
systems often display a more extreme flow regime influenced strongly by high-magnitude shon-
duration flow events. This can displace the dominant discharge (1 e that which most influences
the channel morphology) away from the low flows towards the less frequent flood events
Chapter 2 describes an investigation of the frequency and effectiveness of sediment transpont
along the Sabie River

Existing geomorphological studies (van Niekerk and Hertage, 1993, van Niekerk er al , 1995,
Mooneral , 1997, Heritage eral . 1997a) have addressed the movement of non-cohesive medium
grained sand deposits within the Sabie River system, since this fraction 1s primarily responsible for
morphological activity within the active channel. Cohesive fine-grained sediments, however, occur
as large scale consolidated deposits within the incised macro-channel, being typically deposited as



clay drapes following large flood events A study of the potential for eroding consolidated
sediments by infrequent large-magnitude flow events. charactenistic of semi-and flow regimes, is
descnbed in chapter 3

The most recent and extensive study concerning channel flow resistance along the Sabie River was
undertaken by Broadhurst eral. (1997) The hydraulic information generated by this project was
limited by the hydrological regime 1o low and intermediate discharges. A large flood expenenced
by the Sabie River in February 1996 provided an opportunity to collect additional high flow
hydraulics data, and an extended hvdraulics data set is presented in chapter 4 These data are
integral to every aspect of this project. and indeed are essential to any study along the Sabie River
requining a translation of discharge into local hvdraulic conditions

Chapter £ describes the development, calibration and verification of a SEDiment FLux and
stOrage model (SEDFLO) for the Sabie River, KNP It represents an extensive refinement of the
channel type based sediment transport model developed by Hertage eral (1997a) Historical data
derived from aenal photographic records covering 56 years (1940 to 1996) were used to calibrate
and test SEDFLO Chapter 6 describes the application of SEDFLO to model the dynamic
sediment storage response of the Sabie River within the KNP 1o changes in the flow and sediment
regimes for different scenarios  The scenarios were based on the instream flow requirement (IFR)
recommendations for the Marite, Sand and Sabie Rivers (DWAF, 1997), and represent the most
recent flow modification recommendations, from an ecological perspective, to date

SEDFLO predicts temporal changes in sediment storage (as reflected by bar growth and erosion)
for 40 linked channel type cells along the Sabie River. The biota, however, respond 10 changes at
substantially reduced spatial scales, and it has therefore been necessary to develop models that
predict change at the morphological unit scale (Fig 2) Chapter 7 describes the application and
testing of a geomorphological model first developed for predicting change at the unit
morphological scale along the Sabie River (KNP), under the auspices of the Biological-abiological
LINKS (BLINKS) programme (Hentage er al., 1997b) The modelling approach used at this
smaller scale 1s fundamentally different from that used in SEDFLO for predicting gross change in
sediment storage along the whole river At the smaller scale the volumes of sediment are less
important than the forms of the deposits, and the problem is therefore one of qualitative descnipuion
rather than detailed quantification A novel approach has therefore been used, which apphes
logical rules (rather than computation) to describe changes in the relative proportions of
morphological units (e g different types of bars and bedrock features) constituting the different
channel types Information is presented on the conceptual framework behind the model as well as
a descniption and justification of the spatial and temporal scales at which the model operates and
the structure of the input data in relation to the channel type sediment flux and storage model
developed in chapter 5

The two models are designed to be applied in sequence at “nested” scales SEDFLO can describe
the change in sediment storage at a channel type scale resulung from changes in catchment
sediment vield and hvdrology The rule-based model can then use the SEDFLO output to predict
the morphological unit response to the change in sediment storage in the different channel-type
cells.



2 Influence of flow regime on sediment transport characteristics

» 5 Introduction

It has long been recognised that alluvial channels demonstrate strong relationships between
channel dimensions and flow (Leopold and Maddock, 1953), with the channel adjusting 1ts shape
in response to the dominant flow and sediment regime  This concept was extended by Wolman
and Miller (1960) with their definition of dominant discharge as the flow (specified in terms of us
magnitude and frequency) capable of transporting most sediment across the flow regime given its
relative magnitude and frequency In temperate systems, the flow regime i1s dominated by low 10
medium magnitude, high-frequency flow events (Andrews, 1980) and across the flow regime it
15 these flows that are considered to be responsible for the bulk of potential sediment movement
within the system (Fig 3) In contrast, semi-and systems often display a more extreme flow
regime and the channel morphology is influenced strongly by high-magnitude short-duration flow
events This can shift the dominam discharge away from the low flows towards the less frequent
flood events (Fig 3). as demonstrated by Baker (1977) in central Texas. Wolman and Miller
(1960) also noted that the influence of low flows on bulk sediment movement is reduced if the
entrainment threshold is elevated and if the flow regime i1s highly vanable Their study included
a theoretical approach concerned with thresholds of transport, backed up with examples from
Brandvwine, Delaware, where little of the coarsest sediment was moved in companson with Rio
Puerco, New Mexico, where the bulk of matenial transported was fine

Several studies have also attempted to attach a return peniod to the occurrence of the dominant
discharge In alluvial systems, it has been equated with the effective discharge that creates the
bankfull channel shape and this has been shown to have a return period on the annual maximum
flow senes of between | and 2 years (Andrews, 1980). Hev (1975) noted a more frequent
occurrence for bankfull flow in sand-bed channels The tendency towards some vanability in the
return period for bankfull flow was observed by Lewin (1989), which was attributed to non-
equilibrium dimensions of the channels due to recent erosion and deposition. Pickup and Wamer
(1576) noted a bimodal trend in the data for the Cumberland Basin in New South Wales,
Australia A return penod flow of 1.15 to 1.4 vears was found for the dominant discharge
contrasting with a higher bankfull discharge responsible for shaping the channel through bank
erosion

This chapter describes a study of the frequency and effectiveness of sediment transpont along the
Sabie River. The river has been divided into a number of morphologically distinct channel types
(Fig. 2), each displaying its own hydraulic and sediment transport characteristics  The potential
rates of sediment movement were determined across the flow regime using measured data on
channel geometry, sediment charactenstics, flow resistance and water surface slopes

2.2 Representative site information

The data required for analysis of sediment transpon characteristics were available from work
previously carried out on the Sabie River by the CWE (Herutage et al., 1997a, Hertage ¢t al.,
19970, Broadhurst eral , 1997) Sediment transport analyses were undertaken for representative
examples of each of the five principal channel types identified along the river (Fig 1), and



sampling provided the grain-size distribution of the unconsolidated sediments. Generally, the
matenal consists of coarse sand 1o fine gravels, which represents the charactenstuc weathenng
product of the granites within the catchment  Rating relationships have been developed for each
site by direct measurement of stage levels and spatial extrapolation of discharge rates from nearby
gauging stations (Hentage er al, 1997a) The vanation of flow resistance with discharge was
determined for each channel type using the Barnes (1967) methodology (refer to chapter 4 and
Broadhurst eral., 1997 ) and these relationships were used to compute potential sediment transport

rates
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sediment transport in temperate and semi-and nver systems

2.3 Runoff and sediment data

Gauged flow data for the Sabie River are limited by record length. with local gauges (station
X3HO15 and X3HO21) having operated for less than a decade, whilst the record for station
X3H006 in the upper catchment extends back to 1959 (Fig 1) In addition. station maintenance
was initially poor, resulting in gaps in the flow record Furthermore, the older gauges (X3H006)
are designed to monitor low flows and consequently flows much above the mean annual flood are
not accurately recorded

A flow simulation exercise was therefore undertaken using the ACRU hvdrological model (see
chapter 5) to provide a longer and continuous data record (pers. comm , A Pike and G Jewitt)

Average daily flows for locations along the Sabie River were simulated using information from the
rainfall recording network and gauged flow data  Flows were simulated for the 62 year period of
rainfall record (1932 1o 1993) and these data were used in conjunction with the flow resistance,
water surface slope and bed-matenal size distribution to compute daily potential sediment transport
rates using d,, = 1 mm for each channel type using the total load transport equations of



Ackers and White (1973 ) (refer to chapter 5) Transport rates for the pool units in the pool-rapid
channel type were considered in the analysis, since these units exhibit a reduced potential to move
material at low flows and therefore represent the critical morphological unit for potential sediment
transport analysis

2.4 Frequency and effectiveness of sediment transport

The potential rates of sediment transpon for each channel type, based on the local channel
characteristics, are plotted in Fig 4 Each channel type displays a unique relationship between
transport capacity and discharge. The entrainment threshold is lowest in the braided channel, with
the rate of increase in potential transport rate being highest in the bedrock anastomosing, followed
by pool-rapid. single-thread, mixed anastomosing and braided channel types The entrainment
threshold is lowest in the channel types characterised by low flow resistances (braided, single-
thread and mixed anastomosing). As discharge increases and the stage approaches the top of the
macro-channel bank, the flow resistances become similar (refer to Fig 14) and the reversal in
relative potential transport rate 1s pnmanly a function of relative energy slopes.

Potential sediment transport rates were calculated for each channel type using the 62 vear
simulated flow sequence and frequency distributions of the data (Fig. 5). The potential bulk
sediment transport over the 62 vear penod is plotted on the v-axis and is obtained by multiplying
the median of the transport rate class interval by the frequency of occurrence of that inmterval For
all cases, the plots display an inverse "J" relationship and few distinct optima exist at rates above
the contribution of the lowest transport rate class. Moderate to high transport rates also contribute
significantly to the overall potential sediment transport efficiency, particularly in single-thread,
pool-rapid and bedrock anastomosing channel types. This results in the distnbution of effective
sediment movement across a wider range of discharges and indicates the importance of high flow
events despite their infrequent occurrence in the 62 year record
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Figure 4 Potential sediment transport rate relationships for the five principal channel types
along the Sabie River
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The annual maximum series return period curves are plotted in Fig 6 using the simulated flow
sequence data (The curves for the different channel types do not coincide because they are
derived from data at different locations along the river) The curves were used to calculate the
return periods of the discharges corresponding to the dominant potential sediment transport rates
for each channel type. The return periods and the range of flows responsible for 80% of the
potential volume of sediment transported over the period of analysis, are given in Table |

The contributions to the potential bulk sediment transport of return period flows less than 1 | are
significant in the braided (39%) and mixed anastomosing (31%) channel types. Ths results from
the lower entrainment thresholds in the braided channel (Fig 4) and the lower return penod
associated with peak annual flows in the mixed anastomosing channel (Fig 6), which is located
downstream of a major tributary (Fig 1), A marginally higher dominant discharge return period
of 1 & exists for the bedrock anastomosing channel This is attributed to the elevated entrainment
threshold (Fig 4). coupled with higher return periods corresponding 10 equivalent peak annual
flows (Fig 6) The reduced influence of low flow dominance on bulk sediment movement (as
determined by the return peniods corresponding with the 80% contribution to the potential
sediment transport in Table 1) correlates directly with reduced entrainment thresholds, as noted
by Wolman and Miller (1960)
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Figure 6 Return periods for the five principal channel tvpes along the Sabie River

Table 1 Discharge rates and return periods on the annual maximum time series

corresponding to the dominant potential sediment transport rates

Channel Type Dominant potential Equivalenmt Contribution to | Return

sediment transport | discharge rate bulk sediment period

rate (tons/day) (m’/s) transport (%) (vears)
Braided 0- 300 0- 70 39 1.1
0 - 2400 0- 264 80 25
Pool-Rapid 0- 600 0« 10] 23 1.2
0 - 13800 0. 507 80 70
Single-Thread 0- 300 0n- 5 14 11
o= 9000 0. 320 R0 3.7
Mixed 0- 600 0- 9 31 11
Anastomosing - 10200 0. 573 80 38
Bedrock 0- 1200 0- 112 20 15
|_Anastomosing 0- 30000 0- 479 80 7.8

Due to the extremes of flow experienced by the Sabie River, the transport effectiveness of the
higher flood flows is somewhat masked by the choice of class interval for the transpon
frequency analysis, which has to be sufficiently small to display the effects of prolonged winter
low flows. Meade and Parker (1989) analysed the time senies of annual bulk suspended
sediment for a number of rivers in the United States and correlated very high annual bulk
transport with extreme flow events. This approach was used here in a modified form to
examine the flow and sediment transport data for similar patterns in the Sabie River. Potental
annual bulk sediment transport was calculated for each of the channel types and these values
are plotied against the return period corresponding to the peak annual flow rate in Fig. 7.



For all the channe] types, the highest annual sediment transport correlates with high magnitude
flood events on the annual maximum time series (Table 2). Furthermore, the extreme flood
events taken over a 5 day duration account for 23% to 43% of the potential annual sediment
movement. The reduced sediment transport effectiveness of flows below the 1 in 2 year return
period for the pool-rapid and bedrock anastomosing channels should be noted.

2.5  Discussion and conclusions

The results of the sediment transport magnitude and frequency analysis for the five principal
channel types along the Sabie River indicate that there is a large degree of dominance in the
transport efficiency of low-flows below the 1 in 2 year return period for the predominantly
alluvial channel types. This is particularly evident for the braided channel type, where flows
below the 1.1 vear return period account for 39% of the potential bulk sediment transport.
These findings are corroborated by studies reported in the literature for alluvial systems
(Andrews, 1980). Moderate and intermediate flows are shown to contribute significantly to
sediment transport in the pool-rapid and bedrock anastomosing channels which are charactensed
by increased bedrock influence. This is noticeable when considering the potential

annual bulk sediment transport corresponding to the peak annual flows, where the extreme
flood events account for as much as 43% of the annual sediment movement in the bedrock
anastomosing channel. The majonty of the potential sediment movement (80%) is accounted
for by return peniod flows of less than 7.0 1o 7.8 years in the pool-rapid and bedrock
anastomosing channel types. Lower return period flows of up to 2.5, 3.7 and 3.8 are
responsible for most sediment movement in braided, single-thread and mixed anastomosing
channel types, respectively. This illustrates the transport effectiveness of high-magnitude low-
frequency flow events in bedrock influenced morphologies within semi-and systems.

Table 2 Discharge rates and return periods on the annual maximum time senes
corresponding 1o the maximum annual potential sediment transport

Channel Type Peak Return Contribution to annual sediment

annual period transport of peak Nows over a 8

Now (m’/s) (vears) day duration (%)

Braided 720 12.6 23
Pool-Rapid 721 12.6 35
Single-Thread 561 10.5 32
Mixed Anastomosing 1129 9.0 26
Bedrock Anastomosi 622 12.6 413
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Figure 7 Potential bulk annual sediment transport corresponding to return period on the
maximum annual time series for the five principal channel types along the Sabie

River

The importance for river morphology of floods with magnitudes in the range that would be
expected to by influenced by dam construction has important implications for the management
of flows 10 maintain the ecological integnty of the Sabie River. The existing flood regime must
be preserved or replicated in terms of morphological effect to maintain the balance in sediment
transport processes and prevent rapid morphological change in the system. The influence of
major flood events 15 also emphasised in the inundaton frequency study of Hentage er al.
(1995), which noted the importance of high magnitude infrequent flows in the maintenance of
macro-channel alluvial features.
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3 Influence of flooding on the erodability of cohesive sediments

3.1 Introduction

Fluvial geomorphic work is defined in terms of the volume of sediment transported through a
reach (Wolman and Miller, 1960) whereas geomorphological effectiveness is defined as the degree
of modification of a landform (Wolman and Gerson, 1978). Major floods can both transport large
quantities of sediment and significantly modify the fluvial geomoerphology if the threshold for
erosion is exceeded River response to large floods has been shown to be highly vanable.
however. Schumm and Lichty (1963) report large scale sediment loss in response to flooding in
the semi-and Cimarron River, southwest Kansas. Nanson (1986) describes the "catastrophic
stnpping” of reaches of Charity Creek on the humid coastal region of New South Wales,
Austraha In contrast. Moss and Kochel (1978) noted only minor morphologic changes 1o the
lower reaches of the Conestoga River, Pennsylvania (USA), following the Hurnicane Agnes flood
Kochel and Baker (1982) also report onlv minor changes to the distribution of in-channel bars
following a flood on the Pecos River, Texas (USA).

A large number of factors have been suggested as influential in determining the geomorphological
effectiveness of large floods (Kochel, 1988). Channels are prone to morphologic change if they
are characterised by a flashy flow regime, have a high channel gradient. coarse cohesionless
unconsolidated bedload. low bank cohesion and a deep confined channel cross-section generating
high flood flow velocities and shear stresses Consolidated silts and clays may also undergo
erosion if the applied shear forces exceed the shear strength of the matenal impanted by the
cohesive properties ansing from structural and phvsiochemical forces

This chapter describes an investigation of the potential for eroding the cohesive fluvial sediment
deposited as large scale consolidated bar forms within the incised macro-channel of the semi-and
Sabie River The critical resistance to erosion of the cohesive sediments was determined from
situ shear vane strength measurements combined with laboratory testing of disturbed samples
The spatial distnbuton of maximum shear stresses applied during a recent flood event 1§
determined using measured data on channel geometry, flow resistance, flood stages and water
surface slopes A measure of the potential for erosion is provided by a statistical analvsis of the
frequency distribution of resisting and applied shear siresses, and 1s discussed with reference 10
field observations following a large flood in February 1996

3.2 Spatial distribution of cohesive sedimentary deposits and associated riparian
vegetation

The bedrock anastomosing. mixed anastomosing and pool-rapid channel types are all heavily
influenced by bedrock outcropping within the macro-channel as areas of bedrock pavement

Extensive cohesive deposits are found in the anastomosed sections forming large scale bedrock
core bars between the distributary channels (van Niekerk er al., 1995) and these features are
heavily vegetated with a commumity structure dominated by Breonadia salicina and Phylianthus
reticulatus (van Coller er al., 1997) The distributary channels are charactenstically free of
sediment or contain minor unconsolidated bar deposits The pool-rapid channel type is
15



charactenised by cohesive macro-channel lateral bars colonised by [Diospyros mespiliformis.
Active channels display bedrock rapids and some unconsolidated bar features colonised by reeds
(Phragmites mauritianus) together with occasional consolidated bedrock core bars colonised by
P. reticulatus and Combretum ervihrophyllum The single thread alluvial channel type is
uncommon on the Sabie River in the Lowveld 1t is charactensed by extensive alluvial infill of
the macro-channel as macro-channel lateral bars and terraces adjacent to the main channel,
colomsed by C ervthrophivlium and D mespiliformis, and unconsolidated in-channel sandy
deposits which are often reeded  The braided channel type 1s charactensed by cohesive macro-
channel lateral bar deposns and unconsohdated braid bars dominated by P. reticulatus and .
envthrophylium, and lateral bars in the active channel frequently colomsed by reeds

33 Hydraulic shear resistance of cohesive sediments

The erodability of channels with cohesive sediments has received much attention in the literature
due 10 s impontance for the design of stable engineered channels. A Inerature survey by the
ASCE Task Commuttee on Erosion of Cohesive Sediments (1968) reveals the interdisciplinary
nature of the problem, with most of the work having been carned out by hvdraulic and
agnicultural engineers, as well as soil scientists  Due to the complexity of the subject, most
studies have been directed towards field observations and laboratory investigations determining
empirical relanionships for cnitical velocity or shear stress  Parthenuades and Paaswell (1970)
summanse and criucally evaluate work ranging from early empirical studies to more recent
mvestuganons directed at predicting cntical resistance critena  The majonty of the studies relate
critical shear stress at the onset of erosion 1o gross soil properties, including the Atterburg limits
(parucularly the plastucity index), composition and particle-size distribution, compressive
strength. bulk density, hydraulic conductivity, moisture content and void ratio.

The studies documented in the literature consider different combinations of the cited soil
parameters in the analvses, making compansons between studies difficult  Furthermore, the
laboratory nvestugauions use different expenimental apparatus 10 model erosion, including
hvdraulic jet (Dunn, 1959). rotaung cylinder (Moore and Masch, 1962), rotatng impeller
(Thomas and Enger, 1961, Carlson and Enger, 1963), and flume tests (Smerdon and Beasley,
1959, Kampwis and Hall, 1983) In addition, the selection of the point at which scour was
considered to occur was relatively subjective The results, however, generally indicate an
increase in critical shear stress with an increase in plasticity index, vane shear strength,
compressive strength. clay content and consolidation pressure. whilst critical shear stress displays
a general reduction with increasing moisture content and void ratio

Cnucal shear stress 1s most often correlated with vane shear strength (Dunn, 1959, Flaxman,
1963 Espey, 1963, Rectoric and Smerdon, 1964, Kamphuis and Hall, 1983) and plasticaty index
(US Dept of Intenior, Bureau of Reclamation, 1953, Sunborg. 1956, Dunn, 1959, Smerdon and
Beasely. 1959, Carlson and Enger, 1963, Lvle and Smerdon, 1965, Kamphuis and Hall, 1983)
The empincal relatonship derived by Smerdon and Beasley (1959) (equation 1) is often cited in
the hiterature (eg ASCE Task Commuttee on Erosion of Cohesive Sediments (1968),
Partheniades and Paaswell, 1970, Graf, 1972)
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<. = 0.00347 0™ !

where
% 15 the cntical shear stress (Pa)
is the plasticity index

The tests were carned out in an open flume with loosely placed soil and no strength measurements
were taken  Equation | predicts crnitical shear stresses that are considerably lower than those of
other investiganions It 1s reasonable to expect erosion to be a function of the shear strength of’
the matenial, and not related to the plasticity index alone

The vane shear apparatus provides an indicator of macro soil properties. and is appropnate for
in situ testing  The vane shear strength incorporates some measure of the moisture content.
degree of compaction and void ratio, all of which have been related to cnitical shear strength in
the literature  The shear strength obtained, however, depends on the rate at which torsion is
apphed to shear the soil, and this i1s seldom controlied or standardised under field conditions
Notwithstanding this shortcoming and the need to exercise control during the testing procedure,
i st testing 18 likely to provide information that 1s more indicative of a matenal’s ability to resist
entrainment under field conditions than an analvsis of disturbed samples

Dunn (1959) conducted a laboratory study on consolidated clav samples subjected to erosion by
a submerged water jet  The relationship between critical hvdraulic shear stress and vane shear
strength was assumed to be linear. and in accordance with the form of a generalised theoretical
relationship derived for the specific testing procedure  Partheniades and Paasewell (1970) point
out that the linear relationship was based on an inadequate number of data points, and therefore
15 questionable  The data points obtained by Dunn for the sixteen soil types considered, and fitted
relavionships for four of the soils, are plotted in Fig 8

The general relationship between critical shear stress and vane shear strength is given by

L

T, = (S, - 862) 1anb

where
LY is the vane shear strength (kPa)
0 1s the slope of the linear relationship

The lincar relationship derived by Dunn (equation 2) requires further justification even though 1t
was shown to be consistent with the expected theoretical function, since more than two data
points were obtained for only four of the soils tested The vahdity of Dunn's formulation was
assessed by analvsing data from various sources and testing procedures, including, rotating
cylinder, flume, and field observations (Fig 8) With the exception of the San Saba silty clay
which displaved a large amount of scatter (ASCE Task Commuttee on Erosion of Cohesive
Sediments, 1968) the additional seven soil types generallv confirm the hinear relationship
developed by Dunn  The additional data sets also extend the range of applicability for cntical
shear stress
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Dunn related the slope of the linear relationship, 6. to three sample identifving indices. namely the
plasticity index, percentage finer than 60 um, and statistical parameters describing the grain size
distribution. Of these identifying indices. the plasticity index provided a useful determinant (Fig
9). but is only applicable for 8 > 30° Furthermore, the value of the plasticity index was not
accurately reproduced below 5% The plasticity index data of Espey (1963) and Rectoric and
Smerdon (1964) corroborates and extends the range of validity of the linear relatonship suggested
by Dunn This is not the case for the data of Flaxman (1963) and Kamphuis and Hall (1983),
which extend over a large range of plasticity indices (3% to 40% and 16% to 38%. respectively)
making direct comparison using these data difficult. Dunn also developed 2 linear relationship
between 0 and percentage finer than 60 um over the range 5% to 95%
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Figure 8 Cnitical hvdraulic shear stress as a function of vane shear strength

Multiple regression was used to develop a relationship for 0 as a function of plasticity index and
fraction finer than 60 um, and is given by

0 = 1285/ -~ 0398U, ~ 6276

AP )

where
' & 1s the plasticity index (%)
U, 1s the fraction finer than 60 um (%)
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Data from the literature in the range 0% < /_ < 34% and 5%s U, < 95% were used in the analysis,
and provide an acceptable linear relationship, vielding. R = 097 6 determuned from equation
2 is plotted against the empirical relationship (equation 3) in Fig 10,

The in situ shear strengths of the cohesive sediments along the Sabie River were determined by
performing 300 shear vane tests Data collection covered the five major channel types, and also
included a range of macro-channel and active-channel geomorphological features No relationship
between shear strength and channel type or geomorphological unit was evident, ancd the data are
therefore presented as a frequency distribution in Fig 11 Disturbed samples corresponding 10
a range of in situ shear strengths were also selected for laboratory analysis of plasticity index and
fraction finer than 60 um These data were used to compute the distribution of 8 (equation 3),
and are plotted in Fig 12

The distribution of critical shear strength for the cohesive sediments was determined by computing
all possible probabilities of this derived vanable according to equation 2. based on the discrete
distributions for shear vane strength (Fig 11) and O (Fig 12) The resultant frequency
distribution 1s plotted in Fig 13

3.4 Applied shear stresses during extreme flood events
The average boundary shear stress 1s given by

T, " YRS, 4
where

e is the average boundary shear stress (Pa)

Y (=pg) is the unit weight of water (N/'m’)

R 1s the hydrauhic radius (m)

S, is the energy slope
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Figure 12 Frequency distribution of 0 determined empinically from equation 3

Equation 4 assumes that the total resisting force is dissipated as boundary' shear. and no account
1s taken of form resistance  The approximate distribution of boundary shear stress along a channel
cross-section may be determined by assuming that the total stress is distributed hnearly according
10 the variation of flow depth (i e. flow depth is substituted for hvdraulic radius in equation 4 to
obtain the local boundary shear stress)

The change in flow resistance concomitant with discharge for five representative reaches, one for
each of the channel types. was determined by Broadhurst er a/ (1997) A recem flood event
provided the opportunity 1o extend the fiow resistance relationships (refer 1o chapter 4). which
are presented in Fig 14 using Manning s total resistance coefficient 1t is encouraging to note that
the flow resistance tends towards similar asvmptotic values for the channel types with increasing
discharge This results from an inclination towards uniform energy slopes as local hvdraulic
controls become drowned-out in the bedrock influenced nver Topographical and hvdraulic data
from the representative reaches (Fig 1) and additional cross-sections surveved along the nver
were used to compute the distribution of boundary shear stress corresponding to the flood peak
discharge gauged at between 1705 m*'s and 2259 m"/s (refer to Table 4) The energy slopes are
calculated for sites where no such data were available by making use of the reach-averaged
channel-type flow resistance data (Fig 14)

The frequency distribution of boundary shear stress along the cross-sections was determined by
dividing the macro-channel into equal increments and including only those features along the
profile where cohesive sediments occur as surface material In this wayv. a representative
frequency distnibution of apphed shear may be computed for each channel type (Fig 13 inset), and
also for the Sabie River (Fig 13). taking account of the proportional composition of the channel
types as given in Table 3



The distribution of applied shear stress (Fig 13) is bimodal, reflecting the cross-sectional
geometry of the macro-channel profiles. The lower mode corresponds to the macro-channel bank
and elevated features along the macro-channel floor, whereas the higher mode corresponds to the
more incised geomorphological units  Similar distributions occur for each of the channel types
with the exception of braided (Fig 13 inset), which is characterised by a more pnismatic macro-
channel cross-sectional geometry and hence unimodal distnibution. A more ngorous analysis of
the distribution of shear stress using turbulent flow analysis will reduce the bimodahty due to
momentum transfer between regions of deep and shallow flow
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Figure 13 Frequency distnbution of critical resisting and applied shear stress (discharge of

1705 m’/s 10 2259 m’/s) for cohesive sediments along the Sabie River

The probability of eroding the cohesive sediments along the rniver may be determined by summing
the individual probabilities of all possibie combinations where the applied shear stress 1s greater
than the critical resisting shear stress The results of this analysis are given in Table 3 for each of
the channel types as well as the composite picture
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Table 3 Probability of eroding cohesive sediments (discharge from 1705 m¥/s
10 2259 m'/s)
Channel type Spatial Probability of | Average applied
composition erosion shear stress
(%0) (%) (Pa)
Braided 14 63 70 .
Pool-Rapid 28 66 63 :
Single-Thread 3 75 80 .
Mixed Anastomosing 35 63 56 l
Bedrock Anastomosing 20 9] 145
Sabie River 100 68 70
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3.5 Discussion and conclusions

The analysis shows that the cohesive sediments along the Sabie River have a 68% likelihood of
being eroded by a discharge of approximately 2000 m%s. This value remains relatively consistent
(63% 10 75%) for all the channel types with the exception of bedrock anastomosing. where the
deposits have a 91% chance of being eroded at this discharge The higher probability in the
bedrock anastomosing channel types arise from the significantly elevated shear stresses (Table 3)

Field observations following a flood expenenced in February 1996 (peak was gauged at between
1705 m"/s and 2259 m'/s. upstream and downstream of the Sand River tributary, respectively, Fig
1) revealed that the removal of cohesive material was spatially 1solated for the sites investigated
along the length of the nver. The influence of vegetation colonising the macro-channel floor was
apparent, with vegetational cover providing increased protection from erosive forces The
proportion of the cohesive bed matenal that was subjected to erosion dunng this flood appeared
to be less than 68%, although it was difficult to assess due to spatial variability and evidence of
recent overlving fluvial deposits

The actual boundary shear stresses are likely to be considerably lower than those estimated in the
analysis This 1s because the analysis is based on the assumption that the total resisting force is
dissipated along the channel perimeter as boundary shear acting on the surface of the cohesive
sediment The Sabie River is charactensed by well developed ripanan vegetation, particularly in
bedrock anastomosing channel type reaches. Although in-channel vegetation increases the total
flow resistance by form drag, it acts to reduce boundary shear. In addition, the root masses bind
the sediments further reducing entrainment. The proportion of the total resisting force that may
be dissipated as vegetational form drag was apparent in the bedrock anastomosing channel type
reaches, where extensive ripanan tree mortalities were recorded with trees uprooted by the flow
(refer 10 Fig 39 for visual evidence of observed change within the represemative bedrock
anastomosing channel type reach between 1986 and 1996) The bed material along the Sabie
River consists predominantly of non-cohesive medium to coarse sands and gravels Granular
matenal overlving cohesive soils provides protection of the cohesive bed, but mobile sediments
act to rapidly abrade underlying cohesive matenal (Kamphuis, 1990)

The erosion of cohesive matenals in a mixed alluvial-bedrock river contaiming mobile non-
cohesive granular sediments and significant in-channel ripanan vegetation is complex  This study
quantifies the probability of eroding the cohesive sediments along the Sabie River. based on
analyses of critical resistance of the local material and applied hvdraulic stresses  Although the
estimated probability of eroding cohesive matenal from the Sabie River bed for a large flood event
appears to be higher than that observed following an extreme recent flood the analysis
nevertheless shows that there 1s considerable potential for large scale stnpping of the macro-
channel deposits. The reduction in hvdraulic boundary shear stress resulting from in-channel
vegetation is possibly the major reason for the erosion potential being higher than that observed
This 1s combined with the possibility that the flood was transporting catchment derived sediment
at its maximum capacity, and so was not competent to transport additional material eroded from
the channel bed Furthermore, no account was taken of flood duration, where longer duration or
multiple floods would have an increased potential 1o erode cohesive sediments resulting in
stnipping levels nearer to the predicted maximum potential  This emphasizes the need to
adequately manage the ripanan vegetation to enable it to continue affording protection 1o the
cohesive bed dunng extreme flood events
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4 Channel hvdraulics

4.1 Introduction

Hydraulic and geomorphological conditions are the primarv determinants of the physical habitat
in nvers, and it 1s therefore necessary to understand the mechamsms controlling local hyvdraulic
parameters to predict the effect of altening the flow and sediment regimes on the nver The total
flow resistance of a channel determines the local hvdraulic conditions (such as flow depth, velocity
and bed shear), and represents the sum of several individual resistance components including for
example skin, channel form and vegetational resistance elements

The most recent and extensive study concerning channel flow resistance along the Sabie River was
undertaken by Broadhurst eral (1997) The study quantified the total flow resistance at both the
morphological unit and channel type (association of morphological units) scales The flow
resistance information was, however, limited to discharges below 40 m¥/s, with the exception of
the mixed anastomosing channel type where hydrological conditions durning the study permitted
measurements of up to 80 m*s and for an isolated event of 1000 m'/s

4.2 Extending the flow resistance data of Broadhurst er al. (1997)

A major flood event on 14 February 1996 provided an opportunity to extend the flow resistance
data of Broadhurst er a/ (1997) The flood peak was gauged from the road bnidges at Kruger
Gate and immediately downstream of the Sand River confluence at 1705 m'/s and 2259 m's,
respectively. Peak stage levels were recorded at selected monitoning sites located during previous
studies (Heritage er al/ (1997a) and Broadhurst er @/ (1997) provide a full description and
location of monitoring sites along the Sabie River. KNP) Stage levels and discharges on the
receding limb of the flood event were also measured

Representative examples of the common channel tvpes identified by Hentage eral/ (1997a) along
the Sabie River were used by Broadhurst er a/ (1997) 10 obtain charactensuc channel type flow
resistance data  Muluple linked cross-sectional profiles located along the nver were used to
compute the reach averaged 1otal flow resistances according to the Barnes (1967) methodology
The locations of the representative channel types are givenin Fig 1 Figures 15 to 19 are plots
of the longitudinal bed and water surface profiles for the representative channel types for low flow
and flood conditions. The macro-channel cross-sectional profiles used for determination of the
reach averaged flow resistances are indicated, as are their locations along the river

Table 4 gives the flood hvdraulics and reach averaged flow resistance data
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Figure 19 Longitudinal and cross-sectional profiles used for the resistance analysis in the
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The reach averaged coefficients according to the Manning. Chezy and Darcy-Weisbach resistance
formulations are calculated using equations 5 (Barnes. 1967), 6 (Hicks and Mason, 1991) and
7 (Broadhurst er al . 1997), respectively, and are given by
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where
4 is the number of cross-sectional profiles

hy is the water surface elevation at profile N (m)
h is the velocity head at profile N (m)

| - is the energy loss coefficient due to acceleration between profile s and i1+ /
Ah, is the velocity head loss between profile ¢ and (-~ / (m)

is the reach length between profile 7 and - / (m)

X is given by A R (m'")

¥ is given by A R'* (m*?)

Z is given by 4R (m")

Figure 1415 a plot of Manning's resistance coefficient as a function of discharge for the extended
data set 11 1s reassuring to note that although the resistance coefficients vary considerably at low
flows (0 075 10 2). the trends converge at high flows to values in the range 0 04 to 0 09 This s
expected. and arises from the drowning-out of local hvdraulic controls and reduced influences of
charactenistic channel tvpe morphological assemblages as stages approach the upper levels of the
macro-channel bank The resistance coefficients for the mixed anastomosing channel type (0 0393
at 952 m"s and 0 0472 at 2256 m'/s, Table 4) differ from that determined by Broadhurst er a/

(1667)(0 075 at 1000 m"'s) The February 1996 flood values are adopted based on the extended
number of cross-sections used in the analysis (Broadhurst e al's (1997) study was limited to 2
cross-sections) With the exception of the single-thread channel type data (which displays a
discontinuity at 20 m"/s to 30 m%/s, Fig 14), relationships of the following form have been fitted

10 the resistance data

n=aQ" ~¢ 8
where

" is the Manning resistance coefficient (sm'”’)

O 1s the discharge (m"/s)

a, b, ¢ are the regression coefficients and are given in Table $

4.3 Wuater surface profile data

In addition to the resistance data, energy slope data are required to charactense the stage
discharge or rating relationships and also to determine the total hvdraulic shear forces Water
surface slopes may be substituted for energy slopes if the longitudinal change in velocity head 1s
assumed to be neghgible Water surface slopes were measured for the channel tvpe cells along
the Sabie River during low flow conditions and for the representative reaches at the flood flow
using conventional survev techniques (Table 6 and Fig 20) (details of these cells and their
locations are provided by Hentage er al., 1997a) Where field data were unavailable, the mean
channel tvpe slopes are used for the low flow gradients. whilst the regional gradients (from | S0
000 topographical maps) are used for the flood profiles. Exceptions are the bedrock
anastomosing channel type cells, where the low flow slopes provide better estimates of the flood
profiles in these high gradient channel types than the spatially averaged regional slopes from the
1:50 000 topographical maps (refer 1o Table 6, cell 12)
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Flood hydraulics data and reach averaged resistance coefficients
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Table £

_Regression coefficients in equation 8

Coeflicient in equation 8
a b ¢
Channel type
Braided 01035 1.379x10" | -1.150x10" 6 058x107
m'/s 1 676x10° 1 000 3.045x10"
>38m's 1 815x10" -1 948 1.135x10"
Pool-Rapid 2631x10" | -6.097x10" 4209x10°
Mixed Anastomosing ] 855x10° | -5.509x10" | 6 000x)07
Bedrock Anastomosing
Morphological unit
Pool 1167x10" | -2 583x10" 3 5§76x10°
100.00
[] Hgn fiow siope imeasured)
a Calibrated meen sicpe
, U Low fiow sicpe (measured) o
~ 10.00 =1 - | Coll \ orted high and low fiow siopes s g fasd 3
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Figure 20 Measured low and high flow water surface slope and calibrated mean energy slope

for the channel type cells along the Sabie River
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Table 6 Sabue River cell water surface slope data (R - representative channe! type, ST - single-thread | BR -
Braided; BA - WWHMW MA - Mued anastomosing. M - mean estimate.
KG -Kruger gate. SK - Skukuza restcamp; LS - Lower Sabie resicamp, shopes for pool sections of pooi-
rapid channel tvpes)
Cell Channel Cell Regional Water surface shope
no. type lengeh slope
(m) (1:50 000) Low flow High flow Flood dat
! sT* 2610 0.00302 000019 flood 0.00290
- BR 2450 0 00268 000047 regional
3 PR 350 000231 0 00092~ regional
4 BR 300 000233 0.00034" regional
s PR 300 0.00233 0.00092" regional
6 BR 300 0.00233 0.00034™ regional
7 BA 1300 000232 0.00972 low flow
) BR 1700 000232 0 00023 regsonal
9 BA 650 0.00233 0 00463 low flow
10 PR 700 000233 0.00301 regional
1 BR 1 800 0.00233 0 00042 regional
2 BA* 1 000 0.00571 0 00980 flood 0.008%0
13 PR 3 000 000393 00003} regional
1+ BR 700 00033 0 00062 regonal
18 PR 700 | 0.0033; 0.00108 regsonal
16 BA 1 600 000331 0.01246 low flow
7 PR - 0 0033) 000003 regional
18 BA 1 7%0 0.00361 000548 low flow
19 PR 800 000362 0.00014 regional
20 BA 140 000364 000273 ow flow
2] ST 800 0.00364 0 00087 regronal
= BA 1 4% 0 00342 000432 ow flow
3 PR 1200 0 00305 000163 regional
2 BR 3 200 0.00305 0.00007 regronal
3 PR 1 300 000305 0.00092™ regional
26 BAKG) S 700 000317 000140 regional
27 PR 4300 000198 0 00052 reponal
p BR" 1 200 000167 0.000:8 flood 00011
- PR"SK) 9 000 000:78 0 00078 flood 0 0020
30 MA 800 000225 0 00640 regiona.
n BR - 0.0022% 0.00003 regiona
- = MA < 000 0.0022¢ 0 00352 regional
3 PR 2 400 000285 0 00092Y regional
34 MA $600 | 000284 0 00352 regional
kL) BR 7 000265 0.0003s> regional
36 MA* 17 500 0 00200 0 00242 flood 00023
7 BR 2300 0 00160 0.0003:™ regional
38 PRILS) S 000 000179 0.00092" regional
39 MA 11 500 0.00265 000173 regional
40 BA 6 800 0 00308 0 00368 regional

4.4 Application of the extended hydraulics data

The extended hvdraulics data are integral
been utilised as follows

. The extended flow
water surface

1o the components described within this study, and have

resistance relationships (Fig 14) have been used in combination with

slopes to model the potential
examples of the common Sabie River channel

sediment transport within representative
types (chapter 2)



. Field data from the flood event in February 1996 have been used 1o determine the total
hydraulic shear force at sites along the Sabie River (chapter 3)

. The extended flow resistance data have been combined with cell-based water surface
gradient measurements taken along the Sabie River to characterise the hydraulics and
sediment transport relationships (chapter 5)

4.5 Conclusions and recommendations

Hvdraulics data corresponding to an extreme flood event have been used to extend the (low to
intermediate) hvdraulic relationships determined by Broadhurst eral (1997) for the channel types
along the Sabie River The extended flow resistance relationships are shown to converge at high
flows due to the reduced influence of channel type specific hvdraulic controls (e g channel
morphology, vegetation structure)

Further development and validation of the "non-horizontal” model described by Broadhurst er a/
(1997) was bevond the scope of this study. There is a demand, however, for significant work on
the hydraulics of bedrock dominated channels, since these morphologies have a widespread
occurrence in South African nivers  This need has become increasingly apparent durning recent
hvdraulics investigations for instream flow requirement assessments for a number of Southern
African nivers

The isolation and quantification of individual resistance components needs to be addressed in
order to improve the transferability of channel type flow resistance values to similar channel
environments  Consequently, a separate project has been imitiated to study the flow through
reedbeds based prnimarily on experimental work within a controlled environment  The reed species
P mariiianus consistutes a large proportion of the in-channel nparian vegetation along the Sabie
River, and this project provides the means to 1solate and quantify form and bed resistance
components
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5 Sabie River SEDiment FLux and stOrage model

5.1 Introduction

A semi-quantitative sediment flux and storage model was developed for predicting change at
the channel type scale on an annual basis by Heritage er al. (1997a). The refinement,
calibration and verification of this model, based on historical data derived from aenal
photographs covering 56 vears, are described in this chapter. The Sabie River SEDiment
FLux and stOrage model (SEDFLO) consists of two integral components. The first component
deals with the production of sediment across the catchment landscape and the delivery of this
eroded source material to the study length of the river in the KNP. This includes lateral inputs
from tributaries. The second component of the model deals with the differential transport of
the sediment along the river system.

£.2  Sediment production, yvield and delivery

Sediment production refers 10 the process whereby soil is eroded and subsequently redistributed
due to continuing landform development. Sedimenr vield 1s the total temporal sediment
outflow from a watershed or drainage basin measurable at a cross-section or reference point.
The rate at which sediment is delivered from major watercourses is usually considerably less
than the rate at which it is eroded from the land surface (Vanoni, 1975). A considerable
proportion of the material is stored at intermediate locations wherever the entrainment capacity
of the flow is insufficient to sustain transport. The sedimen: delivery ratio is the percentage
of onsite eroded matenal (source erosion) that is transported to a given reference point further
downstream, and therefore accounts for the sediment storage and reworking of dislodged
material across the catchment and within watercourses.

Catchment sediment production has been identified as a principal factor determining channel
form and dynamics in the Sabie River (Hentage er al., 1997a2). It is therefore necessary to
quantify the sediment yields from the Sabie River subcatchments in order to predict
geomorphological change within this system. Sediment vields may be determined by actual
observations through streamflow sampling and reservoir surveys. Unfortunately, these data
are not available for the Sabie River caichment. Consequently, empirical methods have been
used to obtain estimates of the sediment vields from the Sabie River subcatchments.

$.2.1 Sediment yield maps of Rooseboom er al, (1992)

Rooseboom er al. (1992) collated all available information relevant to sediment vields in South
Africa and developed a yield map for the region. The early efforts to quantify potential
sediment yields revealed that sediment availability is the determining factor in sediment yield
processes throughout Southern Africa. A statistical analysis on a regional basis was performed
to overcome the wide variability in sediment vields, and a method for estimating sediment

yields for catchments with no observed data was developed. This approach gives a value of
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155 Ukm’/annum for the Sabie River catchment. The nature reserves do not fall into any of
the nine characterisuc regions identified by Roosehoom e/ al. (1992), and a value of 155
vkm’/annum is therefore allocated to this landuse in Table 7.

5.2.2 GIS modelling of van Niekerk and Heritage (1994)

A deuwiled study of development potenual and management of water resources in the Sabie
River catchment was commissioned by the DWAF (Chunnett er al., 1990). Based on this
study, landuse and slope/erodability classes were captured on the Arcinfo GIS. These covers
were used to delineate regions of equal sediment yield potential based on the sediment yield
recommendations for relative degrees of land degradation and slope/erodability information
of Chunnett er al. (1990). The modelling of van Niekerk and Henitage (1994) produced the
annual sediment generated i1n the important subcatchments for existing and undisturbed
conditons (Table 7).

5.2.3 ACRU model

The Agricultural Catchments Research Unit (ACRU) model is a multipurpose and multilevel
integrated catchment model that simulates sediment yield at a daily time step (Schulze, 1989).
The model uses the Modified Universal Soil Loss Equation (MUSLE) to predict the daily
sediment yield from the 56 Sabie River subcatchments (Fig. 21).

The Universal Soil Loss Equation, USLE (Wischmeier and Smith, 1978) was orniginally
developed for use in the USA and has received extensive application for estimating sediment
production. The USLE provides a long term average annual soil loss due to sheet and rill
erosion, and excludes soil loss due to concentrated flow and gully formation,

The USLE has the general form (Vanoni, 1975)

E=RKLSCP -
where

E 15 the long-term average annual soil loss (t/ha/annum)

R 1s the rainfall erosivity factor (J.mm.10"/m"/hr)

K 15 the soil erodability factor (dimensionless)

L.S are slope length and gradient factors, respectively (dimensionless)
oy 1s the cover and management factor (dimensionless)

4 1s the supporting conservation practice factor (dimensionless)

The USLE has been modified for application in semi-anid environments by the techniques
described by Crosby er al. (1983) and McPhee and Smithen (1984). The USLE was modified
by Williams (1975) by replacing the rainfall erosivity factor (R) in equation 9 with a runoff
factor. The modified equation (MUSLE) eliminates the need for a sediment delivery ratio and
1s apphicable for individual storm events (Williams and Berndt, 1972), and 1s given by:

Yo = 11.8(Q q,) *“KLSCP 10
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Table 7 Simulated sediment yiclds for the Sabie River subcatchments

Subcatchment | Area Annual Yields (tkm’)

km’ Ratio CALCITE

(k') van Nickerk & CALSITE ACRU prranby )

Heritage (1994) Rooseboom ef
(1992 Donald .
Present Natural =l ) (1997) Average | Maximum

Upper Salwe 770 328 100 15§ 76 O 211 115
Manitsane 472 35 299 155 42 162 186 026
North Sand 254 403 298 15§ 226 26 105 871
Sand 1910 402 00 155 24 36 16 650
Middle Sahie 1466 379 209 155 196 26 85 754
Lower Sahe 389 247 247 155 IR 6 2§ 297
Catchment 6201 149 288 155 143 39 120 3167
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Figure 21 Fifty-six subcatchments used in ACRLU 1o model the hvdrology and sediment
production in the Sabie River catchment (Jewitt er al.. 1997)

where

is the sediment vield from the event (1)
O is the event runoff volume (m’)

q, is the event peak discharge rate (mY/s)

The dailv sediment vields from the subcatchments illustrated in Fig 21 have been simulated using
the MUSLE in the ACRU model These have been aggregated to provide the tnbutary inputs to
the Sabie River in the KNP at tnbutary junctions, as well as distributed nputs from those
subcatchments adjacent to the nver without any major tnbutanes discharging into the Sabie (e g

subcatchment 38) The sediment vield data have been aggregated for the six major subcatchments
and the 61 vears of simulated data (1932 1o 1993) have been used to produce average annual and
maximum annual values (Table 7). based on the assumpuon that the simulation peniod is
sufficiently long for the purpose of predicting long-term annual sediment vields

£.2.4 CALSITE model

The CALibrated Slmulauon of Transported Erosion (CALSITE) model 1s a catchment
management tool for simulating soil erosion and sediment vield CALSITE was developed
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initially for use in the Magat basin, Philippines and has subsequently been used in the upper
Mahaweli catchment (Sri Lanka), Khon Kaen (Thailand) and the Cameron Highlands (Malaysia)
(Bradbury, 1994) The model has been modified for semi-and conditions and applied to the Sabie
River catchment by Donald (1997) CALSITE predicts long-term mean annual sediment yields,
with the data requirements including MAR. land cover, soil maps, topographical information and
the locations of watercourses (Donald er @/, 1995) The catchment i1s divided into pixels
(typically 150 m square), and the sediment vield from each pixel is determined by factonng the
source erosion according to the delivery ratio

£.2.4.1 Source erosion

The Soil Loss EstiMater for Southern Africa (SLEMSA) (Elwell, 1978) was developed in
Zimbabwe as an adaptation of USLE USLE and SLEMSA have similar empirical determinants
(equation 9), but have been shown to produce very different results with SLEMSA shown to
predict far greater source erosion values for the Sabie River catchment (Donald er af . 1995)
Thus is attributed to the unrealistic slope factor in SLEMSA, and consequently the USLE has been
used in CALSITE to model source erosion

£.24.2 Delivery index

In CALSITE the delivery rano is determined by empinical calibration of a defivery index  The
delivery index is the ratio of limiting sediment concentration transporting capacity to the
concentration at the source (Bradbury, 1994) It can be determined through a physicallv-based
function derived from elevation data, independent of runoff data. such as Bradbuny's (1994)
equation

Pu: n min(F‘ 66 c i u)

D SE 11

where

DI, 1s the deliverv index

/ 15 the annual ranfall (mm)

min) 15 the hmiting value of the quantity within () along the flow path

F is a flow parameter, representing the number of converging flow paths on a
particular gnd cell

S 1s the channel slope (degrees)

SE 1s the source erosion (Vha/annum)

The coefficient values in equation | | are derived from studies by Amplett and Dickenson (1989),
Govers (1990) and Atkinson (199])

The delivery index defined by equation 11 1s then transformed to a delivery ratio through a
calibration procedure, such as that described in the following section.



5243 Calibration of sediment delivery for the Sabie River catchment

The calibration procedure is based on the premise that discrepancies between the predicted and
measured sediment vields are due to an incorrect delivery ratio, rather than source erosion which
is assumed to be accurately represented (Bradbury, 1994). The delivery index (equation 11) s
converted to a delivery ratio in the range zero (all source erosion is deposited) to unity (all source
erosion 1s transported) by multiplving the delivery index by a scaling factor The scaling factor
1s given by ratio of the predicted catchment vield (delivery index multiphied by source erosion) to
the observed value Ifno observed data are available. as is the case for the Sabie River caichment,
an estimated delivery ratio based on empiricism may be used (e.g Williams and Berndt, 1972)

Rather than apply an empirical delivery ratio developed for a catchment where the conditions
influencing sediment delivery may be significantly different, the Umgeni River catchment in the
Kwazulu-Natal Province was used to calibrate a delivery ratio. Both the Sabie and Umgeni River
catchments fall into region four delincated by Rooseboom er al (1992), and therefore similar
sediment production characteristics may be assumed  The sediment delivery indices (equation
11) for the Umgeni River catchment were calibrated using sediment survevs from three reservoirs
with records of greater than eight vears The calibrated sediment ratios ranged from 0 4010 0 45,
and an average value of 0 43 was applied to the source erosion from the Sabie River catchment

The sediment vield results for the Sabie River catchment are given in Table 7

5.2.5 Comparison between sediment vield estimates

The simulated sediment vields for the six major subcatchments (Fig 22) using the different
methodologies described are given in Table 7 The GIS modelling of van Niekerk and Hentage
(1994) produces upper range values for both present and natural conditions. whilst the ACRU
modelling using the MUSLE provides the lowest estimates for all the subcatchments  The long-
term average annual sediment vield predicted using CALSITE (143 vkm™ annum) for the Sabie
River catchment compares favourably with the 155 t/km* annum of Rooseboom ¢ @/ Both
CALSITE and ACRU predict lower sediment vield values for the Upper and Lower Sabie
subcatchments, whilst the low vield from the Mantsane subcatchment (42 t'km* annum) simulated
using CALSITE 1s not confirmed by the ACRU results, which show the highest vield (162
t/km*/annum) for this region CALSITE shows above average vields from the North Sand, Sand
and Middle Sabie catchments, which is also the case though to a lesser degree for the present day
conditions predicted by van Niekerk and Heritage (1994) The ACRU model, however, shows
average to below average vields from these heavily degraded subcatchments

Based on the simulated vields from empinical data and the vields of Rooseboom er al (1992)
derived from staustical analvses of observed data, the CALSITE model is considered to provide
the most accurate representation of the long-term sediment vields for the Sabie River
subcatchments  This is partly attributed to the significamt effort that was invested by Donald
(19597) in the application of CALSITE to the Sabie River catchment  Since daily sediment data
are required for the Sabie River sediment flux model, the ACRU data for the 56 subcatchments
are factored according to the long-term average annual sediment vields predicted by CALSITE
for each of the major six subcatchments (Table 7). The temporal vanability of sediment inputs
to the Sabie River (daily, monthly and annual) are therefore modelled using ACRU, whilst the
magnitude of the vields are provided by CALSITE
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Figure 22 Delineation of the Sabie River catchment into six major subcatchments for which
the sediment yield estimates are compared in Table 7 (Numbers are Calsite
predictions in tkm?)

53 Modelling sediment transport
£.3.1 Approaches for computing total load

The second integral component of SEDFLO is the prediction of the total (bed plus suspended)
sediment (or bed matenial plus wash) load transported along the niver There are two basic
approaches to determining the bed material load

The indirect approach whereby a bed load computation (e g van Ryn (1984). Engelund and
Hansen (1967) and Mever-Peter and Muller (1948)) 15 used to define a concentration close to the
bed. and then the Rouse equation (Rouse, 1937) and a velocity distribution are applied to
compute the suspended load. The total load is then given by the sum of the bed plus suspended
loads. This is the approach used by Einstein (1950) and van Rin (1984) This methodology
works well under equilibrium conditions but has some conceptual flaws when apphied 10 non-
equilibrium conditions, e.g nonuniform flow, as discussed by James (1987) Van Rin (1986) has,
by introducing some artificial adjustments, used the method quite successfully for nonuniform
conditions but the conceptual inadequacies remain

There are also vanous direct approaches which are based on the idea that no distinction between
bed load and suspended load i1s necessary. The total load can therefore be related directly to flow
and sediment parameters. Colby (1964), for example, related total bed material load to the
average flow velocity. Ghosh er al (1981) computed total bed material load by applying the
diffusion-convection model for suspended load through the bed layver, while accounting for high
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concentration effects using Hunt's (1954) approach One imponant class of methods for
computing total load relates sediment discharge to stream power  This approach was used by
Bagnold (1966) for determining bed load and suspended load, and more recently by Ackers and
White (1973) and Yang (1973) for computing total load directly The Ackers and White (1973)
method has arguably become the most universally accepted approach for computing total load,
and is apphed here

5£.3.2 Ackers and White (1973) approach

Ackers and White (1973) proposed a method for computing sediment discharge which applies to
grain sizes greater than 0 04 mm and for lower regime flow conditions (no data for Froude
numbers greater than 0 8 were used for calibration)

Sediment transport is deternmuned as a function of sediment mobiliry, which depends on grain size
and density and the flow condition. The flow condition is defined in terms of the shear velocity

The total shear velocity is used when considening fine (suspended) sediments  For coarse
sediment calculations, an effective shear stress 1s used which is related 10 the average flow
velocity in the same way as the total shear velocity is related to flow velocity for a plane bed  For
transitional sizes a weighted combination of the plane bed equivalent and total values is used,
depending on grain and fluid charactenistics  The relationship between sediment discharge and
grain mobility 1s defined by the conversion of applied stream power to the useful work rate of
moving sediment.

£3.2.1 Sediment mobility

For coarse sediments the mobility is defined by the rauo of the effective apphed shear stress on
the bed to the resistance to movement of the top laver of particles This can be expressed as

F. = — 12
yedis, - 1)

where

1s the coarse grain sediment mobility number

g 1s the gravitational acceleration constant (m's’)

d 1s the grain diameter (m)

L 1s the mass density of sediment relative 10 that of flmd

u. is the shear velocity related 10 grain roughness (mvs)

The shear velocity . can be determined from the relationship between mean flow velocity (1)
and flow depth (D), 1e.

10D
lOg—T 13
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For fine sediments the mobility is represented by the ratio of the total shear velocity to sediment
fall velocity, which can be expressed as

B ¥ e
. = 14
' 4 ( r ”

where
7R 1s the shear velocity (mv's)

The sediment mobility is the square root of the Shields parameter for incipient motion, with u.
defined appropnately for coarse and fine sediments

A general relationship for mobility of coarse, fine and transitional sediments can be wnitten as

u """
F, & —————— 15
© Bl )

with
n = 0 for coarse sediments, and
n = 1 for fine sediments

For intermediate sediments, the value of # (indicating the relative importance of ». and v . depends
on the size and density of the sediment particles and the fluid viscosity, as expressed by the
dimensionless grain diameter

A
1)" = d( g__‘_’] 16
v
where
D, isthe dimensionless grain diameter
v 1s the kinematic viscosity of water (m*/s)

From data. the following relationships for » were derived.

n OjorDr>60 17

n=10-056logD, for 1 < D, s 60 18

P

Equation 17 applies to coarse sediments and equation 18 to transitional and fine sediments

§.3.2.2 Sediment transport

A sediment transport relationshup was developed by defining the efficiency of the applied stream
power in transporting sediment. The applied stream power is given by 1"l for coarse grains and
=, U for fine grains, where L’ is the depth-averaged flow velocity and =, and <_' are the total and
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grain roughness components of boundary shear stress 1t 1s hypothesized that efficiency depends
on the mobility number, F,, Below some critical value of the mobility number there will be no
sediment movement and therefore the efficiency is zero. As the mobility number increases above
this critical value, sediment discharge and the efficiency will increase.

By combining the efficiency (the rate of work done in moving bed load or maintaining suspension
divided by the applied stream power) with the mobility number, the dimensioniess sediment
transport can be defined as

xpfu)”
G = e 19
v s,d[(.']

where
X is the concentration of sediment transport, i e the mass flux per unit mass flow rate

From measured data. an empincal relationship was obtained between the dimensionless sediment
transport (G_,) and the mobility number (#,,) with the form

fl_-. ~
(;_scl_' -1 20
' A

Values for C, 4 and m are dependent on [, as follows

For D,, > 60 (coarse sediment)

A=017 2]
m = 150 22
C = 0.025 23

For 1 < D, < 60 (fine and transitional sediment)

023

A= + 014
/0. o
m = 2 . 1.34 25
D -

-
logC" = 2 86logD,, - (logD, )" - 353 26

A represents the critical value of 7, at which transport is initiated
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The procedure for applving the method 1s as follows (Ackers and White (1573) recommend
representing graded sediments by the d,. size. i e the size for which 35% of the sediment in the

mixture 1s finer)

1 Compute the dimensionless grain size from equation 16

- N Compute values of n, m. A and C using equations 17, 18 and 21 10 26

3 Compute F_, from equation 15

4 Compute G,, from equation 19.

S Convert (i, to the mass concentration using equation 19, 1 ¢

X=G,S, %[:—] 27
6 Compute the total mass sediment discharge ((,) from

Q=40 28
where

0, is the mass sediment discharge (tons’s)

) is the volumetnic water discharge (m'/s)

£4 Historical records on sedimentation

Calibration of SEDFLO requires historical records of the changes in sedimentation Aerial
photographs provide a useful means of assessing the vector (direction and magnitude) of the
geomorphological change along a nver The spatial and temporal extent as well as the resolution
(photographic scale) of the available record are provided in Table 8

Table 8 Aerial photographic record for the Sabie
River
Exposure | Photographic Cell coverage

date scale

1940 1.35 000 11015, 361039
1944 1:20 000 1410 36
1965 1 60 000 1 to 40
1974 1.30 000 141019, 2410 36
1977 1.30 000 3610 40
1986 1:10 000 1 10 40
1996 1:10 000 110 40
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Although the temporal aerial photographic coverage (Table 8) extends from 1940 10 1996, the
spatial coverage is limited, with only three of the seven records covening the whole river in the
KNP. In addition, only the last two records (1986 and 1996) are at photographic scales that
facilitate accurate quantitative analyses of changes in the niver morphology using photogrammetry
Additional fixed-point aenial photographs are available for selected sites along the niver from 1989
(see Heritage er @/ . 1997a), but these records are of imited use in assessing the long-term
changes in sedimentation along the entire extent of the Sabie River in the KNP The scale of the
1965 record is also 100 coarse (1 60 000) to provide useful data of the change in sedimentation
between the 1940s and 1970s records

Ideally, sedimentation data derived from the aerial photographic records should be subdivided for
calibration and venification purposes A portion (preferably 50%) of the data should be used for
model calibration and thereafter the predictive ability of the model assessed using the remaining
data The data required to calibrate a sediment transport (or storage ) model along the Sabie River
in the KNP need to cover the full extent of the nver, since the change in sediment storage for a
given cell 1s a function of the sediment discharge from the upstream cell, lateral inputs from
tributanies and the sediment movement through the cell under consideration  Unfortunately, the
penod covered by the data record (1940 to 1996) cannot readily be subdivided whilst maintaining
full spatial coverage. Based on the existing record, sedimentation data denved from the 1940/44
and 1986 aenal photographs are used to calibrate SEDFLO. whilst the partial coverage of the
1977 and full coverage of the 1996 data sets are used 1o assess the predictive accuracy of the
model

£4.1 Changes in sedimentation from aerial photographic analysis
£4.11 Photogrammetric analysis

Photogrammetry 1s the process of obtaining information about the physical environment by
measunng and interpreting photographic images. The basis for determining elevations (and hence
topography) from aenal photographs is made possible by stereoscopic parallax, defined as the
change in position of an image between photographs caused by the shift in observational position
A stereo-model of the land surface 1s formed by viewing the stereo-pair overlap through a
stereoscope.  Control points are required on the stereo-model. ideally located at each of the
corners of the stereo-model, and must be surveved in the field

Photogrammetry was used to provide a sedimentary base-state as at | 986 prior to inundation in
1989 of the dam on the Sabie River at the Lower Sabie restcamp (Fig 1) The study is described
mn full by Birkhead er a/ (1995) The approximate vertical and honzontal resolution that could
be achieved using the 1986 1 10 000 aenal photographic record (Table 8) was of the order 0.25
m and | O m, respectively The vertical resolution 1s 100 coarse to obtain meanmingful estimates
of changes in volumetric storage, and the survey of control points necessary to develop sterco-
models of the Sabie River in the KNP would be prohibitive  Furthermore. the print scale of the
earlier photographic records will result in reduced resolution, as will the masking effect of the
water level and rnipanan vegetation cover along the river
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5412 Temporal and spatial bar dynamics

Changes in sedimentation may be assessed from aerial photographs by evaluating the degree of
bar establishment and accumulation in aggrading systems, whilst a general reduction in the
coverage by these features may be expected in eroding systems. The use of temporal bar
coverage as a quantitative indicator of changes in sedimentation is based on the following

assumptions

. Sediment is deposited and eroded primarily as alluvial bars, and the aenal coverage by
these features therefore provides a suitable indicator of the overall change in
sedimentation

. The relationship between change in bar area and associated volumetric storage is linear

Analyses of aenal photographs and field observations reveal that the first assumption is reasonable
for predominantly alluvial channel types (alluvial single thread and braided channel types). whils:
there appears to be an increased tendency for sediment to deposit as overbank features during
intermediate to high flow events in the bedrock influenced pool-rapid and mixed anastomosing
channel types

For all channel types, extensive deposits of fine-grained sediments from suspension dunng the
recession of large flood events have been noted This matenal forms cohesive deposits along the
sides of the macro-channel banks and well established and vegetated bars that are elevated above
the macro-channel floor The erodability of these deposits has been addressed in chapter 3
Bedload is considered to be primarily responsible for large-scale changes in river morphology
along the Sabie River, and the fluvial deposits within the active channel are constituted mainly of
fine sands to fine gravels (Birkhead er al |, 1996)

The direct quantification of the plan areal coverage by alluvial deposits for each set of aenal
photographs of the Sabie River (Table 8) (1o an acceptable degree of accuracy) would require a
protracted desktop study. Unfortunately, such an undertaking was bevond the scope of this
project, and an indirect means was therefore used 10 determine the change in bar area  The net
change in length of all alluvial bar features (including braid, lee, point and lateral bars) was
determuned for each of the cells between the available photographic records (Table 9) For
example. braided cell 2 expenienced a net increase in bar length per unit length of river of 0 496
over the penod 1940 1o 1986, whilst a net reduction of 0 049 was experienced over the period
1986 to0 1996

Relationship between bar length and area

The lengths and corresponding plan areas of all bars within representative examples of four
channe! types (single-thread, braided, mixed anastomosing and bedrock anastomosing) were
measured using the 1944, 1974, 1986 and 1996 aerial photographs (Table 10). The bedrock
anastomosing channel type was excluded from the analysis due to the difficulty in accurately
differentiating between alluvial features and bedrock outcrops below the extensive closed canopy
of riparian vegetation This is not problematic. however, since analyses of aerial photographs
reveal that bedrock anastomosing channel types have remained relatively stable in terms of
dvnamic sediment storage (Table 9)
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Figure 23 is a plot of bar area against bar length for 77 individual units. The data displays a
non-linear relationship between bar length and arca, with increased scatter concomitant with
larger features. The non-linear relationship is expected and results from the fact that bars do
not only develop (or erode) longitudinally (which would result in a linear relationship).
Furthermore, the increased scatter with size is reasonable and reflects the increased number
of determinants that potenually influence development of these features. These determinants
may include for example the stabilisation and sediment trapping ability of vegetauon
(particularly the abundant reed species P. maririanus), as well as the coalescing of braid bars
with macro and acuve channel lateral bars.

A regression analysis (R = 0.90) gives the following significant relationship between bar
length and area (the probability (p) that B is not significantly different from zero is 0.001):

A =13% 1" 29
where

A is the bar area (m°)

! is the bar length (m)

The value of the power coefficient 1n equation 29 (1.54) 1s reasonable and expected to lie in
the range | to 2. If bars developed only longitudinally the power would be unity, whereas if
the units developed concentrically then the length (diameter) would be raised to the power 2.
No distinct differentiation in the plotting positions and hence relationships for the different bar
types are evident, and the single relationship (equation 29) for all types i1s appropriate.



Table 9 Net change 10 leagth of alluvial bars between records for the cells along the Sabie River
(ST -Single-thread: BR - Braided: BA - Bedrock anastomosing: PR - Pool-rapid:

MA - Mixed anastomosing: * - first aenal photographic record)

Cell Channel Net change in bar length per unit length of river
no. type (10°)

1640 1944 1965 1974 1977 1986 1996

I ST ® 0.0 0.5
2 BR * 49.6 <9
3 PR . $.27 <143
4 BR ® 46.7 -16.7
5 PR . 0.0 ©.7
6 BR * 23.3 -26.7
7 BA - 2.3 0.0
R BR . 15.3 1.2
G BA . 2.3 9.2
10 PR > 14.3 -8.6
1 BR - 12.2 6.1
12 BA . §.0 0.0
13 PR * 17.0 3.3
14 BR - 8.6 5.7 20.7 29
15 PR . 0.0 -9 | 14.3 11.4
16 BA - KN 0.0 0.0
17 PR - -1.7 13.1 is
18 BA - 0.0 34 0.0
19 PR > 13.1 20.6 11.3
2 BA - 0.0 7
21 ST . 13.8 0.0
2 BA - 00 -1.4
23 PR ® 13.3 -5.8
2 BR = 0.6 25.9 6.4
25 PR - 7.3 .3 -20.8
26 BA - 0.0 34 1.8
27 PR - -14 12.0 -1.4
28 BR * 1.7 28.3 6.7
29 PR - 0.0 14.7 0.6
30 MA . 1.3 0.0 23.8
31 BR . 5.0 34.2 <10.8
32 MA a 1.3 2.0 5.0
33 PR - 5.0 is 1.5
34 MA » 54 7.6 1.4
35 BR . - B 21.3 2.7
36 MA - 1.0 15.0 -4.8
37 BR - 2.2 20.0 4.8
38 PR - 0.5 5.6 0.7
39 MA . 1.3 12.3 0.2
40 BA s 0.0 0.0 Dok




Table 10 Representat:ve channe! tvpe bar dats
Channel type Cell | Length of river No. of bars analvsed
no. Ivsed
analysed (M) | rmided | Lateral | Point | Lee
Braided 28 1200 1 2 1
Pool-Rapid 29 1500 ) 2 4
Single-Thread 1 1200 6 4
21 800 2 2
Mixed Anastomosing | 36 6360 15 20 3
100000 e
Bar Type
10000 o Lee A Pom
— . 8 Baid *  Lateral
E
<
& 1000 — ) ;
¢ - ,
< < }0 oAl
— - ’ o. |
o . hd A= 138688 |
. Ay A = 080 '
100 Lk :
. !
k. |
o |
| |
| .
10
1 10 100 1000
Bar Length, | (m)
Figure 23 Relationship between bar length and area for 77 umits within representative

channel tvpes along the Sabie River

Relationship between change in bar length and change in bar area

A general relationship between the estimated change in bar area for a given change in bar length
may be denved from equation 29

is the change in bar area (m*)
is the initial bar area (m°)

is the final bar area (m?)

is the initial bar length (m)

is the final bar length (m)

30

49



The final bar length is given by /. = /, = A/, and equation 30 may be written as

AA = 1356 (Al - D'* - ™ 3l

where
/ is the initial bar length (m)

Therefore. the change in area is a function of not only the change in length. but also the imtial bar
length, a consequence of the non-linear relanonship between these two parameters

Figure 24 1s a plot of the measured vs predicted change in bar area using measured data between
successive photographs of the representative channel types (Table 10) and applying equation 31

The line (3 = x) representing an exact fit between measured and predicted values is also indicated.
Although the non-linear relationship (equation 3 1) for change in bar area displavs a large amount
of scatter with regression coefficient R = 0 57, it is nevertheless significant at less than the 0 001
probability level

[| X aA=2132af =050
o AA = 1356((alsNTN0N R =057
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Measured Change in Bar Area (10° mz)

Figure 24 Measured vs predicted change in bar area using both linear regression and the
non-linear equation 3 |

A linear relationship (A4 = 21 324/ Fig 24) was also fitted to the measured change in area and
change in length data, and somewhat unexpectedly vields a marginally better correlation (/==
0.59) The inability of the non-linear equation to vield better estimates than the linear formulation
1s attributed to the inherent scatter in the data. as well as the smaller sample size (47 data points)
against which equation 31 is plotted  The linear relationship is, however, much easier to apply
to the change in length data (Table 9), since it may be applied to the net change in length rather
than to individual bar units as would be required by the non-linear function The linear
relationship was consequently adopted



The 1940 10 1986 and 1944 to 1986 records (Table 9) are used as a single data set for model
calibration by determining the equivalent change over a 46 vear period by applying a linear
extrapolation to the 1944 to 1986 data Figure 25 is a plot of the measured relative change in bar
area per unit length of cell from 1940 to 1986  The braided channel types exhibit the highest
individual (cell 2) and average rate of bar growth (5. 1%), followed by the pool-rapid (2.3%) and
mixed anastomosing (1.5%) channel types The bedrock anastomosing channel types have
remained relatively stable, with an average rate of accumulation of only 0 3% of the total change
along the river in the KNP. Only two cells (1 and 21) have been classified as single-thread
channel types, and display zero and 2 4% of the total bar growth

The aenal photographic data (Table 9) are specified as relative change within each cell in Table
11 to reflect the proportion (length) of river occupied by each cell. For example. braided cell 2
has experienced an increase in bar area by 7.84% of the total absolute change for the river over
the penod 1940 1o 1986, whilst a 2 94 % reduction in relative bar area has been recorded from
1986 10 1996 Since only net accumulation of bars has been recorded over the penod 1940 10
1986, the sum of the change is 100% (Table 11), whilst the sum of the change from 1986 to 1996
is =14 47%, reflecting net loss of alluvial bars over the last decade  The relative changes recorded
in Table 11 are plotted in Fig. 26, Fig. 27 and Fig 28 for the periods 1940 to 1986, 194410 1974
and 1986 to 1996, respectively. Since the change in Table 11 i1s expressed as relative values
between records and only partial spatial coverage is available for the 1974 data set, the overall
change from 1940 to 1986 can not be equated to the sum of the change from 1944 10 1974 and
1974 10 1986

Whereas the longer-term changes (Fig 26) show net accumulation of alluvial bars, the shorter
term changes (Fig 27 and Fig. 28) are more vanable, displaying both accumulation and reduction
of alluvial features. For example, mixed anastomosing cell 36 displays net accumulation over the
periods 1944 10 1974 and 1974 10 1986, whereas this trend 15 reversed over the last decade (1986
10 1996) The recent reduction in alluvial bars is ascribed 1o the recent extreme flood experienced
in February 1996 (peak gauged at 2239 m%s at the Sabie-Sand River confluence. Fig 1), which
resulted in the net loss of bars along the nver by 14 47% (Table 11)

£5  Solution procedure

SEDFLO predicts the temporal change in storage for the 40 linked cells, each of which 1s
characterised as one of the five principal channel types  The solution procedure involves a simple
temporal and spatial sediment mass balance as illustrated in Fig 29 for three linked cells over two
discrete ime-steps Figure 30 1s a schematic illustrating the division of the Sabie River into 40
linked cells, showing major tributaries, subcatchments and the locations of other features (e g
restcamps, roads and railway line crossings) along the river in the KNP The sediment vield data
(Table 7) for the 56 Sabie River subcatchments (Fig. 21) and the sediment transport potential
(computed according to Ackers and White. 1973) is specified as daily time senes for each of the
channel type cells
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Table 11 Net relauve change in area of alluvial bars between records for the cells along
the Sabie Raver (ST .Single-thread. BR - Braided BA - Bedrock anastomosing
PR - Pool-rapid. MA - Mixed anastomosing _* - first aerial photographic record)

Cell | Channel Net relative change in bar area (o)
- type 1940 10 1944 10 1974 10 1986 10
1986 1974 1986 1996
1 ST 0.00 799
2 BR TR <294
3 FR 013 -1.23
4 BR 0.9 -1.23
) PR 000 ) 49
6 BR 045 -1.96
7 BA o 0.0
8 BR 1 68 0.50
9 BA 010 147
10 PR 068 -1 48
11 BR 142 -2.69
12 BA 0.5 000
13 PR 3.29 -2.43
14 BR 1.58 it 1 80 0.50
15 PR 074 1.21 124 1.96
16 BA 043 £00 0.00 0.00
17 PR 193 «356 390 2.23
IS BA 042 0 073 0.00
19 PR 1.90 8§62 204 .22
20 BA 000 1 96
2] ST 078 0.00
22 BA 0.00 < 50
22 PR 113 -1.71
24 ER S99 1.58 10.27 -7.37
28 PR 2.72 7.81 359 -6 63
26 BA 1.37 000 2430 2.5
27 PR 3.22 - 93 R .1 48
28 BR 2.54 1 68 121 197
29 PR 938 000 16 40 1.32
30 MA 007 0 86 000 467
3] BR i3 494 09 -3 18
2 MA 093 428 09y 490
iz PR 1.49 987 113 088
34 MA 514 24 88 528 192
35 BR 14] 3.27 198 {50
36 MA 18 06 14 40 3254 «20 58
37 BR 626 2.71
38 PR 197 <) 86
ELY MA 1009 0 56
40 BA 000 2.5
Sum 100 00 83 38 100 () -14 47
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Figure 27 Change in bar area as a percentage of the total change along the Sabie River
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5.5.1 Time series of sediment yields

The vield time senies for the subcatchments of the Sabie-Sand River system have been converted
into river cell equivalents by aggregating those subcatchments compnising the major tnbutanes
(Table 12) For those cells where inputs from the adjacent catchment are from a number of minor
tributaries (subcatchments 38, 42, 44, 45, 48, 50, 52 and 56), the vields were proportioned
according to the relative sizes of the rivers  The modelled runoff from each of the subcatchments
(specified in millimetres per day) was also converted to an equivalent average volumetric
discharge rate (m"/s) for each nver cell As discussed previously, no account was taken of the
1emporal sediment storage within the tributaries feeding into the Sabie River (i.e sediment is not
routed along the influent tributaries) This is likely to result in considerable overestimates in the
sediment delivery (assuming that the dynamic sedimentation patterns within the tributanes are
comparable to the net measured sedimentation along the Sabie River (Table 11)), and emphasizes
the importance of differentiating between sediment vield and delivery, where sediment delivery
is the discharge at a location along the river channel and takes account of the intermediate storage
within the upstream channel network

Distance along river
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Figure 29 Sediment mass balance for three linked cells over two discrete ume steps (after
Heritage er al., 1997a)

£.5.2 Time series of sediment transport potential

The time series of sediment transport capacities for the river cells were computed by developing
charactenistic transport potential relationships (as tabulated data) for each of the channel type
cells The daily flow time series were then used 1o interrogate these data and compute the
potential sediment transport time series



Table 12 Tributanes corresponding to ACRU

subcatchments
Tributary/Input ACRU
Subcatchments
Sabie River at Albasini Ruins 18 10 35
Phaben: River 36 & 37
Mitshawu River 4]
Sanngwa River 9 & 40
Nwaswitshaka River 43
Sand River 1tw017
Nwatindlopfu River 40
Nwatinwambu River 47
Nwatmhiri River 49
Lubyelubve River 51
Mosehla River 54
Mnondozi River s3
Nhlowa River 55
E Cell 18 |
§ . « 5038 Subcatchment 38
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Figure 30 Division of the Sabie River into channel type cells, showing the major tributaries,
subcatchments and locations of other features (e g restcamps, road and railway
line crossings) along the River
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5£.5.2.1 Sediment transport potential data

Geometric parameters

For each of the five principal channel types, three or four cross-sections from the representative
channel type reaches (Figs 15 to 19 for the single-thread, braided. pool-rapid, mixed
anastomosing and bedrock anastomosing channel types, respectively) have been used to compute
the cross-sectional flow areas (4) and wetted perimeters (P) corresponding to a range of flow
depths (1)) up to the macro-channel bank-full levels In addition, the values of the parameter
representing the geometric determinants in the Manning's resistance relationship were also

calculated (Table 13), given by

0 = 1476
npit’
n

S~’:

L
A
"
J

A
- P:?

where the left and right-hand terms represent groupings of the Avdrauiic and geomeiric
determinants, respectively

Table 13 Example of the geometric data computations for the
cross-sections in single-thread cell |
Flow depth Cross-section 0.3 Cross-section 0.4
)
P p | an | a | p | oav
m) | (m) | Zz | (m) | (m) IE

00 0.00 0.00 0.00 000 0.00 0.00
05§ 317 | 16.56 108 841 | 2454 414
1.0| 1669 | 3798 9.65| 2139 | 2803 17 86
1.5 | 3720 | 4296 3379 | 3581 | 3038 40 00
0| 5903 | 4596 7005 | S102 ] 3219 69 36
S| 8215 | 4844 116 83 | 6536 | 3385 | 101 35

Hydraulic parameters

In the same way that representative cross-sections are used for cells of the same channel type, the
flow resistance relationships plotted in Fig 14 are also considered transferable to similar channel
types along the nver system  Umiqueness in hvdraulic behaviour (and sediment transpon
potential) between cells of the same channel type 1s introduced through the energy slope  Energy
slope is considered to be svnonvmous with water surface slope, which assumes that the
longitudinal change in velocity head (v 2g) is small and may be neglected  Water surface slopes
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have been measured during low flow conditions for most of the river cells (Table 6) The low
flow water surface slopes for the pool units have been apphed in the pool-rapid channel type cells

Pool units are charactensed by a low-flow energy gradient resulting from backing-up upstream
of bedrock outcrops Hydraulic conditions withun pools are therefore critical for sediment
transport analysis during low flows Mean channel 1ype low flow water surface slope estimates
were applied where no data are available High flow slope data were measured for the
representative channel types during the extreme flood event expenienced in February 1996, These
data were compared to the regional channel slopes scaled off 1 50 000 topographical maps in
Table 14 The average absolute error between the surveved flood profiles and the slopes denved
from aenal photographs is 23%, indicating that regional data may be used to approximate high
flow water surface slopes within a reasonable level of accuracy.

Table 14 Companson between flood water surface slopes and regional
(1:50 000) slopes
Representative channel Water surface Flood Error
type slopes peak (%)
discharge
1'50 000 | Flood (m"/s)
Braided 0.0017 00011 1705 +54
Pool-Rapid 00018 00020 1705 - 10
Single-Thread 00030 00029 1708 -3
Mixed Anastomosing 0 0020 00023 2295 - 13
Bedrock Anastomosing 0.0057 0 0089 1708 - 36
|Average| 23

Significant changes (increases) in slope are generallv encountered at bedrock anastomosing
channel types The contour intervals on the 1.50 000 topographical maps are 20 m. and the
regional slopes are therefore averaged over a number of cells (Table 6) For this reason, the low-
flow water surface slopes are used in the bedrock anastomosing channel type cells 1o provide
improved estimates of the high flow energy slopes where field data are not available For the
bedrock anastomosing representative channel type cell (cell 12), the measured low flow water
surface slope (0 0098) better approximates the measured flood water surface slope (0 0089) than
the regional topographical channel slope (0 0057) Figure 20 is a plot of the water surface slopes
categonsed according to channel type The single-thread, braided and pool-rapid channel types
display large deviations between the low and high flow water surface gradients compared with
the mixed anastomosing data, whilst the bedrock anastomosing channel type cells are
characterised by a significantly increased mean slope

The energy slope at a particular location along the river is a function of the local hydraulic
controls, and i1s best determined by computing the generally non-uniform flow profile (see
Birkhead er al, 1995) Such hvdraulic computations are impractical for the Sabie River owing
to the extensive degree of bedrock control, combined with the complex cross-sectional
morphologies and spatial distnibutions of flow resistance (sedimentological and vegetational) It
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is for these reasons that representative channel type cross-sections have been apphed and that a
function is introduced to compute intermediate energy slopes between the measured low and high
flow values This function i1s given by

! L
S, =8+ L 33
1 = (0.01Q)
where
S is the high flow energy slope
S, is the low flow energy slope
Q is the discharge (m"/s)

Equation 33 results in slopes that equate to the low flow slopes at zero discharges and are
asvmptotic to the high flow gradients at flood discharges The energy slopes are plotted as a
function of discharge rate for the representative channel types in Fig 31  Observations of
hydraulic behaviour along the Sabie River revealed that local hvdraulic controls (bedrock
outcrops) are generally drowned at discharges much above 200 mY/s. The coefficients in equation
33 have therefore been selected such that the energy slopes matenally equate to the high flow
slopes at this discharge

Bedrock Anastomos
100 ... ——

.
Fool-Rapwg

Energy Slope, S, (10)
o

a

.

3

1

o
.-

0.1
0 100 200 300 400 500

Discharge, Q (m® /s)

Figure 31 Plot of energy slopes as a function of discharge for the representative channel
types



For each of the cells, the flow resistance coefficient (n), energy slope (S) and a hvdrauiic
parameter consisting of the hydraulic determinants in the Manning's resistance relationship
(equation 32) were computed for a range of discharges (Table 15)

Rating data

The raung (1 e stage-discharge) data for each of the cell cross-sections were obtained by
determining the flow depth corresponding 10 a given discharge rate that has the same geometnc
and hvdraulic parameter values. i ¢ the solution of Manning's resistance relationship (equation
32). For example, the flow depth corresponding to a discharge of 2.0 m/s for cross-section 0.3
in cell 1is 1.0 m (refer to Tables 13. 15 and 16). Linear interpolation is used to compute
geomerric and flow depth parameter values in Table 13. The value of applying this solution
procedure is that the geometric parameter data need only be determined for the representative
channel type cross-sections whereas the Indraulic parameter data are umique 10 each cell. This
1s useful, since the vdraulic parameter data were updated during model calibration, whereas the
geometric data remained unchanged Table 16 is an example of the hvdraulic data that are
computed for each of the representative cross-sections within each nver cell.

Table 15 Example of the hydraulic data
computations for single-thread

cell 1
Discharge n S, On
Q (m‘/s, S] 2

00| 00773 | 000190 000
10| 00773 | 000190 561
2.0 | 00668 | 0.00191 9.67
30| 00625 | 000192 1952
40| 00583 | 000194 16.72
SO0)]| 00540 | 000197 1926

e1c

The average boundary shear stress (T or 7_) is given by equation 4 The remaining tabulated
hydraulic parameters are given by

D=

L.t '

”- J“
ve¥g

A 35
ll' s VgRS, s V’;p. 36
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Table 16

Maodelled hydraulic parameters and potential sediment transport for cross-section 0 3 in the single-thread cell 1,
withd = | mm

Discharge | Flow Flow | Surface Flow Wetted Mean flow | Froude Shear Sediment

O(mYs) | depth | depth | width area perimeter velocity number stress transport
Dm) | ODm) | Wim) | A(m) W (m) 1 (nv's) I'r t(N/m’) | Os(kg's) |

0 000 000 000 000 000 000 0.00 0.00 000

| 0R3 036 10 40 1106 1067 009 0.05 067 000

2 r.on 044 17 65 1670 1799 012 006 082 000

5 124 064 4107 2617 4151 019 008 122 000

10 | 45 N8} 216 15 04 42 68 029 010 1.75 000

20 165 101 13017 43178 4376 D46 01s 287 ool

50 | 8S 118 4419 224 44 86 096 028 816 160

100 214 143 45 66 6519 a6 44 153 041 x 28 2201

200 271 1 90 4R 57 9211 4957 217 056 42 98 71.76

500 454 258 76 65 197 79 7819 253 050 69 38 17943

1000 Haq i 87 93 70 162 51 9573 276 045 106 74 28019

2000 995 574 13257 | 756 80 135 83 264 035 15814 348 31
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R=Z 37

P
U
L — 38
veD
where
D is the average flow depth (m)
W 1s the surface flow width (m)
R 15 the hvdraulic radus (m)
p is the water density (kg'm’)

Fr 1s the Froude number

The average flow depth (D) rather than the maximum flow depth (£) was used to compute the
sediment transport (equation 19), since this is a more appropriate measure of the effective flow
depth within the generally complex cross-sectional profiles (Figs 15 to 19) The potential rate
of sediment transport was computed according to the Ackers and White (1973) methodology
described in £ 3.2 The effective sediment discharge for a cell is the lowest occurning at any
position within the cell Therefore. the lowest predicted vaiue based on the representative cross-
sections within a cell was used to compute the time senes of potential sediment transport.

5.6 Model calibration

The need to calibrate SEDFLO anses from the uncenainty inherent in both the modelled sediment
vields and potential transport values As discussed previously, observed sediment vield and
transport data through reservoir survevs and streamflow sampling are not available for the Sabie
River catchment  Moreover, sediment transport rates are difficult to measure directly in this semi-
and environment where temporal and spatial variation at a nver cross-section means that direct
point sampling of mobile sediment 15 likelv to bear little resemblance to mean transport volumes
(Moon er al.. 1997) For these reasons. the vield estimates and sediment transpon values are
calibrated using the historica! data from analvses of the aenal photographs

5.6.1  Critical analyses of modelled inputs
5.6.1.1 Sediment transport

Analysis of the grain size distributions of sediment samples from active channel features along the
Sabie River vields a median grain size (&, ) of | mm  This size 1s used to charactense the alluvial
material responsible for changes in sediment siorage as determined by bar dynamics, and 1s apphied
in the potential transport analvsis

Figure 32 is a plot of the long-term (1940 to 1986) bulk potential sediment transport (Qs,,,)
against runoff volume (Q) for the 40 cells along the Sabie River computed using the Ackers and
White (1973) methodology The increase in runoff from 22x10% m* to 35x10° m’ corresponds to
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Sand River inflow over the period 1940 10 1986 (13x10° m®)  The data display a large amount of
scatter, with no unique spatial relationship along the river for the cell data The cell data are
differentiated based on channel types. and simple power relationships have been fitted The
distinction between channel types reflects the representative channel type flow resistance and
geometric data used in the computations The scatter within the data for each channel type reflects
different energy slopes, which are unique to the cells, with the exception of data derived using
mean low flow slopes Although the scaling coefficients vary considerably (0 028 to 0 192), the
power coefficients are less vanable. ranging from 0 708 to 1 021 for the mixed anastomosing and
braided/single-thread channel types. respectively. This implies that the functional relatnonship
between sediment discharge and flow 1s consistent across channel types over the long-term It 1s
interesting 1o note that the highest potential sediment transport is for alluvial single thread and
braided channel tvpes, whereas the lowest bulk transport is for the bedrock anastomosing channel
tvpe  This implies that the alluvial channel types will generallv erode. whilst the bedrock
dominated channel types will generally deposit.  This 1s not supported by data denved from
photographic records (Fig 25), which reveals net sedimentation in the alluvial channel types and
relative stability within the bedrock anastomosing cells
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Figure 32 Runoff vs potential sediment transpon for each of the 40 cells along the Sabie
River over the penod 1940 10 1986

The predictive accuracy of sediment transport models (refer 10 53 1) vanes considerably
Furthermore. these models have been denved using flume data and observatons from alluvial
rivers and therefore their applicability within bedrock and vegetation influenced systems such as
the Sabie River is highly questionable Assuming a general functional relationship between long-
term sediment discharge and runoff for the extent of the river (and that it is suitably predicted by
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the transport model). scaling factors may be determined that will result in the minimum deviation
between the channel type relanonships (Fig. 32) and a uruque long-term bulk sediment transport
runoff relationship (independent of channel type) Scaling factors for the channel type data in Fig

32 are given in Table 17, and were determined by calculating the ratio of the average area under
the channel type power relationships (60.9x10" tons m’) to the individual areas, over the
volumetnic runoff range 15x10° to 38x10° m' For example, the scaling factor (0 486) for the
braxded/single-thread channel type is given by the ratio of the average area under all channel type
relationships (60 9x10'*) 1o the actual area under the braided/single-thread curve (125 4x10")

Table 17 Channel type scaling factors applied to sediment
transpont data (Fig 32)

Channel type Area under curve | Scaling

(10" tons m") factor

Braided/Single-thread 125 4 0 486
Mixed anastomosing 760 0801
Pool rapid 32.5 1 878
Bedrock anastomosing 98 6 200

Applyving the scaling factors in Table 17, a more realistic long-term sediment discharge function
is developed for the exient of the niver (Fig 33), and is given by

— 0%l
Os,,, = 0.1320°% 30

with Qs,,, in 10° tons and Q in 10° m’

The parameter value of the power coefficient (0.916) is reasonable, since if the power deviated
significantly from unity, then the reduced (power < 1) or elevated (power > 1) transport potential
downstream of influent tributaries must be concomitant with a major change in channel geometry
and/or energy slope No such morphological adjustments or changes in water surface slopes are.
however, apparent downstream of major tributaries along the length of the Sabie River in the KNP

5.6.1.2 Sediment vields

Figure 34 is a plot of the modelled mean annual runoff and sediment vields along the length of the
Sabie River in the KNP for the period 1940 to 1986  The inputs from the Sabie River upstream
of Albasini Ruins, the Saringwa River, the Sand River, and smaller tributaries are indicated The
disproportionately large modelied inputs from the Sand and Saringwa Rivers, relative 1o the
corresponding increases in runoff, are apparent
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5.6.2 Model calibration using historical data

Based on the mean annual sediment yields over the period 1940 1o 1986 (Fig 34), and the relative
changes in sediment storage derived from historical aerial photographic data (Table 9, 1940 to
1986), there exists a unique solution for sediment transport for each of the cells along the nver

The denvation of this solution follows

The sediment mass balance (or conservation of mass) for each cell along the river 1s given by

AS =1 -0
where
! 15 the cell index
AS,  is the change in storage for the /™ cell
/] 1s the inflow to the /* cell

Q, is the outflow from the * cell

Equation 40 may be written as
AS, =Y, + 0Os,., - Os

where
Y is the catchment sediment vield to the / cell
Os,  is the sediment outflow from the /* cell

The relative change in sedimentation is given by

. AS
AS, =

S as

T
where
AS”  is the relative change in storage for the * cell
J is the cell index
n 1s the index for the most downstream cell

and the total change in absolute sedimentation along the river 1s given by

3as =3y -0,
— i .

40

41

43
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Combining equations 41, 42 and 43 with all the unknowns on the left hand side of the equality sign
gives the following relationship for the sediment outflow as a function of the catchment yields and
the relative change in sedimentation along the nver

-Qs’ i ! QS‘ -AS‘.QS" = )" - AS‘.Z | 42
™
It is convenient to wnite equation 44 in the form
AQs = B 45

where

A 1s the two-dimensional array of coefficients

Qs s the one-dimensional array of sediment discharge
B 1s the one-dimensional array of constants

and are given by

1.: As." E)
Il B
| AS,” | »
s I - A8 30
11 S:. OJ: ol
11 ast | @ | <] v -as" Sy | 46
3 -l |
’ 4
1 1 as” || 9% .
)’ ’.-! A\:- -},
1] AC,,"l o, ],
r,-as, ¥

Various methods of solution are available for solving a set of simultancous equations such as
represented by equation 45, including both nerative and direct solution procedures lterative
methods are generally incorporated into solution procedures 10 alleviate the necessity of solving
large systems of simultancous equations  The direct solution technique LU decomposition with
forward and backward-substitution as discussed by Press e/ a/ (1989) 1s used to solve equation
45 The method utilises Crout's algorithm with partial and implicit pivoung to decompose the
array of coefficients into lower and upper tnangular svstems A routine for forward and
backsubstitution is implemented on the LU decomposed arrav of coefficients (4 ) and the array of
constants (5), to return the solution of the sediment outputs ((s) from each cell
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Figure 35 is a plot of the computed bulk sediment transport against runoff for each of the 40 cells
along the Sabie River over the period 1940 to 1986 using the above solution procedure. The cells
corresponding 1o the Sabie River at Albasini Ruins (cell 1) as well as the Sanngwa (cell 20) and
Sand River (cell 34) tributaries are indicated. A simple power relationship has been fitted to the
data, yielding a power coefficient value of | 748 The relationship is sensitive to the relative vields
predicted for the Sabie River at Albasini Ruins, the Sanngwa and Sand River tnbutanes. This
value exceeds that obtained for the bulk potential transport analvsis (0 916, Fig 33), and results
from the disproportionately large modelled vields from the Sand and Saringwa Rivers, relative 1o
the corresponding increases in runoff  The implications of a power coefficient value that deviates
substantially from unity have been discussed Due 10 the uncertainty inherent in the sediment vield
predictions (Table 7), a relationship between bulk sediment transport and runoff with the power
coefficient value derived from the potential transport analysis, 1s considered a more realistic
representation The fitted relationship is therefore given by

Os = 1071Q%"* .

Calibrated vields for the cells with sediment inputs from the catchment were determined by
applying equation 47, and are given in Table 18 and plotted in Fig. 36 together with the vields
modelled using CALSITE/ACRU . As expected (from the difference between the assumed power
relationship and uncalibrated vield point data (Fig 35)). the Sabie River input increases (bv a factor
of 1 85), whereas the yields from both the Saningwa and Sand River are reduced (bv 0 35 and 0 49,
respectively). The net change introduced by calibration of the yields (Table 18) is a reduction by
only 20%, from 845 3x10” tons/annum to 685 7x10’ tons/annum over the period 1940 10 1986

Using the calibrated vields (Table 18) sediment discharges through each of the linked cells, based
on the measured relative change in sediment storage (Table 11). were computed (Table 19) These
discharges represent the total fluxes through the river system (i1 ¢ the sum of the bed material and
wash load, where the wash load is the fine-grained fraction of the suspended load which 1s
transported through the system) The proporuon of the total catchment vield represented by the
1 mm grain size is determined by the scaling factor between the sediment discharge runoff
relationships (Figs 33 and 35), and 1s 12.3% (0 132/1 071) It 1s reassuring to note that this is
comparable to the 10% applied by Heritage e/ a/ (1997a). based on approximate analyses of
relative grain size distributions of samples extracted from the catchment and active channel features
along the Sabie River The average annual change in sediment storage (10’ tons/annum) of the
representative grain size (d = | mm), and the relative changes are also given n Table 19 (cf
historical data for the period 1940 10 1986 in Table 11)
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Figure 35 Computed sediment transport as a function of runoff for each of the 40 cells over
the period 1940 10 1986

The calibrated sediment discharge and storage data imply that the long-term changes in sediment
storage are small compared with the total sediment flux through the river system (Table 19) The
average annual sediment accumulation along the Sabie River (1940 to 1986) is 3 3x10’
tonxbetween Albasini Ruins and the Sand River confluence (624 km). and 2 4x10' tons
downstream of the confluence (48 1 km) The average annual sediment load ranges from 34 8x10°
to 46 8x10" tons for the upper reach, rising to 78 8x10° tons at the Mozambique border

Therefore. the change in storage of the representative grain size accounts for only 7% and 3% of
the transported matenal upstream and downstream of the Sand River confluence, respectively

This is a reasonable finding, since in order for the river system to be displaying net alluviation along
its length (Fig 25) without any marked increases in sedimentation immediately downstream of
tnbutary inputs, the system must be transporting a load greater than the changes in storage Itis
interesting to note that the predicted changes in storage per unit length of nver downstream of the
Sand River confluence (50 rtons’kmvannum) are comparable to those upstream (52
tons’km/annum), although the predicted sediment load (and runoff) doubles downstream of the
confluence

6%
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Table 18 Calibrated mean annual vields for the penod 1940 to 1986

Mean annual yields
Cell and main tributaries (10" tons/a) Factor
ACRU/ Calibrated
CALSITE

1 Sabie River at Albasini Ruins 152.7 2826 1 85
2 Phabeni River 199 89 045
3 47 15 031
B 47 B | 047
8 I8 8 7.2 038
14 140 - 1§ 04]
15 47 20 043
16 47 16 034
17 93 44 047
18 Mishawu River 126 7.0 0.56
20 Sanngwa River 89 4 307 034
24 150 11.0 073
26 13.7 7.5 055
27 3 84 1 58
29 Nwaswitshaka River 120 183 1.52
30 26 29 1.10
32 26 38 142
34 Sand River 4359 LT 049

36 Nwatnlopfu, Nwatinwambu,
Nwatinhiri Rivers Il 8 413 3 50
38 Lubvelubve River 2.1 56 264
39 Mosehla River 1.5 103 7 00
40 Mnondozi, Nhlowa Rivers 7.3 101 1 38
Sum 8453 685.7 0.80

A general long-term transport relationship (independent of channel type) has been applied 1o
calibrate the model (Fig 33) To achieve this, the cell based energy slopes are calibrated and a
single slope value is applied in the sediment transport model The rationale for using a single slope
rather than low and high flow slopes as applied originally (Fig 31 and equation 33) anses from the
need to keep the number of calibrated determinants to a minimum  This is understandably at the
expense of a more realistic representation that cannot be uniquely parameterised, however The
calibrated energy slopes are given in Table 20 and plotted in Fig. 20 The calibrated slopes
generally fall within the range of measured slopes, as expected
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Table 19 Calibrated mean annual sedument discharge and change in cell storage for
the penod 1940 1o 1986

Mean annual sediment dischurge Mean annual change
Cell (10" 1ons/a) in sediment storage
td = | mm)

ACRU/ Calibrated d =] mm (10" 1ons/a) % of
CALSITE total load (12 3% to1al load) 1o%al

1 152.7 2826 ME 000 00
- 167 8 2879 3s.s 043 78
3 1724 2893 356 000 01
4 176.6 291.1 59 0.05 0s
S 176.6 2911 59 000 00
3 176.3 2909 kAN 002 0%
7 176.2 290 8 ass 00 02
“ 1958 2972 6 005 1?7
9 1939 - p e e LY 01
10 193.5 296 9 66 003 Oe
il 1526 296.2 368 008 14
~ 1923 =9¢ .0 3.8 002 0.5
12 190 3 2045 36 3 0.1% 33
14 2014 299.5 369 0.08 1.6
1 2077 301.2 7.1 0.0 7
16 3l3.) 302 e 373 o0 0sq
17 .3 3061 by ) 0.10 19
18 226 3z 56 002 04
19 s 3lis.1 R 3 010 19
20 3208 R [ ot 0.00 00
d | 3204 3424 | e 003 0%
—— 32043 &2 - | i 000 00
= 3197 3419 42.] 006 11
- 330 3%0.1 431 03 60
- | 31294 3489 <10 0.15 o.7
26 3423 358.7 418 007 14
~1 4 3356 e 437 018 2=
i | 3431 361 4 EER 0.1s oF
25 3150.5 378.5 463 0.52 93
30 sy 378 4 46.6 0.00 0.1
3 asia 3769 46 & 018 i3
- s 380.2 ETR 0.0% 0%
k) 32 s 468 0.08 1.8
L 7850 85 9 =2 0.23 s
as 7832 5853 76 007 14
6 785.1 e fi] 76.7 1.01 151
» 781.3 619 4 76.2 028 63
k) 722 6241 7% 9 011 20
i35 7776 6298 76 0.56 10}
40 784 9 6399 TE L) 00

Sum S04 1000




Table 20 Caiibrated energy slopes for the cells
along the Sabie River (ST - Single
«thread: BR - Brarded, BA - Bedrock
anastomosing. PR - Pool-rapad;
MA - Mixed anastomosing )
Cell Channel Calibrated

Type energy slope |

1 ST 0.00127

2 BR 0.00138

3 PR 0.00217

- BR 0.00138

5 PR 0.00216

6 BR 0.00138

7 BA 000644

3 BR 0.00137

9 BA 0.00637

10 PR 0.00215

1 BR 0.00137

12 BA 0.00635

13 PR 0.00214

14 BR 0.00136

15 PR 0.00213

16 BA 0.00623

17 PR 0.00212

18 BA 0.00609

19 PR 0.00210

20 BA 0.00566

21 ST 0.00121

22 BA 0.00566

23 PR 0.00201

24 BR 0.00132

2 PR 0.00200

26 BA 0.00551

7 PR 0.00197

28 BR 0.00130

29 PR 0.00195

30 MA 0.00331

3l BR 0.00129

32 Ma 0.00329

33 PR 0.00192

34 MA 0.00269

35 BR 000116

36 MA 0.00264

37 BR 000118

38 PR 0.00149

39 MAa 0.00261

40 BA 000314

-3
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Figure 37 is a plot of the modelled change in cell sedimentation (applying the calibrated energ)
slopes in Table 20) against the equivalent measured change for the period 1940 to 1986 The
equivalent measured change is derived from the relative percentage change data by proportioning
the overall modelled change (Table 21) according to the measured cell based relative change in
Table 11 (i.e 180 3x10" tons = 100%)

8.7 Model verification

The change in sediment storage is computed on an annual basis by accumulaung the daily
sediment transport and vield values and performing a mass balance for each linked river cell
Figure 38 is a plot of the modelled annual changes in sediment storage for the period 1932 10
1996 Changes are plotted for the whole river and also for only those cells covered by the 1944
record (refer 1o Table 8) The modelled changes are expressed relative to the stant of the
simulation(1932) The measured data derived from the aenal photographic records are expressed
in equivalent (mass) units and are plotted as point data. The data used to calibrate the model are
coincident with the simulated values in 1986 (relative to the 1940 reference). as required The
modelled and measured (equivalent based on the 1940 to 1986 calibration) data for assessing the
predictive performance is given in Table 21,

Table 21 Comparison between modelled and measured change in sediment storage along
the Sabie River (bold calibration data)
Change in sediment
Period Cells storage (10" tons) Error
» (e
Modelled Aerial . G
photographic
data
1940/44 10 1986 | All 1803 180.3 -
1410 19& 2410 36 142.9 142.9 -
1944 10 1974 1410 19 & 2410 36 1 o3 34
1974 10 1986 1410 19 & 2410 36 -279 743 85
1986 10 1996 All =720 74 6%
1410 19 & 24 10 36 32.2 -5 4 37

The long-term (1940 to 1986) change in sediment storage for the extent of the river in the KNP
is approximately 3 Sx10” tons/annum_ Shoner-term changes in sediment storage are significantly
more variable (Fig. 38), reflecting periods of progressive sediment accumulation (e g 1939 10
1945, 1948 10 1957, 1960 to 1971, 1976 to 1984, 1985 to 1995), interspersed by significant
reductions during years experiencing large flow events  The average increase in sediment storage
during periods of progressive accumulation is as high as 40x10’ tons/annum, while the loss of
sediment (as reflected by the reduction in unconsolidated alluvial bars) during vears experiencing
large floods is generally greater than 200x 10" tons (approximately 300x10' tons for the recent
flood in 1996) It is difficult to objectively assess the performance of the model as reflected by
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the error in sediment storage given in Table 21, with values ranging from 3 4x10° 1o 8 5x10°
tons/annum for the interpolated and extrapolated 1974 and 1996 data points, respecuvely Ths
is due to the large temporal variability resulting primanly from the influence of extreme flows, for
example, although the maximum error in storage prediction (8 5x10” tons/annum) represents more
than twice the long term average accumulation, it is only 3% of the sediment removed from
storage dunng the 1996 flood. Nevertheless, the predicted and measured data for 1996 compare
well, with the modelled trend showing a progressive accumulation from 1985 1o 1995 (Fig 38).
followed by an abrupt loss of storage in 1996 The existing (long-term) aenal photographic dara.
however, reveal only a minor loss between 1986 and 1996
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Change in Sediment Storage (10" tons)

Figure 38 Plot of modelled change in sediment storage along the Sabie River for the period
1932 10 1996, showing the data points derived from aenal photographic data for
model calibration and testing

Low-flow aerial photographs of selected reaches along the Sabie River for the vears 1986, 1989
ané 1992 have been examined to quanify morphological unit change (Heritage et al | 1997a)
The degree of erosion or sedimentation was evaluated in terms of the type and coverage by new
sedimentary features observed within selected examples of channel types between 1986 and 1989
(penod of average runoff) and between 1989 and 1992 (period of reduced runoff) Some 400
changes in morphological unit presence and extent were recorded within the four channel tvpes
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considered (Table 22) (no aenal photographs are available for single-thread channels) Change
between 1986 and 1989 was minimal. with both erosion and deposition recorded in mixed
anastomosing and mixed pool-rapid reaches, and minor deposition within bedrock anastomosing
and braided reaches A reduction in flow between 1989 and 1992 corresponded with a net
increase in coverage by exposed sediments In particular, mixed anastomosing channel types
displaved an increase in lateral and mid-channel bars and, similarly, mixed pool-rapid reaches
exhibited increased sedimentary coverage, particularly by lateral bars Bedrock anastomosing
areas showed a response similar to that observed during the 1986-1989 period, with braided
channel types recording an increase in net exposed sediment constituted principally as braid-bars
(Table 22). From these aenal photographic data, sedimentation appears to have occurred durnng
both average ( 1986-1989) and reduced periods of flow (1989-1992) Bedrock influenced channel
tvpes that contain a sedimentary influence (mixed pool-rapid and mixed anastomosing) appear 10
have accumulated sediment at an increased rate during periods of reduced flow

The predicted increase in sedimentation from 1986 to 1992 is therefore corroborated by the
additional data. as is the significant loss of unconsolidated sediment storage in 1996 by the
combination of the intermediary and 1986-1996 aenal photographic data

Table 22 Changes in sediment presence and coverage by morphological units for reaches
within the principal channel types along the Sabie River, KNP (after Hernage ¢r
al.. 1997a)

Channel type 1986 10 1989 1989 10 1992
Change in Morphological change in Morphological
sediment unit sediment unit
coverage change coverage change
(m*) (m*)
Pool-Rapid 510 | Lateral bar 1866 | Lateral bar
413 | Lee bar 395 | Lee bar
$70 | Rip channel 11198 | Rip channel
857 4901 | Mid-channel bar
046 9663
Bedrock 1314 | Lateral bar 938 | Mid-Channel bar
Anastomosing Lateral bar
Mixed 1624 | Mid-channel bar 6038 | Lateral bar
Anastomosing -2152 3620 | Mid-channel bar
0 3632 | Rip channel
761 2634 | Lee bar
267 <130
Braided 1956 | Mid-channel bar 1125 | Braid bar
Single-Thread - - - -
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Observed channel change on the Sabie River reveals that the system 1s not in a state of dynamic
equilibrium. but is rather evolving (Hertage e al., 1997a) Previous studies (Heritage ¢r o/
1997a, Vogt, 1992, Chunnett ef al , 1990) indicate that the river has experienced a net increase
in sedimentation over the period 1940 to 1986, once again confirmed by the present analysis of
change as reflected by bar dvnamics  Aenal photographic data reveal that the change is spatially
and temporally dvnamic and complex For example, Chunnett er a/ (1990) observed from the
1944 and 1986 aenal photographs that of fifty hippopotamus pools in 1986, seven did not exist
in 1944 1welve were smaller in 1944, five were larger in 1944, and six remained unaltered  Thus
variability 1s also displaved by the shorter term changes in bar formation (Fig 38), where both
accumulation and reduction of alluvial features are predicted

It is reassuring 1o note that the modelled change in sediment storage is realistic The average
annual accumulation per length of niver (51 tons’km/annum), translates into a volumetric
accumulation of 1 2 m’ per metre length of river (applving a porosity of 25% characteristic of the
unconsolidated sand deposits along the Sabie River (Birkhead and James, 1998)) from over the
peniod 194010 1986 Although this estimate may seem somewhat low (based on shon-term field
observations), the value is in fact most realistic given the spatial vaniability of observed changes
in unconsolidated sediment storage (1 ¢ bedrock anastomosing channel types have displaved no
significant change in storage (Fig 25))

A dam on the Sabie River at the Lower Sabie restcamp was constructed in 1986, with the primary
objective of providing wildlife habitat and game viewing opportunities A survey of the dam was
undertaken in 1995, and is discussed in full by Birkhead e al (1995)  Although the niver level
and vegetation cover (particularly 2. mauritianus) were found to mask sedimentary in-channel
features, the data nevertheless revealed that the sediment profile in 1992 (as determined by sonar
and ground-penetraung radar surveys) was below the pre-impoundment river water level in 1980
It 1s of interest to determine the predicted sediment load transported by nver immediaely
upstream of the dam, and 10 compare this with the dam capacity. The modelled sediment
discharge from 1987 to 1995 is 3835x10° tons, which translates into a volumetric load of
approximately 200x10° m' The survey area extended to 850 m upstream of the dam wall, and
showed no significant reduction in capacity (380x10" m' in 1995) between 1987 and 1995
Analysis of aerial photographs, however. reveals extensive reed development further upstream
for 1 5 km, and this has been attnibuted to increased siltation in the upper reaches of the dam's
influence (Birkhead eral , 1995) The approximate capacity of this impounded region is 300x10°
m’ as at 1993 (from sonar surveys) The data support the hypothesis that the post-impoundment
delta deposit generally associated with reservoir sedimentation by bedload transport (Linsley ef
al.. 1992) had not vet by 1995 progressed to the basin extending 850 m upstream of the dam wall
The average annual sediment discharge into the dam (1987 10 1995) is 22x 10" m"/annum, whereas
the long-term (1932 to 1996) value is significantly higher at 44x10" m"/annum, reflecting the
increased load in years experiencing large floods (e g 1996) The estimated total volumetnc load
for 1996 alone is 175x10" m’, commensurate with the cumulative load over the nine previous
(dry) years. Based on the long-term sediment load and assuming 100% trapping efficiency, the
dam will effectively be completely silted by 2008 This lifespan (21 vears) is comparable with
dams constructed along the Letaba River in the 1970s, which are now completely silted
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The plots of modelled change in sediment storage (Fig. 38) show the same temporal trends for
both the whole niver and the section covered by cells 14 to 19 and 24 to 39 The plotung
positions vary considerably, however, with that covening the whole river displaving more
significant losses during years experiencing large floods. The reason for the offset between the
plots, particularly during the late 1930s, anses from the influence of the bedrock anastomosing
channel type cells, with only two out of total nine cells incorporated in the plot of the partial nver
coverage (refer 10 Table 9) The model has been calibrated between 1940 and 1986, and the
bedrock anastomosing channel type cells have remained relatively stable over this period. The
modelling of pre-1940 change within the bedrock anastomosing cells produces sigruficant erosion
of in-channel sediment, and there are no histoncal data to test this finding.  Figure 39 provides
a sequence of observed change for the representative bedrock anastomosing channel type cell (cell
12) for the years 1940, 1986 and 1996 The 1940 exposure shows a nver devoid of any sediment
and ripanan vegetation, and suggests the recent occurrence of an extreme flood or senes of
events The 1986 photograph reveals considerable colonisation by riparian vegetation A good
proportion of the riparian vegetation was uprooted by the 1996 floods (maximum discharge of
1705 m's at this site, refer 1o Fig. 16), with the braid bar in the upstream pool having been
completely removed and bars downstream of the anastomosing channel significantly reduced
in size. Based on the record. it 1s not possible 1o determine the pre-1940 sediment storage status
of the bedrock anastomosing channel types and consequently the potential for large scale erosion
of in-channel sediment.

Figure 38 is re-plotted in Fig 40, allowing no change in the sediment storage dvnamics of the
bedrock anastomosing channel type cells. The plots in Fig 40 agree closely and illustrate the
scale differences between the plots in Fig. 38 introduced by large scale erosion in the bedrock
anastomosing channel type cells durning the late 1930s

58 Conclusion

The model presented in this chapter (SEDFLO) is able to describe the change in sediment storage
in each of the 40 defined cells (each characterized as one of the principal channel types) along the
Sabie River within the KNP in response to flows and sediment deliveries input on a daily basis
It is therefore useful for predicting relative increases or decreases in sediment accumulation in
identified channel-type reaches in response to changed hvdrological regimes associated with
anthropogenic or climate change influences The next chapter describes the application of the
model to simulate the niver response to simplified flow scenanos based on instream flow
requirement (IFR) specifications Chapter 7 describes a modelling technique for translating river
response at the channel type scale to more ecologically meaningful responses at the morphological
unit scale

A visual interface for the SEDFLO model has been developed to facilitate its use and is described

in the appendix to this report. The model code is available on the Kruger National Park Rivers
Research Programme web site: hup www cowr ac za' /index him] .
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Figure 40 Plot of modelled change in sediment storage along the Sabie River for the period
1932 to 1996, allowing no change in the sediment storage within the bedrock
anastomosing channel type cells
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6 Scenario modelling of geomorphological change

6.1 Introduction

The calibrated SEDiment FLux and stOrage model (SEDFLO) developed and tested in chapter
S is applied to synthesize the temporal and spatial changes in sediment storage along the Sabie
River in response to three flow scenarios  In order to model scenarios that are realistic. flow
recommendations determined from an Instream Flow Requirements (IFR) assessment using the
Building Block Methodology (BBM) are used (refer to the proceedings of the IFR workshop for
the Sabie-Sand River system, DWAF, 1997)

Changes in river sedimentation for the period 1932 to 1996 are considered in the scenario
modelling, and the results are compared to those predicted using the historical flow and sediment
regimes over the past 64 vears, 1e Fig 38

6.2 Flow scenarios

6.2.1 Injaka Dam

The Injaka Dam on the upper Marite River (Fig 1) and associated Bushbuckndge transter
pipeline were found to be the most economical first phase of the Sabie River Government Water
Transfer Scheme (DWAF, 1993) Water released from the dam into the Mante River will
augment flow in the Sabie River to provide primarily for domestic needs as well as irrigation.
while some of the water will be transferred by the pipeline 10 the Sand River subcaichment for
similar purposes. The main features of the Injaka Dam and Bushbuckridge transfer pipeline are
given in Table 23

The instream flow requirements for IFR site | located on the Marite River immediately upstream
of its confluence with the Sabie River (Fig 1) are used for the Injaka Dam scenano  The
modelling of the operation of the Injaka Dam based on the IFR recommendations 1s vet 1o be
undertaken and therefore the existing application of the IFR represents a siuation somewhat
worse than envisaged based on the existing environmental recommendations, since the flows that
will overntop the wall are not included The drought IFRs are also excluded, since this will involve
an analysis 10 determine the seasons (from 1932 10 1996) that may objectively be classified as
drought periods. The finalised maintenance flows (base and higher) as documented in Table 16 3
of the proceedings of the Sabie-Sand [FR workshop (DWAF, 1997) are used  The tnming of the
higher flows has been determined to coincide with the elevated flows of the Sabie River, as would
be envisaged under optimal reservoir operation (refer to Hughes er al , 1997)

Figure 41 is a plot of the mean annual runofl’ along the Sabie River. based on the flow
recommendation at IFR site 1. The existing (historical) runoff is also indicated The temporal
sediment inputs to the Sabie River from the Marite River tributary have been reduced by the yields
(as calibrated in SEDFLO) for ACRU subcatchments 25, 26 and 27, 1 e a trapping efficiency of
100% is assumed for the Injaka Dam The modelled vields from these subcatchments within the
foothills of the Drakensberg mountains are small, as illustrated by the reduction in mean annual
sediment vield for the most upstream cell (cell) (Fig 41)
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Table 23 Main features of the Injaka Dam and
Bushbuckridge transfer pipeline

Injaka Dam

Catchment area 209 km*
Mean annual runoff 101x10° m’
Storage capacity 123x10° m’
Water surface area at full supply level 795 ha
Wall height 5im

Crest length S550m

Bushbuckridge transfer pipeline

Maximum annual transfer volume 25x10° m'
Static head 96 m

Figure 42 15 a plot of the modelled change in sediment storage within the Sabie River (KNP) for
the Injaka Dam scenario. Plots of the temporal storage minus the contribution of the most
upstream cell (cell 1) and the cell at the Sand River confluence (cell 34) are included The net
change in sediment storage within these cells is indicated by the vertical arrows to the right of the
graphs. and reveal that extensive deposition is predicted for the upstream cell (cell 1) This anses
from the fact that reduced runoff will transport less sediment (except if the runoff is distributed
primarily as high magnitude. short duration flow events), and this sediment 1s hikely 10 deposit
within the upstream river network (i.e between the dam wall and the Sabie River confluence)
It is necessary therefore to isolate these junction cells from the river so as not to obtain a distoned
indication of the overall change in sedimentation along the river

It is interesting to note that the Injaka Dam scenario shows only a slight increase in the overall
trend of net alluviation within the Sabie River from the 1940s to present (excluding cells 1 and
34). More importantly, it reveals a reduction in the dvnamic behaviour of the sediment storage
This results primarily from lower magnitude flows which have been shown (chapter 5) to be
responsible for the erosion of alluvial bars and a highly variable pattern of temporal sediment
storage within the overall trend of net alluviation. Figure 43 is a plot of the net changes in
sediment storage for the channel type cells over the period 1932 to 1996  The results at first
appear difficult to explain, with the braided channel types generally showing net erosion and the
pool-rapid channel types (and mixed anastomosing to a lesser degree) displaying overall
deposition. The observed long-term change (Fig 25) shows the braided channel to display the
highest rate of sediment accumulation per unit river length, and this trend would be expected 1o
continue at an accentuated rate Further consideration, however, reveals that the results are
realistic given the differences in sediment transport characteristics between bedrock influenced
pools (the critical feature in terms of sediment transport within the pool-rapid channel types) and
the alluvial braided channel types
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Braided channel types display a more uniform energy gradient than the stepped profiles
characteristic of pool-rapid channel types Bedrock outcrops occur in the pool-rapid channels in
areas displaying local change in bedrock resistance as a result of lithological and structural
vanability (Cheshire, 1994) The result are regions of low energy (gradually vaned flow) backup
constituting pools upstream of bedrock outcrops and high energy (rapidly varied) flow through
bedrock and boulder rapids Consequently, sediment in braided channels expenences incipient
motion at lower discharges than pool units within pool-rapid channels, as confirmed by the
potential transport relationship plotted in Fig. 4 for the representative channel types 1t 1s
inconceivable to consider two adjacent alluvial cells (in the absence of intervening tributarnies)
where the actual sediment transport discharge relationships (covering the range of flows in the
river) do not intersect (Fig 4) The consequence would be channels that indefinitely accumulate
sediment or erode their beds Clearly, for a system in dynamic equilibrium, the transpon
relationships will intersect, and this reflects different proficiencies at transporting sediment across
the flow regime A pool-rapid channel type displays a higher transport capability at higher flows
whereas a braided channel has a lower entrainment threshold and therefore a higher transpon
proficiency at lower flows

This explains the general erosion predicted for the braided channel type cells and the general
aggradation within the pool-rapid channels (Fig  43) resulting from the reduced flooding regime
of the river. It i1s imponant 1o note, however, that this will not occur indefinitely, but rather
reflects the short-term change to an altered flow and sediment regime  Morphological
adjustments will result in changes to the transport charactenstics of the channel, and new
functional transpon relationships will develop with time
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Figure 43 Net change in sediment storage along the Sabie River over the period 1932 to
1996 for the Injaka Dam IFR scenario
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6.2.2 Injaka Dam and Sand River IFR recommendations

For the second scenario, the Injaka Dam development is combined with the flow
recommendations for the Sand River (IFR site 8, Fig 1) immediately upstream on the Sabie River
confluence. as proposed during the IFR workshop (DWAF, 1997)  As with the Injaka Dam
scenano, only the [FR maintenance (base and higher) flows are used  The applicanon represents
a situation worse than envisaged based on the existing environmental recommendations  This 1s
because flood flows are not incorporated in the analysis due to lack of information pertaining to
future water resources developments in the Sand River catchment, including operation of the
Bushbuckridge transfer pipeline from the Injaka Dam

As discussed previously, a reduction in runoff 1s concomitant with a loss of sediment load. and
the modelled sediment yields from the Sabie River tnbutaries for the historical conditions (1932
to 1996, Fig 36) cannot be assumed In order 1o determine the reduced vields, a sediment
transport storage analysis such as developed here for the Sabie River needs to be undertaken for
the tributaries subjected to reduced runoff This 1s. however, bevond the scope of the present
studv.  An approximate means of determining the sediment load from the Sand River is
undertaken by applving the annual long-term histonical relationship between sediment discharge
and runoff. Figure 44 is a plot of the annual sediment discharge against runoff for the most
upstream cell (cell 1) and cell 34 (Sand River at its confluence with the Sabie River) Reasonable
power relationships have been fitted 10 the data which displays considerable scatter as would be
expected given the variability of the flow regimes The relationship for the Sand River is used to
compute the (reduced) annual sediment load entering the Sabie River svstem as a funcuon of the
annual flow volume (based on the IFR recommendations)

Figure 45 1s a plot of the mean annual runoff along the Sabie River., based on the flow
recommendations at IFR site | (Marite River) and IFR site 8 (Sand River) The significam
reductions in the mean annual runoff and associated sediment load from the Sand River (cell 34)
is illustrated and compared with existing (historical) conditions

Figure 46 1s a plot of the modelled change in sediment storage within the Sabie River (KNP) for
the combined Injaka Dam and Sand River IFR scenanio  Significant alluviation s predicted
downstream of the Sand River confluence (cell 34) and although deposition 1s hikely. the
magnitude of the modelied increase in storage mayv be attributed to overestimating the annual
sediment loads carried by the Sand River  This scenario also shows only a shight increase in the
overall rate of net alluviation excluding cells 1 and 34 The response, however, reveals a further
reduction in the dynmamic behaviour of the sediment storage due to the loss of vanability
(particularly flooding) from the historical flow regime The changes in sediment storage along
the niver are plotted in Fig 47, The celis downstream of the Sand River confluence show the
same directional responses predicted for the Injaka Dam scenanio (Fig 43), with the exception
of mixed anastomosing cell 34 which has altered its response from marginal erosion to large scale
deposition
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6.2.3 Sabiec and Sand River IFR recommendations

For the third scenario, the altered Sand River flow and sediment regime used in scenario two is
combined with the flow recommendations for the Sabie River at Albasini Ruins (IFR site 2. Fig
1) Aswith the previous applications, only the IFR maintenance (base and higher) flows are used
The annual sediment discharge relationship for the Sabie River (Fig 44) is used to compute the
(reduced) annual sediment load entening the Sabie River system at cell 1 as a function of the
annual flow volumes

Figure 48 is a plot of the mean annual runoff along the Sabie River The further reductions in the
mean annual runoff and associated sediment load from upstream contributions (cell 1) are
illustrated  Figure 49 is a plot of the modelled change in sediment storage for the combined Sabie
River and Sand River IFR scenario. Further alluviation is predicted upstream of Albasimi Ruins
(cf Fig 42) This scenario produces approximately twice the net historical rate of alluviation
along the Sabie River, excluding the contribution of cells 1 and 34 The shori-term vanabilty in
temporal storage is essentially lost, resulting in a constant rate of overall alluviation The changes
in sediment storage along the river are plotted in Fig 50 The directional changes in storage are
as predicted for the second scenanio (Fig 47) It is interesting to note that the mixed
anastomosing and pool-rapid channel type cells immediately downstream of the Sand River
confluence display extensive deposition, whilst the braided cells reveal accentuated erosion
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6.3 Conclusions

The sediment storage response of the Sabie River within the KNP has been modelled at a channel
type scale using SEDFLO with flow regimes representing different upstream water resources
development scenanos. The scenano flows are based on specified instream flow requirements
only, and not on detailed reservoir simulations; they therefore do not include high flows resulting
from reservoir spillage More realistic scenano flow sequences are to be produced by svstem
simulation in another project within the KNPRRP, and should form the basis for further
application of SEDFLO

The following conclusions are drawn from the scenario modelling

. The long-term rates of alluviation (excluding the most upstream and Sand River
confluence cells) increase approximately proportionately with reduced MAR

. The reduction of dvnamic sediment storage behaviour resulting from diminished flooding
influence is clearly noticeable This is likely to impact significantly on the spatial and
temporal assemblages of geomorphological features and associated aquanc and npanan
habitats, since under conditions of reduced flooding, irreversible sedimentation will
svstematically reduce the proportional occurrence of bedrock influence within the svstem

. In order to achieve a new dvnamic equilibrium in response to a reduced flooding regime,
alluvial channel types display a tendency to erode whilst pools and (10 a lesser degree)
mixed anastomosing channel types show a tendency to aggrade Loss of storage within
braided channel types is likely to result in a smaller active channel incised within the
macro-channel infill deposit

SEDFLO predicts gross changes in sediment storage along the river, which is insufficient for
inferning biological response at smaller scales. The gross changes must therefore be translated
into morphological characteristics associated with habitat. A modelling approach developed for
this purpose is described in the following chapter



7 Rule based geomorphological unit change model

7.1 Introduction

This chapter describes the application and tesung of a rule based geomorphological unit change
model, first developed for predicting change at the unit morphological scale along the Sabie River
(KNP), under the auspices of the Biological-abiological LINKS (BLINKS) programme (Hentage
etal, 1997a) Information is presented on the conceptual framework behind the model. including
a description and justification of the spatial and temporal scales at which the model operates and
the structure of the input data in relation to the channel type sediment transport and storage model
(SEDFLO) presented in chapter §

The form of nputs and outputs to and from the model are discussed with respect to the
morphologic template, hyvdrological regime and sediment production. In addition. matrices of
rules for each of the channel type sub-models are presented for each genenc channel tvpe and
justified with reference 1o field evidence of channel change on the Sabie River. The model 1s
tested using modelled flow and sediment flux data from SEDFLO (chapter 5), and the output is
compared to observed change in the area of unconsolidated sediment deposits within each of the
five representative cells (one for each representative channel type) on the Sabie River
Furthermore, the results are also compared to the gross pattern of erosion and deposition
predicted for each representative cell to determine if the modelled patterns of change are similar
The limitations of the rule based mode! are discussed. and recommendations are suggesied that
will result in an improved predictive accuracy

7.2 Data requirements

The geomorphology model is designed 1o accept discharge and sediment flux data for any cell on
the Sabie River in the form of annual values computed from daily flow and sediment flux
simulations. The Sabie i1s sub-divided into 40 linked cells which represent the spaual extent of
alternating channel types (bedrock, mixed and alluvial anastomosing, bedrock and mixed pool-
rapid, alluvial singie-thread and braided) along the nver (Fig 30 and Table 9) Vanable inputs
to the model consist of hydrological and sediment index values

7.2.1 Geomorphological data

The geomorphology of the Sabie River has been intensively studied (van Niekerk and Hertage,
1993, van Niekerk er al., 1995, Moon er al, 1997, Hernage ef al, 1997a) As a result. a
geomorphological hierarchy has been developed that structures the niver on the basis of the
association of geomorphological units (Tables 24 and 2¢) to form channel types (Fig 2)

Five channel types characterise the system (bedrock, mixed and alluvial anastomosing. bedrock
and mixed pool-rapid, alluvial single-thread and braided), and these have been combined 1o form
three generic channel types (anastomosing, pool-rapid and single-thread/braided), which
constitute the geomorphological basis of the geomorphology model  The changes in morphologic
assemblage are predicted independently for each of these generic channel tvpes
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Table 24

Description of the major morphological units found on the Sabie River in

the KNP

Morphological unit

Descnption

Rapid

Steep bedrock sections, high velocity concentrated flow

Bedrock pavement

Honzontally extensive area of exposed rock

Isolated rock

IDiscrete small outcrop of bedrock

Pool (bedrock, mixed

Topographic low point in the nver channel associated with a downstream

and alluvaly bedrock or alluvial control

Braid bar Accumulation of sedament i rid-channel causing the flow to diverge over a
scale that approximates to the channe! width

Lateral bar Accumulation of sediment attached 10 the side of the channel, may occur
sequentially downstream as alternate bars

Point bar Accumulation of sediment on the inside of a meander bend

Hedrock core bar

Accumulation of finer sediment on top of bedrock 1 bedrock anastomosing
arcas

Lee bar

Accumulation of sedimen: 1n the lee of flow obstructions

muxed and alluval)

Distnbutary (bedrock,

Indinvrdus! acuve channel 1 an anastomosing syvstem

Island

Large rmud channe!l sediment accumulation that 1s rarely mnundated

Anastomosing bar

Accumulation of coarser sediment on top of bedrock in bedrock anastomosing
arcas

Macro-channel lateral

Large accumulatuon of fine sediment on the sades of the incised mocro-channel

bar

Pool Topographical low, may be bedrock. mixed or alluvial. termed apscal when on
outer bend of meander/sinuous reach

River clatt Near-vertical bank of nver normally associated with outer bend of
meander/sinuous reach

Rip channel Equivalent to chute, small hagh flow channel on inside of pont bar or |ateral bar
feature

Kiffle Topographical hagh associated with gravel-bed rivers as part of pool-nfile
sequence

Floodplan Accumulation of contemporan alluvial matenal from overbank flooding and
lateral agaradation (meander migration)

Terrace Accumulation of older alluvial matenal associated with previous higher level
nver floodplain now elevated above contemporan channel as a result of incision

Cutofl Abandoned length of nver no longer permanently connected 1o the man niver as
a result of meander mugration or avulsion

Levee Raised linear feature adjacent to the main channel composed of overbank
seduments

Boulder bed Ares of ven coarse sediment accumulation (> 128 memn)

Armoured bed Area of coarse sediment accumulation (64-128 mm)

Waterfall Verucal disruption to channel bed

Cateract Senes of small waterfalls




The model utilises this baseline geomorphological template consisting of the alternaung generic
channel types along the niver (Fig. 30) as a basis on which to route sediment inputs from the
sub-catchments. Continuity of sediment movement 1s achieved through erosion or deposition
of material in each cell in response to the balance of erosive forces and sediment inputs (Fig.
29). Internally, the changing sediment balance within each channel type results in a change
in the geomorphological composition at the scale of morphologic unit, and these are modelled
using a rule based expert system (Heritage er al., 1997b)

Each of the genenc channel tvpes is imtially defined by a base morphologic state as determined
by gquantitative analysis of 21 kms of nver channel within the KNP (Table 26) In the
anastomosing genenc channel type. mixed anastomosing channels display an increased percentage
of anastomosing bars (35%) at the expense of bedrock core bars, which reduce to 11% This s
coded into the rules

Through this approach, long term channel change can be usefully modelled at the scale of
geomorphological unit (pools, rapids, bar types, etc ), and new geomorphological associations
following channe! change can be predicted using the geomorphological model and data on the
flow regime and sedimentation.
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Table 25 Morp 1cil composition of the common channcl types found on the Sabae River in the KNP
Channel type Description Morphalogical units
Alluvial single thread Uniform single channel river Limated bedrock Lateral bar (1), Pool (1). Rock pool (1),
outcrops or braid bars associated with active channel | River chif (2), Apical pool (2), Pomnt bar (2), Rip channel (2), Riflie (2),
May be bedrock or alluvial Rapid (2), Floodplan (2), Termace (2).
Alluvial hraided Multi-channel system with impermancemt Brand bar (1), Alluvial distiibatary (1), Lateral bar (1),

distobutanes i alhvnm. Channel convergence and
divergence occurs on the scale of channel widih,

Point bar (2), Rip channel (2). Cutoll channel (2). Armonred area (2),
Floodplam (2), Terrace (2),
Alluvial backwater (3), River ¢l (1), Levee (1), Apical pool (1)

Mired anastomasing

Multi-channcl system of distributances in bedrock and
allwvium

Rock pool (1), Rapad (1), Alluvial pool (1), Bedrock core bar (1), Rock
distribatary (1), Alluvial distnbatary (1),

Cataract (2), Waterfall (2), Boulder bed (2). Armoured area (2), Lee bar
(2). Rock backwater (2), Alluvial backwater (2) alhuvial bars (2)

rapeds and associated upstream backwater pools

Bedrock anastomosing | Multi-channcl system of permanent bedrock Rock pool (1), Rapid (1), Bedrock core bar (1), Cataract (1), Waterfall
distobutanes Sediment man accumulase on (1), Rock distbatary (1),
topographic highs Boulder bed (2), Armourcd arca (2), Lee bar (2), Rock backwater (2)
Mixed pool-rapid System of shallow laster steeper bedrock dominated Rock pool (1), Raped (1),

Bedrock core bar (2). Lateral bar (2), Lee bar (2), Cataract (2), Boulder
bed (2). Armoured area (2), Floodplain (2), Rock distnbatary (2), Termce
(2). Rock backwater (2).

Braid bar (3), Pool (3), RifMle (3) Alluvial distributary (1),

1) = Defimte occurrence, (2) = Probable occurrence, (1) = Rare occurrence
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Table 26 Morphologic composition of the generic channel types on the

Sabie River within the KNP
Morphoelogic unit Generic channel ty
Anastomosing | Pool-rapid | Alluvial

(%e) (%) (“a)

Braid bar 3 1 1§

Lateral/point bar S 20 20

Lee bar 2 1

Bedrock core bar 51 10

Anastomosing bar S

Rapid 5 B |

Isolated rock 2 1.5 1

Bedrock pool/distnbutary 9 2.5

Mixed pool/distributary 15 15 3

Alluvial pool distributary 1 20 35

Island

Bedrock pavement 2

Macro-channel lateral bar 29 a9

7.2.2 Hydrological data

The daily average flow hydrology was simulated using the ACRU model (refer 10 £ 2 3) The
flow regime has been divided into four categones according to the standard deviation from the
median flow (Table 27). and are used 1o drive the channel change matrices presented in Table 28

Category 1 is baseflows, which are considered geomorphologically insignificant due to their
inability to transport sediment (refer to Fig. 51) Freshettes (category 2) may alter some instream
morphological units and flows of the order of the annual flood (category 3) are competent to
redistribute significant volumes of unconsolidated sediment and may also result in the erosion of
some consolidated deposits  Major floods (category 4) will overtop the active and seasonal
distnbutary channel network (see Heritage er /. 1997a) and have the abilny 10 alter the
morphology of areas between these channels by modifying macro-channel features such as
bedrock core bars. islands and macro-channel lateral bars Category 1 flows are less than one
standard deviation below the median flow for the period of record. category 2 includes flows
between the median and | standard deviation less than the median. categony 3 incorporates flows
between the median and | standard deviation above the median, and category 4 flows are greater
than one standard deviation above the median

7.2.3  Sedimentation data
Sediment enters the Sabie River at tributary junctions. with many of these flowing only

ephemerally and introducing sediment sporadicaly  These sediment inputs are reworked by the
perennial flows within the Sabie River according to local channel competence as defined by the
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channel type. The annual sediment inputs to each of the channel type cells are provided bv
SEDFLO (chapters 6 and 7) The sediment transport data are categorised into states based on
the standard deviations from the median as for the flow states (Table 27)

Table 27 Categonsation of the flow and sedimentation parameters used to define the process states
in the geomorphological model, with the median flow and sediment input values assigned
indices of |

Flow regime category Sediment input category

Flow state Flow index range Sedimentation state | Sedimentation index ""L‘T
Base (1) | <068 Low (1) | <068

Freshette (2) 0681010 Reduced (2) 068t 10

Annual llow (3) 1010 1.32 Moderate  (3) 1.0tw 1.32

Flood (4) |>132 High (4) |[>132

7.3 Rule development and coding

The magnitude and direction of change at the morphologic unit scale has been determined from
expert knowledge gained through extensive field experience, detailed examination of temporal
aerial photographic sequences, and space for time substitution techmques (Vogt, 1992, van
Niekerk and Hernage, 1993, van Niekerk and Hertage, 1994, Hentage and van Niekerk, 1994,
Carter and Rogers. 1995, Heritage er a/ . 1957a; Broadhurst er al., 1997, Moon ¢ral . 1997)
The rules are presented as a set of matrices defined by the controlling flow and sediment flux
indices Three matrices have been constructed to simulate geomorphological change in the three
genenic channel types whose baschne geomorphological state is defined by the parameter values
in Table 26 The anastomosing channel matnx defines changes for bedrock, mixed and alluvial
anastomosing channel types, the pool-rapid matrix covers changes in bedrock and mixed pool-
rapids and the alluvial matrix concerns change within braided and alluvial single-thread channels

The change matrices give the percentage change in morphological unit as a function of the flow
and sediment indices, and are presented as Tables 29. 30 and 31 for the pool-rapid. alluvial and
anastomosing generic channel 1ypes, respectively  The pool morphologic units are hsted twice.
the first value accounts for changes between alluvial deposits. and the second value represents
internal redistribution of sediment. In the case of the pool-rapid channel tvpe, the matnix values
imply that braid bars increase during a year when the flow regime displavs a freshette or the
annual flood combined with moderate to high sediment indices Conversely, bars are eroded
during vears experiencing a major flood but reduced or low sediment inputs  For the case of the
anastomosing channel type, the formation of anastomosing bars 1s favoured in vears where major
floods occur coupled with a high sediment ratio. This is in contrast 10 years expenencing a major
flood linked to a moderate sediment ratio. where bedrock core bars are considered to aggregate



Table 28

Channel type switching rules for the Sabie River channcl types

Generic channel | Sabie River channel types Geomorphological unit
type Hedrock pools Bedrock core bars or Rapids Iraid bars
anastomosing bars

Anastomasing Bedrock anastomosing > 1t < RS

Mixed anastomosing a0 10% L

Alluvial anastomosing 0% < R4
Pool-rapid Bedrock pool-rapid > R0% > §%

Mixed pool-raped > R0 2% 10 5%
Alluvial Branded Mixed <% > 1%

Alluvial < 2% > 10"
Single thread Mived < 2% 010 107%
Alluvial < 2% 0% 10 10"
Table 29 Morphologic unit change matrix for the pool-rapid generic channel type
Morphedogical wnt Sedement 1alen Sodumont 13010 moder ate Scdwnert 13w reduced Sedunent (3t b
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Table 31

Morphologic unit change matrix for the anastomosing generic channel type

Morphological umit Sediment ratio high Sediment ratio moderale Scdiment ratio reduced Sedument ratio low
Basc | Freshette | Annual | Flood | Base | Freshette | Annal | Flood | Base | Freshetie | Anmmal | Flood Freshette | Annual | Fllood

Tead bar ' H " 1 ns 1 2 I 2 3
Fateral pont har I 2 ns | n A 2 | 2 A
oo bhar 1 3
Ihed cove b 1 1 | s I 2 *
Anastoemocng hae 1 b} | 1 A 2 2 R
Kapud 2 A 1 2
tsared rnk Y 0 0 '
Tedvnch detribatany [ J A
Mived dostributan A A A -1 A
Alluvial desrdatany I 3 “
Tedeock dutributans 2 0 ' [ [ 3 1 ' Bl
Mined distributany A 0 1 1 | 1 2 L]
Alhusial drteertan [ 0 A
1<) net
'as cment 2 A 2 A 2 4 "
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Overall, the matrices may be seen to function in two ways. Active channel features respond 1o
baseflows 1o generate minor changes: under low sediment inputs there will be munor erosion.
while minor deposition will occur under high sediment input conditions Changes are muted as
the flows are not generally competent to redistribute sediment. As flows increase through
freshettes to the annual maximum flows and finally flood flows, these changes are accentuated
such that major erosion occurs under low sediment inputs and major deposition occurs under high
sediment inputs (Fig. 51)

The macro-channel geomorphic system responds differently to the flow and sediment conditions
Under baseflows and freshettes there 1s no change to the macro-channel features as they are not
inundated Under flows of the order of the annual maximum flood there will be some minor
erosion given low sediment inputs altering to minor deposition given high sediment inputs Given
an extreme flood these effects are intensified with major deposition under high sediment input
conditions and major erosion under low sediment input conditions (Fig 51)

A set of change rules have been imposed on each matnix as follows

. Erosion of alluvial features within the active channel (braid bars, lateral bars, point bars.
lee bars) results in a similar percentage gain of submerged morphologic features (bedrock
pools, mixed pools, alluvial pools).

. Erosion of alluvial features bevond the active channel (bedrock core bars. anastomosing
bars, islands, macro-channel lateral bars) results in a similar percentage gain in bedrock
features (bedrock pavement, rapids, isolated rock)

. There is internal redistnibution of sediment within the submerged features (bedrock pools
mixed pools, alluvial pools) in response to erosion and deposition

. Where features are totally eroded, a hierarchy has been set up that transfers the loss to
another alluvial feature  The order is bedrock core bar, anastomosing bar, island and
macro-channel lateral bar for the features bevond the acuive channel. and lee bar. lateral
bar/point bar, alluvial pool, mixed pool, for in-channel morphologic units

Switching between channel types is controlled by a set of critical morphological umit values Two
principal pathways are coded into the model, the first accounts for changes within anastomosing
channels and the second between pool-rapid, braided and single-thread channels The channel
type switching rules are defined in Table 28 The proportional composition of bedrock core bars
(80%) and rapids (2%) are used as the controlling geomorphic units to define the switching
between anastomosing and pool-rapid, and pool-rapid and alluvial generic channel tvpes.
respectively

A factor has been introduced that controls the overall extent of morphological change in response
10 a certain annual flow series  This factor reduces or increases the rate of change for all units
based on the original matrix values and is designed to prevent the model from eroding or
depositing units at a rate that is considered unrealistic  This prevents the mode! from operating
the erosive redistribution rules too frequently following the complete loss of a unit
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Figure 51 Active and macro-channel geomorphological response to flow and sedimem
regimes

In summary, the model initiallv assigns the base geomorphological state to the cell under
mvestigation (Table 26). An annual timestep is then applied to alter the geomorphological state
in response 1o the flow and sediment categones (Table 27) The geomorphic composition 1s
changed according to the unit percentage change values corresponding to the cell generic channel
type (Tables 2910 31) An internal check is applied to determine the redistribution of sediment
between bars and pool/distributary sediments  1fa unit is eroded completely and falls below zero.
then the erosion redistribution rules are invoked with the eroded unit set 10 zero and the excess
erosion transferred to the next most vulnerable unit in the erosion hierarchy  Internal consistency
is thus maintained. Finally, the model provides a check for change of channel tvpe (Table 28)
prior to invoking the next nme step (Fig 32)

7.4 Model verification

The model is tested by comparison with listoncal records of geomorphological change denved
from aerial photographic records, and also using the erosion and sedimentation trends predicted
by SEDFLO (refer to chapter §) The first test involves the prediction of change in morphological
composition for five representative channel type cells (one for each of the common channel types
along the Sabie River) from 1632 to 1996  The results are compared with measurements of
change in unconsolidated bar arca recorded using aenal photographs over the penods 1940/44
to 1974, 1974 to 1986 and 1986 1o 1996 (Table 32) The second test involves a more detailed
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comparison of trends in bulk erosion and deposition as predicted fqr each represenmtative cell by
SEDFLO (Fig S3) against the rule based unconsolidated sediments dynamics  Finally.
conclusions are drawn concerning the stability of macro-channel features in response to the
periods having expenienced flooding during 1936 and 1939, 1954 and 1960, and 1985 and 1986
It is during these large flood events that macro-channel features are expecteq 1o be altered bv
fluvial processes. whereas at lower flows the stage does not inundate these units

Define channel type

l

Set geomorphological
composition

l

Begin annual timestep
iteration

l

Read input matrix
flow and sediment
values

l

Change geomorphological
composition based on
appropriate cecision matrix

!

Conduct internal check
to redistribute sediment
between bars and pools

l

Invoke erosion rules
if any unit is eroded
to a negative value

!

Check if channel
type has changed

l

Repeat annual timestep
teration

Figure 52 Flow diagram for the operation of the rule based geomorphological unit change
model
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Figure 53 Modelled change in sedimentation using SEDFLO for cach of the representauve
channel type cells along the Sabie River

Table 32 Acnal photographuc records of geomorphological change for representatine
channel tvpe cells along the Sabie River
Channel type Acnial photographic record
1940044 10 1974 | 197310 1986 | 1944 10 1986 1986 10 1990
Braided v v 4 v
Pool-rapid 4 v v v
Single-thread v v
Mixed anastomosing v v v v
Bedrock anastomosing v v

7.4.1  Input data

The hvdrological and sediment flux input data are calculated in three wavs to generate flow and
sediment Inpul matnces’

The first input data matrix (Table 33) is based on the annual flow data (categorised into base
flows, freshettes, annual flood flows and extreme flood flows based on the standard deviation
from the median, Table 27), combined with sediment input data which 1s given by the sum of the
upstream flux and tributary contributions (Fig 29) as modelied by SEDFLO
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The construction of matnx 1 input data i1s summansed as follows.

. The derivation of a cell based annual flow index based on four flow categones

. The denvation of a cell based sediment index based on four sediment categones that
include upstream and tributary contributions

Table 33 Matnx | input data
Sediment'flow index Base flow | Freshette flow | Annoual low | Flood fNlow
(1 (2) (3) (4)
Low sediment input ) 1,1 12 1.3 1.4
Reduced sediment input  (2) 2,1 2.2 2.3 24
Moderate sediment input  (3) 3l 3.2 33 id
High sediment input 4) 4.1 42 4.3 4.4

Table 33 defines sixteen sub-categones of conditions which, for the purpose of constructing the
following matrices, are numbered in order from left to right in succeeding rows. 1 ¢ (1.1)1s sub-
category 1. (1.4) is sub-category 4, (2,1) 1s sub-category 5, and so on up to (4.4) which is sub-
category 16, The second (Table 34) and third (Table 35) input data matnices utilise the change
in sediment storage data predicted by SEDFLO for each representative channel type cell Several
combinations of flow and dvnamic sediment storage may result in similar patterns of channel
change, and therefore no unique eguivalent to the matnx presented in Table 33 exists
Consequently, matnx 2 places the emphasis for change on the influence of the sediment regime.
whereas matrix 3 places the emphasis for change on the flow regime  For example. if the annual
change in sediment storage for a particular cell falls into sub-category 8. then this 1s equivalent
to an annual flow-reduced sediment input according to the matrix 2 input (Table 34). and a base
flow-reduced sediment input according 10 the matrix 3 input (Table 35)

The construction of the input data for matrices 2 and 3 1s summansed as follows

. The derivation of a cell based annual change in sediment storage index based on sixteen
categories corresponding to the number of possible combinations in the 4 x 4 input matnx
(Table 33)
Table 34 Matnx 2 input data
Sediment flow indes Base flow | Freshette Now | Annual Now | Flood flow
() (2) ‘ (3) 4)
Low sediment input n 1 2 4 7
Reduced sediment input (2) 3 $ N I
Maoderate sediment input  (3) 6 9 12 14
High sediment input (4 10 13 15 16
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Table 35 Matnx 3 input dma

Sediment flow index Base Now | Freshette Now | Anoual Nlow | Flood Now
(h (2) (3 4
Low sediment input i 7 L) 2 1
Reduced sediment input  (2) LS 6 4 3
Moderate sediment input  (3) 9 ] 13 14
High sediment input 4) 10 12 15 16

7.8 Results and discussion

The geomorphological changes predicted for each representative channel type cell are presented
in Figs 54 to 68, where Figs 54 10 58, 59 to 63, and 64 to 68 provide the results of applving
matnx | (Table 33), 2 (Table 34) and 3 (Table 35) input data, respecuvely The change rate
correction factors given in Table 36 are apphed 10 moderate the change in geomorphological
composition as tabulated in Table 29, 30 and 31

Table 36 Rate of change correction factors
Generic channel type Factor
Alluvial 03
Pool-rapid 03
Anastomosing 06

Under these conditions for example, a braid bar in the alluvial genenc channel tvpe matrnix ( Table
30) subjected 10 a flood flow regime and high sediment flux will display an annual change of 2 4%
(0 3 (Table 36) multiplied by 8% (Table 30))

In all cases. considerable initial change is predicied which moderates and becomes slightly more
stable The degree of change also vanies between channel 1vpes. with the pool-rapid cell
displaving a greater tendency to change its morphologic composition than the other channel tvpe
cells  Similarly, individual morphologic units can be seen to display diffening sensitivinies with the
active channel unconsolidated sedimentary features (braid and lateral bars) changing at a more
rapid rate than consolidated sedimemary features such as macro-channel lateral bars and bedrock

core bars

The results of applying input matrix 1 (Figs 54 10 58) show that for the single-thread channel type
cell, morphological diversity is maintained with the loss of some lateral bars to braid bars during
the first twenty vears of simulation. while alluvial pools also decline as the in-channel bar fearures
are enlarged.  The macro-channel features remain largelv unchanged  Results for the bedrock
anastomosing channel type cell reveal a tendency 10 erode the unconsolidated in-channel sediment
to create bedrock distributanes, while bedrock core bars are maintained  The braided cell displays
an increase in the dominance of braid bars, while macro-channel features are maintained The
pool-rapid channel tvpe cell reveals @ more complex pattern of change. with variations in the
dominance of braid and lateral bars in the active channel at the expense of mixed and alluvial
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pools. The macro-channel features again remain stable Finally, the mixed anastomosing channel
type cell appears to accumulate unrealistic proportions of sediment in the active channels as well
as excessive coverage by anastomosing bars

The results from the application of input matrix 2 (Table 34) for the single thread cell reveal an
accumulation of unconsolidated bars at the expense of alluvial pools (Fig 59) In ume. lateral
bars are eroded to form pools and braid bar area declines. The bedrock anastomosing cell (Fig
60) shows a rapid loss of in-channel sediment as bedrock pools begin to dominate, while the
bedrock pavement also expands to dominate the macro-channel The braxded cell displays
excessive sedimentation of lateral bar deposits (Fig 61) In the pool-rapid cell (Fig 62),
morphological diversity is maintained although a slight alluviation of active channel pools and
increased bar coverage is predicted  The mixed anastomosing cell displays marginal changes in
morphology, with an initial increase followed by a loss of in-channel bar deposits (Fig 63)

Application of input matnix 3 (Table 35) shows a rapid and unrealistic nise of in-channel bar
deposits in the single thread cell (Fig 64) The morphology in the bedrock anastomosing cell
appears more stable, with the initial loss of in-channel sediment as pools are scoured and a
marginal build up of bedrock pavement (Fig 65). The braided cell also displays unreasonable
changes, with lateral bars covering much of the active channel area (Fig 66) Alluvial pools. brawd
and lateral bars dominate the geomorphology of the pool-rapid cell (Fig 67). Finally, the mixed
anastomosing cell displays a gradual loss of sediment to expanding bedrock pools in the
distributaries, while macro-channel features remain stable (Fig 68)

In general, the predicted responses to input matrix 3 are unrealistic, sediment either accumulates
100 rapidly or integral geomorphological features are eroded (alluvial pools in the mixed
anastomosing cell) Matnices 2 and 3 predict more realistic morphological changes

Table 37 Abbreviations for the geomorphological units used in Figs 54 1o 68
Abbreviation | Geomorphological unit Abbreviation | Geomorphological unit
brd Bravd bar bedp Bedrock pool
lat Lateral bar mixp Mixed pool
lee Lee bar allp Alluvial pool
bch Bedrock core bar 15l Island
anas Anastomosing bar pmi Pavement
rap Rapd mh Macro-channel lateral bar
150 Isolated rock
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Figure 54 Predicted morphologic unit change for the single-thread representative channel
type cell based on mput matrix 1 (Table 33) with the abbreviatnons for the
morphologic units given i Table 37
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Figure 56
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channel type cell based on input matrix 2 ( Table 34), with the abbreviations for the
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0,032 1940 1950 1960 1970 1980 19901996
Time (years)

it Eiee oo ] anes @0 [ =0
Bl B~ e [ W

Figure 61 Predicted morphologic unit change for the braided representative channel type cell
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units given in Table 37



Percentage cover

e ITYTIET T ey v vy g

01932 1940 1950 1960 1970 1980 19901996
Time (years)

[Jw S Nw i B > W~

“II bedp | [ mip || allp S el rj prmt

Figure 62 Predicted morphologic unit change for the pool-rapid representative channel type
cell based on input matrix 2 (Table 34), with the abbreviations for the
morphologic units given in Table 37
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channel type cell based on input matrix 2 (Table 34), with the abbreviations for the
morphologic units given in Table 37
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Figure 64

Figure 65
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Figure 68 Predicted morphologic unit change for the mixed anastomosing representative
channel type cell based on input matrix 3 (Table 35), with the abbreviations for the
morphologic units given in Table 37

The modelled changes were compared with the aerial photographic record and against the
expected response to periods of low and high flows. Comparison with changes derived from the
aerial photographs (Figs. 69 to 73) indicate that input matrix | predicts well up 1o 1974 for the
single-thread cell, while matrices 2 and 3 provide improved predictions through to 1996
Historical change in the bedrock anastomosing cell indicates initial sedimentation 1o 1986 afier
which the cell morphology remains stable to 1996 The results from the input matrices indicate
erosion to 1974 followed by a period of stability. Aerial photographs of the braided cell show no
change in sediment area up to 1974 followed by increased alluviation  All the input matrices
result in this trend to 1974 but predict slight erosion between 1974 and 1996 Matrices | and 3
predict the observed change in the pool-rapid cell well In contrast, the predicted changes
correspond poorly with observed change in the mixed anastomosing cell. Generally, matrix 3
predicts the observed changes most consistently particularly in the pool-rapid and single thread
cells
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Figure 73 Comparison between observed and predicted change to unconsolidated sediment
in the mixed-anastomosing channel tvpe cell.

The erosion and sedimentation trends predicted by SEDFLO indicate periods of reduced flow
magnitude and frequency from 1932 10 1936, 1939 10 1954, 1960 10 1975, 1976 10 1984 and
1985 10 1995 Higher flows are evident over the periods 1936 to 1939, 1954 10 1960. 1975 10
1976, 1984 10 1985 and 1995 10 1996 (Fig 40) The model predictions (Figs 74 10 78) have
been examined to determine their ability to replicate the trends in erosion and deposition
associated with the periods of reduced and elevated flows

Results for the single-thread cell (Fig. 74) show a general poor correspondence between the
SEDFLO and rule based model trends Application of input matnix 3 produces increased
sedimentation between 1939 and 1954, the reduction in unconsolidated sediment between 1934
and 1960, and marginal changes thereafter In the bedrock anastomosing cell there 1s hutle
correspondence between geomorphological change and the sediment and flow regime. with
changes again subdued after 1960 (Fig 75) Predictions of morphological change are improved
for the braided cell, particularly using input matnx 1 Matnices 2 and 3 fail to model the effects
of the 1939 to 1960 flows (Fig 76) Matrix 2 results in a high correspondence to the predicted
sediment changes in the pool-rapid cell. whereas matrices | and 3 result in more subdued changes
(Fig. 77) Al predictions of geomorphological change show a poor comparison with the changes
in sedimentation in the mixed anastomosing cell (Fig. 78)
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7.6 Conclusions and recommendations

Overall. input matrix | appears to predict the trends in sedimentation most closely particularly in
the pool-rapid and braided cells. Input matrices 2 and 3 perform less favourably and wenerally
predict less variable changes. Only in the case of the mixed anastomosing cell are predictions
consistently poor. It is suggested that this mayv be a result of inaccurate construction of the flow
and sediment input matrix for the anastomosing genenic channel type (Table 31)

The rule based geomorphological unit change model appears to predict the direction of change
in unconsohdated sedimentary deposits satistactonly  Results from the application of input matrix
3 indicate that sediment flux may have a greater influence on channel form than flow vanability
Change 1o the macro-channel deposits would be expected during the erosive penods in 1936,
1954, 1975, 1985 and 1996 None of the input matrices provide results that confirm such
changes, possibly due to the lack of knowledge concerning the change dynamics of these features
over the longer timescale In a number of instances. the morphological change predictions are not
consistent with the historical aenal photographic data nor the bulk change in sediment storage
modelled using SEDFLO. Furthermore, the degree of accuracy varies between the respective
channel type cells Possible reasons for the modelling inaccuracies include

. Inaccurate matnix rules due to the poor quality of expert knowledge This may explain

the variable predictive accuracy for the channel type cells, since the knowledge base
concerning channel change dynamics vanes across channel types
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. Untested morphological change hierarchies

. A single set of rules (comprising percentage changes) is invoked for each of the generic
channel types It will be more realistic to have separate morphological change rules for
each channel type (e g alluvial vs bedrock generic channel types). but this clearly requires
an extensively improved knowledge base.

. Inadequate svstem of predicting the degree of local erosion and deposition at the channel
type scale.
. Insufficient testing of the model predictions The morphological unit dvnamics within

additonal cells needs to be modelied, and further aenial photographic analvsis is required
1o assess histoncal change Methods for assessing the dvnamics of consohdated
sedimentary deposits also need to be developed

Based on the application of the rule based geomorphological unit change model. it appears that
there is encouraging evidence to support the further development of the rule based methodology
as a predictive tool  Further development and refinement, however, requires supplementan
observed data on morphological dynamics at the unit scale for a range of active and macro-
channel features  The direct quantification of areal coverage by unit scale morphological features
from aenal photographs over the period of record (1940 to 1996) was bevond the scope of this
project and will require a protracted desktop study These data are. however, imperanve 1o any
real further developments of the rule based methodology  Accurate quantification 1s restricted
by the quality of the long-term aenal photographic record. although the more recent photographs
are much mnproved in terms of both exposure scale (1 10 000) and time between flights
(approximately ten vears) Continuation of aenal photographic data collection will prove
invaluable for providing historical records crucial for further model testing
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8 Conclusions and recommendations

The results of the sediment transpornt magnitude and frequency analysis (chapter 2) for the five
major channel types along the Sabie River indicate that most sediment transport 1s associated with
relativelv frequent (up 1o 2-vear return penod) floods for the predominantly alluvial channel types

This is particularly evident for the braided channel type. where flows below the 1.1 vear return
period account for 39% of the potential bulk sediment transport. These findings are corroborated
by studies reported in the literature for alluvial systems  As the influence of bedrock increases.
the larger, less frequent floods become progressively more important for bulk sediment transpon

Moderate and intermediate flood flows contribute significantly to sediment transport in the pool-
rapid and bedrock anastomosing channels. with extreme flood events accounting for as much as
43% of the annual sediment movement in the bedrock anastomosing channels Most of the
potential sediment movement (80%) is accounted for by return period flows of less than 7 0 to
7 8 vears in the pool-rapid and bedrock anastomosing channel types Lower return period flows
ofupto 2 5,3 7 and 3 8 are responsible for the bulk sediment movement in braided. single-thread
and mixed anastomosing channel types, respectively. This illustrates the transport effectiveness
of high-magnitude low-frequency flow events in bedrock influenced morphologies within semi-
and systems

Analysis of the erodability of cohesive sediments along the Sabie River (chapter 3) shows that
there is a 68% probability of the deposits being eroded by a discharge of approximately 2000 m'/s
This value is similar (63% to 75%) for all the channel types with the exception of bedrock
anastomosing. where the deposits have a 91% chance of being eroded at this discharge The
higher probability in the bedrock anastomosing channel types anses from the significantiv elevared
shear stresses.  Field observations following a flood in February 1996 revealed that the removal
of cohesive matenal was spatally isolated for the sites investigated along the length of the nver,
with vegetation cover on the macro-channel floor providing protection against erosive forces
The proportion of the cohesive bed material that was subjected to erosion during this flood
appeared to be less than 68%, although it was difficult to assess due to spaual vanability and the
presence of recent overlving fluvial deposits

Actual boundary shear stresses are likely to be considerably lower than those estimated in the
analysis because of the assumption that the total resisting force is dissipated along the channel
penimeter as boundary shear acting on the surface of the cohesive sediment  The Sabie River is
charactensed by well developed npanan vegetation (particularly in bedrock anastomosing channel
type reaches) which. although increasing the total flow resistance by form drag. acts to reduce
boundary shear. In addition, the root masses bind the sediments, further reducing entrainment
The proportion of the total resisting force that may be dissipated as vegetational form drag was
apparent in the bedrock anastomosing channel type reaches., where extensive ripanian tree
mortalities were recorded with trees uprooted by the flow The bed matenal along the Sabie
River consists predominantly of non-cohesive medium to coarse sands and gravels Granular
material overlying cohesive soils provides protection of the cohesive bed, but mobile sediments
act 10 rapidly abrade underlying cohesive matenal (Kamphuis, 1990)

The erosion of cohesive materials in a mixed alluvial-bedrock niver containing mobile non-
cohesive granular sediments and significant in-channel ripanan vegetation, is therefore complex.
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Quantification of the probability of eroding the cohesive sediments along the Sabie River is based
on analvses of cnitical resistance of the local matenal and applied hydraulic stresses. Although the
estimated probability of eroding cohesive material from the Sabie River bed for a large flood event
appears 10 be higher than that observed following an extreme recent flood, the analysis
nevertheless shows that there is considerable potential for large scale stripping of the macro-
channel deposits.  The reduction in hvdraulic boundary shear stress resulting from in-channel
vegetation is possibly the major reason for the erosion potential being higher than observed This
emphasizes the need 1o manage the riparian vegetation to enable it 10 continue providing
protection to the cohesive bed during extreme flood events

Hyvdraulics data corresponding to an extreme flood event have been used to extend the (low to
intermediate) hvdraulic relationships determined by Broadhurst ez al/ (1997) for the channel types
along the Sabie River (chapter 4) The extended flow resistance relationships for the different
tvpes converge at high flows due to the reduced influence of channel type specific hvdraulic
controls  Although further development and validation of the “non-honzontal” model described
by Broadhurst ez al (1997) was bevond the scope of this study. there 1s a need for more work on
the hvdraulics of bedrock dominated channels, since these morphologies occur widely in South
African rivers  This need has become increasingly apparent during the course of hvdraulic studies
for instream flow requirement assessments for Southern African nivers

The isolation and gquantification of individual resistance components needs to be addressed in
order to improve the transferability of channel type flow resistance values to similar channel
environments Consequently, a new project has been initiated to study the flow through reedbeds
based primarily on experimental work within a controlled environment  Phragmites maritianis
constitutes a large proportion of the in-channel riparian vegetation along the Sabie River, and this
project provides the means to isolate and quantify the associated form and bed resistances

Application of the sediment flux and storage model (SEDFLO) (chapter £) indicates the long-
term (1940 to 1986) change in sediment storage for the Sabie River within the KNP at
approximately 3 5x10” tons’annum Shorter-term changes in sediment storage are significantly
more variable, reflecting periods of progressive sediment accumulation, interspersed by significant
declines duning vears expenencing large flow events. The average increase in sediment storage
during periods of progressive accumulation is as high as 40x10' tons/annum, while the loss of
sediment during vears experiencing large floods is generally greater than 200x10" tons

Observed channel change on the Sabie River reveals that the svstem 1s not in a state of dvnamic
equilibrium, but rather that it is evolving (Hemtage er a/ ., 1997a) Previous studies (Hentage er
al . 1997a, Vogt, 1992, Chunnett er @/ , 1990) indicate that the nver has expenienced a net
increase in sedimentation over the period 1940 1o 1986, once again confirmed by the present
analysis of change as reflected by bar dvnamics  Aenal photographic data reveal that the change
1s spatially and temporaliv dynamic and complex

The predicted changes in sediment storage are shown to be realistic when compared with changes
in alluviation along the length of the Sabie River and the rate of siltation of the dam at Lower
Sabie The modelling of pre-1940 change within the bedrock anastomosing channel types shows
significant losses of in-channel storage. and although there are no historical data to test this
finding, a sequence of observed change suggests the recent occurrence of an extreme flood prior
to 1940
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The scenario modelling of geomorphological change along the Sabie River using SEDFLO
(chapter 6) shows that the long-term rates of alluviation increase approximately in proportion
to reduced MAR. Dynamic sediment storage behaviour is reduced significantly by diminished
flooding influence associated with upstream dam construction. Progressive sedimentation will
systematically reduce the proportional occurrence of bedrock within the system and this is likely
to impact significantly on the spatial and temporal assemblages of geomorphological features and
associated aquatic and riparian habitats  The biodiversity of the system is a consequence of the
mixed alluvial bedrock character and will be severely reduced if there is a loss of bedrock
influence In order 10 achieve a new dvnamic equilibrium in response to a reduced flooding
regime, alluvial channel types display a tendency to erode whilst pools and (10 a lesser degree)
mixed anastomosing channel types show 2 tendency to aggrade. Loss of storage within braided
channel types is likely to result in a smaller active channel incised within the macro-channel infill
The scenario modelling carried out in this project was based directly on IFR recommendations and
further modelling 1s recommended once system simulation modelling has been carried out to
produce more realistic time series of Sabie River flows resulting from upstream water resources
developments.

The modelling approach 1s based on the premise that dynamic sediment storage along a niver can
be quantified by assimilating models describing the two imegral component processes, 1€
sediment production within the catchment and sediment transport in the river It relies on the
assumption that the form of the process descriptions developed from expeniments are equally
applicable to the system being considered For the Sabie River, the application is for a scaled up
system, almost infinitely more complex than that for which the process descriptions have been
based For example, the sediment transport equation (Ackers and White, 1973) was developed
using data from flume experiments and sediment loads in alluvial niver systems  Equally. the
sediment yield analysis is based on data from experimental plots (located elsewhere), and any
consideration of the sediment storage (catchment and tributary) and hence delivery ratio is

nevertheless specific to the catchment

The extent of calibration required by SEDFLO casts serious doubts on the advisability of using
high resolution sediment production and transport models to describe bulk sediment movement
and storage behaviour in large. complex systems such as the Sabie River The contemporan
approach under such circumstances is to increase the spatial resolution. and to develop and
incorporate additional component models 10 account for those processes not adequately
described. This generally results in an unwieldy model that is difficult to understand or apply and
has large and often prohibitive data requirements

SEDFLO has been developed and calibrated for the Sabie River within the KNP, and can be used
operationally for prediction of bulk sediment movement in this system 1t can also provide a basis
for modelling other similar systems provided that the necessary field work is undentaken for its
set up and calibration. The nature of the model. however, is such that this would take
considerable effort and resources It is recommended that research be carried out on alternative
modelling approaches that would facilitate transferability

Biota respond to morphological changes at smaller spatial scales than addressed by SEDFLO,
which led to its use in combination with an alternative, rule-based modelling technique for
predicting change at the morphological unit scale (chapter 7) This appears to predict the
direction of change in unconsolidated sedimentary deposits satisfactorily, but the rules employved
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need further refinement for confident apphcation it 1s recommended that further research be
undertaken 1o improve understanding of channel adjustment at the morphological unit scale to
enable more reliable rules 10 be formulated Further development and refinement, however,
requires supplementary observed data on morphological dynamics at the unat scale for a range of
active and macro-channel features The direct quantification of areal coverage by unit scale
morphological features from aenal photographs over the period of record (1940 1o 1996) was
bevond the scope of this project and will require a protracted desktop study  These data are,
however, imperative 1o any real further developments of the rule based methodology  Accurate
quantification is restricted by the quality of the long-term aenal photographic record. although
the more recent photographs are much improved in terms of both exposure scale (1 10 000) and
ume between flights (approximately ten years) Continuation of aerial photographic data
collection is invaluable for providing historical records necessary for further model testing
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Chapter 1
Introduction

1.1 Purpose of the model

A semi-quantitative sediment flux and storage model was developed for predicting change at the
channel type scale on an annual basis by Heritage er @/ (1997). Birkhead er @/ (1998) focusses
on the refinement. calibration and verification of this model. based on histonical dawa from aenal
photographs spanning 56 vears. The SEDFLO (SEDiment FlLux and stOrage) Model consists of
wo integral components. The first component deals with the production of sediment across the
catchment landscape and the delivery of this eroded source matenal 1o the study length of the
niver. including lateral inputs from tributanies. The second component of the model deals with the
differenuial ranspont of sediment along the study river. Further details on the approach and
theoretical background can be found in Chapter 5 of the main report (Birkhead er a/ 1998). This
document provides an overview of a graphical interface 1o the SEDFLO Model. outlining the
format of required input files. the computational procedure and the output files which are
produced. The interface also permits the viewing and ploning of files. Program control is through
a menu screen (Figure 1.1)

1.2 Assumptions and limitations

The interface has been designed to be as generic as possible to permit application of the model
to ariver system other than the Sabie-Sand. Although this is possible within the current interface.
it1s likely that small changes to the program would have 10 be made. Of greater imponance 1s the
considerable calibration requirement. many of the calibration factors utilised in this version are for
the Sabie-Sand system only. Application of SEDFLO 10 another catchment would thus require
a considerable effort and it is strongly recommended that this is only undertaken in consultation
with the authors of the main repont (Birkhead er a/ 1997).

1.3 Hardware requirements and installation

Running the SEDFLO Model interface requires Windows 95, 16Mb RAM . preferably a Pentium
processor and approximately 130 Mb of space on a hard disk. The onginal set of programs were
coded in QuickBasic, and integrated into Visual Basic 5.0 to form the interface and plotting
facility. Installation is automated and is started by running SETUP.EXE. (See instructions on
disk).

Sabie River geomorphology - Visual imterface 10 the SEDFLO Mode! |
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1.4 Overview of the SEDFLO Model

The SEDFLO Model comprises five distinct modules (Figure 1.2). The first module (Chapter 2
Importing and converting ACRU data) imports and converts daily ACRU data files into a series
of input files for the subsequent module. This module only needs 10 be run once for every set of
ACRLU scenario files. The second module (Chapter 3: Determining and calculating cell inputs)
convens the catchment based runoff and sediment yield data into daily runoff and sediment vield
for each of the defined river cells. The third module (Chapter 4: Calculating sediment transport)
represents the core of the SEDFLO Model and calculates sediment transport capaciny for each
cell based on input data files (cross-sections. resistance and energy slope). The output of this
process is then used to undertake a mass balance of sediment (Chapter 5: Mass balance sediment
budget). based on the sediment transport capacity of individual reaches and the sediment inputs
determined earhier. The final module (Chapter 6: Plotting and viewing results) comprises a suite
of tools for graphing results and viewing files.

ek
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Chapter 2
Importing and converting ACRU data

2.1 Purpose

This module of the program is the necessary first step in preparing data for the SEDFLO model
and only needs to be run once per set of ACRU simulation data. This step converts ascii ACRU
data files into daily ascii files of discharge and sediment vield according to various parameters
contained in ancillary data files (acrucon.dat and subzreas.dat)

2.2 Input files

Three types of input files are required: the first two are ascii comma delimited ancillary parameter
filestacrucen.dat and subareas.dat)and the last type are the ascii ACRU data files
Jx.day). Specifications for each tvpe of file are given below.

&

w

(a) ACRU data files (=0 "x.22v)
Anascii ACRU output file for each sub-catchment in the catchment is required. These will
AL

havetheextension(.day)andarenumbered s0C 2. dayvto s0xx. cav where xx isthe

last subcatchment under consideration. In running the ACRU model only the following

output variables should be requested : (TILEUN, DAMPEE, RFL,2ZDYLL,
SIMEQ, ETRMEL). It is important to note that while sediment vield (tons.day’') is

calculated per catchment, runoff (mm.day') is calculated 1o include upstream
contributions as well.

(b) ACRLU catchment configuration file (2 -ru=or . 257

The first line of this file specifies the number of caichments under consideration
(ncatch). and for which an individual sediment vield file (. Q=) is calculated. As
mentioned in(a) above, whilst sediment vield 1s calculated per catchment. the calculation
for runoff includes the contribution of upstream catchments. For this reason. in this
program a unique catchment discharge file is not output for each caichment. Discharge
files are calculated only for those catchments where a tributary enters the main river stem.
Thus the discharge contained in €017 . day represents the total flow of the Sand River
catchment (catchments 1 to 17) entering the Sabie River at that point.
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The second line of the file thus specifies the number of tributarics (or caichments
providing overland flow) providing lateral input of discharge into the main river stem
(rsubQ). The third line is a comma delimited list of the caichment numbers providing
lateral input. The number of catchments in this list must equal the value of nsun(

specified in line 2.

As sediment 1s calculated per catchment in ACRU, 1t 1s necessary 10 sum sediment
delivery per contributing catchment. The fourth line thus specifies the number of
contributing catchments (ne co Q=) and is followed by a set of parameters which indicate
the highest subcatchment (s ub (s £ rom) to the lowest subcatchment (sub( st o)and the
numeric pan of the file name which will be created by summing the individual catchment
sediment vields together. The file format is summansed in Table 2.1 below.

Table 2.1 :  Input file format for the ACRU catchment configuration file (acrucon.dat)
B e ) eanes s »SUBD IDEREL

guegsfrom(i), subQscte(l),QsFiles (2
’ ’

sucosfroeminsubQs), subQsto{nsubQs, ,Qst..eS (nsubQls

Example from the Sabie-Sand catchment

- » &rm ®* £~ - T

s saR ST, 3E6,680,4.,42,83,84,4%, 406,487 ,42,45,80,8%3,54,5%3,5%6,58,%¢
L

57+58,:59

! - P

<t,3%,6.

&6C, 62,64

6,27 .83

3£,4C, 64
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(<) ACRU catchment areas and ratio factors file (subareas.dat)

As indicated in (a) above. ACRU provides runoff output in units of mm.day™'. and
consequently it is necessary to convert these values to m*.s”'. In order to do this. the area
of the caichment (or contributing catchments) is required. In addition to the caichment
arca and the upstream area for each catchment. a sediment ratio factor for each catchment
is also provided. This factor adjusts the ACRU sediment vield as given in Table 7 of the
main report (Birkhead er @l 1998). The file format is summarised in Table 2.2 below

Table2.2:  Input file format for the catchment areas and ratio factors file (subareas.dat)
casch, areasub(i),areaupsubii),ratici(li)
g™y
‘o
'
catch, areasub(ncatch),areaupsub(ncazch),ratiolncateh

Example from the Sabie-Sand catchment :

'
-
'
"
.
"
‘
-
'
<
"
'
-
o
' om

(d) Optionalfile (rivernam,.oat)

In the case of the Sabie-Sand catchment. filenames relating 10 the tributary name rather
than catchment numbers were considered more practical. A DOS batchfile thus renames
certain catchment files to files beanng catchment tributary names (e.g. sC5%. g5 0
Sand.gs) Thisisanoptional siep and a separate baichfile outside of the visual interface
would have 10 be created and executed. In the case of the Sabie-Sand catchment this file
was named rivernam.pat and is provided with the programme files. If this is a
preferred option. 1t is important to reflect the new file names in subsequent parameter and
other files.

-1
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2.3 Running the program

In order 1o run this component select [DATA] from the main screen menu and [Import ACRU
data] from the popup menu. The [IMPORTING AND CONVERTING ACRU DATA] screen
will be displaved as in Figure 2.1 overleaf. Default input and output paths or files pertamning to
the Sabie-Sand catchment are displaved. These can be changed using the [Change... | button. The
[Viewfile. ..] button will load a simple text editor 1o enable one to view and edit the ancillan
parameter files. The program is executed by the [Start... ] button and the computational process
1s displaved in the bottom right of the screen. Depending on the number of catchment and the
length of the daily record, this program may take a considerable period to complete (e.g. in the
case of Sabie-Sand catchment approximately 40 minutes).

24 Computational sequence and output files
The two ancillary parameter files are read first and thereafier two ascn discharge files per

contributing catchment are generated (sOxx.C and sCxx, Qc). The numberof (. C and . 02
files is determined by the parameter nsub( in acruccon.2at and the daily discharge in the

.5 files is discharge in m’.s” for the catchment including upstream contribution. whereas the
datainthe . Q< filesdo not. During execution the catchment number being currently processed
is displaved as well as an indication of how many of the selected subcatchments for calculating

. and 7 = have been completed.

I'he next stage of the process writes and ascii file (. 2 =) daily sediment vield (tons.day ') for each

of the subcatchments determined by the parameter (ncasch) in the file acrucen.cast.
Progress is similarly displayed at the bottom of the screen.

The final stage of the program prepares accumulated sediment vield (tons.dax ') for the
contributing catchments. The number of files produced is determined by the parameter nzubQ
inacrucen.dat. At the end of this stage [Process complete] is displaved and clicking on

n

[Continue) will retum the user to the main screen

Sabewe River geomorphoiogn  Visual imterface 1o the SEDFLO Model 8
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Chapter 3
Determining and calculating cell inputs

1l Purpose
The primary purpose of this module is the aggregation of the ACRLU ascii daily flow and sediment

files (. o..0c and . {s) inmo separate files containing the daily flow and sediment inputs for. in
the case of the Sabie-Sand. each of the 40 niver cells defined along the main river stem. Prior 1o
implementing this component of the program. the user must have discretised the river reaches to
be modelled as cells. For each cell it is then necessary to determine which tributaries or portions
of a carchment contribute flow and sediment into that cell.

32 Input files
In addition 1o the ascii output files generated in Chapter 2. two ascii comma delimited parameter

filesarcrequired (tric n.catand celyaiac.cat) Specifications for each tvpe of file are
given below and the parameter files used in the simulation of the Sabie-Sand catchment are
provided with the programme files.

(a Tributars information file (T2 .257)

The mnibutary information file indicates which tributanies and portions of a catchment
provide flow and sediment into each cell. The first line of the file contains the character
Q and indicates that parameters pertaining to flow will be read first. The first field of the
second line (ce - 1) refers to the cell number under consideration. whilst the second field
(notrieQ cell’)indicates the number of tributaries or portions (proporion) of a
caichment contributing flow to the cell. Thus if notrik cell == thenthe program
will expect to be able to read in weighting factors (0fact (cel ., =x_¢ )and daily
flow filenames (Dt rib (cell, = r:t )forthree tributanies or portions of a catchment
This sequence 1s repeated untl factors and flow files have been determined tor all cells.
The input weightings and filenames for the last cell of the rniver segment are followed by
the characters ©% on the next line 10 indicate the end of the input for flow. The file 1s
continued for sediment werghting factors and filenames, with exactly the same lavout. This
setof input parameters also commences with the characters C = and is terminated with 56

The file format 1s summansed in Table 3.1 overleaf
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Table 3.1 :  Input file format for the tributary information file (tribin.dat)

SE.., NCNILDVICE..

Ny -- I - (ol . | ) - - -
valdos (C8car oD, Q=P {C8ic, S228

CE.., NCLILDVI TE..

ral g am = z - . Pregrwim ma‘' ews
....... Cuwe - - WS e ah (S & -4

[T
n "M m
..

"o
»

. = Cont:inues toc Cell &C
e
~Ne
oS
Repeazec for sediment Jactcces anc inputs
(h) Cell conversion factors file (¢ L yafac, 2as

This file comprises a senes of factors representing the ratio of ACRU /Calcsite modelled
sediment vield to the calibrated sediment vield. Users are referred to Table 18 of the main
report (Birkhead er a/ 1998). Factors for each cell should be present (even if they are 1s
0) and each cell’s factor should appear on a separate line. See celydfac. dat inthe
programme files for factors used in the Sabie-Sand case study.

3.3  Running the program

In order 1o run this component select [MODEL)] from the main screen menu and [Compute
cells] from the popup menu. The [CALCULATE CELL DATA] screen will be displaved as in
Figure 3.1. Default input and output paths or files pertaining to the Sabie-Sand caichment are
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displaved. These can be changed using the [Change...] button. The [Viewfile. .| button will load
a simple text editor 10 enable one 1o view and edit the ancillary parameter files. The program is
executed by the [Daily...] button and the computational process is displaved in the bottom right
of the screen. Having calculated the daily files it is then possible to produce annual summan files.
and this is done by clicking the [Annual...] button. Depending on input files. this program may
take @ while 10 run (e.g. in the case of Sabie-Sand catchment approximately 20 minutes)

34 Computational sequence and output files

The rbutary information file (tribin.dax) is read in first, and thereafter daily flow is
calculated for each cell. For each cell the daily flow volume of each comributing source is
muluplied by the area weighting factor for that source and summed to provide atotal daily inflow
for that cell. The first three lines of the output file specify a heading. the cell number and the units,
The next line of the output file gives the starung vear of the simulation. followed by the starting
month on the next line. The discharge for each day in the month follows. with each daily valuc on
a new line. Format of the remainder of the file for discharge (and sediment) follows the same
pattern. Discharge is giveninm’.s™, and the output filesarenamed Ce 1 1C01. 210 Cel 1470, ¢
\fter calculating daily discharge per cell. daily sediment vield for each cell is calculated in the
same manner. Sediment vield is given in tons.day'. and the output filesare named “a > - 071 . [«
to T=__<7.0=. Once the calculation of daily discharge and sediment vield for each cell is
complete [Completed calculating daily data. Click '‘Annual..." to complete | is displaved
and chicking on JAnnual...] will begin the next phase of the process. Calculation of annual 10tals
begins with summing daily discharge for each cell over a vear and converting daily values from
m’.s" 10 million m’. The resultant output file is named (river Q. anrn). A similar approach is
adopted in the calculation of annual totals for sediment vield. except that in this case the factors
representing the ratio between the ACRU/Calsite modelled sediment vields and the calibrated
vields (from celv=fac, cat) are used as multipliers in calculating annual totals. Annual
sedimem vield is expressed in thousand tons.vear' and the resultant output file is named
(riverQscal.ann) Atthe end of this stage [Process complete. | is displaved and clicking
on [Continue . ] will return the user to the main screen. In summary, during this phase of the

modelling process the following files are produced:

Z..CelldC.C  :Daily discharge for each cell (m's ')
Cellll.Qs..Celld0.Qs=:Daily ACRU/Calcite sediment vield for each cell (tons.day”')

riverQ.ann - Annual total discharge per cell (million m”*)
riverQs.ann - Annual 10tal calibrated sediment vield per cell (thousand tons)
Sabre Rver geomorphology  Visual interface to the SEDFLO Model 2
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Chapter 4
Calculating sediment transport

4.1 Purpose
This module 15 the core component of the SEDFLO model and deals with the differential transpon

of sediment along the study river svstem. The approach adopted is based on the Ackers and White
(1975) method and is comprehensively discussed in Section 5.3 of the main report (Birkhead e
al 1998)

4.2 Input files

The ume series of sediment transpont capacities are computed by developing charactensuc
ransport potential relationships for each of the five channel types identified by Heritage er o/
(1967), Three categones of input data are required. corresponding to cross-sectional, resistance
and slope parameters respectively. Specifications for each category of file are given below and the
parameter files used in the case study simulation are provided with the programme files.

() Cross-sectional data files (. . xc, 2427
For each of the five principal channel tvpes. 3 or 4 cross-sections from representative
channel tyvpe reaches have been used. Table 4.1 below summarises the required file names

for each cross-section.

Table 4.1 :  Required filenames for cross-sectional data corresponding 10 the five channel
£
npes
Ebannel npe File name
Single-thread stxs.dat
Braided brxs.dat
Pool-rapid pPixs.qaat
: maxs.dat
Mixed anastomosing "'?x' ‘?
. paxs.dat
Bedrock anastomosing

As all the cross-sectional input files follow the same format, only one (st xs.aat) will be
discussed in detail. The first line indicates the type of channel. while the second line 1s a prompt
forindicating the number of cross-sections (n.xs ( =n= yoe ) )which are included for this channel
tvpe and must be indicated on the third line. The next line is a prompt indicating that the distance
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between cross-sections (dy (count 1) ) must be entered on the next line. The number of data
points (separated by commas) will be one less than the total number of cross-sections. The
following line (5) represents the first of the data penaining 1o the first cross-section. indicating
the cross-section name followed by 3 parameters on the next line. These parameters indicate the
cross-section number (x s ). the number. and a control parameter which 1s not used in this version
ofthe model (vo (chtvpe, count?) ). A listof comma delimited points follows. corresponding
to the x and z ordinates along the cross-sections. The number of pairs in the list must equal the
number of datapoimis (nxzdatapts (chtype, xs) ). Table 4.2 below summarises the format

of this series of files.

Table 4.2 :  Input file format for the cross-sectional data (e.g stxe.gat)

gin3.¢ Thread Chante. Type
5. &L Cross-SRCSAONS
% *ype
c.stance betweer Crossg-sections (m
8y SoUnTessas; Gyinxsichtype) -l
Reach cress-section 1x.x
XS, nxzcazap:s (cheype.xs), yolchtype,ccuntl
X SLTTPE, X8, SCunNtS, vy 2[ChTYPO, X8; CCUNTS
X . SnTYPE, X8, nxzdacapts(chtype.,xs) ., Z(chtype,xs,nx2datapts(chiype, xs

REE~r oyvrss-gerTiorn 2X.X

- h e

Example from the Sabie-Sand catchment (single thread channel) :

n3-@ Thress Channe. TYype

Ne. €€ cross-secticns
4
“iETance Detween TIcss-sectichns (m
6%.=-71,837
Reacr creoss-seczien £.3
Spdee €
000, 40%,5¢6<

-.18E,409.033

E.61€,40€.5064¢

7.117,404.€76

.

’ Fcr 22 x anc z pcints
mezcn Cross-sectien 0.4
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(b) Resistance data files (., . res. . cat)
The second category of data files are those for determining resistance for each of the five
channel types. The required filenames for these files are indicated in Table 4.3 below

Table4.3:  Required filenames for cross-sectional data corresponding 1o the 3 channel types
Channel tvpe File name
Single-thread stres.daz
Braided brres.dat

prres.dat
mares.dat
bares.dat

Pool-rapid
Mixed anastomosing

Bedrock anastomosing

The first three lines are the headings indicating which channel tyvpe the data is for. as well
as the units (Table 4.4). The first imponant parameter occurs on the fourth line and
indicates the number of discharge (Q) versus Manning's 'n°  points
(nondatzarts ‘chzyvee’ )inthe file. The indicated number of data pairs then follows.

Table 4.4 - Input file format resistance data (e.g s=res.cat)
Haornann'y JoCH Z00ACASSE SATa
fang=.0 TnZesS Channel Type
e T B T REALT T
-, -~- - :é, -~ —.. "”‘. - :.. :"“-.;--
|
. She3Pe, nOndataptsichtype Manrning 'ShIYEe, nUnSatapts IShiyne

Example from the Sabie-Sand caichment (single thread channel) :

L - o~ v W . - 5 -
venning's f.low resistance dace
& - -
2ngie Thread Channe. Type

<

.
LR N

AL IS
b )

b
- wo W -
ARA n RAwS
200C Vel i

.....
.
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3 Energy slope data (r - vers=f dat)

This file contains the energy slope data for each of the 40 cells, providing an energy slope
during high and low flow conditions (the parameter values are identical for the calibrated
model). The channel type of each cell is also indicated (Table 4.5)

Table 4.5 Input file format for energy slope data(rivers<.caz)

- - - - - - - &
BRSTIEtieE O GASAZC .S
cZSer S paranmetecs
. - : & % % f T
(i chantype (cel. E¢lovwicell) Sfhilcell;
- - - - L w1 & J
..... e SndntYPe (NCe..3] Sc.0Wincel.s) SShiince.l.s

Example from the Sabie-Sand catchment (single thread channel) ,'

ok : y
Sazie R.verI Cell channe. tTyDe &nC eneIgy sS.Ope Cata
o~ - -~ 2 £ o ‘ ' 3
ea ShTYPE® SooOWIliOW SShighsiow
Aanas o e
vVed® (.UVe -

4.3 Running the program

In order to run this component select [MODEL] from the main screen menu and |Sediment
transport capacity] from the popup menu. The [CALCULATE SEDIMENT TRANSPORT
CAPACITY] screen will be displaved as in Figure 4.1. Default input and output paths or files
pertaining to the Sabie-Sand caichment are displaved. These can be changed using the
[Change...] button. The [Viewfile...] button will load a simple text editor to enable one to view
and edit the ancillary parameter files. The program is executed by the [Daily...] button and the
computational process is displaved in the bottom right of the screen. Having calculated the daily
files it is then possible 10 produce annual summan files. and this is done by clicking the
[Annual...] button. Depending on input files. this program may take a few minutes to run (e.g.
in the case of Sabie-Sand catchment approximately 10 minutes)

4.4 Computational sequence and output files
(a) Calculating geometric (Xx¥5x ., cec ) and hydraulic (Te 1 Dxx . 5y D) parameters
The first part of this module reads in the cross-sectional and resistance data from the 10
parameter files described in 4.2(a) and (b) above. The next phase then computes the
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geometric parameters for each of the cross-sections and for each of the channel types. As
there are 4 cross-sections for each channel tvpe except bedrock anastomosing where there
are only 3 cross-sections, this results in 19 files containing geometric parameters. Thus
for each of the & principal channel types. three or four cross-sections from the
representative channel type reaches have been used to compute the cross-sectional flow
areas. and welted perimerers corresponding 1o a range of flow depths up to the macro-
channel bank-full levels. In addition. the values of the parameter representng the
geomerric determinants in the Manning 's resistance relationship are also calculated (See
Maun Report. Section 5.5.2). The 19 files containing these data are named ct X Sx . GEC.
where <= refers to the naming convention for the channel type (see Table 4.1) and x5 x
refers to the cross-section number. Thus for cross-section 3 of the single-thread channel.
the corresponding file will be stxsZ.cec. Based on the energy slope parameters
(r.versZ,2a%) hvdraulic variables are then computed for cach cross-section of each

cell resulung in a file for each cell (Cellxx.hyd) containing these parameters (Sec

Section 5.53.2.1, Main Repon).

thi Solving Manning's equation and calculating potential sediment transport capaciny

Manning s equation is solved for every cross-section within each of the 30 river cells.
using the hvdraulics data parameters(Ce 1 I xx. nyva)foreach cell and also the geometnic
data for each cross-section of the specified channel tvpe. Thus for Cell | (a single thread

~ .

10 STXES . CET). matches geometric

- -
- -

cell) it reads in the 4 cross-sections (STXE
and hydraulic parameters and interpolates area. width and pernimeter data. The shear

stress. average velocity, shear velocity and Froude number are then calculated

Based on the Ackers and White (1973) method. sediment transpornt capacity 1s then
calculated (See Section 5.3.2 of Main Repon (Birkhead er @/ 1998). In this approach.
sediment transport 1s determined as a function of sediment mobility. which depends on
grain size and density, as well as the flow condition. The latter aspect 1s defined in terms
of shear velocity. and whilst total shear velocity is used when considering fine or
suspended sediments, effective shear stressis used for coarser sediments. For intermediate
grain sizes an weighted combination is used. depending on grain and fluid characteristcs.
Section 5.3.2.2 (Main Report) defines the computational procedure whereby sediment
transport is determined by combining the efficiency of the applied stream power (the rate

of work done in moving bed load or maintaining suspension ) with the mobility number.
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Output files resulting from this process include a series of files (CellxxSx.gy). with
one file for each cross-section within a cell. In calculating sediment transport. the
calculated sediment transport is multiplied by the channel type scaling factors required as
user input on the screen (See Table 17, Main Report). the purpose of which is to denive
a more realistic long-term sediment discharge function. The next series of files in this
section are (Cellxxtr.cap). This represents the minimum transport capacity as a
function of discharge. and the data for all cells are wrinten to the file (allcell.gs .
The final sequence in this section is the calculation of annual sediment transport capacin
(riversdur.ann)based on the modelled discharge (Cellxx.Q) for each cell over
the length of record.

In summany the following output files are produced in the calculation of sediment transpon

capacity !

cTXSx.gec: 19 geometric parameter files where = refers to the naming convention
for the channe! type and X £ x refers 1o the cross-section number

cel.xx.hyéd 40 files (one for each cell) of cell hyvdraulic parameters

Ce_.%xxSx.q 151 files (one for each cross-section in each cell) of transport capacin

factors
Ceslxxtr.caz: 40 files (one for each cell) of sediment transport capacity for that cell

¥ 1 file with the minimum transport capacities for each cell over a range of

(VL
»
0N
M
]
'

discharges

riversdir.ann: | file providing the actual sediment transport capacity predicted for the
modelled discharge over the period of record

Sabie River geomorphology - Visual mmierface 1o the SEDFLO Model 19
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Chapter 5
Mass balance sediment budget

5.1 Purpose
The primary purpose of SEDFLO is to predict the temporal change in storage for the 40 linked

cells. This module undenakes & simple mass balance on the basis of the calculated sediment
transport capacity for each cell and the predicted sediment vield for each cell. as determined in
previous modules and discussed in previous Chapters. The final product of this module is a graph
showing change in storage for the river sysiem over the simulation study penod. and a
corresponding data file.

5.2 Input files

Only two files are required. the file containing the calculated minimum sediment transpornt
capacities for each cell over the range of discharges (r ZverQscal. ann). and the file containing
the annual sediment delivery toeachcell (rZversctr . ann) Thecalibration factor entered on

the data input screen adjusts the predicted sediment yields.

83 Running the program

In order to run this component select [MODEL] from the main screen menu and [Mass balance
sediment] from the popup menu. The [SEDIMENT MASS BALANCE) screen will be displaved
as in Figure £.1 overleaf. Default input and output paths or files pertaining to the Sabie-Sand
catchment are displaved. These can be changed using the [Change...) bution. The program is
executed by the [Plot...] button and a graph displaved once the sediment mass balance has been
completed Changing the start or end of the plotting period will require the [Plot. ] button to be
clicked to show the new graph.

54  Computational sequence and output files

Figure 29 of the Main Report (Birkhead er al. 1998) provides an overview of the computational
approach. This figure shows the sediment mass balance for three linked cells over two discrete
ume-steps. This process is followed to calculate sediment flux for the whole river reach and the
results are displaved graphically as well as being written to file (massbalance. txt).
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Chapter 6
Plotting and viewing results

6.1 Plotting and viewing daily data

Select [Tools) from the main menu screen and [Graph] from the pop-up menu. A further pop-up
menu will be displaved: select [Daily) 1o load the daily data plotting screen. Several categories
of daily data are written during the course of the modelling process. However all of these files
have the extension .. .Ccor . 2s. The file to be plotted must be displayved in the left hand
corner of the screen and can be changed by clicking the [Change... | button and selecting from
the available files. The period over which you wish to plot the data must be entered on the two
right hand text boxes. The default 1s 10 vears. The graph can be viewed by selecung [Plot.. |
(Figure 6.1). Changing any of the output options will result in the graph disappearing and the
[Piot ] button will have 10 be clicked again 10 view the new graph.

6.2 Plotting and viewing annual data for all cells

Select [Tools) from the main menu screen and [Graph) from the pop-up menu. A further pop-up
menu will be displaved: select [Annual]. [All cells] to load the annual data plotting screen. The
three files used in the plotting must be displaved in the left hand comer of the screen and can be
changed by clicking the [Change...] button and selecting from the available files. The vear for
which vou wish 1o plot the data must be entered in the right hand text boxes. The graph can be
viewed by selecting [Plot...] (Figure 6.2). Changing any of the output options will result in the
graph disappearing and the [Plot..] button will have to be clicked again to view the new graph

Alternatively the user may “step” forward or backward through the annual time series by clicking
the [Next year.. ] or [Last year...] buttons respectively.

6.3 Plotting annual data for selected cells

Sclect [Tools] from the main menu screen and | Graph) from the pop-up menu. A further pop-up
menu will be displaved: select [Annual]. [Some cells] 1o load the annual data ploting screen.
The three files used in the plotting must be displaved in the left hand corer of the screen and can
be changed by clicking the [Change.. ] button and selecting from the available files. The cells and
vears for which you wish to plot the data must be entered in the right hand text boxes. The graph
can be viewed by selecting [Plot...] (Figure 6.3). Three graphing options are available; annual
discharge. annual sediment vield or discharge vs. sediment transport capacity.
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Chapter 7
Concluding remarks and references

=3 Concluding remarks

This User Manual is not intended as a comprehensive guide to the SEDFLO Model, and is only
intended to provide an overview of the graphical interface to the SEDFLO Model. As discussed
previously, the SEDFLO Model was developed, tested and calibrated for the Sabie-Sand
catchment and has not been applied to any other catchment. To do so would require considerable
data collection and calibration.

For further information consult the references below or contact the Centre for Water in the
Environment, University of the Witwatersrand.
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