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1 INTRODUCTION

At the ISI Steering Committee meeting in March 2004 in Paris, France, and in follow up
discussions, it was decided to prepare short review documents discussing the state-of-the-art of
research related to the erosion of sediment in the catchment and the transport through a river
system to the coast.

The work was distributed between ISI representatives in China, Italy and South Africa, with the
latter written up in this review document, which gives a “Southern” perspective, versus a
“Northern” perspective. The idea was not to separate different ways of dealing with the sediment
and sediment dynamics, but rather to address specific climatic conditions and sediment
characteristics in various parts of the world which are quite different from 1* World countries
where many of the hydraulic and sediment balance theories have been developed. In this sense
“Southern” perspective means to include and discuss aspects that are typically found in Africa
and Australia, such as:

e Semi-arid climatic conditions.

e Sediment yields consisting mainly of fine sediments where availability from the catchment is
dominant, and not only sediment transport capacity plays a role.

e Large catchments with limited data.

This review of research initiatives should be seen as a first attempt to summarize many years of
research carried out all over the world on this subject. Accordingly, methodologies have been
briefly reviewed to describe the sediment transport related processes from the origin in the
catchment, through the river and reservoirs, the estuary (or delta), down to the ocean.

2. What arethe major concernsregarding sediment yield in semi-
arid regions?

In semi-arid regions soil erosion is a serious concern that poses a threat to the sustainability of
small scale and subsistence agricultural production through the erosion and washing away of the
topsoil which leads to the loss of crop production media. Of particular significance is that by
very severe soil erosion most affected are areas in rural communities which practise subsistence
agriculture and communal grazing. Land degradation and soil erosion also lead to accelerated
storage losses due to reservoir sedimentation.

An increase of suspended solids concentrations in flowing water also causes degradation of the
environmental quality of rivers. Depending upon their chemical composition, sediments may
carry plant-usable nutrients such as phosphorus and other fertiliser residues from agricultural
lands. Nutrient rich water leads to eutrophication in reservoirs and lakes. Eutrophication may,
furthermore, lead to increased evaporation and hence water losses. The dense vegetation in
reservoirs may also clog outlets of dams and kill aquatic fauna through reduction of dissolved
oxygen. Sediments, particularly those which are derived from densely populated areas without
proper sanitary facilities, may also carry pathogens such as Escherichia coli (E. coli). High



concentrations of suspended solids, nutrients and pathogens in water create the need for
expensive purification, especially to make the water suitable for domestic and industrial
(manufacturing) uses.

3. Soil erosion and sediment yield deter mination

In this section techniques are described how to quantify soil erosion and sediment yield, based
first on measured data (rivers and reservoirs), then as regional and empirical approaches, and in
the end by physically based watershed models.

3.1 River sediment load / discharge rating curves and cumulative plots

In regions where the sediment transported in the river is relatively coarse consisting of sand,
gravel or coarser particles, it is possible to hydraulically determine the sediment yield. By using
the local hydraulic conditions at a site such as the flow area, water depth and energy slope, it is
possible to calculate theoretically the sediment transport capacity at a specific time. During
some flow conditions when the reach upstream is a depositional reach, the transport capacity at
the site can only be achieved by bed re-entrainment which can only happen if the critical
condition for re-entrainment is exceeded. Thus, in a quasi-equilibrium river with coarse
sediment, the sediment transport capacity and the observed sediment transport should be more or
less in agreement. Yet, when finer sediment (clay and silt) also forms part of the transported
sediment, the relationship between sediment transport capacity and actual sediment transport is
poor. This is due to the fact that the fine sediment is availability-limited, especially in semi-arid
catchments. The sediment particles are so small that the transport capacity of the stream far
outweighs the sediment availability. Figure 3-1 shows the sediment concentration-discharge
relationship at a site in South Africa. Only after prolonged droughts does fine sediment build up
in the catchment again to increase the supply. Owing to availability, sediment loads are as a rule
much higher at the beginning than at the end of the wet season. In semi-arid conditions the
sediment yield is made up of the transport of sediment finer than 0.06 mm (washload) which is
availability-limited and can be described by regression models such as the MUSLE (Section 3.4),
and of coarse sand fractions which are transported at the sediment transport capacity that
depends upon the local hydraulic conditions. The latter can be calculated as total load, or as bed
load and suspended load which can be summed. This is best illustrated by a graph of Shen (1971)
in Figure 3-2.
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Figure3-1  Suspended sediment data on the Caledon River, South Africa (Rooseboom,
1992)
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Figure3-2  Concept of controlling sediment transport rates (Shen, 1971)

Cumulative plots of observed sediment load are very useful to determine the sediment yield
which is given by the slope of the curve (Figure 3-3). Long-term changes in sediment yield can
also be identified by slope changes in the graph. Figure 3-4 shows the decrease in sediment yield
of the Lower Orange River, South Africa, due to land degradation by sheep farming and decrease
in availability of fine sediment. No rainfall or flow changes were observed during this period.
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The most reliable method of obtaining data to determine the sediment yield is river water
sampling, which should include both bed load and suspended sediment sampling. The frequency
of sampling should be at least daily, but the sampling should be more frequent during floods.
Discharge measurement should also be carried out to determine the total load (ton/s). Sediment
sampling is problematic in the remote areas in Africa and often dangerous because of crocodiles
and hippos. In the semi-arid regions field research has indicated that due to the fine sediment in
suspension, the vertical and lateral suspended sediment distribution is quite uniform and
therefore a grab sample by hand from the river bank taken 0.3 m below the surface was found to
represent the river sediment (of fine particles) concentration quite well. Bed sediment loads are
difficult to obtain, especially owing to too high flow velocities and large bed dunes. Field tests
indicated that a factor of 1.25 applied to a single suspended sediment grab sample takes into
account the bed load and non-uniformity in suspended load across the river, and provides a
realistic estimate of the total load at relatively low cost. The bed load component can also be
calculated, but a stable section is required and bed roughness is often difficult to determine
without detailed hydraulic investigation.

The correlation between observed discharge and sediment loads in semi-arid areas is usually
poor, but can be improved by taking into account the beginning and end of the wet season, rising
and falling stages of the hydrograph and the hour of the day of sampling, for example in
thunderstorm regions where storms usually occur in the late afternoon hours. In future research
the role of wind erosion should also be taken into account in more detail.

In semi-arid conditions the minimum record length required is 5 years, when data were found to
converge to the long-term mean sediment yield (Figure 3-5). Wet and dry climatic cycles often
have 7 to 11 year duration each and should be accounted for in the sampling record period. It is
important to include large infrequent floods in the record, since observations have indicated that
floods with recurrence intervals of the order of 1:50 years in a single storm produce between § to
13 times the mean annual sediment yield.
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Figure3-5  Short-term effective sediment concentration compared with long-term
concentration on the Orange River (Rooseboom, 1992)



The sediment yield is usually expressed in t/km’.year and is obtained by integrating the
discharge-sediment load relationship over a long term flow record of say 40 years. The
catchment area (A) is the effective area contributing to the runoff and sediment yield (e. g.
downstream of large dam).

Turbidity meters or OBS meters can be employed in rivers, but usually have the disadvantage
that the maximum range is only in the order of 4000 NTU. They need field calibration by
suspended sediment sampling, require maintenance to prevent clogging by weeds and need
power supply. Their benefit is continuous logging of point sediment concentrations, which is
very important for the understanding of river sediment dynamics and for obtaining good
correlation between turbidity and sediment concentration. These meters should have an upper
range limit of at least 30000 mg/f to 50000 mg/(, in order to sample medium to large floods in
semi-arid conditions.

3.2 Reservoir basin surveys

In semi-arid regions the storage capacity of a reservoir is usually in the order of the mean annual
runoff, and the reservoirs therefore trap about 97 % of the sediment yield. The volume of
sediment deposited in the reservoir can be determined by reservoir basin surveys, say every 10 to
15 years. This volume has to be converted to a 50 year volume (Vso) by using an empirical
equation proposed by Rooseboom (1992):

M 037610 (3.2-1)
35

50
With Vt = Volume of sediment after t years.

After 50 years the sediment density in reservoirs has generally been found to be about 1.35 t/m”.
The sediment yield can be determined from equation 3.2-2.

V. x1.35

Sediment yield (t/km’.a) =
Ax50

(3.2-2)

With A = catchment area (km?)
The following recommendations should be considered:

e Records longer than 20 years are preferable owing to the consolidation of the sediment
deposits.

e Basin surveys should not be too frequent considering the limited vertical accuracy of the
survey (at best 50 mm).

e Ultrasonic or sonar survey equipment to determine the bed level should be calibrated in
the field for different sediments and stages of consolidation.



e Above water surveys by helicopter/fixed wing aircraft can be executed by laser but
should include the backwater area during floods above full supply level (FSL), since as
much a 30 % of the sediment could be above FSL.

e The period between surveys should be representative taking into account the occurrence
of flood peaks and the recurrence intervals of the floods.

e Survey of fixed cross sections is preferred so that the triangulation is carried out in the
same way for all surveys when the DTM is created.

3.3 Regional sediment yield maps and statistical approach

It is often necessary to determine the sediment yield in large ungauged catchments and a regional
sediment yield map or approach could be quite useful. Initially such maps have been plotted by
extrapolation from observed catchment sediment yield data, in some cases also considering
characteristics such as catchment area and rainfall. A statistical regional approach was also
proposed by Rooseboom et al. (1992), in which a standardized yield was determined for each
region, and could be multiplied by a factor that accounts for the probability of exceedance
(median = 1) for the region, as well as low, medium and high sediment catchment areas based on
a soil erosivity index considering soil, rainfall, slope, land use, etc.

Sediment yield prediction for large catchments based on a regionally calibrated sediment
transport equation (total input stream power) considering the bed slope, sediment characteristics
representing low, medium and high erosion catchment areas correlated to sediment size, the
catchment area, and an effective discharge taken as the 1:10 year flood in semi-arid conditions
was also found to have a fundamental basis and gave relatively good predictions. Since the
highest sediment loads are transported during floods, with data indicating a single major flood
can transport 8 to 13 times the mean annual sediment load, it is clear that a variable such as the
1:10 year flood would give a good correlation with long-term sediment yield. Further research is
however required to validate this approach.

The above methods describing direct measurements or empirical regional approaches using GIS
are far from process-based modelling, but probably give the best answers for predicting long-
term sediment yields in large catchments (> 2000 km”) because they take into account the
variability of field data and avoid the many unknowns of physically based models.

3.4 Regression type models

3.4.1 Modified universal soil loss equation (MUSLE)

The Universal Soil Loss Equation is the most widely used regression model for predicting soil
erosion. It is an empirical formula for predicting soil loss caused by both sheet and rill erosion.
The equation was developed from over 10000 plot-years of runoff and soil-loss data, collected
since 1930 on experimental plots of agricultural land in 23 states of the USA.



Williams and Berndt (1972) recognised that application of the USLE is limited to soil loss and
developed another procedure for computing sediment yields from catchments. The method
determines sediment yield based on single storm events. However, MUSLE can also be used to
calculate the sediment yield from the land surface on an annual basis rather than on a single
storm event. This is accomplished by determining the soil loss for events of varying return
periods e.g. of 2, 10, 25, 50 and 100 years, and by weighting based on the incremental
probability to obtain a weighted storm average, which is then multiplied by the ratio of annual
water yield to an incremental probability-weighted water yield. Long term integration of storm
events and sediment transport can also be achieved by incorporating MUSLE in a hydrological
model (See Section 3.4.2). MUSLE is a method which is generally applicable as predictor of
wash load and in semi-arid conditions it is more appropriate to use it than the USLE method.

With the development of hydrological models to simulate rainfall-runoff processes in larger
catchments, the USLE and later MUSLE methodology were incorporated directly, initially
ignoring to a large extent the completely different way in which a small catchment (plot scale)
responds in terms of soil erosion and sediment yield as compared to farm scale and to large
catchment scale (> 2000 km?), and hence the sediment yields in large catchments were often
overestimated.

Sediment yields are modelled on a day-by-day basis by activating the Modified Universal Soil
Loss Equation, MUSLE (Williams, 1975). This version of the equation overcomes the inability
of the standard USLE equation to directly determine soil loss estimates for individual storm
events, and eventually eliminates the need to determine sediment delivery ratios which were used
by the USLE to estimate the proportion of eroded soil which leaves the catchment.

The MUSLE sediment yield module uses factors that characterise physical conditions on the
surface of a catchment as input information. Event-based sediment yield is calculated from

Yu = oty (Ovqp) ™ K.LS.C.P.
where Yo = sediment yield from an individual stormflow producing event (ton)
0, = stormflow volume for the event (m®) from the area under study, i.e.
the catchment, subcatchment or land use class
qp = peak discharge (m’.s™) for the event
K = soil erodibility factor
= rate of soil loss per rainfall erosion index unit
= f(soil texture, organic matter, structure, permeability, antecedent
soil moisture condition)
LS = slope length and gradient factor
= f(gradient)
C = cover and management factor
f(vegetation height, canopy cover, litter/mulch, surface roughness)
P = support practice factor
= f(slope, conservation practices)
Oy, Py = location specific coefficients.
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According to Simons and Sentiirk (1992), the MUSLE coefficients oy, and f, are site-specific,
and hence must be determined for specific catchments in specific climatic regions. Kienzle and
Lorentz (1993) report that very little research has been undertaken on calibrating these
coefficients. Default values of 8.934 and 0.56 for ay, and f, respectively, have been used in
Southern Africa. Having been originally calibrated for selected catchments in the USA by
Williams (1975), these values for a,, and f, were adopted extensively with varying degrees of
success (Williams and Berndt, 1977; Williams, 1991; Kienzle et al., 1997).

Conservation practices have a reduction effect on overall soil loss. Factors representing the
effects of support practices can be estimated from Table 3.1 in conjunction with slope and
farming practices.

Table3.1 Conservation practice values for contour tilled lands and lands with contour
banks (after Wischmeier and Smith, 1978)

Land Slope Support
Land Use (%) Practice Factor
1-2 0.4
Cultivated lands
L p 3-8 0.5
S eeacdle. 0o 12 o2
e 13-16 0.7
irrigated
agriculture) 17-20 o
21 -25 0.9
Pastures and
communal All 1.0
rangelands

3.4.2 Hydrological modeling incorporating MUSLE in ACRU

The ACRU model (Agrohydrological modelling system of the Agricultural Research Unit, South
Africa) applies the MUSLE routine in subcatchments and a hydrological rainfall-runoff model
routes the flow and sediment through the catchment.

The ACRU model was used to simulate daily sediment loads for the Mbuluzi catchment,
Swaziland, for each of the 40 subcatchments (Figure 3-6) for the period 1945 — 1995 (Dlamini
and Schulze, 2002).

Mean annual sediment yield values are presented in Figure 3-6. For the 40 subcatchments, they
ranged from 59 to 9600 t/km”.a. The highest (> 2000 t/km’.a) values of sediment yields were
simulated in the northeastern part of the catchment where the subcatchment has the highest
average slope, at 16%, and is occupied by rural communities with more than 20% of the land
under subsistence agriculture, the remainder being grazed and browsed bushlands and forests.
Other high mean annual sediment yields were simulated in the upper-middle parts, with 1709
t/km®.a. This region also is predominantly rural, with subsistence agriculture being the main
farming activity, while all the unimproved grasslands (which cover more than 70% of the land)
are used as communal pastures. During fieldwork, lands with relatively steep slopes were found
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to be cultivated. Bare patches of land, badlands (gullies) and livestock and human pathways,
which are sources of sediments, were also observed in the rangelands, during fieldwork.

Mbuluzi Catchment - Mean Annual Sediment Yield
(t/ha) under Present Land Use Conditions
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Figure3-6  Simulated mean annual sediment yields (t.ha™) in the Mbuluzi catchment
(Dlamini and Schulze, 2002)

In this example the simulated sediment yield was not validated against field data (none available),
but the predicted values seem to be relatively high. The strength of such a model is however to
analyse the relative importance of different land uses and of possible rehabilitation measures.
Two questions can be addressed by model simulations:

a) How do sediment yields from different land uses compare with one another?
b) What is the impact of veld degradation or rehabilitation on sediment yields?

A comparison of sediment yields simulated under different land uses, using one of the
subcatchments by way of example (Figure 3-7), indicates that subsistence agriculture and
rangelands, i.e. grasslands in poor hydrological condition, produce the highest and second
highest sediment yields respectively, while land under forest and rehabilitated grasslands
generate the least sediment yields. The sediment yields under subsistence agriculture are highest
in November, which is the ploughing and planting month for maize (the crop most commonly
grown by rural Swazis), when the soil is exposed. Of note is that sediment yields simulated in
the grassland in poor hydrological condition are higher than those of subsistence agriculture
between February and March. This is a consequence of the mature stage maize has then reached,
plus the improvement in ground cover following the growth of weeds, coinciding with the
continued grazing and degradation of the grasslands (Dlamini and Schulze, 2002).
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It is common practice in the rural areas to allow livestock to freely roam the maize fields after
harvesting between April and the beginning of planting period, leaving rangelands to recover.
Hence, the higher sediment yields under the subsistence agriculture over that period.

Comparison of Mean Monthly Sediment
Yields of Different Land uses
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Figure3-7 Comparison of sediment yields ssimulated under different land usesin
Subcatchment 6. Under grasslands, R designates rehabilitated (i.e. well managed)
conditions, C current and D degraded (over grazed) conditions (Dlamini and Schulze, 2002)

One objective of this study (Dlamini and Schulze, 2002) was to assess the effects of land use
management on sediment yields. The mean annual sediment yields were reduced in all the
subcatchments after replacing those areas of the present land cover which can be grazed with a
grass cover in good hydrological condition. High reductions ranging from 500 to more than 2500
t/km”.annum were found in subcatchments in the upper-middle and upper sectors of the
catchment. Note that these are the subcatchments that presently produce high sediment yields
(Figure 3-8).
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Mbuluzi Catchment - Absolute Differences (t/ha)
Between Mean Annual Sediment Yields Under
Current vs Rehabilitated Conditions
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Figure3-8  Absolute (t/ha) differences between ssimulated mean annual sediment yields
under rehabilitated vs degraded conditions (Dlamini and Schulze, 2002)

3.5 Physically based erosion and sediment yield models
351 General

Physically-based, spatially-distributed modelling systems have particular advantages for the
study of basin change impacts and applications to basins with limited records. Their parameters
have a physical meaning (e.g., soil permeability and sediment size distribution) and can be
measured in the field.

Disadvantages of physically-based models include heavy computer requirements, the need to
evaluate many parameters (with associated problems of representation at different spatial scales
and uncertainty) and a complexity which implies a lengthy training period for new users.

Two state-of-the-art models are described here: the WEPP model (Flanegan and Nearing, 1995)

(USA) and SHETRAN (UK) (Norouzi et al., 2004). These models differ from the ACRU model
with the MUSLE routine, in that they use a much more detailed mathematical description of the
sediment dynamics and routing processes in the catchment.

352 TheWEPP Mode

WEPP is a continuous simulation model, and can use either observed or generated climatic
inputs to drive the runoff and erosion processes. Critical components of WEPP are the
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infiltration and runoff computations. Depressional storage is estimated as a function of random
roughness and slope steepness. When rainfall rate exceeds the infiltration rate, rainfall excess is
be computed. Runoff is the total rainfall excess minus any reduction due to the surface
depressional storage.

Peak runoff rate is a very important parameter in WEPP, as it is used in calculations to estimate
flow depth and ultimately flow shear stress. WEPP uses either a semi-analytical solution of the
kinetic wave model or an approximation of the kinetic wave model to determine the peak runoff
rate. Runoff rate, rill roughness and rill channel characteristics are used with the Darcy-
Weissbach equation to estimate flow depth and hydraulic radius. Sediment transport capacity is
computed using a simplified function of shear stress raised to the 3/2 power, times a coefficient
that is determined through application of the Yalin equation at the end of the slope profile.

The WEPP model uses a steady-state sediment continuity equation to predict sediment load
down a hillslope profile:

d—GZDer D; (3.5-1)
dx

where G is sediment load (kg.s'.m™), x is distance downslope (m), Dy is rill erosion rate
(kg.s'.m™), and Dj is interrill sediment delivery rate (kg.s'.m?) . Interrill sediment delivery to
rills is predicted in WEPP using the following equation:

R
D;= KiadeeOirSDRRRFnozzle — (35'2)
w

where Ki,q; 1s the adjusted interrill erodibility factor (kg.s.m™), L is effective rainfall intensity,
(m-s'l) O;; 1s the interrill runoff rate, (m-s'l), SDRgr is a sediment delivery ratio that is a function
of random roughness, row side-slope and the interrill particle size distribution, Fyo,ze 1S an
adjustment factor to account for sprinkler irrigation nozzle impact energy variation, Ry is the rill
spacing (m), and w is the rill width (m). Rill erosion rate may be either positive in the case of
detachment or negative in the case of deposition. Rill detachment in WEPP is predicted when the
flow sediment load is below transport capacity, and flow shear stress acting on the soil exceeds
critical shear stress. In that case, Dris predicted with:
G
Dt = Kiadj (T — Teagi)(1 - F) (3.5-3)

c

where Ky,q; is the adjusted rill erodibility factor (sm™), 1 is flow shear stress (Pa), Teadj 18 adjusted
critical shear stress of the soil (Pa), G is sediment load in the flow (kg.s'.m™), and T is flow
sediment transport capacity (kg.s'.m™).

Other model components include a soil component to adjust roughness, infiltration, and
erodibility parameters as affected by tillage and consolidation, a plant growth component to
provide daily values of crop canopy, biomass, and plant water use, and a daily water balance to
determine the impacts of soil evaporation, plant transpiration, infiltration, and percolation on soil
water status. Crop residue levels are also updated daily, with adjustments for decomposition as
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well as the impacts of tillage or other management operations. WEPP contains components to
estimate frost, thaw and snow depths, as well as snow melt runoff in regions that experience
freezing temperatures. Additionally, the model can be used to determine the impact of furrow
and sprinkler irrigation on soil erosion.

In watershed applications, WEPP allows simulations of groups of hillslopes, channels, and
impoundments. Daily water balance, plant growth, and soil and residue status for channels are
predicted identically to that on hillslopes. Channel peak runoff rates are predicted using either a
modified Rational Equation or the CREAMS (Knisel, 1980) peak runoff equation. Channel
erosion is estimated using a steady-state sediment continuity equation:

Yo _p 4D, (3.54)
dx

where qgq is the sediment load in the channel (kg's™*m™), x is distance down the channel (m), Dy
is lateral inflow of sediment along the channel (kg's'm™), and Dy is detachment or deposition by
flow in the channel (kg's’m™). For a channel in an active detachment mode that has not reached
a nonerodible layer, a rectangular channel is assumed and the erosion rate is:

Ech = wKen (Tave - Tcr) (35-5)

where Eq, is the soil loss per unit channel length (kg.s'.m™), w, is channel width (m), K¢, is a
channel erodibility factor (s.m'l), Tave 18 average channel flow shear stress acting on the soil (Pa),
and 1, is critical shear stress of the channel soil (Pa).

If sediment load of all particle types is larger than flow sediment transport capacity, then
sediment deposition in the channel is predicted using:

V.,
D= —~ (T¢ - qseq) (3.5-6)

w

where v¢ is particle fall velocity (m.s™), q is flow discharge per unit width (m*.s’) and T is
channel flow sediment transport capacity (kg.s"'.m™). For cases in which sediment load is near
transport capacity, shifting of transport capacity from particle classes with excess to those with a
deficit is predicted.

WEPP ignores soil saturation at the foot of a hillslope due to saturation-excess overland flow,

and may well fail to predict important erosional features in a catchment. The model also cannot
simulate gully erosion which is an important component in semi-arid regions.
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352 SHETRAN

a) Model description

SHETRAN (Norouzi et al., 2004) is a physically-based, spatially-distributed, integrated
surface/subsurface modelling system for water flow, sediment transport and contaminant
migration in river basins, which has been developed at the Water Resource Systems Research
Laboratory (WRSRL), Department of Civil Engineering, University of Newcastle upon Tyne.
Its original basis was the Systeme Hydrologique Européen (SHE) hydrological modelling system.

Compared with more traditional modelling approaches SHETRAN has particular advantages in
representing distributed responses at catchment scales from less than 1 km?® to 2000 km? in
predicting the impacts of land use and climate change, in incorporating landslide and gully
erosion and in exploring issues such as scale effects and validation techniques which are at the
forefront of physically-based modelling research.

SHETRAN is a general, physically-based, spatially-distributed modelling system: that is, it can
be used to construct and run models of all or any part of the land phase of the hydrological cycle
(including sediment and contaminant transport) for any geographical area. It is physically-based
in the sense that the various flow and transport processes are modelled either by finite difference
representations of the partial differential equations of mass, momentum and energy conservation,
or by empirical equations derived from experimental research. The model parameters have a
physical meaning and can be evaluated by measurement. Spatial distributions of basin properties,
inputs and responses are represented on a three-dimensional, finite-difference mesh. The
channel system is represented along the boundaries of the mesh grid squares as viewed in plan.

The typical processes modelled by the SHETRAN hydrological component are:

e Interception of rainfall on vegetation canopy (Rutter storage model)

e Evaporation of intercepted rainfall, ground surface water and channel water; transpiration
of water drawn from the root zone (Penman-Monteith equation or the ratio of actual to
potential evapotranspiration as a function of soil moisture tension)

Snowpack development and snowmelt (temperature-based of energy budget methods)
One-dimensional flow in the unsaturated zone (Richards equation)

Two-dimensional flow in the saturated zone (Boussinesq equition)

Two-dimensional overland flow; one-dimensional channel flow (Saint Venant equations)
Saturated zone/channel interaction, including an allowance for an unsaturated zone below
the channel

e Saturated zone/surface water interaction

The basic erosion and sediment yield component consists of subcomponents accounting for soil
erosion by raindrop impact, leaf drip impact and overland flow, channel bed and bank erosion by
channel flow, and sediment transport by overland and channel flow.

The sediment processes modelled and the equations used to describe them are:
e Soil erosion by raindrop impact, leaf drip impact and overland flow.
e Two-dimensional total load convection in overland flow by size fraction, including input
to the channels; deposition and resuspension of sediments in overland flow (mass
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conservation equation incorporating Engelund-Hansen total load and Yalin load transport
capacity equations).

e One-dimensional convection of cohesive and noncohesive sediments in channel flow by
size fraction; deposition and resuspension of noncohesive sediments in channel flow;
channel bed erosion by channel flow (mass conservation equation incorporating Ackers-
White and Engelund-Hansen transport capacity equations)

e Landslide erosion and sediment yield component

e Gully erosion

The SHETRAN subcomponent is applied at each grid square to generate a response (e.g.,
overland flow, phreatic surface rise, soil erosion). These responses interact and both surface and
subsurface waters, and surface sediments, are routed from square to square. Eventually these
products reach the river system and are routed towards the basin outlet. Model outputs may be
obtained for any part of this procedure on a spatially and temporally distributed basis. They may
include time-varying records of phreatic surface level, snowpack depth, overland flow depth, soil
erosion or any other variable at any grid square or channel link within the basin.

b) Parameter uncertainty and model validation

The model parameters or functions to which the simulation results are typically most sensitive in
full basin simulations are: saturated zone hydraulic conductivity; unsaturated zone hydraulic
conductivity; Strickler resistance coefficient for overland flow; soil retention curve (the
relationship between tension and moisture content); the relationship between the ratio of actual
to potential evapotranspiration and soil moisture tension; and, the soil erodibility coefficients.

c) Parameter scale effects

Within each model grid square, each physical characteristic is represented by one parameter
value. As long as the grid square is small compared with the distances over which there is
significant spatial variability in catchment properties and hydrological response, this does not
compromise the model’s ability to represent local variations in response. However, as grid
scales increase, the local spatial variability in properties and response becomes subgrid (one
parameter value describing physical characteristics per grid square not sufficient). There are
then difficulties in applying the equations of small scale physics which make up SHETRAN and
evaluating their parameters at the grid scale.

Studies with SHE, SHETRAN and ANSWERS (another distributed model) suggest that the same
model parameter values can be applied at both plot (1-100 m”) and microbasin (order 1 ha) scales,
using small model grid spacing (20 m or less) and having at disposal a good availability of field
data. For larger basins, scale effects in evaluating saturated zone conductivity appear not to be
significant, or at least to be masked by uncertainty in parameter evaluation, as long as basin
topography is subdued and there is a general homogeneity of land use, soil characteristics and
hydrological response within the basin. Applications of the SHE to large basins in India (area
800-5000 km®) and to the Cobres basin in Portugal (area 701 km?) suggest that conductivities
evaluated at the point or small scale can be successfully applied with a model grid spacing of 2
km. Figueredo (1998) similarly found no evidence of a scale effect when modelling a 137 km?
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basin in northeast Brazil, although in this case the basin did not typically have a saturated zone in
the soil column. For the dissected terrain of the Draix basins Bathurst et al. (1998) concluded
that any scale effects which may distinguish simulations at the scales of 0.133 and 86 ha were
small enough to be masked by uncertainty in parameter evaluation. However, for basins of 200-
2000 km* with hilly terrain, unpublished simulation results suggest that the saturated zone
conductivity may indeed increase as the grid spacing rises to 1 or 2 km.

For overland flow resistance, the picture is less clear. If there is any scale dependency the effect
does not appear to be large and other factors such as the type of ground roughness (perhaps
determined by land use) may be more important. No scale dependency has yet been observed in
the soil erodibility coefficients.

3.6 Disadvantages of physical process simulation models

Physical process simulation models have several disadvantages compared to the regression-type
models such as the MUSLE. These disadvantages are related mostly to the increased complexity
of the physical process models. Firstly, the models of large catchments are computationally
extremely “heavy”.

Another disadvantage is that data requirements are more extensive because of increased
complexities. However, in some ways data requirements are simplified for physical process
models in that the necessary data are more easily measured and identified because of the physical
process basis. Data requirements for regression models are often much more subjective and the
parameters often harder to relate to observable and measurable quantities.

The complexity of physical process models requires broad knowledge of erosion and
sedimentation, and watershed knowledge in general. Without adequate background, it is doubtful
that physical process models can be applied to achieve accurate results. Most regression models
require less knowledge since the procedures for their applications are usually rigid. However,
application of a regression model without proper training and understanding can produce invalid
results.

3.7 Evaluation studies of soil erosion models

Validating the ability to model spatial and temporal variations in erosion and sediment fluxes
requires spatially and temporally varied measurements. Over the last decade or so,
developments in field instrumentation and advances in data collection techniques have provided
the capability for satisfying much of this demand.

A series of studies have been conducted to compare erosion model predictions of soil loss to
measured data. These include studies on WEPP the USLE and RUSLE. Risse et al. (1993)
applied the Universal Soil Loss Equation (USLE) to 1700 plot years of data from 208 natural
runoff plots. Average observed soil loss on an annual basis was 3.51 kg/m”. Using the USLE,
annual values of predicted soil loss averaged 3.22 kg/m® with an average magnitude (absolute
value) of error of 2.13 kg/m” or approximately 60% of the mean. Rapp (1994) applied the
RUSLE model to the same set of data as Risse et al., and annual values of predicted soil loss
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averaged 3.16 kg/m”. The average magnitude (absolute value) of error was not reported, but it is
apparent that the two models performed similarly overall in terms of soil loss prediction. Zhang
et al. (1996) applied the WEPP computer simulation model to 290 annual values and obtained an
average of 2.18 kg/m® for the measured soil loss, with an average magnitude of error of 1.34
kg/m®, or approximately 61 % of the mean. In both cases the relative errors tended to be greater
for the lower soil loss values. All three studies were conducted without model calibration. Model
input parameters were not adjusted from initial default values for the specific data used in the
comparisons.

What is reported above is obviously a very "broad brush" picture of the performance of the three
erosion models, but in essence, the results indicate that for the prediction of soil loss, the three
models appear to perform approximately on the same level of accuracy. However, there are a
couple of important points to be considered. In the first place, all three models do predict soil
loss, but only the WEPP model is specifically designed to predict sediment yield. Thus if
prediction of average soil loss on the eroding portion of a hillslope is the goal, one might
conclude from the studies that any of the three models work equally well. However, if one needs
to know the deposition rates in the toe-slope of the hill, how much sediment might be transported
off-site, sediment load from a channelised area, or the distribution of erosion along the hillslope,
only WEPP will provide that information.

3.8 Model Comparison

A comparison of 6 physically-based erosion and sediment yield models is presented in Table 3.2.
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Table 3.2 Comparison of six physically-based erosion and sediment yield models

Model Feature SHETRAN ANSWERS WEPP EUROSEM LISEM ACRU
Simulation type:

Continuous Y N Y N N Y
Single event Y Y Y Y Y Y
Basin size <2500 km” <50 km® <2.6km’  Smallbasin ~ Small basin  <10000 km’
Spatial Grid Grid or GIS grid Uniform slope GIS raster GIS raster
distribution raster planes

Overland flow:

Rainfall excess Y Y Y Y Y Y

Upward saturation Y N N N Y Y

Erosion process:

Raindrop impact/ Y Y Y Y Y Y

Overland flow

Rilling N N Y Y Y Y

Crusting N Y N Y Y Y

Channel banks Y N N Y N N

Gullying Y N N N N N

Landsliding Y N N N N N

Output:

Time-varying Y Y N Y Y Y (daily)

sedigraph

Time-integrated Y Y Y Y Y Y

yield

Erosion map Y Y Y Y N Y

Land use Most Mainly Wide Mainly Mainly Mainly
vegetation agricultural range of agricultural agricultural agricultural

covers land use
Y =yes; N=no

4. River Sediment Transport

Once sediment yields from sub-catchments have been determined, the sediment has to be routed
downstream in the river system by mathematical modelling.

4.1 Hydrodynamic mathematical modelling

Accurate prediction of sediment transport should be based on reliable hydrodynamic modelling.
Such a state of the art model could have the following characteristics (Basson and Rooseboom,
1997):

4.1.1 One-dimensional (1D) or 2D or 3D Models

One-dimensional models are mostly used in river applications around the world. Two-
dimensional (2D horizontal or vertical) and 3D models have been developed, although
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computationally "heavy", but especially 2D models are taking over from 1D models to
describe the fluvial morphology. The main constraints in using a 2D model with sediment
transport are often a lack of data for calibration of the model, and secondly the uncertainty
of the sedimentation processes.

Two-dimensional models can be of specific benefit when considering:

J deposition outside the main channel across the wide-open floodplains when
encountered

. modelling of sediment transport through a reservoir or estuary

J Braided or meandering channel fluvial morphology (2DH)

. Density current formation (2DV or 3D)

Many 2DH models are pseudo-3D and have empirical coefficients to account for spiral flow at
river bends, vertical sediment concentration distribution, etc.

4.1.2 St-Venant equationsfor hydrodynamic simulation

A fully hydrodynamic approach is required to describe the rapidly changing flow and bed
level conditions during floods when most of the sediment is typically transported. The
model must also be able to simulate the supercritical flow conditions which can be
encountered. The use of daily flows in a quasi-steady modelling approach is often not
suitable except in large rivers. This is because flood peaks are averaged which leads to
unreliable sediment transport prediction.

The hydrodynamics described by the 2-dimensional Saint-Venant equations are:

2 2 2 _
2 2 2
Z_q+ opq/h) , 8> Ih) ng\/p2 jq +gh@:hi(EMj+hi£EMJ (4-2)
t ox oy C*h oy Ox ox Oy oy
@ + a_p + a_q — 0
o ox oy (4-3)
Where:
,q  Flux field (m?%s)
Water depth (m)
Time (s)

Acceleration of gravity (9.81 m/s%)
Chezy number (m'%/s)

Surface elevation (m)

Eddy viscosity (m*/s)

m e Q0 50
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The Saint-Venant equations are solved on the curvilinear grid with a finite-volume scheme.
State-of-the-art methods from CFD are applied for the solution, which incorporates the use of a
Cartesian base for the velocity field, non-staggered allocation with momentum interpolation
(Majumdar et al, 1992). The SIMPLER method (Patankar, 1980) is applied for the continuity
equation.

4.1.3 Secondary flow patternsat river bends

At river bends the modified flux field that transports the suspended sediment is derived from the
depth-integrated flux field in the manner (DHI, 2003):

(Gl

a o1 and « ¢ are functions of the distribution of momentum and sediment over the water column.
The term h/R is the water depth divided by the streamline radius of curvature; the latter derived
from the flow field. The modified flux field arises from the 3-dimensional character of the
problem.

« o1 modifies the streamwise convection, and represents the fact that the sediment concentration
rises towards the bed, while the velocity rises towards the surface. The streamwise convection of
the sediment is hence not as effective, as a ¢;=1 would imply. A value of & ;=1 is found for
uniformly distributed sediment, i.e. very fine material. « ¢, is calculated from the logarithmic
velocity profile and the distribution of sediment.

a 02 represents the impact of secondary flow, and produces convection across the streamlines.
a (2 1s calculated from the helical flow taken from standard theory (see e.g. Rozowskii, 1957),
and the distribution of sediment.

The @ o1 and « ¢, parameters are calculated from local values of the flow velocity, flow

resistance and settling velocity. The calculation is done on each morphological time-step in
describing the change in sediment concentration and sedimentation in time.
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Figure4-2  Vertical flow and concentration distribution (DHI, 2003)

An implicit scheme is applied for the Advection-Dispersion (AD) equation (also refer to section
4.2.3) in which the local availability of sediment is accounted for by limiting the erosion to not
surpass the available cohesive sediment in the cell. The implicit solution of the AD equation
furthermore allows for implicit updating of the local cohesive layer thickness, which is done
through the source/sink terms of the equation (sediment entering the water column comes from
the bed, and vice versa). The implicit AD scheme is unconditionally stable for any choice of the
time-step. The dispersion in the equation originates from the profile functions, while additional
dispersion can be added. Herein is only applied the dispersion associated with the profile
functions (particularly important across streamlines). No additional dispersion has been added.
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The models use finite differences, finite elements or finite volumes to solve the set of equations.
For the grid generation an orthogonal curvilinear grid or triangular grid is recommended, which
has no constraint on the cell aspect ratio.

Mathematical models should be calibrated against water level and discharge field data to account
for bed roughness of alluvial beds, bed rock, riparian vegetation, tributaries, hydraulic structures
such as diversion weirs, abstractions, losses etc. Boundary conditions are typically tributary and
upstream inflow time series and a water level-discharge boundary downstream. Bed roughness
is the most important calibration factor and is spatially calibrated against observed flood
attenuation and flood peaks, but large scale roughness during low flows is also important to
consider. Measured tributary flows are often scaled up to account for unmeasured subcatchment
areas and this also forms part of the calibration process.

In general the hydrodynamic models can be calibrated accurately to within 20 to 30% accuracy
based on flood peaks. It should be noted that flood data are usually limited and observed flood
peak discharge also has an accuracy range of say 10 to 30% typically, which is improving
recently with the use of acoustic Doppler profilers using sonar for bed tracking with differential
GPS for geo-referencing.

4.2 Sediment transport modelling
4.2.1 Sediment transport capacity of non-cohesive sediment

The basis of sediment routing in a river is the sediment transport equation used. When dealing
with non-cohesive sediments where the sediment diameter > 0.03 mm, several sediment transport
capacity equations are widely used. Most of these equations have a streampower basis and have
been calibrated against laboratory and/or field data. These equations were derived under steady
and uniform flow, uniform and equilibrium bed conditions, usually in a laboratory. Field
conditions, especially during floods when most sediment is transported are usually the opposite.
The accuracy of these equations vary based on who carried out the accuracy comparison and is
often biased as shown in Table 4.1, but generally a 50 % prediction accuracy is considered to be
good, even with controlled laboratory experiments.

What is worse is that in the Table 4.1 comparison all the hydraulic parameters such as flow depth
and velocity were known, while in mathematical modelling it is simulated and calibrated. There
therefore seems to be room for improving the sediment transport prediction accuracy, but the
inaccuracy cannot be blamed on the theory alone but also on the data reliability and variability.
Further important aspects of sediment transport equations are that they have usually only been
calibrated for sediment size ranges of say 0.07 mm to about 2 mm, while some are calibrated on
gravel transport up to about 30 mm in diameter.

Mathematical modelling of alluvial beds with sand usually assumes an infinite supply of sand,
and transport capacity is calculated in each time step at the boundaries feeding into the river.
Sand is however not always available, such as at bed rock reaches and this fact should be taken
into account.
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4.2.2 Non-uniform sediment modeling

Most sediment transport equations were calibrated on near uniform sediment sizes. In reality,
however, sediment particles in a river bed are far from uniform in diameter. In such cases a
multi-fraction approach is followed for non-cohesive sediment fractions, the transport capacity of
each fraction is calculated and possible re-entrainment from the bed. This approach assumes that
different fractions in the bed react independently with no interrelationship. Yet, the coarser
particulars could hide smaller particles, and fine particles with a small number of large particles
could mean the larger particles are exposed. In some cases hiding could lead to armouring where
large particles cover the finer particles making it impossible for the small particles to be
entrained, except when the larger particles are re-entrained. Although several theories have been
developed to describe sediment hiding, armouring and exposure in non-uniform beds, they are
seldom used in sediment transport simulations.

In the above discussion no mention was made of even more non-uniform sediment distributions
namely cohesive-non-cohesive sediment mixtures and this is because in sediment transport
modelling the sediment is usually either treated as non-cohesive or cohesive, but not both. Even
in semi-arid conditions where up to 80 % of the sediment transported during a flood consists of
clay and silt fractions, this is often ignored since most mathematical models cannot deal with
clay/silt and sand fractions. In any case, it is argued that the cohesive sediments do not affect the
river geomorphology and are transported through to the ocean. Only in depositional zones such
as lakes, reservoirs or estuaries, it is further argued, that it may be important to include cohesive
sediment fractions. The prediction of fine sediment transport should however be included and is
important right through the river system: cohesive sediment deposits on the floodplain and
affects bank stability. It also affects critical conditions for erosion and when the cohesive
sediment fraction in the bed exceeds only 7 %, the bed reacts as cohesive with a different bed
roughness. A mathematical model therefore has to keep book of the bed sediment composition,
which adjusts with sediment erosion and deposition.

To come back to the multi-fraction approach described earlier, it often happens that the fine
sediment, the so-called washload, is transported through the river without deposition. It is
however essential in reservoir modelling that sediment transport calculations are carried out per
size fraction in order to model the sorting process and related non-cohesive and cohesive deposits
through the reservoir.

Bank stability models can also be incorporated in 2D models based on the geotechnical stability
of the bank and is important at river bends.
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Table 4.1 Non-cohesive sediment transport equation accuracy (Basson and Rooseboom,
1997)

White et al., (1975) compared eight formulae using 1000 flume and 260 field measurements. The discrepancy ratio X ,e/Xobs
was plotted against the dimensionless grain size ( 0 ,q¢/ 0 q) and the percentages withing the 0.5 to 2 range were as follows:

Formula % in 0.5 < XadXops< 2 ranges
Ackers and White (1973) 68
Engelund and Hansen (1967) 63
Rottner (1959) 56
Einstein (1950) (total load) 46
Bishop et al., (1965) 39
Toffaletti (1968) 37
Bagnold (1966) (total load) 22
Meyer-Peter and Miiller (1948) 10

The laboratory data include particle sizes from 0.04 to 4.94 mm and field data from 0.095 to 68 mm.

The comparison of formulae by Yang and Molinas (1982) also used laboratory and river data encompassing mean grain sizes
from 0.15 to 1.71 mm, channel widths 0.134 to 532 m, flow depths 0.01 to 15.2 m, temperature 0° to 34.3°C, average velocity
0.23 to 1.97 m/s and slopes from 4.3 x 107 t0 2.79 x 102 The range of data is the same as given by Yang (1973) for the data
from which the formula was derived. The discrepancy ratio, defined as the ratio between computed and measured values, is
given as follows:

Data
Formula Lab. River All data
Colby (1964) 0.31 0.61 0.34
Yang (1973) 1.01 1.31 1.03
Yang (1979) 1.02 1.12 1.03
Shen and Hung (1971) 0.91 1.18 0.95
Engelund and Hansen (1973) 0.88 1.51 0.96
Ackers and White (1973) 1.28 1.50 1.31
Maddock (1976) 0.99 0.49 0.92

A different picture is painted by the comparative study carried out by Van Rijn (1984b), also using field and laboratory data. The
discrepancy ratio, r, defined as the ratio of predicted to observed transport rates in percent were as follows:

0.75<r<15 05<r<?2 033<r<3
Data 1 2 3 4 1 2 3 4 1 2 3 4

US Rivers Corps Engrs 53 39 32 6 79 67 61 24 94 87 78 44
Middle Loop River 39 13 37 63 78 37 74 94 96 80 98 100
Indian Canals 30 15 27 3 60 45 48 6 90 73 70 24
Pakistan Canals 23 37 34 13 56 71 71 29 91 94 91 48
Niobrara River Canals 55 13 29 86 95 67 58 98 98 95 98 98
Average of field data 45 32 32 22 76 64 63 39 94 88 84 55
Flumes
Guy et al., (1966)
Oxford 40 67 56 68 70 89 85 90 91 98 99 98
Stein (1973) 37 20 31 45 84 38 59 89 96 70 81 96
Southampton A 54 73 81 56 70 95 97 97 97 97 100 100
Southampton B 64 49 46 49 85 73 79 82 97 91 94 94
Barton-Lin (1955) 18 12 82 91 81 82 96 97 94 97 100 100

35 60 30 40 65 100 50 65 100 100 100 100
Average of laboratory
data

41 46 52 59 77 74 77 89 95 89 94 98
Average of all data 43 | 37 | 40 | 36 | 76 | 68 | 68 | 58 | 94 | 88 | 88 | 71

In the above table, column 1 lists values obtained by the method of Van Rijn (1984 a & b); 2 by the Engelund-Hansen formula
(1967); 3 by the Ackers-White (1973) formula and 4 by the Yang (1973) formula. The result is poor accuracy by the Yang
formula for canals in India and Pakistan, which have the deepest flows of the above data. Since the other formulae produce
reasonable results Van Rijn concludes that “the method of Yang must have serious systematic errors at large flow depth. On the
average the predicted values are much too small”.
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4.2.3 Sediment transport of cohesive sediments

Fine sediments (clay and silt fractions) adhere to the same physical processes as coarser particles
under saturated, uniform flow conditions and a sediment transport equation can be calibrated to
describe their transport. The water viscosity however plays an important role in affecting the
settling velocity of the particles.

Non-equilibrium transport of fine sediments occurs, which means that transition to saturated
sediment transport capacity conditions is not instantaneous as for coarser fractions, but a time and
distance lag is involved. A multi-fraction state-or-the-art model can operate with a traditional
equilibrium transport equation for some fractions and with a non-equilibrium formula for others.

The transport of the cohesive sediment in a 2DH model is described by the following unsteady
advection-dispersion equation:

%+%+%:i(i@m@j+i hDyy@ +E-D (4-5)
ot ox dy  Ox ox) oy oy

p.q  Modified flux field (m%/s)

c Concentration (g/m’)

D,x  Dispersion in the x-direction (m?/s)
Dy,  Dispersion in the y-direction (m?/s)
E Erosion function

D Deposition function

4.24 Sediment re-entrainment and deposition

The model should combine theory for non-cohesive and cohesive sediment to model three cases of
erosion: cohesive sediment, non-cohesive sediment and a mixture of the two. In the latter case, a
linear combination of the cohesive and non-cohesive relationship is used. The erosion rate is
calculated assuming both cohesive and non-cohesive sediments, and the actual rate determined via
linear interpolation.

A standard cohesive model gives the erosion and deposition functions (E and D):

E = EO( LI 1]m, >, (Surface Erosion) (4-6)
T(‘("
T
D= wyc(l ——} <7, (4-7)
Tcd
E= (CA—_tC) 3 T>T,, (Mass erosion, no lag) (4-8)
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Where:

Wy Settling velocity, ws ~ 1 mm/s

e Critical shear stress for erosion, T, ~0.2 N/m? for fluid mud and ~0.6 N/m? for mud
Ted Critical shear stress for deposition, teq ~ 0.05 N/m?

Teme  Critical shear stress for mass erosion

E, Erosion constant, Eg ~0.1 g/mz/ S

m Exponent (non-linearity) of the erosion, m ~ 1-3

T Bed shear stress

C* Sediment transport capacity concentration

With surface erosion individual particles are removed from the surface at a given rate per square
meter, while at higher shear stresses the bed fails deeper as a mass.

425 Cross-section deformation

Solution of the bed continuity equation determines whether erosion or deposition will occur.
Various bed change methodologies can be specified in a 1D model, for example when deposition
occurs it is assumed that:

dz= an (4_9)

with dz the change in bed level, @ and b input calibration parameters and D the flow depth.

In 1D models bed changes are usually made uniformly across the section, or in the main channel
only.

Minimisation of stream power is another method (1D model) proposed by Chang (1988) in
which the combination of channel width and depth gives the smallest energy slope that provides
the equilibrium channel shape. However, this method is very sensitive to the sediment transport
equation used to determine the energy slope in the minimisation calculation.

Specification of the cross-section deformation is probably the largest drawback of the 1D
approach that uses cross-sections, and the 2D models have no such requirement. Yet, in 2D
models the number of cells in the main channel should be sufficient to accurately describe the
bed and banks.

4.2.6 Hydraulicroughnessand itsinterrelationship with sediment transport

In many models this parameter is fixed on the base of hydrodynamic model calibration, using the
Chezy ( C ) or Manning (n) value, in some cases allowing spatial variation (C or n) in the main
channel, banks and floodplain. The hydraulic roughness is however much more important in the
modelling of sediment transport than is usually considered and it affects the critical conditions
for re-entrainment of sediment and the sediment transport capacity. Temporal variation of bed
roughness is sometimes included by empirical functions, but should be refined in future research.
However, the fact is that in most analysis re-entrainment conditions are based on a horizontal bed
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and uniform flow conditions, using the Shields diagram or modified Liu diagram, which is far
from reality.

Vegetation often also acts as large-scale roughness. On the river banks it is sometimes partially
inundated and during floods it could completely be submerged. Vegetation also undergoes
changes with seasons and drought/flood conditions, which makes it difficult to predict the long-
term temporal variation of hydraulic roughness.

4.2.8 Coupled solution of flow and sediment equations, with sediment continuity

A coupled solution is required due to the rapidly changing hydrodynamic and sediment transport
conditions usually experienced in rivers in Africa. However, coupling in every time step slows
computer runtime and state of the art models can do several morphodynamic time steps before
adjusting the hydraulics, especially during slowly changing low sediment transport periods.

429 Consolidation of cohesive sediment

Modelling of consolidation is important when critical conditions for mass erosion are linked to
sediment characteristics and density, and should be considered in lakes, reservoirs and estuaries
where sediment densities may vary from 400 kg/m”® to 1800 kg/m*.

4.3 Calibration of sediment transport against field data

Considering the requirements of a comprehensive hydrodynamic and sediment transport model,
and the many unknowns in the field, it is important that the simulated sediment loads are
calibrated against field data. If long term ( >5 years in semi-arid conditions) data are available of
total loads at sites along the river, sediment load-discharge or cumulative relationships can be
used to compare simulated versus observed data in the calibration process. Verification
simulations using single flood and sediment routing through the river should also be carried out.
An example of a 1D model sediment concentration calibration and validation on the Berg River,
South Africa is shown in Figure 4-3. The prediction seems good but more data are required
during floods.
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Figure4-3  Calibrated sediment load-dischargerelationship on the Berg River,
South Africa

4.4 Model dimensions: Grid spacing and time steps

In order to see 1D and 2D/3D models in perspective, it is important to compare typical grid
spacing used. The spacing of course varies with the size, length and of the river to be modelled.
For a 1D model of say a 50 km river, cross-sections every 200 m to 400 m are typically
considered with about 1 minute to 3 minute time steps. In a 2DH model, the grid spacing across
the flow could be anything from 5 m to say 30 m, with longitudinal grid distances the same or a
ratio of 2 to 3 larger. In a 2DH approach, the model time steps are usually less than 1 minute in a
fully hydrodynamic mode. 2D (and 3D) models therefore run much longer than 1D models with
the many grid points to solve and its difficult (if not practically impossible) to do long term runs
with them where 10 to 20 years have to be simulated.

45 Reservoir Sedimentation

In rivers turbulent sediment transport is usually the mode of transport, but in a reservoir or lake
the modes of transport could also include colloidal suspension usually considered to be less than
3 % of total load, or density current formation due to density differences created by a turbid river
flowing into a reservoir.
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In relatively shallow reservoirs - say less the 30 m in depth - the mathematical modelling
approach described above (2DH) with non-cohesive and cohesive sediments, and bed mass
conservation is also suitable for reservoir sediment deposition and re-entrainment simulations for
conditions of storage operation as well as flushing of sediments during floods with water level
drawdown. Consolidation of sediments and its effect on critical re-entrainment conditions is
however more important than in a river.

Density currents can be described mathematically by 2DV or 3D models, and have been found to
be reliable for field conditions. Some aspects however need further research - such as the
erosion and deposition of non-uniform and cohesive sediment, sediment-water layer interaction,
numerical modelling of density current formation conditions and density current venting (release
through bottom outlets) management.

4.6 Estuary sediment dynamics

2DH models (or 3D) are suitable for simulation of estuary sediment dynamics. Estuaries vary in
shapes and sizes and differ from rivers in the following ways:

e The ocean forms an open boundary with a range of tides from neap to spring which affects
the flood and ebb tides.

e Inregions with a small tidal range (< 2 m) and low river flow, the estuary mouths could close
annually during storms at sea. These estuaries breaches naturally when river water spills
over the sand bank at the mouth or could be breached artificially in order not to flood low
lying developments.

e Ebb and flood tides could follow different flow channels near the mouth of the estuary.

e The ebb tide is often relatively large compared to river inflows.

e Estuaries often have cohesive sediment in the bed.

4.7 Hydraulic Structures

In sediment routing through a river it is important to consider the impacts of hydraulic structures
such as groynes, bridge, culverts, weirs, canalised reaches, etc., on the accuracy of sediment
transport simulation. Where necessary, 2DH models as described above can simulate complex
flow patterns with scour. River meander migration and local bridge constriction scour of 7.5 m
depth was simulated for a 2.4 km proposed bridge over the Lower Zambezi River. Figure 4-4
shows a satellite image (2003) which indicates that the upstream meander migrates downstream
at a rate of about 85 m/year, while figure 4-5 shows simulated bed levels after a 1:100 year flood.
The major flood flow (25000 m’/s) width in the river is about 7 km wide.
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5.  Sediment quality

In addition to the prediction of the quantity of erosion and sediment transport, a very important
aspect is to assess the role of contaminants attached to the sediment particles, originating from
agricultural land or industry. Many sediment yield and river routing models can by now describe
the fate of fine sediment that transports the contaminants. Water quality modules and
eutrophication modules usually use sediment load data to describe the bio-chemical interactions
in the water system related to the contaminants transported by the sediment. However, the
sediment transport description is usually very simplified and could be improved on in most
models. The accurate description of nutrient dynamics in sediments (nitrogen and phosphorus) is
very important in the eutrophication models.

6. Remotesensing

Satellite images have been used to quantify soil erosion rates from arid land surfaces in Africa as
part of the ESA TIGER Initiative using ENVISAT images. Other useful applications are
meander migration rates (Figure 4-4).

Many of the hydrodynamic modelling studies become too expensive because of the cost of
surveys which is sometimes 5 times the cost of the modelling. Innovative ways should be sought
to reduce this cost. The vertical accuracy of satellite images has improved to about 2 m, by using
special software to calibrate the images against 1:50000 topographical maps. With Space Shuttle
radar images the accuracy is even better at about 1 m. This makes it possible to create DTMs for
large areas such as deltas (mostly dry when not in flood) which could be 400 km wide by 200 km
long (Zambezi Delta). A laser with GPS and a fixed wing aircraft or helicopter reduces the costs
considerably as compared to traditional aerial photography, but is still relatively expensive for
large catchments. Only a limited number of laser systems that can scan through the water are
currently available. They are affected by high turbidity and their ecological security needs to be
verified in rivers.

In future more research is needed on linking sediment-related variables such as turbidity in a
lake/reservoir to other variables such as chlorophyll which can also be remotely monitored, to
possibly improve management.

7. Conclusions and Recommendations

In large catchments > 2000 km?, observed data, regional empirical approaches and hydrological
routing models incorporating MUSLE to determine the sediment yields are still the most reliable.
In smaller catchments investigation of soil erosion, transport and sediment yield could be carried
out making use of physically based mathematical models, of which the “SHE” based model with
a 2D approach seems to be the most advanced, but data availability will determine whether other
simpler approaches should not be followed.
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Sediment transport through a river could be simulated by fully hydrodynamic 2DH model (quasi-
3D with the addition of secondary flow at river bends), but it is important to include the
description of cohesive sediment re-entrainment and transport, as non-equilibrium and non-
uniform transport. In consequence of the inaccuracy of equilibrium sediment transport equations,
mathematical models should be calibrated and verified against field data.

In semi-arid regions the sediment transport capacity of the fine sediment (clay and silt) which is
dominant in the water column, far exceeds the actual sediment transport which is limited by the
availability from the catchment, and more research is needed in this regard.
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9. Glossary

ACRU

AD

ANSWERS

CREAMS

DTM

EUROSEM

FSL

GIS

LISEM

MUSLE

NTU

OBS

RUSLE

SHE

SHETRAN

USLE

WEPP

2DH

2DV

Agrohydrological modelling system of Agricultural Research Unit, South
Africa

Advection Dispersion

Areal Nonpoint Source Watershed Environmental Response Simulation
Model

Chemical Runoff and Erosion from Agricultural Management Systems
Digital terrain model

European Soil Erosion Model. Department of Environmental Sciences
Lancaster University

Full supply level
Geographical Information System

A Single-event physically based hydrological and soil erosion model for
drainage basins

Modified Universal Soil Loss Equation

Nephelometric Turbidity Unit

Optical backscatter Turbidity meter

Revised Universal Soil Loss Equation

Systéme Hydrologique Européen hydrological modelling system

Based on SHE, SHETRAN is a 3D physical based model with coupled
water and sediment transport for multi-fractions

Universal Soil Loss Equation

Water Erosion Prediction Project, National Soil Erosion Research
Laboratory, USA

Two dimensional model in plan, vertically integrated

Two dimensional model in the vertical
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