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ABSTRACT
This thesis concerns itself with *he nature and investigation of
large scale flow features. A large portion of the thesis is
devcted *o review, criticisme and organization of the relevant
literature, most of which cccurs in disciplines outside of
fluvial geomorphology. Due to the type of data collected, 'large
scale flow features' were defined operationally to include
scales occurring be*ween channel depth and a fevw multiples of
channel width,

Lengthy speed records {(varying from 20 mirutes to one
hour), sampled once per second, were collected in two local
gravel bed rivers, the North Aloue+te and Squamish, All series
were collected with an 0Ott dynamo current meter. Records were
later subjected to probability, spectral and rescaled range
analysis.

The analy*ic procedures chosen were not conducive %o
investigating the internal behavior of the series. As a result,
emphasis was placed on using the li*erature review to generate
hypotheses concerning qross series behavior under differen+
channel conditions. The hypotheses were tested by comparing
results obtained under differiiug channel size, discharqge axzd
local bed topography conditions,

Problems in adequately resolving the lowest and highest

frequency parts of the series limit the confidence placed 1n the
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conclusions, However, the results of analysis suggest that
spectral behavior a« large scales 1s fairly invariant under the
range of chanrel sizes considered. Additionally, the behavior of
some sSeries measures suggest that large scale flow behavior is

influenrnced by local channel bed topography.
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I. INTRODUCTION

Introducztion

In any gereral approach to turbulent flows (which includes
all opern channel flows) the flow may be considered to be
composed of two independent parts; a mean part and a fluctuating
part (this is the Reynolds decomposition; see Tennekes and
Lumley, 1972).

Traditional engineerinqg approaches “o the problems of
fluvial processes (see Chow, 1359; Hendersor, 1366) concentrate
on problem solving based on 'mean' flow guantities. Hence in
Henderson (1366) the bulk of the hook is devoted to the enerqgy
and momentum eguations of the mean flow and to generai
formulations of empirical resistance equations. This approach
takes little or no account of the fluctuating flowv componert.

However, the solution of certain problems appear *o be
fairly intractable *o this type of approach; notably initiation
of sediment transport (particularly vibration of gravel
particles; see Sutherland, 1367) and subsequent transport and
bed deformation. It these general cases investigation of the

interaction of fluctuating components and bed materials appears



to hold more promise of solution than mean flow approaches.
Similarly, an arqument may be made for the importance of
fluctua*ing quantities a*t the largest deformation scales?!; that
is *he semi-cohkerent bed or planform fluctuvations of meandering
channels. By simple analogy, it may be worthwhile to undertake
investigation of fluctuating flow components at similar scales.

This idea of fluctuating enerqgy at a variety of scales
being impor*ant in fluvial processes is hardly original with
this thesis. In fact, investigations of velocity fluctuations
have been carried out at these disparate scales (those related
to bed material sizes and those related to planform variatior)
for a number of years, though it is not unfair to say,
investigations in natural channels have beer few in number
compared to those in laboratory flows. Similarly, investigations
of small scale velocity fluctuations have domina*ed those at
larger scales.

Pluctuations at small scales are generally referred to as
‘turbulence' and there exists a well-defined experimental and
*theoretical body of literature. Some experimental papers
describing the larger scale components in natural rivers (MclLean
and Smith, 1979 and atmospheric flows (eg., Kaimal et al, 1972)

exist but no general body of theory is presently available.

'Scale is used here in the general meteorological sense (Fiedler
and Panofsky, 1970), a time scale is an average period ard a
Spatial scale is an average wavelength




Several problems immediately appear when attempting to view
the relationship between these fluctuating flow and bedfornm
scales., Firs*+, the relationship between flow and bedform
elements is complex at any scale and certainly is not anywhere
near understood at present, In many cases, as 1h separation
eddies, the relatior between the bedform element and the
fluctuating flow component appears *to be mediated by variations
in the mean flow structure related to the presence of the bed
element, Additionally, alterations in *the organization of bed
elements are accomplished through increases in flow rate, which
affect the structure of the mean and (possibly) the fluctua<+ing
components, These comments indicate that it will be extremely
difficult to simply describe flow and bed element relations.

There are also problems that are unique *to investigation of
large scale components, In the case of relatively small scale
fluctuating components generated by bed roughness elements, once
a sensor is a few roughness 'wavelengths' above the bed the
source appears to be continuous and the statistical properties
of the fluctuating component vary only at right angles to the
bed (Rouse, 1963).2 Similar comments may not be true for the
large scale structure and results may be influenced by the
relative positions along the channel of the sensor and the
serially isolated generating elements (this is to say, that
2This excludes downstream variation due to the larger

superimposed bed elements, Equilibration of the small scale
fluctua+ting components to these variations is fairly rapid.



flows are seldom deep compéred to macroscale wavelengths). This
will be discussed in more detail in Chapter VII,

Notwithstanding the above comments, one of the objectives
of this thesis remains to attempt to investigate the effect of
large scale roughness eleaments on the large scale velocity
fluctuations, However, as pointed out previously, there is no
body of 'theory' for these fluctuations in rivers, and to my
knovledge, even no summary of the relevant literature. A
necessary first step becomes comparison and evaluation of
expressed ideas about the nature of these large scale
fluctuating velocity components, A second step, then, is an
attempt to integrate these ideas into the measurement and
analytic context of this thesis. Since investigation for this
thesis has proceeded by collecting data suitable for time series
analysis these ideas must be evaluated in the context of serial
analytic techniques such as speétrél or rescaled range analysis.
This evaluation forms the bulk of the material of Chapter I.

This can be put into a somewhat more specific fora,
Statements concerning these features often invoke
'*quasi-periodic', 'periodic' or 'intermittent' flow processes,
This chapter reviews what these terms mean for the types of
neasurenents collected and their implications for the type of
analysis carried out in later chapters.

Also, since the scales considered in this thesis and those

of turbulence overlap, it is not only necessary to attempt to



defire boundaries to the *erm 'large scale', but also to
integrate ideas in the area of overlap. Consequently, concepts
and analytic techniques from turbulence literature will ke

summarized. Much of this will be accomplished in Chapter II.

Rationale and Context

This thesis grew out of interest in turbulence structure in
rivers and particularly out of an interesz in the relation
bet ween flow structure and bedforms. The whole of this topic
(flow structure and bedforms) can not be studied in the context
of a Masters thesis and this thesis represents an investigation
of one part of one approach to this topic.

One possible approach to the study of flow structure and
bedforms is to develop a hierarchial model of bedforms and
associated flow processes, (notably Popov, 1364; Jackson, 1375,
1977; Nowell, 1975), This discussion follows Jackson (1977), For
sard bed charnels, the hierarchy usually relates the smallest
forms, microforms (ripples and parting lineations) to inner
layer structure in the flow {such as streak spacing; see Kim et
al, 1971). The second level of the hierarchy, fluvial mesoforms,
including dunes and large-scale lineations, are related to
quasi-deterministic fprocesses such as those associated with
bursting (see Kim et al, 1371; this thesis, pr. 8). These
fluvial mesoforms generally scale with channel depth or boundary

layer thickness, or in a more dynamic sense, macroscale length



(Nowell, 1375). The mean period between bursts also scales with
gross flow parameters (Rao et al, 1371; Laufer and Narayanan,
1371,

The largest bedforms, fluvial macroforms, include point
bars, alternating bars, and the pool and riffle sequence.
Jackson's commerts on the relation of these features to
macroscale flow features are somewhat confusing. He states that
these features tend to be in response to long term hydrological
conditions and scale with channel width (see Leopold Wolman and
Miller, 1964), He further goes on to state that the flow
features associated with these macroscale forms include
helicoidal flow and to quote (pp. 16):

..."obscure long-period oscillations in flow

velocity",..

The implications of this differentiation between associated
and causative flow processes are interesting. The first
implication is that this implies a viewpoint which accepts that
flow processes measured over relatively long time periods (i.e,
of the order of an hour) car be accepted as being produced by
the largest scale roughness in the river, since the periods of
change of these largest elements are extremely long compared to
macroscale time scales, Secondly, this view suggests that flow
processes that occur when these largest elements are being
formed or altered (i.e., when bedform and flow are interacting)

may be very different from those measured at lower channel



stages, indicating that most long term velocity records that
have been collected to date may provide no information on the
relation between macroscale form and flow processes. At present
the effect of changing discharge is unknown. This will be
discussed further in Chapter VII.

This three-staqge classification where inner layer
thickness, channel depth and width are the major scaling
parameters may no* be appropriate for all bedforms. As Jackson
(1977) points out many bar +ypes associated with gravel bed
charrels (braid, spool, linquoid, etc.) show both mesoformal and
macroformal traits,

Perhaps more important, though is the fact that the same
litary of processes and forms does not occur in gravel bed
rivers, While 1lip service is usually paid to this fact, serious
consideration is often not.

Oon the microscale, ripples and other small scale features
do not appear and instead microscale roughness is expressed by
the distribution of dominant gravel particles. Similarly, flow
processes differ. The inner layer does not exis* as an unbroken
sheet and flow processes near the boundary are dominated by wake
shedding around dominant three dimensional particles and
vor+icity amplification and wake interaction due to these same
particles (Nowell, 1975),

Similarly differences appear to exist in the reqgion of the

mesoscale, While some mesoscale bed features such as dunes



appear *to exist in gravel rivers (Galay, 1967) they are by no

Reans as commor nor do they appear *o behave in a similar

marner, The limited information available seems to suggest that

dune wavelength does not increase with increasing depth

indicating differing relations between flow features and fornms

than occur in sand bed channels.

Bursting3 is generally associated only with smooth

boundaries (Jackson, 1375; which is to say *that roughness

heights are less than inner layer thickness or of the order of a

few millimetres for geophysical flows) and the relevance of

bursting phenomena over rough boundaries and at large Reynold's

numkers has not been established (Laufer, 1975).

Bullock, Cooper and Abernathy (1978) suggest *hat the

Viscous sublayer eruption model is inadequate to explain large

eddies observed in pipe flow at high Reynold's numbers. k

Similarly, investigation of low frequency velocity records

(Reynold's stress component) by McLean and Smith (1380)

collected in the Columbia River showed no evidence for

3Bursting is recognized as a quasi-de*terministic sequence of
events that reoccur randomly in space with some observable mean
period, in boundary layers (Laufer, 1375). The process includes
several events: namely, lifting of a low speed streak from the ;
wall, oscillatory growth of the structure and chaotic 4
fluctuation called breakup (Kim et al, 1971)., Other studies
(Corino and Brodkey, 1369; Nychas et al, 1373) describe
different and non-compatible series of events. Bursting is a
Process of intermittent turbulent production and in geophysical
flows is recognized by large intermittent excursions of the
Reynolds' stress time series above the mean or indicated by
larqge kurtosis of the normalized u'vw' distribution.
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intermit+tent turbulent production.

While *he existence of bursting a* large Reynold's numbers
is unclear, the rough boundary case is equally so.
Investigations of bursting over rough boundaries in laboratory
flumes consist of one paper; Grass (1371). His results doc not
settle the issue since only two of the flow structures normally
associated with bursting (ejection and inrush) were identified,
Grass further suggests that (pp. 252)

",,.different dominant modes of instability miqpt
prevail for Jdifferent boundary roughness conditions."

No evidence is available for the existence of bursting phenomena
at hiqhk Reynolds numbers over rough boundaries.

The foreqoing suggests that bursting is not ubiquitous in
geophysical flows (McLean and Smith, 1373) and that the
conclusions of visual research are not extendaktle %o qébhysical
flows over rough boundaries at large measurement scales and
larqge y+ distances from *the boundary (Ecklemann, 1374;
intermittency is no longer observable pas*t y+ = u*y/v > 200,
where v/u* is a length scale characteristic of the inner layer).

Other intermit*ent processes may exist in the mesoscale range in

gravel ped rivers and these will be discussed later,

Lit+le is known (excluding bar types) of the Jifferent
macroforms occurring in sand and gravel bed rivers, One form
that may occur only in gravel bed rivers is the scour hole

(Neill, 1969) though its existence may be more of a result of




irnteractior be*ween planform river behavior and valley
Properties than due to *he type of bed IZoughness. Observations
of this feature are limited (Neill, 1369; this thesis, Chapter
V)«

With the above differences in mind it is perhaps easiest to
think of the flow/bedform hierarchy in gravel channels as being
composed of two parts; a microscale part including dominant
roughness elements and associated flow processes and a
macroscale part including large and intermediate scale bedfornms
and flow processes.*® The micro and macroscales can probatly be
separated somewhere near the lower limit of the turbulent range,

Jackson (1977) does not suggest any connection between
these flow processes a*+ different scales; however, it seenms
likely from the superposition of bedforms that these various
idertified scales exist in the flow at the same time. Nowell
(1975) has suggested a hierarchy of interacting flow
instabilities for gravel bed rivers. In this hierarchy, it is
suggested that 'internal waves' in the flow may trigger
instability at local scales (where this instability may persist
through a complex interaction between the local and larger
scales; see Mollo-Christensen, 13971) which produces flow
reqularities, Adjustmern+*t of *he bed to these flow reqularities

may produce bedform periodicities which in turn sustain the

*Macroscale will now be used to refer simply to scales larger
*han channel depth rather than Jackson's sense of the ternm.

10



'internal waves' and produce bed reqularities over wider dreas.

Very little is known of these non-linear interactions
bet ween widely different scales in the flow. In fact,
investigation has generally proceeded by examining the elements
of *he bedform/flow process hierarchy separately., At this pcint
rela*ively detailed knowledge is available about meso and
microscale flow processes (for sand bed channels and laboratory
flumes) and abou+ relations between meso and microscale
structure and some bed elements, However, little investigation
has been undertaken of flow processes classifiable as
macroscale. This thesis, then, intends to experimentally
investigate these macroscale flow phenomena in gravel bed
rivers,

The literature concerned directly with this topic is very
small and that concerned with the investigation of the
Probabilistic or frequency structure of macroscale flow
Phenomena in gravel bed rivers is virtually non-existent.
However, *his general *ype of investigation is fairly comaon
under other corditions,

A large body of work collected in atmospheric flows
concerning 'turbulence' beyond the low frequency limit of the
inertial subrange (see Monin and Yaglom, 1375b for a summary;
also Panofsky and Busch, 1969; and Kaimal et al, 1971 for
experimental results) is useful for comparative purposes arnd

general information on analytic and data collection techniques.

11



Similarly, a body of work exists concerning investigation of
coherert flow structures and universal spectral scaiing for
lakoratory flows under the general heading of fluid mechanics.,
Again, some of these results are useful for the purposes of
comparison,

Addi*tionally, some techniques used for the study of
velocity records in this thesis (notably rescaled range
analysis) are used extensively in unrelated fields such as
hydrology. While the specific results are of no poteatial use,
the general conclusions on the nature of the probability
structure of time series are.

Finally, results of spectral investigations of time series
collected in sand bed rivers are available (notably MclLean and
Smith, 13977; Grinval'd, 1972; Nordin et al, 1372; and Yokosi,
1967) . These results are ex*remely useful for comparison with
this thesis and will form part of the basis of the conclusions,

Other approaches to the determina*ion of frequency
structure of macroscale flow phenomena (notably, moving average
techniques) will be considered and results will be reported here
and con+rasted with the results of spectral investigqations,

As has been pointed out in preceding paragraphs, the
information pertaining to this topic is scattered over a wide
range of disciplines; in fact, all disciplines that consider the
rature of fluid flow. Conseguently, terminology is not

standardized across these disciplines or even within them.

12



Additionally, general words in usage often have a very different
meaning attached in +the contex:t of some discigpline,

As a resul%, i* is necessary in this thesis to decide on arn

I

appropriate term and description for what up until now has Leen
called 'macroscale flow phenomena'’, It is also necessary to
provide operational definitions and boundaries for the topic
under consideration; not only *o limit the amount of material
considered in this thesis, but also to provide a guide to field
work and velocity sampling.

There are obviously numerous ways to develop terminology
and definitions. This thesis proceeds through a subchapter
called *'Some Ideas Related to Macroscale Flow Features'. In this
subchapter a review is provided of some ideas about the nature
of macroscale flow phenomena with some explanation and
comparisons cf terminology. This subchapter is not designed to
be exhaustive of information about these flow phernomena,
However, it is meant to introduce some ideas about the topic
tha* will be useful in this introductory chapter.,

One additional point needs to be mentioned before
proceeding to the body of this chapter; this is the problem of
using terminology and concepts that are unfamiliar to fluvial
gecmorphologists despite being common currency in other
disciplices,

This problem has been dealt with in several ways. First,

Chapter II provides a brief and simplistic review of somne

13



classic turbulence parameters that are used in *his thesis.
Secord, where it does not interrupt narrative flow terminology
is explained when it is first encountered or an attempt is made
to refer to an appropriate section of this thesis for more
detail, Footnotes have been used extensively to provide
targential material.

This *thesis does not attempt to fully expiain or derive
material borrowed from *the literature. Hence, for instance,
there is no theory or derivation of spectral analysis since this
technique is so common that providing a full explanation is as

redundant as explaining standard regression analysis.

——— i e

This thesis is exploratory in nature. Consequently, a great
deal of emphasis is placed on review, criticism and organization
of relevant literature. However, the detailed objectives of the
thesis are:

1. to measure macroscale flow structure in two gravel bed
rivers and investigate properties of the velocity records
collected using frequency and probabilistic statistical
techniques. Cross-comparison of results from these two
channels will form the bulk of the conclusions.

2. to compare results of measurements made in this thesis with
other measurements collected under different boundary and

flow conditions., Since other results are often presented in

14



different forms and detailed information on channel and flow
characteristics are not available, these comparisons must of
necessity be of the grossest kind. However, it is felt, that
this type of gross comparison is acceptable for a first
order look at this material.

3. to outline research methodologies useful for further

investigation of these phenomena

Some Ijeas Related to Macroscale Flow Phenomena

I an invited address *o the Firs% Midvwes*tern Conference on
Fluid Dynamics (May, 1950), Hugh L. Dryden commented briefly on
the problem of the low frequency end of the velocity spectrun,
To quote:

There is, however, another limit when the wavelength
2PI/k afpproaches the dimensions of the air stream._we
are then dealing with observations of phenomena which
hardly meet the description of turbulence and are better
described as pulsations of the entire flgw. The modern
theory shows that the spectral distribution gf enerqy at
small values of the wavenumber is not a statistical

distribution but one determined by the initial geometry
of +he system originating the turbulence.

This quotation sta‘es two ideas that are of importance in
investigating these phenomena., Firs*, Dryden suggests that the
geometry and dimensions of the channel containing the flow are
important in limiting the type of features that may be observed
in a given wavelength range and possibly in determining an upper
limit to the size of various flow features, and since the

distribution of enerqgy is dependent on flow geometry, channel

15




dimensiors may be used as suitable scaling parameters to produce
a uriversal low frequency spectrum, Second, since these low |
frequency phenomena involve 'the entire flow' it may be possible
to describe the low frequency behavior of the flow from a few
velocity measurements (what this suggests is that transverse
correlations of downstream velocity components tend to be
large).

Similar ideas occur elsewhere. In Russian hydrological |
literature the idea of the occurrence of large scale
'‘pulsations' was introduced by Velikanov (1336; as summarized in
Raudkivi, 1967). These features were experimentally investigated
as velocity pulsations by Demente'ev (1363). 5 To guote
Velikanov (from Dementetev, 1363);

"...the entire stream can be conceived to be consisting

of almost periodically repeating macroforms the |
dimensions of which are of the order of the transverse
dimensions of the stream itself."

The term 'pulsation' (as translated by the AGU) seems to be
generally reserved to refer to these larqge scale quasi-periodic
macroforms. This quotation expands +he definition put forward by
Cryden *+o describe the features as longitudinal rulsations
occupying the stream cross-section (evidence for the transverse
extent is contained in a few correlations of synchronous

SAs Hall and Johnston (1374) note, Demente'ev states (pp. 539)
that ",,,the distribution of values of pulsation point
velocities has a random character and follows Gauss!' nornmal

distribution of error"--a rather ambiguous experimental approach
in light of later coaments,
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velocity records; see Demente'ev, 1363) and characterized by a
dominant quasi-periodicity. It is no%t indicated whether this
quasi-periodicity is related to channel dimensions.

Terns other than pulsation (macroturbulence, Korchokha,
1968; low frequency turbulence, Lyapin and Chebotarev, 13976) are
used to refer to local phenomena possessing large size,
continuity or reqularity of appearance. Korchokha (1968) further
suqgests +that in the case of the reqular appearance of eddies
shed from the lee of dune, that this reqularity is controlled by
the passage of pulsation phenomena. This suggests that the
pulsation is a non-stationarity of the mean flow and controls
the generation of other macroscale flow phenomerna. It should be
noted that the above distinction is not explicitly made in the
literature surveyed, bu+ rather is inferred from the ways the
terms are used.

In America, the seminal paper regardirg non-turbulence 6 is
by Matthes (1347), In this paper, the term macroturbulence is
used as an umbrella term for "...large scale turbulence
pheromena", though large scale is left undefined. Returning to
Dryden (1950) for a moment, it seems obvious that if the
turbulence/non-turbulence distinction is based on the size of
the phenomena relative to some limiting dimension of the
6a convenient definition of turbulence is ",,., turbulent fluid
motion is an irregular condition of flow in which the various

quantities show a random variation with time and space
coordinates so that statistically distinct average values can be

discerned.," (Hinze, 1959, pp. 5)
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channel, *hen for na*tural rivers these dimensions are width and
depth. Generally, since ws/d >> 1, channel depth can be chosen to
Lepresent the scale that is ‘'large scale'.

Despite separating turbulence/non-turbulence or the basis
of scale, the first level of Matthes' classification schemata is
based on other observable properties of the [eatures (i.e.,
types of motion, the second level involves the orientation of
the principal axis). Matthes identifies six classes of
macroturbulence phenomena which are

"caused by channel roughness but do not appear to be
related to microturbulence."

Several of these classes will be discussed below,

The first class, Rhythmic and Cyclic Surges, includes
velocity pulsations, Ma*thes comments *that these features are
irreqular in magnitude and frequency. The second class, Fotary,
Con+tinuous, includes several features that qualify as separation
eddies, As Matthes notes, these fea*tures are a product of a flow
structure that is a result of flow around or over an
obstruction. Interestingly enough, *he shedding of features
(called tkolks') from the lee of ripples (Lane, 1344; described
as an 'upward moving turbulent current') is included under
Vortex action upward, intermittent rather than periodic, Matthes
does not connect these features with separation eddies shed from
the lee of the ripple as Korchokha (1968) does.

Boils or kolks have been recognized as intermittent
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Processes of some importance in velocity records by various
authors (Nordin e+ al, 1371; associated with 1/n spectrur and
hence Hurst phenomena: Jackson, 1376: Grass, 1371; boils at
surface connec*ed with ejection phase near boundary: Mclean and
Smith, 1979).

Since these phenomena are generally associated with flows
over two dimernsional (and perhaps three)? roughness elements,
this type of intermittency may be applicable to gravel bed
rivers, While dunes are hardly ubiguitous in gravel rivers,
structures or elements of an appropriate size or shape tc
produce this intermittency associated with separated flow may
exist., Additiorally, boils were observed to be common features
during field work on the Squamish River. The following
discussion concentrates on intermittency associated with dunes
since only these types of investigations have been done.

Russian research on flow over sand dunes describes a
structure which seems *o be equivalent to the turbulent current
originating on the face of ripples (Lane, 13944)., Lyapin and
Chebotarev (1376) suggest that in the troughs between individual
bedforms there is a continuous alternation of instantaneous
7Comparison of the spectral structure of flow upstream and
downstream of a three-dimensional blogk roughness indicates that
the block plays a role in redistributing turbulernt enerqy. For
frequencies above some neutral frequency, which appear to be
related to the size of the block, dissipation becomes more
rapid; for lower frequencies amplification occurs. Measurements

in the wake of a single bar show a small increase of enerqy
content at low frequencies (Nowell, 1975).
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streamlines, from almos: straight to convex upwards, and a
corresponding fluctuation in the free surface. It is claimed
that the succession of *hese currents produces a secondary
hydraulic structure which seems to be a bottom roller shed from
the lee of +the dune. These low frequency structures were
detected in a flume by 7Znamenskaya and Klavern (1367) with a
period of 0.5 seconds.

Addi+tional confirmation is available in two papers.,
Znamenskaya (1363) has presented results describing in great
detail <he variation of macroturbulence structures with Froude
number and “he height to wavelength ratio of the bed feature, ;
The typical form of macroturbulence associated with dunes was a
large roller eddy contained in a zone in the lee of the feature
wvhere this zone often ex*+ended up to 50% of the depth of flow,
These roller eddies were shed at reqular irntervals and moved up
the pressure slope of the next downstream dune to the surface of
the channel.

Korchokha (1368) summarized observations of these features
in natural channels during experimen+tal research or dune
movement in the Polomet River. His visual observations indicated
that boils observed on the surface of the channel were related

to eddies shed from the trough of an upstream dune. While the

Size o0f the eddies does not remain constant during a single
discharge and an average size appeared %o increase with

increasing discharge it was noted that the period of appearance
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remained constan*, independent of s*ream depth, Data from
Korchokha (19368) indicated a period of approxiamately 6-10
seconds and he further noted that Grinval'd obtained a similar
Feriod on the Turumchuk River.

Since jJeneral evidence indicates *hat dune parameters
(Church and Gilbert, 1375) are controlled by flow depth, an
appropriate non~-dimensional form of the period between
successive rollers might be based on outer layer parameters as
follows

TU / D -~ constant
where this is also the appropriate Reynolds number independent
scaling for the mean period between bursts (Laufer and
Narayanan, 1371; Rao et al, 1971; where the constant value 1is
5) » The inverse of this scaling is plotted by Korchokha (pp.
552) against a parameter called 'eddy dimension' (which from the
previous commernts appears to be discharge related). The general
form of his figure shows an approach of the non-disensional
period between rollers to a constant value of '5' with
increasing 'eddy dimension'.

Wwhile the similarity between the scaling for the mean
period between burst and between successive rollers is
intriquing (also mentioned in McLean and Smith, 1379), numerous
objections and qualifiers must be mentioned. First, the results
from Korchokha are from cne river and a very limited range of

discharges. Additionally, the above-mentioned tendency to a
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constant value is estimated from a few points on one grapgh.

second, the relationship is obviously not universal over a
wide range of discharges. The existernce of *the dunes,
themselves, is limited to a relatively narrow range of flow
corditions., Third, it is entirely unclear how this scaling is
affected for flow over non-deformable elements of different
spacings, shapes and dimensionality.

It is worthwhile at this point to attempt to summarize some
of the jidentified features of the macroscale flow range in
gravel bed rivers. These include a nron-local, ubiguitous
'pulsation' component, a localized, (i.e., dependent on the
position of roughness elements of an appropriate size and shape)
relatively large scale component that may be intermittent, and
additionally, a background of features varying in scale, that
may be ubiquitous (e.qg., boils in Matthes' sense) or extremely
localized (e.g., bank eddies)., It will likely be impossible to
Separate these components on the basis of energy ccntributions
at specific scales.

Secondly, it is worth discussing the effect of channel
dimension (where this may be a vertical, transverse or
longitudinal scale) on energy distribution in the macroscale
range. The simplest possible expectation is to assume that
enerqy is skewed to lower frequencies as the "size" of the
channel increases. This approach is consistent with the idea of

charnel "size" measures providing limitations on observed flow
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scales (discussed in nex+t section).

This 1S not to imply that the shape of the energy

ATy N1

distriburticn is invariant over the range of scales from depth to

a few multiples of width. Local effects may dominate the shape

under different conditions,

Definition of The Topic

In any experimental approach to investigation of these
pPhenomena it is necessary to define practical upper and lower
frequency limits to macroscale flow phenomena; that is to say,

macroscale flow phenomena should be separated from turbulence on

one end and hydrological events on *the other,

As suggested earlier (Dryden, 1950) separation of macro and

microscale compcnents probably occurs at scales related to

channel dimensions., While this is a reasonable basis of

Separation, it is more satisfying to separate the %two phenomena

on a dynamic basis. In line with the previous discussion of

hierarchial instabilities (see pg. 4, this thesis), Nowell

(1975) Ffurther states:

"The turbulence macroscale may also act as a lowver limit

for +hese coherent forces for the random vortex
stretching which occurs at smaller scales would likely
lead to the destruction of reqular local bed features",

The macroscale® is that scale associated with the

AP o o o - -

8The existence of this well-defined term is one reason why
macroscale flow phenomena is an inappropriate term for the topic

under consideration.
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extraction of energy from the mean flow, and usually is some
fraction of flow depth (see Chap. II). This extracted energy is
cascaded to higher frequencies and the macroscale represents an
approximate low bound for turbulence phenomena.

However, by accepting depth as a lower limit for these
macroscale flow phernomena many local effects as identified by
Matthes (1947) will be included in any records collected. These
effects appear to vary greatly in size and intensity. Matthes
suggests that the surface expression of some of these features
(i.e., boils) can be very large (up to 300 feet in transverse
and streamwise directions in the Mississippi River) and involve

relatively large amounts of enerqgy. These features appear to

fall into that par+ of the scale continuum between depth and
width values.

It is difficult to sugges* a lower bound for these
phenomena., Drainage basins for the *wo rivers are relatively
large (Squamish Basin--4800 sq. km.; N. Alouette Basin--37 sq.
km,: Inland Waters, 1976) and periods for flood events are
protably measured in days and hours, respectively. Sampling at
an interval related to depth (about once per second) for a
period of a day or more not only provides more data than can be

easily handled but may introduce complex non-stationarities in

the mean velocity, which are unrelated tc¢ macroscale flow

Phenopena,
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Consequen+ly, it is easier to attempt to define a lower
bound for these macroscale phenomera in terms of channel scales.
Ishihara ard Yokosi (1367) indicate that eddies larger +han 10w
in *he streamwise direction are unstable due to asymmetry, where
thic resslt is based on periods determined from the application
of many term moving averages to velocity records from rivers and
flumes, This result is not supported by spectral analysis of the
velccity records. Many of the spectra produced by Ishihara and
Yokosi (1967) and Yokosi (1967) cut off at frequencies higher
than this limit+ based on 10w, +though spectra that exterd down to
this frequency show no indication of peaking.

Nowell and Church (13971) have related characteristic river
dimensions and eddy types. Their approach involves identifying
channel dimensions as limiting the size of certain flow
features., The largest channel scale identified is a 'reach
lenqgth' where this is some channel leng*th within which no severe
flow distortion occurs, implying, as they note, restriction to
relatively straight sections between majors bars or bends. Reach
lenqth distances will generally be of the order of a few channel
widths (<10). Nowell and Church (1971) further sugqgest that very
low frequency 'pulsations' are resonance effects since tthe
irreqular channel geometry should not allow flow structures to
exist over very larqe distances.

There is some evidence to indicate that relatively short

records sample the bulk of the macroscale energy. Comparison of
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lengthy speed records (approx. 3 hours) with shorter (30

minutes) lonqgitudinal velocity records (McLean and Smith, 19739)
indicate that the additional enerqgy resolved by extending the
record lenqth was only 5-10% of tha* recorded by the shorter
series, Again, this result indicates that most of the macroscale
flow enerqy can be resolved by looking to frequencies
corresponding to scales of a few multiples of channel width.

The second question involves choosing a convenient term to
refer o *he phenomena occuring between scales eguivalent to the
macroscale and those of the order of several channel widths.

There are numerous objections to most terms previously used
in the literature and some of these will be outlined here, Many
of *he terms such as macroturbulence or macroscale flow
phenomena suffer from similarity to other well defined terms to
which they bear no relation., Other terms such as pulsa*tion
{Demente'ev, 1963) and eddy structure (Nowell and Church, 1371;
Grass, 1971) suffer from implying certain ideas about the nature
of the topic considered, whereas cther *terms such as veloccity
fluctuations (Savini and Bodhaine, 1371) and low frequency
turbulence® (Lyapin and Chebotarev, 1976) suffer from a complete
lack of specificity.

There appears to be no need to introduce another term into

the literature and, for convenience, these phenomena will be

°In atmospheric research low frequency turbulerce refers to
those scales larger than the inertial subrange and extending up
+o *the macroscale ({(Monin and Yaglom, 1975a).
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referred to as large scale flow features, This definition is
operaticnal arnd large scale refers to those scales occurring
between channel depth and several multiples of channel width.
This term is appropriate only for the spectral
investigation carried out in this thesis, and is not meant to

coincide with any of the various hierarchies and classifications

previous discussed,

Approaches to Measurement

To this point no account has been taken of the context of
measurement and in fact, results have been presented without
reference to types of measurement systenms,

While it seems that visual studies (i.e., Kim et al, 1971)
and “he *type of investigation undertaken in this thesis are no*%
directly comparable, it is important to note tie limitations
interent in comparing results from similar measurement systeas
collected at different measurement scales and from differen=
flow system scales,

The scale of the system affects particularly measurement of
low frequency velocity components. Bs Nowell and Church (1371)
note, high wavenumber (or frequency) components are indeperndent
of initial and boundary conditions and as such are modellable in
flumes, Nowell (1375) has demonstrated that some of the
pProperties of these high frequency components of flows over

gravel beds are reproducible by flume experiments over discrete
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roughness elements,
Noweil and Church further go on to s*ate that larqe scale 4
motion 1s not reproducible at differen® system scales since (pp. |
26)
The low wavenumber range of the motion %s reither {
completely de-coupled from the mean motion, nor is it -

independent of the boundary conditions, or of the size
of the apparatus ... or channel,

However, as mentioned earlier channel dimensions may provide
important scaling parameters for breaks or changes in the nature
of +he frequency distribution of enerqy. Second, the
reproducibility of the low fregquency end of the spectrum can be
tested under different boundary conditiors through some
universal spectral scaling.

The scale of measurement affects the comparability of
several parameters. Many low frequency studies (as this thesis)
sample velocities in the order of .1 to 10 times per second
while usual sampling rates in turbulent research are of the
order of 200-400 times per second. The comparability of suamary
quantities such as turbulent intensities measured at these
differen* scales is strongly dependent on whether both series
sample +o scales that include the major enerqgy containing
eddjes, Other gquantities such as cross-correlations are affected
by the scale of measurement and results vary with different

frequency cut-off points (Bullock et al, 1378), while accurate

measurement of quantities such as Reynolds stresses depends on
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sampling that resolves the major portion of the correlated

enerqy (MclLearn and Smith, 1373)e

Quanti*ies such as moments of the velocity distribution and
the shape <f the velocity distribution are also expected to be
dependent on measurement scale. Which is to say that velocity
distributions may be different for different flow processes or
ranqges (i.e., dissipation, isotropic, enerqgy containing) and the
total superimposed velocity distribution may be affected by ;

which particular ranges or processes are sampled.

Resul*s are more comparable in the variance-frequency
domain since the independence of variance estimates is
controlled by the resolution bandwidth {estimates more than one
resolution bandwid“h apart are independent). Conseguently,
results from different record lengths and measurement scales may
be comparable in some frequency ranges,

Additional to considering the measurement scale the actual
method of measurement needs to be discussed. Traditional systenms
for measuring low frequency turbulence sample the longitudinal
velocity (i.e. in the direction of *he mean velocity) with a
fixed current meter, though occasionally all three Cartesian
comporents are sampled by rotating three orthogonal meters 45

degrees into the mean velocity (McLean and Smith, 1379)., The

measurement system in this thesis differed in that the signal
was collected by a meter that was free to swing in the

transverse and vertical dimensions (often referred to as speed
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measurepcnts sirce they are non-directional; see Chapter 1IV),

Tomparability of results from this thesis with other low
frequerncy time series depends on the relative enerqgy contents of
the three velocity components, As noted earlier, area preserving
Plots of the spectra of long measurement period free-swinging
reccrds and longitudinal velocity records matched fairly well at
low frequencies (McLean and Swith, 1980; cverlap was in the
range of 103 to 102 seconds) which is encouraging.

Additionally inspection of spectra of the three velocity
components indicates anisotropy at relatively small periods. The
transverse component begins to fall below the longitudinal
component by periods of “wo seconds while the vertical component
Starts to fall off at periods around 12 seconds. These results
indicate that energy at large scales in the transverse and
ver*ical components is constrained by *the chanmnel geometry and
that results from this thesis are comparable with other low
frequency spectra over most of the range of data. Problenmns of

comparability appear to occur only in the highest frequency

ranqe,

Spectral Analysis

This section is not an explanation of spectral techniques
but rather attempts to deal with certain limitations to shat carn
be discovered with spectral analysis and also with certain

problems posed by the specific type of investigation chosen.
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In general, spectral analysis operates on an ordered series

0f numbers (in this cace, speeds) sampled at a constant time

interval. This technique, through a Fouarier transform, assigns
the variance of the series to the frequency interval ranging

from zero to +he Nyquist frequency (which is related to the

samplirg interval), Since the transform fits sine and cosirne

terms to the original series, the variance assigned to a given

frequency is *the amplitude of a sine wave of that frequency.!®

However, when a given process is referred to as low
frequency (and again this is relative to the sampling interval
and +he lergth of the data series) it can refer to two different
behaviors (Mandlebrot and Wallis, 1968). This is to say, the
term low frequency can refer to either a long period oscillation
of flow velocity or it can refer to events that occur relatively
infrequently.

Bursting phenomena as pointed out previously are an example
of events tha* cccur intermittently wi*h some statistical mean
period. It is an arquable question whether these type of
intermittent everts and their associated large eddies carn be
detected by spectral analysis of fixed point velocity
measurements. Part of the following discussion is a critique of
10As Tennekes and Lumley (1372) point out, and as is mentioned

above, each wave in a velocity field is associated with a single

Fourier coefficient. An "eddy", on the other hand, has many
Fourier coefficients associated with it (otherwise, it will not
decay in the autocorrelation function). Consequently, the
spectrum does not represent a decompositiocn into "eddies™ but

Father into time scales.
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spectral analysis from the point of view of detecting
intermi*tent events.,

Base and Davies (1967) have demonstrated that a synthesized
flow consisting of identical randomly spaced vortices can
duplicate the traditional spectral measures of turbulence,
Addit ionally, these structures may be regarded as
three-dimensional vorticity lumps (final stages of bursting are
characterized by multiple scales of motion; Kim et al, 1371)
which has additional implications for spectral interpretation,
The classic view of the spectrum is that the enerqgy contributiorn
at some wavenumber band k to k+dk belongs to an eddy
corresponding to that scale., Davies and Yule (1375) point out
that a region of vorticity (an approximation of a coherent
structure) will distribute energy over a broad wavenumber band,
where the largest scales are related to the size of the reqgion
and the smallest scales are related to the size of the steepest
velocity gradient in the reqgion. Spectral analysis will provide
a reasonable estimate of the relative enerqgy content of these
real scales; however, the existence of the coherent structure
will probably not be interpretable from the spectral
Reasurement.

The foregoing has meant to point out the difficulty of
detecting a flow structure based on intermittently occurring
events. Additionally, it has been suggested that large scale

flow structures may involve a single frequency pulsation or a
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quasi-periodicity (Demente'ev, 1363; Dryden, 1350); that is *o
Sdy, a lorng period oscillating behavior.

Agailn, some comment must be made on the ability of spectral
analysis to detect these type of events. First, the question of
evaluating periodicities. De*ec*ion of periodicities is
generally based on inspection of the probability,
autocorrelation and spectral functions (Bendat and Piersol,
1968) , Techniques based on the probability density and
autocorrelatior functions are weak and can only detect very
obvious periodicities so only detection throughx the spectral
function will be described here (one of the basic functions of
spectral analysis is to separate a signal from background
distor*ion).

Although periodic components theoretically appedr as a
delta functicn of infinite variance at some fregquency, spectral
analysis spreads this power over the resolution bandwidth.
Decreasing the resolution bandwidth should produce a peak whose
spectral density increases in proportion to the decrease in
resolution bandwidth arnd whose width is equal to the resoltuion
bardwidth., Bendat and Piersol (1968) indicate that i+ is
possible to recognize a sinusoidal component whose variance 1s
equal to 1,20 of the variance of the random portion of the
Tecord. However, a sinusoid may be more difficult to recognize
dgainst a non-random background and can be indistinguishaple

from narrow barnd rarndom noise at some resolution bandwidths.
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Detection of these periodicities involves record lengths
sufficient to keep the deqrees of freedom!! a+t a large enough
value *c minimize spurious peaks in the random portion of the
data which occur when bandwidth decreases. Fiqure 1,1
illustrates the effect of decreasing bandwidth on the spectrum
over the ranqge ,01 to .2 Hertz (data was collected in the
Squamish River, at y/D=0.8), Results from this five-fold change
in resolution bandwidth (based on truncation point) indicate
that local peaks observed at small bandwidths are the result of
uncer tainties in spectral estimatiorn rather than the occurrence
of periodicities in the record. This is not to imply that energy
concentra*ion in broad frequency bands is not useful for
interpretation; merely that periodicities (or sinusoidal
'pulsations') are not detectable.

The question of the ability to detect quasi-periodicities

'tthe comments are related *o an autocorrelation approach to
estimation of ‘he spectrum (Jenkins and Watts, 1368). In thais
System, if N (record length) and df (deqrees of freedon,
represen*ing the variance of the estimate, and usually set
15¢df<30) and h (the digitizing interval) are fixed then

a = df/2Nh
where a is an estimate of the minimum bandwidth detectaple. The
bandwidth for a particular window used to filter the data can
generally be written as a function of m (truncation) which is
what is controllable in the spectral analysis packaqe.
Obviously, to view to data at smaller bandwidths requires
decreasing the degrees of freedom and increasing the variance of
tte estimator, Similar results are also specifiable for the FFT

dpproach.



is more difficult to assess,!'?2 As 'yuasi-periodicity! is seldon
considered 1in the analysis of velocity records, the hrief
discussion that follows is taken from “echniques used in the
analysis of nearly periodic, vwind gentrerated wa‘er waves, as
discussed by Plate (1967).

This phenomenor can be investigated through either the
autocorrelation or spectral functions. As Plate notes,
autocorrelation functions of wave records show near periodicity
as expressed by oscillation around the zero vdalue with a well
defined mean period and a tendency of the function to decrease
over long time delays (Note--the autocorrelation of a periodic
function does not decay over long time delays). The Fourier
transform of this particular type of record produces a
continuous spectrum with a broad peak around a frequency value
equivalent to the average period obtained from the
autocorrelation., Plate goes on to suggest that small phase
shifts between adjacent waves tend to spread *the variance over a4
broad range of frequencies. This is egquivalent to suqggesting
varying time intervals between the passage of identical
sinusoidal phenomena., Whether these near periodic (i.e.,
12particularly since the distinction between quasi-periodicity
and randorness depends on definition (thoughk randomness may be
defined as a flat spectrum), Generally, as Plate (1967, p. 314)
Points out, the criteria for distinquishing the two depend or

"the intended application of the record, and the
knowledge of the processes that generate the record”.
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phase-shifted) phenomena are detectable agains* a randon
background of hiqher relative variance is unknown but i+t is
expected that information obtainable from the autocorrelation
will be obscured.

As a minor sideligh%, i* is worth discussing other
techniques that are more capable of exiracting the type cf
information that may be needed from velocity records. One
possible technique for investigating changes in phase and
variance is complex demodulation, which is in effect, a local
application of spectral analysis. This technique looks at the
local area of some point in the velocity record and produces
phase and variance values for some pre-specified frequency, n.
This technique produces N (where N is record length) estimates
of the phase and variance, hence i* is in no sense a 'summary'
statistic., However, the technique is obviously useful for
investigating phase-shifted vwaveforms as discussed previcusly,

The general usefulness of the technique though is severely
dependent on a priori knowledge of some frequency value, n, of
" particular impor*ance., Since this knowledge is not available the
usefulress of the technique must awvait further developments in
the understanding of large scale flow features,

A final consideration is necessary when using spectral
*echniques and *his concerns the question of non-sinusoidal

vaveforms in +he velocity record.
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As Kiemes (1374) points out it is difficult to detect
anything excep*t very obvious periodici*es in aatural records.
Detection of non-sta*tionari*y in *the mean 1s limited to ei*her
linear +rends or simple sinusoidal components of a sufficient
variance compared to more random parts of the record. Resui*s
from digital pattern recognition techniques applied %o inner
layer velocity records (wWwallace; in Davies and Yule, 1375)
recoqgnized a hasic pattern in the flow involving a slow
deceleration in *“he longitudinal velocity component followed by
a mcre rapid acceleration (corresponds to an ejection and sweep
phase). This pattern was recognized as occurring in
approximately 50% of the time history. ¥While the above results
dre not directly relevant to investigation of large scale
components, it is also possible +0 occasionally recogaize
(visually) non-csinusoidal repeating patterns ir some of the data
collected on the North Alouette and Squamish Rivers. It is not
known whether these patterns have any significance since no
theoretical basis is available to predict their form or relative
importance.

The preceding discussion has emphasized the negative
results of spectrdl technigques as these apply to empirically
verifying the type of ideas about large scale flow features
Presented in earlier sections., More positive results of spectral
analysis will be presented in Chapter II; particularly with

reference to applying the successes of a spectral approach *o
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the turbulence problem “o these larger scales,

Rescaled Range Analysis

Rescaled range analysis is a probability measure that may
be applied to the original velocity series, The techrique is a
serial one and results are independent of the marginal
distribution of the data series (Mandelbrot and Wallis, 1963).
The techrique was originally developed by Hurst (1951) as a
consequence of attempting *o define the dam storage necessary o
yield the averaqe flow based on long *term discharge records
where the storage was ot*tained by computing cumulative stms of
departures from the long term mean.

The technique, as used recently, examines the effect of
increasirqg sample size (S) on *he rescaled range (}/s, where R
is the range and s is the sample standard deviatior) and
generaily

R/s ~ S¥*H
For a Gaussian series, H equals 0.5, however, investigation of
rumerous lengthy records by numerous authors (Hurs*, 1353;
Mandelbrot and Wallis, 13949; Nordin et al, 1372) indicates +that
H is qreater than 0.5 for natural records. This phenomenon 1is
denerally referred to as <he Hurst phenomenor,

Before discussion of +he implications of the Hurs*
Phenomenon i+t is necessary to define an operational method for

deriva*ion of +he rescaled ranqe. One form used is:
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- 9
R{+,35) = maxlO(t'(S)[Sy(t)dt - t'/Sjy(t)dt)
o C
- min (0<*'<S) [ same quantity ]
and
S .-
s2(%,5) = W/s)y) - 1/55Y(t)dt 124t
¢ (3
more general form is given hy Mandelbrot and Wallis (1969) to
include random starting points in the <ime series y(*) (i.e.,
t=0 does not mean y (t=0))13
Unlike other techniques, +the actual value of H has teen of
little importance in this type of investigation (other than H
greater than 0.5) and discussion has revolved daround several
guestions., Two of these are
4, which types of models that produce H > 0.5 behavior are
suitable as process description
5. whether the rescaled range behavior represents a transient;
which is to suggest that present geophysical series are
simply not long enough *o approach H = 0.5.
These two points will be discussed in turn.
One model for gererating time series data with appropziate
H values is a class of processes referred to as frac*tional
13Nordin et al's (1372) form is used here for case of
under standing, The program used determines the R/s values for a
fixed set of sample sizes. Thern for a given record length
starting points are chosen so that a4 maximum number of sample
sizes can have 10 independent (non-overlapping) estimates. The
above equation is then applied for these samfgle sizes at the
chcsen star*ting poin*s, and the cumulative sum of the series at
each starting poin* 1s set *o zero. The calculated R/s values

are averaged which helps stabilize estimates at small sample
sizes,
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Brownian noise (Mandelbrot, 1965; Mandelbrot ard van Ness,
1368) . Fractioral Brownian noises arise from a process of
infinite memory; which is to say that each increment is a
weiqghted average of all past increments, The application of thais
model based on persistencet® to veloci*ty fluctuation implies
that irn*eqgral *ime scales do not exist (Nordin et al, 1372).
Additionally, it is extremely difficult to integrate krown flow
behavior with this class of processes.

One additional feature of fractional Gaussian noises 1s
that the spectral density function G(n) varies as (Mandelbrot
and Vvan Ness, 1968) ;

G(n) -~ n¥**1-2H
and since most H values are near one, this implies a -1 sloge
over most of the spectrum, For velocity da*a, the -1 spectral
slope is also associated with the enerqgy containing eddy range
(the production range). Nordin e+t al (1972) found this
relationship to hold for much of the frequency rarnge of
turbulence scale measurements in the Mississippi and Missouri
PRivers. However, the frequency range of their data was not
extensive and the spectral slope appeared to drop at a larger

rate than -1 for the high frequency portions of their data.

l¢'persistence' i1n *the sense of cyclic cowsporents (for instance,
the sun srot cycle; see Mandelbrot and Wallis, 1363) manifes-s
itself as a break i1n the R/s diagram which shifts the curve to
the right at sample values near the period of the gphenomenon.
Why a quasi-fperiodic element does not provide infinite memory 1is
unknown,
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Similarly, their frequency data were not extended to larger
scales that might lie ogutside *he production range,

Fortunda+ely, other approaches are equally successful for
producing H > 0.5 behavior. A more appropriate modelling schenme
for the Hurst phenomenon in river flows 1s presented by the
broken line process (Nordin et al, 1372; Mejia et al, 1374).
This process results from linear interpolation between equally
spaced independent random variables and random displacement of
the starting point. The broken line process has several
advantages in *hat it can preserve short *erm (i.e.,
autccorrelatiorn structure and consequen*ly integral scaies) and
long *erm (H values) properties of the series. These H values
may be preserved by adding broxen line processes and it 1is
extremely intuitively appealing to see the Hurst phenomeron as a
result of several superimposed intermittent processes of sore
finite persistence. At turbulent scales this is reasonable as
dissipa*ion, wake shedding and [ bursting?) are demcnstrably
intermittent (Mecnin and Yagqlom, 1375b).

The question of the appropriateness of this +type of model
becomes more complicated for large scale investigations, which
effectively do not include these known processes. In the case
wvhere process knowledge is not available, several approdches may
be taken, Pollowing Marndelbrot and Wallis (1368) it could be
assumed that the low frequency case is 4 simple one, As they

state for precipitation fluctuations:
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"Whereas precipitation fluctuations of wavelenqth near
one day or onhe year may pdarticipate in several physical
mechanisms, fluctuations of precipitation near one
lifetime are likely %o participa*te in one mechdanisnm
only, Thus, the latter are likely to be simpler than tae
former,"

Similar comments could be applied *o the low frequency part of
the continuous velocity spectrum,

However, it is probably more worthwhile to assume models
that are compatible with previously discussed 1deas about large
scale flow features, In this regard, it is worth looking at
whether these ideas are compatible with o*her modelling schemes
for series exhibiting the Hurst+ phenomenon.

To this point suggested mechanisms at large scales have
involved an 1in*ermittent and/or a non-stationary mean component,
As has been suggested several times these two components may be
intimately connected. It is worthwhile *o0 at*emp*t %o delve into
the differences beteen these two mechanisms and a**tempt to
investiqgate what differences exis* operationally and
ccnceptually between these *wo terms and, indeed, whether any
differences exist,

Intermittency is described by Monir and Yaglom (1375b) 1in
discussing the character of turbulent dissipation.,!5 They s%tate
(pa 600);

"The word is meant *o dero*e the terndency of small-scale

15Tt is worth noting that* Monin and Yaglom additionally sujgest
that as Reynolds number increases the ranje of scales involved
in intermittency increases (up to the enerqy range) and the
degree of intermittency incredses.,
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turbulence %o concentrate into individual "bunches"
surrounded by extensive flow reqgions in which there are
only much smoo+ther large scale disturbances (or perhaps
no disturbarces at all)."
on the siwplest level, non-stationarity refers to the
tendency of the probability structure (i.e. statistical

properties) of the series to change over *ime ({Klemes, 1574).

Nonstatiornarity is usually attributed to either *ramnsient

operating corditiors or long rarge changes in operating

conditions, where these conditions refer to the 'processes' that
gererate the series, The three basic representations of

nonstationary data are (Bendat and Piersol, 1368);

1. time varying mean guantities.

2. time varying mean square values (this is the second wmoment
around *he origin and is equal to the variance plus the
sqgquare of *+he mean value)

3. some combination of the above,

where the time variation may be of numerous types (such as

sinusoidal). The mean value and *the mean square value are the

two properties usually tested to determine (weak) stationarity

(see Chapter 1V),

Intermittency as expressed by Monin and Yaqlom appears *o
be an example of time varying mean square value, though
additional complication is added by the variance in the two

distinct record types being associated with extremely different
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scales.,16 I+t is reasonable %o assume tha* a4 similar type of
intermi+ttency is asociated with shedding of a roller behind
obstacles.

Since the other flcow component 1s also a form of
nonstationarity, in this case a time varyinqg mean value, the
data can be seen as an expression of nons*tationarity of type
(3) .

The ques*tion then turns to detection of nonstationarity in
velccity records., As Mollo~Christensen (1371) demonstrated the
fine structure of the spanwise correlation of the longitudinal
velocity component is extrememly sensitive to averdging time.
Similarly, evidence of nonstationarity at small scales 1s easily
removed by averaqging or summary techniques. As is mentioned 1in
Chapter 1V all data series are found to be (weakly) stationary,
however, this result is based or the behavior of mean and
variance values averaged over 150 second lenqgths of record (this
value i3 chosen deliberately to be greater *han the limits of
au*ocorrelation). Since the in*terval related to the mean square
nonstationarity is of the order of a few seconds for the rivers
investigated in *+his thesis, these nonstationarities will be
undetectable, This is a fundamental problem of all summary
statistics and a more suitable approach to local nonstationarity
may be embodied by complex demodulation (Bloomfield, 1376; see
16 The mean in*terval between phenomenda 1is not descriptive of

the scales and amplitudes operative duringy the passaqge of the
phenomenon.,.



previous section).

It is wor+hwhile to re*urn briefly to modelling schemes of
Hurst behavior. There has been no atteuwpt to my knowledge to
model the Hurs+ phenomenon with series exhibiting mean square
non-stationarity,t'? Klemes (1974) has had numerical success in
reproducing Hurst behavior with a model based on mean
nonstationarity. Essentially, the model depended on the serial
organizaticn of epochs. Each epoch (where *hese are subsets of
*he data series of varying lengths) was a Gaussian random series
with unit variance and different mean values., These epochs were
combined for varyirg lengths and mean value distributions and H
> 0.5 behavior was found for certain combinations.

While this is just another modelling scheme its importance
lies in demons+trating the multiplicity of frocesses that can be
used to model the behavior of statistical parameter such as <the
rescaled range behtavior, and hence the basic inability of many
statistical techniques *o0 distinguish or 'evaluate' process
models,

17Serial statistical techniques such as spectral analyis and
autocorrela*tion analysis are inappropriate or a+« least extremely
difficult to interpret for ronstationary data. As Klemes (1374)
points out the differences between his nonstationary model and a
stationary fBn model is that some of the variation in the series
is attributed <o the '"mean' rather *thaun the fluctuations (i.e.
such features as psuedocyclicity, quasi-periodicity, 'swings' or
+he 'Joseph effect'). In terms of series measures +this
distinction makes no difference and these distinctions are not
inherert in the rrocesses generating the series but in the
arbitrary model.
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The other major area of concern about rescaled rangqge
aralysis (transient behavior) involves dicussion cof whether
natural time series are simply not long enough to show H = 0,5
behavior, While various types of models show asymptotic Ltehavior
of H = 0.5, few natural series have been found which do, <*“hough
various data transformations show slope breaks for large S less
than sample size (Hansen and Rosbijerg, 1374).

These internal slope breaks may be of use in determining
imortant data scales, In this light, recent observa*ions by Van
Atta and Helland (1977) are interesting. Their data was
collected for grid genera*ted turbulence, and the rescaled range
diagram showed an initial transient (H > 0.5) which they related
to the correla*tion structure of the turbulence, *hen an C.5
range, which extended for one decade, and H > 0.5 behavior for
large T values. The large T behavior was related to a
quasi-periodicity in the data due to the circulation time of +he
flune,

This behavior suggests two independent and sepdarate (i.e,
in scale) levels of enerqgy insertion, Insertiol. occurs at scales
related to the gqrid spacing and scaies related to the travel
distance around the flume circuit. Since the grid determines the
upper size limit of the *'turbulence' features, behavior between
these two scales is random., It is also interesting <o note that
when the gqrid was removed the transient H = 0,5 range

disappeared from the rescaled range diaqgram, In terms of the
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previous arqument this implies that boundary roughness eddy
generation 1is not controlled at the upper limit as grid
turtulence is,

A suitable non-dimensional form of the rescaled range
diagram, suggested by Van A+ta and Helland is;

RU/sD -~ US/D
where D/U is a characteristic time scale. This scaling is
effective in collapsing rescaled range data from several sourCces
(see their Figure 2). The characteristic time scales used
involved, mesh length and mean velocity for the grid turbulence
data, channel depth and mean velocity for Nordin e% al's (1372)
turbulence data and an estimate of 10 years for the Nileometer
data. This particular choice of scalings gives an H = 0.5 range
for 102<US/DK103; however, only the grid turbulence data series
is sufficiently long to reach these rondimensional time values
(note--this random range occurs between 100 and 1000 times the
integral time scale of t+he grid turbulence).

Van Atta and Helland gqo on to suggest that by analogy with
the grid turbulence behavior there should exist an H = 0.5 range
somehwere between a multiple of the scales of energy inser+ion
due to bottom roughness (the characteristic time of “he mean
shear) and some large scale energy insertion scale, For rivers,
an appropriate large scale flow through time may be based on the
mean velocity and a 'meander length', though perhars better

longitudinal scales may te defined by bed spectral analysis,
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It should be barely possiple to test for this change to a H
= 0,5 slope with the data collected in this study, Data from the
North Alouette and Squamish Rivers extend <o US/D values of
approximately 500, It is possible %o observe an approach to an H
= 0.5 slope in rescaled range plots from Nowell (1375; his
figqure 44a) at the farthest enil of the data (above UT/D = 500
approximately). However, as Mandelbrot and Wallis (1963) note i+
is foolhardy to place much reliance on results at either

extremely small or large sample values.

While this chapter has been lengthy for an introductory
chapter, this length has been necessary. As was pointed out in
the introduction *here were two broad areas of concern that
needed discussion. These were;

1. A compara*tive approach to general ideas about processes
occurring at low frejuencies, independent of the
experimental context.

2. An attempt to integrate these ideas into the measurement and
analytic context of this thesis--i.e., which ideas are
testable,

Process oriented ideas have been defined operatiornally as

nonstationarities of the mean or mean 3quare values of the data

series, It has been demonstrated that the serial statistical

techniques commonly used in the analysis of velocity records are
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insufficient *o conclusively evaluate these nodels of process
behavior. This may possitly be a result cf a poor specification
of the implications of these process models, In other words, the
general process models as expressed in Chapter I, are not
sufficiently well-developed to be described as 'testable theory!'
for the aralytic techniques used in this thesis.

This obviously introduces problems into the interpretation
of these statistical results. As Plate (1967, pp., 311) states
with reqgard to the spectral analysis of dunes;

"As in the case of turbulence, an understanding of the
spectrum shape will come only from a physical
understanding of the interaction processes between
frequency components of the basically uncorrelated
superimposed sirusoids that make up a time function."
While this is discouraging in terms of solving the 'low
frequency problem' in any simple way, advances can be made by a
re-orientdation of the overall approach.
Consequently the next steps involve
1. overview of classic *ubulent spectral interpretation--that
is, the relations governing neighbouring scales (Chapter
11).

2. development of a descriptive and comparative approdch to the
available low frequency spectra. This is to say, discussion

of spectral variation in terms of channel scales and general

flow condi+ions (Chapter VI and VII).
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II. A BRIEF REVIEW OF TURBULENCE PARAMETERS

As has been mentioned previously there is some knowledge of
flow processes at small scales; that is to say, some
under standing of spectral shape. Consequently, 1t is necessary
to discuss such concepts as local isotropy since this concept irn

“

particular has been used in several papers concerned wi*h low
frequency spectra in rivers, Additionally it is important to
evaluate whether other 'turbulent scale' concepts can be
extended to the range of scales considered in *this paper.,

Also this Chapter 1s intended to provide 4 brief overview
and explanation of concepts and terms that have been used 1in

this thesis. For *his, *the author has used Tennekes and Lumley

(1372) and Nowell (1975) extensively,

The Boundary Layer

Open channel flows are a subclass of boundary layer flows.
One of the importan+t characteristics of flow over a4 solid
boundary is the presence of two length scales in the flow. The
presence of the wall enforces a no-s3lip condi%tion and qgives rise

to a viscous scale v/u* (where v 1s viscosi*ty: %this is the basis
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of +*he nondimensional distance, y+, which also appears in the
logarithmic velocity prcfile for smooth boundaries) over smooth
bourdaries, and additionally a characteristic roughness, k, over
rough boundaries., The other length scale is &, <he boundary
layer thickness. There is a defini+tional fproblem with this scale
in open channels 3ince the bourdary layer may 1ntersect the
surface before the *hickness is fully developed; which suggests
the boundary layer may be suppressed (Nowell and Church, 1973),
However, channel depth is generally used in place cf thickness.

Due to the presence of these two scales *the boundary layer
is most conveniently viewed as beinqg composed of *two parts. One
part is an inner or 'wall' layer dominated by k or v/u* and the
other an cuter layer where channel depth is *he important scale.
Development of the logarithmic outer layer velocity profile and
the law of the 'wall' from this scaling is well described by
Tennekes and Lumley (1372).

Additionally, for larqe roughness elements a wake zone may
form at the top of the roughness elements, characterized by a
uniform layer of velocity and turbulence intensity (Nowell,
1975), where the thickness of the layer corresponds to obstacle
dimensions. Hence, in the wake region the size and spacing of
roughness elements Lkecome important length scales determining
the size of eddies. In general, the spaciag of roughness
elements determines the flow-boundary interaction and resistance

to flow (Morris, 1955). For isolated roughness elements the
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nature of the intervening boundary (smooth or rough) becomes
important, Wake interaction cccurs when spacing of elements
allowe wakes +o interact and increase the inviscid resistarce,
and skimming occurs for densely packed elements that '1ift' the
flow above them,

Turbulent Scales in Open Channel Flows

Several scales are important in defining %turbulence. As
mentioned previously, the macroscale i35 the largest turbulent
scale and is that scale that interacts with the mean shear *o
extract energy. The macroscale is usually some fraction of the
chanrel depth and tends to increase with increasing distance
frcm the boundary.

Operationally, this scale is given as the area under the
autocorrelation function (also called the Eulerian Integral
scale). The macroscale may also be defined from the spectrun
(i.e., Raichlern, 1967). Another scale may be defined from the
autocorrelation function (Rouse, 1963). This scale is based on
the limi+t of positive correlation and represents the size of the
larqest "eddy". The maximum time lag of positive correlation
represents this largest "eddy" since dependence of velocity
fluctuations should only exist within an eddy, hence the limit
of correlation represents the passage time of this feature.

The additional scales used in turbulence research are

associated with dissipation (the smallest scales) and are the

53



Taylor microscale and the Kolmogorov microscale, Dissipation in
turbulent flows is associated with the effect of viscosity. The
Taylor microscale is associated with the peak of the dissipation
spectrum (the derivative spectrum) and the Kolmogcrov microscale
is approximately a decade smaller and represents the beqginning
of viscous effects on turbulent flows. Bcth of these scales are

much smaller than the velocity sampling intervals used in this

The Frozen Turbulence Hypothesis

The classic approach to turbulence is to measure over time
at a fixed point (Eulerian approach). Then, the turbulence
structure is regarded as being advected past the sensor by the
mean flow and agpears as a continuous, ergodic random variable,

This type cf measurement produces statistical measurles in
the time domain whereas, in yeneral, turbulence is scaled in
terms of lengths., Transformation from *temporal to spatial scales
is possible if the rate of flow is large relative to a
characteristic turbulence velocity, i.e., if

~Yurz su < 1
(this does not appear to be true for ‘he North Alouette data)
then
ut{t) ~u'(x/0) or dsdx = - (1/U) {dzdt)
The frozen turbulence hypothesis assumes *hat the turbulence

structure does nct evolve relative to a reference frame
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travelling with *the mean flow., However, this assuamption is only
valid under limited frequency conditions. Lumley(13865) discusses
several reasons why this approximation breaks Jdown at low
frequencies, among then
3, eddies in the production range or eddies of the same size as
the macroscale are being stretched as *they pass the
instruments.,
4, smaller eddies are imbedded in larger eddies producing a
fluctuating convection velocity.
These effects are dependent on the relative turbulent intensity
and transformation to a savenumber space for scales much above
the inertial subrange becomes very inexact, Hernce, data 1in this
paper is expressed in either frequency or non-dimensional
frequency form. All scales (x) calculated fronm
x = U/n

are necessarily inexact,

Spectrum/Spectral Presentation

The fluctuating velocity may be decomposed via a fourier
transform to yield the turbulent kinetic energy per unit mass
associated with the various frequency components.

There are several ways of scaling these spectral amplitudes
derived from the fourier analysis to produce a spectrum and
terminology varies widely. Jenkins (1361) will be followed in

this thesis. The power spec*rum function (or energy spectrun;
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Harris, 1374) 1is )
jf(n)dn = variance
where n{c) is the maximum or Nyquist frequency based on the
sampling interval (h) and n(c) = 1/2h. In this *thesis the
spectral density function is fsed where this is
S;}n)dn =1
C

where obviously P(n) = f(n)/vaciance.! This format has an
advantaqe fcr ccmparing variance accumulation with frequency and
also spectral shape for several spectra.

Other similar terms are also in relatively common usage.
The enerqgy density spectrum (Harris, 1374) is the squared
amplitudes from the fourier transform divided by *the averaqing
interval applied to the raw spectrum estimates (in the PFFT
procedure this averaqing interval is the resolution bandwidth).
This type of enerqy density spectrum (which obviously differs
dramatically from Jenkins, 1363) was also used by Mclean arnd
Smith (19793) for the spectrum of their transformation of tinme
data into wavernumber space., Another term used 1is %the power
spectral density function (Bendat and Piersol, 1968), where this
function sums to the mean square value. This converges to the
spectral density definition used in this paper when the mean

10perationally this does not always appear to be true., The
spectral density function calculated ir this thesis integrates
to cne-half of the variance, while for many FFT progranms
(Harris, 1974; Mclean and Smith, 1980; also TRCLL econometrics
package, SFU) the squared amplitudes sum to twice the variance
of the series., This can create problems in comparing spectra
from different sources.
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value of the series 1is zero. {(means are usually removed before
spectral analysis).

Similarly, there are a variety of graphic styles for
presenting spectra. The discussion follows Harris (13974). Three
of *he forms described involve manipulation of the graph axes:
while the fourth involves manipulation of the spectral density
values,

A seldom used graphic form is spectral density versus
frequency. The only useful feature of this presentation is that
it is area-preserving, however, information tends to be squeezed
into a small part of the graph. Similarly the logarithm cf
spectral densi*y as a function of frequency is seldom used. This
form tends *to highlight spectrum irregularities; hence, it was
used for Figure 1,1,

The most common graphic device is the logarithm of spectral
density against the logarithm of frequency. The form is used
principally because it is appropria*e for looking for power law
relationships between density and frequency. The form is also
useful for a detailed view of density variation at low
frequencies. The disadvantaqge of this form is that a unit area
under one part of the graph is not equivalent to a unit area in
other parts (i.e. i1t is not area-preserving); the form
concentrates area in the lowest bandwidths and leads to visual

overestrimation of the variance contribution of these bandwilths.,
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One other plo* that is fairly common is area-preservirng;
frequency times density as a function of the logarithm of
frequency (McLean and Smith, 1980),., A similar form that is not
area-preserving is used in this thesis, that is the logarithm of
frequency times density agains+ the logarithm of
(non-dimensioral) frequency (see Chapter VII). Both of these

plo*s emphasize high frequeacy components of the spectrunm,

Spectral Slopes and Processes

-3

he primary role of ‘urbulence is as an energy dissipator.
To this pcint, two scales have been identified, a macroscale
wvhere enerqy is inserted and a microscale where viscous
dissipatior occurs, Enerqgy is passed between these two scales
through a cascade process initiated by vortex stretching., One of
the implications of this cascade process is that "eddies" of a
certain scale receive the bulk of their energy from slightly
larger scales and transfer enerygy to slightly smaller scales,
Consequently, widely different scales are independent in terms
of energy interaction,

Classic theories (Kolmogorov, 1341) of the turbulent enerqy
spectrum indicate that for sufficiently large Keynolds numbers
{usually >105% for rivers, indicating sufficient space petween
production and dissipation scales to include a range unconnected

with either) there should exist a region in the spectrum called
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the inertial subrarge? where eddies are isotropic since they are
independent of the mean shear and still unaffected by viscosity.
These scales should only be affected by the rate of energqgy
dissipation(e). In this region the universal spectral form is
E(k) = k* (e)**2/3 (k) **-5/3
where E(k) is *he three-dimensional energy spectrum, Spectral
measurements indicate that the -5/3 zone becomes more extensive
with increasing distance from the boundary (Laufer, 1350; Nowell
and Church, 1979), up to midchannel. With increasing roughness
density or increasing u* this range disapoears. The existence of
an inertial subrange is frequency limited and it is unlikely
that sufficiently larqge frequencies are considered in *his paper
to cbserve this behavior,

In the energy containing region of the spectrum, which
exists for eddies the size of the macroscale (L), the enerqgy
density is dis*ributed as (Hinze, 1953):

E(n) =~ (n) **-1
Measurements of the one-dimensional turbulent enerqy spectrun
confirm the existence of this range (Klebanoff, 1355; Laufer,
1954; Nowell and Church, 1979) ., Opposite to the inertial

subrange case *he -1 zone is most extensive near the waill.,

- D o - - S -

2Egually, there may exist an inertial subrange in the spatial
structure of the boundary layer. This would be a reqion where
the inner layer scale is too small to con%trol the flow and the
outer layer scale is too large, In this region y is the onlyv
relevant length scale (Tennekes and Lualey, 1972). See also
Chapter VII.
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Measurements in a gravel channel (Nowell, 1375) show an
extensive -1 range at low wavenumbers, for measurements ranging

from near the bed to approximately midchannel.

e Continuous Frequency Distribution/Gaps and

I 12

wo-Dimensiorality

To *his point spectral behavior has been discussd for what
is essentially *the microscale range (L < D). Spectral behavior
has been extended to much larger scales in atmospheric wark (for
a recent summary; see Monin and Yaglom, 1975b) and these results
are worth investigating despite the "unconfined" nature of
atmospheric boundary lavers.

First, sirnce this research uses the terms 'macroscale’,
‘microscale' and 'mesoscale' these must be defined in an
atmospheric context. These horizontal temporal and spatial
scales then are (Fiedler and Panofsky, 1970);

1. microscale; < 1 hour, < 20 ka; includes bouyant and
mechanical production ranges and also convective systems.

2., mesoscale; 1 hour - 48 hours, 20 km to 500 km; includes
diurnal breeze systems and squall lines,

3. macroscale; >> 48 hours, >> 500 km; weather map size

features.
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General results of patching3 time spectra (see Van der
Hoven, 1957; Panofsky, 133; or for a summary, Monin and Yaglom,
1375b) to cover the macroscale %o microscale temporal range
indicate a major energy gap in the range of the mesoscale where
this gap is centered at around 1 cycle/hour (Van der Hoven,
1957) . This gap is a general feature of long period longitudinal
spectra, though under some atmospheric and boundary corditions
this gap may disappear (Panofsky, 1363).

The explanation of this spectral gap is most simply seen ir
terms of preferred wavelengths of instability. Hence, the
macroscale peak is associated with baroclinic and barotropic
instabilities on synoptic scales whereas the microscale 1s
associated with shear instabilities on the scale of a few
kilcmetres or less, The spectral gap implies that these two
dif ferent wavelength groups do not interact directly. However,
enerqy exchange may proceed through cascading of macroscale
enerqy to the mean flow (Fiedler and Panofsky, 13969), which *hen
may be extracted at microscale wavelengths through vertical
shear,

Additionally, macroscale and wmicroscale motions are
separable on the basis of their dimensionality, The larger
scales are quasi-two-dimensional, since vertical development is
small relative to horizontal scales. Spectra of vertical motions

3j.e. spectral results from two or three records cf different
lengths and sampling intervals collected at one *'place' are
matched (see Vvan der Hoven, 1957).
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generally have large energy cortent only near the microscale.

The distinction between two~dimensional macroscale and
three-dimensional microscale eddies is importart for spectral
dynamics in the atmosphere, Two-dimensional energy exchange is a
reverse-cascade process; i.e., exchange coccurs from smaller to
larger scales (Kraichnan, 1367), Similar to three-dimensiornal
turbulence there is a two-dimensional inertial range
characterized by 4 -5/3 spectral slope.

Some of *he implications of these results are in*eresting
for large scale spectral investigations in rivers. As Gage
(1578) suggests microscale enerqgy sources may be associated wi+th
an upscale two-dimensional cascade and a downscale
three-dimensional cascade. The extension of the -5/3 range of
some low frequency spectra (Yokosi, 1367; see Chapter III) to
much larger wavelengths *han expected might be explained by this
type of behavior, However, it is not known at what scales low
frequency velocity fluctuations in rivers may be considered
two-dimensional, Similarly, much of the data supporting these
*vwo-dimensional spectral ranges comes from upper air
observations and extremely different resulilts mday occur near the
ground due to local and mesoscale topography variations.

More importantly, for developing approaches to large scale
features in open channel flows, the above material suggests tha*
the macro/meso/micrc scale distinctions made so far in this

thesis may be rather meaningless 1n terms of separating distinct
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prccess ranges,

Consequently, definitive separation between any independent
macro/micro processes should be based on spectral gaps, Whether
gaps will occur only between processes of enerqgy insertion at
hydrological and local roughness scales or whether a gap may
occur bhetween lccal roughness and large scale roughness
'processes' (if they exist) is unknown. lLarge scale spectral
results from sard bed rivers suggest that a gap only occurs
tetvween hydrological and local roughness scales (see Mclean and
Smith, 1979). Hovwever, the one set of available results from a
gravel bed river (Nowell, 1375) shows spectra peaking at
rela*ively small wavelengths, which may imply a gap between
local and large scale roughness 'frocesses'! (no other exampile of
peaking in turbulent scale log f{n) vs. log n spectra is known
to the author; i.e., see Raichlen, 1967; Monin arnd Yaqloum,
1375b; Laufer, 1350; etc, whether this is due to the presence of
+he gravel bed or to relatively longer series lengths is
unknown),

The search for 'gaps! between independent processes 1is not
limited to spectral analysis techniques. A sigilar arqument has
been made concerning the meaning of "labels" (i.e.,
macrometeorology and climatoloqy) dividing the study of the
spectrum of climatic flvctuations by Mandelbrot and wallis
(1969) . They suggest that a distinc*tion cccurs between

independent processes if the rescaled ranqge diagram shows an
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intermediate region of slope H=0.5, or exhibits two distinct
regions with an intermediate region of different character than
both, This approach has already beern discussed for Van Atta and
Helland's (1378) results (see Chapter I, 'Rescaled Range

Behaviort').
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ITI, LITERATURE REVIEW

Introduction

This chapter looks at general results that have been
obt*tained experimentally in natural channels, and is divided in+*o
+two sections; one on the results from correlatiorn and averaging,
one describing the results of spectral analysis of velocity
data. Results discussed in the spectral section will later be

compared with data from this thesis,

Experimental Evidence--Correlation and Averaging

Mos+ work has trea*ted velocity pulsation measurement
incidentally since most projects have been designed to determine
a minimum time of velocity measurement necessary to reduce the
relative error of the discharge measurement tc less than some
assigned value (Demente'ev, 1962; Savini and Bodhaine, 1S871),

The structure of velocity pulsation in the vertical has
been studied by many authors (summary in Demente'ev, 1962). It
is generally found that pulsation intensity increases with depth
and is greatest near the bo*tom, This conclusion was determined
by establishing a mean velocity (generally for a period greater

than twenty minutes) arnd expressing the mean or highest error of
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shorter periods of measurement (generally thirty seconds and up)
relative to the overall mean velocity as a percentage of *he
mean velocity. Results based on the standard deviation of the
velocity record normalized by *he mean velocity show similar
results (Grinval'd, 1372) with the in%*ersity of the large scale
velocity fluctuations varying from 0,04 at the surface to 0.16
near *he channel bed., Results based on hot film and propellor
measurements ir natural channels (McQuivey, 1373) over five
minutes of record are also similar, though disagqreement*t Ltetween
the hot film ard propellor measurements is larqge and dependent
on the type of propellor meter used.

Demente'ev (1962) has presented results on the periods of
longitudinal pulsation in mountain channels. The periods wWere
determined by visual inspection of velocity records subjected to
increasingly long averaging periods {(from 30 seconds to 10
minutes).

On thke Chirchik River periods identified in this manner
range from 1.5-3.0 minutes to 30~-40 minutes during high flow and
up to a maximum of 25 minutes during low flows. Average
amplitudes of these pulsations were also determined and found to
increase from low to high water s*tages (from 47 cm/sec to 97
cm/sec). However the relative amplitude was approximately
constant during different stages. The Pskem River showed periods
of approximately 1.5 to 2.0, 3,0 *to 5.0, 8.0 to 10.0 and 20 *o

25 minutes, and a similar variation in amplitude to the Chirchik
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River. Most of the 32 rivers investigated showed similar
behavior with the length of the longest period appearing to be
partly dependent orn river size and discharge., Measurements Ly
Tiffany (1350; 1367) on the Mississippi River indicated periods
of 3-4 minutes, 20 minutes and 2.5 *o 3.0 hours, based on a five
minute travelling averaging interval.
Demente'ev's (1962) general conclusion on velocity
pulsations and the factors affecting them were
1. Large scale pulsations occur in natural channels with
periods ranging from 1=-3 to 40-50 minutes or more, A

definite elationship is observed between velocity
fluctuations at different points in the cross-section,

2. The magnitude of pulsation increased with the velocity of
the flow, However, *he absolute amplitude may ke greater
during low flow or small s*treams due to the effect of large
roughness elemernts,

3, The magnitude of pulsation increased with the roughness of
the bed ’

Data on periods associated with macroturbulence
(Demente'ev, 1362; Tiffany, 1967) suggest discrete processes
perhaps associated with a hierarchy of channel scales, however
their data is not supported by more sophisticated analyses (see
later section on spectral investigations). In both cases, the
raximum periods determined by their analytic technique were of
the same order as the length of record (Tiffany, 3 hours;

Demente'ev, 30 to 60 minutes) and shorter periods identified by

67



these researchers are usually a small mul“iple of their shortest
averaqing interval,

Ir fact, the application of a moving average to the
veloci*ty data is a form of low-pass filter where the gair
function is specifiable providing that*t the moving average has an
odd number of terms (Koopmans, 1374). The discrete nature of the
periods identified is related to the jumps in ¢he number of
terms in the moving average and better definition of the
variance associated with these fpulsations periods?! is achieved
through spectral analysis. The principal benefit of these types
of moving average analyses is tha*t they indicate that sonme
proportion of the total variance may be assiqned %to relatively
long wavelengths in the data set.

Evidence for the transverse extent of structures considered
to be involved in velocity pulsation is derived frcm synchronhous
velocity measurements in the vertical and cross-section by
several Russian investigators. Demente'ev (1962) measured
velocities synchronously at two points in a vertical; at 0.24
and 0.6d, with a separation of 0,48 metres, The coefficient of
correlation between these two measurements was observed to be

tthis result is interesting in liqght of measurements by Bullock
et al (1378). In their paper cross-correlations were determined
for a variety of bandwidths., It was found that correlations
remained high (in the vertical, for the downstream velocity)
across the extent of the pipe for narrow bandwidths centered on
one Hertz, despite the fact that the overail (i.e., over all
bandwidths) cross-correlation showed typical behavior,
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Demerte'ev claims that this value is typicdl indicating tne
existence of s*ructures in the flow whose transverse dimensions
are of the order of the size of the stream channel. A more
ambitious program of 17 synchronous measurements in a
cross~-section was also completed on the vVarzob River, While no
formal analysis of this data was undertaken, the various
measurements showed a constant period of pulsation and appeared
to be in phase,

Tiffany (1950) includes four synchronous velocity
measurements from the Mississippi River, with 4 maximum
separation of 15 feet. Velocity records smoothed with a thirty
second averaging interval show excellent agreement, Agreement is
not as good for the unsmoothed records, Differences are not
unexpected since the maximum perceivable frequency (based on
each meter revolution) will be larqe enough to include 'local!
eddy envircnments for each record. In other words, the large
separation of the meters implies that some small scale (i.e.,
less than 15 feet, which is of the order of the macroscale in
the Mississippl River: McQuivey, 1973) features are saapled at

each velocity recording position.

1(cont'd) Obviously, the current meters used by Demente'ev act as
a low frequency filter and pass only correlated scales.
Similarly, relatively high normalized cross-correlations (0.50)
were observed by Mclean and Smith (1973) over two metres of
vartical distance. Fluctuations at higher levels tended to lead
those at lower levels due to the lag induced by the mean shear.
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A limited rumber of longi*tudinal low frequency spectra from
rivers are available. The bulk of the published spectra was
collected in s3and bed channels though some comparative spectra
are available from atmosgheric work over rough boundaries.

Some of the low-frequency spectral work has been entirely
concerned with finding a -5%/3 region to conform with prediction
by Kolmogorov (1941), Spectra from Grinval'd (13972) and Yokosi
(1967) were both obtained under simple conditions in sand bed
channels for this purpose. Both papers sampled data in straight
sections of sand bed channels with no bed deformation
eliminating production associated wi*h those scales.

Both authors found ~5/3 slopes in their data though these
were extended to scales where local isotropy wouldn't be
expected on the basis of results for neutral conditions in the
atmosphere (Kaimal et al, 1372). Results from Grinval'd (1372)
suggest a broad flat region of power near the lower fregquency
limit (n=.03 Hz) for surface measurements and changes in slope
near the lower (=5/3 ranqe appears for at most a decade)
frequency limit for other positions in the flow. Data from
Ishihara and Yokosi (19367) and Yokosi (1967) sugges*t varying
results for different channels, with a -5/3 region extending in
some cases only to n=0.1 Hz or in others down to n=.001 Hz

{scales far larger than the macroscale).
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0f course, the existence of a -5/3 slore is only one of the
criteria for local isotropy and its existence does rot
necessarily indicate isotropy. Other criteria include +the 4/3
ratio between spectral densities of the transverse and
longitudinal velocity components (Busch and Panofsky, 13638;
Tennekes and Lumley, 1972)., Hence the -5/3 region found in these
papers is perhaps more indicative of the types of channel
conditions (straiqh%, no bed deformation sand bed channels)
where the measuremernts were taken than of local isctropy at
these scales.

Several other spectra taken at turbulent measurement scales
extend to low enough frequencies to overlap with data from this
thesis and the rreviously mentioned papers. These spectra are
available in Nowell (1375) and Nordin et al (1371).,

The spectra presented in Nordin e+ al (1371) were ccllected
in the Mississippi and Missouri Rivers, The principal feature of
these spectra is an extensive -1 range extending from
approximately .01 to 0.2 Hertz, which in terms of channel scales
implies a -1 slope for scales greater thar channel depth.

Spectra from Nowell are interesting since these
measurements were taken in a gravel bed river (Cheekye River;
spectra extend past n=0.1). Results indicate that spectral shape
is practically invariant wi*h relative depth, though an
extensive -5/3 range was visible for measurements near to the

sur face (this is for scales smaller than *hose considered in
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this thesis). The principal feature of the spectra are peaks
near n=0,1 Her+tz, implying peaking at scales that are a few
multiples cf channel depth.

The most detailed set of low frequency measurements are
presented by Mclean and Smi+h (1979). General features of these
spectra include convergence to a -5/3 slope at high wavenumhers
and an extensive region of -1 slope (approximately two decades)
for the longitudinal velocity component, Again, despite the
presence of a -5/3 slofe other tests indicate that locail
three-dimersional isotropy was not present at the scales of
measurement,

More interesting results are based on the comparison of
spectra collected at different relative depths and different
positions along a sand wave.

Comparisor of spectra at 35 cm (y/D=.02) and 214 cm
(y/D=,14) demonstrate increasing power a* high frequencies
(principally fcr scales smalier than channel depth) as the bed
is approacked. This conclusion is further supported by the
behavior of the co-spectra. The co-spectral maximum shifts
towards higher frequencies as the bed is approached, indicating
that distance from the boundary controls the size of the most
energetic eddies (this result is important for uriversal
scaling; Chapter VII).

Secondly, spectra collected at the 100 cm level (y/D=0.07)

over the crest and *he trough of a sandwave are almost
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indistinquishauvle, even 4% largye wavenumbers (k=0,1, length
scale is 0.5 metres)., The implication of this result is that
spectra in the cuter layer are dominated bty scales imported from
upstream and are no* par*icularly affected by changes in 1local

bed conditions.
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IV. EQUIPMENT AND DATA ANALYSIS

Introduction

In brief, the two problems connected with measuring
velocity fluctuations in natural channels are; one, whether the
ins*rument used is sufficiently sensitive to perceive the
minimum scales of interest and two, how much energy is irnvolved
with scales smaller than those of interest and whether or not
this ererqgy is aliased into the data a* frequerncies of interess:,

The periods under consideration in this paper are of a
sufficient length to be perceived by a sophisticated current
meter and the advartages of instrumentation such as hot film
anepometers in perceiving very shor* period turbulent
fluctuations would be of little use in this study. Current
meters also have the advantages of stability of calibration over
long periods and of robustness proven by countless applications

ir many channels,

74



The Current Meter as 4 Turbulence Begistering Device

——— e S

In general, it is recognized that there are two effects
which distort the output spectrum of turbulence that may be
obtained from a current meter suitable for use in a natural
chanrels, These two effec*s may be referred to as inertial
dampening and spatial averaging (Plate and Bennett, 1363),

Irertial dampening is caused by the inertia of the
propellor blades and dampens the meter response to high
frequency velocity components., This effect makes a direct
*ranslation of measured fluctuations of the revolution of the
propellor tlades into velocity fluc*tuations unterable. Inertial
damperning is probably of little importance for long period
fluctuations since the response time of the meter to a step
input is significantly less than the velocity gradients (over
time) under consideration.

Spatial averaqing is controlled by the diameter of the
propellors. This effect occurs because the finite size of the
propellor leads to an averaging of eddies of the same size or
smaller than the propellor dimensions. In general, the effectis
of these small eddies on the individual propellor blades should
cancel each other (Rabot, 1372). Spatial averaging can be
important in determining the maximum frequency perceivable Ly
the flow meter.

Limited information is availatle comparing simultaneous hot

film and current meter measurements. Due to the much higher
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maximum frequencies sensed by hot films 1t might be expectei]
that estimates of *urbulent energy content should be sligh+tly
hiqher for hot films, though mos* of *the turbulent enerqgy is
cortained in the frequercy range detectable by current meters
(<5 Hertz; Nowell, 1975), Coaparative measurements from McQuivey
(1973) based on five minu*tes of simultaneous measurenent
indicate that differences can be extreme and seem to depend on
*he type of current meter and channel size,

Data obtained in the Atrisco feeder canal and Rio Grande
conveyance channel with an 0ttt minor propellor meter redesigned
to produce 30 pulses per shaft revolution indicated that
turbulent enerqy levels were vastly underestimated by the
current meter., Data indicated thka* current meter estimates were
approximately 50% smaller near the surface and often ornly
one-third of the hot-film estimate near the bed in the Atrisco
feeder canal. Data from the Rio Grande conveyance channel (some
data collected with Price standard meter) was much smaller near
the surface but often increased to 50% of the hot film value
near the bed. Variation in between was extreme with current
meter estimates occasionally exceeding the hot film results.

Comparative data collected in the Mississippl River used a
standard Price meter with one pulse per shaft revolution.
Current meter estimates of the *urbulent energy obtained were of
the order of 100% larger near the surface and 25% larger than

hot-film results near the bed.
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Data collected in this paper will be compared with
McQuivey's (1373) hot film results in a later sect*tion. Thouqgh
large differences exist in the length of record collected in
this paper and McQuivey's it is fel* that variance estimates
should stabilize rapidly to the long term variance (Raichlen,
1967; approximately equal to long term variance after 1/10 of
total record). Data from the Squamish River indicates that
variance has approximately stabilized by 100 seconds of record

(Fiqure 6.2).

The Current Meter

The current meter used to conduct measurements is arn 0O+t
Dynamo meter, This meter uses a precision DC measuring Jgenerator
to produce a voltage tha*+ is proportional to the number of
revolutions per minute of the propellor blades and hence to flow
velocity. The particular meter under consideration uses a
polystyrol propellor with two blades having a diameter of 125
millimetres and a pitch of 0.5 metres.

Minimum flow velocity for this particular propellor
arrangement is 0.045 metres per second. This is a problem only
at *he station nearest to the bed in the Alouette River. Data
transformation indicates minimum velocites measured wvwere
sliqhtly below this value (calculated minimum was 0.034
metres/sec) and some near stalling of the propellor blades was

visuvally noted. Hence the distribution of extreme values below
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the mean 1s subject to doubt as to accuracy for this particular
station.

The transformer constant for this meter was determined fronm
the calibration curve, Regression gave a mean value for the
constant of 2.463 volts/metres/second. The linear still water
calibratiorn indicates a maximum error of 1,5% in the measuring
range between the miniwmum velocity and 0.2 metres/sec and 0.5%
above 0.2 metres/second.

Estimates of the maximum measurable frequency are
obtainable from the pitch (p) of the meter., The pitch is the
length of water tha* passes through *he meter blades in one
revolution. If this is treated as a minimum detectable eddy
size, the local mean velocity can be used to transform this to a
frequency where

n(max) = U/P = U/.50 metres
Since velocity records were eventually digitized at one second
intervals givirng a4 Nyquis+ frequency of 0.5 Her*z, this maximum
detectable freguency estimate is only a problem when U<, 25
metres/second. Mean velocities were only less than this
criterion a* one point; near the bed of the Alouette River. This
indicates that the enerqy distribution at high frequencies at
this station may not reflect the energetics of high frequency
eddies, However, the pi*tch may not provide the most appropriate
estimate of minimum detectable eddy sizes for an dnaloque output

current meter. A similar estimate could be based on the
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profrellor diameter, providing a4 higher maximum frequency.

It has also been established that the influence of tanks
and beds causes current meters to perform differently than their
rating curve would sugqest (Dickinson, 1967). However, the
effect in terms of over-registration or under-reqgistraticn
varies with the *type of meter, Variation primarily occurs in
areas where the velocity gradient is steep over the integrating
area of the propellor. The large diameter of the Ctt propellor
blades (12.5 centimetres) indicates tha*t this effect might have
serious consequences for velocity output very near a rough
boundary or in a very shallow stream. This effect plus the
minimum measurable velocity plus the large physical size of the
current meter and weight indicates that samplirng very clcse to
the bed or surface is impracticai for this systenm.

The meter suspension system used is different from that of
in cther studies of low frequencies in rivers. Here, the cable
supporting the meter assembly is looped through a U-bolt at the
top of a hanger bar which supports the Ott meter and Price
weight. This arrangement allows the current meter to rotate in a
horizon+al plane and follow the direc*ion of the 'mean' current,
Since the meter is not*t riqidly attached to the hanger bar it may
also move in a vertical direction. There seems to be two
problems with this system; one is the problem of meter stability
and the other is comparing 'speed' spectra produced by this

system with longitudinal spectra produced by fixed current
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meters,

Meter stability was particularly a problem at low local
mean velocities, The system seemed to respond by a low fregquency
swinging back and forth or in and out of the mean velocity
direction, Depending upon the response of the meter to non-axial
components this could produce an artificial periodicity in the
data, Swinging was eliminated as much as possible by quadrupling
the fin area of the current meter.

At low frequencies the speed component measured by this
system should te very similar to the longitudinal component
since as was noted earlier most of the total energy will be
contained in the longitudinal component due to production

considerations and geometric constraints,

Data Recording

Velocity data was recorded on a Chart recorder for later
digitization. The model used was a Port-a-graph recorder
manufactured by Esterline-Anqus, divison of Esterline
Corporation,

buring use the recorder was run at 360 mm/minute for ease
of later digitization. The chart recorder had a range of vol*tage
scales running from 2 millivolts to 50 volts thouqh *he ranges
used in this study were the 5V and 10V ranges. The recorder
provides an accuracy of plus or minus 0.,5% of full scale. For

the 10V range this implies a corresponding accuracy of velocity
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determination of plus or ainus 0.02 metres/second. The recorder
alsc provides a balancing speed for the potentiometer of more
*han 300 millimetres per second or a time of less than 0.5
seccnds for a full scale deflection. This speed is more than
sufficient tc follow velocity gradients sampled. Recorder drift
is also minimized being less than 10 microvolts per hour;
essentially no appreciable drift in terms of *the accuracy of the
reccrder.

The velocity signal was low-pass filtered for most statioans
before being recorded, Data recording without +he filter
indicated that *the trochoid wave output of the meter was
appearing in the veloci+ty record along with eddies smaller than
the intended digitizing interval.

Roll-off characteristics of the *this filter are presented
in Fiqgure 4,1, The filter included a X2 gain and a frequency
cut-off at 2 Hertz, with power declining to 10% of the signal
strenqgth at 2 Hz by 10Hz., This filtering eliminated the signal
arising from the meter and also eliminated the considerable
enerqgy available for aliasing from frequencies less than 0.5 Hz.

The record lengths used differed in the Squamish and
Alouette Rivers. In the Squamish River record lengths used
varied from 45-55 minutes. This choice of record length was
based orn the limited information available on the lenqgq+h of long
veriods in natural channels (Demente'ev, 1962; Tiffany, 1967)

and also represents the length of char* paper available wher
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the recorder is run at 360 mm/minute.

Record lengths used at the Alouette River (apgroximately 20
minutes) 1epresern*ed a compromise be*ween a reasonable minimunm
frequency (.001' Hz) and the desire to eliminate discharge change
between the first measurement taken in the vertical and the last

one,

Bed Sampling

Sampling of depth variation along the thalweg was
under taken in Lkoth the Squamish and Alouette Rivers, Records in
the Squamish River were collected with a Raytheon fathometer
(Hickin, 1978) . The length of channel covered is indicated in
Fiqure 5, 1.

The fathometer profile was divided in sections representing
stations used in a study of mean and secondary current (Hickin,
1378) . Distances between these stations were known and these
distances were used in conjunction with measurements taken from
the fathometer chart to produce approximate scales for each
section of fathometer record. The computed scales varied between
1 inch to 31 metres and 1 inch to 135 metres. Part of this
variation was due to changes in boat speed but these large
differences also reflect the difficulty of locating stations
accurately,

These calculdted scales were then used to calculate a

digitizing interval for each section that represented 10 metres
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of actual distance. This 10 metre digi*izing distance was choser
to keep the minimum digitizing interval of the order of one
tenth of an inch.

There are two protlems associa*ted with this analysis. The
larqge relative Loat speed to chart speed principally determined
the larqe digitizing distance used. Unfortunately, this provides
a Nyquist wavelength of 20 metres. The limited data availiable on
dunes in gravel bed channels (Galay, 1367) indicates gravel dune
wavelengths of 12 and 18 metres for a comparable discharge in
the North Saskatchewar River. These wdavelengths would be
undetectable by this analysis.

The small vertical scale used or the fathometer record (8.5
feet of relief/inch) and the thickness of the line representing
the bed means that small varia“*ions (and short wavelengtth
variations) in profile height are not represented very
daccurately.

Bed samplirg in the Alouette River was a much simpler
program., The thalweq was sampled by measuring the depth every
fifteen feet with two range poles tied together with a fifteen

foot lenagth of rope.
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Digitization of velocity records was carried out a%t two
locations; the Department of Mechanical Engineering, UBC, and
Tetrad Computer Applications, Ltd., Vaacouver, All velocity
records were digitized at an interval of 0.236 inches,
correspording *c¢ a one second digitizing interval, Both systems
used an TSOTRONICS GRADICON digitizer to record x and vy
coordinate locations every 0.236 inches. Recorded data were

ou*put to an IBM keypunch, producing a card file.

-——— ——

Preprocessing of digitized data was limited to testing for
sta*tionarity in *he mean and the variance, Testing for
stationarity was accomplished with a runs test (Bendat and
Piersol, 1968). The runs test used was a non-parametric test
which compared the number of runs (crossings of some group
median value) in a series of means and variances calculated from
serial, shorter sequences of the overall data series. The length
of these shorter series was designed to be greater than the
limit of correlation in the data. All velocity and bed series
were determined to be {weakly) stationary.

Spectral analysis was performed by a package called MIDAS,
available on MTS. The handbook for this package (DCCUMENTATICN
FOR MIDAS) indicates that a Fast Fcurier Transform is used to

produce autocorrelation estimates which are then processed to
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produce spectral estimates following the procedures outlined in
Jerkins and Watts (1968),

In common with standard procedures for an autocorrelation
approach, *he program allows the opera*tor to specify a
truncation (m) and to choose a window function. The combination
of these two parameters determines “he resolution bandwidth of
the spectrum (resolution bandwid+th is a function of 1/m;
Jenkins, 1961) and the parameters may be adjusted in ar attempt
to compromise between fidelity and stability (referred to as
window closing; Jenkins and Watt, 1368), keeping within the
deqgrees of freedom imposed by the record length.,

Large resolution bandwidths were used in *this analysis
(estimate based on the truncation is .02 Hertz), rpartly to
produce reasonably smooth spectral curves with a limited number
of points and partly to reduce spurious peaks in the high
frequency range,

The principal problem with the package is related to the
intervals on which frequency points can be chosen, Since the
choice of frequency points is limited to some constant (i.e.,
over the frequercy range of .001 to 0.5 Hertz) arithmetic
interval, when data are plotted as the logarithm of <he spectral
density versus the logarithm of frequency very few points appear
in the lowest frequency decade and points are clustered irn the
highest frequency decade (0.1 *o 0.5 Hertz; generally two to

three points are determined per resolution bandwidth implying
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approximately 60 points over the frequency range) and *here is
an obvious defiritior prchlem for the lowest frequencies.

In order to produce a more corLstart density of spectral
estimates over the logarithm c¢f the frequency range, spectral
estima*tes were calculated for *hree overlapping intervals (.001
to .01 Hz, .001 to .2 Hz, and .1 to .5 Hz). The prcblem with
this approach is that spectral estimates calculated at pcints in
the range ,001 to .01 Hertz are not independent due to the large
resolution bandwidth and decreasing this bandwidth de-stabilizes
the high frequency estimates, If a different resolution
bandwidth is used for each interval then the overlapping ranges
do not match at the endpoin*s since *the computation bandwid*h
extends varying distances around the end point of each range,
Also, the bandwidths necessary to resolve the range between .001
and .01 Hertz are swmall enough that the degrees of freedcm fall
below the confidence level for the shor*est series.

Consequent*tly, large bandwidths were used for all the
analysis and limited emphasis is placed on interpretation of
spectral shape of the lowes* frequencies. Resolving the lowest
frequencies in the data accurately seems to be a common protblen

(Mclean and Smith, 1979).
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V. THE PIELD SITES

Introductjon

This chapter is wri“*en in two parts; one dealing with *he
Squamish River, one describing the North Alouette River, The
ievel of descriptive information available for the two rivers
varies widely. Since measurement on the Squamish River was done
in conjunction with a major project on mean flow structure in
bends a wecalth of published (see Hickin, 1378; 1373) and
unpublished material is available. Conversely, the level of

backgrourd material on the Nor+<h Alouette is very limi*ted. Each

part is written in *three sections; a section on the qeneral area
and discharge conditions, a section detailing upstream planform

and chanrel bed conditions and a section on local information
connected with the measurement site.

The purpose of this chapter is threefold. One purpose is to
provide the necessary backqround information on measurement
conditions, The second purpose of the chapter is tc use spectral
analysis in an attempt to identify longitudinal wavelengths that*
may be of use in collapsing low frequency velocity spectra.

Thirdly, flow and channel behavior *hat may be of importance in

providing local low frequency velocity spectrum interpretation
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is detailed.

General Cornditions

The Squamish River is a proglacial river which lies north
of Vancouver, British Columbia and drains into Howe Sound. The
area of the drainage basin is 2330 sguare kilometres (Inland
Waters Directorate, 1977).

Mean monthly discharge (Inland Waters, 1977; based on 26
years of record near Brackendale) is 244 cumecs. Maximum monthly
discharges occur during the summer moaths and the general
recession from snowmelt continues until the minimum monhthly
discharges which occur during the late winter period (January to
March), Maximum daily and instantaneous discharqges occur during
the fall period (though some of the annual flood population is
associated with the peak discharges from the June snowmelt) and
appear to be associated wi+h rainfall on exposed ice in the
npper parts of the basin.,

Fiqure 5.1 shows 5 kms. of the planform behavior of the
Squamish River (the measurement site 1s near station 27), The

most obvious feature of this channel reach is the general
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Q . . 500 metres

Figure 5.1: DPlanform behavior of the Squamish River reach.
(adapted from Hickin, 1973)
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decline of 'meander ampli*tude' and apparent increase of
wavelength and radius of curva+*ure to width values (r/w values
vary from 1.2 at the most upstream bend to 8.7 in the
neighborhood of the measuring site; Hickin, 1978),

The Squamish River is not a 'classic' channel meandering in
its own alluvium. In fact, it is similar to the 'wandering!'
channel type described by Neill (1976). General characteristics
of this type display neither clearly meandering nor braiding
planform behavior, bu* rather alternating sequences of irreqular
loogs and reaches divided by islands. Several of the upstreanm
bends of the Squamish River abut against the granitic valley
sidewall., In other areas (notably sections 13 and 24) the
channel is narrowed on the western side by alluvial fans. The
total influence cf the qranitic sidewall orn the bed profile is
unknown. Outcrops of granite project into the stream in several
areas and it is possible that some of thke large symmetrical
features projecting above the surrounding chanrel bed are of
qranitic origin (see Figqures 5.2 and 5.3).

Observations of delta sediments (Hoos and Vold, 1375%5) ard
observations in the test reach indicate that the Squamish River
is a gravel bed channel. Estimates based on gravel material on
point bars (Hickin, 1378) indicate sizes ranging from 5 %o 50
mm. A similar range of particle sizes is expected for bed
material, Deposits of sand size material appear to be limited to

occurrences as veneers oh some point* bars.
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Figures 5,2 and 5.3 present the bed elevation of the
thalweq from station ! (this is zero metres on Fiqure 5,2) +o
station 29 (Note--horizontal scale changes from Fiqure 5.2 to
5.3). Discharge when this trace was taken was around 425
cumecs--where this is the average discharge found by Hickin
(1978) for the summer period. Sampling procedures for rthe bed
elevation data are detailed in Chapter IV, This section will
discuss general and statistical features of this bed profile.

The mcst oktvious feature of the bed *trace is the extremely
deep pool occurring near the axis of the most upstream bend
(station 2, Fiqure 5.,1) This feature appears *o be similar *o
'scour holes' otserved by Neill (1376) which were characterized
by;

1. maximum depths generally 2.5 to 3.5 times the average depth
under ten yvear flood conditions,
2. Location at bend apexes involving large angular deflections

{at least 70 degrees, which corresponds to an r/w of 3,2;

the mirimum r/w value is 1.7).
3., most of the scour holes occur where the river impinges on

the valley wall.

4, These features are persistent and change little from year to

year,

The fedture on the Squamish River fits these general conditions.
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The most interesting feature of these scour holes in terms of
this thesis is their persistence over time, As Neill notes,
their persistence, despite evidence of active gravel movement
during the annual flood (Athabasca River), implies the presence
of some stable eddy system, Neill associates one scour hole,
which occurs in a straight reach, with a nearby horizontal eddy
occupying a bank embayment (i.e., a separation eddy; equivalent
to Matthes (1347) bank eddy, which are Class II, Rotary
Ccntinuous features),

General observation on the relation between flow structure
and these type of large holes is limited to one pafger (Moore,
1370) . Observations by Moore were undertaken over a pit dredged
into the bed of the Missouri River., This pit was afpproximately
450 metres long, 150 metres wide and on average 8 metres below
the local river bottom. The feature persisted over three water
years wvwith peak discharges reaching 17000 cumecs over 4 sand
bed.

Moore observed that above mean flow velocities of 0.5
metres per second, a larqge horizontal eddy formed over the pit.
Surface observations showed that floats placed over the center
of the pit were approximately stationary while floats near the
bank moved upstream at velocities between 0.2 and 1 metres per
second. This horizontal eddy appeared intermittently. Moore
indicated that there was a period of approximately 6 and

one-half minutes during which the eddy formed, built to a
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maximum, ard dissipated, Following this period was approximately
3 ard one-quarter minutes of downstream flow. The period wnen
the eddy was present was associated with vigorous kolk activity
and deposition of sand size ma*erial between the dredge hole and
the bank,

No similar flow structure was observed over the scour hole
on the Squamish River, The mean flow structure was dominated by
two elements; a large separation zone in an embayment on the
concave bank and a mean flow with a stromg helical component
over the actual scour hole (see Hickin, 1379; Figure 1),
Macroturbulent elements were generated in the shear zone at the
margin of the mean flow., These features ranged up to 10 metres
in diameter; however, observation indicated they remaimned
identifiable only several diameters downstrean.

The other interesting general feature of these bed profiles
is wha* appears to be a tendency for the variance of the bed
features to decline with decreasing ampli*ude and increasing
wavelerngth through the reach., However, *this tendency is not

confirmed by a runs test (Bendat and Piersol, 1368).

tatistical Approaches--Longitudinal Scales

The bed elevation data were digitized at a constant
interval of 10 metres, Ccmmon serial analytic techniques such as
spectral anralysis may then be applied to the spatial series.

The bed elevation data were analyzed, for *he overall
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series and two subseries; one incluling the tight bends of the
upstream part of “he reach (Section I, Table 5.I), the other
including the relatively straighter section (Section II, Table
5.I) downstream, This was done for severdl reasons, It was felt
tha+ i+ was worthwhile to test for variation in longitudinal
scales under different planform conditions. If the scales were
different, then the results from the straight section would be
more representative of local conditions at the measurement site,
Secondly, the division of the overall series represents an
attempt to characrterize a visually obvious pool/riffle sequence
spectrally.

Accordingly, the depth series was broken into two parts,
Section I, the 'meandering' section running from stations 1 to
15 (Fiqure 5.2) and Section II, the 'straight' section running
from 15 to 29 (fiqure 5.3). The division point, of course, is
fairly arbitrary. However, it was chosen to include the three
tighest bends into the meandering section and also to provide
two series of fairly similar lengths, since the number of points
in the data series is limiting for the resolution bandwidth,

Summary statistics for all three series are listed in Table
I. Data are from the digitized bed profile and also fron
Hickin's (1378) field survey (mean widths and means of the
average cross-section depths).,

Most of *he variation of these measures is obvious., The

presence of the scour hole in Section I is reflected in the
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relatively larger standard deviations anrd neqgative skews, More
interesting is the variation 1in the kurtosis values., The large
kurtosis values of the meandering section reflect the larqe
serially isola<ed variance contribution of the 'pools' and the
relatively low variance contribution of the smaller bed elements
in between, Removal of these large 'pool' contributions
indicates that the marginal distribution (as in Sec*ion II) of
the smaller scdle bedforms is relatively more normal. The
Section I distribution appears to represent two superimposed
elements of the bedform hierarchy.
Spectra of these three series are presented in Figure 5.4.1

Severai features of these spectra are apparent:
1. a low wavenumber2? peak at 0.03 cycles per 10 metres (x=340

metres) in the Section I spectrd.
2., a broad high wavenumber pedk near a vavenumber of 0.25 (x=45

metres) in the Section I and Overall Spectra.
3. a larger percentage of low wavenumber spectral density for

the Section II spectra.
The peak at x=45 metres appears to be associated with the large
narrov 'spikes' tha* occur in the depth series.

Discussion of the peak value observed for the Secticn II

spectra is more interesting, It is worthwhile to compare this

1 The spectra of the two sections of record are significantly
dif ferent at p=0.01 (test is from Bendat and Piersol, 13€8).

2Por these spectra wavenumber is just the reciprocal of
wavelengtn,
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Figure 5.4: Squamish bed clevation spectra
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value to other typical dcominant bedform wavelergths and also to
Squamish planform behavior, 3
A path meander wavelength estimate for Section I is

x* = {1/H/2) (1*/1) = 1330 metres
where 1 is the downvalley distance, H 1s the number of crossing
by the charrnel of this downvalley line and 1*/1 is the charnnel
sinuvousity. The downvalley meander wavelength is

X = x¥1/1% = 352 metres
and
x/w = 10.1

which corresponds to the traditional empirical equation (Leopold
and Wclman, 1960).

The peak of the depth series, which corresponds to 3.4w is
small compared to most other estimates. Sperare (1974) found
impcrtant depth spectral peaks in the range from 5-20w; results
from a braided outwash channel (Church, 1372) were in the range
of 5-8w,

Second, this depth spectral peak is small relative to the
planform pathlength meander wavelength. Sperare (1974)

demonstrated that depth spectral peaks tended to occur at

3Channel wavelengths can be related either to a pathlength (x*,
the distarce along the channel, hence estimates from the depth
series) or to the 'downvalley' or axial distance (x, as in
visual studies; e.q. Leopold, Wolman and Miller, 1964). The two
dif ferent measurements are related by the channel sinuosity (Si)

as
X = x*/Si
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one-half of the path meander waveleng+th.

While this particular wavelength (3.4w) is visible in the
depth series (see Figure 5.,2), it is unreasonable to call it a
'pool and riffle' sequence, The wavelength is composed of a mix
of bed elements., Starting at the zero mark on Figure 5.2, the
bed elevation correspond to the following morphological
elements, Firs* a decline into the scour hole, second a rise
over a small bar on the downstream lip of *he scour hole, third
a slight deepening, then a rise in the area of the midchannel
bar marked on Fiqure 5,1, and then a general decline into the
pool associated with the apex of the second downstream bend. In

other words, *he identified wavelength is associated with a

fortuitous mix of bed hierarchy elements.

The Local Site

Figure 5.5 presents a channel cross-section near to the
measurement site, Measuremen:s were taken from a river boat
moored to the Squamish River cableway (Brackendale gaugirg
station; Inland Waters Directorate).

The original measurement program involved collecting
lengthy velocity records at approximately 10 points in the
cross~section, at a near constant stage, However, due to
equipment and access problems only two velocity records were

collected during the relatively constant summer discharges (!

and 2, Fiqure 5.5). Both of these records were collected on
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25 metres

5 metres

Figure 5.5: Cross-section near Squanish River measurenent
site.
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August 25, 1377 at a daily discharge of 405 cumecs (Inland
Waters Directorate, 1978), On a subsequent return to the
Squamish River in late October, river levels had dropped
considerably, Two records (numbers 3 and 4) were collected on
October 3, 1377 at a discharge of 91 cumecs., At this point data
collection on the Squamish River was abandoned and efforts
sWwitched to the North Alocuette.

Observed macroturbulence during data collection was
primarily of the 'kolk' type, expressed on the channel surface
as non-rotating boils which decayed through radial expansion
(Matthes, 1947). The appearance of the features in any region of
surface was reqular and rapid (i.e., a few seconds betveen) and
the surface at any time tended to be covered with a dense
network of these featuraes, While the features were also apparent
at lower discharges they did not appear to be as dense or
reqular, Dissipation of individual 'boils' was rapid and
occurred within a few tens of feet.

Ot her macroturbulence features observed were also local in
effect, Large suction eddies (similar to the classic Rankine
vortex where there is a decline of water surface elevation over
the center of the features; Rouse, 1963) were observed
downstream of a rock ledge projecting into the river. These

features are difficult to fit into Matthes classification since

they should occur under Type II, Rotary, Corntinuous, which does

not include features which are reqularly shed. Again, despite
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the fact *hat these features are rela*ively energetic, they

dissipated within 100 feetr downstream of where they were shed.

General Conditions

The North Alouette River is an unrequlated channel located
to the east of Vancouver, British Columbia. This river joins the
Alouette River and both flow into the Pitt. The basin area of
the North Alouette River above the WSC gauge is 37.3 square
kilometres. The mean monthly discharge is 3.1 cumecs (based on
19 years of record:; Inland Waters Directcrate, 1377). Low
monthly discharges tend to occur in the late summer-early fall
period (Auqust to September) and maximum monthly discharges
occur during the November to FPebruary period.

The channel pattern of the section of the North Alouette
for which bed elevation records were collected can be classified
as irreqular (Kellerhals, Church and Bray, 1976). No repeatable
pattern was observed and the channel tended to very broad bends
with an occasional tight bend., One larqe, permanent island
occurred in the reach (670 metres from start of trace; see

Fiqure 5.6)., Bed sampling continued up the righ+ hand channel as
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this ore appeared to be larger. The channel split extended for

approximately one hundred metres.

The Nor*h Alouette is a gravel bed river. The bottom was
visible during bed elevation sampling and material size appeared
to range betweer 10 and 100 millime*res. No small scale forums

(i.e. less than the sampling distance) were observed during

wading,.

Reach Characteristics

Fiqure 5.6 presents the bed elevation of the thalweq of the
North Alouette River upstream of the measurement site. Sampling
procedures for these data are detailed in Chapter IV. Discharge
on the day the red elevation series was collected (June 24,
1978; discharge was 0,6 cumecs) was lower than when velocity
records were collected (see footnote 1; Chapter VI)., The trace
represents 3000 feet of channel dis*ance (approximately 80w
based on the width during collection of velocity records). No
obvious visual features occur in Fiqure 5.6 other than arn

irreqular succession of 'pools' and shallows,

Statistical Approaches -- Longitudinal Scales

The mean depth value for the channel reach was 0.50 metres
with a standard deviation of 0.27 me*res. The distribution of
bed heiqhts was non-normal with neqgative skew (-0.62) and

negative kurtosis (-0.43).
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The bed spectrum of the North Alouette River is plotted in
Fiqure 5.7. Spectra in this fiqure are plotted as a function of
wavelength* to eliminate the effect of differing sampling
intervals (conseguently the power distribution of *he Squamish
bed spectrum is reversed from Fiqure 5.4). The Squamish spectrunm
plotted in this fiqure is based on the Overall depth series, but
was recalculated for a different set of wavenumbers.

I+ is interesting to compare the bed elevation spectra of
the Squamish and North Alouette Rivers. As might be expected on
the basis of the 'size' of the two systems, spectral density is
skewed to longer wavelengths in the Squamish River, Both spectra
have similar slopes in the wavelength range from 10 to 100
metres, However, there appears to be no simple measure of the

'size' of the systems (such as channel width) to collapse these

tvWOo spectra onto a universal curve,

The Local Site

As mentioned earlier, the velocity saspling program on the
North Alouette was only instituted after problems coccurred on
the Squamish River. Velocity series were collected for one
vertical during one day (April 21, 1378). As a result the
overall data set allows comparison of velocity spectra from

*this is just the inverse of wavenumber -- similar %o the

frequency/period combination for spect;al transforms of time
domain data. Note the appearance of twice the sampling interval

(the Nyquist wavelength) as the minimum wavelength,

108



——— -

10. —
ol
- N. Alouctte ;7§,~’
~~~~~ Squamish r/“ﬁﬁ
/\_,/ /
!
/
/
/
/
/
b /
1.0 /
/
(
/
/
— /
4 /
- Vi
A0 -
_1“ l J
10 100 1000

WAVELENGTI (metres)

Comparison of N. Alouctte and Squamish bed elevation

Figure 5.7:
Spectra

109



Figure

r

Je

8:

N. Alouctte measurcment cross-scction



1. two rivers of different 'sizes’.
2. one channel at two widely different discharges
3. from one comprehensive vertical in one charnel,

Figure 5.8 presents the measurement cross-section. Seven
velocity records were collected at the marked vertical using a
current meter suspended from a rope across the channel, These
measurements were collected on a falling stage (See Footnote 1,

Chapter VI, for more discussion).

Despite a comprehencive survey of the reach Lone of the

classic macroturbulence features were observed. Conditions of

the water surface during measurement wWere very calm and no
'kolk' activity was noted as on the Squamish River, despite

being only thirty or so metres downstream from a shallow riffle

area where the surface of the flow was very disturbed.



VI. PROBABILISTIC STATISTICS

Introduction

This chapter presents *he variation of the general
statistics of the velocity distribution; that is, its moments
and some of their variation with sample size and relative depth.
Where possible data from the Squamish and North Alouette Rivers

vill be ccmpared to other results,

Data discussed in this section are presented in Tabie 6.1.

Mean Velocity Profile

In general, the universal velocity profile for open channel
flows is written as (Tennekes and Lumley, 13972):
U/u* = 1/k' 1n ys/k ¢ constant

though a defect law is also appropriate,

More commonly, though, results from an individual channel

are presented in the form of the local mean velocity against the

logarithm of relative depth. Occasionally the local mean

velocity is non-dimensionalized by the channel average flow
velocity to compare profiles collected across a section
(Raichlen, 1967) or scaled by the shear velocity (u¥*) or

U({infinity), the velocity outside the boundary layer, which is
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often interrreted as the surface veloci%ty in an open chabpnel.
Both 0f the last “wo parameters are appropriate outer layer
velocity scales.

This logarithmic form generally provides a good fit to
velocity data from the outer layer, though divergence frcm this
fcrm occurs near the bed and often, near the surface (e.qg.,
Raichlen, 1367).

Mean velocity data for the North Alouette River are
presented in FPigure 6.1, As is obvious from a cursory
examination of this fiqure the data are not well explained by a
semi- logarithmic curve, The explanatiorn of the poor fit lies in
+he sampling procedure. Velocity measurements were %tdken over a
long period of time (approximately 8 hours) with the
measurements falling into two groups. Series 1, 3 and 6 (y/D=
.78, .58 and .35, respectively) were collected early in the
measurement period before instrumen%t problems caused a gap of
several hours in data collection. As records were collected on a
falling stage! the seccond group of measurements (series 2,4,5
and 7) tend to Le displaced to the left on Fiqure 6.1 relative
to the first three. Treating these measurements as two separate
groups (Figqure 6,1B) slightly improves the fit to the curves and
decreases the velocity gradient., However, several of the
lstage change during the measurement period (April 21, 1378) was
from 1.38 to 1.29 feet, and the corresponding discharge change
was from 3.1 to 2.3 cumecs (data kindly supplied by Mr. C. Nagy,

Inland Waters). Stage changed too slowly to induce any trend in
+he velocity series which averaged only 17 minutes in leng+*h.
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measurements still appear anomalous, notably those at y/D=0.58
and 0.41, both of which appear to be low. No explanation is
known for the large divergence of these two measurements,
Certain preblems are introduced by the variance of the mean
velccities from semi log-linear form, The local mean velocity is
used for scaling the R.M.S., velocity and also is used in
producing non-dimensional frequencies for plotting universal
spectra. The variations in the mean velocity will be reflected

in parameters incorporating the mean velocity.

Accumulation of RMS and Mean Velocity

Analogous to common practise in turbulence research, an
intensity statistic has been defined. This statistic is simply
+he RMS (root-mean-square) velocity scaled by the local mean
velocity.

As was pointed out previously (Chapter IV) before intensity
statistics from this paper can be directly compared with other
results, several factors have to be taken into account. These
are: differences in sampling interval and consegquently sampling
of enerqy at different scales, differences in record length
(additional sampling of enerqy at large scales) and differences
in intensity related to boundary type and Reynolds number. The
first point was discussed in Chapter IV and will not be repeated

here.
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Figure 6.2 presents *he accumulation of mean and RMS
velocity with record lenqth, The series used in this figure is
Series 4 (Squamish River, y/D=0.8) and was chosen principally
because it is the longest one., Quantitative differences would be
expected with different relative depth values., Demente'ev (1363)
indicates that the mean error of shorter periods of measurement
relative *o the overall mean velocity decrease much more slowly
near the bed than near the surface, Similar results would be
expected hLere.

Fiqure 6.2R presernts the effect of increasinqg sample size
on the average RMS velocity; where the average RMS velocity is
the average of a number of samples of some length drdwn from the
overall record. The number of samples taken varied with the
length chosen; 25 independent (i.e., non-overlapping) samples
were drawn for short record lengths while only five sanples were
drawn when record length had increased to 500 seconds. Figure
6.,2C presents the effect of increasing record lenqgth on the
standard deviation of the samples drawn from the population,

As can be seen in Pigure 6.,2A the RMS velocity increases
rapidly with record length and after 50 seconds of record is
within 4% of the value derived from the total record length
{time to the first zero crossing of the autocorrelation function
is 20 seconds, where this can be used to estimate the "largest"
eddy). The variance stabilizes once sampling occurs across the

major enerqy containing features. The RMS velocity
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continues to increase slowly to 500 seconds indicating the
addition of small variance increments due *to longer pericds in
the record. Piqure 6.2A4 suggests that records exceeding 50
seconds are comparable in terms of RMS velocity, however, the
samfple standard deviation declines more slowly (Figure 6.2C;
this may be considered as a likelihood of repeating the results
of Figure 6.,2A with one sample) to a constant value, suggesting
record lengths should be extended to approximately 4 minutes to
insure comparability (this value is equivalent to record lengths
from McgQuivey, 1973).

A few comments are worthwhile on a similar analysis of the
accumulation of mean velocity and mean velocity sample standard
deviation (Figures 6,1B and 6.1D). As Fiqure 6. 1B demonstrates
the average mean velocity is within one or two percent of the
long term mean velocity for very small sample sizes and quickly
stabilizes to a value equivalent to the long term wean. Fiqure
6.2D presents sample standard deviation results. The format and
results are very similar to those of Demente'ev (1963), Savini
and Bodhaine (1971) or cCarter and Anderson (1363) where this
type of analysis is used to indicate the length of record
necessary to reduce the error in a velocity reading to less than
some pre-specified percentage. The sample standard deviation
(scaled by the long term mean) decreases rapidly and by 1.5
minutes is less than 2% of the mean. This result is equivalen+

to those of Demente'ev (1363) and Savini and Bodhaine (1971) for
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measurements near the surface.

The effect of variations in Reynolds no. and boundary
roughness are more difficul+ to express., General results from
Blincc and Partheneides (1971) irdicate that for measurements a+
turbulent scales increases in relative intensity (when scaled by
local mean velocity) occur for increasing Reynolds number though
this effect decreases with increasing Reynolds number and is
probably not important for the rivers under consideration.
Second, relative intensity as a function of y/D increases

strongly with bed roughness.

Relative Intensity

Figure 6,3 presen*s relative intensity results fron
McQuivey (1373) and this thesis. Results from McQuivey (1973)
and the Squamishk River are very similar to other results fron
turbulent scale research (Laufer, 1353; Grinval'd, 1372) in
flumes and rivers where the intensity shows a gradual 1ncrease
from around 4% near the surface to around 15% near y/D =0,1,
Results from the four rivers plotted are similar in trend though
values a*+ any relative depth are scattered and results tend to
spread more as the bed is approached. Data from the Squamish
River plots to the right of the sandbed charnel data possibly
indicating the effects of increasing relative roughness,

Intensity results from the Alouette River are obviously

wildly different from the other data in Figure 6,3 and by
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y/D=0.,7 are apfrroximately twice as large. The explanatior of
these differences appears to lie in the local flow conditions,
As was noted earlier (Chapter V; Figure 5.,6) the measurement
site was in a pcol approximately 40 metres downstream of a
riffle area (average charnel bed slope to the measuring site was
1 ir 65, though it is locally steeper near the measuring site),
Similar intensity values were observed by Nowell (1375) under
similar measurement conditions in a gravel bed river. His data
varied from 10% near the surface to approximately 25% near the
bed.

It is suggested that local intensity values are not in
equilibrium with local conditions. It appears that the mean
velocity stabilizes rapidly to local conditions and RMS
velocities measured reflect larqgqe scale features imported from
the upstream riffle area (5-101 is a life-distance estimate for
large eddy fedtures; where 1 is the length scale of this
feature; hence some features may travel lonqg distances
downstream before losing their identity, Tennekes and Lumley,
1972; Roshko, 1976) . Conclusions would be more appropriate if
RMS values could be scaled by the shear velocity, which reflects

local +urbulence production (Blinco and Partheneides, 1971;

Nowell, 1975)
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Standardized Velocity Distributions

A limited amount of comparative information is available
for longitudiral velocity distributions in the outer layer. Data
collected at similar measurement scales include only McLean and
Smith (1379; over a sand wave field); while data collected in
gravel bed rivers is limited to Nowell (1975; turbulent scale
researchj).

Data are presented in two Fiqures, Figqure 6,4 shows the
vertical variation of skew and kurtosis.? Ensemble data from
McLean and Smith are added to these figures since they represent
data relatively close to the bed. While direct comparison at
similar y/D values is not possible, sand and gravel bed rivers
may be separated at these measurement scales by more indirect
evidence,

The kurtosis values (Figure 6.4A) show a slight tendency to
increase with relative depth. However, the values cluster around
K=0 (the normal distribution), though large deviations from this
value occur that may be related to the length of the data
series, This trend of increasing kurtosis with y/D is not
supported by the data from Mclean and Smith, though again it is
unkrown whe*her this different behavior is due *o different bed
or relative depth conditions. Relative normality of the fourth
moment was found by Nowell (1975) for the longitudinal velocity

P s o wh D S WD D, WD S o WS

21t is important to note that the number of samples per series
is emall fcr a stable determination of these values and the

results should be treated with caution,
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distribution (Cheekye River) and it is probably reasonable to
assume that *this is also appropriate for the data irn this
thesis,

A more obvious trend is observable for the skewness
measures (Fiqure 6,4B), where values increase from negative skew
near the surface, While the resuits from MclLear and Smith are
consistent with the trend of the data, it is not clear whether
+hey are an adequate extension for skew values over gravel beds,

It is worthwhile to compare Figure 6.4B with skew results
from Nowell (1375; Cheekye River), despite different measurement
scales. While his da*a extends from n=0,01 Hertz into the
dissipation rarqge, since it partiy overlaps with data from this
thesis it may be worthwhile to compare results., There is no
other source of comparative da*ta over gravel beds. His results
indicated that sckewness varied from -0,13 to -0.,47 for y/D = 0.1
through 0.9, respectively. These results are particularly
interesting sirce the measuremenrt at y/D was near or below the
tops of t+he cobbles on the bed (D=0.7 metres, average cobble
size is 12 centimetres). Additionally, Nowell's data supports
the declining trend in skewness measurements evident in Figure
6. 48,

While Nowell's results may be taken as irdirect evidence
supporting different skewness behavior at large measurement
scales near the bed for sand and gravel rivers, other turbulent

scale results differ. Grass' (1971) observations of skewness
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over 3 mm gravel in a laboratory flume agree with those cf
Mclean and Smith (1979). These results may possibly be dismissed
on the basis of low Reynold's Numbers and swall sample sizes (N
< 1000).

It is worthwhile to discuss the nature of the skewness
results from this thesis. First, negative skew 1s consisternt
with data collection problems induced by the meter suspersion
system used (as discussed in Chapter IV). The general effect of
"swinging" and "near-stalling"™ should be to introduce ocassional
large negative excursions from the mean and, thus, neqative
skew, However, the trend of the skewness is inconsistent with
this observation. The problem was observed mostly for low
velocities (especially near the bed in the North Alouette River)
and it would be expected that if meter effects dominated the
dis*ribution that the *rend of skew would be reversed.3 In the
same vein, it is encouraging that similar results are recorded

for the Squamish River where local mean velocities are at least

a factor of two larger.

It is unclear, at present, what time scales are associated
with the large negative velocities., In fact, the time scale and

31t also could be arqued that the range between +the mean
velocity and the minimum velocities is contracted by the
presence of "zero" velocity and this effect keeps the
dis*ributions near the bed relatively normal. In other words, as
mean velocities increase so does the range below the mean and
thusly so does the negative skew, On the other hand, if the
meter stability is related to *he mean velocity, then the effect
migh* be expected to decrease with increasing y/D.
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dis+*ribution of these large negative velocities is probakly more
informative than the summary measures discussed sc far, This is
bes* approcached “hrough examination of the velocity traces.

A more detailed look at+ the velocity distributions is
provided ty Figure 6.5, The fiqure shows standardized velocity
distributions both near the bed and the surface for the North
Alouette and Squamish Rivers. All distributions are
significantly non-Gaussian at p=.005 (this result is based on a
chi-square test ou*lined by Benda*t and Piersol, 1368).

The principal feature of these distributions that is rnot
apparent from the momen*s is their shape variation near the mearn
with relative depth., This variation is related to a slight
excess of values near the mean at low y/D values. This slight
excess is not reflected in the kur+tosis values and is mostly
concentrated into a narrow velocity range.

Velocity distributions from Nowell (1975) show opposite
behavior with a slight lack of values near the mean very close
to the bed. At larger measurement scales, in a sand bed river,
McLean and Smith (1980) observed near Gaussian behavior very
close to the bed, I+ is unclear how results from this thesis
would vary relatively close to the boundary and thus, whether
these other results are comparable.

An excess of values near the mean can be associated with
intermittent flow phenomena though this 1is more commonly

demonstrated by large kurtosis values of the u, w or,
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particularly the, uw distribution {e.q., Mclean and Smith,

1379), Excess values in the longitudinal veloci*y distritbution
are typical of the type of intermittency that occurs with clear
air turbulence (Dut+ton, 1969; this consists of patches of
turbulence surrounded by patches of clear air), It is difficul+
to suqggest that the observed excesses reflect intermittent
behavior in the velocity records collected for this thesis since
any intermitteuncy would appear to be associa*ted with only a
small range of scales (see Chapter I) and must be seen against
the background of a velocity field *that is known to be
continuous at other scales.

Consequently, it is more appealing to emphasize the
concentration of these excess values (they alsc appear in sonme
other velocity distributions) into a narrow spike. The presence
of this concentration relatively near the bed suggests the

diffusion of processes occurring at the bed, and dominated by a

characteristic velocity, into the outer layer of the flow. This

behavior might be expected from the presence of a wake layer

asscciated with the gravel roughness elements,

It is worthwhile to directly compare results from the North
Alouette and Squamish Rivers., As noted earlier, the local
channel topography near the North Alouette measurement site
appears to have influenced the intensity statistics. Despite the
previously suqgested non-equilibrium for the North Alouette,

there is little difference between the higher moments or the
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velocity distritu*icns of the North Alouette and Squamish series
(excluding the bimodality at y/D = 0.33 in the Squamish). While
it is not nececssary tha+t adjustment to channel changes appareat
in the second moment be reflected in other statistics of the

velocity distribution, the results suggest that the behavior of
the intensity statistic more reflects changes in the local omean

velocity than in the structure of the velocity fluctuations.
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VII. SERIAL APPROACHES

In*roduction

This chap*ter is the final approach to the velocity records

collected for this thesis. In a detailed manner, this chapter

exanines:
1. comparison of velocity records in a vertical

2. comparison of records collected in one charnel under

different discharge conditions

3. cross-comparison of results from tvwo rivers--the effect of
"channel size"--and additionally ccmparison with other
similar spectra

Two different methods will be used for these comparisons.

Both spectral and rescaled ranqge analysis will be applied =o

investigate the gross properties of the various data series.

It is worthwhile summarizing the approach of this thesis to

comparison of *he spectra. As has been pointed out, the

phenomena that may exist at large scales show varying levels of
"locality", There are events that are very local in oriqin and
influence such as many of the features (bank eddies, bottom

rollers) classified by Matthes (1347). Equally, shedding of

separation eddies, as identified in this thesis, is dependent on
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local conditions, and probably dependent on discharge
conditions. The downchannel influence of these pheromena (i.e.,
the distance over which *hey retain their identity) is not
known, though it is not expected to be large, implying
adjustment may be rapid (see Chapter V). On the other hand,
"pulsation" phenomena, if these existed in gravel rivers, would
seem *o be much less dependent on the location of the
measurement site.

As a consequence of the above comments, spectral shape may
be strongly dependent on conditions near the measurement site
rather than any general channel properties. Comparisons of
spectra betweern channels may then be dominated in some frequency
bands by varia*ion due *o the relative measurement position (see
Introduction to Chapter I), rather than the effects of "channel
size". As such, the spec*ra from each river need to be
investigated separately before comparison is made.

Most of the approaches to collapsing longitudinal 1low
frequency spectra have come from atmospheric research. Their
results tend to be discouraging. As Panofsky (1369, pp. 106-7;

see his fiqure 4) states:

"T+ is clear that the shapes of spectra from various
sites differ widely ... This suggests that mesoscale
features determine the characteristics of *he low
frequency portion of the U spectra, not just the
roughness lenqgth z, which is a measure of local
roughness. Attempts have been made to fit U spectra to
empirical formulas; however, such fits can be only of
limited use for application over terrain for which they

have been derived."
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The quotation is interesting and the reasoning on
"mesoscale roughnress lengths" is best derived by analogy with
turtulence research. On the microscale, roughness size and
spacing control *he statistical properties of the flow above the
boundary (this control extends to the non-dimensional spectral
peak; see Nowell, 1975). Reasoning by aralogy and keeping in
mind the hierarchy of skin through form roughness elements, it
might be expected that different frequency bands of the spectrunm
may then scale with different elements of the roughness

hierarchy (as was noted in Chapter I, some of these elements

scale on channel dimensions). This is to say, if there is a

hierarchy of roughness elements there equally well may be
corresponding regions of the frequency continuum that scale in

different ways,

An exploration of what a longitudinal mesoscale roughness
element may be was bequn in Chapter V. As was noted in that
chapter, dominant wavelengths identified through spectral

analysis are not sufficient to describe the effect of the

roughness elements, However, on the microscale, spacing
variation seems to be sufficient to produce peak separation in

velocity spectra (Nowell, 1375) and, as such, dominant

wavelerngths may be useful for explanation in this chapter.
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The comw@on approach to presentation of low frequency
spectra is tc plot frequency times spectral density against
either frequency or a ron-dimensional frequency (i.e.,, Bullock
et al, 1378; this is the usual form in atmospheric research; see
Kaimal et al, 1972, for an example). This form of presentation

will be followed in this chapter (see Chapter II for a

discussion).

The most appropriate form of similarity scaling fronm
atmospheric research is the Monin-Obukhov scaling., For neutral
lapse rate conditions (this is the case for rivers) collapse
should be obtained using the non-dimensional spectral density 1

and the reduced frequency (£ = ny/U), where this is based on a

frequency due to the height above the boundary.
This scaling applies only for y values in the "constant

stress" layer where distance from the boundary is the only

relevant length scale, This region excludes y values near the

boundary and near the surface and also is limited to those
scales above the frequency region of viscous domination (Monin

and Yagqlom, 1975b). Consequently, it was of little surprise that

Nowell (1975) fcund that this particular scaling was

. - . - W A -~

ithe square of the shear velocity is more appropriate, though
less successful, for scaling than the variance, however, this
was not measured. Additionally, this may be divided by a
non-dimensional dissipation parameter to collapse the high
frequency (inertial subrange) end of the velocity spectrum (see

Kaimal et al, 1972).
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inappropriate near the boundary and the surface. However, the
variation of his results in a vertical, glus those of Perry and

Abell (1975; pipe flow) and Bullock et al (13978; pipe €flow are
p ) o

useful for the purposes cf comparison.
Speed spectra from the North Alouette River are presented

in Figqure 7.1, The mos*t obvious feature of this fiqure is the

general similarity of shape of all seven spectra. This is not

entirely unexpected. As was noted in Chapter IV, the type of

measurement apparatus limited the flow region that could be
sampled to an area unaffected by nearness to the bcundary
(aprroximately 10 roughness lengths away in the Alouette) and

also relatively distant from the surface. Results from Perry and

Abell (1975) and Bullock et al {(1378) 2 indicate that
longitudinal spectral variation in a vertical is regionalized

corresponding to inner/outer layer sepdration (Perry and Abell

also include an area of "overlap"). While these results conme

from flows over smooth Lboundaries, somewhat similar results

occur for flows over discrete roughness elements (Nowell, 1375).
while it is possible to distinquish these regqgions

spectrally, there also appears to be consistent shape variation

with y/D in the outer layer. First, there is a general tendency
2Comparison must be of the mos% generalized form since similar
guantities are not being measured or similar flow systems being
sampled. Perry and Abell (1975) report results based on a
circular frequency, while Bullock et al (1978) transfornm
velccity data that has been rotated to correspond to the phase
anqgle of wavefronts in the vertical., General agreement between

these forms and Nowell's (1375) is encouraging,
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for the spectra to hecore more peaked with increasing y/D
(especially Perry and Abell, 1375 and Bullock et al, 1378; not
really eviden* for Nowell, 1375). This tendency is associated
with a low curvature or extensive flat region near the peak at

relatively low y/D values,? Similar variation is otservatle in

Figure 7.1 ({(see y/D = 0.22, 0.35 and 0.48) however the flat

region (or low frequency hump near n = 10¥*-2) extends to larger

¥/D values *han might be expected on the basis of Ferry and
Abell's results, While there is a very general tendency to
declining relative* low frequency power with y/D, the only curve
with different shape is that for y/D = 0.78. Differences hetween
this spectrum and “he rest are apparent in the cumulative
spectra of the Nor+h Alcuette from Figure 7.2A, This fiqure also

gives a clearer idea of *he relative importance of high and low

frequencies in the spectra.

The change in the nature of the spectra at y/D = 0.78 is

consistent with Perry and Abell (1975) and Bullock et al (1978) ,
The result is also consistent with the free surface spectra of

Nowell (1975; his figure 26A) as evidenced by comparison of the

3ynder the spectral scaling used here this flat region
corresponds to the traditional production (-1 slope) region. As
was noted in Chapter II this region 1S most extensive near the
boundary. Bullock et al indicate this flat region corresponds to
the appearance of an increased low frequency component atove the

inner and buffer layers.

*Since spectral density estimates are plotted each curve has tre
same area underneath it and ordinate values can be seen as

percentages of the total variance.
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cumulative curves, desrite differerces in "closeness" +o the
surface., The varia“ticn involves a relative shift of power “o
mid-frequencies, This change in the spectra with y/D will be
discussed further in later sections of this chapter.

Similarly, there is variation in a vertical in the
frequency band near n = 0,10, In this case, there appears *to be
a general tendency for energy to accumulate in this reqgion with
increasing y/D. Consequently, *he largest peaks are observed for
ys/D = 0.78, 0.71 and 0,41,

It is unknown whether the two-component separation
discussed in the last few paraqraphs has physical significance
or whether it is merely convenient for descrip*ion. The results
suggest that two frequency separated components which vary in
their relative magnitudes may be necessary to explain the
behavior of the low freguency spectrum in the North Alouette., At
present, the system can be simply described as a lower frequency
component dominant near the bottom of the outer layer with
scales a small wmultiple of channel width, and a higher frequerncy
component important closer to *“he surface with scales ranging
bet ween channel depth and width.

The fact that spectral shape varies with y/D and that peak
location is relatively constant in frequency over changing y/D
implies that reduced frequency scaling is unlikely to improve
the collapse of the data. The principal effect of this scaling

(see Fiqure 7.3A and B) is to provide a general increase in *+he
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peak reduced frequency value with increasing y/D. In other
words, the measured peak scale does no= increase as fast as the
scale associated with distance from the boundary. This 1is a
fairly common effect of this scaling (see Nowell, 1375; Perry
and Abell, 197%). The actual change in these peak values is not
large compared to variations observed by others (often a decade
or more); though much of this observed total variation occurs
between inner and buffer layer spectra and outer layer ones, It
is very difficult to choose peak values for some of the spectra
since many are flat in the region of the peak. Consequently,
simply the greatest value was chosen which leads to large
scatter in Piqure 7.3A. Hence, frequency peaks for y/D = 0.58
and 0.35 extend to larger frequency values than the other
spectra. it is also interesting to note that a minor peak of
y/D=0.78% extends out to the same higher frequency and that
+hese three spectra extend their peak region cut to slightly
higher frequencies than the remainder of the spectra. The
explanation for this behavior appears to be that these three
spectra were collected at higher discharges. It is extremely
interesting that the spectral results are sensitive to such
minor changes in discharge, The result has implications for the
interaction of bed materials and flow with changing discharge,

Again, results from the Squamish River where a larger range of

- P . e . WD n T W A

S The gap between these two peaks is not significant in terms of
confidence intervals,
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discharqes were observed will be more conclusive,

Comparison With Squamish River Speed Spectra

Fiqure 7.4 presents the speed spectra of the Squamish
River, Several results are apparent from this fiqure. First, the
shape is simpler in form than that of the North Alouette and
there is no indication of the type of "two-component" spectral
shape discussed for the Alouette.® Second, the spectra near the
surface are not different in shape from the one near the bed
(this conment applies to the lower and mid-frequency parts of
the spectra). However, the relative contribution by low
frequencies declines as the surface is approached, similar to
the North Alouette (see Figure 7.2B)., Again, differences occur
because of differences in the high frequency end which appears
to be controlled by changes in discharge, Third, there is large
variation in slope at the high frequency end as discharge
changes. These points will be discussed in turn.,

As is evident from Figure 7.3, the maximum peaks observed
for the Squamish River occur a*t much lower frequencies than
those of the North Alouette, While this niqht be attributed to
the effect of channel "size", a direct comparisor of some of the

North Alouette and Squamish spectra (see Figqure 7.5)

6Since the series from the Squamish are longer and were
calculated for the same resolution bandwidth they should be
smoother since the deqgrees of freedom (approximately 2N/m) are
much larger.
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demons+rates that it is Jue to the different behavior of the
spectra; especially evident when the two '"near-bed" spectra (y/D
= 0,22 for the North Alouette and y/D = 0,33 for the Squamish
River) are compared. While the distributions are very similar at
the low frequency end, including a "hump" near .01 Hertz, and at
high frequencies, the peak occurring near frequencies of 0,1
Hertz is missinrg from the Squamish spectrum., The lack of this
spectral component shifts the maximum peaks to lower frequencies
for the Squamish River,

In fact, the similarities of the spectra of the two rivers,
under this fcrm of presentation, are unexpected, Judging from
Figure 7.5 the variation in the relative distribution of
variance over frequency is domina*ted more by relative depth
within a river than between channel differences at similar
relative depths.

To this point spectral variations have been discussed
outside the framework cf statistical similarity or difference.
Consequently, before proceeding to discussion, the spectra were
compared using a Test for Equivalence from Bendat and Piersol
(1966; also mentioned in Jenkins, 1961). The test statistic, C,
is based on the fact that the sampling properties of the
lcgarithm of the spectral density are constant over the
frequency interval of interest. C is of the fﬁf?;

n

C = [ N(n)-(2/dn(1) + 2/dn(2)) ] log)F,(n)/E,(n)

i

147



and the statistic has a standardized normal distribution,?

This statistical comparison was done for two reasons;
first, *o investigate whether the nF(n) resentation has
dominated differences between “he spectra and second, if
possible, to simplify the discussion of spectral differences by
separating the spectra into groups.

Results of applying *this *test {(at p = 0,01; results would
differ at higher confidence intervals) indicate that there are
three groups that are internally homogenous but dissimilar *o

other groups. These are:

i

Y. North Alouette, y/D 0,22, 0.35, 0.41, C.u48, Q.58 and 0.71;

Squamish, y/D = 0.33, 0.66.

2., North Alouette, y/D 0.78.

3. Squamish, y/D = 0.72, 0.80.

As a result, some of the spectral properties used in the last
section are not discussakle, especially the tendency to
concentrate variance in the frequerncy band near 0,10 Hertz as
y/D increases. As noted earlier, though, y/D = 0,22 and 0.71

would be significantly different at a marginally increased
T Additionally, N(f) is the number of independent spectral
estimates and is equal to:

N{(f) = B/B(e)
where B is the kandwidth of interest and B{e) is 1/2nm
(Equivalernt equi-variability bandwidth; from Jenkins, 1961),
wvhere this is defined for the particular window function used.
Then df (1) and df(2) are the Equivalent deqrees of freedon
{Jenkins, 1961) and are equal *o 2N/m, where B is the
truncation., Note that the test is applied to the spectral
density estimates; this prevents rejection on the basis of total
variance differences.
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significance level, On the other hand, the 39.0% level seems to
be appropriate for the type of gross comparisons and
sirplifications made in this section,

The most obvious and intriquing aspect of this
classification is that it contradicts previous expectations. It
has been arqued (Chapter I) that a reasonable expectation was
that energy would be skewed to lower frequencies (larger scales)
as channel size increased, using an argument based on limiting
dimensions (a sligqhtly more sophisticated version of this was
arqued in the introducticn to *“his chapter based on different
frequency bands responding to different elements of a channel
form hierarchy). Additionally, it was arqued that it might be
reasonable to expect local measurement site differences (see
Chapter V) to dominate spectral comparisons, The similarity
betvween the bulk of the North Alouette and two of the Squamish
spectra (discharge variation is also operating here which
complicates comparison) implies that the above arguments are
unreasonable, This has very interestirng implications for the
understanding of low frequencies in gravel rivers, which will be
discussed later,

It is important to discuss why differences occur between
y/D = 0.72, 0.8C, y/D = 0.78 and the rest of the observations.
It appears that differences related to y/D = 0.80 and 0,72 are a
direct function of increases in discharge, The variation in

these two spectra is consistent with the extension of the flat
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peak region observed for the North Alouette spectra under
discharge change. Also, it is apparent from the way that the C
statistic accumulates that differences occur principally in the
high frequency end of the spectra.

As mentioned earlier, the extension of this fla*t region is
equivalent to an expanding -1 slope region. Extensive -1 slope
regions car be detected in Mclean and Smith (1380) for similar
frequency ranges, However, their results are from much lowver
relative depths. This -1 slope region appears to extend only
into higher frequencies as discharqge increases; lower and
mid-parts appedar to experience little or no change, While,
unfortunately, no comparative measurements are available close
to the bed, the results are consistent with the idea that with
increasing discharge the flow/rough bourndary interaction tends
to corncentrate enerqgy through vorticity amplification into a
dominant frequency band (Nowell, 1375). This statement should be
treated with extreme caution since it is unclear whether these
processes would be diffused throughout the boundary laver.

It is somevhat more difficult to discuss the difference
between the observation at y/D = 0.78 and the bulk of the
results. In this case, differences appear primarily as a
relative lack of variance at low frequencies arnd a relative
excess at mid frequencies., This result is difficult to treat
since no similar variation occurs in the vertical in the

Squamish River despite similar y/D values (i.e., the variation
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is rot related to "closeness" +-o the surface). Though, *the two
vertical structures are difficult to compare due to differing
discharges and vertical locations, Second, the behavior of the
spectrum at y/D = 0.78 appears to be consisten® with the
vertical variation of the remainder of the Nor“*h Alouette
spectra.

If on the basis of comparison with the Squamish spectra it
is arqued that this variation is not a property of the
equilibrium vertical structure of the spectrum (this is based on
the fact that there is little channel variation above the
Squamish River measuring site and that the Squamish spectra are
similar to single peak low fregquency atmospheric spectra); then
the explanation is probably due *+o channel behavior near the
measurement sSite, The vertical s*ructure of the N. Alouette
spectra 1is then seen to be a result of changes in flow structure
induced by changing channel conditions, It other words, the two
component spectrdl type discussed earlier represents a
combination of scales imported from upstream and a diffusing
upwards local equilibrium spectral shape (see also intensity
statistics; Figure 6.3)., In this scheme, it is assumed that the
low frequency "hump" represents scales in response to very local
depth increases and the variance concentration near 0,10 Hertz,
which declines in importance with decreasing relative depth,

scales imported from the upstream riffle area.
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Comparison with Other Spectra

Spec*tra from the North Alouette and Squamish Rivers were
compared with an empirical curve from atmospheric research
(Kaimal et al, 1373) and one spectrum from a flume over discrete
roughness elements (Nowell, 1975; his fiqure 24b, y/D=0.38).
While other low frequency spectra are available, (see Chap*er
TII) generally either it was impossible %0 extract reasonable
spectral estimates from very small, poorly marked and highly
variable graphs (esp. McLean and Smith, 1979) or vital
information (e.g., variance estimates for converting to spectral
densities; Yokosi, 13967) was missing from the paper.

Kaimal et al (1973) have produced empiricai curves,
covering various spectral parameters, for neutral lapse rates.
For longitudinal spectra;

nf(n) su*2 = 105£/(1 + 33f)5/’]
This curve produces a -2/3 slope in the inertial subrange
(approximately £ > 10) and tends asymptotically to a +1 slope at
small f values.

Since the shear velocity was not determined for either the
North Alouette or Squamish Rivers, the empirical curve from
Kaimal et al was adjusted so that spectral estimates at the peak
corresponded to that from y/D = 0,80, The general approach taken
to comparing sfpectral shape is usually some form of peak
matching. The approach taken in this thesis follows Nowell

{1575)., In this case nF(n) is plotted against ny(0) /U, where
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vy{(0) is a length scale chosen so *hat

n{peak)yvy(0) /0 = 0.1
The result of plotting these two variables is seen in Fiqures
7.6 and 7.7, I+ is apparent from these *wo fiqures that the
Squamish spectra agree reasonably well with the two comparative
spectra while the North Alouette results do no%. Spectra,
particularly the North Alouette, *erd to underestimate the
comparative curves at large non-dimensional frequency values,

However, it is felt +that the method of peak matching used
may not be an appropriate way to compare these spectra. Since,
as discussed previously, the North Alouette spectra appear to
have two peak components, comparison based on the absolute
maximum peak inrfrlies tha* different parts of the North Alouette
spectra are matched with the peaks of the comparative spectra
relative to the Squamish river spectra. This matching of
different parts helps to explain why the fit appears much better
for the Squawmish spectra.

The Alouette spectra were replotted (Figure 7.8) so that
the low frequency component was matched with the other maximun
peaks at ny{(0),/U = 0.1, It is obvious that this change improves
t+he fit to the comparative curves.8® Several features remain
worth discussing, thouqh. First, the spectra from this thesis

8Note that nF(n) will tend %to be underestimated for the Squamish
and North Alouette series relative *o the other series, since
the frequency range 0.001 to 0.5 Hertz only includes a
proportion of the total variance (see Figqure 7.24 and B),
whereas this frequency band is scaled by the total variance.
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(and Nowell, 1975) *end <o underestimate the low frequency
ccntent relative o Kaimal et al's curve., Second, the
comparative curves tend to be overestimated by the Alouette
spectra in the mid to high frequency band. Third, the highest
frequency part of the Alouette and some of the Squamish spectra
appears to be severely underes+timated. Fourth, the Alouette
spectrum at y/D = 0,78 appears to be a sinqularity.

It was felt, at first inspection of these figures, that the
problem at the highest frequency end was related to meter
instability problems, However, it appears more likely that the
underestimation is due to subjective decisions taken while
digitizirg the original velocity traces. This opinion is partly
based on arquments outlined in the last section of Chapter VI.

This is best illustrated by discussing the Squamish River
data. Of the original four velocity traces, those collected on
August 25, 1978 were unfiltered and those of Oc*ober 3, 13738
were filtered. The charts were origirnally digitized at UBC;
however, inspection of the data indicated that numerous da:a
points were "skipped" ir each series, Before this was
discovered, spectral estimates of these four series showed that
vhile slope variation in the high frequency end occurred that

was qualitiatively similar to that observed in Figure 7.4,
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differences were not as large.? Subsequently, the series
collec+ed on October 3 were redigitized since *he number of
missing data points was larqge, while the series of August 25
were filled where missing data occurred with a value that was
+he average of velocity values prior to and after the missing
point, When spectral estimates were recalculated for the new
series it was found that *he high frequency estimates had
decreased (and slope had become more negative) for the series of
August 25 and4declined more dramatically for those of October 3,
It is felt that the large observed change is due mostly %o
attempts during redigitizing to exclude frequencies less than
the digitizing interval (Note--despite being filtered some of
these frequencies are passed).

This lack cf confidence in the highest frequency part of
the data indicates that conclusions about the effect of
discharge changes on spectral shape must be treated with extreme

caution.

Rescaled Range Analysis

The results of the rescaled range analysis are presented in
Figures 7.3 and 7.10. These are not presented in the usual forn
of a pox diagram (see Mandelbrot and wallis, 19693) where all
estimates at a particular sample size are plotted., It was felt

9 The obvious effect of missing data points is to shift variance
to higher frequencies,
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that this complicated the “wo figures %o the point where the
selected curves were indistinqguishable. However, it is important
to give some idea of the variability associated with the plotted
mean values. Where 10 estimates were made for a particular
samfple size (10 < S < 100 for the N, Alouette River and 10 ¢ s <
300 for the Squamish River) standard deviations and maximum and
minimum values were determined. Resul%ts indicated that standard
deviations were generally of the order of 15-30% of the mean,
wvhile maximum and minimur values ranged to 50% of the mean
value, 10

As was discussed in Chapter I, it is particulary difficult
to interpret rescaled range results, since the principal feature
of the diagram (the slope) has no specific meaning, which is to
say, there is no specific meaning attached to two series having
different slcpes.!! Consequently, emphasis has been placed or

detecting gaps or slope breaks in the diagrams. This will be
10The technique is not desiqgned to investigate internal
variation in the record. Averaging at each sample size implies
that the variation from section to section of the record is
somehow random, in the sense of random variation around a "true®
mean series behavior, Equally obviously, changes may reflect
non-stationarity at certain scales in the velocity record. It is
totally unclear how large the variation must be (or how it must
behave) before some form of non-stationarity may be arqued.
However, this is a topic for another thesis.

t1Nordin et al (1972) observed slope values increasing from 0,60
to 0.95 as the series under consideration changed from an 8 inch
flume to the Mississippi River. They did not associate this
variation with increasing channel "size",though if they are, 1t
appear that slope variations are not sensitive to relatively
small "size" variations (compare Mississippi and Missouri River
results; their Table I).
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discussed in this section though comparison and interpretation
of results from the North Alouette and Squamish Rivers will be
emphasized.

As mentioned earlier, various transformations of the speed
data may rroduce slope breaks in the rescaled range plot and one
of these, in particular, should be discussed, Nowell (1375)
found that the derivative function produced slope breaks at
sample size of approximately one second (300 sampling intervals;
see his Figure U44b), This break was related to intermittent
dissipation activity at that time scale (this is the usual
transform for investigating dissipation).

Under a first difference transformation, similar results
{not shown) can be observed for the series in this thesis; where
an initial transient occurs with b > 0.5, then at sample sizes
of approximately B0 seconds the slope declines to H < 0.5, and
declines further at larqe S, without a particularly sharp slope
break. This behavior becomes clearer when the nature of the data
transformation is investigated. Both the derivative and the
first difference operators (Note--the first difference function
is the digital version of the derivative functior; both have
similar gain functions1?; RKoopmans, 1374) are linear hiqgh-pass
filters. This suggests that the altered behavior of the rescaled
12p filter operates on a series in such a way that if the gain
at some frequency is lcw or zero, that frequency is not fpassed
into the filtered data and consequently, its spectrum. The first

difference filter also has large squared gain ( >1) at high
frequencies and as a result amplifies some passed frequencies.
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range plots under filtering is due *o the removal of large
excursions from the mean associated with long wavelengths by the
spectral analysis ard that whatever break is observed is a
prorerty of the gain function of the filter and the relative
distribution of variance in the spectrum of the series. This
view implies arn intimate connection between the spectrum at
given frequencies and the rescaled range plot at given sample
sizes, which i1s to my knowledge, unsubstantiated by other
research. In fact, this suqggests that R/s values at large sample
sizes will Le related to variance estimates at low frequencies.
This will be investigated later.

Since the ltehavior of the rescaled range plots of the North
Alouette and Squamish Rivers (see Fiqure 7.9) appear different
on first inspection they will be discussed separately. The
selected North Alouette curves in Pigure 7.9 shov no tendency
+owards slope breaks (estimates are more variable at large
sample sizes since the means are based on relatively few
values). The apparent slope values vary between approximately
0.75 to 0.30, which are similar to values determined by other
researchers (see Nordin et al, 1372; Nowell, 1375).

The selected series plotted in Figqure 7.9 also show a
tendency for slope to decline with increasing y/D (this was not
observed by Nowell, 1375). Similarly, as discussed earlier,
there is a tendency for the variance at low frequencies to

decline with increasing y/D. Table 7.1 shows the ranking of the
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variance in the frequency band around n=0.,001 Hertz compared to
rhose of R/s values at S$=300, The similarity of the two rankings
provides support for the idea tha%t R/s values at larger s=sample
sizes (and consequently, slope) are controlled by the relative
distribution of low fregquency energy.

However, there appears to be differences in the rescaled
range behavior of the Squamish River series (see Fiqure 7.3).
First, the variation with relative depth is not similar to the
North Alouette case. Here the curves tend to be parallel with
values for large y/D shifted to the right of the Fiqure (i.e.,
towards smaller R/s values). While the overall "average" slope
and R/s values tend to be similar to the North Alocuette (see
Figure 7.10) implying that there is no need, on a gross level of
comparison, *to apply the type of characteristic time scaling
suggested by Van Atta and Helland (13977), the internal
distribution of R/s values appears *to vary. While the results
are not conclusive, a slope break near 150 seconds appears to
occur for some of the plots. This break is clearly apparent for
y/D = 0,33 and 0,80, very difficult to visualize for y/D = 0,66
and not apparent for y/D = 0.72.

The inconclusiveness of these results increases the
difficulty of explaining them. It is particularly difficult to
exglain why similar results are obtained for measurements at
widely different y/D values and taken under different discharge

conditions and why other measurements collected under sipmpilar
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conditions dc rnot demonstrate the same Lehavior.
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CONCLUSIONS
This thesis att*tempted a first order discussion of large scale
flow features in gravel Led rivers in a simple and speculative
manner. The limited literature concerning the subqject was used
+0 generate simple hypotheses and speculations that were
testable with the gross analytic technigues used. Unreserved
acceptance or rejection of hypotheses was usually not possible,
Particularly limiting were the problems of resolving high
frequencies, meter stability problems and a sampling design tha*
was of limited application to the type of questions that were
eventually asked.

Chapter T initiated and concluded a lengthy overview of
wvha*t questicns were suitable for investigation considering the
+ype of data collected and *he analytic framework rroposed. This
essentially involved framing ideas about large scale flow
processes into the context of serial data and *then investiqgating
whether or not these ideas vere testable. Spectral analysis and
rescaled range analysis were seen as capable of providing gross
supmmaries cf the character of large scale flow features bu+
incapable of investigatirg many of the commonly attributed
features of these phenomena.

The experimental part of the thesis (Chapters V through
VII) turned to a consideration of the time series collected in
the Squamish and North Alouette Rivers., Since the time series

were collected urnder different channel and flow conditiors, the
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thrust of the thesis was based on testing simple arquments that
attempted to predict how the gross spectral and probability
s+tructure of the time series would vary under different
corditions. Some of the expectations developed were contradicted
by the results cf data analysis.

Results suggest that no observable properties of the
spectral or prcobability structure of large scale flow features
were influenced by channel "size"--depth, width and
alorg-channel variation, What this indicates is, contrary to
expectation, that these features are independent of the gross
features of the containing channel and that a simple collapse
occurs for the spectra., Second, this absence of control by
channel length scales on the spectral character implies that the
various hierarchial subdivisions of the flow scale continuum
concerning relations between flow and bedform scales, either do
not exist or are not detectable with the robust analytic
technigues used in this thesis.,

Several qualifiers must be added to the above conclusions.
Data series were collected only in the outer layer of the flow,
especially in a reqion relatively unaffected Ly nearness to the
channel boundary or flow surface, Within this region, similaricty
of the spectra is not unexpected; different conditions may
prevail closer to the boundary. Second, it is fel+ that
discharge variation may influence these results, despite the

problems resolving the high frequency end of the spectrunm.

168



Third, it is not clear if a larger range of "size" variation
will influence the spectra,

The fourth qualifier concerns another arqumen* generated
frcm the literature, It was arqued in the Introduction *o
Chapter I that the position of the flow sensor relative to large
bed elements might influence the gross properties of the
collected time series., This was based on the assumption that
meso and macroscale rcughness elements would be associated with
different frequency bands and the relative decay of the features
generated Ly apparent pcint sources would influence the spectral
shape. ¥hile the reasoning appears incorrect (to accept this as
correct would deny the previous conclusion) some resul%s appear
to be influenced by the bottom topocgraphy near the North
Alouette measurement site; particularly, the intensity
statistics and the mid-frequency enerqgy content, It is sugqested
that the intensity statistics are dominated by scales imfported
from upstream and that large values are principally a result of
declining local mean velocities. Second, it is arqued that the
variation in the mid-frequencies of the North Alouette spectra
suggests that the observed shape is a combination of variance at
certain scales imported from upstream and a new equilibrium
structure diffusing vertically in response to local shear
variation,

This arqument has two implications. It suggests that *he

aqreement noted between North Alouette and Squamish River
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spectra may be slightly fortuitous--though, based on comparison
to other spectra, there might be an equilibrium large scale
spectral shape, Second, it implies that investigation of
microscale parameters may be fruitful in elucidating the shape

of the spectra of large scale flow features.

Recommendations for Further Research

The recommendations fall conveniently into several
cateqories; technical ones, recommendations concerned with
extending this research and those that may extend investigation
of large scale flow features to other areas. These will bhe
discussed in turn,

Technical recommendations for duplicating the type cf data
collected in this thesis should be obvious from the data
problems discussed. These include:

1. use a fixed current meter to measure longitudinal
velocities--this is obviously difficult in larqge rivers., A
more stalkle system for speed measurements should be designed
for these cases,

2, use of electronic recordinqg equipment for the velocity
signal--this will eliminate subjective error involved in
digitizing.

3, efficient low and high pass filtering of the velocity data.

4, use of smaller current meters to improve sampling near to

the bed.
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The recommendations concerned with extending the results of
this thesis, using this comparative methodology, should te
apparent from the "qualifiers" discussed in the Conclusions.
Obvious procedures include comparison of spectra sampled along a
channel reach {some distance that includes major Lkcttom
variation) and sampling at a point under a wide range of
discharges, However, it is felt by the author that this would be
close to a waste of time, since the results do little to
elucidate flcw behavior at large scales., This is to say, that
when the inter~-relationships of these large scales are better
understood, then, it should be possible to predict the behavior
of gross statistics under differing channel and flow conditions,

The remaining set of recommendations concerns investigation
of variaticn within rather than only between collected tinme
series, As was discussed in Chapter I, certain statements
concerning possible non-stationarities or local (in the tinme
series) behavior of larqge scale flow features were made but
never tested. Several statistical techniques that may be
suitable for investigqgating internal variation in the reccrds
come tc mind. These include:

1. Pattern recognition studies--this i1s a partly subjective
approach to internal classification of a time series.
Arproaches have recently been adapted to analyze hydrologic
data (Panu and Unny, 1980). Any visual study of the velocity

records would be worthwhile,
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Complex demodulation--this technique was outlined in Chapter
I. There i* was noted tha* a priori informaticn on
frequencies of interest was needed. These may be generated
from the spectra in Chapter VII,., For instance, the technigue
may be applied to the North Alouette series for frequencies
near n=0,10,

Rescaled Range Analysis--investiqation of the variation of
R/s values at a given sample size. This may be helpful in a
first order definiticn of the size and location of regions

of interest in the series.

Additionally, based on the final comments of the Conclusions, it

appears necessary to inteqrate the investigation of large scale

flow features more completely with turbulent scale research. As

a byproduct, i* is probably worthwhile tc consider the effect of

microscdle spacing and turbulent scale parameters on the

behavior c¢f larqe scale flow features.
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