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ABSTRACT

Data for planform (meanderlng) and depth prof11es for thrCe

ian rivers (Beaver Alberta Rootenay, B C., South Nahannl, N.W.T )
" AY

N P
-:,\

been collected in an attempt to better understand river behavior.: 2

v
b
<

er workers attempted to explaln such forms by secondary f10ws,

i

verse osc111ations, and the earth's qptatlon, but d1d ‘mot predlct
behaylor well. More recently, stochastlc -models produced varlance-
izin%sine-geneQated curves which approximated’meanderino ' Spectral’ ;

sis Has been applled by Spelght (1965) and others to analyze meanders,

'\

7 hordln (1966) and other . to.- analyze bedforms. Stochastlc processes

wriance spectrun_analysis are reqiewed.
Collectlon technlques for the. data vau1red are outllned as are

levant phy51ca1 geographlc characterlstlcs of the areas and rivers ¢ -

\

d. Methods of d1g1t121ng, correctlng, storing and analyz1ng the

T and depth serles are presented.

»

LN, N

All series are at least weakly self-stat1onary. D1g1t1zlng and

ic technlques used are eff1c1ent and lnexpen51ve. Simple statlstics

veal gereral trends in such data, but spectral analy31s shows:

: y
-~
prondunced (dOwn-path) wavelengths are between 6- 20 river widths;

avelengths occur as mult1ples of (”’x width); and most spectra
le those characterlstlcs of a ‘second- order autoregre351Ve process.
1mprovement 1n types

Recommendatlons for futurn research 1nc1ude-

a. collectcd- 1mprovcment in rcsolutlon of data actually used in -

-

is; better.absolute location when]cqllecting data;'better data -
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analyses; and expansion of thepe

analysi;ﬁof bedforms.”
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INTRODUCTION

o . - : ) —_— . | A
A. The Problem - ' |
Effect1ve control of the behavior and form‘of natural systems .
can only be achleved through.suff1c1ent understand1ng pf the var ious :
processes interacting to ma1nta1n the systems concerned A system’ must
~be descr1bed deflned and understood before it can be safely tamed or
made more productxve. Huch remalns to be learned about the rlver; and
' “the potent1a1 contalned in such knowledge is great. - |
" The tendency of.all rivers to establish and maintain curved sections
of channei’1n plan contlnues to fasc1nate fluv1ologlsts. The process of
meandering is ne1ther fully descrlbed nor fully eXplaxned. Even less data
is avallable on the’ "meanderlng" pattern assumed in the vertxcal d1mens1on
by " the river}s bed.’ Laboratory work. in fluv1a1 geomorphology 3110ws a
- ~ _ . . ~ ,
varietyAOf hypd?heses to be~tested against controlrsituatio S. Nature
does not'offer'the same advantages and relatlvely I;ttle f 1d data
of great deta11 exists for natural rivers. 'Correspondence of ab and
' f1e1d studies must contlnually be tested toward the bu11d1ng of theory
’1n fluv1a1 geomorphology. : ' = o "ﬂ :, L B }h
| Addxtlonal expansléh of the potential uti11ty of detailed f1e1d
'data, through the sophlstlcatlon of methods in data’ collect1on and
treatment must be malntalned as a maJor aim of work in fluv1a1 geomorohoiogy.
_ , R -
as theory is cstab;1shed. New techniques may be 1ntroduced from other
, vf1e1ds or developed w1th1n the d1sc1pline, but the level of analysis of

f/data must constantly be advanced



Briefly, then, both the quality and ‘quantity of data gathered
towards solution of the problem of fluvial meanderlng must be 1mproved.
Analyt1c 5echn1ques must also be upgraded so that the. level of under-

standlng/1s 1ncreased Comparat1ve ut111ty of data: and analyses mﬁst be |

max1mlzed w1th1n the field. T

.

B. .Purpose of Rescarch -
= i — |
’ Although it is Possible to obta1n continuous epth proflles of

- . ~
nav1gab1e rlvérs prev1ous studles in fluv1a1 geomorphology have seldOm

-

explo1ted the potential of such data. Consequently,‘comparative studies
u51ng contlnuous depth proflles for rivers, coverlng a v7r1ety of channel
types, bank and bed materials, geologlc hlstorxes, river sizes, sediment
) loads, slopes ‘and\dlscharges are undertaken for the flrst time at this

. < s

'scale in thls thesis. Among the Lnltlal purposes cstabllshed for th1s

research were thuss

l. lto gather contlnuous depth prof11es for rivers of dlfferent channel
.types, bank and bed materials, geologlc h1story; s1ee sedinent-load,u
slope and dlscharge and | |

2. to d1g1t1ze store and so make avallahle the data collected .fOP

‘use by other researchers gOVLrnment agencles, or any concernedl
b ST

>

'1nd1v1duals or groups.

o~ . A )
COmparatlve potent1a1 of thls research was also cons1dered

important. Dr. M. Church of the Unlver31ty of Brltlsh Columbla _is

carrying 0ut_c0mp11mentary research and he 1s prlmarll) 1nterested in

o~

)

scales of turbulencc operatxng w1th1n fluv1al systems. He has collected

data-on very small rlvqrs(small mountaln streams) ~nd very larne rivers

<



CLue Mucienzio Riveed.  Bars on »ivors Of intermsdigte size will tuue
, .

. . . N ! .
cemplete the iﬁitial-cxamlnazlcns ¢f river pian and depeh inter-relarions

with r respect to scales of turbulence' -

L] . . At

3. to accumulate data on rivers of intermediate size for use in future\
research on plan and depth inter-relations for. rivers of all sizes;

- conducted in conjunction with Dr. M. Chérch of U.B.C.

Unless anélysisAofudata can handle the detail gathered, its value
remains locked in potential utilit?i"Superiority of analytic techniques -

Y

‘with respect to quantlty of data 1nput and quality of 1nformat10n output

is sought. Hbre obJectlve analysis must also be attaiped. Techniques'

ére described'

employed in prev1ou3'studies, uhere "typical" meandé?'

ir

must be improved'upoh. Varlance spectrum analys1s prov1des sophlst1cat10n

not yet fully explored in conJunct1on with fluv1al geomorphologic studles.

Hany problems are yet to be ‘both discovered and subsequently solved in

order for the ‘technique to become establxshed as a form of commun1cation

and adequate basis of comparat1ve study in the f1e1d Thus,‘other n

purposes under1y1ng thls research 1nc1ude-

~

4. to attempt ﬁihimization of'subjectivity, 1nherept in preV1ous

'analyses of meander planform, and provide descrlptlons of the rlvers

3

'studled on thls basis. -

5..‘to explore the ut111ty of spectral and(cross-spectral analytic

B

cechnlques fon data collected along the path of flow in rivers.

6. to derlve lnformatxon frOm the data collected on both the planform

W

geometry and bedform confxguratxon of r1vers, throngh the use of

~

e
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'the scope of this study. = =

‘South Nahanni Sufvey,*as it was believii

»for Future Rescarch'".

. -
.

N ' . 4
spectral and cross-spectral as well as other, "less-sophisticated"
techniques, and to explore the inter-relations of planform and

depth,‘in_order to provide descriptions of the rivers'studied.

C. Scope of the Thesis . , - ’ P

Ava11ab111ty of equxpment finances and t1me constltuted the
major constraints encountered dur1ng research for th1s thesis. - The use
of depth recordlng machlnery and boatlng equ1pment had to be arranged in

co- operatlon with external organlzatlons and in t'iis regard, research

schedules became flxed rather than spontaneous. «This 11m1ted examlnatlon

;n
~

of.pFocesses to those operatlng only at spec1f1ed t1mes chosen ratherq

arbitrarily, within the river systems studied. The study of * processes
N . o \ - .

foperating at specific discharge stages eg. bapkfull) was thus’ beyond -

-

< ¢
a1v5
Adequacy of f1rst hand - kn0w1edge o[bstudy areas also 11m1ted

od

the scope of the study. Thalweg sound'n‘" were not recorded during the.
‘that this w0uld>create.prob1ems

It seems, in retrospect,

The scope of the fleld o;u-esearch conducted fo4 th1s study thus

. allowed only single samplings of the depth prof11es of hree ac;esglble

rivers. Lessons- derlved from: the experience ga{ged in the course of
: P :

.the rescarch completed are listed in Chapter 5, under /Recommendations

[
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, ‘ | GHAPTER I

THEORETICAL CONTEXT OF THIS STUDY L

Early studles of the morphogene51s of fluvial Iahdscapes
1mmed1ate1y indicated the fluv1ologlst's fascination with and undcrl\ing

’

curiosity c0ncern1ng the meanderlng form so consxstently assumed by
. . , : c
'r1vers. The phys1cal behavxor of the dynamic systems that mold the
31nu051t1es so characterlstlc of fluv1a1 sceneries is st1ll not fully
‘understood. Satlsfactory statlstlcal geometrlcal, and descrlpt1ve
- definitions of the meander1ng form have not been attalned in any wide
‘sense within the dlscxpllne but various approaches have’each gained‘the
acceptance and support of a number of fluvial geomorphologlsts durxng

~ L

.the development of the dlsc1p11ne. K

Cla551ca1 explanatlons of the 1n1t1at1on, persxstence and form -

" of fluv1a1 meanderlng have .varied widely in thelr approach to the problem.‘

HExamlnatlons of form have been attempted in order that process mxght be

‘vunderstood and.process has been examined to exp1a1n fora. As uell

.- many physical properties have been_examlned 51multaneously.b Thongh many B
relationships hape been established.as bfdraﬁlic laws,[and though many
fluv1a1 processes are now understood as complex components of rlver
behav1or, no single set of theories and no sxngle model suffic1ent1y
explaln the 1ntr1cac1es of meanderlng. o

:7f§§f,‘ A full apprec1at10n of the theoretlcal problems and challenges

1nvolved 1n the attempt to explaln the meanderlng tendency of rivers

"is best galned.through an exanlnatlon of the theoretlcal deeelopmertv

Cw

to date. Many problems have been recognlzed in theory, whd many have

*
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Eren solvdd. Tue riger A% the detinision OF mencraring processs=c has
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bean greptly irc.rasLo and model s have beon substanrianily improved.

)

through sophlstxcatlon of methodology and research technOIOgy. As

theory has developed in other dlsc1p11nes fluv1a1 geomOrphology has _,"

growun, 1ncorporat1ng concepts of turbulence, and incorporating’ nany

ideas initiated in'hydraulic engineering. llhus, although the meandering
v v , I s ,

Téﬁ rivers is not yet fully eXplained{ considerable bheoretical advances‘-;

'have been made. . ’ N

The pr1nc1pal theoret1c1ans who have contrlbuted 1ns1ght'1nto
vthe problem of meanderlng are d1scussed below. In order to provide_as
-objectxve an introduct1on as pos51ble contributions are presented in

the termlnology of the authors. Some criticism isvrhen offered as the

development is traced. e g f\¢

A, ‘Early‘Hooels

BOUSSInESq (1872) offered an analogy between the f10w in a bent
pzpe and that in a curved sectxon of open channel Thompson (1876)
»developed the physics of thxs c0nceptland‘presented h1s own 1mpress1on
of f10w btheorlzlng that stretched out, a stream was really'screu~
;shaped so that flow was character1zed by "rransverse cxrculatxon“ l Though
fThompson earlj dlscovered the. phenomenon of transverse c1rculat1on
(later to become knoun as secondary flou) hlS theorxes d1d not - achleve
wldespread support for some time. Nearly all early work in the fields
of flu 1al geomorphology and rlver control, extendlng 1nto the early
tuentleth century, was based on the assumptxon that streamfIOw

‘proceeded as an 1nf1n1te number of flow lxnes parallel both to each .-

ocher and’ to thelr confxnlng banks-

“



Lelyavskll s work on thc Dn1eper b351n (1893 1904) led from'

observatlons of the velocity and direction of flow at dlfferent points .,

N #

-
in the rlver, to the conclusion that two distinct types of, flow co-%
¥ _ - T

e

existed within ch?nnels._7"Converging‘flow"vcausedscdur while "dlverg1ng
. . g
flow" left channel deposits. Lelyavsk11 later propOSed that a natural,

channel has its adjacent flow 11nes parallel ne1ther to each other nor..~

Lo
i

to the banks vexcept in the flow zone near the bans. (Kondrat'ev, .~
) o

1962)

Eergue (1908)»conducted fluvialhstudies based‘on the Caronne
Riyer.' His ba51c observation was that the max1ma‘of channel depth and
<channel. curvature are not c01nc1dent but aﬁther that the point of
greatest depth in a channel is dlsplaced downstream from the cross-

section of‘greatest curvature7 Thls phenomenmmhas since been confirmed

’v(Chang, 1969 Leopold and WOlman 1960). Fargue also. observed analogou§

2

lags between points of 1nf1ect10n of channel curvature‘and shallows of
mlnlmum depth. He - concluded that var1at1ons in channel curvature

SRR %
determlne the stablllty and roughness of the channel such thay curvature

N
>

changes would d1rect1y 19d/he ch?ﬁées in the channel orofile; Greater
v cur%atures were e;pected to prdduceddeeperzscour farthér downstream.
b'vy(Kondrat'ev,-1962) | | |
At the turn of the century, then f1uv1a1 theory was already

-explorlng the ex1stence of connectlcns between channel curvature and

\l o

depth, -and the not1on of transverse circulation was avallable as a

1N

’ p0551b1e explanatlon of the 1n1t1at10n of meanderlng.

“B. ProcessbAnalysis

Another school of fluv1010g1st was contcmporaneously concerned

w1th d1e aSSOC1at10n of r1ver mcanderlng and the rotation of the earth
AN 1
. ¢ . '_/_l a - .
‘( : . B . - ~
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'

Eakln (1910)(;50te of "unbalanced lateral - er0510n" due to the earth’
rotation, Jnd evem\as late as 1943 Quralshy (1943) champloned thlS
theory. The theory essentlally cons1dered the Coriolis force to be the

force ¢ cau31ng Yivers ¢o erodc -on |on /pk preferentlally, thus 1n1t1at1ng

instabilities which could set up &nd pekpetuate meander1ng. The effec;hhas

- since been considered, in conJuncﬁﬁon w1th the veloc1ty proflle of a

‘river, to explaln the genesxs of secondary flow ity rivers, and‘thus-the

genesis and’ contlnuatlon of meander§ (Schexdegger 1970; Einsgtein, 1926).

o

However, the effect has also been given less credit for the causc and

malntenance of meanders- by Chang (1969 who discounted the.influence

o -

4

of the earth's rotation on the basis o - a comparlson of the cross- spectral

3

analyses of depth and curvature data 51ng both "relatlve" (the positive

and negat1ve sign conventlonrfor curvature of flow) and absolute" (all

g
v ”

dev1at10ns a531gned thelr p031t1ve or absolute valuesl Curvature. Noting
- . .

that the use of’ absolute rurvature gave .the hlgher correlatlons w1th

'.v

other parameters Chang assumed that the 51gn of curvature had no phy51ca1

81gn1f1cance w1th respcct to w1dth . depth, or. cross-section. ‘ 3 -
. ‘ . . " .

As the theory of transverse c1rcu1at10n or secondary flow

developed new schools of thought on meandcrlng grew and galhpd acceptance.
~

Matthﬁs (1941)-§ﬁd Frledkln (1945) typlflgd one school w1th the consi-

deratlon that 1rregmlar1t1es in bank erosion and sedlment depos1t10n

7]

constxtute sufflcxent explanatlon for the meanderlng phenomenon. It

was pr0posed that rlvers flow1nn through erodable materials systematicall)"'

3
. .

transfer bank materlal to dOwnstream reaches whxle erodxng upstream
banks, and the result of the er031on deposlt1on pxocess is the gradual' _\\\m

downstrcam progreSSLOntof the entlre rlver‘pattern.. Valley-slope; bed-



.. i;'l<

tosdrdisciar),

3¢, rartce of drosinn of banksg, bcd-rcsistanco, and

transVerae Oscillations (not secondary flow, but scltht or grav1ty

. waves) wer. presented as the hydrau11c varwables 1nteract1ng intricately -

3

to produce the m1grat10n. The actual physical - 1nteract1ons were not

'descrlbed mathematlcally however, and the 1nf1uential role of secondary

flow was 1gnored (anedkln, 1945), or rejectedgemphatically (Matthes,
1941) by the erosion-depoSition proponents.
It has since been emphasized that even in the absence of bank

materlals, streamflow often eas11y assumes a sinuous path Supra glac1al

' streams that melt rather than erode and depos1t thelr bank materials

(Kn1ghton 1970) and even streamflow generated and malntalned simply by

| water deasxty dlfferences, best exemplifled by the Gulf Stream (Leopold

' Wolman’ and Hiller 1964) have exhlbxted the classical 31nu031t1es that :

rivers flowlng through eroiigie charnels seem to imitate, -
Se1che effects were explored further by HJulstrOm (1949) Rrverv
turbulence was 1ntroduced as a l1ke1y hydraullc combonent of meander :

gene31s, but 11tt1e turbulence theory was. available ‘to provrde adequate

'explanatlon._ ‘The sexche effect was g1ven as a component of turbulence

1'wh11e secondary flow escaped ment1on.

The use of flumes and hydraulmc 1aborator1es led Mockmore'

'S

(1944) Shukry (1950), and- Prus-Chac1nsk1 (1954) to revive and propound

3

the not1on of the ianuence of(secondary currents in streamflow on

,r1ver morphology.' Spiral mot1on ‘was observed in stralght flumes as well |

P
as 1n curved flumes and was connected wlth the obsé}vation of movement

-of bedload both downstream and laterally, towards the inside of bends. ‘
| 'Hellcal flow satlsfactorlly prov1ded theory SUPé;;ilng a dlfferentiation

in the magn1tude of Iong1tud1na1 and transverse tangential stresscs on .

EENTEY . . "‘,_I'
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“the river hod and thvos theorct iz il iy accounced for both the scouring

. f
0sitional actions of th. river.

Still, all these classical‘explahations of_sinuosity; proposing,
that'plan form meandering-is induced.by the earth's rotation, regularities
in erosion and deposition seiche effects, and‘secondary currentsu failed'
to allow the pred1ct1on of river geometry. Attempts to calculate

meander forms on the basis of these models have met with m1n1mal success.
"The processes defrnltely part1c1pa€e in varylng degrees in the‘main—
tenance of the 31nuous hablt of a r1ver, but none suff1c1ent1y def1nes'

the initlatlon or. per31stence of stream meanderlng.

c. Form Analpsis' - . , ' | v ; .
.‘ § Another approach towards the underStandlng of the mechanlsms
of meanderlng entalls the examlnatlon of river geometry and “the. building
'_of models on assumptxons of form. In1t1a1 attempts assumed meander
loops to approxlmate segments of circles. Chatleyv(1940)' Mockmore

2

(1944) Shukry (1950), ‘and even Prus—Chac1nsk1 (1954) postulated that N
.streamf10w followed ;aths constructed of comb1nat10ns of circle segments.-ig."
Ippen and Drinker (1962) also used arc comblnatlons, but adm1tted the “
.p03sibg31ty of short, stralght reaches as well, in order to better - :.j//”) ;;
_ dup11cate laboratory work. Yegk(1967) con31dered a’ meanderlng channel S
‘ with c1rcular bends connected by relatxvely short tangents JAn order to

o . 3
explaln sp1ra1 flow 1n natural rlverf v

A ’ : » L "y -
A more successful model for planform of streamEIOW'1s the4
sinusoxa, postulated by Leopold et al (1960) Kondrat'ev (1962) and

K,
: Toebes and Sooky (19679. Langbeln -and Leopold (1966) further proposed

that the thalweo path approxxmates a sxne-generated curve such ghat

v
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viver elrvatsre is o harmonic function of o distance alorng the thatwey.

@ - . 4

The modcl is SJperlor since it allows 4 random clement to enterAthc‘
determlnatlon of form. The development of the model assumes the
curvature elements to be normally distributed and to proceed in the
fashion of von Schelling's randOm walk (1951). The sinusoid smooths

the model of the river by m1n1m121ng angular dev1at1ons in the channel

curvature. At the same time, horlzons for analysis of form are expanded '

‘through thls model. Fourler analys1s can be applied to the s1nusoxda1

1

geometry to obtaln form generallzatlons not prevxously possxhle_vith
other models. . - i ~ ’ | |
The analys1s of v1srble-p1anform propert1es of natural rivers
TN
c0nst1tutes the bas1s of an. alternate approach taken touards the develop-
ment of theory in fluv1al geomorphology.. Bates (1939) ‘Ing? (1949)
‘and Leopold and ‘Wolman (1957 1960) studxed relat1onsh1ps among meander”
wavelength meander wldth ‘and channel wldth v From these and similar
studles power functlons us1ng these varlables have been formulated.
Quant1f1cat10n of planform was more enp1r1cal and at the same time no
less subJectlve than ever before in this approach "Typlcal" sectxons .
'vof river were. selected for ‘study anhd definitions of the’ vavelength then
.depended upon the arbitrary ch01ce of end p01nts of the typxcal bend
(Langbeln and LeOpold 1966). Even so, the separate analyses of

‘process and form were useful in that they provided the natural and

necessary background for the 1nspect10n of process-form interactions.

Bl

D. . ProcessiFOrm Interplay

Jefferson (1902) presented an. 1n1txal attempt to relate meander

dlmen51ons to hydraulxc variables. He measured mb, the maximpm;yidthQ,:.

N -:é‘ 25
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oyt the‘ meander belt' for a numbder of‘rivcrs,(and by listing the
corresponding “md", or discharoe and the correspondlng "w" or chaﬂnel
width, he concluded that the w1dth of the meander belt is a function of
stream wldth and the lateral and vertical . cutt1ng of meanders is ‘most
intense ‘at flood stages. .Although his study was subjective both in
itsvchoice of'reaches, and in the subsequent measurement of meander
belts, hlB conceptual contr1but1on to the study of the interaction of °
form and process in meanderlng was 1mportant as well as 1nnovat1ve.
| Subsequent studles of geometric- hydraul1c relatlons developed

and 1mproved upon Jefferson's 1deas and methods, Frledkxn (1945)
e*plored the phy91ca1 lnfluences of slope on. var1ous .aspects of the mean-
dering form. He found that increased- slope caUSed 1ncreases in meander‘
w1dth and wavelength

Inglis (1949) rlgorously extended the phy51cal character1zat10n
- of streamflow and found that meander d1mens1ons generally seemed depen-
dent, upon the.square root of the dlscharge. Leopold Wolman, and
._Miller (1964) also accepted the square root- of—discharge‘relationships
as,fact. | |

‘Leopold and Wolman (1957) studled the interaction of variables
in laboratory r;vers and concluded that the strongest relatlonshlps
occurred between width and dlscharge. Dlscharge was demonstrated to
:'be clearly influential in the mod1f1cat10n of channel w1dth and w1dth
subsequently tended to control chanoes in meander wavelength

Carlston (1965) stud1cd natural rlvers to 1nvest1gate the1r

Al

draullc relatxons. ‘He admitted that a major shortcomlng of much- of

.o,

" the fluvialawork conducted (1nc1ud1ng the prevxous work of others as

well as his own) was the subject1v1ty inescapable 1n the ch01ce of

.
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reaches examined. Often, workers based their findings on the measurement

of a slngle meander rather than on a statlstleally va11d sampllng of )
meanders, and choice of workspace depended too highly on the ava11ab111ty
of appropriate data, which was: scarce. -Carlston contributed a ney concept
to the theory of meandering: the dominant’controlling dﬁ%eharge »inl ot
the modlflcatlon of meander wavelength are those ranging betweenfthe
5 ‘ : Y .

hlghest monthly dlsdharge for a glven year and the ann aﬁhual dischargegi-
Thls conclus1on was offered to replace Inglls' notion that discharges
sllghtly greater than bankfull flow were the domlnant mod1f1ers of
~rlver meander»wavelength (Carlston, 1965). |

The proponents of'this:form-process interplay approach to the
1nvest1gat1on of meanderlng generally agreed that llnear planform
parameters such as. wavelength meander belt wxdth, channel wldth and‘
.wetter perlmeter,.depended dlrectly upon the square root of the river's
© dominant diseharge. Two distinct definitions of domlnant d1scharge were
1nvolved (Inglis, 1949 Carlston, 1965).. Slope was also accepted as
‘1nf1uent1a1 on the basis of Frledkln s 1945 lab studles at Vlcksburg.
‘The proponents succwed in their attempts to. br1ng rlgor into the -
d1sc1p11ne. However, fluv1ologlsts generally examxned planform on the
‘basis of downvalley dlstance ‘and w1dth of meander belt 1gnoring actual

.

stream path- length Meander~be1tvwas measured'as the-transverse

~distance between tangents to two adJacent or approprlate but opposite
Criver t ;ends, andilt was used to describe the magnltude of the stream s
oscillatory aet1v1t1esl Wavelength was approxlmated as the downvalley
dlstance characterlstlc of the rlver s meanderlng wabe.‘ The path—length

was not yet given any 51gn1f1cant theoretioal.importance..



. Sinuosit? Ccnsidgrntians

-Hackin (1956) and Schumm (1963 1967) ere among the flrst‘to
‘examine the role of channel pattern in the form-process interaction:
Hack1n (1956) found the relatlon between sinuosity and cross-sectlon
to be such that as 31nuos1ty decreases from tortuous to stralght
channels .the width-depth ratio of the channel lncreases. Slnu051ty
was then defined as the ratio of‘the path—length of the stream to the
down-valley distance, a parameter still necess1tat1ng the 1nclu31on
of snbject1v1ty into theory, because for all but’ perfectly regular

vmeanders, the end points of the doun-valley 11ne must be seleaﬁed

arbltrarxly. ‘ - ‘-

w1th more: cohe51ve banx materlals. Schumm def1ned cohe51veness by the

percentage of sile, ‘and clay found w1th1n the bank mater1al

&

Con91derat10ns of stream sxnuoszty opened a new theoretlcal

'd1mens1on in fluv1al geomorphology. leferent river patterqs could be

- F. QOntributions of Leopold: The'Sine Generated Curve
Leopold and wolman (1957) 1ntroduced a new and substant1a11y
super for dcf1n1t10n of s1nuosity when they cons1dered it the raé;o of

.\ \

- the. thalwcg path distance to the valley length As the thalweg is the

‘ river's own "preferred path" in that the thalweg will actually be the



river's course at very low discharges, the newtsinuosity.paraneter ©
! deScribed the_rive s meandering act1v1t1es much more accurateiy. This
fconcept was closely related to another 'significant discoveryr..the'
thalweg of a straight channel exhibits a sinuous tendency as it flows
between pools and through riffles. With some laboratory experimentation,

. < :
Leopold and Wolman (1937) demonstrated that a stralght channel dld not
necessarily, or. in fact usually, pOSSess‘either a unlformjstream bed@

3

or a,straight‘thalweg. oy
The.model thalweg inferred from the laboratoryhnork had a wave-
length of L x”277radians (one complete sine wave) and was'characterized by -
"relatively deep pools at bends ‘with sh3110ws at points of inflection.
Th1s ‘was offered, then, as’a f1nd1ng'common to streams of both sinuous
and straight channels.. The wavelength was generally a function of
width and so 1nd1rect1y related to discharge. Bankfull discharge was
~ assumed the best flow parameter in der1v1ng flow-planform relatlonships.
(LeOpold and Wolman 1957) |
Leopold Wolman Miller,'and Brush (1960) conducted laboratory
experlments that produced beautlfully sinuous channels: containing no
straight‘sect1ons. The& explained the meandering tendency as an energy-
‘.d1531pation technique. 1If bed materlai was of 1nsuff1c1ent size to cause
" 'bed stabilization, the river would be freevto'create random bank
prOjeCtions. Local chance deflections-woold setIUp systems of eddies
and:vortices which wonld strain and erode the bkanks in the streamsv
process of effecting internal energy losses.
Both 31nuos1ty and energy con51dcrat13ns were greatly expanded,

in LeOpoldand Langbein s 1966 c1a551c work TRiver Meanders“ ' Random,

or stochastic,. processes were finally a110wed in meander devclopment
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theory. “he random model nsed wasvbased on VOnlSchelllng s (1951)

randOm walk in whlch successive moves on a surface’were independent
with respect to d1rect10n travelled each move, but'were governed by a
probablllty fUnCthL ‘such that relatlve to downvalley d1rect1on the

expected directional dev1at10n at a p01nt .was a sine funct1on of the

. .
a

channel dlstance travelled

»

Streamflow was likened to the chance- d1rected particle whlch
\

9 ' ~.

. should supposedly seek a path eventually m1n1m121ng variation in d1rec-‘

t10na1 changes. .The sine- generated curve was p05tu1ated to be the flow

)<¢ "

1 fpattern best allowang such minimum varlance (given symmetr1ca11) curv1ng

paths of equal length) thus mlnlmlzlng total eroslon as it was shown

'that banks are eroded at a rate dlrectly dependent upon channel curvature. -

Thevs1ne generated meanderlng was assumed, on the basiS'of field work' to’

prov1de the most uniform water surfaee s1gn1fy1ng max imum unlformlty

“in energy expendlture per un1t of dlstance along the channelt Thus,‘ the

v 81ne generated curve model was- shoen to ellmlnate concentrations: of

‘energy e#pendxture f0110w1ng Newton s secdnd Law of Thermod)namlcs."

‘(Leopold and Langbeln 1962 Scheldcgger 1967) ¥ | . -
. .

o ; Leopold st111 con51dercd wavelength as-.a d0wnvallc) d1stance

.however and thus retalnod the SUbJCCCl\lty of prev1ous analyses of

form. A method that would ellmlnatc thls subJect1v1t,, rccUrrent in

’ h)drau11c analyses of stream: actlvxty had yet to be found..

"G. _pelght' Meander Spectra

Mackay (1963) 1n1t1a11y prOposed the appllcatlon of the spectrum
to studxcs of fluvial meandcrxng, but he dld'not apply the'technique

himself, Spcight's work'initiated the actual:application of the
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Spcvnnt (190)3 sought to ovcrc-

-

$ tﬁrce sm%yrficant biases in

s i

\wjléiial research. .Heucomplained first of

N

{Fhe subjs
. as workers chose "typmcal“.QEanders on thCh t°W§“<<'“
O PN R R

‘S\V

statistics and then\afﬁige, ;tﬁé wavelength

i

(X

2 ,?ahly have little relevance to actual
NG ' °JY . g

flow direction: He finally cdﬁ erned his research with the tgndency

of prev1ous authors to 1gnore the possibilities of multiple wave-_vb
"lengths in stream form. . . e d -': Lo .ﬁ*' %i ‘

Speight used sets of air photographs of the Angabunga River in .
Papua in his research on curvature. He calculated successive angular
,dev1ation§ at p01nts measured along the thalweg, separated by a constant
1nterval aIOng the path. He then applied spectral ana1y31s a technique fcf
described in detail in Chapter 2, to the derived sgries._ ‘The. technique .
is used to separate complicated sinuous series into Fourier. components.
a551gn1ng each Fourier term its variance contribution within the wbole
meandering series. Speight used the variance statistics as objective
parameters of 51nuos1ty. Hultiple wavelengths were described forlthe
first time through the use of this techniquer-

Attempts to relate the significant spectral peaks, or uave-
.lengths, to tree_to-tree and grass-to—grass river widths were largely
unsuccessful. The shape of the derived spectrum seemed to suggest the.
1nf1uence of channel cross-section, though, and ‘this observation again ?."‘
opened new dimensions in fIUVial work. Speight then attempted to
compare spectral analvses on curvatures derived from the same river T

but from different years of flou act1v1ty. The air photos pr0vided e

'24 years of the necessary data. @b orderly meander’ mig\ratlon was observed



but meander wavelength seemed constant. Spectral analyses was shown to
have significant potentlal for the analyses of many other hydraulic
variables, and_Spe1ght encouraged readers to expand research with this

’

tool. (Speight, 1965). o -

H. Later Uses of Spectral Analysis

Thakur and Scheidegger (1970).continued the use of stochastic
mooels in the'study of sinuous river behavior. They consloered a river
course to be a;stochastic'line subject to certain-geologic conditions.
Spectral anaIYSis was‘used‘to,examine»the curuaturevseries of the 417 )
chaln‘models they generated in an atEempt‘to discover an cxpected or

most probable spcctral value.. Although the expectcd value notion’ laterkv
proved less 51gn1f1cant than they had hoped, Thakur and Scheldegger

were able to conclude that the frequency d1stf1but10ns of deviation
angles was reasonablvaaussian,‘an assumptlon of spectral an31551s

whlch had been previously unproved. -They also developed the use of
transition probabxllty matrlces for the determlnatlon of the mode or
pattern of rlver bends wh1ch‘was reflected 1n changes of s1gn in the

- geries of the devgatlon angles.

Scheidegger (1970) in Theoretlcal CeOmOrphologv cites spectral =

analyses as an 1mportant tool in the measure of "wxggllness" of natural

lints. "The substanc1al potentxal for spectral analysisvin turbulence

studies is also recognlzed in’

Jaa P . . o .

Spectral analyses of and§waves has been very successfyly and

- o ' R a5 T
shows great potentxal for-. the quaﬁt/fxcatlon of dcscr1ht10ns of bga

Ky

roughness. Nordln and Algext (1966) able 7 dlstlngULSh the

»
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Crder Markov process for. Wive Tormition.  Agh idi and Tinska (1257}
‘further developed theory,on’the seccnd—order Markov wodel, and they

1
used  spectral analyses in the determlnatlon of the propagatxon velocity

of sand waves. O'Loughlln and Squarer (1967) and Squarer (1968)

recommended the use of spectral analysis to standard1ze descrlptrons of

_sand and waves. Nordln (1971) conducted €1 ume stud1es of sand waves

' and concluded that the spectra of the waves were similar regardless of

scale of phenomena. Tﬁékgeneral shapes and movements of both dunes and

-

‘ripples in large of small flumes showed similar characterLstic proflles,

wos

exh1b1t1ng only scale effects, uhen present, to provxde d1fferent1ation.‘

Nordln's findings agree reasonably well with Yalin’s work of the same
year. (Nord1n 1971- Yalin, 1971) | |

chang and Todbes (1970) extended the use of spectral analysis of
river curvature to the examination of absolute curvature of meanders.

vy-

For this they used only absolute values of angular dev1at10ns alon° the

- Habash and ‘White R1vers in Indiana. They rec0mmended the use of

- absolute curvature in cross-spectral analys1s .although objectlve reasons

' rentiate'glaciated from non-glac1ated fluvial landscapes ?n the ba31s -

for this'oerevnbt clear. Chang found that the use of absolute curvature
31mp1y allowed h1gher correlatlons with the other parameters studied,
~and for thls reason, he ch0se it as the superior statlstic. Heander
planform was demonStrated é% be controlled by geology and soil, and
flow rate and channel slope, through the use of contour maps of

spectral amplltude statlstlcs for overlapplng successxve downstream

. reaches.

~ This method, the “moving spectrum' is = sav of avoidlng serious

non-stationarity in their data. Chang and Toebes were able to dlffe-

: A
)
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corroborated earlier theOrles SUCh as thoge relating planform S SPUR

y

of their _spectral findings._ Meander wavelengths in unglaciated bedrock

.

tended to be 10nger than those of glacxated regions. : R
b

- I,
il

Chang (1969) extended prevxous work uslng the Whlt@ and Wabashﬁ%z

. 3
W
Rivers, to include cross-spectral exam1nat1ons of wldth depth deprh- ﬂ‘

cross—sectlonal area, wxdth cross—sectlonal area, curvature-width, . ?f’

. ' .
curvanure-depth, and curvature -cross-sectional’ area. Much of ‘his work

parameters to the Square-root of d1scharge and others observing‘an
increase in yaVelength in the downstream direction. The. analyses of

Chang - (1969) and Chang and Toebes (1970) constitute a long anticipatred

g

2

advance in obJect1v1ty and rxgor of ana1351s not attalned in earlier
studies conducted b) other fluv1ologxsts. Howeverg a variety of channel

types must yet‘be examined - and conparat1Ve studles must still be

’conducted i order to test the . flndlngs of Chang's work bascd on the .

Wabash and White Rivers. . o -~

¥

1. . Other Recent- Theoretical Contrlbutlons ' . a M

Church (1972) app11ed various- Spcctral analvses to sandur

rivers on Baffxn Island He found domlnant pattern of peaks to be

consistent, recurrlng at short int rmedxate , and long wavelengths.

Church found domlnant wavelcngths, expressed in terms of channel width,

to persist. as multiples of .

Yalin (1970) uscd theorles of rivér turbulence to explaxn the

L3

occurrence of sand waves and the rcgularltles of meandcrs. \alln s uork
predicted domxnant neandcr wavclengths, expressed as multlples of mean -

channel width, to occur as intcger multlples of Zr and dune wave ler:fh

to be sxmxlarly proport1ona1 to 2rh where h is the mean'Watervdeptht



fvrther, Y dllﬂ has made a most imporLént observakions that,

a systematic dlsturbance caused in the behav1or of the
largesi\nacroturbulent eddies by a permanent discont1nu1ty
g ) must be accompanied by the same and -the reverse kind of
\disturbances occurrlnﬁwalternately, with equal length
intervals, along the direction of flow. The dunes and
meanders are the developed versions of the alternate
erosions and accretions caused by these dlsturbances in
the velocity field, and thus in the transport capac1ty
- .of the flow. -
(Yalln 1970)
Surkan and VanKan (1969) extended work on random walk models,

’

1ncorporat1n° hydraullc cons1derat10ns. They found ex1sting models - ‘to N

be 1nsufficient in that 51mu1ated pathsiaacked the. regularity of

03c1llat10n and freedom of erratlc behav1or found in nature: ThL

1nclus1on of a gradient bias in random walk models improved models of

' .meander patterns substantlally. S ‘ | | o
J._'Conclusions o S . : : : ' /

Spectral analyses of both planform and’ hydvhulic characterfstics,

*%of meander1ng rivers prov1de obJect1v1ty and rigortthat[previous

[

analyses lacged The-stochastlc .approacl. <o riQer-behavlor provides
a superlor form of analy31s at this stage in the theoret1ca1 development ;
P .

) o
of the meanderlng 1ntr4que.‘ Stochastlc models fhc111tate an understandlng

hY

of process and form in fluv1a1 geomorphology.
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\\ _ . . » CHA_p'TEr' 11 R o o -
STOCHASTIC PROCESSES AND THE VARIANCE SPEGTRUM

. S '

\ The major. c1a331ca1 and contemporary explanat1ons of the 1n1t1at10n
\‘r i

and persistence of fluvial meanderlng were brlefly explored in- the prev1ous

chapter.. Amono the processes 8n31dered to be meander-‘ : erat1ng were' e

ﬁct1v1t1es of secondary currents in the cross sectloqal plane of a stream,

" . - .
1nf1uences of the earth's rotation, regularltles in bank erosion and -

-

' subsequent depo%gfion of materials, and seiche effects'analogous to lake

seiches, Attemp s to calculate and predlct meand er forms and behav10r .

.

5 -
on the bas1s of these models have met wlth gt§%ﬁal success. The processes

examined definitely~contribute to the establishment of the neanderlng "
: ‘ o : .
habit'of rivers, but none suffxcxently explaxns elther the gene31s or

4

geOmetry of meanderlna
P .:' » : & R ] X
A. ’srocuigrtc MODELS - | N SRR

Davis! (1893) firmly establlshed mode of landscape analysxq

-t

‘emphaSLZed devclopment accordlng to a well- determ1ned progression of
stages.' Th1s lcadlng role assxgncd to historlc 1 context in: the .
v'examlnatxon of developlng landforms was conccptually 31gn1f1cant in tbat(

‘it allowed sunsible development of theory on a macro—scale.' Valuable‘

generallzatlons ware produced and some p;pcesses were 1solatcd for .

furthcr conb'deratlon. But Studlcs made on a more m1cro-°calc,

v - . \ .
examinin-~ dera11 wlthxn such a. dctcrm1nist1c framework of loglc, were

" complicared by the characterlstlc 1nteract10n of a large number of



»
Trafegnat oy uniersieod variahles. 'l"luvf..‘:': batoaviar praved too dy:iemic
for.such "rigid" analysis of stages. Dctalls of 1nteract10ns were not
\ .
. satlsfactor1ly understood u51ng this "closed-system“ approach
Thg notion of landform equ1l1br1um was 1nherent in the Davislan

Stage analysis of landscape dcvelopment. Other dlsc1p11ne& ‘'such as

‘biology and phy51cs commonly exam1ned equillbr1um 1nteract10ns of

¢
a, w:

ensemble variables in terms “of systems ‘theory. Chorley (1962) dlscussed
‘the value of the appllcatlon of systems theory to work in fluvial geo-
morphology. Wh11e the work of Davis and others in. fluv1a1 geomorphology .

‘was: 1nf1uenced sOmewhat by c105ed system loglc Strahler(l950) assumed

7

' that natural phenomena operated in both closed and open system fash1ons.
Chorley (1962) recognlzed Strahler s work as a great theoretlcal advance
for the dlsc1p11ne and he encouraged the development of theory on the
aSSumptlon that natural systems are open. |
| ln systems analys1s, a closed system is an assemblage of obJects

"and,the1r_re1ationships.- Boundarles across wh 1ch no energy export or

1mport occurs are required in the defin1t1on of a closed system. Changes

wA in. the system are determlnlstlc progress1ng towards the establlshment

&/of equ111br1um conditions. The ptogress1on towards equilxbrium in a O

o closed system s1mu1taneously emtails the max1m1zation of entropy within

‘the system, Thus, potent1aL§f%: change gradually decreases towards

, P
system stabllxzatlon. In tﬁgl way, assumptxons proﬁfde that in1t1a1
.condltlons of the system are suff1c1ent to determ1ne the eventual =
B : y . : .
equ111brLUm sxtuat1on.}/ﬂﬁile the determlnlstlc model contains much
S , . ) g ( 7‘\\ 1 W .
useful»information it } La ks . the flexxbil1ty attained when systems
. : Kt NG ‘ . . . . .
are consldered to b :

L
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. ' ) . \
energy inputs and outputs, ‘thus includingk ¢losed systems as the special

case of zero enetgy exchange; The theory of the open system's steady
state allows more flexlbllxty than the closed system's 1dea of equilibrium.
Dynamlc equxllbrtum the steady state of open systens, is the dynamic
condition in whichfthelopen system continually adjusts to externaily’
- induced physical changes by_changinghits own form. The concept of adjust-
:ment allows a more detailed analysis of form-process relatlonshlps than
previously p0531b1e and it admits’a more ‘kiberal view of changes. The
open system more easily directs attentlon to an entxre 1andscape assenblage
‘as. it acknowledges‘the complex multlvarlate structure of most natural
phenomena. It 1s“thUS a more’ reallstlc model for the study of r1ver systems.
v w .

The most obv1ous advantage of ‘the Open system approach is 'its
cope for the con51derat10n of natural new inputs and thexr effects on
the system,. Random processes‘are thus allowed as st1mu11 and responses

to these are-considered importaﬁt. The model that best explalns the
ehav1or of hydrologlc systems must necognlze that the processes lnvoived

are not entirely'determlnlstlc but can be characterlzed as‘stochastlc.

Prec1se descrtptlons of rxver morpholog) and behavior are va11d

for a river only at some specxfxed tlne. The dynamic nature of fluvial
processes'ls manlfest‘over time~as exten51ve chanves are induced both

' ~gradually and Cat&StrOphlddll\.’ Such chanoes becont te‘lected in both

thedrlvcr s planform and bedform through adJustments by lateral planation,'

. ~

dOwncuttlng, or aggradatlon of the strcam. The changes imposcd are “

'predomlnantly determinedrby the energy contained inathe streaml

o Fluvial processes must he.consideredias tunctions of bot ”ime

and space. The analysis of river b havxor with respcct to such Y ctors

.. as d1scharge, slope, graln size of bed materlal sediment load, Or cross-



sSeClionat form ‘C,":i::’.?‘l Pooconduet cd § densh pani of time and Space
. tonsiderations. Since [low COuStltuth a pr05ressxon in both tice ard
space,. the factors studled will vary in such a way - that they are inde-

pendent of distant past or future changes, but dependent’upon immediate

past events, utllleng a portion of the xnformat1on contained in an

event of the 1mmed1ate past. Connectxons vxth other points in time and
space thus contain an element of determ1n1sm but they also allow

probab111st1c rclatlonshlps. Stochastlc models prov1de for the co-oper—”

v

at1on of both deterministic and probablllstlc processes, and they are
thus the most su1tab1e models to descrlbe river behavxor.

Figure 2.0l is useful in the clarlflcatlon of the concept of

)

astochastlc process. Suppose a man beglns walklng from a point A, intent_
.upon reachxng some point B six steps louer and twenty paces ahead. .If
'he is permltted to move only forward or dowmward, then he has two choices
. each tlme he takes a step. Slnce he must reach p01nt B, h1s>dec131ons

'are 1nf1uenced by his position relative to B, and probabxlltles may
be a331gned h1s choices. 'He has seven posslble doanuard moves from uhlch ;

L2

to choose (o, 1 2, 3 4, 5,.0r 6 steps down) and s0 for any posltxon
(x,y) h1s probablllty of chooszno a downward step is y/7. Similarlj,l
he chooses a horlzontal step from position (x,y) v1th a probabllxty of
x/21 Probabllxtles of moves decrease as the man approaches B (or as the

x and y values decrease) _The probabilltles vary in a manner only
Ve
' partially determlned by an determlning last and- next moves, and probabi-

llstlcally 1ndependent of other past or future eventse An element of

O
hl

1nf1uence can be assoc1ated only with t1me~adjacent moves. Thls type of

model exempllfies the_random walk and may be. represented as

v

St XL+ X2+ oL+ xpn
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v
~where Sr- represents the position of the ‘man taklng”a random‘step Xi
at t1me tr so ‘that Xi indicates the;dlstance covered in any one step.
Here‘gf Xi may be used to describe the path distance betmeen°points A and
B.” .1_1 . f' o | |

’Ln the seeuence of movements, the Varlable Xi at t1me ty is -
1ndependent of the ent1re prev1ous set of X's.‘ The future cannot be
completely predlcted on the basis of the past record but it relxes both
on the ex1st1ng record and the proba5111ty of the next move. The
probablllstlc element precludes the use of determlnlstlc models in

vrecreatxng or s1mulat1ng a series produced by‘the randOm walk model.

Von Schelllng (1951 1964) developed a varlety of random walk
models that were later applled to studles in fluv1a1 geomorphology.
Leopold and Langbexn (1962 1966) used the Von Schelllng e111pt1ca1
path model to explaln the1r observat1on of the tendency of r1ver
meanders to assume geometrlcs m1n1mlz:ng the variance of the angular_
dev1at10ns along a. path Sche1degger (1967) further developed the. model
to extend hls thermodynamlc analogy between the movement of gas molecules
and r1ver behav1or. o

Stochastlc processes may be used to explain the random nature of
phenomena changing with. time. The stochastlc serles may be.represented
as the famlly of random var1ab1es Xk ) where t, the'time parameter, is
an element of the set of 1ntervals,,., or as. [X(t), t € l] - The
stochastlc model accounts for both the probab111ty and sequentxal relatlon-b
sh1p of the random varlable. Conventlonal determlnlstlc methods require

" the assumpt1on that the process ’does not change ulth tlme or spatlal

variations, whlch is 1nhcrcnt1y contrarv to hydrologlc observatxons.

Any hydrologlc time series may thus be represented as



'Yt ’ €tl : AL. ':.:!!”_: ‘;(:t‘ is ,';h_c s‘,t-rvics ,A ¢ s tie
detcrmin;stic component, am1€t is,the-random or probqblllstlc elcmtnt
.(Hatalas, 1967);. The - uncertalnty generally observed in the series ig
"thus accounted for byé; s and thls residual element is assumed always
vto be present. The determlnlstlc element may not necessarlly ex1st in

'the series and when present 1ts importance in the predlctlon of X

may vary from predominant to negligible in the determlnatlon of the-

na

process. ’

Jhe two’ elements may be mlstaken for each other when records

- are very short and xt is essent1al that time series ana1y51s m1n1mlze

¥

thls posslblllty._

The amount of information retained or repeated by subsequent
p01nts in the tjme serles may var). Dependence between adjacent
observatlons .may be measured by the autocorrelatlon coefflclent of the.
serxes. Harhov chalns are-a, spec1al class of SCOChaStIC processes in
whlch the value of X, at any set of tlmes ty depend.on the values X ‘_
at any 1mmed1ate1y Previous set- of tlmes tsr The outcome: of an)‘event
_hls consxdered to depend on the outcomes of the 1mmed1ately preccdlng
events,'but is 1ndependent of all prev1ous events. A Markov cha1n

"of order n" spec1f1es that in a sequence of events, the outcome of each

;event depends on the outcomes of the n d1rect1y precedlng event(s) but

only. on these. Flrst ordcr Markov processes are of particular hydr01001c L g

interest, as their patterns are recurrently found. 1n r1ver serles;
AdamOwskxx and Smlth (1972) found that the stochastxc component of raxntall
generatlon was adequatel> descr1bed by a flrst order Markov process.
'HarPov processe uxthout autocorrelatlon of serles clemcnts are descrtbed

by the _random walk model.



a perfect fit to the record it models. The actual record'obtained is
assumed to be only a sample of the many poss1b1e samples that. could
occur accord1ng to the probab111ty d1str1but10ns pro$cr1bed. An adequate
model is rather one which preserves the desired parameters essent1a1 to
the 1nterpretat10n of the data.» Markov1an models preserve the lower.
~order moments of a.time-sequentlal d1str1but10n (mean variance, and often
_skewness), and the f1rst or h1gher order autocorrelatlon coeff1clents
(ﬁatalas, 1967 Rodrlguez Iturbe Dawdy, and Garcia, 1971) The preser—
‘vation of these parameters is generally adequate for work in fluv1a1
geomorphology. |
AStochastic processes are'referred to asjstationary when the
statlstxcs of_the serlesvare not affected by a shift in the absolute
time or space or1g1n and so are- reasonable approx1mat1ons of the sta-z
tlstlcs of the appropr1ate ensemble. For 1nstance if:the series is -
sh1fted K time units with respect to the or1g1n then; for_the parameter
x, | |

f(x; t) = f(x- t + k) must be true for all terms, K. under the assumpt1on

29

of strlct stat10nar1ty of the’ serles., A serles is called weakly statlonary,-

’

or stat1onary in the w1de sense ~1f the expected values .of the flrst
and second moments. remain constant when the time or1g1n is shlfted and

. the autocorrelatlon (R) depends only on the time dlfferences (t -t.) as:
1~ te

E[x(t)] =P = a constanf | e '
Statlonarlty is an assumpt10n theorct1ca115 fundamental ‘to hxgher order.

tests made on the t1me»ser1es, but 1t 1s generally aSSUmCd 0n1y in the

wide sense,-when*considéred at a11

In Practise, rigorous,tests of data.stationarity_are seldom run,



Ser, irorun, Lo idee descrited, Togie fer ﬁtatidusriﬁy OF Javd are por
included in any of the llteratUrc to date app1)1ng spectral or crogg-
}‘ .

spectral analyses to the problems of fluv1a1 meander1ng or bedform

conf1gurat10n. Tukey (1961) approached the problem more opt1m1st1ca11y
. !

encouragxng a less- inhlblted while caut1OUS, use of the spectrum:

-+ - I have yet to meet anyone experienced in the
analysis of J{me series data . . . yho is over-
concerned with stat1onar1ty. All of us give some
thought to both possible and likely deviations from

data, but no one of us will allow the possibility
of nOn-stationarity to keep us from ‘making estimates
of an average spectrum . - - The fact that the -
- Spectrum. is changing with time - « - need not make
it unwlse to estimate one, or several, average spectra
e e e e Once ‘we admit that we are est1mat1ng an average
spectrum, we hixe admitted that there may well be other

- - spectrum, that estimation is not complete. specification.
' Such an admission . . - 'is a good thing rather than a
bad one. (Tukey, 1961) B :

It apsears,then, that whlle statlonarlty‘should be considered in time
seriesdanalysrs, its absence should not. alone prevent the use of spectral
_analytic technlques. Degree and form of statxonar1ty of data should
however, ‘be remembered 1n the 1nterpretat10n of‘results. '

Three main models of time series are used to 31nu1ate stochastic
dhydrologic proceSSes. When the nonrandom portlon of tde serles.can‘be:;'
attributed to storage in the hydrologlc system simulation isibest
accomplxshed by the autoregre331on model, which ma}'be represented asbt )

xg = f("c-‘lv’ X 20 -_-"-v";‘t;lt)'r+ ,G: | -

hhere X, is the process under study apd K is the tlme Shlft parameter.
(based on Chow and karel1otts 1970) A spec181 case. of the autoregr0351on
¢ model is the llncar autoregresston model of the nth order:’

£ g +a_k, 4 o4 +
xt‘ a X ! a2.xt51> - a xtfl G;



ceoserial corvelation coefficiontz of the varicble

X. ¥hen o - 1, the process defined is the first order Harkov pr oceso.

Xy = ax,_3 * €. Figure 2.02 presents the correlogram for the first order

Markov process, and Figure 2.03 shows the spectrum of this series.

»

. Another special case of this model is. the second order linear auto-
regressive scheme, -in which two corrélatibq terms arise:’

Xe mayp xe gt oa, xt-2 + €

The scheme is similar to the £1rst order‘process, but shOws a slxghtly

v

longer memory, such that events in, the present rely on two events in the

f1mmed1ate past than on the precedlng event alone.

5

A model useful in the. representatlon of carry-over in a hydrolog1c‘
'_systeh‘due ggﬁi:ler retardation charecteristics’of the watershed is

the moving average model. The model ma& be defined as:
TV, et .o ta € A "
a_ are the weights and m is the extent of the moving' .

where ay, a,, - - -3y

average. By virtue of the md?ing:averagelon the G's,_fhe model_ie not
purely random, but .is stochastic. (Chow and Karcliotis, 1970)

‘Oscillaring varxatlons in the sequence may: be represented by

o N 274 . 2Pt
the sum of.harmonics model, where: X, = 5 (A; cos To + B; sin T )
‘ ‘ =1 27t f Y
'whcre A, and By are the amplltudes of osc1llat10n, - T . is the periOd
of cyc11c1ty wlth i= 1 2 - <3 and h is the number of record intervalg.

The model ~assumes the oscxllatlons may be represented as sinUSo1da1
D1urnal seasonal . and tldal per10d1c1t1es in hydrolog1c systems may be
abproxlmated by the model TQSJmodel may also be applied to thc meanderxng
_behavxor of streamf10w (Chow and Kareliotis, 1970).

The part1cular-ch01ce of model is not an obv1ous one, and may be

aided by the use of the Corr‘logram as fxgure 2. 02 shous. A correlogram.f
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iFIGURE 2.02
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Fieor o loal e (hevs 2l erie L T T erizinshicn D0 Lhe ne s =
avtscerrelation, i Q?rigs tL zurrziated wichAifée?f‘using-a varjieoy

. © ’
of lags, (denoted "m" for a series of ™" p01nts) so that a comparison
of the fit or correlatlon of the scries to itself when shxfted temporally
or spatlally may be obtalned The correlatlonﬁls thus ‘highest when the
#ér;es are ldentical, as at a lag of zero units of time. The auto-
correlatlon 1ncreases as the series approach 1dent1ty. The correlogram
presents- the éffect of each pOsslble lag on the autocorrelat1on.

-

Every stochastlc model includes 6, the element of chance or

probablliny- In any dynamlc system chance pertufbatlons or fluctuatxonb
nust occpg and cannot be predicted. The element of Uncertainty ﬁakes

the ‘use of determxnlstxc models unsa'1sfactory for the study of hydro-
‘loglc serles.v The*elements of change over time and space 1n the behavxor
‘ Tof fluv131 systems are far too 1mp0rtant‘to be 1gnored. The most

-reasonable approxlmatxon of the actual processes must be attained througb

the use of the stochastlc assumptLOn.

B. TIME SERIES ANALYSIS

Recognltlon of thc 1nf1uence of time and space on serles

~

»descrlblng river behavtor has led to the recent 1ntroduct10n of time
series analy51$ into the dlscxpllne. Timé_serieS'refer; to-a set of "

meaqurements recorded scquentxally in t1me wlth measureﬂents usually
i

, ' ’ : SR

sampled reoularly from a contanuous regﬁrd (recorded at a constant time

-1nterva1). Hydrologlc series are: constantly undergoing changes in tine
: & : o 4 T .
or space by natural or anthropogewxc processes, but the changes may not

be obv1ous in the actual rccord or thcy may be difficu}t'to detect

~

@

.-
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feers omas waas ChVis oresence.

sized thar one recurring problem in hydroloczic

Haan t1+72) roca

studies_is the lack of adequate data. 'The obvious solution to -this

.t
>

problem is a systemat1c collectlon of long records of appropriate data.
Since 1ong series tend to contain 1nformat10n about the mean, and thus
give better p1ctures of the pr0cesses under . study (M as and Langbe1n
1962), such a solution would seem imperative, but other problems .are
raised. If short records can mask the nature of the changes the) contaln
_ how much more confusing the 1nterpretat1on of reams of contlnuous data
will be. Methods for the analysls of long records of contlnuous t1me
series are essent1a1 to a better understandlng of the 1nformat1on they
contaln about both form and process.

| The t1me series" analys1s model most su1tabte for the eventual
explanatlon of meanderlng river behav1or must be able to detect persis-
-tence in the data in all'its.forms'of occurrence' and it must be-sensitive
':to time dependencebor ser1a1 correlation of the data. Méander and bedform
“"data are llkely to exhibit some comblnatron of the four major components
of time ser1es.- A perlodlc c0mponent or one that cxhlblts regular |
' reversals of curvature (approx1mat1ng a 51nusolda1 form) is expected.to
'characterlze the data.; A completely random component .or one showing no
recurrent pattern will - ilkely exist w1th1n ‘the data, as well, obscuring
other process patterns. Many temporal and &patlal seriek exhibit a long-

" term trend component so that the series changesg systematlcally through

time. Flnally, the samp]e may encompass a maJor change in the series

¢
.

~which is not really perlodIC' often 1ncorporat1ng’some random fluctuat1ons
in perxod phase or - amplltude- but is quasi periodlc or’ osc1llatory in

ﬁa:ufe, Flgure 2 G4 111ustrates these p0331b111t1es.'
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choof the Dawur possaible tnmnnn<vts Tequires gpecial rreatment

. ¢ B
"2t some stage of the series analysis. _A long term trend, if present

I

1is usually removed .at the beg1nn1ng of the analysis by some sort of .

regress1on or mov1ng—average process. Some'forms‘oflanalysis instead
S R .
consider a. trend part of a low frequency oscillation, since "long-term'

is alrelative concept.' A trend is usually aSSumed'to be independent
of the other components so that its removal does not affect any of the
serles'_moments. . : . :'Jg

The'general assumptlon of stattonarlty, menthned above in-

‘

sectlon 2 A and agaln in chapter 4, necess1tates the removal of any
vtrend present in the data. Stat1onar1ty in the w1de sense requ1res the
expected values of at least the fxrst two moments of the series not ‘to
vary w1th or1g1n dlsplacement while the autocorrelatlon functlon is

required to depend only on t1me d1fferences and not on absolute t1me.

I1f higher order moments are s1m11arly dependent only on tlme dlfferences,

the series is. sald to be statlonary in the strict sense. If str1ct
“ 3 /

stat1onar1ty holds ﬁor all series 1n the approprlate ensemble the b

- series is furtber sa1d to be ergodlc. Avallable statlstlcal methods

l

1are deslgned to’ anaIyze statlonary serles often fxrst assumlng

ftergod1c1ty. If the series cannot be assumed evén to be weakly stationary,
it should be transformed to a statlonary ser1es before rigorous analys1s.
_Tore111 and ‘Chow (1° ) give a detailed dlscuss1on of the problem of

. . - 3 £

stationarity in »v- ,logic time ser;es. R R -

:

The most imoortant aspectS'of,time.serie4 objective

of study is dlscovery of the underly1ng physxcal mechanlsms, are. their

'o

‘osc111atory ‘and perlodlc tendencxes. Osc111at10ns are commonly 1rregu1ar o

in character, exhlbltxng errat1c changes in amplltude _phase; and period

T
[



Sithe patroeaan. T TajuT o sasr o of ehe s relds il et iy Pime Liries , 2
.znrl‘lysis is c~nzn:«.::‘n-.‘_d wit':.'ob:din‘i'ng an n.pn CxR i aLion ol the vaciation

in the-series. This,was originally approached through examlnation of

the correlogram but confidence limits and significance tests have never'
been successfully applied to the correlogram. For thls reason the
technique was pq;tially abandoned in favor of the analys1s of the actual
variance of the series. The correlogram is still a useful tool ‘in the
classification of processes underlying the series, but. it is not desirable
. as the final product of the analysxs since resxlts cannot be easily
compared in the absence of confldence 11m1ts or significance estimates.

Periodic analyses commonly use s1nuso1dal models as shown in

Figure 2.05, where: :"; [11}{

Hoo

shift from the origin, and'T.represehts the wavelenéth.'vlhe early
-asstmption that time‘series were simple‘sum ‘of ‘a given wavelength led
~to harmonic analyses and later to perxodogram analysls. The periodogramA‘
»plotted periods present against the1r squared- amp11tudes.' It was found
~to be-a véry unstable measure of periodicity of real time. series

possibly due to ‘random fluctuations ‘in the data and-was then abandoned

in favor of variance analysxs. L H;‘%%“

3 a»' .

The variation of a series may ‘be calculated as a spectrum of; RTINS

contributions to the variance madt by a variety; frequenc1es of oscil— fd‘dﬁf{fyﬂJ'

g-

'latory waves. The contrxbutlon to the spectru&'by

by c0mmun1cation engineers, the power of the frequenC)

The ttchniquc used to comput the spectrum of the tlme
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Cs  POWER SéECTRAL.ANALYSls

over others in the underlyrng physical processes._ The technlque is,
useful 1n the dctermlnatlon of some order from wlthln the usuaxly noisy

recesses of. an often large and compllcated array of data. Ba31c concepts

b 0t

Jin the method of spectral analys1s and’ some fundamentals of the mathematlcs

~ - . ‘»A

of ‘the technlque are presented here as background to the use of the ..

technlque 1n thls research. More curxous readers are referred to the

. works cited for detalls of the mathematlcal processes 1nvolved in the

N ¥ ;

calculatlon of the spectrum. ‘

T

The notlon of spcctrum in spectral analysls 1mp11es the study

:

of wavelength and perlod w1th1n time. serles. The spectrum estlmates
jcontrlbutlons made by both perlodlc and aperlodlc functlons wrthln the

stochastlc serles. It is- 1n1t1a11yuassumed that the observed txme

0

series is a random sample of a contrnuous process whlch ‘is composed of
ioscillatxons of a11 possible frequencres. A 51ng1e series spectrum

: . . :
partltxons the serles varldnce 1nto a number of bands or. 1ntervals of
frequenc1es. The Ultlmdtc goal of spectral analysrs 1s the determlnatron
of the nature of the gene atlng proccsses such that predxctlons of future

values, and occ351onally -$0 that 51mulat10ns of hlstorlcal records, can-

N

be achxevcd A computatlon of the spectrum 1nv01ves the'calculation‘of

the record mcan, the autocorrelatmon fUhCElOH of the rccord the Fourier

!

cosine transform of caah autocorrelntxon and th( estimntiOn_of spectral .

LS

FRN
“
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density.
The formation of the autocorrelation function is the basic
Operation in spectral analysis. 1In this operat1on; the series is correlated’
with 1tse1f using a varlety of lags so that a comparlson of the f1t of
the series toyltself w1th 1ts time origin shlfted is obtained. Most - ﬁﬁﬁ.
'.analyses find a lag ratio (t1me Shlft of m unlts within a series of n
po1nts) of 10 to 70 per cent to be opt1ma1 for the ana1y51s. That 1s,'
m/n < 2OA seems ‘the best general estimator of char;cterlstlcs of the serxes.n
A ten per cent 1ag'is used in all of the’analySes conducted in this»study;
The meagsure of the aut0corre1ation is an ordinary linear
coeff1c1ent varying from negative one (- 1) ‘to one (+1) through zero.
The correlograms of Flgure 2.02 agaxn 111ustrate this method
Harmon1c analysis 1s ‘based on “the c1a351ca1 theorles of Fourier Serles,
which postulate that a series of trlgnometrlc generated curves, generally sine
and cosLne‘ may be used to repreeent eny perlodlc and tranelent functlons hy
a ‘series of trxgonometrlc terms--generally as sine. and c051ne waves. - Harmonic-f
analys1s may be deflned as the determlnatlon of a flnltevsum of sine: -and
_coelne terms present in the record _and their relétive contributions tofthe
var;atlon Ln the'series. | . . | |
Theh"harmonic" refers -to the perlod observed when a spec1fied portion
of the data is con51dered _ The fundanental or first harmonlc has a period
equal to the total length. The second harmonrc will present one- half the
-period of the total and the ‘third ;111>have one- thlrd of the total pcrlod
-Generally, the numbcr of” observat1ons restrlcts the number of harmonxcs to
n/2. - leferent harmonlcs are grouped or 1solated accordlng to‘freeuency,

and the 1mportance of any partlcular frequency is. then determlned as.its

© . proportion of contr1but10n to the total variance.of the series;

#,

AN s - ’ 4
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b f1tt1ng sine and cosine curvcs, by a Ieast squares

-/

The Fourler technique detcrm1nes the harmonlcs by ggy o

methdﬁ} to the actual observed cycle. ’Generally, the first several

'harmonlcs describe the variatrion of the perlodlc function suff1c1cnt1y

well for purposes of 1nterprctat10n of data patterns.

- The Fourler series may -be represented as
X EGJ 21 A [K] cos (Ko.- ¢ [KT) where f is the phase angle,’
. K=0

(o]

or 360°t, for t representlng any spec1f1c poxnt selected from the total

T
time T. The serles expands as

a[o] cos 0 +a 1] cbs'9,+ eeo t 2 (K] cos K © + ...

- The constants.a and b are found as

n-1 360° jKy\7
-2 [ (‘J—)]
a = X .4 cos
[x1 mo=1 [5] ‘
o 2 n-1 ' (3600' 1K)
and b == X X-.q sin\ n .
S [KYl a im1 (3] '
. . ) .
The variationicontfibutcd to thewsegjgsugy any speclilc hapmonie ma) bc T T
. e 2 2
expfessed-as'cxi ,'for CK = j;; * bK . and so C has the amplitude of the
| —?;j K 2,‘. »
Kth harmonic.'- The- ratzo of C ! ‘to the total varlancc e\plalns the'

' 2 .
proportlonal c0ntr1but1on of tho spec1f1c harmonlc.v Since the harmoniesbt_

are 1ndcpcndent and not correlated, no two harmonlcs can explaln the ‘same

portion of the vafiancc of X. Thus, contrlbutlons can be addtd S0 that
: 5

1f thc flrst harmonlc contrlbutes 20 per cent of the total variance; L

the second 50 per cent; and the third, 25 per cent, then all other‘

harmonxcs contrlbute only fzvc per cent.

Thc 1nten51ty of part1cu1ar harmonlcs prov1dcs a measure of the



roelibive ’;‘ngm;*i ';ta::':l Lo the entive s:-rl-‘c varia‘tir‘m. Tnxs mav l)c
shown'iAXa“$criodogram, but the specirum is a more versatile description
of pOwer since it decomposes aperxodlc contrlbutxonslras well,

Chance fluctuatlons may enter the serles through the mode ol
recordlng, and w111 1nf1uence COnclus1ons accordlng to the difficulty
encountered in sampling technlques. SIHCE these fluctuatlons could
- reduce the adequacy of the spectrum it ‘may be desirable to mlnrmlze tnexr
:effects. Varlous technlques or "fllters" are avaxlable to amplify or
,reduce the apparent 1nfluence of certain frequenc1es w1th1n the data.
F11ter1ng is also used in detrend1ng the or1g1nal serles.‘ |

ngh pass fxlters allow the”retentlon of only high frequenc1es
in the data. - Low pass filters 51m1lar1y allow only the lower frequencies
tovremaln ;n the series. Averaging is a form bf low pass fllterzng as
it removes h1gh and some medium scale dlsturbance. Two common fxlters

’

~in spectral analysis are the d1fferenc1ng filter and the mov1ng average g
filter. The dlfferenc1ng filter 3110ws medlum to high frcquenc1es to .

pass unaltered while lower frequenc1es are substantlally attenuated.

The d1fferenc1ng Procéss may b represented as:

Y, '= )_('(t) = ‘x(t-'l)

,where;X( ) is the value of the raw data at time t, and X i)\is the

(c

or1g1nal ‘value at the preV1ous point in t1me t-1. Yt defines tie

res1dua1 data at p051t1on t. A gain, G(f); occurs in the residual.

-

~analysis such that ;

’

N

Gy = 2 infr 0 ffx%
C(f) 131n f' s
where f is ‘the specified frequcncy given in. cycles per Aot (after Chang
:1969) Movxng avcrage leters are sxmllarly desxgned o pass hlgh

_ frequenc1es.
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Design of samplln& interval and subsequent analysis must try to

¢
Yot

~ prevent a11a31ng" in the serles. Flgure 2 06 depicts the a11a51ng
‘problem. The sampllng Lnterval equals or - exceeds one half the perlod

to be examined, aqd thus the true perlod 1@%1‘ %oenlzed Only
f'| Q
ds tw1ce thg sampllng 1nterval can the event be -
- '
length necessary to determlne the event 1ncrcases

when the period exc
measured, and the‘recor
as the perlod of the eventapproaches a value of twlce the sampllng
1nterval The frequency (fn) which 11m1ts the events‘that can be deter-
mlned by any sampling frequency (fs) is commonly called the Nyquist or
folding frequency, in wh@fn = fs/2. Samplmg de51gns must COnSldC‘!‘
this phenomenon carefully Ln order that all events c0nsldered plau31able

are allowed a reasonable chancc of detectlon if p0351b1e.

R
-

D. CROSS-SPECTRAL ANALYS IS
Cross- spectral analysis éxtends the use of the technlque to the

ls1mu1taneous con51derat10n of two serles.b 'Correlatlons" of similar

' frequency c0mponents between the two scrxes are tested by the "coherence"

stat1st1c 'whlch is. analogous to the squared corrclation coefficient in

correlation analysis. . A plot of cohcrence against frequcncy can be
useful in the 1dent1f1cat10n of patterns ofacorrelation,~and.therefore,
of dependencc between the two. series. IR . -

Cross-spectral analys1s requiresvassumptions similar'to those

,of its unxvarlate analogue. Both seﬁles under consrdoratlon must .be

_statlonary, at least weakly, and randon elements of each series should

.be Gaussian. Each serics should be detrended beforc analysjs..

The cross-covariance function is unalogous to autocovariance, and

L e P
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—=~- ALIASED RECORD = |
®  SAMPLING TIME ‘ p TR
TRUE RECORD ' ' '

THE PROBLEM ofF ALIASING — OBSERVING PERIODIC
EVENTS via SAMPLING INTERVALS oF LESS THAN-

- ONE-HALF THE PERIOD (AFTER GUNNERSON)
 FIGURE 206 R . »



Ps wivilar?y Ladic to SPOstespuctrumy Tos two tine funetions

- _ o Lo e SS=COVIAr idnce io
Flr) de,}z(c)’ the cross covar iance ls‘

v JT/Z ,.
RXY(m) .T -T/2 Fl(t) F2(t+m)dt’

or, in expected value notation, .it ig simﬁiy:

Reviy = E L%y 00y - )]

‘where m ig the lag Spccification'and/u the series mean. .

The value of RXY( ) is always a real number. Symmetry for
@7 e

‘Cross~ COVarlaWCC occurs as:

R =
XY () XY(-m)

’

The cross- correlatlon functlon is obtained from the cross-

covarlance and measures 1nteract10ns between two processes. It may bé

represgnted as:
R
XY(m)

fxnm ng ﬁw -1 N ‘  - E

(o) .

TIts uhivariate analpgue is the autocorrelation. function.

The Fourier transform of the cross—eorrelation'of two-serie
e

. gives the crOSs-SPectral densxty functlon for the series. The crc

spectrum 15 ‘the complex prodUCt of che real amplltude spectrum (cc -

and the imaginary phase spectrum (qhadrature spectrum). The cross

Spectrum may be represented as

0 v . . : 4

XY () ” 2 J K (qy P FMemigy)
’ ]

-with its components the cospectrum:

PXY(N) HJ (RXY. (m) + YX(m)) cos ‘7ﬂwvnfdm

and the quadrature spocrrum e

the

>ectrum)
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The ratio 3 glves a measure of the phase relations betueen the
XY

XY(f)

two series, and arctan(
Yee)l ®

, &
estimates are high or close to unity, the phase p(f) approxlmates well:
the relationship of the- phase betueen the two series analyzed Houever ’
low coherency is an 1nd1cat1on of a poor. relat1onsh1p of phase and so

~a poor c0rre1at10n at the specified frequency. (see Edge and Liu, 1970)
Coherence is an analogoe of correlat1on but is glven as a

functlon of frequency ‘as:

. 3 .
ST : XY(.)

Coh = — — ’
j’XX(u) YY(-) S

It measures the correlatlon of the serxes Ulthln a small range of
,ﬁ‘:;
frequencles. Again, more detaxled outlines of cross—spectral analysis

- may be found in Rayner, (1971), MatalaS, (1966), and especially Jenkins‘v

and Watts (1966).

E. APPLICATION : o S
Spectral analysis is a. valuable technique in the development of
the theory of river behav10r. Spectra of both meander1ng and depth

patterns allow some 1nterest1ng comparlsons 1ead1ng to theory, regardlng

the generating processes. Cross-spectra of the two series provxdes

valuable 1n51ght 1nto a more encompa531ng set of prOcesses. ' Cam
Spectral analysxs is extremely useful in the condensatxon of

~

'masses of c01C1nuous data into me3n1ngfu1 summarles of forn and is also

'1mportant in that it can prov1de 1n51ght 1nto generatlng processes. Its

nges the phase angle ﬂ(f). Yhen coherence

:e'," )

g,
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seéms a pr0n151n6 technique, approprxate to the solutxon of many clc

‘problens..

Chapter 1 descrlbed some of the work prev1ously done " in the

p .

examlnatxon of planfdrm and depth patterns in r1vers, and reference is
. t

'nou made to those studles which have used spectral tgchniques;

‘Mackay (1963) first suggested‘the appllcatlon of the spectrum

to meanders, but Speight's (1965a, 1965b, 1965c) work was the first

‘ substantial applied contribution. Thakur and Scheidegger (1970),

Chang and Toebes (1970) Yalln (1971), and_Church (1972) all applied

spectral technlques to meanderlng. Nord1n (1971) Church (1970) Yalin

‘(1971) and Chan° and Toebes (1970) applled spectral methods to bed

confxgurat1on dounstream depth changes. The only work done so far

.utlllzlng cross-spectral analy31s df meander ing gnd depth 1s by .

, ghufgh (1972) and Chang (1969)

,‘although some of Yalin's theoretlcal

‘ffpredxctlons can: ea511) be extended to cross- spectra. The flndlngs of .

these works uere summarlved 1n chapter 1. Observatlons baseéd on the

‘\,,

data analyzed in thls study, relevant to,these works, will be presented

1n later chapters.'
P _

4y

FAY



CHAPTER IIT ~ |

,COLLECTION OF DATA

.

A. DATA NECESSARY FOR THE PURPOSES. QF THIS STUDY
The theory that .the meander plan Bf rivers<is best modelled by
a sine-generated curve was formally proposed by Langbe1n and Leopold in

1966 The' theory postulates that a strOng 31nus01daﬁ relationshlp

e

exists between angular devxatlons of streamflow and dlstance travelled

along the'curved path of flow. It was also hypoth851zed that for rivers.
Coa _characterlzed by both meanderlng and stralght reaches, the. meandering S e
-,r‘ .'V .
reaches should exhibit lower variances in certain of thelr hydraulic

«

'~factors (depth veloc1ty, local slope, also the planlmetric geometry of
'the r1ver) Langbein and Leopold (1966) assumed that the meanderlng

river s1mu1taneous1y malntalné ggeater changes in bed c0ntours than the
;gstra1ght r1mer the factors in comblnatlon flnally renderlng the meander—
Gty
i 1ng play, the more stable flow pattern.
%,

Meander planform has not commonly been examined ‘over long

>4

‘reaches of streamflow. More usually, single meanders.haveépeen asaumed
to characterizeﬂthe pattern'(LeOpold and’Wolman, 1960-.'angbein and

Leopold, 1966) . nd.thus s1ng1e wavelengths have been chosen as suff1c1ent

-descr1pt1on of P an morphology. Spelght (1965) 1ntroduced both the

study of long reaches ofv lanform and the 1mmed1ate observation that

‘ a‘.

mult1p1e wavelengths recurfed to characterlze the plan.j Thakur and

. .Sch01degger (1970) and Chang and Tocbes (1970) have extended the analysis

 of planform as’ serles of dev1at10n angles, but data on changes of .

s ’ .
iﬁ”
S 49
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Vdirectional angle of streamflow is scarce. L '
Accuratc 1nformat10n detalllng the 10ng1tud1nal proflles of
r1ver depths. has been similarly scarce. Chang (1969) analyzed thalweg

depths of the Wabasl and Whitc Rivers in Indlana USLng depth information

=

on maps. LOw—flow depths mapped at non- equal 1ntervals were used to°
. —_— : .

o conatrux a more contanOUS series of depth measurements through
: <
interpolation.‘ Although 1t is posslble to obtaln contlnuous depth

records of a river's longxtudlnal profxle 'no»known'depth aﬁalyses have

g
1

yet exploited this potent1a1

The paucxty of adequate plan and depth 1nformatlon to corroborate

el

or at Peast test such 1mportant theorles as those mentloned earlzer

-~

(Langbeln and Leopold 1966) emphasizes. the need for further fleld
. study oriented towards a stochastic cxamination of the behavior of

rivers.. Partlcularly, analySes baSed on.continﬁous depth 1nformat10n'
. . . 'y

- should provide useful ~comparisons 1nvolv1ng both prev1ous studles and
existing theorles. ’ . e
-

B. CHOICE OF RIVERS FOR TFIS STUDY

-

Contlnuous depth records of" long1tud1na1 river proflles (at
hlgh etage) and serles of anguLar deuxatlons of planform were obtalned
- for thrce local accessxble rivers (Beaver, Alta.; Kootenay, B.C.;- Soutﬁ

Nahann1 'N. W T. ) The general ‘locations of the rivers are shOwn on

©

“'page. 51 in fxgure 3.01 (a map) The rivers were choxen for thelr

51m11ar1t1es to and for their dlfferanLs from those ‘of prtv10us studies

,f‘-,-

by othcr authorq, allow1ng the best tomparlgons pOSSlbLL wllhln prattlcal

&

limxts.‘ Co- Operatlon of 1nt0rtstcd federal and provxnciaf.aguncies,

availability of adcquatc maps and air
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The Beaver ~iver exhibits regular meanders (w1th1n 2 spillway

valley, rellc of the P1e1stocene glac1at10

v

1) 'ThewBeaveeriver

bed; thus prov1d1ng potentlal for compar1s
and Toebes (1970) on the Wabash and White

Rlver meanders, deeply incised, over a gra

canyons that have escaped recent glaciatio

provides'an interesting analogy for(gork o

1969). The Kootenay River provxdes a usef

meanders 1rregularly, in some reaches entr

as the South Nahanni, and has a gravel bed

these r1vers will further emphasize their

..

purposes bf this stud).

—
Ao

3

a) Geology~‘l

PR A

n) as it flows, over a sand

on with the work of Cbang
Rlvers. The South Nahanni
vel bed, througn very old
n(e).’ This river thus

n the Colorado River- (LeOpold
ul contrast for thkese as it;‘
enched theough not as deeply

Detalled descrlptlons of

adequac1es with respect to the

’ R AN

.. .

A,Vmeandering valley, cut by a rucﬁ larver rlvcr active

during ice melt, today contains and restrlcts the swaller (misfit) Beaver

&

"% River (Neill 1963) : The old valley serve

1

meltwater lakes. Its meander belt is abou

d as a splllway for laroe

t nlnc hurorcu *eet ("7g meters).

The Beaver maintains a course of regular meander1ng thnin this valley,4

.

as shown by the map on page 53 (Figure 3. 02) a: d agzin. by the air photoi

in Flgure 3. 06 on page. ‘Z9L

{

<

. - : i . e : . . A '
The Beayer¢River'flows over a bed of clean mediuve to coarse sand

[ ' . -

-

PO
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o
lwee

and banks (hat gqer» generalls

Borlngs have shown the sand to cont

¥y siley LUL expune sand in places.

inue for forty feet below the bdnks

5

(Neill, 1963). <7he Beaver's average bankfull wldth of about 180 feet

(or 55 meters) is malntalned with 1

1ttle varlat1on throughout the reach

studied. Mean slope has bcen measured along the channel as approx1mate1y

0. 24 per 1000, and this secems to vary llttle w1th stage (Ne111 1963).

An except10na1 flood in 196

its banks by about ten’ feet has bc

2, durlng whlch the Beaver overtopped

en descrlbed ‘as the Beaver s one-

" hundred year flo%d The flood prov1ded an excellent opportunlty for

process study, and Nelll (1963) who was prlmarlly concerned WIth the

problem of pler scour, was able to

course of‘his*Study.- A longlcudxna

&

observe some bedform evolutlon in the

1 soundlng of a small portion of the

river’s mldstream proflle was obtalned for near bankfull stage. (nt tne

n‘

tlme of the surve) the BeaVer was approximately one loot below bankfull

'B’

stage and twelve feet belowklts flood peak) Two subsequent longltudlnal

kY H . ') .
soundxngs over“a three-mlle length

s & :
34 N 13 '.‘
4

bedform examlnatlon,s e f'

£ e Ca

<

,"_

of the samc reach allowed comparative

NS

Ne111 (19%3) obsérved fron‘thelsoundings that ‘shallows and

deeps whlch had become very exagOLr
had ndJusted to form a less extreme
.
returned to’its_norhal low stage.
classified by éizé '\ere recorded.
- three hundrod feet or 90 mettrs) d
betwcen crests) and rlpples (dlmons
observed but thesp were regarded o
were not -the main” concern of Nelll'
dN;' |
»

o

ated during tlie varlous stages&of flood

proflle by the time the Beaver

Bedforms of three ‘distinct types,

Long waves (crest to'crest approximately

uncs (about ton foet or three metels

ions in 1nchcs or ccntlmvters) wero

o

nly as 1nttrest1ng observations and

s»study. .

11 alko rccorded observations on some other flood effects. |

’
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Peeereeis on the dnsiden of il sharp hoendy

Hopanite 05 00 ah 50 weao .
' . . - .
while lirile buank crosion had been noticed. One bend had underoone
~ considerable erdsion on its 1ght outer bank and simultaneous dep051t1on
on its left inner bank, resu1t1ng in a net conservatlon of river width -
. (Nelll 1963) It is geomorphologlcally 1mportant to note both the
“k.éqggrrence of the flood and any possible resultant changes in planfonn'
4 i’

A(Uhe Only reference available notes that these were not substant1al)

because the maps on whlch planform data for thls study are based were -
complled from pre flood air photographs even though they were the moSt‘
recent ava1lab1e. |

Large boulders are exposed along the Beaver's banks wherever the
river attempts to cut laterally into the old valley fill of a past
:glac1at10n._ The modern Beaver does not possess the competenceJnecessary

to move these rocks which thus serve to protect or armour the river's

Jbanks,- It ls very llkely that the boulders passivelj helped conserve

._Aer s planform dur1ng the 1962 flood. This would explaln why

‘almOSt na changes in planform were ooserved (Nelll 1963) throughout
the various stages of flood. Such. an armouring effect of these boulders
would ensure ‘the adequacy of the maps used in obtalnxng planimetrLc

data.

v b)-fVegetation:’

_ Low forest and dense bush cover the valley flatc where cultlvatxon
L T - ¢ i
is not widespread. A numbcr of new: roads into the valley have recently

been constructed however 1nd1cat1nv a trend Lowards expan51on of valley

;

cultlvatlon. At the time of. thc river ‘survey conducted for this study,

‘ most of the land adJacent the river supported w1110w (Salzz spp.),

N
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aspen (Populus s ), dogwood (Cornus stolonlfera), and a variety of
._JL_____EE ==& stolonifera)

‘ sedges and grasses. ‘. S

Table 3.01 summarizes climatic data for the areas of the three

¢) Climate

rivers studied. Mean monthly precipitation and temperature flgures

for the Beaver 1nd1cate that' sprlng runoff normally occurs durlﬂr7 late

- April, contrnu1ng through May, wh11e prec1p1tat1on is heav1est through
‘the summer months. nghest row condltlons are thus expectcd to
characterize the‘stage of the Beaver through mid-rto 1ate'May. The.rxver
will also flow at high stage (mhre sporadlcally)<many t imes’ through the

'summcr months (after storms) Nc111 et al’ (1070) have found that normally,

N
‘o

4
fourteen per cent of the Beaver's annual runoff occurs 1n~Apr11 and

another nlncteen per cent occurs in May. Flgures for runoff are. 51mllar

'for June and July but in these months runoff 'ig 11ke1y more flashy.'

The surve) of the Beaver was thus planned for m1d -May.

d) " Flow Information~ . ‘ R

£ The BeaVLr Rlver flows northwest to join the Church111 Rlxer,

¥
3

eventually emptylng into Hudson s Ba\.'-;t drains an,area‘ of 5460 square‘

2 i
miles (14,10Q9km; J. A manual guage ‘rcad daily, has. becn used 31nce
.+ October, 1955; to collcct data on the. tlow of the Bcaver R1Vcr. Its-

location near the Cold Lake Reserve, is marked on the map of Figure
;”’ ' :- !

"3.02, on page 58. - D _ ' T -

The mean annual discharpe of the Beaver Prver is about 936 cfs.

(or 26 5 m3S 1).\ thremcs have occurxed on Junce 13 196° (thL f700d pcak

)—‘
mentxoncd cdrller) when a max imum . 1nstantaneous dlschnrﬂe of °I,bOO cfS.
N # . -
(or 617 m’ S ) was . recorded, and on February 15, 1964, when a minimum daily

Lor

g

T
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1
hargc of 13.0 cfs. (or 0.4 m3S ) was recorded. The mean annual

(or 166 m Sfl). Sediment data is nbt.f
available for the Beaver River.
Dufing the cime over which the survey wés taken for this étudy
(May 15, 1973), the mean discharge was approximately 962.0 cfs. (or
3 ‘

27.2 m 5-1), slightly in excess of the annual mean flow.

/

2) The South Nahanni River

a) Geology ) v, . ' T J//\

Ford (1972) dcscrlbes the South Nahann1 Valley a3 the "most

; 'fluvial® landscape “in Canada“ The reglon (Ford, 1977)‘gscapgd-{%e

' Wisconsin glacxatlon S0 that duang the past 300,000 ycars\w%IUVLal

précesscs have been the foremost processes acting to mod1fy the 1and~

‘scape. Isostatic rebound from the most recent glaciation,'the jFirst_

Canyon Glaciatioﬁ,".has been rcspénsible for the fluvial downcué@ing

which extended the entrenchmcnt-of the Sguth Nahanni River.v F;gg}e

3.03 on pagé 61 presents a map of the river. X
The South Nahanni River mecanders fairlyfregularly through fgqr

deep canyons within the southérn MacKenzic Mountains. Small glaciers

- maintain thc{hcudwétcrs of the river. The fouftﬂ canyan tcrmipatcs

ét fts upstream ¢nd in Virgiﬁié Fdll;. Thc %alls drop 300 fectv(or 90

mctcrs) to thé,cdnyon's‘base The recession of the falls, durlng the

‘past 300, 000 )ears, is postulatod to have: bocn a.significant factor

in, the devolopmgnt of the fourth Lan\on (Ford, 10725. Between canfons,

the South Ndhannl cmerges’as a braldod rivery,  hut wlthln canyon confine-

ments it is very sinuous and mcanders nicely.

60
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3.

famediacdiv r‘!o-..v;f%“'r-a a1 :iz‘un". (}.’;'f. fouror canyon, '\'il'hin the irrst
bre}ded'section but at a:bedrock constriction, the‘flow hath turns more’
than 900--30 sharply that the flow'diverges, formlng a set of "flgure~
eight" rapids with 1arge standlng waves present at the bend However
througnout most of the remainder of the South Nahanni's course the floo'
1s fast but sufficiently deep to Prevent the formation of major raplds.
. Figure 3.14 teproduces a photo of the figUre-eight rapids.
| The depth of the canyon reaches varies between a few hundred

feet and 3000 feet (or bctween ab0ut one hundred end 900 meters).
-Fxrst Canyon is the local base level for thc other canyons, and It is

the deepest of the four canyons (Ford, 1970) ‘Max imum rglief within
First Canyon is 3000 feet (or °OO meters) o .~}‘- < -

The Flrst Canyon ts 1ncmsed in'a crystalllne ltmestone formatlon

(the Nahann1 Formatlon) about 800 feet (or about 240.mcters)th1ck‘ whlch Ts
'1n places ovcrlaln by.Slmpson Formatlon Shalcs * The llmestone is- theh
vmaln cllff-formlno unit in the canyon (Ford 1970) There are no
obv1ous‘g1ac1al features w1th1n the canyon. -Flrst Canyon meanders
falrly reguharly, ‘as showh in Flgure 3.10, with a sinuosity. of approxl—
mately 1 5—-the lower«11m1t of ”meander1ng" eccord1ng to Leopold and
Wolman (1960). Ford (1970) calculated the rate of\canyon entrenchment
» on the basxs of datlng of cave features and maxtmum rellef ar ho more
"than 2 66 feet (or, O 8 metcrs) pcr thousand yoars end hc suggcsted
: that post g]acxal Upllft has likely accounted for at ]qut 1600 feet
(or 480 meters) of the canyon's relicf. The grad1ent between Virglnla

?

Falls and,Fi:st Canyon is very stcep——about 2 25 per 1000.



B Vegeration

The Séuth Natanni RlVLr ruglon supports typlcal boreal'forest*
stands. Atop its cliffs and on any islands that perslst for suff1c1enx ﬁ;;:TVQ
.lengths of trme, the so11 supports maxnl} spruce (P1cea spp.), larch k |

.4) ’_<- Fa)

(Larzx spp.), 'Junlper (Juniperus spp. ), wlid rose (Rosa as1cu1arls) .and

oD

‘small plants such as bear -berry (Arctostdphylus uva- ur51) as wgll as.af~: .

®.3.01 lists monthly precipitation and rcnperature figures
4

for the South Nahann1 reglon. Max1mum precipitation occurs between May«

and'September, and tempezature flgures lndlcate that this adds to sprlng

runoff in May and June. The river is normally frozen betweeﬂ Octobcr and
early May. Climatic data- suggest that tnonSOuth Nahanni Riveramaintains
[N

a hygh flow stage in early to mid-June, and so the survey of the  South

Nahannx was planned for mid—Juneﬂ

d) _flowvlnfutm;tiOn_Q B _' ) i‘ ’ . o
The South Nahénni River flouéAsuuth and east to join the Liard
" River which then folléws4a‘northeéét path to join‘Lhe north- ftouing.‘
Maukénzie River, evéutually emptying into the Buaufort Séa. Tue South ) o
Nahannl Rlver drains an arca of 12 ,900 qquare mxles (or 33,000 Knm. 22.
| A cohtlnuo"sl) record1ng guage, operating since Octobér, 1959,
collucts data on thc 'Iow of the river uear leuscn Crock/ Itsluuatiun
is maxn(d in Flgu*c 3 03 on page 61, o

Tho mean arnxal dl°char"e of the South Nahanni River 'is abous o

14,700 cfs. (or about 416 cu. m. per scc.)nat;the'mou:h of the First

gnyon. (Surface Water Data, kutcr Surv;y of Canada) This average

_‘ 2 - <




o

- "'
LI )

: whlch is well above the mean annual flgure._

'llnformatlon found in chderson (1954)

ST \ . "
dumalarae in VOry o imilar Lo ool of the Colrrado River in the Gr BN .
. - . . . -
. ‘ ) :
Canvon. - ;\lcem menthiy Elisch'i" ¢ tor tunc, . the non(h of highest flow s
-~

stage, is:about 62, 000 cfs. (or, about 1755 zu.’ m. -per sec.). Extremes
A . 4

Qhave occurred on June 17 or 18 1962 when a max1mum 1nstantaneous

discharge of roughly 290, 000 cfs. (or 8210 cu. m. per sec. ) flowed in L
0, . (

the river, and on Qarch 25, 1961, when only 1690 cfs., (or 48 cu. m. per'

o Ho .

. Sec. ) was recorded as the m1n1mum dally dlscharge. Accurate sediment
¢h

data gs not availablelfosdthe South Nahanni River, but flow is very

< e

PR

“»turbid throughout the sUmmer,months, and a boulder bedload is observed

AN

to move ‘through the cenyons-(Ford 1970) - S

v Durlng the perlod of suivey for tbls study (June 21 to 23 l§73)

the mean dlscharge was approxlmately 24 798 cfs. (or 700 cu: m,  per sec;),:
Lk )

3 -

'%3 . . \. . . ‘ R o S - ‘ ‘. R . I T -
‘ /,ﬁbll‘. Lo . - . T . 3
3.  The Kootenay River : S TN . AR ‘

. i T v P : ' o : .\x‘__// ‘
N E -"T' - - [ : : ’

a) Ceology - R ., .

' The Kootenay R1ver follows dn>1rregularly meanderlng path sémni- _l
;1nc1sed between tﬁe Stanford ﬁange and the Rocky Mountaln Trench _The‘
map glVen 1n F1gure 3. 04 covers'the=reach_of ‘the’ Kootenay;Studied for’

. ,‘_ ,. ) __.y‘ . . ‘ -v.. . v ._‘~A:n\. ' [f [ ) ' .‘\,-:_V v

. %~ ’ Hechrson (1954) publlshed d dete;}fz analysxs of the geology of _»;" e
‘ (RS T . . L
thc Kootenay River reg1on. For the convenience of the&readcr, the author 'S

obscrvatlons durlnb the dtpth survoy are’ supplemented w1th relevant SR

R . B . -

The upper Koottnay Rlver is cntrenched in a broad deep valley

that follows a maJor°fault zone southeast to a poxnt gust dOwnstream frOm o

.
v . . v a0

T A e ]
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v

Plo cenflucnce with ol White Ri‘?'pr’.y e vailey in whizlh rhe up;-;-s"
‘Kootenay is incised m.aintdlins a fairly Constant widrth ot miles at an - f
elewatiOn of 3250 feet. The rlver flows 50-300 feet below this main
‘terrace level ln'ftsfupper reach; Bedrock is v1s1b1e‘1n the banks. 'The‘
.upper Kootenay,is, then structurally controlledﬂ Its general coyrse, “
is controlled by the occurrence of a narrow band of "soft calcaredus
‘chlorltlc phylllte" adjacent to the fault zone., (Henderson 1954)
Be10w its confluence with the White River the Kbotenay turns
to flow southwest cr0531ng another structural trend obllquely.-lln
this reach the hootcnay forms a sharp canyon at ibraltar Roék;:

]

lurther d0wnstream ‘the Kootenay agaln changes its flou dlrectlon ' oo

s
3

and proceeds south. The valley in this sectlon becomes wider as the river
Passes over underlyin gypsum.r The: new increased valley width - 1s1@a1n-_ui‘ A

talned until the Kootneay reaches the ' Elats separatlng the southern

extent of the Stanford range from the Hughes Range to the east. About
6 nlles northeast of Canal Flats, thgﬂr1ver tends sllghtly more towards

3

K tu

‘the southwest ‘and begins a bra1d1ng pattern which it contlnues mach

‘farther downstream. " The river malntalns 1ts southwest flow d1rect1on

a jaccnt an assumed obllque fault (HenderSOn, 1954),untikﬂi€'Feaches R

T T oL SO S § .
. the Rocky Mountaln Trench S T o e R
i . . . 8 . - P . . ; AP S " ‘r,‘ : R r'v .
'ufa Large outcropplngs of gypsum (sedlmen;ary rock gypsum-—Henderson, Coa e

-

- J o
'>l954) occur along the Kootency Cypsum along ‘the rlver rcaches an

am—

expoeed th1ckncss of about 600 feet and is lnterbedded ,1th calcareous

i’rocks of the Burnals formatlon (malnly limestone).'vHoodoos occur,along»

s

both banks of the rlver. 3 O ¥ : g o N SO
NS oA . . . . 'A . ) : B .

There is ev1dcnce of Plelvtocene glaciation of thd valfey. Thxck ' ilﬁ

o

'dep051ts of etratlfled qxlts and ﬂravels occur along the vallcy, overlain e

&

- . 5

a
-/
T
:
.
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“.:"“ | ‘ o {/ . E | v “ y:
byﬂtill in %Gmc'blbces. wasvwr, the (i1l iy gencrdlly removcd
' hgndcrson (1954) suggests tnaf the dbSLnCC .of u-ghaped valleys,c11ques
and han01ng valleys in th¢ Stanford Range seem to duggest that the area.
had been,covered by a continental ice sheet thaf workedh]ittle'to érbde
;.the rodk.u ’ |
‘b) Vegetéfidn
Banks of the Kootenay are heavxly forested ’énd extensive
commerc1a1 lumberlng is conducted in the reglon.' Nearly pure sténds of

o
pPine typlfy the regional forest.

c) Cfimate'
| Mean prec1p1tat10n and temperature.data for the Kootenay
River area as, llsted 1n table 3 01, 1nd1catesthat sprlng runoff normally
begLns sometlme lafe in: Apfll and ;ontlnues through May. Prec1p1tat1on
is relatlvely hlgh durlng May, and hlgh stagc is thus expectcd td occdr
1n~1at¢ May or carly“Juhe.; Summer storns should cause 1ncreabed flow
» fgr shorfnperiods, but late spring ielt hléh in the mountaan ndadwaters
"of the Kootenay Rlver is the main peak stage regulator. Thf survcy of
tne Kootenay was planned forvthe end of May and earllcst vart of June ‘
d) Ffd% Informatlon , ’ %ga ‘ ‘
' ... ,The Kootenay Rlver flows south te joxn rhe Columbia vaer
eventually emptylng 1nto the Pac1fic Ocean.‘ It drafns an. area of 2080‘
o square mlles kor 5370 Km 2).' A manual guage (rcad ddll») near Canal
Flats has been used intermlttently from 1939 to 1943 , \from 1944 to 1950,

and from 1963 to the presbnt.‘ Its-location Ls~markcd 1n“Figure 3.04
<t - : B o . .

~
)

71



o

b'.ion;pdédzo6.
| The mean annual diécharge oz'thc'KOOCQnay Rlver is about 3140 S
cfs. (or 90 cu. m. per scc. ). Ewrrv me e have been rccordcd on May 24,
1948, when the dlschargt was 29,700 cfs. (or 340 cu. m. nrr sec.) and
on Apr11 1, 1941, when the dlscharge was a minimum of 178 cfs. (or 5 cu.
m. per sec.). The mean annual flood occurs in late Vay“or early June
carrying about 19 000 cfs (or 540 cu. m. pcr sec. ) . Bed materials for
mthe reach studled were observed to be gravel.
- During the time over which the survey was conducted for this
study (May 31, 1973), the mean d1scharge was approxxmately 10 900 cfs.
(or 300 cu. m. per sec ) This is well above the mean annual flgure

although it d&%s ng% 11ke1y represent an annual flood.

C Q. DATA'GATHE'RED'—_H @ SERIES o R K

"I;rvMethod of Measurement

&7

In order to combare planform geometry-w1th theorles than suggest N
‘ o : ‘ S o v

that sine 8cnerated curves, sine waves, circular arcs,\or ott er _geometric.

lines best model tﬁefmeandering‘Habit‘of”rivcrs,'angular de\1at10nszfrom S

the path of fIOw must be recorded at constant 1ntervals along the path of - | -
flow ' (1nterva1 oenofed‘l&x) A chord is thus constluctgd;betweenveach,
p01nt X and itsg adjaccnt p01nt, X located x un: its downstream for

the series of n points. In .thig way, n-1 chords are constructed fd:\nnﬂg

river. Thc anglos formcd betweon adjacent chords are measured and thesc

-

are lxstcd 1n ordc formlng the scries of deviation angles. .Thus' each

on angle, ¢', is a measure of the angle between Uhe ‘chord JoLnlng a

>

i and its adjacent downstream point Xii1s and the Chord Joxnxng
. ‘ i IS .




Ly sane ‘point Xip and ics adiacen: 2¢

~ouilpage 95, expla ns the hcaeurcmcnt

fnr upstream, X 1°

kl&urc 3 20,

[

of va1aL10n angles in greater

detailiv Each ¢ then, depends on rhe f(catlon of thc preceding point

i

for its measurement but 1s 1ndcpendcnt of any leLd origin or basellne

‘for the series. Y3
A

Sone interggixng and apparently prev1ously unrealized consequences

B

of this manner of obta1n1ng meander data will be discussed in Chapter S,

-work pub11shed to. date apply1

o
b
J‘Ag@

geometry of meander1ng rivers. -

Thls method of measurement for dev1at10n angle of~f10w is an

ideal parameter of meander planform for many reasons.’ The parameter
i ‘;“"m .

¢ (angular dev1at10n in radlans) can be d1rect1y related to the radlus"

of curvature R (der1ved as in Flgure

‘

as:

Thls R can be used dlrectly in the ca
" . r
acceleratlon a of the "flow as~
¢ : , i "'-hvz [
AT T ‘ a=Y
A . R

whére V'is,the'flnw Velocity:

3.20) for any segment’of the river,
. . : } ' L

.,

lculatlon og the centrxfugal

Flow velocities were not recorded

in this §tudy,'and 30 this‘eonccpt has not been brought? to use in thig <"

thesis.

The usé of flow path rather t

llnes (1e~ down-valley Cartc31an co-
8

'

4 P

han spec1f1c orlgxns or base )
<d .

.

ord;natcs) 1n'thc caleulation“of’.f~

RN



! ’ »

$ o liminat.e Prefebld preaed moor (b, .u;fuiLIL of multi-valued (non-
Lo EL . . )

functional).rclationéhips. At the same -time, it overcomes problems often .

“encountere@'in the determination of a~éingle flow direction or valley

13

Y "

orientation to describe a river's path A general valley orientation

or basellne often becomes meanlngless wlth respect to local f10w

dlrectlon as the ‘river's flow path can become compllcated for tortuous

Oor even very sinuoug reaches.,'v - . o

B

An'a&bitrary convention for this work designates léftjturns

~rclatlve to the downstream direction’ alonp a river as negatlve Curves,

and rlght turns are conSLdered p051t1ve curves. For convenience in

later analyses, when'fémoval of the uean is necéssary for further

[ - - ”

P, ’ .
calculations, righg_turn values (+¢ ) may be added to an arb1trary mean

[ AR
n.Beavcr and South Nahanni Rlvers and,?bO for ‘the kootcnay Rlver. Thp§ RO
iin iIIUStration; for the Bcaver, a value f 102 1nd1catesoa 2 nités

. O .
5 turnyto thc left as muaqured between adJacent chords.” - ~

value, and left turn values (~¢.) may be substracted from a convenient ©

mean, establishing a new non- negat1ve séries of 2 values. In this stgdy,

s
in ordcr to_fac111tate computer codlng means chosen were 100 forgﬁg ¥
| : N Bl L -

- N .. . ,n ? .
o

the rigHt 1n a downstream.dlrectlon,\whlle a value of 95 1ndytav

“a

. . . . e

B : . y] o

. ) N - v . . .
. R . ‘ o ' Ct

- .

2. Thalweg Problems A . ‘e,
The river thalwcg is tho 1doal line on wh;ch -to! base the mEasu _,7*3¥N4f
: e : : S
ment ‘of both strcam‘depths and pldnfﬁrm angloa lhc thalwcg traces the'_ -
: : N
rivcr's own main channcl (and onl) cnanncl aL extremcly 10w dischargés) : A

~ : S

and so characturlves thc sculpturlnw ablllty of rivers w1th respect to
'the1r plan and depth H0wcver, 1nformat10n on the prccisc location'of

the thalweg is not vallable for many'riVers, Few maps contain such



FOeNpess the Tossdon of the thalior, Forionate: . the midgire .=

flow path adcquatel) approxxmates the thalwcg line, within the lamits
of accuracy allowed by most map scales, and so can be substituted for
weg in the calculation of P;. 1fhat is, the‘differcnce between the
locations of the halweg and m1dstream paths 1ntroduces little error at

the scale of measure ent possible uhen common maps or air photos are

/gﬂxThe problem o thalweg location'is less difficult‘in the Tield,
and SO is more easily solved for the depth series. However, for large
rrvers safe navigation of the thalweg durlng deprh recordlng may often
not be p0551b1e within the 11m1ts set e1ther by the required- accuracy of .
depth data or the navigator of the boat. Thulweg depth traces for thxs

study were only" gathered for the ‘Beaver River.
/—\V/ ]

-

3. Maps ‘and A1r Phgzﬁgraphs

air photogr 1S were made ava11ab1e by the Federal Deoartment of Enercy

Mlnes, and Resources. o )

Lo ‘
The survey of the Beaver§31ver 1nvolv1ng an 18.5 path-mlle reach

‘ from the Alberta Saskatchewan border to the Beaver CrOSs1ng Brldge

requ1red only one map at the 1 =50, 000 scale. NTS map 73 L/8, ‘compiled”

-

“in 1968 from air photos taken in 1960, was [ound to be su{flcxently

accurate for the Compllatlon of both the meandcr and ‘the depth serles for

thls study. Flgurc 3. 02 glves the over all view of the rcach including

_detalled plans and p051t10n flxes. .

’




Lo

e

B
%0

Maps of the South Nahanni were not available at the 1:50,000
scale. fhe best maps available were the. NTS quadranglcs of V1rg1n1a
Falls (95F) and Slbbcston Lake (95G) at the scale of 1- :250,000. These
provide only crude locatlon refercnces. Howcver air photos of the
entire reach were avallable at 1:1326G and these were adchﬂte for ioea—
tional 1nformat10n. PhotOS taken in 1956,  are listed in table 3.03.

o

The survey included 173 l miles of the South Nahanni River. Figure
' '

3 03 on page 61 glvcs ‘the overall. view of the reach, including

detalled plans and posxtloanlxes. ' ' .

Haps were ‘ade uate for the survey of the Kootenay River, ™
oy *a,, .

Ceneral lpcatlon Qagiprov1dcd by NTS 82J at 1- 2SQ\Q?O whlle p051t10n ‘
fixes along thc rxve?l;;rc nade u51ng the 1:50 ,000 NTS series 1nc’ud1n54
82 J/12 W, 82 J/12E 82 J/SE &2 J/AE and 97J/&W The survey included
46.1 " miles of river from Canal Flats brldge to thc "cable car croéslng"'
upstream (apprqxxmately 50° 48" Q7N 1150 481 O&"W) Figure 3.04

8ives the general view of the rcach, whxle Figure '3, OJ glves detalled

plan, andgp051r10n f1xes on the river,

N In all Ghses,'for the planform series, x was chosen as .one-
tenth mile. The 1nterva1 seemed to adequately cover river meanders

whlle it simplified calculatlons. In retrospect, it probably would

have ‘been advisable to ¢hoose X as a function of~rivcr_widbh, awnd this

will be done in future rescarch. The midstream line was chosen as the

s

~best estimate of river path, and dcviation‘angles_were tHus found at

intervals of 0.1 milesg along each river's centerline,

¢ : oo Cos

e

/™
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\-kv . ) R © .
D. DATA GATHERED:: DEPTH SERIES ' ’

Cohtinuous‘records OE each river's longitudinal profile were .
obtaxncd for the purposes of this study.  Continuous depth ccho;‘
soundiwg rcecorders were moﬁntéd in the boaté, which then proéeede
along the r1vv§&qn a path that maxlmizcd potcntlal utll1ty of output,
in rcl%tlon to problems assoc1atcd with cach survey.

i;;‘ A sxxtc;;\foot Larscn fibcrglass boat supplled and- opcratcd
by the Rescarch COunc11 of Aluqqn was used to survey the Bcaver Rlvor.
~The boat was equ1pped with a side- mounéed tranqducer whlch sounded

1 ‘ o .
néepths with a beam angle of 15 . The gzgorder used in the survey was

a DE 719 Raythcon, and a éhart”spced of two inchcé ber'hinuté'was

: maintained throﬁghout the sufvcf. The o;1gina1 depth chart for rho 15.

mile survey (serles D) wac\29 2 feet in lenpth.
v :
Although a completely vertlcal soundlng would have bcen 1oea1

for‘the survey, it was felt that the error 1ncurred uslng the sllgﬁtlv

<

foreward an5lod transducor was 1n51gn1f1cant for the purp05cs of thla
s e |

stud) A thalwcy dgpth trace was obtalned for the Bcaver River.  The

survey was conducted on Junv 22, l973, approximately between ISOOhvand

'

1900 h‘Mountain Ddylight Time, ‘”. .

.

Twenty eight position foeq were xec01ded along tho upsrrchm

path followod, and thcsc were mede on the topoggaphic mips and dcpth"

charts, but it was later found that two flxcs were nbt accuratu Boih

-

flx problcms wer e atlrlbuted to human error in the identification of

Iandmarks and when omitted, did not seriously affect the record >

obtainvd.-
Figure 3.06 on page 79 shows, Tor T rmeandering . section ot the,
< ) ! . ”
e " o i ‘ - o . . . \\ ; . N '.'
Beaver, the actual photographs usced in this study, the depth séundings

- . . o
> B . o . .

f=
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Figure 3.06 Beaver River:'
marked-on air photo (top) extends upstream from mile 5.4 to mile 6,7

Chart (middle) shows lo;xgitudj.nal depth profile .recorded as boat moved

up.tren. Cal comp plots (bottom) gi digitized depth series adjusted
to run's standard boat 3peed T~ W S

section of typica-l regular meanders. ; REach

3



- : S | '~ 80

obtained, the position fixesvused; and the velocity-corrected record;

for the same blocks. The correction procedure is outllned later.
s : t

§1gure 3. 07 on page 81 111ustrates the same’ qualltaes for a straight

sectlon of the river.

Reconnalssance work on the kootenay River 1nd1cated the nece351ty
L0

of a larger boat, and so a twenty-six foot Dorxan JeL boat agaln
supplled and Operated by the Researoh Counc11 of Alberta (construcﬂed/_:v
by Northwest Jetdrive in, Edmonton) driven by a 455 h.p. 01dsmob11e

engine, was used for the Kootenay survey. The Jet ‘boat. was equ1pped

with both ‘a Raytheon DE 719 cont1nuous depth, recorder attached to a hull
N 1
mounted transducer (wh1ch again sounded depths Hlth a beam angle of

y

R 15 ) and a digital output second depth meter,’whlch was useful in

indicating the thalweg to the pilot.' The Kootenay River SUrve&'was

’

.conducted on Hay 31 1973, approxlmately between 1000 h and 1600 h

Mountain Dayllght Time (see Flgure 3. 19) o .

The chart speed vas again set at .two anhes per minute, and
_ 3

about forty - feet of chart were obtaxned ‘in the upstream run (Ser;es C)‘_'

: X .
Thlrty—seven p051t10n flxes were marked, -and all were later used.

Unfortunately, the Kootenay River was found to be too rough to-

A

Operat1ng cOndlthﬂS.

)
4

permlt a thalweg survey while maintaining safe

A record of mldstream de 5 was obtained instead (See'Figure 3.18).
| . . : : : 5
’ . U e . E k
. ‘Figure 3.08 on page 82 shou% the air phOtograph of azgurv1ng
section.of the Kbotenay. The original depth record for the blocks »l

1nd1cated and the boat-veloclty corrected -depth record are. also shOwn.
For contrast Flgure 3 09 on: page 83 shows a faxéiy stralght, narrow'

incised rock scct1on of the Kootenay. Orxgrnal and correthd dcpth

records are 1nc1uded for the stra1ght sectlon, as 1nd1cated.,

HEY
. - B o
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Figure 3.07 Beaver River: straight section. Reach mark ed on air

photo (top) extends upstream from mile 11.7 to mile 12.4. Chart

shows longitudinal depth profile recorded as boat moved upstream

(seriel“n).-.Cal.conp'plots (bottom) give digitized depth geries

‘adjusted to run's ntanda‘\rd boat speed. = ' . ~
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Figure 3,08 Kootenay River: -entren
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iched section with some meandering.

Reach marked on air photo (top) extends upstream from mile 16.2 to mi.

18.4, Chart (middle) shows longitudinal depth profile as boat moved . .

upstream (series C). cCal comp plots give digitized depth series for - » -

reach, as ad justed to standard boat speed for rum. . ' s
P ’ - ' . . ' ' : M I e
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Figﬁré -3.09 _Kootehay Rivgr: ’ 'entrenched'sect'ion with s‘traight' fbck

canyon. Reach marked on air photo (top) extends upstream from mile:
26.5 to 29.2. Chart (middle) shows longi tudinal depth profile, re-:

for reach, ad Justed to!

corded as boat moved uz::xjm. Cal comp plots (bottom) give depths -

n's standard boat speed,
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ecords were obtained for the South Nahann1 River both as?thei\\
-
roceeded upstaeam and downstream (serles A and B, respectively),

J. \

For the Nahanni surveys, a twenty-sxx foot jetboatxwas rented from the

: South Nahann1 River Expedltlons Company, based in Fort Simpson N.W.T.
A tube tspe Raytheon depth recorder -was used Supplled by Water Survey'
‘of Canada, w1th a &de-mounted transducer, again having a ‘bR®m width of

l5°.‘ An upstream _survey of ‘the 127 mile reach ‘began June 21, 1973, at

Y

approx1mate1y 1600 h, cont1nu1ng until about 2200 h the same day.

,.

On the second day, the survey began about 1000 h and continued in

'heavy rain all day. A downstream survey was conducted on June 23,

beglnnlng about 1000 h and contlnu;ng untll about 1900 h. Chart speed
N
for both upstreanm and downstream surveys was set at 36/60 inches per

minute.. The downstream chart produced was only 4 feet long, and over 13

feet of chart were. recorded durlng the Upstream run, (see Q‘gures 3 16

and 3 17) :

: Pos1t10n fixes were taken for both the upstream and downstream

\

runs, in 1dent1cal places where poss

“le, and a total of elghty fou.

" were recorded durlng the longer. upstfnam survey. A number of the‘fixes‘
.recorded in the bralded sectxons v oTe later -found to be unusable.‘ Island i
chanées‘durlng the t1me since the orrglnal productlon of the air photo-
graphs confused the two nav1gators. Landmarks were not identifiable from
’ hotos, and there was no’ 1mmed1ate solution to the’ problem. gConsequently,

: 1nd1v1dual data "blocks" are very long for - the bralded section._

| A thalweg survey was: con31dered‘unfea51ble for the South Nahann1
y; dRiver, ‘The boat operator s or1g1na1 oplnlon was that t?e thalweg wOuld

be too SWlft to alIow safe collectlon of data. In rctrospect however,

it seems that a thalweg trace could probably have been obtalned for the



v
",

;F navhgated Flgure 3.15 exempleles the rough~water problem.'*

L ) :“..’ §£;g§

ﬁy Frgure 3 10 on page 86 shows, for the meanderlng sectlon % 'ghe hjq%fyaﬂ.ﬂ
Ty s
? EEN

t Canyon "the blocks used depth chart obtalned and . corrected

. Lr J(". <~
Flgure 3. 11 on page 87 provides s1m11ar lnformatlon for the“?
f‘gcond-Thrrd Canyon areas. For the bralded sect1ons, Flgure 3. 12
shows these features. (In this flgure, block #10 appears-

_felongated on the chart as a slower chart speed was attempted for this - .

o ' N

'ihibckronly ) rhe Cate", a spectacular narrow canyon in Thlrd Canyonl

_on page 89. Flgure 3.13 again gives both Qhﬁ[%.

1&%1 and the veloc1ty-corrected depth record for this section of

9
the %%nstream'run. It was not p0551ble to obtaln a record fbr thls T

oy & '
1nethe upstream run as’ veloc1ty ‘problems overcame the depth

"

1‘:;'\) "’2\5.
Y- LA G‘ -

. The Digicon digitizer, built by the University of Alberta

Technical_Servites Department, was used ‘to dlgltlze and file the depth

chart data. In the dlgltlZlng process the'chart is placed on a

magnetic digitizing table. A programmer then traces over the actual

: —
record with a2 moving a;m\thet\magnetlcally records its. position to the
. P . R Q\r

nearest specified intcrval. Charts in this study wei'e dlgltlzed at - a : L

Ax of one-f1ft1eth of an inch.

. was present in smaller wavelengths than this samplmo 1ntcrval prov1ded.

Andividual blocks (the chart lengths bebween subsequent flxes) were

dlgitlzed separatcly and stored in separate flles on a lnglt magnetic

I8

ttape.. The dxgltxzed record was transrerrcd to an IBM compatlble 9 tfack

magnetic tape for permanent storage.
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- Figure 3.10 "First Canyon" of the South Nahanni River. Reach marké\d:{\ '

on air photo (top) extends
Virginia Falls.

upstream from mile 82.2 to mile 76.9 below’
Chart (middle) shows longitudinal- depth profile

reach, recorded as boat moved upstream (series A).

bottom give digitized depth series adjusted to
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Figure 3,11 Second and Third Cany

marked on air photo (
below Virginia Falls,
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ons on the South Nahanni River. Reach -
extends upstream from mile
) Chart (middle
.'recorded as boat advanced upstream (
give diglti;ed_dépth_series ad justed

33.3 to 27.4

) shows longitudinal depth profile
series A). 'Cal comp plots (bottom)
to standard boat speed for series,
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Figure 3.12 South Nahanni River b

raided section, near Liard con fluence.
-'Reach marked on air photo. (top) extends upsitream from mi, 114.2 to '108.8

below Virginia Falls, - Chart (middle) shows longi tudinal depth profile
recorded as boat.advanced upstream (series A). Cal comp plots (bottom)
give digitized depth series.ad justed to standard boat_speed‘for ua. A,
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E. l)\T\ G \I'H'"l{x_ :j??“" CTED D= l,:. 'U.FQRD . - . « .
- ,It*bas\né;efsary, 1n the lnltlal stages of analysxs, to keep ‘ -
1nd1v1dual blocks separate as it was knOwn that the boat ‘speed must _. T

vary along the path travelled (both for logistic and safety reasons)

3

~ ~

As the boat proceeded upstream shallow areas would force'thevboat to.
9 A

lproceed with' a forward veloclty slow relative to its mean veloc1ty.

Deep pools in the p‘h would cause )vhe boat -to move relatlvely qulckly.

‘The depths were. recorded at a constant time 1nterval by the depth ; _\;/
recorder and ‘thus at hlgher boat speeds, the same length of rlver : - L A=
| . o L N

"would produce less chart than would be obtained at slower speeds. It

. 4

was necessary to c0rrect for thlS error durlng the dﬁxa analy31s. i”,”u
. N § X N

Slnce the ratio of the river d1stance-travelled Yo, the correspondxng
I l
chart distance obtalned could be found for each gﬁbck (betueen two’

_ known flxes) the mean velocity travelled along any block's river distanée.

distance travelled
could be easily computed as time elapsed T Elapsed time was found

in terms gf inches of chart comprlslng any ‘block compared t:\thz—“\\ S -

corresponding chart speed. A . ) U ; - B
\ : e o ‘
Once’ the mean boat speeds were calculated for each block the

- ‘ /

dblock correspondlng to the fastest mean velocrty in any survey could be / .
. N y
determlned, All- other blocks in the survey then _contained relatlvely too B

fluctuat1ons.

o e .
many pn"‘mts, compared to the "standard" block and points could then be B

systematlcally removed from a11 other blocks to correct for velocxty
-vThe‘number of”pointspremoved:was proportionalato the ratio
between p01hL§Jper unit dlstancc along the river in the standard (fastest)
block and that of: the block compared It was felt that a systematlc
h! '.> .
removal of po1nts would not s1gn1f1cant1y modify the areas of interest R
.)\ . R




ar

R

. an

of the‘speftrtﬁ of the b10ck 1nvo’ved con31der1ng that the x of the

I_(, ]

«chart record dlgltlzlng was onebfiftieth of an inch: P01nt.remova1'

a . " - I R \\ »

conducted systematlcally only corﬁfcts the record, so that blocks can

flnally be j ned as-a. cgntxnuous series. - Appendlx 1 on page 185 ' yﬁ?
L oy
Q, . ,‘"
llsts/ehe orxg1na1 number of data p@lqpé in each block and the corres-
u
A . ?." . ;

ponding percentage of thcse removed by'this process. The removal - ;;

1
u.

precess is 0ut11ned n further detall in the appendix. FLgures 3 06 ‘“
3.13 allow v1sual comparlson of maég blocks before and after p01nt 2

‘removal. The flgures show uell the success oﬁ ‘the metbod outllned

' Rt
. and the lack of "loss"'of relevant data. An alternatlve me thod o{ .
) '}
correctlng for boat speed fluctuat1on would be tojystretch" some . (or-

- po
k)

“even. all but the slowest block) blocksu51ng some means of 1nterpolat13h.

-

Exther (or both)method would probabkw give satlsfactory results, but e
}

p01nt removal is s1mp1er and no

1gn1f1cant 1nformat10nvls lost if x

is SUfficiently small.

a

| —

d anebthc correCted cont inuous data‘serieéiwaé obtained,.tape files
were corrected. and the fii al correct seéles were stored. This data max‘”
now be: obtalnﬂd upon ique t, from Ms. D. Dodd, Programme Analyst
‘Geegraphy»Department, Univers§§y§9f Alberta. YA blank magnetlc\tape should

be supplied wi _each request. Data will tHen be duplicated onto the tape

andﬂth vtape will be returned as directed. AlternatrVely; the uncorrected

1 - o

datfa may also be obtained. The ornglnal chart records w111 be grven to

B ton; Kootenay and South,Nahannl Rivers: ’Water Survey of Canada.)

/-

stored bydﬁgz;nment agencies (Beaver. Rescarch Council of Alberta. :\"
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Flgure 3.16 Transducer mount

S. Pahannl River E\pedltlcns Ltd.

for South Nahanui R. -- u51ng

]ctboat for surveys A, B

'.' s

Fi"urcl} l7 Transducer in Opcr

buat is undcnndiv

tioni guy line to front. of
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Figure 3.19 Stescarch Council of Alberta jetboat -
-~ aL ktbt&nay‘River Dzi

by R, Bul&uih)'

~

Ige, beginuning of survey .

- scries .

(photo -
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'CHAPTER. IV - A‘eLYSIS OF DATA =

STATISTICAL PROPERTIFS OF THE SERIES

A. STATIONARITY OF THE SERIES 5 I ;‘ e

The assumptxon of stat1onar1ty, at least in its weakasensé

is .necessary to anélysls by wvariance spectrum Statlstlcs. This assumptiOn;
dlscgssed'gar11er ;n Chapter 2, essentially p(ovides that”all properties
oﬁ{%ﬂe series obtéineq remain éonétant throuéhout the'ensemble. vfhe'.
| sample ﬁhus shoﬁs indepehdenée from ;bsolute‘timé. A series that

. ’ . o <
‘demonstrates trends in its means or variances is s;;h to be non-stationary

. o ‘ , W, .
or evolutive. | o 5’%&

K3 . ~

Stationarity_invthe weak sense implies that the series may be

characterized by its mean and variance, which do not show significant
o , R | ‘
change over the length of the record. Assumptions of higher-order : i

statlonarlty, in whlch hxgher order moments are also constant throughout

" the sample, .are rarely found.in nature.

Trends constijtuting non-stationarity of a time series may occur
. ( . . ‘ . . . .- - .

"

-in the means or variances, or both. Simple-filters_quickly_remove’

‘trends in the mean. However, trends in the variances aloné%a seriqé

' require more difficult manipulation. Deterministic elémentsv@usi be

_¢a1culatea:fqr fhé-series and removed. , o \Q |
Doﬁnstféémviﬁcrease of:Stféam dischargé and river dimensions, :

H‘especiallyvpresént_if théiéeries,contains ma jor coﬁfluences, dimipish"':‘\

the bfobability‘of stationarity for ;he series. 1In thi§ study, both"

96



37
' ‘ oo . .- D o '
the South Nakanni and Kootenay River readh»s included confluences ot
unknown signifjcance with reSpect to this”’ property. The Beaver River
reach contalned no substant1a1 confluence, although the river exhlblted
a very sllght tendency to increase in width and depth downstrqam. '

-

Each depth chart and planform series obtained for the study

.

constltuted @ realization (sample function) of - the stochastlc .process.

Strlct and even weak - statlonarlty are statlstlcal propert1es used ‘to

descrlbe ensembles of time serles.‘ The only statlonarltf test approprlate

for slmple reallzatlons of" the ensemble is that of(self-statlonarlty,

which analyzes changes in pronerties along the sample series. A seriesd

is thus self-stationary £ subseries derived from the main samnle by
\\fxmple segmentatxon demonstrate no SLgnﬁflcant changes in the1r moments

when compared as units. Weak self—statlonarlty 1mp11es constancf,

wlthln random sampllng fluctuat10n53 of the(fxrst two mOments. Yev3ev1ch '

(1972) suggested thau subserles with parameters confined within 95 per

"cent tolerance’ 11m1t

about the ~corresponding values of parameters for
"the entire reallzatl n, may be 1nferred to” be self—stationary.
Table 4.01 presents chi-squared 6&_) values obtained for tests.

_of self-stationarit of depth variances and of both relatlve (+ @) and

.absolute‘( 19} ) cutvature series. All series (A," B C, and D) were
tested -and all were found to be weakly self-stat1onary. |
self-statlonar1ty of depths entailed 1n1t1ally the
segmentation of each dxgltized corrccted depth qor1e° into 100 blocks

of equal sxzes. Heans and standard devxatlons were then caltulated for

. 0.,
-"each:block, forming four new series (A, B C and D) consistxng of one
-~ hundred Block~mean’depths each and four new series (A, ‘B, C, and D).

‘consisting of one hundred block-standard deVIatlons each FrequenCy
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histograms were constructed for ¢ach of thege. series. Thesce are shown:
as figures 4.01, 4.02, 4.03, 4.04, 4.05, 4.06, 4.07, and 4.0¢. The
frequencies found were used as expected values in the k? tests per formed
- R .

later. .

) , . .

Each series was next considered as comp031te of two_unit samples
& .

- of equal lengths (50 blocks each) and these halves were then|examined

I
¥

for slmxlarlty to each other and to their parent serlcs. Hispgr

~ v

of each half-sample are included“in figures 4.01vthrough 4.88. Frequencies

2 .
. foudd were- consxdered observed frequencles for the x test. Expected

N

frequencxes were adJusted to correspond to the half—s17e of the samples

2 .
tested, andlt values were found in the usual manner, as

2 = g (e ~op? K SN

Rt

- where e; is the frequency expected, 0; is the frequency observed for each

- -

i'th interual; and n specifies the number of frequency classes constructed-
forg;he'test. -

Statxstlcal tables (Walpole, 1968) furnlshed cr1t1cal test values .

--\.,.,._

at 95/'tolerance and ¥ = n-1 degrees of freedom.‘ Degrees ol treedom
were: calculated as n-l since onl) the.total number of observatxons was
used in the calculatxon of expected values.- The te'st thus ran:
Ho- }41 -/42 =Hs or 6] = 6, = 64
’ "-‘1-' PMTp2Tps or o 1,7t
uherefrliand‘ol are’ehe mean and standard déviatidn-of_the‘first hal f of

. . - N .. co- . ’ . >v
the parent series s, ; and Mg and .6 are the parameters'of the

'parent'series; A value of1x2 greater than the value tolerated for 95%

of occurrcnces at n-1 degrees of freedom would cause reJectlon of Ho

as beyond the limlts of chance.
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All first and socond order my sment s supported the a"sumption
of seIf-statxoRarltv of the deptn series obtained, as seen in Table 4.01.
All smaller‘reaches also exhibited weak self-statlonarlty at 95%.
Meander data werc also tested using‘x? statistics. Fach
observatidn was recorded atd4 x = 0.1 niiles’, and for the _‘xZ test, it
was assuued that each angular derivation was thus a mean for 0.1 miles
of river path. ‘Clrcular paths were assumed on the micro-scale used '
v1n the calculatxon of radius ofvcurvature, and- so uariances of angular
deviation fluctuwations, with the o.l nile’ path were assumed constant.
‘Both relatlve and absolute curuatureiserlesvwere tested 1n their ,
"means" then, and all were found to be well thh1n tolerance 11m1ts
of 951. heander planform series were thus also found to be weakly
’self‘statlonary, as 1nd1cated in Table 4.01. F1gures 4,09 through
4.16 depict hlstograms of the meander planfarm ﬂata. .
Results obtalned from spectral ‘and cross-speetral analyses of
of the data may thus be treated with grzater.conf1dence under the
assumption of self—statlonarlty. “The data thus allow Valid use of the _d

statistical technique chosen.

- B. - INFORMATION CONTAINEDaIR THE RADIUS'OF CURVATURE F
Radlus of curvature was calculated,_as shown in Figure 3. 1& for‘
all dev1at10n angles measured for the planform analysts of the rivers

studxed. Calculatlon of thls statistic was based on the assumptibn that

for any ‘three adJacent p01nts in the planform series,. a c1rcle fit to

' dthe points reasonably approxxmated the flow of the river. . Fxgure 4 IZ

.,‘" B &
preseLts graph1ca11y the radlus of curvature statlstlcs for the stﬂdy._ 'i, ‘

Radxus of curvature was chosen in order to examine preferred
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. _ R . '
angular dev1at10ns, as glven in table 4. 02 in non-dimensional terms. oo
: ~

Radius of. curvature was d1v1ded by river width for each reach to provide
a dimensionyess value for study. Tt was found that for reaches with
meanders or curves,'th parameter'R/W cluste@ed-in 3 small range of
values. Rlver 31ae or scale factors thus seemed ellmlnated when the

statlstlc was- used.

}

The parameter R/W showed an 1nterest1ng tendency to approach the
"value 271as bend tlghtness 1ncreased (le. as the sinusoidal form was

approached) The significance of this observationdis difficult to

—_— .

,ascertaln in 11ght of the "approxlmate" nature pf the values useds

\

Flgure 4,17 presents observatlons on the statlstxc R/W. It
shows no dlstlnct-relataonshlps wlth width or depth of therrivers,
but size of sample (small) and’ accuracy in dev1at10n of R/W make
'é;nferences dxfflcult. The figure is ‘included in order only to present d
the data &m 1t was found. o ;p. é*

The *ﬂlues presented can only be regarded as rough approxxmat1ons
A

of the1r true Values.» Widths were obtalned from maps and air, photographs
' -4
rather than in the fleld and R was_calculated for an. ' r deviations

accurate to one.degree; Inaccuracy 1nV01vcd thus in the cpmputatlon of

N

R prevented its use in more sophlstlcated ana1y31s, but it seems a good
parameter as ‘it dlrectly relates to flow acceleratlon in bends (centrx—
fugal acceleratlon, ', where a.= v /R and. v is the veloc1ty of flou.)

Further work with the_parameter is planned “but remaxns bevond the scope.

[

of this study. '



11

¥

*Apnis ays jo endoy

ap o asoayy ‘g
JO HopIvInd{ed

01 JurAdol

jo uot3I047p

DOLTE 'asnEDddq

L POUTTapan Moy a03
s Y

AN 7N INITAIND
JInrosqr *Z
| utrgd urew

PO {IPIM U0

posrg - *suoy3oes
papriaq ao03

poad Jou M jo

:»:TQZ:TCE..ﬂ

R SUDWWoH

20U 9AIND

~
—

22%
. TTh
£€s
£es
£€s

L6S

8EY

8y
219
219 °
R 2
*13.
‘apis 2aa1a

S

o Bl
(. m

.

nre s

ng

2R Y
Bl
"7(*xo0adduv)

¥ 8o1

Cowzey

NWOo,x\‘\;,

1134
64208 01 w0

E{13-
Hnwwom 03 o

AX%4

, €520€ 0302 g epieIq D3wjpawaazur  og

2EET 4

.

6]

€520€ 03-omy,

€202

-

€520€ 03 o

*33 ‘aanijvaand
30 enjpel uvaw

U

ﬁw.po»:mo_zuu:om
3 ’

e

9
“ AN

eﬂ :ox:mo parIyL ‘¢

e

ow co%nmo puo”3g ¢4

lof
«
lof -

com:mw.unu«m. Z

QH. gpleaq _.;ﬂE‘ ‘1

Jm_ﬂccm:mz,nuuom Y

.m .4 80LILSILVLS q<zonmzman.zoz RNLVAUND 40 sn1dvy

$C0°% o1qul



120

oT ,,.m.e L ost ozer _Nm.w_ K 18]
) _o.mmmm Gesor . | owH L - ” eszoc o3 ,?., 93 :ommu..mmﬁ_c,m “ .
©T oy T wer Bg _~ o 9
. 822 9°1L - 112 o | LZIST ou,.?.. . QH.Emmpumm.: .g
T e o vet  wur T09 | o \Wau_w M
9T 919wt ~§800T 03 Cog uErEns
T . 69 B | €0°¢ 1601 N T 10{  saopueam.
0'19 - 161 - €T __ _mwwon_o@_m L , 97 useaasueop -1
i ‘ = )  a3ATY Isaeag o
- : .". o 4 . Ay :
['T g L 2 1 R T e
B nege  9°021 R T R P : ﬁ:um& u&_mﬁ_
©T T wee o 02'g S0t e T
62y 8'wel "2 g o1 e ¢ g yoeea zﬁ.z. ‘g
T g o e oere 981 " Jol peysuszaue
9y Zewl 1z o €SZ0E 03 o ew ~}uwos toMoy g .
T oue A 23 S S T .,
C90E §Ug6 Tuae o £620€ 03 | ﬁ...%:ﬁ.,.ﬂ
ERUET T zhk .l "33 - nn&zxomaamv a7 .wu:uoyu:m | . 19ATY mm:0uooz g
X ¥ ‘yipim asaza - = L . |

¥ 801 3o snipex uvauw



121

.

‘ juosaad Aoulum>u:u ht

0 §]L§19A21 JO @dUBTEq) 0132 dWwoo2q 03 ueHw X103 AdUdpual

© .. 8U0}3298 POpPIEIq Bulpniouy .Emumumczov 193y8123 quuwn.mv:op vcoﬂum>uuwno

9

€607 9912 Z€6€Z 9257 tm0S  £SZog 0§ wZEw - 33 ¥
oST 01+ €1+ owﬁr o9+ I+ 0 (9% oLe - 218up A"mh:um>u:u.uo,mmﬁcm& L
UOT39347p Enouum:kow . . ) , .

cW_cuxmu mu:wEuusmqu. 96 0°'21 “ H*CTT 691 o°'sl Nwocﬁ. youoa uquu CELETIT) ] _

g ajuuedeN yanos €2 €6 67901 26 AR S NS uouey Luu?o@ 'S

303 uopaetnated  gg €01 £'211 801 %91 z+001 mpoacqo,vhqumvcooum 0

3o 20uBTUIAUOY sp g1l grgly L6 wrelc 000l .mvﬁmya_aumacce»ou=% ‘€

103 uasond oooﬁ €9 ¢'11 gzl (22 S AV SEVAL T | ‘coxcqu umVWh...N

3o uveuw L1vi3tqie 98 B'ET STl . 091 nwoN‘ 2'001 mnﬂahm.c“gp -1

| afuea ¢ a8uea 9 . ) (8 v:m v moﬂuomM

91n3eAand 23intosqe

21In3BAIMD aar3eidl

10ATY JUUBYEN Yinog

)

'y

OVEY ¥04 ¥ 40 SANTVA DNIANOA STHHOD ANV ‘SNOIIVIAIQ ¥VINONV QIWHT4T¥d  :€0°% 21qel



122

1ussaxd (2IN3BAIND JO §1BEJIIADI

.

-~

s
-1

'SpjEIq SUTpniduy ‘weaxjsumop 193y813 owod92q mvcwn.

Jo 2duefeq) ;0192 2WOd2q 03 UBOW J0j Ldouapuay,

isuoTIRAIISqO

PL1T 0421 %ZET %8ET .0ZST 0091 €520¢ : =33y
% vt € w0z o6l 1+ - 018w :onjwamns josnjper g
uo33021p. : . .

- weax3sdn ujg :
uS}PI SIUGWRINBBOW  ZE] 907 g*gLz 0s2  Zz'1€ 2002 Yoroz oapaus vy
‘20a14 Avudjooy a0 <6 04T %'612 L 081 6°€Z w002z (" 233y anogu)

o o Yavoal poydsuaaauo zoddn g

uojieInoies o B . 4 ' o o : B
. ZET gz grzEr 062 9%8€  1°00Z  Ydovax (¥ 231N moToq)"

JO BOUdTUDAUOD N E o PoydusIIUD -1 W8 I3MOT 7

loy uosond 00z T 'gs  ['91 ze9ze (1 €16 €002 8preiq 7
'Jo upow £xvajiqaw pBuBa o @ o8uwar - ¢
. . - : R

.mucoEEou .ouaum>umu 93n1osqe .8an3ealnd u>ﬂuaﬁo» (0 sota98)

‘»m>ﬂm amcmuoox. .mv

PoRuUTIU0) tgpy afqey



123

v

L | , , . o - . ) | u.%.umf:, - u.u>wm, DR )
IdABDg YOTyM wﬂ.ﬂoc:m;u 1981wy xn poonpuy pud - 8uIn3 3391 Jo oucokowuua mvum3cqumLovmouv»m m. . ,m._
m”w . , : oﬂaEmm.ﬂﬁmEm.- weaxjsumop u:wau mmoﬁvosouuo,mvcow_ “mmowum>uwmno )
209 mNmU,Nmm_‘ﬁood fszoe gezoc Nmﬂmﬁﬂ.wmooﬁnumwmm gy  .. e - o
zs, | cg LE .,ww_ .~+.<v‘.o.; 1- . NM .ﬁmmL . mmrw“«owmw:m,” . “muaum>n:o.up“moaku;,pm, | )
. coﬁquhav L o nt ) L ]
e A Emcuumam.:ﬂ, n<“ . ; .H T ,.w:. e _uwg4 T S .mw. ,

uaxe]. sjudwaanseaw - 7 . RS S . e : . O

.na>wm.um>mum.u0u 66 9T - 6'9cT . ~.-002 €y £°86 . - B . YyoBax a13u’d 'y
‘uotieindied 86 9°9Z 0°2S1 . 00z c*g¢ .o.nm o muvv:mva.Emukum&: g’

JO FUBTUDAUCD G/ 16T wrger . geq 907 946 - uotades jySreiis 'z

|03 WIBOWS 00T g gz gegy ©8ST£°ST gr001  saopuseu weoxasimop o1c

- ° B - e

3o ueau Kae131qae a%uex -3 I TR 93ugx . o p..‘w

8 Juawwos 2In3eAInd 93njosqe o 2INIBAIND DATIEBTOI (a"saraas) - .
o - . - . 1oary Ianeag op

. . . . ] . . - o

PANUIIUO) :gpty uiq. g



' : , 124
v
"C. I\‘-Ol‘\‘\TlO ONTALINED VIX'QIPIT‘LE F'IRST AKD SECTOND xIO.-E\T STATISTICS -
Simple first and second moment statlstlcs can be used to.descrlbe
a limited range of.form—process ‘phenomena related to both the bed

-

conflguratxon and the planform geometry of rivers. The mean and
standard dev1atiOn may be useful in distinguishing reaches w1thin a
longer series descrlblng the r1ver, where certaln ‘reaches are comprlsed

of a number or blocks; the characterlstlcs of which are similar wlthln

o
each reach “but 31gn1f1cantly different betueen reaches. - The information

the river' 's behavior along the_path of flow. -

l. Depth Series //
a) General:;

Means and standard deviations were computed for 1nd1v1dua1

!
i

. blocks in each "corrected" depth series (chapter 3 explalns the correctlon‘.
~ performed on the raw data). Blocks were then arranged accordlng to the
dlfferent geographlc reaches contained wlthin the whole serles, and

mean depths and average.dev1at1ons were calculated for each reach.

i

Table 4 04 presents ‘these statlst1cs (flrst and second moments) for.

/
/
/

all. the r1vers. /

| A stroné/pattern is evident in. thls data. Stralght sectlons
of channel are characterlst1ca11y shallow relatlve to the river's mean
-depth and‘when not entr%nched they exh1b1t substantlally smaller depth
‘variation along the f10w path than other reaches. Sectlons with bendsv
’exhlblt.greater mean depths and depth var1at10ns and regularly meanderxng.

sectlons show both the greatest mean depths and the greatest variations

o
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- ( s . - . .
Table 4.04:A FIRST .AND SECOND MOMENTS -OF DEPTHS FOR REAGHES STUDIED
- FOR SOUTH NAHANNT RIVER - includes both series A - upstream,

and series B - downstream

Depth Statistics

: , in feet ’
‘Reach B x ‘s.d. . Comments
l." ‘Series A < entire 10.82. 5.59 ’ ' !
main braids S 12.55 . ¢.98 A:  greatest variation
(mi. 81-115) T
 First Canyon 712,99 ; 4.63 : "A: mostvdeep
(mi. 68-81) ' : ' : :
o intermediate braids 9.12 4.31
(mi. 59-68) o :
Second Canvon - 9.29 3.32.
C(mi. 49-59) . :
Third Canyon - .10.33 4.20
C(mi. 27.5-49) : T
flats . 8.83 3.86 o B | ).
(mi_o 7‘27.5) ’ | : :
Fourtﬁ,Canyon. ,> 5.62 1.74 - . A7 most shallow
(mi. 4.5-7) o ' A: least variation
2. Series B - cntire® -11.74  s5.11
main braids S 11.21 5.79 B: greatest variation
_First Canyon 12.49 . - 4.82
tintefmediate bfaids 10.08 - 4.13 " B: most shallow
‘Second Canyon - 12,94 3,42
Third Canyon 13.01 ©5.06 © B: most deep
flats s 1018 2.77 o . B: least variation

* . . L . - . o .o A . ;
note, scries B excludes Fourth Canyon and half the flats section, accounting:
for discrepancy with. series A, o o



Tabic £.0%:B FIRST AND SECOND MOMENTS OF DEPTHS FOR ALL REACHES STUDIED

FOR BOTH SERIES C -~ KOOTENAY RIVER AND SERIES D - BEAVER

RIVER

<

Reach
Series C - entire

braids
(mi. 1-5.5)

semi—entrenched
(mi. 5.5-20.5)

straights section
(mi. 20.5-25.5)

irregulaf-meanders
(mi. 25.5-26.5)

rock canyon

- (mi. 26.5-29)

shallow-incised
irregular meanders
' (mi. 29-47.1)

™

"Series D - entire

‘meanders - border

- (mi. 1-9)

. gentle curves .

(mi. 9-9.7)

straight 

(mi. 9.7-13).
. i

meanders

(mi. 13718;}3)

/ |

Depth Statistics

8.74

11.28

7.75

3.77

Y

3.61

2.44

13.96

in feet
-s.d.

2.76

2.35

2.77

1.84

'3.65
4,01

2.33

1.80

v

2.06 .

1.63

- 0.82

1.38

oo

" Comments

most shallow

least variation

most deep
most variation

most deep-

greatest variation

most shallow
least variation
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in depth.  1In gencral ), for-non—incised reaches, depth variation ‘tends

to increase as tlghtness of‘bend lncréases (ie. as radius of curvature

~ decreases), 1mply1ng a relatlonshlp of greater varlatlon in bed
configuration: forbreaches of greater wvariation in angular deviatlon.

_ Table 4. 05 lists" the rank order of depth varlatlons and the corresponding
rank order of angular dev1at10nﬁvar1at1ons. Braided sect1ons generally
show greater depth\vaﬁhatlons than elther the straight or 1rregu1ar1y
meandering reaches, though thelr mean depths are less- than average in

the context of the entire river. Entrenched sectlons,‘where flow 1sv
conflned between rock banhs, as in the cases of First, Second, and Th1rd;'
Canyons of the South Nahanni, and the Upper reaches of the. hootenay,

also show both large varlatlons ik depth along channel and deep channels

relatlve to other reaches in the same river.

b) Beaver River:‘

The port1on of the Beaver vaer studied for thls paper con51sts
of two separate reaches of regular meanders mlsflt within a larger
valley; joxned hy more gentle curves of channel which contlnue to ‘become

~ s
a rather stralght path of flow. Flgures 3 06 and 3. 07 include air
photographs, actual depth chart and depths corrected for boat veloc1ty
Avariations from thege reaches. The meanderlng reaches exh1b1t‘greater
depth variatxons than either the stralght section or. the sectlons of
gentle curves, ‘and - the mean depths are corres;nndlngly greater for the

P
. meanderlng reaches. The reaches of gentle curves/are both deeper and-

.t
more varxable in their depths than the - stralghter reach. Downstream
meanders tend to’ be generally deeper than their u stream counterparts.

Varlatxons in the depth prof11e of the meanderlng reaches tend
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Tadle 2003:  RANK ORDZIING OF VARIATIONS IXN @ ixn §EFTH FOR ALL REACHES .

. - - , . . ’
{greater variance assigned lower magnitude rank)

A. Series A and B, South Nahanni , ‘- e
Reach Al A0 A depths BJo] BY$ B depths
1. Main braids f I 11
E 2. First Canyon ; 3 3 g : 3 o, 3 !
5. intermediate erids 2 2 3 2 4
4. Second Canyon f' 4 4 6. 4 4 s
E 5. Thifd_canybn : A 4 A A & 2
6. flas . - . 6
%7.jfmmﬂ10mwpn S s g s s~

'B. ‘Series G --

@?ea K ‘ . o CWI " Ct‘) . c (iepths
1- ;#¥;ids'° 3 2
2. "below White River = 1 1 3
'}3,  aSove White River: i _LQ, o .fi .
/ ; L straight sectioﬁ r ' 6 _
“L;‘irrggular heanders : o 2 °
o _ ) . . _
- rock canyon - 2 I3 - 1
”m~ irregula£ meanders>_ ‘ 1 | 5

"C.. Series D

Reach DI§l DX D depths
1. downstream meanders = 2. 37~ 1
"27k gentle curves : 2
3y straight section -3
4;-'upstream meanders 1 llﬁ% 4

i
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to"b explained more by 2 regulariy spaced pattern of well-separated

-

-

pools and.shallows, as may be seen on the depth chart in Figure 3.06,

than by smaller scale, higher frequency bed undulatlons. Pools occur : &
‘regularly at the 'sharpest portions o£ bends along the meandering sectlons,
while sha110ws are more pronounced at points of inflection. In contrast

the depth series of the straighter eectlon conSLete of hlgher frequency,
lower ampl itude osc111at10ns. The Beaver is a sand t-d river, and the
varlance in. the stralght section is explalned dttleast in part, by the
occurrence of dunes. The air photo in Flgure 3. 07 shows that dunes
.characterlze the hed in stralght pOrthnS of channel. Figure 4.18 allows.

quick comparlson of the actual depth series for the c0ntrast1ng sectlons,

while llstxng correspondlng depth _statistics. .

c) Kootenay'River:
=" The portlon of the Kootenay River studled for this paper begins

in bralds, but upstream the rlver 1nc1sed 1nto‘1rregu1arly meanderlng

'sectzons broken by stralght sectlons. The two' main stralght sect1on9

-provide a good comparison of bed conflguratlon as one secticn is an

1nclsed rock canyon while the other is conflned by a high r0ck wall on
its lefr. bank but flows past a Iower terraced right bank. The rock

canyon was both the deepest and mo$t depth variable reach, while the

"

semi- conflned stralght reach was® among the most” \haIIOw and least -
_ ‘ . "

depth variable for the river. The 1rregularlv moanderlng sectlons were
generally deepcr than the river' s average flow depth and they showed

more pronounced pool and- rlffle sequence 1n the rlver serles.» The braids

!

form the Sh3110WLSt section of river. ¢

The highest freQuency of depth fluctuation, (in long profile)

S
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occurs in the rock canyen, shown in Figurc.B.QQ, wWhere fluctuations
are also of great amplitude. Flow is most turbulent in this section,

- where four foot standxng waves made upstream progress dlfflcult ,even -

& . Y
by jet- boat. Not far downstream the less entrenched st§a1ght reach

depth profile exh1b1ts a, lower frequency, lower amplltude series of depth
}fluctuatlons. Flow was less turbulent and the river was wider here
‘than where it became more entrenched upstream.
Upstream from'the rock canyon’ the river remains entrenched
though not as deeply, and it beglns a pattern of 1rregu1ar meanderlno
i

Depths in this section accord1ng to the prOflle obtalned vary with

high amplitude and 1ntermed1ate frequency. The deepest pool (44 feet
~or about 14 metres) was’ recorded in this sectlon while poolsrhere
averaged a depth of fifteen to twenty feet. _The'width was confined,

though not canyoned,,and flow was’ again rather rough,hcharacterized by
’st;hding waves. o | _ S ' S

| The bralded sectlon beglns where the hootenay cmerges from:
‘entrenchment and. flows through a: broad valley. Depths in th1s bralded
‘section aredgenerally less than the r1ver s mean depth and bed undulations

“

‘occur 1rregularly in the- bed.

"-d);‘Thelsouth Nahannl River:
| The South Nahanni‘River, below V1rg1n1a Falls, consists of four
deeplv entrenched reaches joined- by bralded chunivels, fxnally opening
- @
into intense braldlng that contlnues to the Liard confluence. Three of
the canyons meander 1§regu1ar1y,whlle’onewxs comprxsedvof rather regular

meanders (comparlson provided in Flgures 3. 10 and 3. 11) Flrst Canyon

the most regularly meand;rtng and most deeply entrenched section, exhibits



&
much greater-than- average depth and depth varlatlon in the river

- series. The less regularly meanderlng Second and Thlrd-Canyons also
possess. very deep channels and hlghly depth variable bed conf1guratlons.
Third Canyon in which The Gate is located (shown in Figure 3. 135 shows
both the greatest mean depth and greatest depth varlatlon for the r1ver.

- The braided sections show sl1ghtly kess depth and depth varlancc uut
are decpgdr and more variable in the1r depths than the 1rregu1arly

%

meandet/ing Fourth Canyon just below Virginia Falls. Fourth Canyon
is the most shallow and least depth varlable section among the reaches

‘studied. - It is the’farthest upstrean reach, and thus directs the
smallest voluﬁe of.water. |

First, 'Second and Thlrd Canyons vary in thelr depth series
with large amplltude osc1llatxons related strongly to the occurrence of

bends. Sharper bends show deeper pools and again, ‘the "shallows"
',(here about ten to: f1fteen feet in depth) .occur regularly’at p01nts '
of 1nflect10n. ngher ﬁrequency, lOwer amplltude fluctuatqons appear_
'in the serles; but are noise and thelr peaks are not partlcularly
related to position in. the bends. Varlance of the series is malnly.
controlled by a pool and rlffle sequence. |

Braided reaches betwcen canyons exh1b1t h1gher f*equency, lower
Jamp11tude depth fluctuatlons, and show sllghtly h1gher depth varxanccs
but- smaller values for mean depth The braids below fhe canyons
approxlmate the rivers mean depth This reach is shallow relatlve to

the.canyons, and marglnally less Vvariable in depth-Lndulatlons of

1ntermed1ate frequency and amplltude shOw only l1tt1e relatlonshlp to

a

planform wlthln the n01sy,data array.: .

" 132
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¢) Theereticai Implicatioas of J\ tih Cbservarions, Using Mzan and

Variance

Observations based on the first two moments of the depth series
data gathered for this study suppOrt the thcorles of Langbein and

,’ Leopoldi(l966) and Leopold and other (1960) with respect to dlfferences
Q

K 1n-bed conflguratlons of curved and straight reaches. Data discussed

* here was c¢" alned for rivers of small intermediate, and large sizes,

and a varxety of channel patterns and bed materlals were consldered

though brlefly.
v : : v ' ' . :
A pattern of increasing mean depth and depth variance with -

.increasing regularity of meanderlng and 1ncreaslng 1nten31ty of éhtrench-

LJnent is def1n1te1y establlshed thhln the depth data. The 1ncrea51ng

i

depth and depth variance patterns shown are conslstent w1th the theories-

of equallzatlon of energy d1sslpat10n through unit lengths of rlver, e
I .

P AS .
o M v

. prov1d1ng an extra form of energy dlstrl-

“avaxlable in stralghter reaches. This form of 1ncreased

entrOpy is assumed to béﬁﬁlgnlflcant in the stab111zat10n of the
'meanderlng form thus account‘ng for the mearderlng behav1or of r1vers

(Leopold and LanObein 1962)‘ R - o «

_2. Planform Series

a) ‘Ceneraf

Mean angular deviation and variance of angular devietions were “

derived“for all reaches of all rivers studied Table 4.03 presents,

o . . .
: P

flrst and second order moments for all the reaches. It is interestlng

# i

hto note that most reaches and most rlvers, when regarded as separate



vhole entitics, shOx Me AN adgllu‘ de v1atlons approachino zZero (marginally

p051t1ve) when relative.gurvature using both pOSLtive and negative values

accordlng to change'in flow direction (derivation explained in detail

in figure 3.14), is consldered. At the samplingvinterval used,

(Ax = one tenth mile) non-zero_valueslindicate a preferred’direction

of deviation from flow.path and so may represent either a low frequency

meanderlng tendency in a much larger series;)or.a definite flow trend.
Ind1cat10n of a f10w trend woyld suggest the presence of a large

scale process operating somehow w1th1n the landscape to cause floe

_.elements to prefer one dev1at10n direction over others.. Since only

local or relative curvature was derived, this implles that a non-

randOm or determlnlstic element act1ng w1th1n or somehOw underlylng the

fluv1a1 processes is pull1ng flow in a preferred direction. A very

v.large sample of deviation angles would be necessary in .order to eliminate

'10w frequency neander poss1b111t1es as the gene51s of an, apparent trend

in the,data. : ' . ~ s ' “/ ‘l;

. ©
¢ T B . v

Detrending data Pefore analysis effectively removes the
1nt1uence of such a trend on statistics obtained in the analysis. It ig :
1nterest1ng, honever .to note and descrlbe trends (apart. from during .
-Spectral analysis) as these mxght help ‘in the definition. of underlying

phy51cal processes active in ¢ =stablishment of the series obtained for

analysis.

“b) Beaver River )31
The Beaver R1Ver sh0ws the most proncunced deVLatlon preference

among the rivg;s studled._ The series for the reach concerned shows a

‘mean dev1at10n of 2.7 degrees to the right. Table 4.03 shows that both

134
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the straight reack and che dpstream meanders support this trend,

while the downstream section of meanders exhihits & near-zero mean
devxat1on. The total reach of river 1nc1uded in the study was rather
small (only 18 5 miles of flow path) and it has been mentiOned that the
meanders recorded in the stdﬁy are misfit in'a large valley that meanders
'at a.very low frequeney relative to the oscillations in the Beaver's
planform geometry. The studvfreach constitutes a 'small portion of a
large concave-downward bend:in the main vallev, accounting for the

apparent right trend in the series.
‘Meanders’ on the Beaver Rchr are marglnally tlghter in the
upstream portion of the reach Haps show that upstream from the study
reach the meanders tend to assume longer wavelengths relative to their
amp11tudes, while becomxng more sharply curved in the downstream_
dlrectlon shown by an incréase in the_mean angular deviationt' -
In laboratory simuiations-of the intiation and developnent'ofvv
'rxver meanders, meanders begln to form at the furthest p01nt downstream
and the sxnuous pattern moves slowly in the upstream d1rect10n (Fr;edkln,
1945)t‘ Hany scrollv;ars along the meanders as Shown in Figure 3.06,
‘give evidence of the hlstory of downstream movement of meanders. These T
have not been dated though and it is not poss1b1e to Lnterpret E@e rate

of meander deveIOpment from available data. Datlng of scroll bars and o

data on much larger portlons of the Beaver would be of asj 1;tancc in

the determlnatlon of patternSLand processes operatlnb on*the Beaver's

planform.

c¢) The Kootenay River:

o ' : ‘ Loma

Planform data for the Kootcnay River suggest an overall tendency

v . i

.

'<-ft; =
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y;é ¥ toward equilicrive of angular chiznses in pi aimetric geonetr). .The
slightlj posltlve means derlved could 1nd1cate a marginal prcference
for left turns (southwest flow dev1at10n) following the geology of
the reglon.,

Ly o Bends tend‘to become sharper in the d0unstream direction, and

‘fosc111at10n appears most 1ntense in the louer reaches SCUdled as

)

1)

"1ev1denced in 1ncreas1ng varlance.

d),a?he Soutthahanni.Riuer:
| TH% SouthyNahanni’River also shous a tendency to balance.reversals
’ of.curvature, as its‘mean deviation is also uear ‘Z€ro. Angular stat1st1cs
1n Table 4.03 suggest the pos31b111ty of a sllght preference for rlght
turns, or north—uest flow. Thls reflects the general orientatlon of
. the 13nd$cape in macro—scale. | |
T : !hends tend to become tlghtcr in the downstream direction in all

channel types of the South Lahannl serles. o,

N o
E s &
» . . P il i

fe)’-Theoretical Implica ionsw

' The near-zerOrdev1atlons found for .the South NdhannL and Kootenay

’reaches suggest avrendency for rivers: to keep angular turns. in d1rect10na1
o '
equilibrium, 1mply1ng the ab111ty of these rivers to balance chance or

s r,::

determlned 1nat§a1 devxatlons someuhere later in- the series through the

establxshment of.counter—dev1at1ons in the flou—path Both the Kootenay

and Scuth Nahann1 serLes are relatxxel) large samples of thelr rcspective

rivers. The Beaver series is, in contrast, a smaller sample.of'itsfriver,

-

'and it exhlblts a trend not found in the other ‘series. A preferred

7£}dev1at1on dxrectlon is expressed in the sampled planform but superim- o

ot

g positlon of the serles on-a low frequency oscxllatlon explains the tendency;
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D. . INFORMATION GONTAINED IN THE SPECTRAL AND CROSS-SPECTRAL STATISTICS y
:

Although the analysls of the depth conf1guratxon and planform

i

zof rivers, based on the flrst two moments of “each of the respectlve

. .
AR T

ser1es, allows some 1n51ght 3nto the meanderlng process, the 1n51ght L AN

) S :, R ;. El
1 " Kl ¢ ’

prov1ded is rather llmited and is. llttle more than descrlptlve. 'Processes e
are 1dent1fled 'when at all, only in very general terms. Definition of

relat10nsh1p of varlables is crude. Sophxstxcatlon of analys1s should
_prov1de more valuable 1nformat10n and’ more deta11ed 1ns1ght.
Spectral and cross spectral analysxs are descrlbed in greater '
& -, Be
‘detall in Chapter 2. Appendlx 2 detaxls calculat1ons 1nvolved in the
’computer program used in the dev1at1on of the statlstlcs used.. The
standard "Blomedlcal Computer Program" BVD :02T T, expanded to,taﬁe dp'to(
3000 cases, was used in all spectral and cross-spectral c0mputat10n.v
All calculatlons mere conductcd uaxng a 10 A m to n "ratio."
The creation of a. th1rd dcpth series was necessary in order for
mthe cross spectral analyses to be p;rformed‘; The corrected serles were *
sampled at ‘intervals of one- tenth nxle along the rlver path 'In'order‘
to minlmlze error of estlmate by this method > at each tenth mile,’ three
‘points (two in Serles B) were averaged to obtaln each of the depth vaIch
used to construct ‘the new depth ;erles. hach nQW.SLrlCS then contalned

exactly as many p01nts as 1ts Lorrespondxng meander plan series. This is_»

necessary in cross-spectral.analvsis.u A possible altcrnatxve to thls o

e

9

method whlch would have maxxmlzed resolutlon in. the depth series during
the sampllng process, wduld be 1ntcrpo atxon of thc ‘meander ser1es, alono
some - best flt curve bctwoon measurcd poxnt Rv\olut1on with Ax = 0.1

: miles, as in thls study, is” lﬂhltcd to processes‘nanifesting‘Qavelengths
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of greater:than 0;2 miles onlv. Smaller detail cannot be examined
here. -Interpolation of meander data would allow retention of detail in
the‘deoth series and would thenbprovide more accurate analysis of the
- correspondence between meander plan and depth of flow. The sampl ing
interval allowed adequate resolution for the purposes of this thesis,

and so flnervsampllng and 1nterpolat10n p0551b111t1es have not yet been E
-explored. 1In any work requ1r1ng greater resolution ”finer‘sampling or
.1nterpolat1on would have to be used. The sampllng interval used here

vw111 obv1ously not pick out high frequency undulat1ons such as dunes

bbut it 'is adequate in’ tbe description of large-scale processes within.

the riverr

The use of finer'samoling or.interpolation raises'another

'problem, h0wover.‘ Most computer programs available for spectral and
_cross- spectral analyses will take only a speelfled number of cases.

In order to use the technlques effectlvely, a suitable comb1nat10n of
'degree of resolut1on and adequate length of record must be achleved.
In most 1nstances, this will 11ke1y require the‘expansion_ofqtbe computer

programs used.

11 General

. The resolution chOSen_for this'study limits the phenomena that
can actually be examined to the large scale processes eharacterlstlc
of fluvial behav1or.‘ General patterns of bed confxguratlon fluctuatlonsA
"'can be analyzed and cross examlned with planform geometry, but specific
small patterns are bypassed. Dunes cannot be examined or described

[
using the new series data, but the 1dent1f1catxon of pool and riffle

oy

sequences will be w1th1n the scope of the analyses. Resolutlon‘of

~
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wavel%ygxh is limited to those grearer than 0.2 miles for Ax equal to

0.1 wmi. -
. "

Coherence between depth and curvature spectra'are generally
@
quite low. The use of absolute curvature rather than relatlve curvature

seems to make little difference in the coherency estlmates. Resolution

problems may thus be present in the coherency ana1y31s.

:2.. The Beaver River

_» a) Depth Spectra
L&)

Figures 4. 19 4, 20 4, 21 and 4,22 present spectral results for .
the Beaver River. Depth spectra for the Beaver River exhibit stable
patterns characteristic of all individual‘reaches. In all cases,

‘predomlnant frequenc1es were in the intermediate range, with wavelengths

from Yto X m11e contr1but1ng the maJorlty of power to the spectra.

. A tendencygfb 'ﬁhorter wavelengths, or osc111at10ns in dcpth of hrgher
R4 r;k

)

frequency, to become more 1mportant in the straxghter section was
observed.» ngher frequenc1es also tended to contrlbute a greater
proportion of varlance in the downstream sectlon of meanders 1nd1cat1ng

-the malntenance of the pred%mlnant mode of" anLlength in depth serxes

. with an add1tiona1 1ncreased 1mportance of oscillations of shorter wave-
’length ﬁo obv1ous trend of wavelength 1ncrea31ng downstream emerged.

in the depth spectra but the sample was1small, and the flog~was’confined
ﬁyithin a much larger, oldervvalley. Figures 4.19, 4.20,-and 4.21 allow
'comparison of the three.reaChes in their'depth spectra.' Since the

natural series are actually continuous, and records used in the calculatlon

of spectral statlstlcs are dlscrete, with a samplxnb interval of 0. l mlles
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peaks and all frequencies listed are band limlted.

Spectra of‘individual réachns resemble’thosé éxpectéd for
second-order authegreasive procesaaa; shbwéng a peak at intermedlate
frequencies. 1In contrast; the depth spectia for the entire series
(Figure 4.22) appears slightly more as a first-order autoregre551vc
prncess with power concentrated in IOunr frequencles. The longer
reach demonstrates the contrlbutlon of much longer wavelengths (those
approaching 1nf1n1 - wavelength a;c shown as the most powerful) reflecting
the infldence of the older vallay.

| The straight segtion shows greater contribution of pOwer‘by
higher frequ%gcies, suggestingtoscillations of very short wavelength.
: Duncs were present in the river atbthé time 5f thé survey, but resolution
of the data dnes not allow detail to enter‘this‘largénvpattern.

All feaches sh0wed a tendenéy to favor depthi%avalengths of -

10 to 15 river widths, in conformlty with the flndlngs of LeOpold
Wolman, and Mlller (1964). These represent osc1llat10ns of about 377
and 57Tr1ver w1dths, well within the range suggested by Ya11n (1971)
‘and approx1mat1n° the dlstrlbutlon of reglons of bed crosion,: a; Yalln
: (1972) suggested. N

MaJor wavelcngths demonatfatcd a tnndcncy to approxlmatc a
‘distance cqual in magnltude to a valuc'7A for the reach where A

is the average Cross- sectional plane parameter (assumlng a rectangular

channcl) A is the product of average recorded depth anﬂ mean width %?

of the reach considerecd. Tablé_&;06 lllustrates fhe prOpcrty?fonnd. _ L
o ; N o \.'\ l» ) . . . - % . -

b) Planform Spectra {ﬂ N Q : " -

The spectra of angular deviations‘showed a similar pattern
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for meandering sections. Variance and power patterns are more pronounced
for relative than for absolute curvature, and absolute curvature tends

. to produce wavelengths twice those for relative curvature as expected.

Absolute curvature lLas a smoothing effect on the information contained
"
in the planform serles, and. so shows a pattern of power more evcnly

-

dlstrlbuted across frequencies.’ )
Again, spectra tended to resemble that for the second order

146

autoregressive‘process, with predominant peaks at intermediate frequencies.

4
The plan spectra for the entlre reach reflected this pattern. Flgures

4 19 4.20, 4.21, and 4.22 also give the'plan spectra for the series.

Wavelengths of the meander data show a tendency to occur both
ngt 4 y

o

pectlve reaches, and/atswavelengths equal to the wavelength

of that of thelr correspond1ng depths. Flgures 4. 19, and 4.21

’

1llustrate thls property for both the meandering sections of the Beaver

LA b M -

Agaln anelengths shown as predomlnant by the spectra tend to
a%proxrmate valués ef DA for their reaches (refer to Table 4 06)
"vPlan wavelengths range between 6 and 20 river w1dths 1n dlstance, or,

between about 27’and 67 w1dths, as suggested by Yalln (1971).

a'

'¢)  Coherency Spectra

“sguared sghows that the’ best relatlonshxp

‘.Ju

‘Spectra of'cohe%ehc

between depth and plan serles occur at wavvlcngths equal to those found

to be domlnant for thc depth serles, as well as at anelengths tw1ce

the value favored by the depth The relatlonshlp is most str1k1ng in’

the stralght sectlon,.as sh0wn i) Flgure 4 20 although thesec coherences
i A X

N

Lo
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are not statistically significant.

Most - coherence- squared estxmates are falrly low, however

(less than .34, cr1t1ca1 value for 904 tolerancg computed according to
Panofsky and Brler, 1963), and only the extremely high frequencies
_with relative curvature showed a-significantiwavelength. These are of the
order 0f#max1mum pos51b1e resolutlon or‘0’2 ‘miles. Thls contradlcts
the findings of Chang (1960) coricerning absolute curvature, but supports

direct observational evxdence that plan and depth changes correlate

»

spatlally at h1gh frequenc1es. Flgures 4, 19 4.20, 4. 21 and 4.22 show
spectra and coherency using relatlve curvature for the same reaches usxng

absolute curvature.. Since, in generaL; absolute curvature does'not

T

appear to improve coherency estimates wlth respect to 31gn1f1cance avd

since direction of flow does seem to matter to the river in its act1v1ty

(tendency to equallze reversals of curvature) relative curvature data is

|

the basis of most coherency observations for this study.

Coherence-Squared wavelengths show the 'relationship to their

v
‘.

mean rectangular CTOSSﬁSCCtiOHal areas. These domlnant wavelengths are'

equlvalent to 10 and 20 river w1dths, and 7 river wldthS, ranging between

R - -

2 and 20 river wldths.‘

@

.d) Low Frequency ﬁaves o

Predominance of any low frequency activity'seens-defemphasized
by thls analysls of—specific reaches. Impdrtance of power concentratlons
at long wavelengths is more apparend - 1; the Spectra derlved for both plan
‘and deth serics of the entire reach studied. Waves ranging from
infinite length to 1.7'miles in length are given more\(power) iﬁ,thggg'

Y
R
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spectra.  Power. concrn:ratlons decrease tOwdrd 1nttrmed11te frequonc1cs
and resunme 1mportant contributions only at higher frcquencxes (1 471 cycles
per mile and greater) .or shorter wavelengths (0.7 %miles). The higher
fréquency fluctuat1ons of the. Beaver River are ev1dent in the smaller -
reaches, but the large scale act1v1ty is not obv1OUS w1thout the

~inelusion of much more'data. Low frequency waves become more prec1se1y

defined with increase in sample size. (See figures 4.19-4.22.)

3. Kootenay River : o ST

Figures 4.23, 4.24, and 4.26 show.spectral_resultsvfor the
Kootenay River. A larger sample of points was obtained’for the Kootenay

than for the Beaver River. The Rootenay sample also 1nc1uded a larger

"varlety of channel types and exhiblted much less regqtpr meanderlng than’

did the Beaver River. Both planform and depth series show a more
even d1str1but1on of power among frequencies, empha31zlng the presence

of a number of wavelergths, none of whlch suff1c1ent1y summarizes the

nature of ‘the Kootenay series. Cons1deration of many wavelengths is.

necessary to galn an understandlng of processes involved in the formation

of the patterns derlved. Table 4.07 summarizes the spectral findings R

for the Kootenay. P | _ | : v . . R )

a) Depth Spectra

Depth spectra for the Kootenay show an increase in wavelength

downstream along the river. Thls pattcrn is less obvious from maps

T

but shows up clcarly 1n “the. spectra of the bed conflguration.' Figures .

4 23 4 24, 4. 25 and 4. 26 sh0w this tendency.. Concentrations in®

‘power are clear at several frequenc1es. Lowest frequenc1es contain the

maJorlty of Spectral power ev1denced in the serles, and power increases}'
: . L . e

¥
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though less rapldly, towards very high frequenc1es. Three scales of

aet1v1ty between lowest and h1ghe%frequenc1es seem important. Wave-

vlengths of 0. 9 to 0.7 miles, 0.5 mlles, and -about 0.3 mlles stand out

as 1ntermed1ate spectral peaks in all reaches considered, among whlch
the wavelength 0.3 mlles seems most "powerful" These_define the

lrregular meanderlng behav1or of the Kootenay.

Predomjnant wavelengths occur at between about 5 and 20 river

widths, although some longer wavelengths are found thh less power. -

Wavelengths for entrenched sections are apparently longer than those in

less confined sections. Table 4.07 lists major spectral statistics for

the Kootenay River. * o _ _ : —_—

Aupreference‘fgr cohercnce wavelengths to dccur as multiples of is

evident in the table. Values bLtWCGTl”Wand 8 Wbare favored in all but a

,preference towards one of odd or even. number multlples is not obv1ous.

All depth serxes appear to.assume the form of a second-order

‘ autonegre531ve protess. Peaks at 1ntermed1ate frequenc1es interrupt

the curve. All reaches exhibit this pattern whlch is also con51stent

S i

with observations on the Beaver,s spectra. ST ’ . |

b) Planform Spectra I L DR . o}

. an ‘

Spectra of angular deviations also Show increasing wave length'

dOwnstream for the Kootenay. Agaln, several intermediate scales of

: I ' . -
activity contain'the power of the series. Predominant wavelengths
. . - : . . ! . LT ; Al

occur as 1.0 and .5, 6 and .3, and .2 miles, with +6 miles concentrating

more ‘power than any other anLlenoth This comparcs favorably with

) spectral power 1ndlcatcd by the Beaer as plantorm wavolenqths are:

‘twlce depth anLIengths for the kootenay as wcdl ‘ The‘pdol-and—riffle
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seqoence postulated by Langbeln and LeOpold (1966) secms to hold for this
s:n;~entrenched rlver,'lncludlng reaches that vary from bra1ded to canyoned
as uell as for the regularly mcandermo sand-bed Beaver. Figures 4,24,
4.25, and 4.26 demonstrate this characterlstlc. Table 4.08 presents
the‘nA-wavelength relatlonshxp for the Kootenay R1ver. The relatlonshlp

is not as strong for this rlver but . 1t is Stlll notlceable. Planform

'vavelengths occur as 5 4 to 16 r1ver widths. ‘Figuresu4.23 to 4.26 give

the plan spectra for the kootenay. f";

: L ' Co ERATEE e
c) Coherency L s .
‘ . . | - -

Table 4.07 ‘shows a strong relatlonshlp betueen predOmlnant

wavelengths and?Tw, as uavelengths appear to vary between about 2T

\

wldths and 8 1 widths as: multlples of’T Coherence_Squared estimates
. - ! . b
. are best at’ .3 to .4 and .6 m1le wavelengths, consistent with the

univariate spectral suggestxons for the reaches. Houever; none of the

estimates are‘sxgnxficant at 902. Harglnal 1ncrease in uavelength is
i ' ) Y )
" noted for downstream reaches even in the cohergrcy estimates.

v

Coherency also assumes the pattern of the second order auto-

regre531ve process. F1gure 4, 23 to 4.26 demonstrates the 51m11ar1ty.

B

Intermedlate wavelengths contrlbute substantxally'to the power of both

K

'plan and depth spectra and this is reflected in the coherency estlmates.

Y
W o . . . B v

d) Low Frequency_ﬂaves
| Presence éf low frequency waves having uavelengths in the order
: of 2 to 3 mlles (and greater) is shoun to concentrate some, though:less,
5 3 : :
power in the Kootenay‘serles than in the Beavcr serxes, for both depth

and plan. The presence of . low trequencv actlvxty 1is not emphasized in

analyses‘of*fhe whole study reach. These waves represent oscillations of

Y : _,a’
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the order 1 iv g gcolepic S may account for much

4. South Nahanni River

.

Profiles were obtained duriné both the upstre.m and downstrean
navigation of the South Nahannij River. Navigators of the boate belicved
a thalweg survey in either direction too dangerous for records, equipment,
and personnel, and so the "anti-thalweg" was obtained both for the
upstream and downstream traverses. The anti-thalweg is the channel of
leaet‘velocity in the river. It now seens 2 thalweg survey would have
been possible, and plans for future work lnclude this p0331b111ty.

‘ Serles B was surveyed as boats .advanced dOwnstream and so it
was a mueh faster survey, incurring loss of detail relative to series
A. Nav1gat10n problems in the collectlon of serles B also render it the
least stable, and so obeervatxons ‘are based on series A for the most
part.. Upstream surveys proved the least difficult throughout the study.

Table 4. 04 shows that depth data differ for 'the upstream and '
downstream surveys. Change in river stage durlng the time perxod over
which both surveys were conducted accounts for some change in depth
_but it seems apparent that the series. dlfferences are also due to the
directlon of travel on the river and location of boat across the river,
"Two dxmenslonal bed mapptng would solve this problem,” but it ig costly'
‘and time consumlng and was beyond the scope of this stud;

Series A»was chosen as the mo§t representative samplevas flow

stage, boat speed, and maintenance of desired route were all most

stable_during the upstream traverse. Series A also contains information

Y

for reaches further upstream than included in the Series B record. The



upstream profile also allows betiers data resolutio , and so it forms

the basis of discussion for analysis of the‘South ! ahanni River.
a) .Depth Spectra,
s N | .

Deptn spectra} statistics for the Souph Nahanni River support
‘the trends observed for the Beaver and Kootenay as wavelengthauincrease L
downstream along the pa;h of flow. Comparison of the major meandering ey
see%lons, First Canyon, the sectlon 1nc1ud1ng Second and Third Canyon,
and Fourth Canyon, corroborate this theory even though they are all
deeply incised canyons. This again. seems to extend the‘scope’of the
,pbservation.‘ The processes 1nvolved in meamderlng seem to create-
151m11af1t1esv1n bed conf1gurat1on in spite of the var1ety of bed materials
.and bank constralnts encountered. Thls imp11es that part of the meandering
form can be attrlbuted dlfectly to streamflow processes, regardless of
bed and bank materials. : -

The pattern‘established'as concentracion of power for the depih
~series follows the patfern of poner'concentrations in'planforﬁ of twice
the depth”wavelength is also pnesent in‘the South Nahanni aata‘ The
pattern occurs in both the canyoned and bfaided sections and ia shown
in Figures 4.27, 4.28, 4.29 and 4.30. - B | SR

Power concenerations for the dep;h series occur in low freqnenciea.-
and diminish as wavelengths decreasa. This implies that longer wave-
lengthS'ofvbed unduiations.characterize the bed form.bettef than shorter
anelengfhs, suggestlng that generating processcs act in the South
Nahann1 on a large scale. Lower frequenciea contain more power for the
South Nahanni than for either,tne Kootenay or Beave;'Rivers.

.:,

-Table 4,09 deplcts the relatlonthp between.wavelengths and TTw

y %%

=
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for the river. Wavelengths again.tend to approx1mate multiples of My :' .

Fbetween about 17 and 20 river widths, consistent with the findings of

Yalin (1972). ‘ , : .

The dcpth spectrum for both the Second-Third Can)ons and First

’ o
Canyon best resemblcs a sccond -order autoregress!ﬁe process, while the
t R
‘spectrum for the braided sections resemble more a first-order auto-

RS

regressive scheme.

N »
~

.
’tendency for plan wayi}ength to 1ncrcase downstream- is

apparent in the South Nahannl River. Plan secms‘related.to bed confi- : e

-

guratlon where bed undhla?lons occur malnly at twice the frequencv of
. ‘ & . .
plan osc1llat10ns. Tablc 4 09 showe the relatlonshlp foukd. Power at o,
y : : : . Co

- -

simllar frequenc1cs also shows A re&atlonshlp betwecn plan and depth.

Al el
-~ » e

o - , . , .
RS In general“ varxance spectra of the South hann1 's m&ln reaﬁhes

\

'show powcr to be concentrated in bot low and high freqvenc1es. Occasiondl
: . . 5 . - . 1
peaks in . Lntcrmedlate erquan1es also concentrate ‘power, and. these are

.1 e "

echoed in correspondlng dcpth SCTlCS spectra. ;Concehtrationé occur - = .

. - LA , . M L.

throughout the plan spectra at fquuan1cs~Ioss than .385 C\clcs po

'mllo and grcatcr than 4.531 cyclcs per mlle rcprosentlnr wa\cltngtxﬂ

PES oo

’grcater than 2 ’9 mllcs and - lcsq*than 4 mlleu. Prefc*rcd Lntermedlate'

~

'frqqucncics include 2.308 cvclcq por mllc (\- .43 mllcq) and 3 *00 to

- 3,718 cyclcs per mile (A~— <28 to .27 miles). "The limit of resolution
> . g

accgrdlng,to,thc*sdmplin 1nttrv11 tnoson—xqﬁ@“l n11u3 and 50 - t“e analysis
of wavclcngthf smaller than 0.2 mllc' was not possible_from this data.
‘Plan spectra show uavukvngths of about 2 to 40 river-widths to
‘ . - ik .

S e
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\ﬁ

LY

occur in, the spectra. . ' ‘ \ ..

2

£

Plan spectra typically appcar as second-order“autoregressive

progesses, with major'power‘contributions,within intermediate frequencies.

BET

o

Flgures 4.27, 4,28, 6 and 4.30 sh0w plan spectra for the Nahanni

reaches. 4

c) Coherency - : o - I o

Low frequency coherence squares were generally hlgh relatlve to
those of other frequenc1es. Other preferred frequenc1es occurred as

intermediate bands, and p0wer in very hlgh frequenc1es was small,

Table 4 08 shows coherency wavelengths. ’ .

A tendency for wavelengths,to<0ccur as multiples of w is

~

evident. First Canyon, the most regulﬁrly meanderlng sectlon, shows the

- * .

//elatlonshlp best.x The coherency spettrum of Flrst Canyog is presented

/<1n Flgure' 4,28, '~ Y-A;v

. are foond LTRese represent"

<’ 5
'

Act1v1ty appears cggéfntrated in wavelengths of between 2 and

.;.

K % : T Cy
20 rlver w1dths. Coherency is generai}y low u51ng relatlve curvature

’

data,”an?/bnl) a wavelength of .35 miles is 51gn1f1cant at 907, tolerance

limits. ﬁ%% use of‘ﬁbsolute curvatugl 1mproves the coherency somewhat

~

but st11l only three 51gn1f1cant wavelengths, at l:l ;37 a'd .36 m11e§

1stanG£s 0f 3 4 and 1 l rlver det\s.
B e ‘- . Nt ~
- ‘Cohcrcncy spectra arc mult1 peaked but“tend tQ rescmb

-~

'second-

~

. order autoregre551ve processeo : ' coe S

v \ . . . : . . ‘&
5. 'General .

- . N e

;: The spectra of all erCTS studlcd penerally tcnd to. approxlmdtc‘

second ordcr autoregr0531ve processes &haracterlzed by predominance of



“

intermediate frequencies*within the data. Thls observatlon corroborate

the flndlngs of Ashida and Tanaka (1967), Nordin and Algert (1966) and

. Hino (1968) who proposcd Markov second order linear models for the.

oacurrence af gand waves and bed rbughness.

Whveleng&hs“gcnerally vary between about 2 and 20 river widths;
. ¥ . ’

‘consistent with Yalin's fiﬁdinég (1972).

. - <

o -
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CHAPTER V - CONCLUSIONS

A.": THEORETICAL CONTRIBUTIONS;

Classical methods of descrxblng and explaining fluvial meandering

xg""

were handlcapped by sub]ect1v1ty, purtlally due thelr lesser degree of

_technologxcal and technical SOphlstxcatxon. Until recently, large

amounts of data created more problems thgﬁ ﬁhey solved. The introduction
of new techniques useful\for both the col
of great quantltles of data shoula prove,

fluvial geomorphology.

L

The.intrbduttion of spectral ‘and cross-spectral analytlc techniques

1nto fluV1a1 geomorphology began in 1965 with Spelght $ work on the
PR

~Angabunga Rlver, but use of the technlque as a descrlptlve statistic

"

for fluv1a1 systems seems to' have adVanced llttle in the past e1°ht

‘ years. The technzque allowus examination of large amounts of data -
. \

s i

"~but long series have“ not . been available until recently. Although it

. is p0351b1e to record, contlnuously, depths aIOng the path of flow of

rivers, this possxbxllty has not been wlgely exp101ted in fﬁuvxal

!

'geomorphology, prxor to thls study. wftv,:f

L

\pﬁoblem arlses, hoaever in c0qpar1ng spectral studles of

vmeanderlng to the more tradltponal studles in the freld. Mcandcr
»wavelength was c1a351cally deflned as down- vallcy dlstancc. Spectral
‘and cross- spectral analytlc technlquos rcquxrc‘\for analy31s, only

| . » :
T e 51ngle -valued fun"tlons. Rivers in nature can seldom be ass;gned a-

G
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a

1nvalidat10n) ) : R

different sCales of activity are measured and deflncd

e
x
o Al

bascline or origin ailowing'thlm'LhisgprOpnrty in Caglesian space

- e e

@

o
g,

. ) o : . . 1 . '3. . . w
, and so, for speetral analytic studies, series are constructed down-path

rather than down-vallgy Resulting "wavelengthsﬂ‘represent,d0wn-path

characterlstl' that cannot be compared with tHose found by traditijonal

)

methods. More precisely, '"path length" wavelength, as here defined,

varies with wave amplitude, as defined by down- valley Carte31an co-ord-
‘/ €

inates. The transformatlon between these two wavelengths is obvxoUSIy

the. sinuosity ratio, but thls can only be non- arbltrary (and ob3ect1ve)

when meander wavelength is known. Thus, when multiple wavelengths

Aco-exist, the sinuosity gpatio is arbitrary (subjectiVely derived), and

the transformation cannot exist: (w1thout ser1ous blas cau51ng its

« - . «

Wavelengths derlved 1n varlance spectrum ana1y31s, however,v.

relate more direcbly the flow and 1ts effects, as cffects are measured

along the path the river ohooses in sculpturlng its fluxlal landscape.

Q

"T)plcal" wavelengths, then are no lonoer descrtbed, but entlre -

stretches of flow path are analyzed as single contlnpgusﬂ;erles. -The

v

Do,

h,occu;rence of all 1nsszb1e wavelengths wtth1n the data is allowed

uand Eyen-assumed }n spectral analysxs,‘pr0v1d1ng for the descrlptlon

of all pOSSIbleoscales of act1v1ty,*above a 51ze‘equal to twice the

-

sampling,interval, w1th1n the serles.: Relattve contrlbutlons of

//( Intentlons undcrl)Lng the. research conducted were f0cused on

the collectlon and analysls of lonw continuous series Sampled‘at

discrete 1ntorvals, of plan and depth 1nf0rmat10n for.a variety,of

‘.

rivers. - The a(tual study encompasaed sand and,gravel'bed materid{s

large and small dlscharges- incised and fréely meandering recaches;

A

|
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braided, meandering, aud straight ct anncls; tranquil and turbulent flows;

and glaciated and non-glaciated terrains. The rescarch itself:encom-
passed the employment, and to some extent, development, of both data

collection and data analysis techniques.  Some conclusions may be
- . P

drawn:

1. It is possible, and indeed desirable,. to collect and analyze long

records of plan and depth data, in order. to attempt the discovery
A '
of "meanlng”/w1th1n the data.

2. Boat speed varies along the river during the process of depth

recording, and the resulting»errors must be corrected. Systematic
removal of points, in prOportlon to speed of recordlng, prov1des

adequate and satisfactory correction for. this . problcm. Detail

can be retained if sampling intervals are sufficiently small.

3. Digitization by machlne (D1g1don) of depth chart records, and

subsequent storage of data o% magnetlc tape, is an extremely fast

-

accurate and economic way of preparlng data for analysls.: In this‘
study, about e1ghty seven fcet of depth chart broken into 203 olocks-

; dfor SUbsequent lehgtﬁicorrection were igitized with »Qk; .02 ioches,
sa toat over 52,000 (x,y) co- ordlnates wer% stored for a total

cost 1nc1ud1ng Cal-comp plotting of -the stored data of about

_elghty dollars ($50.).

4, Seif-stationarity tests can be easily applied to data.and provide more

ready communication of information about the series for persons not

involved in the research. Comparability of research is thus facilitated.
OV - B S ' e
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.No previous rescarchiiers using spectral tecimiques tor meander or

depth forms seem to have tested for stationarity,

 Observations made with respect to the data collected using simple

firgt

%t and second moment statistics, and using variance spectrum analysis.
14 ) P
Soneﬂtheories (explained'earlier in the review of literature) were
. () f‘;!
'testqﬁu Reinforcement of some prev1ous hypotheses via sophisticated
G B ‘
statlstlcal analysls, may be of some value to the discipline. Some
l«/' .
concluslons may- be drawn: N
AR N

/
5.. Simple first and second moments may be useful in the é;?ection,of

o

broad patterns of activity within the data. Underlying processes,

such as'geologic control, may be suggested by these staristics.

'.z
6. Fluvial planform series tend to establlsh an equilibrium in angular
deviatlon from flow path Mean angular deviation tends _strongly
towards zero (0), or complete balance, .on r1vers with regular

meandering, irregularily meander1ng, straxght incised, and even”

braided channels.‘

7. Radius of curvature, based on circular patns, is a versatile
statistic for the desgription of meander planform. Tt relates
planform to flow acccleration in bends, and provides a non-dimensional -
. T kY : :

___.-plan paramcter when divided by river width. The parameter'R/w shows

a strong relatlonshlp with the value 1 quch thdt R/fiw appears to
. . ¢ ’ . R 'x .
vary wlthxn narrow llmlts. "Derivation of w make dxfflcult .in

this. Ludy, prLc1se dgflnxtlon of the relatlon, but the range from

w4



9.

11.

12.

parameter based on the assumptxon of a‘?ectanoular channel. \K,is

3

1.1 to 2.3 secems to describe the fluctuations of R/pw in this

study.

Both plan and depth spectra indicate a tendency’ for down-path
wavelength to increase in the downstream dircctiomn. Coherency
estimateg‘éupport this obscrvation. The trend is not sufficient,

however, to make the series non-sclf-stationary.

Both plan and depth spectra indicate a tendency for most pronounce’
N e < >

dowh-path wavelengths to 110 within the rangh of about 6-20 riv:

+

'widths, , - ‘ ; o : . &

N

¥

oy
Coherence wavelengths for the Boaver tcnd to occur as multiples of

the product. 7w (fllmes dhe river. w1dth) Thls is consistent w1th

the f1nd1ngs of Church (1970) and the prLdlCthnS of Ydl1n (1971)

The Beaver River demonstrated a tendcncy for down-path wavelengths

to- approximate a value7TK, whorc A is a mean cross- sectlonal area

‘calculatcc as the product of the mean dcpth and mean width for each

‘reach con51dered Thls flndlng may be fortuitous, since thc

relationship was not as strorig for the other rivers studi35\ 

o

Spectra of plan and dcpth and coherence tend to resemblé that -

for a second-order aﬁtoregrcgsive process, conccntrdtiﬁg power in
1ntermedlate frcquchIPs aﬁd dcc}ea51ng in powcr ;owardé‘high*
frcqucnc1os. These observations are C0nsistcn{ with'thn findiﬁgs.

of Ashida and_Tah%ké (1947, UinéA(l968); aAQiNétdin and»Algertf(r9ﬁ8).

~.. )41 v
A
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13. Dﬁwn-pdtn wavelenptbs for plan data teud ro occur at valucs twice

that for depth spectra, inéicating,the persistence of pool and—

riffle sequences in all manner of channels and bed material. The

sequenee is ipundvfor braided, straight, meandering (irregularly

and regularly) and'%gfised channels. Coherency Spectra‘éuppbrt -

this'observation.

*

S
il

e |

14. Coherence is generally léw between depth and relative plan'data,

although some significant coherences occur at greater than 90%

rg\lmllarltles Jin bed and plan conflguratlgn occur for rivers. of
varlous bed and bank materlals;\indicating a more direct relation-

K ship of form o flow than to bed and bank media.

probability. In general, coherence is not Qreater when absolute-

curvature * data are used rather than relatlvo curvature data.

<

DNy

Spectral and cross-spectral analytic techniques increase objectivity

-

~. whijle maxlmlzlng quantltles of data analyzedq“and results can be

related both to other var1ables and to the map. Wavelength lS

’
.’v-

deflned as down-path dlstance measured along the path of fIOw. .

Coherence-statistics can provide 1nsight inte the”relations between‘

form and process.

' B. RECOMMENDATIONS FOR FUTURE RESEARCH -
The research conducted in the complotlon of thls thesis was =~

in many ways new. New methods of data collection and preparation were -

attempted,

‘the data.

e
R ST N
ks G

. . N

s

~

and relatively new methods were employed. in' the analysis 05,/ff

. Many problems were encountered in the endcavour, and -though
. o . T . T L \-" - R —

n
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. 501cc"..ert solved in the (proces of th . work, others rem:nn%msolvcd

~§1.;.}.pr0vement of Type of" Data Collected - T~

-
. «
N

Ve

Ideas encountered&are offered below as recommendat1ons towards research

1nto thelbroader problem--the mystery of fluvial meander1ng.

;1 . Wy

& s
gy % N

T

‘;@ Accurate measurement of &iver widths recorded in the field at )
A A ,\”’ « . Q\

the time of the depth survey ‘would be useful in the examination of '"‘\S\

prec1se relatlons between hydraulic varxables. Widths were obtained

from mapsvand air photographs for th1s qtudy;band the 11m1ts on their
N ' : :
accuracy restricted- the use of some ideas that seemed promlslng. _Widths

could be measured for both bankfull and flood stages.

Veloc1ty measurements could be used in the anlys1s of relatlon-

: J
'shlps between other vanlables of interest, and’ they could also be useful

°

in data correction ‘hccountlng for boat speed relatlve to banks.
Accurate measurement of velocity at a var1ety of depths and cross river

posxtions would be valuable to an understandlng of.many physiCaI'
pr0cesses aqtang wlth1n the.river to form the depths_and meander's

-
EEN

observed. n e
7

. Sedlment samples would be of.further use in the definition of -

processes Operatlng in’ the river, and they would. fac111tate comparlson

: of reasearch . A knowledve of sedlment grain 51ug would broaden the

'mcandering.processes, Informatlon on both'water‘surface_slopepand bed -

«

Depth and plan data should be recorded so that they correspond
as precisely as- p0551b1e Hhere possxble, thalweg data should be
obtaxned flr9t.; . IR . Qe ‘v | o | A

;/\‘

Slope data would lso ;'useful in the examination of fluv1a1 --°__

v : . . . N N
o . . ot
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slope would be extremcly valuable. . L &
" (.

1 e~

Data gathered at bank alter1ng stages of flow would’ be valuable : ft

~ in solution of some of- the problems involved in meander1ng. Ready\
‘ A
access to boats and record1ng(equ1pment is necessary, however for this

to be accompllshed.

-y
. N

2. Resolution of Data

Where digltlzatlon of data is 11tt1e problem as much data‘as

-

;"p0331b1e should be gathered. Recording charts should . be run qu1ck1y -

N

to maximize 1nformat10n obtalned

*In order to preserve max1mum resolut1on of depths in crogs-

.

spectral analysis, planform databmust be expanded Interpolation is
suggested when analysxs 1s to focus on small scale processes within the
river, although data removal proved: most sat1sfactory toward the exami-
natlon of large-scale act1v1ty in th1s study. .

| Optlmally two- dlmen51onal mapping of bedforms/would ellﬁinate d A
many problems of the depth survey whlle expandlng scope for data |
analysls tremendously.‘ Instrumentatlon ex1sts for cont1nuous mapping,
‘but is not readlly ava11ab1e, owxng t% its ekpense. In lieu of th1s

7 .

.degree of sophlstlcatlon a number ‘of channel cross-sections could be
obtalned to 1mprove ut111ty of data and provxde some "of the informatloub
: .sought. Th1s step of data collect1on requlres tlme‘énd labor and thus;
i 1ncurs addltlonal expense. R - ' l .5

.

o«

3.- Accuracy of Absolute. Locat1on

Absolute locatlon must be ma1nta1ned as accurately as possible
~

‘idurlng the: depth survey., Air- photos and maps are ngtoglway§ sufficient L

for‘this purpose. Regular record1ng of compass beari and‘time elapsed
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v < E o ‘
since beginming of - survey, with respect to chart position, could help

¥ ) e ~

to overcome this problem.

¢

N -~ . ¢

4. 'Data_Analysis' o : w

Programs~for spectral and'cross-Spectral analysis must be able

a

co handle vast amounts of. data if 1nterpolat1on methods for retentxon_

of resolution succeed\ Dr. M. Church at the University of Brltlsh
{ . . . -

Columbia-(M. Church, pers. comm.) is presently completlng work on a(u

-

o program deslgned to handle up to 100 000 data poants in the eventugl = '

"solutlon of the problem of meanderlng.

3

5. Expansioﬁ'of Breadth of Research‘

Data must eventually be gathered and analyzed for r1vers of
~N I“L

all sizes and channel forms. Co- operat1on dtong workers in the f1e1d

1s esséntial for thLS'to happen.‘ An exc1b1ng poss1bi1ity; based'dn the

work of Yalin (1971), is the ~concept of obtalnlng two- dLmen31onal ‘

. ' )
spectra of bedforms, and relatxng these, via 2-D,cross-spectra to two
‘dlmenslonal water veloc1ty var1at1ons. 1f the hypothesxs that d1ffer1ng

N . ' !;‘:3
.scales of CUrbulence produce observed bedforms is &%@rect thcn phase

spectra, transfer. functlons, and coherence spectra should provide
jelucidation of these processes, and che uriter,plans to do further

research in th1s area.
S .

Appficability'of results obtained will be known'moreiprecisely
" as these suggestions are carried out, and prediction of form and process

will become more possible.
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'APPENDIX 1

STATISTICS FOR DEPTH SERIES CORRECTION

w

- (5) COMPUTATIONS IN CORRECTION

-.Standardization of Series

;Steg 1.

- Step 2.

Steg : 

. Step 4.

_points in each block.

'"standardized"’depth series,

Calculate mean block speed V-'for\e ch block, as: -
) . > bd g > | .

v = distance travelled
time'elggsed

= map distance~ = L = L -~
'/ chart length L/L T
chart speed . T
Form ratios.of each mean block speed, Vi,
speed found, ;ﬁax’ as: o
Vi

D .

i/ )
-t'max //\
2\ . . _
. — \ . i .
Remove; ' via systematic sdmpling, 100(l-r) per cent of the

P

o

[

‘to . fastest block

. . ]
- . N . .

kS

. Join all points remaining, in sequence, to form the



N

. L | APPE?&DIX 2 %
COMPUTATTONAL PROCEﬁGRE USED' I SPECTRAI

AND CROSS SPECTRAL ANALYSES OF DATA o

(source: BMD: OZT program) . : b

COMPUTATIONAL PROGEDURE

1. Symbols Used

X'i o Aith value of discret.e, ‘eci'ui-s aced time series X(-t)
X, ‘ ith value of time series X(t) after subtractmg mean
Y; "ith value of time series Y(t) after subtracbmg me an
Z1 'ith value of time serlq_s after prewhit'enging
P _' Lag ,
c Constant value (ICI < 1 O) prov1dod by user
: L)
n_. Number of. dlscrete data po1nts ,
m Maximum lag : , v - N\
. . ~ : . S
: P - .
At ® . Constant time interval -
© (p) ‘ At))
.Rxp Autocovarlance of series X at lag P ( p)“ Rxp ))
1§:) I - X ' e -
< Autocovariance of,selees X after detrending at lag p
P. " Power spectral estimate of series X at frequency
x: . ' ST
X R
L AN ) e T
: oo X el ‘
(h) o

'SP . Smoothed power spectral estimate of ‘sberiesux at

| frequepicy K7 R S .
T mdt , o

“
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(h) v s . o
RSPx Powcr--spect.ral-cstlmare of series.X at frequency o 7
- ‘ - k@ éfter rec’olorin"g‘,
. : mit T
- (p) ~ . ,
ny Cross-covarlagge between series X and Y at lag p
-, (p) SN . : -
Axy CrOSs-clzbovarlanc_e_ between series X and Y after
.' - detrending at lag p
(h) —— , ) :
ny - 'Cross-power spectral estimate at frequency h 77 ‘
' ' ’ : maAt -
(h) . | - | o h) |
c ) . Cospectrum, the real part of P( )a't frequency h ¥
%y oo . . . Xy mAt
Q>(('y) Q¥adrature spectrum, the imaginary part of Pil;)

at fréquenc'y hy l‘_' N

-. a . mat
S ot

Smoothed cospectrum at frequéncy ho

Y ‘mAt
SQ Smoothed quadrature spectrum at frequency h 7
R o o mAt
¢ (h) _ B _ -
AMxy. - Anmplitude of Cross-spectrum at frequency h¥7
: N . L . v mAt
PHASxy‘ Phase of cross-spectrum at’ frequency h 77
v\ ; P ‘ . ’ . . . N . . : mAt
T h) . Transfer function at .frequéhcy W7 .
Xy . ] ‘ g By vl
R “mat
(h) o VR
TAM : Amplitude of trangfer atf frequency . h
xy - ) rvs . .~
" (h) R o , o . :
COSQX  Coherence square at frequency h 7 , S

4 _ ) mAt - L
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2. Proccdun(
Step 1. The mean of the data is first calculated and subtracted

from each value of. X .

.n‘
-1 !
] '&-;;Z X;
: i=1
[N
. b
' B - . ‘.
xi=xi-mx ci=1, 2, 40, n

\

This is not done if the serics is to be detrended.

,Steé .  (opti0na1) One method of ﬁrewhitening thé>input data.is

by the following moving linear cdmb%nétion:

Z; =Xy - CX. i=1,2 ... n-1 :

C is a'value supplied by the user ( .ICJ<1.0)

' Step 3. The autocovariance is then computed.

I )
R n-p .
(p)_¢ <y x G 1.5 ,
X - n"p E q q+p p ’ ’ > e m
- q=1
% ( '
p).
Rx = R (pat) :

Step 4. (optional) 1f-the series is to be detrended, a least

squares fitting method is used - N
’ A o)

s - : A(P)== R(p)-ﬂ~'xi'wherc i ;‘o, 1, «.., n-1, where
ol = 5 x; (2i-0t1)/(((n-1)n(n+1))/6) and g =X - «(n-1)/2
. i=0 4 I o ) ’ . .

where X is the mean.

]



R

- Step*5. Theo rawvcstémate of the power spectrum is obtained by

(h) _ 2ac (p) ' -
P T §ép R, COShu;L? h=0,1, ..., m
=0 ' _
-where € = -

1/2 p=0, m

o (h) . hrr')'.
‘Note: .PX ‘— Px(ﬂh) _‘metft ‘
Steg; - The réw_estimates of the power spéctpvm are then smoothed
By "hamming".

a

o) - (0) '
SP, = .54B, " L 46R .
spth) _ .23p(h1) ssep(h) 4 o3p(h 1), 0 <t
X : x T T x
' (). 1) N
sp™ = sap™ .'46P(m::, ) (
X X : ’

Xi
\

Steg 7. A check sum is coﬁputgd.to check the compﬁtations of the

’

estimates
kst = 2 L sp®® 4 gy, (3
- CHKSUM = —— J 5 (SP*"7 + SP /) + S . sp
e mat 2 xX : 4 — x . -
. R ' 0) . » . - o B
This should equal R, the autocovariance at zeéro lag.

Stég 8. To compensaterfor the prewhitening in Step 2, the smoothed
spectrum is retoloredfby
’ (h)

: (h) 2 ' -
RSP, =SB, /(¢ - ¢ cos w, At)

*+ h=0, 1, 2, ce., m

Similafly,'Steps 1 to 8 can be applied to series Y.

G "

an
ot



Step 9. The cross-covariance ‘iz computed by the fofnula

n-p )
(p) _ 1 - _ 2
ny = rp ‘Xq »Ytﬁp’ p .0, 1, 2, e.,m
N » q=1
n-p .
¢-p 1 : P '
ny - rpi xq+p Yq, P= C’ 1, 2, ece, In

' S;eg. 10. (optional) In detrending the series

(I ) ig‘ -ﬂ-vo(i where.“i =0,1, ..., n-1

& and ﬁ-are defined in Step 4.

‘Step 11. The ér0$s~spec'ti"um, P)E};), is given by
M) h) . m) o
ny = Cxy FiQyy A ‘ . :

,'I_'hé éospectrum is obtained from _

(h) ap S (9 . (-p] |
~ (h at 2 E - p (-P) hp 7
ny "7 g0 P ny T ny cos --P-—‘ -

The ‘quadrature spectrum is obtained from

m ° ) .
(h)q At 5 oo R(p)‘_-R(—p))'s‘in hp?

xyf 57 70 pl'xy xy m
‘ h=0,1, 2; ..., u
- {1/2 p=0, m
€ =

P N 0 <€ p<nm

. Step 12. Both the co<‘pectrum and quadracun. spectrum‘arc

smoothed b "hammln"" as sho»m m Ste 6.
)’ P

. N v l“‘r ,. _‘o: ‘

' ’ (1) ) (h) 2 the ampl itude
Step 13. =P
e v [SC j [S . ,Phase of the

‘ : " Cross-spectrum -
(h ) (h ) (h) '

: are computed
D) + | < Ganhle
IHASXYV A g(SCxy sg ). hl kD .




The phase angle computed is the phase shift of series Y |

with respect to series X.

\

Step 14. The transfer funétion-from series X to Y isigiv%n by .
P(h) _ ) ' -
- (h) (h) '
Tey = =iy =TAM ~ eTPHAS,, o Y
XY ~p®) xy -
. X o

The amplitude is givcn‘ﬁy

) L) (h)
TAMxy. = AMxy SPX |

The phase shift from X to Y is the same as that of the

'crossispectrum.' Both the transfer function amplitudes
i : . : . .
 from X to Y and Y to X are printed.
S . ,
S L

© Step 15. Finally the coherence square, between X and Y, is given as

| , o . o
- co’sgiy)= (AHS)') /SP:h)_ . spih)'

N
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