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ABSTRACT

The size of an alluvial river channel can adjust in response to changes in the
pattern of flows that it carries. An important case of such channel change
occurs downstream of dams or water diversions where flow regulation has
been observed to cause morphological and ecological impacts.

In this work, an effective discharge approach based on excess stream power
is proposed to account for change in river channel capacity downstream of a
dam or river diversion. This approach uses a frequency distribution of
stream flows together with observed or predicted hydraulic characteristics of
the channel, to determine the flow that is most effective through time at
adjusting the channel boundaries.

The excess stream power effective discharge approach is applied to two
extreme cases downstream of the Snowy Mountains Scheme in south-east
Australia: one a river channel that has enlarged since flow regulation and
one a river channel that has contracted since flow regulation. In both cases
an effective discharge analysis based on excess stream power successfully
accounts for post-regulation trends in bankfull channel capacity.

These results provide a preliminary endorsement of an excess stream power
based effective discharge approach, but in both the cases, the change in flow
pattern from pre-regulation to post-regulation is extreme and the frequency
distribution of daily flows for the regulated case is acutely modal. Further
case studies are required to investigate the validity of the proposition for
other situations.

Consideration of the case studies and the physical meaning of the effective
discharge approach leads to the suggestion that the excess stream power
effective discharge approach applies more generally to the individual
physical processes that dictate channel characteristics rather than to the net
effect of these processes as represented by bankfull channel capacity. This
suggestion can contribute to a conceptual understanding of channel
response.

The excess stream power based effective discharge approach could be applied
to help to manage the environmental consequences of dams by contributing
to predictions of the impact of flow regulation on downstream channel
morphology.
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1. INTRODUCTION

A river flowing in alluvium can alter the size or shape of its channel in
response to internal or external influences, by removing alluvium from or
adding alluvium to the channel boundaries. In practice the influences

initiating change often include:

= natural or artificial changes in quantity or rate of water flowing in the

river;

* natural or artificial changes in volume, rate or characteristic of sediment

available to the river;

* natural or artificial changes in the properties of the channel boundaries
that affect hydraulic conditions or vulnerability to erosion for instance;

or

= natural or artificial changes in hydraulic conditions such as may result

from a change in downstream control.



This work deals principally with the effect on river channel capacity of

changes in the rate and volume of water carried by the river.

Changes in the stream flow pattern can affect the physical form of the
channel and its associated environmental, aesthetic, recreational and
utilitarian values. Regulated rivers provide examples where change to

streamflow patterns can be extreme.

1.1. Context of the work

Attempts to explain and predict river processes have been successful in

various disciplines. For example:

* in hydrology, techniques such as time-series analysis are used to

describe or predict the characteristics of the flows in a river reach;

= process models (physical or numerical) use principles of hydraulics to
represent patterns of water and sediment flux in stream channels (see

for example Wang (1991));

= conceptual geomorphic models, based largely on historical observation or
reconstruction, are able to describe qualitatively the broad framework of

channel change (for example see (Erskine, Rutherfurd et al. 1990); and

= empirical models, such as regime equations or relationships between

bend migration rate and lateral migration, can be used quantitatively to



predict channel characteristics on the basis of accumulated experience

(Ackers 1992).

While examples of the application of any one of the above approaches
abound, it is rare to find successful development and application of a concept

that is able to provide a rational link:

= from the characteristics of the flow pattern occurring in the river (such

as magnitude and frequency of flows);

* via an understanding of the physical processes that underlie the
hydraulics of fluvial systems (including open channel flow, sediment

entrainment);

=  to explain or predict morphologic characteristics of a river channel (such

as size, shape, slope, planform).

This severely limits our ability to understand and predict the likely channel
response to an artificial perturbation in the hydrologic environment and

therefore our ability to manage the impacts of human intervention.

In this work, a linkage is proposed between changes in a river’s flow pattern
and changes in its channel morphology, based on the hydraulics of the

physical processes in the channel.



1.2. Scope of the work

In Chapter 2 of this work, an exploration is presented of effective discharge
as a means of relating the morphologic characteristics of an alluvial river
channel (specifically its bankfull channel capacity) to characteristics of its
streamflow pattern (specifically the magnitude, duration and frequency of
flows in the channel). A summary and comparison of published applications

is given in Chapter 3.

Chapters 4, 5 and 6 report on the development of an effective discharge
approach based on excess stream power and its application in two case
studies downstream of the Snowy Mountains Scheme in south eastern
Australia. The case studies examine the potential for an excess stream
power effective discharge approach to explain or even predict the channel
enlargement or channel contraction that has been observed after river

regulation downstream of dams and diversions.

Subsequent consideration of the case studies reported in Chapters 7 and 8
leads to further discussion about the physical meaning of the excess stream
power based effective discharge approach, and to development of the
suggestion that this approach may apply more rationally to a single physical
process rather than to the consolidation of channel characteristics that

bankfull channel capacity represents.



1.3. An introduction to the concept of “effective discharge”

An alluvial channel carrying a sequence of flows, will be subject to episodes
of erosion and/or deposition that depend on the magnitude of the flows in the
flow sequence relative to the magnitude of flows that cause motion of bed
material, bank material and material in transport. The work done by a river
in changing the shape or character of its boundaries generally increases
rapidly with discharge. On the other hand the amount of time that a river
spends flowing at its highest discharges is generally less than the time it

spends flowing at more moderate discharges (Wolman and Miller 1960).

The result of the sequences of erosion and/or deposition is a channel that
reflects the entire history of the flow sequence. Within this flow sequence, it
1s proposed that there is a particular interval of discharge, the effective
discharge, which by virtue of its duration and its competence is more
influential in forming and maintaining the channel than other discharge

intervals. Physical characteristics of the channel then reflect this discharge.

The concept of effective discharge can be encapsulated as follows.



The largest flows have the highest stream power and
can do work on the channel boundaries at the greatest rate.
But they usually occur relatively rarely. At the other
extreme, low flows can have such low stream powers that
they are incapable of altering the channel boundaries,
regardless of how often they occur. More moderate flows,
with moderate stream power, do work on the channel
boundaries at a lower rate than the high flows, but if they
persist for longer periods, then these moderate flows can
actually do more work over a period of time than the efficient
but rare high flows. It follows that there will be an interval
of discharge, the “effective discharge”, possibly at neither the
high nor the low extremes, that is both sufficiently frequent
and sufficiently effective to be most important (Leopold 1994)
in forming and maintaining the characteristics of the
channel.

It is important to note that in linking the channel-forming work done by a
particular flow with the frequency of that flow, this explanation of the
effective discharge concept does not imply that the effective discharge must
be a moderate discharge. The explanation explicitly accepts the possibility
that moderate flows may be ineffective at promulgating some aspects of
channel change, in which case a rare event may be the most important.
Similarly where channel changes are promulgated at low flows, the flow that
1s most important in forming channel characteristics could be a frequent

event.

The concept is actually in two parts. First is the concept that there is an
interval of flow that can be shown to be most effective through time in
forming and maintaining the channel. Second is the concept that this most
effective flow is reflected in the observed physical characteristics of the

channel.



To apply the concept requires a means of determining the interval of
discharge that is the most influential at forming and maintaining the
channel. This can be achieved by jointly analysing the flow pattern together
with the physical processes that describe the interaction of the flow with the

channel boundaries.

Application of the effective discharge concept in this way applies the
quantitative statistical techniques typical in engineering hydrology and
quantitative process models from engineering hydraulics to reinforce the
historical observational approaches typical in geomorphology. This offers the

potential to provide a link that is both conceptual and quantitative between:

= the hydrology of a river reach specifically the streamflow pattern (eg flow

magnitude, flow frequency, flow duration);

= the fluvial hydraulics of the reach (eg flow velocity, boundary shear

stress, stream power); and

= the morphology of the reach (eg bankfull channel capacity).

Strictly, this explanation of the effective discharge concept is in terms of the
interval of discharge that is most important at forming and maintaining the
channel. For convenience in this work, the term effective discharge refers to
the single discharge which, at the mid point of the most effective flow

interval, is representative of that interval.



1.4. The study hypothesis and some further new directions that
are proposed in this work

In building an effective discharge approach to apply to the case studies, and

then considering its implications, some directions have been developed that

are either new, or are taken beyond the point previously reported in the

literature. These directions are introduced below and their development is

further reported in subsequent Chapters.

Use of excess stream power in estimating effective discharge

Work by others has relied on a definition of effective discharge based on the
flow interval that is most effective at moving sediment. For instance,

Andrews (1980) defines effective discharge as:

... the increment of discharge that transports the largest
fraction of the annual sediment load over a period of years.

In the current work, this definition was considered for application to the case
studies to test whether it could be applied to explain or predict observed
changes in channels subject to regulated flows. Instead, work on the case
studies led to the proposition and development of a modified definition of

effective discharge based not on sediment transport but on the more

fundamental formulation of stream power. This has led to a new definition

of effective discharge proposed here as:

... the interval of discharge that, over a period of time,
accounts for a greater proportion of flow energy available to
do work on the channel boundaries than any other interval of
discharge.




In many situations, these two definitions are closely related. But it is
suggested that the definition based on excess stream power is the more
fundamental, has a clearer physical meaning and has the advantage that it
can be applied in the absence of detailed field measurement of sediment flux.
On the other hand, the disadvantage of the excess stream power approach is
that evaluation of excess stream power relies in part on theoretical and
empirical formulations for boundary shear stress that are not always good
representations of the complexities of natural river systems and that are

difficult to verify in the field.

This excess stream power based definition of effective discharge has lead to

the specific hypothesis that is tested in the case studies.

For an alluvial channel subject to regulated flows
downstream of dams or diversions, observed changes in
channel size can be explained by analysing the flow regime
and channel hydraulics to determine the interval of
discharge that accounts for the most available flow energy in
the channel.

As well as consideration of the specific hypothesis, the case studies have
provided insight into the effective discharge concept and lead to several

suggestions that are recommended for further development as follows.

Effective discharge and bankfull channel capacity

In most of the work reported in the literature (for example Andrews 1980;
Andrews 1986; Andrews 1994; Andrews and Nankervis 1995; Ashmore and

Day 1988; Batalla and Sala 1995; Benson and Thomas 1966; Carling 1987;



Leopold 1992; Lyons, Pucherelli et al. 1992; Nolan, Lisle et al. 1987; Pickup
1976; Pickup and Warner 1976; Webb and Walling 1982) there has been an
(often-implicit) proposal that the effective discharge is the discharge that
dictates bankfull capacity of the channel. This association has been carried
into the case studies in this work by testing the change in estimated effective
discharge resulting from flow regulation against observed changes in

bankfull channel capacity.

Multiple effective discharges

The stream power based effective discharge approach leads to the suggestion
(in concert with Prins (1971)), that a reach of alluvial channel may have
more than one effective discharge applying over a given period of flow. Each
value of effective discharge relates to a particular channel forming process
that applies to a particular channel characteristic (such as width, depth,
shape, planform or profile). For example, an effective discharge for bank
processes will take account of work done on the banks by flow related forces
across all flow magnitudes, in proportion to the relative duration of each
interval of flow within the flow regime. The effective discharge for bank
processes (for example) 1s then the discharge interval that accounts for the
most effective work done on the bank by the flow. This may well be a
different effective discharge from that which determines some other
characteristic of the channel (meander pattern for example) if the physical
processes that dictate the relationship between discharge and bank attrition
are sufficiently different from the physical processes that dictate the

relationship between discharge and meander pattern.
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This interpretation proposes that the effective discharge for a particular
channel process is that flow which, taking account of both the magnitude
and duration of flow within the flow regime, has the biggest influence
through time on the size, shape, planform, profile or other characteristic of

the channel.

Bankfull channel capacity is a consolidation of a number of physical
characteristics, each of which, according to this proposition, may be produced
by its own effective discharge. In some situations, this may leave an effective
discharge related to bankfull channel capacity ill-defined. In reviewing the
case studies in Chapter 7 however, it is proposed that the effective discharge
approach as used in the case studies, can still be related to bankfull channel

capacity under certain conditions.

Effective discharge and geomorphic thresholds

It is implied in much of the literature that a discharge that is both
sufficiently frequent and sufficiently competent to be the effective discharge
for a particular morphologic characteristic, can not be at either the high or
the low extremes of the range of flows represented in the flow regime and
will always be a moderate flow. This conclusion makes assumptions about
the variability of the flow patterns and the relationship between flow and
morphology that may or may not be valid for a given situation. In particular
it gives insufficient credence to the concept of geomorphic thresholds

(Schumm 1973).
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The concept of geomorphic thresholds accounts for the stepwise response of a
morphologic parameter to change in an external variable. For example, as
flow in an alluvial channel increases, there will be imperceptible changes in
the bed of the channel until the flow reaches a magnitude that is capable of
moving the material that makes up the river bed. Beyond this flow
threshold, change may be sudden and dramatic. Likewise, increases in
channel width will not occur until the threshold of motion of the bank
material is exceeded. But then bank erosion may proceed apace until the

forces on the bank material again recede below the threshold level.

Applied to effective discharge, an understanding of geomorphic thresholds
suggests that an effective discharge need not be in the moderate flow range.
Effective discharge for channel width could conceivably be the equivalent of
an event of extreme magnitude if the threshold for change were only
exceeded in that event. Catastrophic widening in major floods or the wide
braided channels in arid areas of central Australia are examples of channel
form responding to large, rare events. Conversely, where channel
boundaries can be altered at low flows, by deposition of fine material for
example, the effective discharge may correspond to very frequent events of

low magnitude.
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2. THE EFFECTIVE DISCHARGE CONCEPT

This Chapter is used to explain and develop the effective discharge concept
as it is presented in the literature. Effective discharge is then compared to
dominant discharge and to published work on the frequency of bankfull

discharge.

2.1. The concept of a “most effective” discharge

The notion of effective discharge had its origins in 1922 when Schaffernak
(1922) 1s reported (Prins and de Vries 1971) to have proposed that the size
and shape of a river channel reflects the discharge at which most of the
formative work is done. He went on to propose that this discharge

corresponds to that stage at which the bulk of the bed load is carried.

Wolman and Miller (1960), in their landmark paper “Magnitude and
frequency of forces in geomorphic processes” did not refer to Schaffernak

(1922) but developed and presented the view that the formation of specific
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landscape features is dictated by both the magnitude and frequency of the

forces driving geomorphic processes.

= They presented results from a selection of rivers in the United States of
America to demonstrate that, for the rivers studied, the largest
proportion of total sediment load is carried by flows occurring on average
once or twice each year rather than by more extreme but less frequent
events. They also observed that the dimensions determining channel
shape and planform are related to flows at or near the bankfull stage [

flows that occur on average every year or two.

= They concluded that frequently recurring events of moderate intensity
rather than rare floods of unusual magnitude are the effective events in

forming the alluvial landforms that they observed.

The universal applicability of the specific conclusions has been sometimes
questioned in the literature, but the concept that evolution of morphologic
form relies on both the magnitude and the frequency of forces remains of

enduring significance.

The specific conclusions of Wolman and Miller’s (1960) work regarding the
frequency of the most effective forces strictly only apply to those United
States rivers in their data set. To generalise the conclusions amongst other
rivers ignores the possible effects of differences in flow frequency
relationships, flow hydraulics and thresholds of motion for rivers in different

climatic zones or different lithology. More particularly it ignores the
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dependence of effective discharge on the different geomorphic thresholds

(Schumm 1973) that apply to different alluvial features.

In fact Wolman and Miller did recognise these limitations and tempered
their conclusions about the importance of frequent events, by also

recognising the significance of rare, catastrophic events in moulding some

features of the landscape. In so doing they introduced (but did not develop)

the significance to deliberations on effective discharge of understanding the

physical processes that actually propel different aspects of channel change

and the thresholds that control their initiation (see Section 1.4).

The importance of geomorphic thresholds to the generalisation of the
effective discharge concept has been recognised by Carling (1987) who
proposes that there is a vital threshold between flows that are effective at

maintaining channel form and flows that instigate channel change.

Any limitation on the applicability of the specific conclusions does not
detract from the conceptual importance that Wolman and Miller’s (1960)

observations and deductions infer:

... that the characteristics of a feature of the landscape
are related to a particular magnitude event — the event that
occurs with sufficient force and sufficient frequency to have
the greatest influence on the geomorphic processes that
define the feature.
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2.2. Effective Discharge - the general case

The general case is illustrated in Figure 1 which is reproduced from Wolman

and Miller (1960).

- MAX I MUM
wg -—"‘:/
w & 7 ~,
O /! Y
z9 N
w2 c
x 9 /
>4 4
D0 !
z20 = / a
wou !
203 Fl
l.dtl.t&-l i
gau. 1
-
EDE A
uwa B [
- Ll !
d@g I,
"y /
[ - 3R] ;J b
o

APPLIED STRESS, X —

Figure 1 Generalised relationship between applied stress and a.
magnitude of response, b. duration or frequency of applied stress
and c. the product of a. and b (after Wolman and Miller (1960)).

In the general case, the morphologic response to an applied stress is
illustrated by curve a. in Figure 1. The distribution through time of the
applied stress is illustrated by curve b. The product of the response function
(curve a.) and the frequency function (curve b.) is a relation (curve c.) that
describes the relative contribution to overall system response as a function of
the applied stress. For example if curve a. is a sediment rating curve and
curve b. is a flow frequency curve than curve c. describes the way that

sediment flux is distributed across the spectrum of flows.
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Wolman and Miller (1960) identified that in general, a morphologic response
(such as sediment transport in response to flow) adopts some form of power
law, and in nature, the distribution through time of an applied stress (such
as the distribution of daily flows) typically approximates a continuous log
normal distribution. In these circumstances, the product of the response
curve and the frequency curve is likely to produce a relationship that
exhibits a maximum. The maximum occurs at the particular value of the
applied stress that has the biggest influence over time on the morphologic

response.

2.3. Effective discharge — explanation using a qualitative example

The concept of an effective discharge can be more readily communicated by

way of a specific case that:

= uses the “traditional” example of sediment transport already introduced

above; and

= replaces the continuous frequency function (curve b. in Figure 1) with a

frequency histogram.
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Figure 2 is a flow frequency
histogram of, for instance,
average daily flows. It
represents the proportion of
time in the period of record
that flow is observed to be

within each interval of flow.

Figure 3 shows a
relationship between flow
and sediment transport
superimposed on the flow
frequency histogram. This
sediment transport function
could be derived from
measured data or estimated
from a “theoretical”
sediment transport

equation.

The curve crosses the
abscissa at the flow
corresponding to the
threshold of motion of the
material in transport. At

flows less than this, no

Figure 2 Flow frequency histogram

Figure 3 Sediment transport
function

Effective dlscharge

Quantity

o e
w JANNnn
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Figure 4 Distribution of sediment with flow
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sediment transport is deemed to occur. Beyond the threshold of motion, the
shape of the curve may be concave or convex as determined by a complex
interaction of channel geometry, flow conditions and sediment entrainment

and mobility.

The distribution of sediment flux across the flow range is computed by
multiplying the rate of sediment transport for the midpoint of each flow
interval (from the ordinate of the function in Figure 3) by the relative
frequency with which flows occur within that flow interval (from the height
of the histogram in Figure 2). The result gives the distribution of
transported sediment with flow as illustrated in Figure 4. The height of a
column in this chart represents the quantity of sediment that is moved over
time by flows in the flow interval, relative to the quantity of sediment that is
moved by flows in other flow intervals. The tallest bar results from the flows
that move enough sediment often enough to move the most sediment

through time. This is the most effective discharge at moving sediment.

2.4. Defining effective discharge in terms of sediment transport

Wolman and Miller (1960) wrote their paper in conceptual terms and used

the discharge that was most effective at moving sediment as a specific

example of the concepts that they proposed. Since then, there has been
increasing focus on this limited definition of effective discharge (Andrews
1980; Andrews 1986; Andrews 1994; Andrews and Nankervis 1995; Ashmore
and Day 1988; Batalla and Sala 1995; Benson and Thomas 1966; Carling

1987; Leopold 1992; Lyons, Pucherelli et al. 1992; Nolan, Lisle et al. 1987,
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Pickup 1976; Pickup and Warner 1976; Webb and Walling 1982), usually to
the exclusion of other more general interpretations and often without

acknowledging the implicit diminution of the original concept.

Authors generally have defined the effective discharge for a channel subject
to a sequence of variable flows as that flow that transports the most
sediment through time. For example, Pickup and Warner (1976) define

effective discharge for a river channel as:

...the midpoint of that range of flows, which, over a
period of time transports a greater proportion of the bed-
material load than any other flow range.

Andrews’ (1980) definition is similar:

...the increment of discharge that transports the
largest fraction of the annual sediment load over a period of
years.

In the literature, it appears that the discharge that moves the most sediment
through time has been accepted de facto as the (one and only) effective
discharge for a river channel. Moreover, there is little discussion but general
acceptance that this effective discharge will be reflected in the bankfull
capacity of the channel. In general, the suggestion in Section 1.4 that a
channel may exhibit a range of effective discharges corresponding to a range
of physical processes (and a corresponding range of geomorphic thresholds)
has not been enthusiastically pursued. Some exceptions to this are reported
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in Section 2.6 after the term dominant discharge is introduced in the next

section.

2.5. Comparison of the effective discharge concept with the notion
of dominant discharge
The literature freely interchanges use of the terms dominant discharge and
effective discharge. Commonly (for example Komura 1969; Marlette and
Walker 1968), the term dominant discharge is used where, by the definitions
adopted here, effective discharge would be the more appropriate terminology.
Indeed the literature introduces a number of other terms; the most pertinent
of which is channel forming discharge. The substitution of terms in the
literature has contributed to confusion in the debate over relationships
between hydrology and morphology. In this section, the background to the

term dominant discharge is described to clarify subsequent discussion.

In the late 1800s and early 1900s, British engineers working with irrigation
canals in India began to publish observations and deductions about the
behaviour of canals that were subject to erosion and deposition of the silts
and sands that made up their boundaries. They noted that the canals would
adjust their size and shape by erosion and deposition until a (relatively)
stable configuration was reached. They deduced that the characteristics of
the stable configuration were related to the water and sediment discharge
that the canal carried (Kennedy 1895). Lindley, (1919) put forward the

theory that:
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. the dimensions, width, depth, and gradient, of a
channel to carry a given supply loaded with a given silt
charge, were all fixed by nature ....

Various authors (for example Blench 1957; Inglis 1947; Inglis 1949; Lacey
1929; Lacey 1933) then developed this concept to establish relationships
between channel characteristics such as depth, width, slope and meander

wavelength and the water and sediment discharge in the canal.

The stable channel, able to transport a given flow without significant change
occurring to channel geometry became known as the regime channel.
Similarly the relationships between stable channel geometry and the water
and sediment discharge that it carries have become known as regime

equations. In general, these relationships can be cast in the form:

X =aQ’
where:
0O 1s the water discharge;
X 1is depth, width, slope or meander wavelength,;
and for each relationship:

a takes a value that may depend on the sediment characteristics of the
flow and the bed and banks of the channel; and

b 1is a constant..

Dominant discharge in rivers

Regime equations were derived for canals in which water discharge is
controlled and is essentially a constant. When the concept was extended to
natural rivers this condition no longer applied and the concept of dominant

discharge was developed to deal with the problem of assigning a single
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representative discharge to the varying flow sequences that occur in natural

rivers. The dominant discharge is (Blench 1957; Inglis 1947; Inglis 1949):

... the constant flow rate that would produce the same
channel morphology as a sequence of naturally varying
flows.

Thus the dominant discharge is defined in a circular fashion in terms of its
own product — the bankfull capacity of the alluvial channel that the
dominant discharge produces. The dominant discharge is the steady flow
that produces a channel capacity that is the same as the capacity of the

channel produced from a naturally varying flow sequence.

A difficulty therefore confronts any attempt to use dominant discharge
concepts in a predictive sense (such as predicting channel response to
hydrologic change). Dominant discharge is not a property of the flow
sequence itself but a property of the response that the flow sequence
generates in a particular channel characteristic - the same channel
characteristic (bankfull channel capacity) that defines the dominant
discharge in the first place. Dominant discharge can only be useful in
predicting channel change if it can be related to some other measurable

characteristic of the flow regime.

This is the case for effective discharge. While the effective discharge is also a
single discharge representative of a period of variable flows, it has a clear
physical meaning related to the frequency characteristics of the flow pattern

and the hydraulic characteristics of the channel.

23



2.6. Multiple effective discharge concepts

Prins and de Vries (1971) take a hydrodynamic approach to calculating what
they call dominant discharge. Insisting that there is a different dominant
discharge for each morphologic characteristic, they demonstrate how the
dominant discharge for a selected characteristic can be estimated by actually
running a discharge time-series within a hydrodynamic model coupled to a
sediment model and then searching with the same model for a steady state

discharge that provides an equivalent response over the same time period.

Ackers and Charlton (1970) had earlier followed a similar path using a
physical model to investigate the influence of varying flows on meander

geometry and then to determine an equivalent steady state discharge.

Prins and de Vries (1971) describe an application of their approach but make
no generalisations. Ackers and Charlton (1970) go further in the case of

meander characteristics. They conclude that a steady discharge can produce
the same meander pattern as a varying discharge and they go on to conclude

that this steady discharge corresponds to the bankfull discharge.

The outcomes of the Prins and de Vries and the Ackers and Charlton
experiments are important. They demonstrate that both theoretically (Prins
and de Vries 1971) and in a physical model (Ackers and Charlton 1970), it is
possible to identify a steady discharge that produces the same selected
morphologic characteristics as a regime of varying flows. The Ackers and
Charlton work also shows that in their case, the steady state discharge that

replicates meander characteristics is the same steady state discharge that
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replicates the characteristics that determine channel capacity. Further
interpreting this in effective discharge terms, suggests that the discharge
that is most influential in determining meander characteristics is the same
as the discharge that is most influential at adjusting channel size, shape and
grade. The effective discharge for meander characteristics in this case is the
same as the effective discharge for channel capacity. Potentially,
mathematical or physical models applied in this way offer an opportunity to
explore and develop a deductive basis to those aspects of the effective

discharge approach that otherwise remain intuitive.

2.7. Other effective discharge concepts

Other authors have used other modifications to the above concepts, but still

focusing on the quantity of sediment moved through time within an interval

of discharge as the basis for determining an effective discharge.

For instance, Marlette and Walker (1968) adopt a definition of effective
discharge (which they incorrectly call dominant discharge) based not on the
discharge that transports the most sediment (modal value) but on the
discharge above which and below which half the sediment is transported
(median value). They used this definition together with a sediment transport
equation to determine the dominant (or effective) discharge for the Platte
and Missouri Rivers at their confluence. They do not report a comparison of
the computed values with bankfull channel capacity. The use of the median
value as opposed to the modal value is not argued by Marlette and Walker

who appear to accept it intuitively.
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Another approach is proposed by Komura (1969) who defines the product of
the sediment discharge and water discharge in each discharge interval as a
sediment moment and computes an effective discharge (which he again calls
a dominant discharge) as the centroid of the distribution of the sediment

discharge about the discharge origin. The literature reveals no applications

of this concept.

2.8. Frequency of bankfull discharge

Wolman and Miller (1960) noted that the bankfull discharge of the river
channels that they examined had similar frequency to the most effective
discharge for moving sediment. They inferred from their model that the
channel forming discharge is the bankfull discharge and it equates to the

discharge that is most effective at moving sediment.

The implication that the bankfull characteristics of a channel and
particularly the bankfull discharge are determined by the discharge that is
most effective at moving sediment has been the subject of many investigators’

efforts since (see next Chapter).

But a second theme has tended to preoccupy much of the literature. Even
before Wolman and Miller’s (1960) paper, authors have persistently
attempted to relate observed channel characteristics to a particular
incidence on the flow frequency distribution or the flood frequency
distribution (for example Dury 1973; Harvey 1969; Nixon 1959). As

summarised by Woodyer (1968), they have concluded that (for their data
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sets), the mean frequencies with which bankfull frequencies are exceeded are
“remarkably similar” (Leopold 1964), “the same” (Nixon 1959), or “fixed”

(Dury 1961).

Predating Wolman and Miller’s work, (Wolman and Miller 1960), Marshall
Nixon, Chief Engineer to the Trent River Board studied a number of rivers
across England and Wales (Nixon 1959). He concluded that the average
frequency of bankfull discharges for the rivers in his study was 0.6% and he
proposed that this “standard frequency” may apply to any natural river in
alluvium. Dury on the other hand, ignores duration by strongly advocating
that bankfull discharge equates to a fixed recurrence interval of 1.58 years
on the annual flood series (Dury 1973). Hey and Heritage (1988) recognised
the importance of geomorphic thresholds and used a partial duration series
with a threshold discharge determined from critical conditions for bed
material movement to conclude that bankfull flow for UK rivers is the 0.9
year flood on this partial series. (They also concluded that the bankfull flow
is the effective discharge but presented no evidence in this regard.) Petit and
Pauquet (1997) identified bankfull discharge in some 30 gravel bed rivers
with catchments up to 2 700km2. They conclude that bankfull discharge
values and recurrence interval both increase with basin size but did not find
any more definitive conclusion and did not make an effective discharge
comparison. Woodyer (1968) after further refining the definition of bankfull
discharge, was encouraged by the similarity of bankfull flow frequencies for

sites in New South Wales, Australia.

(Harvey 1969) investigated the frequency of bankfull flows for three streams

in southern England. He found variations in the frequency of bankfull flows
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both between each stream and along each stream and concluded: “.... it is
apparent that the relationship between discharge and channel capacity is a
complex one and due consideration must be given to magnitude, frequency

”»

and duration of discharge ....”.

In reviewing the previous work, Williams (1978) suggests that attempts to
generalise the relationship between bankfull discharge and flow frequency
have been largely unsuccessful. In part this is because the several studies
that he reviewed did not use a consistent definition of bankfull condition. He
points out that although the modal value for bankfull frequency for the cases
that he reviewed is 1.5 years on the annual series, the range is 1.01 to 32
years and only one third of the sites have recurrence intervals near the 1.5
year peak. Williams concludes “...an average recurrence interval ...is a poor
estimate of bankfull discharge”. In Section 7.5 of this work similar findings

are reported based on the case studies.

2.9. Time-scales of channel change

Some authors express concern about the effective discharge concept on the
grounds that it makes no allowance for rates of channel change or for the
actual sequence of flows that the channel experiences (Baker, Kochel et al.

1988; Kochel 1988; Lewin 1989; Wolman and Gerson 1978).

This is a fair criticism if the effective discharge approach is applied
unthinkingly as a universally applicable law, in contradiction of evidence

that timing or sequencing of flows is important, but it does not invalidate the
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effective discharge concept. The effective discharge is the discharge that has
had the most influence on some aspect of the channel over the period of
analysis but if the rate of change is slow the condition of the channel at a
particular point in time may not reflect the “most influential” discharge.
Similarly, if recovery times are slow, the condition of the channel, or at least
some aspects of it, may reflect the impact of some prior event rather than the
discharge that ought theoretically to have been the most effective over the

period. This issue is further discussed in Chapter 8.
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3. APPLICATIONS OF THE EFFECTIVE

DISCHARGE CONCEPT

In this Chapter, prior applications of the effective discharge concept as

reported in the literature are reported.

3.1. Overview

Quantitative applications have invariably used a sediment transport based
subset of the effective discharge concept (Andrews 1980; Andrews 1986;
Andrews 1994; Andrews and Nankervis 1995; Ashmore and Day 1988;
Batalla and Sala 1995; Benson and Thomas 1966; Carling 1987; Leopold
1992; Lyons, Pucherelli et al. 1992; Nolan, Lisle et al. 1987; Pickup 1976;
Pickup and Warner 1976; Webb and Walling 1982). These applications have
used measured or calculated sediment transport capacity to represent the
ability of a particular flow to alter channel boundaries. The flow that
accounts for transport of the most sediment through time across the varying

flows has been termed the effective discharge for the channel. Many of these
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authors have successfully demonstrated that channel morphology at
bankfull 1s adjusted to accommodate the effective discharge (Andrews 1980;
Andrews 1986; Andrews 1994; Andrews and Nankervis 1995; Batalla and
Sala 1995; Carling 1987; Leopold 1992; Webb and Walling 1982), but the
others report that this relationship is not substantiated by their analyses
(Ashmore and Day 1988; Lyons, Pucherelli et al. 1992; Nolan, Lisle et al.

1987; Pickup 1976; Pickup and Warner 1976).

3.2. Examples

Using streams in the Cumberland Basin of eastern Australia, Pickup and
Warner (1976) explored the link between streamflow pattern and bankfull
capacity. Calculating effective discharge from regional flow duration
relationships and bed load transport from the Meyer-Peter and Muller
relation, led to estimates of effective discharge that were at least an order of
magnitude less than observed bankfull channel capacity. A more detailed
investigation of one site (on Crawfords Creek) led the authors to suggest that
the dominant characteristics of the bed were in fact related to the effective
discharge that they had computed, but adjustments to the banks of the

channel only occurred in flood events of much greater magnitude.

In a range of applications reported since 1980 (Andrews 1984; Andrews
1980; Andrews 1986; Andrews 1994; Andrews and Nankervis 1995),
Andrews has been a keen proponent of the quantitative application of the
effective discharge model. His thorough computational approach based on

detailed and long term sediment load measurements, has repeatedly
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demonstrated the numerical equivalence of the sediment transport based

effective discharge and the bankfull capacity of the channel.

=  One of his first rigorous attempts to compare effective discharge with
bankfull channel capacity was undertaken in the Yampa River basin,
Colorado USA (Andrews 1980). Andrews calculated the effective
discharge at 15 gauging station sites in the basin. Catchment area
ranged from 51.8 to 9 960 km2, mean annual discharge from 0.040 to
43.9 m3/s, and the median diameter of bed material from 0.4 to 86 mm.
Andrews used total sediment load to determine the effective discharge.
Total load was estimated by combining measured instantaneous
suspended load with an estimate of bed load computed using the Meyer-
Peter and Muller relation. The channels were shown to be adjusted to a
bankfull discharge which was equalled or exceeded 0.4% to 3.0% of the
time with an average recurrence interval of between 1.18 and 3.26 year
on the annual flood series. At all gauging stations, the effective

discharge and the bankfull discharge were shown to be nearly equal.

=  Andrews computed effective discharge as part of an analysis of the effect
of the Flaming Gorge Reservoir on the Green River, a tributary of the
Colorado River, USA (Andrews 1986). The effective discharge for total
sediment load was computed at three locations downstream of the
reservoir for pre-reservoir and post-reservoir conditions. The
computations used suspended sediment measurements with bed load
estimated using the Engelund — Hansen relation (Engelund and Hansen
1967). Computed effective discharges suggested that major reductions in

bankfull channel capacity would result from the change in flow regime.

32



Observations confirmed that channel contraction was in fact occurring
with channel capacity already reduced to the effective discharge at one

site.

In an analysis of marginal bedload transport in a Californian Creek
(Andrews 1994), Andrews again computed bankfull discharge and
effective discharge and this time found the computed effective discharge
of 1.75 m3/s to be slightly less than the estimated bankfull discharge of

2.0 m3/s.

In some further work on the hydraulic geometry of gravel bed rivers at
24 sites in Colorado (Andrews 1984), Andrews found that the bankfull
flow was equalled or exceeded from 0.12% to 6.0% of the time, but he did
not compute the effective discharge. In more recently published work
(Andrews and Nankervis 1995), Andrews took 13 of the sites from this
study and 4 others and has applied an effective discharge approach using
the Parker bedload function (Parker, Klingeman et al. 1982) to
extrapolate measured sediment transport rates. Again Andrews found
excellent agreement between effective discharge and bankfull discharge
at all sites and went on to use the effective discharge approach to

demonstrate design of channel maintenance flows.

The bankfull discharge of the Arbucies River (north-east Spain) has been

shown to be of identical magnitude to the effective discharge computed from

measured data for bedload transport (Batalla and Sala 1995). In this humid

Mediterranean forested granitic drainage basin, the measured bedload yield
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accounts for 65% of the total solid yield of the catchment and bankfull flows

are equalled or exceeded for 2.2% of the time.

Using measured suspended sediment data for streams in the Saskatchewan
River basin in Canada, Ashmore (1988) computed the effective discharge for

suspended sediment at 21 sites with catchment areas from 10 to 300 000

km2. Ashmore found that the form of the effective discharge histograms for
suspended sediment was highly variable, not always conforming to the
unimodal distribution proposed by Wolman and Miller (1960) and
demonstrated by Andrews (Andrews 1984; Andrews 1980; Andrews 1986;
Andrews 1994; Andrews and Nankervis 1995) and Batalla (1995). Ashmore
(1988) presents his conclusions in terms of the duration of the effective
discharge, observing that the duration is highly variable. For the majority of
cases, the duration of the effective discharge increases with catchment area
and is between 1% and 10%. Ashmore makes no direct comparison between
effective discharge and bankfull other than to conclude that the relationship

is “presumably correspondingly variable”.

A magnitude and frequency analysis for three large rivers in the USA
(Mississippi River at Natchez, Red River at Alexandria, Pearl River at
Bogulasa) found that the discharge interval that transported the most
sediment had a recurrence interval of around 1 year for all three rivers
(Biedenharn, Little et al. 1987). No comparison with bankfull discharge was

reported.

The concept of effective discharge has been applied to two gravel-bed

streams, tributaries of the River Tees in northern England, using
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measurements of bedload trapped in pits excavated in the river bed (Carling
1987). One stream is alluvial and free to adjust its geometry. For the other
stream, channel capacity and channel form are partially constrained by
cohesive banks and a heavily compacted bed. Both streams are small with
catchment areas of 11.7 and 2.2 km2 respectively. The investigation
concludes that bankfull discharge is the effective discharge for the alluvial
stream, but the concept applied “less well” to the “non-alluvial” stream

where a series of intrinsic thresholds constrained channel response.

Effective discharge for four stable, incised gravel bed streams in California
were computed using sediment rating curves derived for suspended sediment
(Nolan, Lisle et al. 1987). In each case, the computed effective discharge is

substantially less than the observed bankfull discharge by factors of 2 to 4.

Lyons, Pucherelli and Clark (1992) revisited the Green River (Andrews
1986) where it has contracted as a result of the effects of Flaming Gorge
Reservoir. They only compared bankfull discharge and effective discharge at
one site where they found that at 375 m3/s, their estimate of effective

discharge was less than the computed bankfull discharge of 500 m3/s.

3.3. Discussion

The results of applying the effective discharge concept fall into three camps.

= Those that have not directly compared an effective discharge with

bankfull discharge, although they may have contributed to the attempt
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to define the frequency of the bankfull flow (Biedenharn, Little et al.

1987; Harvey 1969; Marlette and Walker 1968).

= Those that have reported that their estimates of effective discharge
demonstrate poor correlation with bankfull discharge (Ashmore and Day

1988; Nolan, Lisle et al. 1987; Pickup 1976; Pickup and Warner 1976).

= Those who have found close equivalence between effective discharge and
bankfull discharge (Andrews 1984; Andrews 1980; Andrews 1986;
Andrews 1994; Andrews and Nankervis 1995; Batalla and Sala 1995;

Carling 1987; Leopold 1992; Webb and Walling 1982).

The results of two of Andrews’ investigations for gravel bed rivers in
Colorado and Wyoming (Andrews 1980; Andrews and Nankervis 1995) are
plotted together on Figure 5. The Figure also includes the result from the
Arbucies River (Batalla and Sala 1995), Left Hand Creek (Leopold 1992) and
the River Tees catchment (Carling 1987). These results show remarkable
agreement between computed effective discharge and observed bankfull
discharge for all 40 sites. The results appear to reward the care and rigour
of Andrews’s, Batalla’s, Carling’s and Leopold’s measurements and analyses,
by ratifying the equivalence of an effective discharge for total sediment load
with the bankfull discharge for a selection of sand and gravel bed streams in

semi-arid to humid zones.
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Figure 5 Comparison of estimated effective discharge for total
sediment load with observed bankfull discharge for a selection of
gravel and sand bed streams in USA, Spain and England (Andrews
1980; Andrews and Nankervis 1995; Batalla and Sala 1995; Carling 1987;
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Gravel bed streams in Colorado (Andrews, 1995)

Green River, Utah (Lyons, Puckerell and Clark, 1992)
Gravel bed rivers in California (Nolan, Lisle and Kelsey, 1987)

Streams in the Cumberland Basin (Pickup and Warner, 1976)

Leopold 1992; Lyons, Pucherelli et al. 1992; Nolan, Lisle et al. 1987; Pickup
and Warner 1976)
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Also shown on the Figure are results from the Green River (Lyons,
Pucherelli et al. 1992), a selection of gravel bed rivers in California (Nolan,
Lisle et al. 1987) and streams from the Cumberland Basin in Australia
(Pickup and Warner 1976). With the exception of the Cumberland Basin

sites, on the log-log axes, even these results appear in reasonable agreement.

Carling suggests that authors who have been unable to demonstrate this
equivalence, “have applied it largely to streams that were never close to
steady-state or to streams that have recently undergone catastrophic
perturbation, for which the model is invalid” (Carling 1987). Furthermore,
as exemplified by Carling (1987), some streams have armoured bed or banks
comprising material quite different from the material in transport in the
stream. In these circumstances the flow that transports the most sediment
does not have direct relevance to adjustment of the boundary and the model
should not be expected to apply. Additionally some investigators have used
suspended sediment load in their computations rather than bed load or total
load, and some investigators have relied on the gross approximations in
theoretical sediment transport relations where measured data are

unavailable.

3.4. Effective discharge using stream power

While the results reported above are generally encouraging, the relationship
between the effective discharge for sediment transport and bankfull channel
capacity still relies on a degree of intuition. Furthermore, successful
application has been shown to depend on the availability of detailed

sediment transport data, which severely limits its applicability. The next
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Chapter reports on the development of an alternative effective discharge

approach using excess particle stream power.
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4. EFFECTIVE DISCHARGE FROM EXCESS

STREAM POWER

Later in this work two rivers in south eastern Australia are used as case
studies to explore the potential of an effective discharge approach to explain
or predict adjustments in channel morphology that result from regulated
flows. A new approach is examined in these case studies. It responds to the
concerns and constraints discussed in the preceding and subsequent sections
and to the realities of limited data availability that have otherwise inhibited
wider testing and application of effective discharge approaches to date. The
new approach relates effective discharge to the discharge interval that

through time accounts for the most available excess stream energy, instead

of the discharge interval that through time accounts for the largest quantity

of sediment transported.
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4.1. Practical problems with the sediment transport based
definition of effective discharge

A sediment transport based definition of effective discharge has been given in

Section 1.4 and some examples of its application have been described in

Chapter 3. Such a definition of effective discharge in terms of sediment

transport introduces substantial practical difficulties for general application.

Successful application of a sediment based effective discharge approach will

be severely limited by the availability of sediment data.

The rate of sediment transport is difficult to determine satisfactorily either
by direct field measurement or by theoretical or empirically based
computation. Direct field measurement of sediment flux is an expensive and
time consuming exercise if the results are to be meaningful, and
extrapolation of the findings via a sediment rating curve introduces further
difficulties and uncertainties. There are few substantial sediment transport
data sets available for rivers in Australia and a limited number
internationally. In any case, measured sediment transport rates can only
apply to past and present channel conditions and will have limited
application in a predictive capacity if substantial change in flows, in channel

characteristics or in upstream supply rates are likely.

Prediction of sediment transport rates from one of the numerous sediment
transport equations is fraught with inaccuracy. Comparison of the results of
the application of commonly used formulae by the ASCE (Vanoni 1975) show
predicted rates of sediment transport vary over two orders of magnitude for

a single set of channel and flow conditions. Further, many sediment
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transport relations require an estimate of hydraulic slope for their
application 0 a parameter that is very difficult to measure accurately in the

field.

A stable relationship between sediment transport and flow can at best only
be expected in a situation where the mechanisms controlling sediment
transport are dependent only on the rate of flow of water in the channel.
This situation exists only when the rate of transport is limited by the ability
of the flow to transport the relevant size fractions of sediment. This
“transport-limited” situation is the opposite of “supply-limited” where the
flow has capacity to transport more sediment than is available in the system.
Then the rate of sediment transport is limited not by the flow conditions in
the channel but by the amount of sediment that is made available to be
transported. Davis (1997) found supply-limited situations predominate in

south eastern Australia.

It is instructive to contemplate what it means to apply a sediment transport
equation in a situation where the amount of sediment being transported is
limited by the available supply. Sediment transport equations use a
combination of physical process modelling and empiricism to establish
relationships between channel hydraulics and sediment mobility. This
allows the quantity of sediment that can be transported under a given set of
hydraulic conditions to be predicted. But what if sediment is not available in
sufficient size or quantity to satisfy the transport capacity of the flow?
Perhaps the channel bed is armoured, perhaps the channel banks are
cohesive, perhaps a tributary is not in flood and not producing its share of

sediment. In any of these situations it is likely that a theoretical sediment
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transport equation will overestimate sediment transport unless it is

calibrated for the site based on prior measurement in similar conditions.

4.2. The alternative approach using excess stream power

In this work, an alternative approach to the effective discharge concept is
explored, based on recognition of the importance of the physical processes
that lead to channel adjustment. For instance, if we are interested in the
enlargement of a channel as the result of a change in flow pattern, the

dominant physical processes that could cause that enlargement will be:

= entrainment and removal of material from the river bank leading to

widening; and

= entrainment and removal of material from the river bed causing

deepening.

Corresponding depositional processes are involved in a contracting channel.

There will be an effective discharge that is the discharge that is most

effective (through time) at removing material from or adding material to the

river banks, thereby accounting for the most widening or narrowing. There

will also be an effective discharge that is the discharge that is most effective
(through time) at removing material from or depositing material on the river
bed, thereby accounting for the most deepening or shallowing. These

discharges may or may not be similar (or even the same) depending on the
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similarity of the relative processes and the relative thresholds applying to

entrainment or deposition of bed and bank material.

If these two values are similar, or if one process clearly dominates over the
other, then there may be an effective discharge for overall channel capacity

that accounts for the most adjustment to channel size through time.

The development of this approach requires a model of the relationship
between flow and the ability of that flow to remove material from the bed or
the banks. Historically, as reported in the previous chapters, the ability of
the flow to transport sediment as represented by measured sediment flux

has been used to characterise this relationship.

But there is another more fundamental model that may adequately describe
the relationship and avoid the difficulties in amassing the sediment
transport data sets discussed above. The alternative model is built on the
proposition that entrainment from or deposition on the bed or the banks of
the channel is dependent on the shear stress that acts at the boundary as
the result of the flow beyond the threshold of motion of the boundary
material. The work done by this “excess shear stress” is equivalent to the
available stream power and determines the rate at which material is moved
from the boundary. Similarly in a contracting channel, assuming a
transport-limited situation, the rate at which material is available to deposit
on the boundary also depends on the stream power that is available to move

material to the site from upstream.
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In other words the rate of erosion or deposition depends on the stream power
per unit boundary area above the tractive stress threshold that is
determined by incipient motion of the bed or bank material or the material

in transport.

This is by no means a new concept in general (although its application to
effective discharge has not been previously reported) nor does it depart
markedly from the reported sediment transport based approaches to effective
discharge. Many sediment transport equations rely on similar formulations
(Ackers and White 1973; Bagnold 1966; Engelund and Hansen 1967,

Velikanov 1954; Yang 1972).

In this work it is proposed that excess stream power is an appropriate
formulation for use in an effective discharge approach as a substitute for
sediment transport. It relates directly to a wide range of the physical
processes that may control channel form. Accepting this, the examples in
Chapter 3 suggest that sediment transport can act as a surrogate for excess
stream power in some conditions. The more fundamental excess stream
power based effective discharge approach has been further developed as

reported in the remainder of this work.

4.3. Overall average boundary shear stress

Water can have potential energy by virtue of its elevation. Steady flow in a

channel is maintained by a balance between the rate of potential energy
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expenditure and the rate of energy dissipation in the channel. Stream power

is the rate of energy expenditure.

In a channel, at least part of the energy expenditure occurs as a result of the
velocity gradient in the flow close to the boundaries or around other
obstructions. This shearing of flow occurs as a result of the force exerted on
the flow by the irregularities associated with the boundaries at a particle
scale, a bedform scale or by other obstructions to flow. Per unit area of
boundary, this total force is accumulated as the overall average boundary

shear stress, 1.

Calculating overall average boundary shear stress

A simple force balance on a volume of water flowing steadily in a wide
channel shows that the resisting force per unit area of boundary, 1o, is

balanced by the downstream component of the water’s weight.

So: T, = pgdS

where:

70 = overall average boundary shear stress

p = density of water

g = acceleration due to gravity

d = depth of water

S =Dbed slope of channel
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4.4. Stream power

Stream power is the time rate of potential energy expenditure per unit
boundary area (Bagnold 1966) given by 70U, where U is the average velocity
of flow. Rhoads (1987) defines several measures of stream power that apply
at a reach scale or at a single cross section. (Most notably unit stream power
is defined as the power per unit weight of water which is different from the

stream power per unit boundary area that is used here.)

Given basic knowledge of a stream cross section (depth of flow, average
velocity and average bed slope) it is therefore possible to compute the stream
power per unit boundary area for a range of flows. But this ignores a

practical and a theoretical problem.

= The practical problem is the scarcity of accurate data with which to
characterise the average slope, particularly at sites where bed slopes are
flat. In the author’s experience, characteristic bed slopes in active
alluvial streams can only be determined by detailed thalweg survey over
a stream length equivalent to several meander wavelengths. These data
are rarely available even at gauging stations, and slopes measured in
other ways are unreliable. On the other hand, at gauging stations,
detailed stage discharge relationships, cross section measurements and

velocity measurements are generally available for a range of flows.

= The theoretical problem recognises that the rate of energy expenditure
given by U, is the overall rate of energy expenditure in the channel

including energy expended associated with all forms of boundary
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resistance and form drag. This is not necessarily the rate of energy
expenditure that is relevant to work done by the flow on individual
particles in the boundary. Instead we need to isolate the rate of energy

that is expended at a particle scale.

4.5. Particle shear stress and particle stream power

From the work of Einstein and Barbarossa (1952), the total shear stress, 1o,

evaluated as above, is assumed to represent the sum of (Petit 1990):

= the shear stress due to the resistance of the particles that make up the

channel boundaries (7); and
= a further shear stress (7’) that accounts for all the other forces acting on

the flow including those associated with irregularities in the bed and

banks, meanders, bedform, drag from obstructions, etc.

So: r,=7+1"

It is only the particle shear stress, 7, that is of relevance to the transport of

sediments (Laursen 1958) and hence to adjustment of the channel

boundaries.

It follows that there will be a “particle stream power” that is given by T’ U.
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4.6. Particle shear stress and particle stream power from a
logarithmic velocity distribution

Particle boundary shear stress and particle stream power can be related to

the shape of the velocity profile near the boundary. A generalised

logarithmic velocity distribution based on the Karman-Prandtl equation for

turbulent flows near rough boundaries was used by Ackers and White

(1973).

L = \/3_210gﬁ Equation 1
U. D

in which:

U =mean velocity of flow in the channel

U. = particle shear velocity = \/z
p

T'= particle - related shear stress

p = mass density of fluid

a = factor taken by Ackers and White (1973) to be the value 10
d = mean depth of flow (cross section area/water surface width)

D = particle diameter of boundary material
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The factor a as used by Ackers and White (1973) was evaluated empirically
on the basis of a range of data. Amongst other things it accounts for the
relationship between D and the roughness factor ks used in the original

Karman-Prandtl equation.

substituting for U *I :

r=—— Equation 2

and particle-related stream power expenditure per unit boundary area is

given by U

U=———— Equation 3

This formulation allows a calculation of particle-related stream power from
readily available information on channel hydraulics and an estimate of the

relevant particle material size.

4.7. Shear stress at initiation of motion

Critical particle shear stress T'. is the shear stress imposed on the

boundary at initiation of motion of material in the channel boundary. For
non-cohesive material on the bed, this is commonly given in simplified form

as:
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. =C, pg(s—-1)D Equation 4

where:

C, = a constant
s = mass density of sediment relative to mass density of fluid

and other variables are as previously defined.

A typical derivation of Equation 4 is summarised here based on Yang’s text

(Yang 1996). C1, Cg, Cs, C4 are all constants.
White (1940) proposed that the drag force on an individual particle, Fp is
proportional to the product of shear stress and the square of the diameter of

the particle. Modifying this to make it refer clearly to particle shear stress

gives:

F,=C,1D’

then, ignoring lift forces, the overturning moment M, is given by:

M, =C,F,D
=C,C,r'D’

Taking the submerged weight of the particle as proportional to 0g(s — HD?

and ignoring all other resisting forces, the moment resisting motion Mris:

M, =C,pg(s-)D*
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At the point of motion:

M,=M,
C,C,1'D’ =C,pg(s —1)D*
C
and for C, = —
23

7, =C,pg(s -1)D

Evaluation of constant C:

Ackers and White (1973) used experimental data to evaluate a in Equation
1. Their results can also be used as follows to examine initiation of motion

and to confirm values for Ci that will be consistent with the derivation.

From Equation 4, using the subscript . to denote the value of the variable at

the point of particle motion:

U d
From — =+/32log a (Equation 1)
U. D
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A32g(s—=1)D \/—1 o8 D

Ackers and White (1973) plotted against ; at the point of

U
\32g(s=1)D

motion and determined that a = 10 and VC: varies between 0.19 and 0.23.

Comparison with other investigators

Thus, according to the Ackers and White (1973) approach:

0.036=<C, =0.053

Rearranging Equation 4 gives:

I

TC —
pg(s —1)D

1
The left hand side is recognisable as Shield’s dimensionless critical shear
stress (Vanoni 1975). For fully rough conditions this was originally given a
value of 0.056 (Shields 1936), although other authors have since suggested
0.049 (Lane 1957) or 0.047 (Meyer-Peter and Muller 1948). A major review of

incipient motion studies (Buffington and Montgomery 1997) has concluded
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that for high Reynolds numbers and for relative roughness typical of gravel
bed rivers, critical shear stress determined from visual observation of grain
motion is in the range of 0.030 to 0.073. The Ackers and White (1973) values

are consistent.

4.8. “Excess” stream power

For particle stream power, P above a threshold shear stress 7,:

P=U———-T. Equation 5

This formulation can now be used to evaluate excess stream power at a given
flow for a channel whose basic hydraulic and boundary characteristics are

known.

In the case studies that follow, gauging information is used to derive
relationships between flow and velocity and between flow and depth.
Together with information about the boundary material, this allows
development of a relationship between flow and excess stream power for use

in effective discharge computations.
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5. APPLICATION OF A STREAM POWER
BASED EFFECTIVE DISCHARGE
APPROACH TO HYDROLOGIC AND
MORPHOLOGIC CHANGES ON THE

TUMUT RIVER AT TUMUT, NSW

5.1. Introduction

The purpose of the work reported in this chapter is to explore whether an
effective discharge approach can be used to explain or predict channel
enlargement on a river subject to increased flows and flow regulation. The
river has a long-term flow record, good gauging data and some limited
records of channel change. No data are available on sediment movement in

the river.
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5.2. Tumut River

The Tumut River rises in the Great Dividing Range of south eastern
Australia (Figure 6) at elevations of around 1 800 m and flows some 160 km

to the Murrumbidgee River 220m above sea level (Figure 7).
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Figure 6 Locality map. Snowy Mountains area. South east Australia.
From Snowy Water Inquiry website (Snowy Water Inquiry 1998).

Since June 1959, flows in the Tumut River have been affected by the Snowy
Mountains Scheme, a major water conservation and hydro-electricity project
that has diverted the Upper Murrumbidgee, Eucumbene and Tooma Rivers
to the Murrumbidgee River via the Tumut River. More details of the

Scheme and a map of the area are given in the next Chapter and in Figure 7.
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Figure 7 Map of Snowy Mountains Area, south east Australia.
Showing Tumut River, Blowering Reservoir and township of Tumut.

Also shows Snowy River, Lake Jindabyne and township of Dalgety
(refer to next Chapter). From Snowy Water Inquiry website (Snowy

Water Inquiry 1998).
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Figure 8 Tumut River at Tumut 1996. Note rock bank protection, willow trees,
cleared riparian zone and floodplain extent.

Figure 9 Tumut River downstream of Tumut 1996. Note rock bank protection,
willow trees, cleared riparian zone and floodplain extent.
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In May 1968, flows in the Tumut River were further affected when water
commenced storing in Blowering Reservoir on the Tumut River to provide

flow regulation and storage for irrigation.

In the vicinity of Tumut township, downstream of these diversions and
reservoirs, the Tumut River is an alluvial channel with an irregular
meander pattern and a bed gradient of 0.001 (New South Wales Department
of Land and Water Conservation 1995). The bed exhibits pools and riffles
with exposed areas consisting mainly of armoured gravel with a median size
of around 20 mm (Bucinskas 1995). The river channel flows within a wide

floodplain although flow regulation now means that this plain rarely floods.

From field observation, the riparian zone is heavily modified. Natural
vegetation has been impacted by clearing for grazing or horticulture and
unrestricted stock access is common. Riparian over-storey vegetation is
dominated by introduced varieties of willow (salix sp.). Figure 8 and Figure 9

illustrate these aspects of the river.

Direct management intervention in the river channel has been sporadic but
intense since before river regulation (New South Wales Department of Land
and Water Conservation 1996b). Widespread willow planting for erosion
control seems to have been carried out by the first settlers as trees were
already mature and causing channel blockages by 1928 (New South Wales
Department of Water Resources 1991). Management intervention
intensified with the onset of flow regulation in the late 1950s. Over

$20million (1994 value) had been spent on programs of channel clearing and
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erosion control by 1994 (New South Wales Department of Land and Water

Conservation 1996b) (Figure 10, Figure 11)
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Figure 10 Example of bank recently rocked for erosion control, 1996

Figure 11 Example of bank recently cleared of willows, 1996
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5.3. Effectsof flow regulation on the frequency distribution of flows

Analysis of flow records shows that river regulation for electricity generation
and irrigation has altered the flow regime in the Tumut River, increasing
average flow at Tumut from 41 m*/s to 62 m%/s. Flow regulation has also
redistributed flows such that floods are now ararity and there are long

periods of flow at or near bankfull river channel capacity.
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b

R\ Lake Eucumbens

COOMA
Approx. Scale 1: 1,250,000

Figure 12 Tumut River locality showing gauging station 410006: Tuwmut
River at Tumut

Figure 12 shows the general location of Gauging Station 410006 operated by
the NSW Department of Land and Water Consexvation since 1909 at two

different sites adjacent to Tumut township. Water levels and flows were

measured at the “Town Bridge” until April 25" 1932 when the station was
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measured at the “Town Bridge” until April 25th 1932 when the station was
relocated upstream by several hundred metres to a section known as the
“pump station” gauge. Review of station files shows that this has been
treated as an important station within the Department’s network. Flow
measurements have been conducted regularly over a full range of flows using

standard current meter techniques and ratings have been regularly updated.

For this study, flow records have been obtained from Pinneena — the
Department’s database on CD ROM (New South Wales Department of Land

and Water Conservation 1996a).

The cumulative frequency distributions of monthly or daily flows, have been
presented in several previous reports (Bucinskas 1995; Snowy Mountains
Council 1991). For the purposes of this investigation, the original flow
record for the Tumut River at Tumut has been re-analysed to establish the

frequency distribution of daily flows.

The frequency analysis has used daily flow data to determine the number of
daily flows that fall into each of thirty-one 5 m3/s increments from zero to
155 m3/s. Typically plotted as a histogram, the relative frequency
distribution represents the proportion of daily flows in each bin. The
probability density function of daily flows is a standardised representation
obtained by dividing the relative frequency distribution by bin size and

plotted as a continuous function.

Table 1 and Figure 13 show the probability density function of daily flows at

this site for three periods as follows.
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1. pre Snowy: 1909 - 1959: represents flows before river regulation.

2. pre Blowering: 1960 - 1968: is the period when the Snowy

Mountains Scheme was operative but Blowering Reservoir was

not storing water.

3. post Blowering: 1969 - 1996: represents a period of regulation

with both the Snowy Mountains Scheme and Blowering Reservoir

operative.

Table 1 Probability density function of daily flows.
410006 Tumut River at Tumut.

FloW | o of daily flows (Ycumec)
(cumec)
| pre pe | post
;1:05’\,“[;‘:1 Snowy | Blowering Blowering
190950 | 196068 198996
25 013 000 009
75 2% 013 059
125 314 13 180
175 228 148 166
25 18 15 105
275 123 112 073
25 0L 10 05
375 081 100 040
@8 07 106 047
a8 05 110 040
25 0% 125 047
575 046 109 044
625 048 111 05
675 0% 113 053
725 03 10 054
775 03 08 051
@5 0% 072 06
&5 0x 046 060
@5 02 034 113
o5 0z 03 1%
125 021 02 128
175 018 021 129
125 018 017 17
175 015 016 073
125 012 008 01§
1275 013 015 007
125 oM 010 002
1375 000 009 003
1425 008 008 002
1475 006 008 001
1525 007 006 001
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Figure 13 Probability density function of daily flows. Tumut River
at Tumut.

This way of analysing and presenting the data emphasises which flow
intervals have been most affected by the changes. Comparing pre Snowy and
post Blowering periods shows a significant reduction in the probability of low
flows (around 12 m3/s) and a greatly increased probability of flows at around
100 m?/s. Flows are now in the interval between 90 m3/s and 120 m3/s for

38% of the time compared to 6% of the time prior to 1959.
The pre Snowy and post Blowering plots demonstrate a major shift in the

distribution of daily flows as a result of flow regulation. The strongly modal

pre Snowy distribution has been replaced by a bimodal post Blowering

65

160



Flow (cumec)

distribution. The original mode at 12.5 m3/s has been supplemented by a

strong second mode at 112 m3/s.

The Figure also shows the impact of the Snowy scheme before construction of
Blowering reservoir and indicates that in that period, the frequency of daily
flows less than about 30 m?3/s was decreased in favour of flows between about
30 and 80 m3/s. There was negligible change in the frequency of those flows

exceeding about 90 m3/s.

5.4. Changes in channel capacity at the Tumut gauging station

Changes to the rating at the Tumut gauge have been used as a means of

tracking any changes to channel capacity over the period of record.

Flow for stages near bankfull
TUMUT RIVER AT TUMUT
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Figure 14 Time-series of flows at selected stages close to bankfull.
From rating tables applying at Tumut River pump station gauge
from 1919 to 1993.

Forty-eight rating tables have been analysed starting with Table 1 at the old
“town gauge” (commencing in 1919) through to table 210 at the pump station
gauge (commencing in 1993). The rating tables are based on 753 flow
measurements in the period. For each table, the flow at an equivalent pump
station gauge height of 1.4m, 1.6m and 1.8m has been extracted and plotted

as a time series in Figure 14 to be indicative of flows near bankfull.

At a gauge level of 1.6m for example, the ratings show a consistent flow in
the channel of around 75 m3/s from 1919 until the mid 1950s. In the late
1950s a progressive change commenced such that channel capacity at this

water level nearly doubled by the mid 1990s.

Comparison of surveyed cross sections (Gippel, O'Neill et al. 1992) and
descriptive material (New South Wales Department of Land and Water
Conservation 1996b) indicates that this increase in channel capacity is the
result of deepening and widening of the channel by erosion, some natural
and some artificial channel straightening and widespread clearing of
willows, snags and debris. The same information suggests that the results
at the gauging station are not anomalous but are representative of changes
over at least 30km of river. On the basis of repeat surveys of 6 cross sections
between 1945 and 1988, Gippel (1992) concluded that “the Tumut River has

generally widened and deepened since the original 1945 survey”.
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5.5. Pre Snowy bankfull discharge

The bankfull discharge of a river channel is a physical measure of the flow
capacity of the channel. It is the discharge at which a channel is just flowing
full and is about to overflow on to the floodplain. Bankfull discharge can
refer to channel capacity at a discrete channel cross section but more
usefully, in recognition of natural variability from section to section, it is a

representative value for channel capacity over a river reach.

Bankfull discharge for the pre Snowy condition in the vicinity of Tumut has
been estimated from gauging station data supplemented by steady state
modeling based on 1945 surveyed cross sections. Modelled water levels,
calibrated to the pump station gauge, indicate that channel capacity is first
exceeded at 80 m3/s!. On the rating tables of the day, 80 m3/s corresponds to
a stage at the pump station gauge of 1.65 m which correlates well with

current estimates of bankfull water levels in this vicinity.

5.6. Post Blowering bankfull discharge

A detailed monitoring program in 1977 recommended an operational limit
for long term releases of 105 m3/s at Tumut to minimise floodplain problems

(New South Wales Department of Water Resources 1991). The same report

L This estimate of bankfull flow is substantially less than that provided by a 1958
report (Snowy Mountains Authority 1958) in which a river capacity of 4 000 to 8 000
cusec (113 to 227m3/s) was suggested. In fact the turbines on the Blowering Dam
power station were designed for 113m?3/s. Subsequent events have shown that this
estimate was optimistic, since flows more than 113 m3/s have never been conveyed
without inundation on the floodplain.
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found that flows of 110 m3/s_at Tumut caused some minor spills on to private
property. Using the rating applying at the time, these flows correspond to
1.53m and 1.57m on the pump station gauge respectively. Detailed survey
along the river at that time showed that the 110 m3/s flow (1.57m on the
gauge) was close to bankfull over some 55 km of river upstream and

downstream of Tumut.

Current river operating rules restrict releases from Blowering such that flow
in the Tumut River at Tumut is limited to 111 m3/s. By the current rating,
this is 1.4m on the Tumut pump station gauge. At this level no major
channel capacity problems occur in the Tumut area and there is generally
minor freeboard (New South Wales Department of Land and Water
Conservation 1995). Bankfull stage is estimated to be about 100mm higher

than this indicating a bankfull discharge of approximately 120 m3/s.

5.7. Channel hydraulics

Particle shear stress for a flow, @ has been given by:

= (Equation 2)

where U and d are functions of Q.
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Representing typical channel hydraulics using the properties of a
single cross section

It remains to determine the typical nature of these functions U and d for the
Tumut River in the vicinity of the gauging station. The difficulty of selecting
a single relationship to describe U or d as a function of @ should not be
underestimated. The problem and the errors associated with representing a
variable that is continuously varying in space with a relationship derived
from a single cross section has been investigated previously (Tilleard 1980).
In that study, selection of cross section locations was found to have a

profound impact on the outcomes of hydraulic and geomorphic modelling.

In the current study, this potential source of error is exemplified by the
observed differences in the hydraulic properties of the river channel revealed
from gauging data. Looking only at the limited sample of pre Snowy data for
the period after the gauging station was moved, Figure 15 plots actual

measurements of velocity and discharge between 1932 and 1958.

The data reveals that the relationship between @ and U falls into at least
two groups, and for one of those groups, @ is not a good predictor of U.
Further investigation indicates that the grouping results from flow
measurements at different locations. For high flows (generally above about
30 m3/s) the measurement section is shifted for convenience and safety from
the pump station to the old Tumut River bridge. The group of high flow
gaugings are measurements from the bridge and the balance of the gaugings
are by wading or from the continuous wire at the pump station. The rating

is not affected, remaining quite stable as shown in Figure 16, however the
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hydraulic characteristics of the two nearby cross sections are clearly quite

different.
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Figure 15 Measurements of velocity and discharge for station 410006
Tumut River at Tumut. Shows at least two groups of measurements
representing flow gaugings at different cross sections.
Demonstrates differences in hydraulic properties between nearby
cross sections.
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Figure 16 Flow measurements versus gauge height for 410006,
Tumut River at Tumut for period 1932 — 1958.

To further investigate this problem, in the current study, two sets of
relationships between d, U, and Q were developed from the available
gauging data. A steady state backwater model was also developed for the
reach using 1945 cross section data as a means of assessing the variability of
hydraulic relations between cross sections. The historical reports and results
were then reviewed in the field, comparing channel form and cross sections
over several kilometres of river, before eliminating the results from the
Tumut bridge site as being less representative of the reach. Relations
between @ and U and @ and d were determined for the pump station gauge

by fitting power curves to the relevant data.
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Particle shear stress

Using Equation 2 together with the @ versus U and @ versus d relations
fitted to the gauging data in Figure 15 and Figure 16 for the pump station
gauge, the variation of particle shear stress with flow has been derived as

shown in Figure 17.

Particle shear stress
410006 TUMUT RIVER AT TUMUT

- 4O a
N A~ O 0

Shear Stress (N / sq m)
S

0 50 100 150

Flow (cumec)

Figure 17 Variation of particle shear stress with flow computed for
section at the pump station gauge using Equation 2 together with
the @ versus U and @ versus d relations fitted to the gauging data in
Figure 15 and Figure 16.
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5.8. “Excess” stream power

For particle stream power, P above a threshold shear stress 7:

2
P=U L -7 (Equation 5)

10dY ¢
32| log——
(ng

Critical particle shear stress 7’c can be estimated by reference to Equation 4
7. =C, pg(s—-1)D (Equation 4)

with values of C1 from the discussion in Section 4.7 and particle size

measurements reported by Bucinskas (1995) for bed and banks.

The form of the stream power relation depends on the hydraulics of the
channel, but the excess stream power relation will start from a different
threshold for bed and for banks if the bed and bank material (and hence the

critical particle shear stress) is different.

Critical particle shear for bed material
For a bed gravel armour layer size of 20 mm (Bucinskas 1995), and values of

Ci1as recommended by Ackers and White (Ackers and White 1973)

0.036<C, <0.053

critical shear stress is in the range of 12 - 17 Nm-2. According to the
relationship in Figure 17 movement of bed material can therefore be

expected to commence at flows of 120 — 150 m3/s.
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Critical particle shear for bank material

The critical particle shear stress for bank material will be substantially
lower than the critical particle shear stress for the bed material since the
material forming the bank is of smaller size, however Equation 4 is limited
in application to non cohesive material (and strictly only applies to material
on the bed). From field observation and analyses reported in Bucinskas
(1995), bank material is cohesive silty sand and is at least partially bound or
protected by vegetation on most banks. The literature is ambiguous on the
treatment of critical shear stress in these situations. On the basis of
Bucinskas’s (1995) work and with reference to other observations (Lane
1955; Vanoni 1975), a nominal critical shear stress for the bank material of
2 Nm-2is adopted for trial. The adoption of this value is tested by sensitivity

analysis as reported in Sections 5.15 and 7.1.

5.9. Distribution of excess energy with flow. Pre Snowy

Excess energy using estimated critical shear stress for bank
material

Using the selected relationships between U, d and @), the relationship

between excess stream power and discharge for the Tumut River at Tumut is

illustrated as curve 2 in Figure 18 for 7, =2 Nm-.

This Figure also demonstrates the effect of multiplying the pre Snowy
probability density function of daily flows (curve 1) by the excess stream
power - discharge relationship (curve 2) to produce a curve (curve 3) that

represents the distribution of excess stream energy with flow. Note that this
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curve has been smoothed by averaging over two flow intervals to remove
oscillations associated with the discretisation process. The value of the

ordinates of this curve (curve 3) have been multiplied by 31 536 000 (the

number of seconds in a year) and further factored by 0.01 (to account for the

use of percentage in curve 1) so that the units become joule metre-2 cumec-!

year-! (plotted on the graph as megajoule metre2 cumec! year!). The area

under curve 3 represents the total energy expended in the channel in excess

of the critical shear stress for bank material in an average year in the pre-

Snowy period.

Distribution of excess bank stream energy with flow pre Snowy 1909-1959

35

410006 TUMUT RIVER AT TUMUT

- - - - 1. Probability density function of daily flows
— - - 2. Excess particle stream power (banks)

— 3. Distribution of bank excess energy with flow

20

+ 18

- 1.6

Figure 18 Excess stream power and distribution of excess energy

Flow (cumec)

with flow based on estimated critical shear stress for bank material.
Tumut River at Tumut. 1909 — 1959.
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Excess energy based on estimated critical shear stress for bed

material

The same process can be followed using an estimated critical shear stress for

bed material T; =14 Nm-2. The resulting distribution of excess energy with

flow 1s shown in Figure 19.

Distribution of excess bed stream energy with flow pre Snowy 1909-1959
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Figure 19 Excess stream power and distribution of excess energy
with flow based on estimated critical shear stress for bed material.

Tumut River at Tumut. 1909 — 1959.
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5.10. Effective discharge — pre Snowy

The maximum of the distributions of excess energy with flow can be
estimated at approximately 85m3/s using the critical shear stress adopted for
the bank, or approximately 210 m3/s using the critical shear stress estimated
for the bed. These are the flows that account for the greatest amount of
work done on the channel banks or the channel bed respectively and are two
estimates of stream power based effective discharge for the river system in

the pre Snowy period.

5.11. Effective discharge post Blowering

As a first approximation, the same relationships for U, d and ré were used

to estimate post Blowering distributions of excess energy using critical shear
stress for bed and banks. The results using the critical shear stress for the
bed are not substantially different from those in Figure 19 and are not
repeated. The post Blowering results using the critical shear stress for the

banks are given in Figure 20 showing:

=  the post Blowering probability density function;

= the same relationship between excess particle stream power and flow as

for the pre Snowy case; and

» the result of multiplying these two curves (and adjusting units) to give

the distribution of excess energy with flow.
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Distribution of excess bank energy with flow post Blowering 1969 - 1996
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Figure 20 Excess stream power and distribution of excess energy
with flow based on estimated critical shear stress for bank material.
Tumut River at Tumut. 1969 — 1996.

This distribution of excess energy shows a much stronger mode than the
equivalent pre Snowy distribution reflecting the correspondingly strong
mode in the probability density function of daily flows. The mode is at 112
m3/s indicating a stream power based effective discharge for the post
Blowering period of 112 m3/s. This estimate is based on a nominal threshold
shear stress of 2 Nm-2 adopted for the banks and is subject to sensitivity
analysis as reported in Section 5.15. The sensitivity analysis indicates that

this estimate of effective discharge is robust for threshold shear stress less
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than 3 Nm-2. The sensitivity analysis also confirms that the result would not
be altered by using new hydraulic relations derived for the post Blowering

period.

5.12. Comparison of effective discharge pre Snowy and post
Blowering

Figure 21 presents a comparison of the distributions of excess stream energy

with flow for the pre Snowy and post Blowering periods using critical shear

stress for the bed and critical shear stress for the bank. An effective

discharge for the pre Snowy period of 85 m3/s and for the post Blowering

period of 112 m?/s is indicated using a critical shear stress for the bank and

an effective discharge of 210 m3/s is indicated for both periods using a critical

shear stress for the bed.
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Figure 21 Distribution of excess energy with flow for pre Snowy and
post Blowering periods showing estimates of effective discharge.
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5.13. Comparison of estimates of bankfull channel capacity and

effective discharge

These estimates are summarised in Table 2.

Table 2 Effective discharge and bankfull channel capacity for Tumut

River at Tumut for pre Snowy and post Blowering periods.

Period Years Effective Effective Bankfull
discharge discharge discharge
(using critical (using critical
shear stress for | shear stress for
bed) bank)
(m?3/s) (m3/s) (m?3/s)
pre Snowy | 1909-1959 210 85 80
post 1969-1996 210 112 120
Blowering

5.14. Discussion of Tumut River results

The stream power based effective discharge approach proposes that channel

characteristics will adjust toward the flow that accounts for the most energy

expenditure through time.

Application of the stream power based effective discharge approach to the

Tumut River data (using a bank-related threshold shear stress value of

2 N m-2) suggests a pre regulation effective discharge of 85 m3/s and a post

regulation effective discharge of 112 m3/s. By comparison, bankfull discharge

is estimated to be 80 m3/s pre regulation and 120 m?3/s post regulation.

Observed change in bankfull channel capacity is therefore consistent with
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the stream power based effective discharge proposal for this case. In
contrast, the same application using the bed related shear stress threshold of

14 N m-2 shows no change from pre Snowy to post Blowering.

There are several striking outcomes of the analysis using critical shear for

bank material that are further discussed in Chapter 7. These are:

» the significant post regulation increase in the average annual energy
excess in the channel over the entire flow spectrum (as represented by

the area under the graphs in Figure 21);

* the many fold increase in stream energy available at the discharge that
does most work (as represented by the size of the peak of the

distribution); and

= the well defined effective discharge for the post Blowering case compared
to the pre Snowy case because of the strongly modal distribution of
excess energy with flow for the post Blowering case compared to the

relatively flat distribution for the pre Snowy case (Figure 21).

It is also of interest that the effective discharge based on movement of bed
material is comparatively ill defined, with the shape of the distribution of
excess energy in the vicinity of the mode dependent on heavily amplified but
minor variations in the shape of the tail of the probability density function
for daily flows. The excess energy available for bed movement in both the pre
Snowy and post Blowering cases is small compared to the energy available

for bank movement.
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5.15. Sensitivity of the results using critical shear stress for bank
material
For the pre Snowy condition the mode of the probability density function of
daily flows occurs at low values of stream power. The resulting distribution
of excess stream energy with flow is relatively flat between about 80 and 110
m3/s and in the case study was subject to minor numerical oscillations before
averaging. Sensitivity analysis shows that the estimate of effective discharge
in this case is sensitive to assumptions and variables adopted in the

computations. In particular, it is sensitive to choice of critical shear stress

7¢, which is a significant issue since this value is poorly defined in the case

study but the result is robust for 7. < 3Nm-2. The results of sensitivity

calculations for critical shear stress are presented and discussed in Section

7.1.

The post Blowering distribution is heavily dominated by the second mode of
the probability density function of daily flows and is not subject to these
variations. The location of this mode means that its effect is reinforced by
the stream power - discharge relationship to produce a strong mode in the
excess stream energy distribution. The strength of the mode is such that it
is not sensitive to assumptions and variables adopted in the calculations
(such as cross section characteristics, critical shear stress, etc). In fact the

mode of 112 m3/s remains robust within a range of assumptions.

This is an important finding since it means that for prolonged regulated

flows near bankfull, the potential value of this technique as an indicator of
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trends in channel change is not diminished by uncertainty about future cross

section characteristics or future changes in composition of sediments.
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6. APPLICATION OF A STREAM POWER
BASED EFFECTIVE DISCHARGE
APPROACH TO HYDROLOGIC AND
MORPHOLOGIC CHANGES ON THE

SNOWY RIVER, NSW.

6.1. Introduction

In the previous Chapter it is reported that an effective discharge approach
based on stream power can account for the channel enlargement recorded in

the Tumut River in South Eastern Australia.

The purpose of the work reported in this Chapter is to investigate whether
the stream power based effective discharge approach can account for the
channel contraction that has been observed on the Snowy River after a

substantial decrease in channel flows resulting from upstream diversions.
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6.2.

The Snowy River

The Snowy River rises in the Great Dividing Range of south east Australia

at elevations of around 1800m and flows through New South Wales and

Victoria to the sea at Orbost (Figure 6, Figure 7).

Snowy Mountains Hydro-electric Scheme

As part of the Snowy Mountains Hydro-electric Scheme, two major dams and

two minor dams together with a system of tunnels and aqueducts divert

water from the upper Snowy River into adjacent catchments. Eucumbene

dam commenced storing water in 1957 and Jindabyne dam was completed in

1967 ID&A Pty Ltd 1995). The Mowamba River aqueduct that diverts low

and moderate flows back to the Jindabyne Dam pondage intercepts two

tributaries immediately downstream of Jindabyne dam. Table 3 summarises

the chronology of these events (Erskine and Tilleard 1997; ID&A Pty Ltd

1995).

Table 3 Key dates in the development of the Snowy Mountains
Scheme within the Snowy River catchment (ID&A Pty Ltd 1995)

May 1956

Construction of Eucumbene Dam commences

Capacity 4 798 GL

April 1957

Storage in Eucumbene commences

December 1965

Construction of Jindabyne Dam commences

Capacity 690 GL

17 April 1967

Storage in Jindabyne commences

10 July 1967

Diversion through Mowamba River aqueduct to
Jindabyne commences

Capacity 4.8 m3/s
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Downstream of Jindabyne, natural flows in the Snowy River are severely
curtailed by the diversions from Lake Eucumbene and Lake Jindabyne (New
South Wales Department of Land and Water Conservation, Victoria
Department of Conservation and Natural Resources et al. 1996).
Downstream of Jindabyne Dam, flows are reduced to about 1% of natural
flows (Snowy Genoa Catchment Management Committee 1996). Hydro-
geomorphic and environmental impacts of the diversions and possible
remedial measures have been reported in several recent investigations
(Brizga and Finlayson 1992; Erskine and Tilleard 1997; ID&A Pty Ltd 1995;
New South Wales Department of Land and Water Conservation, Victoria
Department of Conservation and Natural Resources et al. 1996; Snowy

Genoa Catchment Management Committee 1996).

Snowy River at Dalgety

Dalgety is located approximately 30 km downstream of Jindabyne Dam
(Figure 7). The catchment area at Dalgety is 3044 km2, of which 1854 km? is
commanded by Jindabyne Dam (New South Wales Department of Land and
Water Conservation, Victoria Department of Conservation and Natural

Resources et al. 1996).

In the vicinity of the township of Dalgety, the river is:

“slightly sinuous with well developed and vegetated side bars, point bars and

mid-channel bars of sand and gravel. Pools are relatively shallow and often

floored by bio-clastic sediment” (Snowy Genoa Catchment Management

Committee 1996). The Snowy River at Dalgety is illustrated in Figure 22.
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Figure 22 Aerial oblique view of Snowy River just upstream of
Dalgety, 1997. Note in-channel bars as evidence of channel
contraction.
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Buckley’s Crossing Bridge, Dalgety, 1995

Figure 23 Snowy River at Dalgety. Comparison 1889 to 1995.
(Brizga and Finlayson 1992; Terrazzolo 1990).
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Terrazzolo (1990) reports major channel contraction at this site between
1884 and 1990. Photographs published by Terrazzolo (1990) and Brizga and
Finlayson (1992) show substantial encroachment of vegetation since
construction of the Snowy Mountains Hydro-electric Scheme (Figure 23).
Exotic species especially Weeping Willow (Salix babylonica) are dominant
but other species of willow and poplar are also present together with native
species including Woolly Tea Tree (Leptospermum lanigerum) and Prickly

Tea Tree (L. juniperium) (ID&A Pty Ltd 1995).

6.3. Changes in channel capacity for pre Snowy Scheme and post
Snowy Scheme periods

Two cross sections surveyed in 1949 and 1986 at the gauging site are shown

later in this section (Figure 28). Figure 29 also shows rating curves at the

site applicable in 1951 and 1986.

The only source of data to estimate bankfull discharge for the Snowy River
at Dalgety for the pre Snowy Scheme period is at the gauging station. The
single recorded cross section survey (1949), coupled with rating curves at the

site and the evidence of Figure 23, suggest a bankfull discharge of 230 m3/s.

Bankfull discharge at Dalgety post Snowy Scheme can be estimated from the
1986 cross section survey coupled with rating curves applicable at the sites
since 1976. In addition, Figure 24 is derived from all the available rating
curves at the Dalgety gauge. The plot represents the variation through time

of the flow that occurs at a constant gauge height of 0.5 m. A gauge height of
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0.5 m (which is 0.6 m above the cease to flow level) is taken to represent the

shoulder of the current low flow channel and hence bankfull flow.

SNOWY RIVER AT DALGETY
Flow for a stage at current bankfull level
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Figure 24 Snowy River at Dalgety. Time-series of the flow
corresponding to a stage that is representative of the current
bankfull stage. Derived from actual flow gauging data recorded in
Pinneena (New South Wales Department of Land and Water Consetvation

1996a). Dashed line fitted by eye.

This plot shows that at the gauging station, flow for a constant water level
reduced from about 6.5 m3/s in the early 1970s to around 0.5 m3/s 10 years

later. Similar changes occurred at other water levels. Bankfull flow is now

estimated at only 0.5 m3/s.
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6.4. Effects of Snowy Mountains Hydro-electric Scheme on the
flow regime at Dalgety

Terrazzolo (1990) reports a detailed comparison of monthly and annual

runoff, flow duration and flood frequency at Dalgety (and other stations on

the Snowy River) for pre Scheme and post Scheme periods, and drew

conclusions as follows.

» Comparison with a control station on the Murray River at Biggera,
confirms that the Snowy Scheme rather than climatic change is largely
responsible for an observed reduction in annual flows and for a major

change in monthly flows.

» Median and low mean daily discharges are dramatically reduced

downstream of Jindabyne for the post Scheme period.

= A comparative flood frequency analysis indicates that the unregulated
part of the Snowy catchment above Dalgety still generates large floods of
a magnitude comparable to pre Scheme floods: however a substantial
reduction in the frequency of smaller floods indicates that the part of the
catchment that is now effectively isolated had previously been important

for generating smaller snow-melt floods.

6.5. Frequency distribution of mean daily flows

In the current investigation, the flow record from gauging station reference

222006: Snowy River at Dalgety, has been extended by correlation with a
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neighbouring station. The resulting data set has then been analysed for the
frequency of mean daily flows. The period up to April 1957 has been adopted
as representative of pre Scheme hydrologic conditions, and the period after
July 1967 has been adopted as representative of post Scheme hydrologic

conditions.

Mean daily flows are available at Dalgety for the period commencing 22
March 1949 (New South Wales Department of Land and Water Conservation
1996a). This record has been extended back to 1902 by correlation with data
from station 222501: Snowy River at Jindabyne. Figure 25 illustrates mean
daily flow at Dalgety plotted against mean daily flow for the same day at
Jindabyne (on log scales) for the period of overlapping record: 22 March 1949
to 16 April 1967. A least squares regression of this data provided the

following best fit power function with an R2 value of 0.94.

O, Igety — 1 '0842(Qdeabyne )0.9985

The power function was used to generate a mean daily flow series at Dalgety

for the period 1902 to 1957 based on the mean daily flow series at Jindabyne.

The frequency distribution of mean daily flows at Dalgety was derived from
the generated data using the period May 1902 — April 1957 to represent the
pre Scheme period and the period April 1967 — January 1996 to represent
the post Scheme period. The results of the frequency analysis are presented
as relative frequency distributions in Figure 26 and as probability density

functions in Figure 27.
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Correlation of mean daily flows 1949 - 1967
SNOWY RIVER AT JINDABYNE vs SNOWY RIVER AT DALGETY
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Figure 25 Correlation of mean daily flow between stations 222006:
Snowy River at Dalgety and 222501: Snowy River at Jindabyne for
overlapping period of record, 1949 - 1967.

Note the different flow scales in Figure 26(a) and (b) and the different

probability density scales in Figure 27.

The frequency distribution of mean daily flows is clearly very different for

the pre Scheme and post Scheme periods.

In the pre Scheme period, daily flows occur over a wide range. The mode of
the distribution is in the 5 to 10 m3/s interval accounting for around 16% of
all flows, but even the larger 5 to 15 m3/s interval still only accounts for 29%

of flows. The median flow is 20 m3/s.
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By contrast, the post Scheme distribution is very strongly modal with daily
flows occurring in the narrow range of 0.2 to 0.6 m3/s for 66% of the time.
Flow now exceeds 5 m3/s for only 5% of the time compared to over 80% of the
time in the pre Scheme period. The median flow is reduced by a factor of 50

to 0.4 m3/s.

These changes in flow regime are profound. Not only has the total flow
volume been reduced by a factor of nearly 20 (from a mean annual flow of
around 1 250 Gl to a mean annual flow of around 67 Gl), but the variability
of the distribution of flow has also been severely curtailed. These hydrologic
changes would be expected to reflect in morphologic changes to the channel

as discussed below.
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Figure 26(a) Relative frequency distribution of mean daily flows.
Snowy River at Dalgety. 1902-1957.
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Figure 26(b). Relative frequency distributions of mean daily flows.
Snowy River at Dalgety. 1967-1996.
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Figure 27 Probability density function of mean daily flows. Snowy
River at Dalgety. Pre Snowy Scheme and post Snowy Scheme.

6.6. Hydraulic conditions

Hydraulic relationships for the channel have been derived by analysis of
rating curves and cross section survey at station 222006: Snowy River at

Dalgety.

Figure 28 shows a surveyed cross section at the gauging site in 1949. This
data has been extracted from Pinneena: the New South Wales water
resources data base available on CD ROM (New South Wales Department of

Land and Water Conservation 1996a). The same source also provides the

100

Pre Snowy Scheme pdf (% / cumec)



in Metres

RL

Stage (m)

rating curve derived from flow measurements at the station and in use at

tha
Land & Water Conservation FINMEENA V5 LECRL 2B Ovlpul DRIZATIE
Cross Seclion Plols,
Siation Tupe Seclicn  Dole Fun SectHa MNome
1 F2E006 Cenirol 1 F2MEAP49 1 455301 GHOWY RIVER @Dl ZETY
-5 2 Z2Z008 Conirol 1 30406 1986 (&) BBE301 SHOWY RINMER @DALGETY

[} =) 130 150 200
Chainage in Metres

Rating curves
222006 SNOWY RIVER AT DALGETY

- - - -Rating curve no. 1; 21 March 1949 to 4 October 1951

——Rating curve no.69; 28 November 1985 to 20 November 1986

0 5 10 15 20 25
Flow (cumec)

101

250



Figure 29 Rating curves number 1 and 69 for Station 222006 (Snowy
River at Dalgety) in 1949 and 1986. (New South Wales Department of
Land and Water Conservation 1996a)
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Hydraulic depth (m) or mean velocity (m/s

time of the cross section survey (Figure 29). Combined analysis of these two
sets of data provides a relationship between flow and average channel
velocity and a relationship between flow and hydraulic depth for this cross
section at the time. This analysis has been carried out using the cross section
analysis module of HYDSYS; a time series data management system that is
packaged with Pinneena (New South Wales Department of Land and Water

Conservation 1996a). The results are presented in Figure 30.

Hydraulic Conditions 1949 and 1986
222006 SNOWY RIVER AT DALGETY
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Figure 30 Snowy River at Dalgety, station 222006. Relationship
between flow and average channel velocity and between flow and
hydraulic depth in 1949 and 1986 (New South Wales Department of
Land and Water Conservation 1996a). Derived from rating curves
(Figure 29) and surveyed cross sections (Figure 24).

103



6.7. Excess particle stream power

The relationship between flow and stream power per unit boundary area is

derived by using the above results in equation 5:

The resulting relationships are shown in Figure 31. In this instance the

physical meaning of ‘rl, is not as clear as it is for the Tumut River case study
where T:, represents the threshold of motion of bank material. In the Snowy
case T:, represents the shear stress below which no sediment of any size is
deposited in the reach. As a first approximation, it is reasonable to consider
this as infinitesimally small (that is T; = 0). Unlike the Tumut case study,

no distinction need be made between excess stream power for bed and for

banks.

104



Excess stream power
per unit boundary area (watt/sq m)

Stream power
222006 SNOWY RIVER AT DALGETY

1.4

—— 1949 conditions

1.2 4 — 1986 conditions

1.0

0.8

0.6

0.4

0.2

0.0 T T T T T T T
0 20 40 60 80 100 120 140

Flow (cumec)

Figure 31 Relationship between flow and excess stream power per
unit boundary area. Snowy River at Dalgety. 1949 conditions and
1986 conditions.

6.8. Distribution of in-channel energy expenditure with flow

For a given interval of flow, the corresponding stream power indicates the
rate at which flow energy is available to change the channel boundary;
either by removing material from the bed or bank (erosion), or by delivering
material to be deposited on the bed or bank (deposition). From the frequency
distribution of daily flows, we also know the proportion of time that the flow
has spent in each flow interval during a chosen period. Referring to Figure
32, multiplying the pre Snowy probability density function of daily flows
(curve 1) by the excess stream power - discharge relationship (curve 2)

produces a curve (curve 3) that represents the distribution of excess stream
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energy with flow. The value of the ordinates of this curve (curve 3) have been
multiplied by 31 536 000 (the number of seconds in a year) and further
factored by 0.01 (to account for the use of percentage in curve 1) so that the
units become joule metre-2 cumec-! year! (plotted on the graph as megajoule
metre2 cumec-! yearl). The area under curve 3 represents the total energy
expended in the channel in excess of the critical shear stress for bank

material on average in a year in the pre Snowy period.

Using the probability density function (Figure 27), this calculation has been
undertaken for a range of flows for the Snowy River at Dalgety using pre
Snowy Scheme and post Snowy Scheme conditions. The results give the
distribution of in-channel energy expenditure with flow. These distributions
are illustrated in Figure 32(a) and (b) for pre and post Snowy Scheme

periods respectively. Note the different flow scales in these two Figures.

Sensitivity of the results

For the post Snowy period (Figure 32(b)), this distribution is dominated by
the very strong characteristics of the frequency distribution of mean daily
flows, to the extent that, within reason, the distribution of energy with flow
is insensitive to the shape of the stream power versus flow relationship. The
mode of the distribution is strong and unique at approximately 0.5 m3/s —
clearly dominated by the mode of the frequency distribution of mean daily
flows. Note however, that the introduction of a larger value of 7 could
influence this result and move the mode of the energy distribution to a

higher flow.
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The occurrence of a strong mode in the frequency distribution of daily flows
leading to a strong mode in the distribution of excess energy for the case of
regulated flows is common to both case studies (see further discussion in

Section 6.10).

This is not the case for the pre Snowy period (Figure 32(a)). Here the
distribution of excess energy with flow is influenced by the tail of the
frequency distribution of mean daily flows, such that the mode of the
frequency distribution of daily flows does not dominate. The resulting
distribution is not as strongly modal as the post Snowy distribution, but the
mode occurs at 70 m3/s. Compared with the post Snowy case, the shape of
the distribution is more sensitive to the detail of the stream power versus
flow relationship. However sensitivity analysis shows that the mode does not
change significantly while varying the shape of the stream power versus flow

relationship within reasonable limits.

Note that the discretisation interval used in the derivation of curve 3 in

Figure 32(a) was increased from 5 m3/s to 10 m3/s to remove oscillations

induced in the original derivation by the smaller discretisation interval.
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Figure 32(a) Distribution of excess energy with flow. Snowy River
at Dalgety. Pre Snowy period.
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Figure 32(b) Distribution of excess energy with flow. Snowy River

at Dalgety. Post Snowy period.
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6.9. Effective Discharge

The mode of the distribution of energy expenditure with flow is the discharge
that, over a period of time, accounts for a greater proportion of available flow
energy than any other discharge. The mode can be estimated from Figure
32(a) and (b). According to the definition that is proposed in Chapter 1, this
is the effective discharge based on excess stream power. The effective
discharge estimated in this way is 70 m3/s for the pre Snowy Scheme case

and 0.5 m3/s for the post Snowy Scheme case.

Table 4 summarises effective and bankfull discharges for the Snowy River at

Dalgety.

Table 4 Comparison of computed effective discharge with bankfull
discharge for pre Snowy Scheme and post Snowy Scheme periods.

Period Years Effective Bankfull
Discharge Discharge
(m?3/s) (m3/s)
Pre Snowy 1902 - 1957 70 230
Scheme
Post Snowy 1967 - 1996 0.5 0.5
Scheme

6.10. Discussion

Some implications of the two case studies are discussed in the next Chapter.
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7.SOME IMPLICATIONS OF THE CASE

STUDIES

7.1. Channel Change

One of the most striking revelations of the case studies is the amount, the
rate and the consistency of channel change that has taken place at the two

sites.

Tumut River

In the case of the Tumut River, the rating curves (Figure 14) have indicated
that substantial channel enlargement was initiated in the second half of the
1950s, continuing apace for around 5 years. Channel enlargement then
continued at a reduced but relatively uniform rate for at least the next 35

years. Over this 40-year period, channel capacity increased by around 50%.
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The initiation of this channel change appears to predate the commencement
of operations at Blowering reservoir by a year or two. It is likely that the
period of rapid change in capacity was triggered by a concentrated program
of channel clearing works reported to have commenced in the mid 1950s
(New South Wales Department of Land and Water Conservation 1995)
rather than directly by the hydrologic change. Initiation of channel
enlargement may also have been influenced by a series of floods and several
consecutive years with above average flows in the mid 1950s (New South

Wales Department of Land and Water Conservation 1996a).

This need not diminish the assessment of the impact of the longer-term
hydrologic change on channel capacity. Over the period of flow regulation,
the bankfull capacity of the regime channel has changed from 80 m3/s to 120
m3/s. Without the change in streamflow pattern, the changes initiated by
floods and by the direct intervention in the 1950s may not have promulgated

or may not have persisted to date.

It is also possible that without the triggers provided by the events of the
1950s, the change in flow pattern alone may not have caused the channel
change that has occurred or the change might only be occurring gradually.
The observed channel change is the result of the combined effect of the
triggers from intervention and flooding, and any underlying trends driven by

the impacts of flow regulation
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Snowy River

For the Snowy River at Dalgety the channel change has been at least as
impressive in the opposite direction. Figure 24 has shown that over the 13
years to 1983, for a constant water level close to current bankfull level, flow
reduced to less than 10% of its initial value and has remained stable around
that value since. The change was both rapid and consistent and appears to

have stopped as quickly as it started.

Again, it is likely that other processes have influenced the observed change —
not just sediment deposition on the bed and banks. For instance it is
apparent from the photographs in Chapter 6 that a proliferation of exotic
vegetation played a part in the channel encroachment process. It is also
apparent from Figure 28 and from field observation that much of the cross
section remains unchanged in elevation, even though it has been colonised
by vegetation and is no longer part of the active flow channel. So at least two
processes have been active: first, infilling causing contraction of the low flow
channel, and second, vegetative encroachment into areas of the previously

active channel where the frequency or magnitude of flows has reduced.

7.2. Use of bed or bank critical shear stress for the Tumut River
case study

The Tumut River effective discharge analysis has been carried out with two

different excess stream power relations: one using power calculated from the

available shear stress above a critical shear stress for the bed, and one using

power calculated from the available shear stress above a critical shear stress
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for the bank. Results using critical shear stress for bed material indicate no
substantial change in the mode of the excess energy distribution pre and
post regulation. In both these cases, the mode is not well defined and its
actual location can depend on minor fluctuations in the tail of the probability
density function for daily flows. The flow that has the most influence on bed
processes is uncertain, but has not substantially changed from pre
regulation to post regulation periods. The effective discharge estimated
using critical shear stress for the bed does not contribute to an explanation
of channel change. Further discussion of this result appears in Chapter 8.
The subsequent sections of this Chapter concentrate instead on the estimate

of effective discharge obtained by using critical shear stress for the bank.

7.3. Post regulation effective discharge

In both the Tumut River (using bank critical shear) and the Snowy River
case studies, the stream power based effective discharge approach
successfully accounts for the capacity of the river channel in the post
regulation period. In both these instances, the impact of controlled releases
from upstream storages has made the mode of the probability density
function of daily flows very strong (see Figure 13 and Figure 27). In fact this
mode is so strong in both these cases that it prevails in the effective
discharge calculation, dictating the mode of the distribution of excess energy
with flow almost regardless of the shape of the stream power versus flow

relationship or the threshold that applies.
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In the case of the Snowy River, the mode of the probability density function
for daily flows occurs at low flows where stream power is also low.
Nevertheless the mode 1s so stark that it more than compensates for the low

stream power and still dominates the distribution of stream power with flow.

In the Tumut case, the new mode of the probability density function for daily
flows is not as stark but it occurs at higher flows. At higher flows the cube of
the velocity in the stream power versus flow relationship means that stream
power generally increases rapidly with flow at least until bankfull. The net
effect is that a new mode in the frequency distribution at higher discharges
is reinforced by the characteristics of channel hydraulics to ensure that this

mode dominates in the distribution of excess energy with flow.

In both these instances, the flow that accounts for the most available energy
in the channel is dictated directly by the mode of the probability density
function of daily flows and not by the subsequent manipulation of the
function to obtain an excess stream energy (or a sediment transport)
distribution. The effective discharge is determined by the strength of the

mode of the flow frequency relationship.

Generalisation

This finding has potential broad and immediate application for any rivers
(such as the Tumut) where flow regulation (by dams and/or diversions) has
resulted in a new mode in the flow frequency distribution, at moderate to
high flows, beyond the threshold of motion of bed or bank material. In such

circumstances, almost regardless of the detail of subsequent effective
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discharge manipulations, the analyses will yield an estimate of effective
discharge that is close to the mode of the probability density function for
daily flows. This finding can be used to give a first estimate of an effective
discharge for a river where flow regulation introduces a new peak in the

probability density function for daily flows at a moderate to high flow.

The impact is not such a foregone conclusion for situations such as the
Snowy River at Dalgety. Here, the frequency of low flows has been boosted
relative to the frequency of moderate to high flows, and the new mode of the
frequency distribution is at a low flow. The mode must then be exceptionally
strong (as it is in the case study) if it is to prevail over the low stream power

at that flow, to still dominate the excess energy distribution.

A less extreme example of channel enlargement associated with
regulation — the Murray River downstream of Hume Dam

A less extreme example of flow regulation, where the mode of the frequency
distribution of daily flows for the regulated case is not as strong, is provided
by the Murray River at Doctors Point near Albury in New South Wales
(Figure 6 and Figure 7) and is reported here briefly for comparison. Note
that this example has not been subject to the rigour of the Snowy and Tumut

case studies and is therefore reported illustratively only.

Flows in the Murray River are also affected by the Snowy Scheme, but the
change in flow pattern is not so much influenced through inter-catchment
diversion (although there is a 6% increase in average annual discharge of the
Murray River) as it is by a substantial increase in the frequency of moderate

to high in-channel flows with a corresponding decrease in flood flows and low
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flows. Water is stored in Hume and Dartmouth Dams (mainly) during
winter and spring and subsequently released at moderate to high flows in

Summer and Autumn (Erskine, Rutherfurd et al. 1993).

Flow frequency is illustrated in Figure 33 for periods pre and post 1961,
reflecting periods before and after the enlargement of Hume Dam. (Note
that flows are regulated in both periods.) Regulation in the post 1961 period
has introduced a flat secondary mode to the probability distribution and
relocated the primary mode. The two modes in the post 1961 relative
frequency distribution for daily flows represent irrigation and pre-flood
releases (140 — 210 m?/s) and minimum releases during dam filling (around
50 m3/s) (Erskine, Rutherfurd et al. 1993). Although the higher mode is
weaker than the lower mode (at least at this discretisation interval) the
shape of the function relating stream power to flow ensures that the higher

mode at about 210m?3/s becomes the effective discharge (see Figure 34).

Data have shown that the channels of the Murray River system in this
vicinity have enlarged in recent time and now have a channel capacity of
around 230 m3/s (Erskine, Rutherfurd et al. 1993). In this illustrative
example, where the mode of the post regulation flow frequency distribution
is less extreme, and the total change in flow volume is relatively minor, the
stream power based effective discharge approach does account for an

observed change in channel capacity.
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Figure 33 Relative frequency distribution of daily flows for the
Murray River at Doctors Point. Pre 1961 represents a period of
moderate regulation before the upgrade of Hume Dam. The post
1961 period combines the effects of the upgrade of Hume Dam and
(later) the construction of Dartmouth Dam.
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Figure 34 Distribution of excess energy with flow. Murray River at
Doctors Point. Pre- and post- Hume Dam upgrade.
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Endorsement of the effective discharge concept

The post regulation results for the Tumut and Snowy cases provide
preliminary endorsement of an excess stream power based effective discharge
approach. However in both cases the strength of the mode of the probability
density function for daily flows has dictated the shape of the excess energy

distribution and hence the estimated effective discharge.

The case studies have shown that in the particular circumstances, the flow
that accounts for the greatest expenditure of in-channel excess energy
equates to the bankfull channel capacity after the channel has been through
a substantial adjustment in the post regulation period. Further detailed
case studies are required before the validity of this proposition can be
confirmed for more general situations. The post regulation results for the
two case studies sanction the broad excess stream power based effective
discharge approach but they have not demonstrated that some other
approach based on the probability density function for daily flows may not

have also been successful.

7.4. Pre-regulation effective discharge

By comparison with the post regulation case, the pre regulation flows do not

produce clear results. There are several reasons for this as discussed below.

For natural flow regimes, the mode of the probability density function for
daily flows tends to occur at low flows around or below the threshold of

movement of bed or bank material. This is the case for the Tumut River pre
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Snowy as has been shown in Figure 18. When this happens, the mode of the
distribution of excess stream energy with flow occurs on the recession or the
tail of the probability density function for daily flows and is effectively
independent of the mode of that distribution. Instead the location of the
mode of the distribution of excess stream energy with flow becomes very
sensitive to the detail of the hydraulic computations for stream power and
the choice of threshold values for boundary movement. In natural systems,
neither the detail of channel hydraulics nor the choice of threshold values for
boundary movement can be determined practically without significant
assumptions and approximation. This is partly because of the uncertainties
involved in the hydraulic formulations and the selection of empirical values
and constants, and partly because of the practical difficulties of selecting
discrete values for channel or flow characteristics to represent
characteristics that actually vary continuously in space. In these cases,
where the flow versus stream power relationship dominates the outcome, the
inherent uncertainties in the relationship and its thresholds are carried
through and reflected in a reduced confidence in the location of the mode of

the distribution of excess energy with flow.

For example, the effective discharge for the Tumut River pre regulation case
has been reported in Section 5.15 to be sensitive to the choice of boundary
movement threshold — a parameter that is difficult to estimate for cohesive
floodplain soils (Osman and Thorne 1988a; Osman and Thorne 1988b) (if in
fact it even remains a valid concept for such material). Figure 35 shows the
effect of different assumptions about the threshold of motion on the estimate
of effective discharge for the pre regulation case on the Tumut River. The

example shows that, depending on the relative characteristics of the
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probability density function for daily flows and the power curve (in
particular the choice of critical shear stress), the effective discharge can vary
substantially within a range of assumptions. In these circumstances, the
excess stream energy approach may not be sufficiently discriminatory to be
confident about the location of the mode of the excess energy distribution or
hence the estimated effective discharge. Note that in the Tumut case study
the sensitivity analysis shows that the effective discharge result is robust for

any critical shear stress less than 3 Nm-2.

Reported applications of the effective discharge concept that have relied on
measured data for sediment transport rather than hydraulic computations
based on characteristics of discrete cross sections (Andrews 1980; Andrews
1986; Andrews 1994; Andrews and Nankervis 1995; Batalla and Sala 1995;
Carling 1987; Leopold 1992; Webb and Walling 1982), can avoid some of
these difficulties because the measured data effectively integrate across
cross sections and avoid the inaccuracies inherent in the assumptions and

simplifications of the excess energy calculation.

The pre regulation case for the Snowy River provides a poor match between
estimated effective discharge and estimated bankfull channel capacity. This
mismatch has not been investigated in detail because of insufficient

information about bankfull conditions for the pre regulation channel.
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Figure 35 Illustration of the effect of different assumptions about
the threshold of motion on the distribution of excess energy with
flow for the pre regulation case on the Tumut River. Blue: critical
shear stress of zero, Black: critical shear stress of 2 N/sq m (adopted
value), Pink: critical shear stress of 5 N/sq m, Green: critical shear
stress of 10N/sq m. Estimated effective discharge varies from 85m3/s
to 135 m3/s over this range of values for critical shear stress.

122



7.5. Flood frequency and flow duration as models to predict
bankfull channel capacity

Flood frequency

As reported in Chapter 3, several investigators have attempted to find a
simple universal model that equates bankfull channel capacity to the
magnitude of a flood of a given recurrence interval. It is conceivable that this
may be a useful and valid concept within a very limited range of
circumstances. But by ignoring the duration of flows and any measure of the
interaction between flow and the channel boundary, the dominant
mechanisms of the fundamental physical processes are ignored and the
universality of any relation must therefore be severely compromised. For
instance, in the Tumut Case study, the peak annual series (Figure 36) shows
that pre Snowy floods were consistently higher (by a factor of around 2) than
post Blowering floods of the same recurrence interval. Using Dury’s (1973)
favoured 1.58 year recurrence interval (on the annual series), the pre Snowy
flood is 280 m3/s compared to a post Blowering flood of 140 m3/s. Despite the
1.58 year post Blowering flood being half the size of the pre Snowy flood, the
post Blowering channel is now larger than the pre Snowy channel. In this
case, a decrease in the 1.58 year flood has been associated with an increase

in channel size. The same result would be obtained using a partial series.
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Figure 36 Tumut River at Tumut. Log Pearson Type III fit to the
peak annual flow series for the period 1902 to 1996

For the Snowy River at Dalgety, flood peak discharges have also been

substantially reduced by the Snowy Mountains Scheme for recurrence

intervals of 20 years or less. The comparisons are shown in Table 5
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Table 5 Comparison of bankfull flow with the 1.58 year flood on the
peak annual series for case studies

Estimated 1.58 year
bankfull flow | flood on the
(m3/s) annual series
(m3/s)
pre Snowy 80 280
Tumut River at Tumut
post Blowering | 120 140
pre Snowy 230 290
Snowy River at Dalgety
post Snowy 0.5 46

In these cases, the change in magnitude of a flood of given return period is a

poor predictor of the change in channel size.

Flow duration as a predictor of channel capacity

Some authors have been more sympathetic to physical processes by

accounting for flow duration in their analyses instead of just peak flow. For

instance Nixon (1959) used flow frequency analysis to reach the conclusion

that the bankfull discharge was the discharge that was equalled or exceeded

for 0.6% of the time (based on a daily flow series). Table 6 summarises the

case study results in terms of cumulative flow frequencies from the daily

flow series.
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Table 6 Frequency of bankfull flow for case studies and examples

Estimated Frequency
bankfull flow | (% of time flow
(m3/s) is equalled or
exceeded)
pre Snowy 80 1.65
Tumut River at Tumut
post Blowering | 120 1.80
pre Snowy 230 1.13
Snowy River at Dalgety
post Snowy 0.5 32
Murray River at Doctors pre 1961 175 1.9
Point post 1961 290 1.4

Nixon’s (1959) value of 0.6% appears inapplicable to rivers in this region, but
there is nevertheless a degree of consistency in the results: five of the six
examples have bankfull discharge that is equalled or exceeded between 1%
and 2% of the time. This encourages a view that there may be some
consistency between the frequency of bankfull discharges at these sites;
perhaps not altogether surprising since their headwaters are adjacent and
they share similar climatic and geologic characteristics. (It may also be

noteworthy that the inconsistent figure is from the contracting channel.)

As a model of river behaviour, a direct relationship between flow duration
and channel capacity consolidates a number of physical processes. While it
may capture the essence of the processes that dictate channel size within a

region of similar hydrologic and geologic characteristics, the data do not
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support the model’s ability to represent the impact of changes in the flow

regime at a particular site.

For instance, the post regulation Snowy result indicates a bankfull flow that
is equalled or exceeded 32% of the time. This is at the extreme of the
Williams (1978) observations — not entirely unexpected as this is a most

unusual frequency distribution.

While flow duration may be a useful indicator of bankfull channel capacity
under sets of natural conditions, it is unlikely that flow duration alone can
account for channel response to flow regulation where major changes in the
characteristics of the flow duration relations are expected. For instance,
bankfull flow for the Murray site is now rarer following an increase in
channel capacity but at the Tumut site where channel capacity has also
increased, the bankfull flow is more frequent. The data support the
contention that a simple relationship between flow frequency and channel
size ignores some of the important physical interactions that are important
and is unlikely to be transferable between catchment scales nor is it likely to

be applicable following a major change such as flow regulation.

7.6. Use of “particle shear stress”

Another interesting outcome of the case studies relates to the use of a
particle shear stress computed from a velocity distribution instead of overall

average shear stress computed from pgRS.
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A comparison of the overall average shear stress and the particle shear
stress computed for the Tumut River case study shows that the overall
average shear stress is an order of magnitude greater than the particle shear
stress. The immediate physical explanation for this is that overall average
shear stress represents the sum of all the forces that are balancing gravity to
maintain steady flow, whereas the particle shear stress only reflects those
forces that are induced by particle-based roughness of the boundaries as

distinct from forces associated with form drag, bedforms, vegetation, etc..

The relative magnitude of this difference implies that energy spent as the
result of direct resistance at the particle scale is only a very small component
of overall energy expenditure. This has implications for the commonly used
flow resistance equations and casts significant doubt on the validity of
techniques (such as Manning — Strickler style equations) when used in
natural channels to estimate flow resistance coefficients directly from the

particle size characteristics of boundary materials.

Einstein and Barbarossa (1952) first addressed this issue in 1952. Petit
(1990) undertook a detailed analysis of the relationship between overall
average shear stress 7 and particle shear stress 7 in two natural channels.
He also found that 7 was only a small component of 7, but not as small as
the example above. In the riffle section of a meandering pebble bedload river
(the Rulles) and the gravelly section of another river (Rouge Eau) he found
that particle shear stress accounted for 30% of average shear stress. For
pools in the Rulles and for sand sections of the Rouge Eau this proportion
dropped to 15% with some instances as low as 2% depending on the

computation methods used. It is clear that there is a substantial difference
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between shear stress, 7y computed from the average grade line, S and shear

stress, 7 computed from average shear velocity U-.

It is instructive to note that the overall average shear stress (= pgRS)
calculated at the Tumut River bridge is consistently higher than the average
shear stress calculated at the pump station section, whereas particle shear
stress (7) is higher at the pump station than at the bridge section. This
results from the dependence of average shear stress calculations on depth
and the dependence of particle shear stress calculations on velocity so that
the shallower faster section has a high particle shear stress and a low
average shear stress and the deeper slower section has a low particle shear
stress and a high average shear stress. This may well be more of an artefact
of the computation than a true representation of reality. For instance, in the
comparison above, the computation for average shear stress has used a value
for slope that is averaged over several sections in an attempt to represent
uniform flow conditions, but a site-specific value for hydraulic depth. The
computation for particle shear stress has used a site-specific average velocity

and a site-specific hydraulic depth.

The distinction between particle shear stress and average shear stress, and
the observed difference between them, also raises doubts about the strict
applicability to natural river conditions of critical shear stress criteria that
have been developed and reported in the literature based on measured data
and observation in laboratory situations. For instance, in the Tumut case,
the critical shear stress for the bed (20mm particles) is estimated from

Equation 3 to be approximately 14 Nm-2. Using average shear stress, this
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value is exceeded at all flows above 2.5 m3/s — an unrealistic scenario. Using

particle shear stress gives a much more realistic result.

More work is needed before we can claim that the physical processes that
dictate the behaviour of the interface between the flowing water and the
boundary material in natural channels have been accurately represented . In
the meantime, the particle shear stress approach used here has a logical

basis and appears to give the more accurate results.
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8. CONCLUSIONS AND DISCUSSION

For the two case studies presented, a stream power based effective discharge
approach has successfully accounted for the change in channel capacity that
has been observed in the river downstream of a major series of dams and
diversions. In both cases, if the post regulation flow pattern were estimated
from historical records and dam operating rules, then the approach could
have been used to contribute to a prediction of the magnitude and direction

of the change in river channel capacity before flow regulation. However this

small sample represents two extremes of channel response, and further
detailed investigations are required to validate the approach. From the
work reported herein, it is concluded that a stream power based effective
discharge approach is a technique that is worthy of further development and

investigation by application to other case studies.

It is not claimed however that an excess stream power based effective

discharge approach is likely to provide a universal means of predicting

channel characteristics. A range of limitations is discussed below.
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8.1. The importance of physical processes in channel adjustment

An important outcome of this work is to emphasise that landscape evolution
in general and river channel change in particular only happens as the result
of physical processes. In a river, the fundamental processes are erosion and
deposition of material from or on the bed or banks in response to the
hydraulic characteristics of the channel and the properties of the bed and
bank. The channel will only adjust if a mechanism exists for the change to
take place. For example even if a change in flow pattern suggests that a
channel contraction will occur, this will not happen unless sediment,
vegetation or organic material is available to physically promulgate the
change. Likewise physical processes can also pre-empt or prevent channel

enlargement.

Despite the tendency toward anthropomorphism in some of the literature,
rivers do not have a will of their own, working conspiratorially toward a pre-
planned outcome. Instead, physical processes cause changes in river
channels. The physical interactions are driven by the combination of forces
to which they are exposed: their magnitude, their frequency and their
duration. The ongoing challenge in predicting response to change is to
construct a conceptual and quantitative model that is simple to use and
supply with data, while it adequately represents the essentials of the

complex combination of physical processes occurring through time.

A successful model will consolidate and simplify the processes as far as
practical while maintaining the essence of those processes to which the

outcomes are most sensitive. At one unsatisfactory extreme, all the possible
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processes might be lumped together to develop an empirical black box
representation of reality. At the other equally unsatisfactory extreme,
numerous individual physical processes are analysed, stylised and
represented indiscriminately in a model that becomes so complex that it
often fails to represent adequately the process or processes that are most

important in a given situation.

At our current stage of understanding of the complexities of physical
processes in rivers, it is important that analyses of river response avoid both
these extremes. If there is a universal law of river behaviour then we are yet
to discover it, and in the meantime both “cookbook” solutions and all-
encompassing models of river behaviour should be used cautiously with due

regard for the underlying physical processes.

This caution applies equally to the effective discharge proposition that has
been developed in this work. While the work suggests a potentially useful
new approach, the results of applying an effective discharge analysis should
always be interpreted cautiously and with due regard for the reality of the
physical processes that must actually promulgate any change. In particular
the effective discharge approach makes no allowance for the sequencing of

flows, the time scale of change or the recovery time from rare events.

8.2. Context and limitations of the excess stream power effective
discharge approach

The excess stream power effective discharge approach takes the flow

frequency model (Section 7.5) and introduces a further component that
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describes the likely channel response to each flow. Or, coming from the
other direction, it could be said that the effective discharge approach take
Brookes’s (1987) model that relates stream power and channel stability and
uses the flow frequency relationship to introduce a temporal component that
describes the duration of flows at each level of stream power. In either case
the effective discharge model still does not account for the effects of

sequencing of flows or time rates of channel response or recovery.

In the excess stream power effective discharge approach reported here, the
characteristic to be modelled is bankfull channel capacity. The physical
process considered most important is erosion from or deposition on the bed
and/or banks of the channel. This process has been represented in the
model by the simplified relationship between excess stream energy and flow

with an allowance for a threshold value for boundary material movement.

In the work by others discussed in Chapter 3, the size of the channel is
linked to the amount of sediment moving in the channel. In that case, the
flow frequency model is extended by further information about the
relationship between flow and sediment movement with the assumption that
the flow that moves the most sediment dominates the size and shape of the
channel. The effective discharge model has been shown to reflect reality best
in those cases where the relationship between flow and sediment movement
has been defined by field measurement. In those cases, the assumptions and
simplifications in the model are minimised by the use of measured data to
provide an empirical “black box” that consolidates all the processes of

hydraulics and interaction with the boundary material.
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In most real situations, in Australia at least, there is insufficient sediment
data to establish an effective relationship between sediment load and flow.
Furthermore, in supply limited situations, a stable relationship is unlikely.
Even if it were possible to establish a good relationship between sediment
load and flow in a given case, it will generally be inappropriate to use the
same relationship in a predictive situation where channel characteristics

and channel hydrology have changed.

In the excess stream power approach used in this work, the measured
relationship between flow and sediment flux has been replaced by a (largely)
theoretical relationship between flow and excess stream power. This more
theoretical approach substantially widens the applicability of the technique
by removing the requirement for detailed sediment data, but it involves
inevitable assumptions and simplifications about channel hydraulics and the
threshold of motion of bed and bank material. The universal applicability of
this model is restricted by the ability to model faithfully the processes of

channel hydraulics and boundary interaction because of:

* uncertainties in the formulation of the relations used in computation of

shear stress and hence stream power;

» lack of knowledge about the relationship between shear stress and
removal of material from the channel boundary (particularly for cohesive

material); and

» the inaccuracies involved in using a discrete set of values to represent

channel properties that vary continuously in space.
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8.3. Different effective discharges for different degrees of freedom
of the river channel

As reported in Chapter 3, most authors have considered that a channel has

only one effective discharge: the effective discharge for bankfull channel

capacity. In this section, the proposition that a channel can have many

effective discharges — one (or more) for each degree of freedom of the river

channel — is briefly revisited.

According to Hey, a river channel has nine degrees of freedom (Hey 1978):
width, mean depth, maximum depth, slope, sinuosity, meander arc length,
bedform height, bedform width and flow resistance. Each of these
characteristics can vary with time as the result of a complex interaction of
physical processes within the river channel. In this work it is proposed that
there is actually an effective discharge for each physical process taking place
in the channel leading to a suite of effective discharges applicable to the
characteristics of a channel, some more important and more influential than

others.

For instance, in the Tumut River case study, bed and bank material are
substantially different. The bed exhibits an armour layer of uncompacted
gravels with a median size of 20mm. The banks are typically cohesive silts.
It is unreasonable to expect that the flow will interact with these different
materials in the same way. However it is proposed that in both cases, the
interaction is dominated by the amount of available flow energy. As
described in Chapter 5 the difference in the response of bed and banks
derives from the different values of critical shear stress applicable to the two

materials.
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In the Tumut River Case Study, as reported in Chapter 5, two different
effective discharges are calculated for the same channel for the same period.
One effective discharge (for the banks) is a relatively frequent event and the
other (for the bed) is relatively rare. In this circumstance, is there an

effective discharge for bankfull channel capacity?

Strictly speaking, the answer to this question is no. There are different
effective discharges controlling each of a number of different channel
characteristics, all of which combine to determine bankfull channel capacity.
In the analysis however, the effective discharge for bank processes is shown
to be close to bankfull channel capacity for both pre and post regulation
conditions. In the Tumut case there is the additional complication that some
bed deepening and armouring was probably initiated by channel clearing
operations prior to flow regulation. A possible conclusion is that bank
processes have dominated channel adjustment in the Tumut River in recent

times.

The practical interpretation is that with an armoured bed, an increase in
channel width may be the only available channel response to a change in
streamflow pattern. Then the effective discharge calculated using bank
properties would also be the discharge that controls bankfull channel

capacity.

The same problem does not exist for the Snowy River case study. In the

depositional environment, the one process dominates both bed and bank

changes.
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8.4. Applications

Further development of this concept and in particular, recognition of the
importance, of geomorphic thresholds to the stream power based effective
discharge calculation, may contribute to an improved understanding of the
importance of flood and drought dominated regimes in channel evolution and
could contribute to the debate about the importance of “catastrophic” events

in landscape evolution.

The existence of different thresholds for different physical processes leads to
different effective discharges. For example depositional processes may build
in-channel benches up until a flow threshold is reached, beyond which the
bench is destroyed by erosion. Conceptually at least there may be a different
effective discharge for each of these processes: one that applies to the channel
with benches and one that applies to the channel without benches. Which
characteristics the channel exhibits at any time will then depend on the
actual historic sequence of flows, the time dependence of the process and the
recovery time of the system (Baker 1977),(Wolman and Gerson 1978),(Lewin

1989),(Kochel 1988),(Brookes 1987).

The excess stream power based effective discharge approach could be applied
to help to manage the environmental consequences of flow regulation by
contributing to predictions of the effect of possible release patterns on
downstream channel morphology. This has immediate relevance to
managing the impacts of regulated releases downstream of dams and river

diversions (Petts 1980a; Petts 1980b; Petts 1982; Petts and Lewin 1979).

138



BIBLIOGRAPHY

Ackers, P. (1992). "Canal and river regime in theory and practice: 1929-
1992." Proceedings of the Institution of Civil Engineers, Water, Maritime and

Energy. Gerald Lacey Memorial Lecture: 167-178.

Ackers, P., and F.G. Charlton (1970). "Meander geometry arising from

varying flows." Journal of Hydrology 11: 230-252.

Ackers, P., and W. White (1973). "Sediment transport: new approach and
analysis." Journal of the Hydraulics Division, Proceedings of the American

Society of Civil Engineers 99, no. HY11: 2041-2060.

Andrews, E. (1984). "Bed-material entrainment and hydraulic geometry of
gravel bed rivers in Colorado." Geological Society of America Bulletin 95:

371-378.

139



Andrews, E.D. (1980). "Effective and bank full discharges of streams in the
Yampa River Basin, Colorado and Wyoming." Journal of Hydrology 46: 311-

330.

Andrews, E.D. (1986). "Downstream effects of Flaming gorge Reservoir on
the Green River, Colorado and Utah." Geological Society of America Bulletin

97: 1012-1023.

Andrews, E.D. (1994). "Marginal bed load transport in a gravel bed stream,

Sagehen Creek, California." Water Resources Research 30, no. 7: 2241-2250.

Andrews, E.D., and J.M. Nankervis (1995). "Effective discharge and the
design of channel maintenance flows for gravel bed rivers." In Natural and
Anthropogenic Influences in Fluvial Geomorphology, ed. J.E. Costa, A.dJ.
Miller, K.W. Potter, and P.R. Wilcock, Geophysical Monograph 89, 151-164.

Washington: American Geophysical Union.

Ashmore, P.E., and T.J. Day (1988). "Effective discharge for suspended

sediment transport in streams of the Saskatchewan River Basin." Water

Resources Research 24, no. 6: 864-870.

Bagnold, R.A. (1966). An approach to the sediment transport problem from

general physics. : U.S. Government Printing Office, Washington.

Baker, V. (1977). "Stream-channel response to floods, with examples from

central Texas." Geological Society of America Bulletin 88: 1057-1071.

140



Baker, V., R. Kochel, and P. Patton (1988). "Introduction to Part III: Floods,
climate, landscape." In Flood Geomorphology, 167-168. New York, New York:

John Wiley and Sons.

Batalla, R., and M. Sala (1995). "Effective discharge for bedload transport in
a subhumid Mediterranean sandy gravel-bed River (Arbucies, north-east
Spain)." In River Geomorphology, ed. E. Hickin. New York, New York: John

Wiley and Sons.

Benson, M.A., and D.M. Thomas (1966). "A definition of dominant
discharge." Bulletin of the International Association of Scientific Hydrology

11: 76-80.

Biedenharn, D.S., C.D. Little, and C.R. Thorne (1987). "Magnitude and
frequency analysis in large rivers." A paper delivered at Hydraulic

Engineering - 1987,

Blench, T. (1957). Regime behaviour of canals and rivers. London:

Butterworth Scientific Publications.

Brizga, S.0., and B.L. Finlayson (1992). The Snowy River sediment study:
investigation into the distribution, transport and sources of sand in the
Snowy River between Lake Jindabyne and Jarrahmond. Melbourne: Victoria

Department of Water Resources, 81.

Brookes, A. (1987). "The distribution and management of channelized

streams in Denmark." Regulated Rivers, Research and Management 1: 3-16.

141



Bucinskas, J. (1995). Hydraulic - geomorphic assessment of the Tumut River.
Sydney: Department of Land and Water Conservation, Technical Services

Division, River Management Branch, TS 95.070.

Buffington, J.M., and D.R. Montgomery (1997). "A systematic analysis of
eight decades of incipient motion studies, with special reference to gravel-

bedded rivers." Water Resources Research 33, no. 8: 1993-2029.

Carling, P.A. (1987). "The concept of dominant discharge applied to two
gravel-bed streams in relation to channel stability thresholds." Earth

Surface Processes and Landforms 13: 355-3617.

Davis, J.A. (1997). "Catchment management for the control of sediment
delivery : the case of the Eppalock catchment, Victoria." Ph.D., University of

Melbourne.

Dury, G.H. (1961). "Bankfull discharge: an example of the statistical
relationships." Bulletin of the International Association of Scientific

Hydrology 6, no. 3: 48-55.

Dury, G.H. (1973). "Magnitude-frequency analysis and channel

morphometry." A paper delivered at Fluvial Geomorphology, Binghamton,

New York, 27-28 September 1973.

Einstein, H.A., and N.L. Barbarossa (1952). "River channel roughness."

Transactions of the American Society of Civil Engineers 117: 1121-1146.

142



Engelund, F., and E. Hansen (1967). A monograph on sediment transport in

alluvial streams. Copenhagen: Technical University of Denmark.

Erskine, W.D., I.D. Rutherfurd, J.J. Sherrard, and J.W. Tilleard (1993).
River Murray and anabranches between Hume Dam and Lake Mulwala.
Investigation of river channel changes. Final Draft. Wangaratta. Victoria:
Tan Drummond and Associates Pty Ltd for Murray Darling Basin

Commission.

Erskine, W.D., I.D. Rutherfurd, and J.W. Tilleard (1990). Fluvial
geomorphology of tributaries to the Gippsland Lakes. Wangaratta, Victoria:
Tan Drummond and Associates Pty Ltd for Department of Conservation and

Environment.

Erskine, W.D., and J.W. Tilleard (1997). Formative processes of alternating,
bank-attached side bars and associated pool-riffle sequences on sand-bed
streams similar to the Snowy River at Jarrahmond, Victoria. : Victoria

Department of Natural Resources and Environment.

Gippel, C.J., I.C. O'Neill, and B.L. Finlayson (1992). The hydraulic basis of

snag management. : University of Melbourne, Centre for Environmental

Applied Hydrology.

Harvey, A. (1969). "Channel capacity and the adjustment of streams to

hydrologic regime." Journal of Hydrology 8: 82-98.

143



Hey, R.D. (1978). "Determinate hydraulic geometry of river channels."
Journal of the Hydraulics Division, Proceedings of the American Society of

Civil Engineers 104: 869-885.

Hey, R.D., and G.L. Heritage (1988). "Dominant discharge in alluvial

channels." A paper delivered at Fluvial Hydraulics 88, Budapest, May 1988.

ID&A Pty Ltd (1995). Whole of catchment investigation. Sale, Victoria:

Snowy River Improvement Trust.

Inglis, C.C. (1947). "Meanders and their bearing on river training."

Institution of Civil Engineers, Maritime and Waterways Division meeting .

Inglis, C.C. (1949). "The effect of variations in charge and grade on the
slopes and shape of channels." A paper delivered at International

Association for Hydraulic Research, 3rd Congress, Grenoble,

Kennedy, R.G. (1895). "The prevention of silting in irrigation canals."

Proceedings of the Institution of Civil Engineers 119: 281-290.

Kochel, R. (1988). "Geomorphic impact of large floods: Review and new
perspectives on magnitude and frequency." In Flood Geomorphology, ed. V.
Baker, R. Kochel, and P. Patton, 169-187. New York, New York: John Wiley

and Sons.

144



Komura, S. (1969). "Computation of dominant discharge." A paper delivered
at 13th Congress of the International Association for Hydraulic Research,

Kyoto, Japan, August 31 - September 5, 1969.

Lacey, G. (1929). "Stable channels in alluvium." Minutes of the Proceedings

of the Institution of Civil Engineers 229: 259-292.

Lacey, G. (1933). "Uniform flow in alluvial rivers and canals." Minutes of the

Proceedings of the Institution of Civil Engineers 237: 421-.

Lane, E.W. (1955). "Design of stable channels." Transactions, American

Society of Civil Engineers 120: 1234-1261.

Lane, E.W. (1957). "A study of the shape of channels formed by natural
streams flowing in erodible material." United States Corps of Engineers,

Army Engineering Division, M.R.D. Sediment Series No. 9. .

Laursen, E.M. (1958). "The total sediment load of streams." Journal of the
Hydraulics Division, Proceedings of the American Society of Civil Engineers

84: 1150.

Leopold, L.B., Miller, J. (1964). Fluvial processes in geomorphology. San

Francisco: Freeman.

Leopold, L.B. (1992). "Sediment size that determines channel morphology."
In Dynamics of Gravel Bed Rivers, ed. P. Billi, C.R. Hey, C.R. Thorne, and P.

Tacconi, 287-311. New York: John Wiley & Sons Ltd.

145



Leopold, L.B. (1994). A view of the river. Cambridge, Massachusetts:

Harvard University Press.

Lewin, J. (1989). "Floods in fluvial geomorphology." In Floods: hydrological,
sedimentological and geomorphological implications, ed. K. Beven and P.

Carling, 265-284. New York, New York: John Wiley and Sons.

Lindley, E.S. (1919). "Regime Channels." A paper delivered at Punjab

Engineering Congress,

Lyons, J.K., M.J. Pucherelli, and R.C. Clark (1992). "Sediment transport and
channel characteristics of a sand bed portion of the Green River below
Flaming Gorge Dam, Utah, USA." Regulated Rivers: Research and

Management 7: 219-232.

Marlette, R.R., and R.H. Walker (1968). "Dominant discharges at Platte-
Missouri confluence." Journal of the Waterways and Harbours Division,

Proceedings of the American Society of Civil Engineers 94, no. WW1: 23-32.

Meyer-Peter, E., and R. Muller (1948). "Formulae for bed load transport." A

paper delivered at I.A.H.R. second meeting, Stockholm,

New South Wales Department of Land and Water Conservation (1995).

Proposed Tumut River Management Works, Review of Environmental

Factors. : Floodplain Studies Unit, T'S95.065.

146



New South Wales Department of Land and Water Conservation (1996a).

"Pinneena: New South Wales surface water data archive." . Sydney.

New South Wales Department of Land and Water Conservation (1996b).
Tumut River Management Strategy 2000. Sydney: Floodplain Studies Unit,

TS 95.071.

New South Wales Department of Land and Water Conservation, Victoria
Department of Conservation and Natural Resources, and Snowy Mountains
Hydro Electric Authority (1996). Snowy River downstream of Lake

Jindabyne: Environmental flow scoping study. .

New South Wales Department of Water Resources (1991). Tumut River.
Background study to a management strategy. Sydney: River Management

Branch. Confidential Draft, TS 94.047.

Nixon, M. (1959). "A study of the bank-full discharges of rivers in England

and Wales." Proceedings of the Institution of Civil Engineers 12: 157-.

Nolan, K.M., T.E. Lisle, and H.M. Kelsey (1987). "Bankfull Discharge and
Sediment Transport in Northwestern California." A paper delivered at
Erosion and Sedimentation in the Pacific Rim, IAHS Publication No. 165.

International Association of Hydrological Sciences,, Washington, DC.,

Osman, A.M., and C.R. Thorne (1988a). "Riverbank stability analysis I:
Theory." Journal of the Hydraulics Division, Proceedings of the American

Society of Civil Engineers 114, no. 2.

147



Osman, A.M., and C.R. Thorne (1988b). "Riverbank stability analysis II:
Applications." Journal of the Hydraulics Division, Proceedings of the

American Society of Civil Engineers 114, no. 2.

Parker, G., P.C. Klingeman, and D. McLean (1982). "Bedload and size
distribution in paved gravel-bed streams." Journal of the Hydraulics
Division, Proceedings of the American Society of Civil Engineers 108: 544-

571.

Petit, F. (1990). "Evaluation of grain shear stresses required to initiate
movement of particles in natural rivers." Earth Surface Processes and

Landforms 15: 135-148.

Petit, F., and A. Pauquet (1997). "Bankfull discharge recurrence interval in

gravel bed rivers." Earth Surface Processes and Landforms 22: 685-693.

Petts, G.E. (1980a). "Long-term consequences of upstream impoundment."

Environmental Conservation. .

Petts, G.E. (1980b). "Morphological changes of river channels consequent

upon headwater impoundment." Inst. Water Eng. Sci., 374-382 .

Petts, G.E. (1982). Channel changes in regulated rivers Papers in Earth
Studies - Lovatt Lectures - Worcester, ed. B.H. Adlam, C.R. Fenn, and L.

Morris. Norwich: Geo Books.

148



Petts, G.E., and J. Lewin (1979). "Physical effects of reservoirs on river
systems." In Man's Impact on the Hydrological Cycles in the United

Kingdom, ed. G. Hollis, 79-91. Norwich.

Pickup, G. (1976). "Adjustment of stream channel shape to hydrologic

regime." Journal of Hydrology 30: 365-373.

Pickup, G., and R.F. Warner (1976). "Effects of hydrologic regime on
magnitude and frequency of dominant discharge." Journal of Hydrology 29:

51-75.

Prins, A., and M. de Vries (1971). "On dominant discharge concepts for
rivers." A paper delivered at 14th Congress of the International Association

of Hydraulic Research.,

Rhoads, B. (1987). "Stream power terminology." Professional Geographer 39,

no. 2: 189-195.

Schaffernak, F. (1922). Neue Grundlagen fur die Berechnung der

Geschiebefuhrung in Fluszlaufen: Leipzig und Wien, Franz Deuticke.

Schumm, S.A. (1973). "Geomorphic thresholds and complex response of
drainage systems." A paper delivered at Fluvial Geomorphology,
Proceedings of the 4th Annual Geomorphology Symposium, Binghampton

NY,

149



Shields, A. (1936). Application of similarity principles and turbulence
research to bed-load movement. Pasadena: US Soil Conservation Service

Cooperative Laboratory, California Institute of Technology.

Snowy Genoa Catchment Management Committee (1996). Expert panel

environmental flow assessment of the Snowy River below Jindabyne Dam. .

Snowy Mountains Authority (1958). Preliminary Investigations of the

Conditions of the Lower Tumut River. Cooma.

Snowy Mountains Council (1991). Long term operation of the Snowy
Mountains Scheme. Tumut River works. Cooma: Snowy Mountains Council

Investigations Committee.

Snowy Water Inquiry (1998). "http://www.snowywaterinquiry.org.au." , 1998:

Infostore.

Terrazzolo, N. (1990). "Hydrogeomorphic impacts of the Snowy Mountains
Hydro-Electric Scheme on the Snowy River." unpublished BSc thesis,

University of New South Wales.

Tilleard, J.W. (1980). "Data requirements for analysis of river response and

stability." Degree of Master of Science, Colorado State University.

Vanoni, V.A,, ed. (1975).Sedimentation Engineering. Vol. 54, ASCE -
Manuals and reports on engineering practice. New York: American Society of

Civil Engineers.

150



Velikanov, M.A. (1954). "Gravitational theory of sediment transport.”

Journal of Science of the Soviet Union, Geophysics 4, no. (in Russian).

Wang, S.S.Y. (1991). "On the recent advances of computational modelling of
alluvial rivers." A paper delivered at Computer Methods in Water Resources
II. Proceedings of the 2nd International Conference on Computational

Methods in Water Resources, Southampton, England,

Webb, B., and D. Walling (1982). "The magnitude and frequency
characteristics of fluvial transport in a Devon drainage basin and some

geomorphological implications." Catena 9: 9-23.

White, C.M. (1940). "The equilibrium of grains on the bed of an alluvial
channel." Proceedings of the Royal Society of London 174, no. Series A: 332 -

338.

Williams, G.P. (1978). "Bankfull discharge of rivers." Water Resources

Research 14, no. 6: 1141-1154.

Wolman, M., and R. Gerson (1978). "Relative scales of time and effectiveness

of climate in watershed geomorphology." Earth Surface Processes and

Landforms 3: 189-208.

Wolman, M.G., and J.P. Miller (1960). "Magnitude and frequency of forces in

geomorphic processes." Journal of Geology 68: 54-74.

151



Woodyer, K.D. (1968). "Bankfull frequency in rivers." Journal of Hydrology

6, no. 2: 114-142.

Yang, C.T. (1972). "Unit stream power equation and sediment transport."
Journal of the Hydraulics Division, Proceedings of the American Society of

Civil Engineers 98, no. HY10.

Yang, C.T. (1996). Sediment transport: theory and practice: McGraw-Hill.

152



University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Tilleard, John W.

Title:
River channel adjustment to hydrologic change

Date:
2001-04

Citation:
Tilleard, J. W. (2001). River channel adjustment to hydrologic change. PhD thesis,
Department of Civil and Environmental Engineering, The University of Melbourne.

Publication Status:
Unpublished

Persistent Link:
http://hdl.handle.net/11343/38781

File Description:
River channel adjustment to hydrologic change

Terms and Conditions:

Terms and Conditions: Copyright in works deposited in Minerva Access is retained by the
copyright owner. The work may not be altered without permission from the copyright owner.
Readers may only download, print and save electronic copies of whole works for their own
personal non-commercial use. Any use that exceeds these limits requires permission from
the copyright owner. Attribution is essential when quoting or paraphrasing from these works.



	Front
	Abstract
	Acknowledgements
	Contents
	List of tables
	List of figures
	Chapter 1 Introduction
	Chapter 2 The effective discharge
	Chapter 3 Applications
	Chapter 4 Effective discharge 
	Chapter 5 Application of a stream power
	Chapter 6 Application of a stream power
	Chapter 7 Some implications
	Chapter 8 Conclusions
	Bibliography



