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Abstract 

This study investigates the character of seasonal channel scour 

and fill regime in relation to suspended-sediment transport in the Fraser 

River. Magnitudelfrequency characteristics of selected flow events are 

investigated in relation to the roles of effective discharge, threshold 

discharge for bed scour, and bankfull discharges in transporting 

suspended-sediment load. The study includes an analysis of the major 

factors controlling sediment variation for 49 single-valued linear and non- 

linear (concave and convex) and ? 22 hysteretic sediment rating curves for 

single hydrological events. Archival data for sediment, discharge and 

cross-section form collected by Water Survey of Canada from 1960 to 

1988 are used for graphical analysis and for linear, nsn-linear and 

stepwise multiple ragression models of sediment discharge. 

Results of the analyses reveal that the effective discharge and 

threshold discharge for bed scour, which can be estimated from bankfull 

discharge or from drainage area, generally are 0.3 and 0.8 times bankfull 

discharge, respectively. Seasonal scour and fill regime in Fraser River 

shows a rapid lowering of the bed, caused largely by spring snowmelt, and 

progressive adjustment of the bed and suspended-sediment transport. A 

close relatioriship between scour and filling of the bed and sediment 

concentration is identified, especially when the threshold discharge and 

bankfuil discharges are exceeded. 



Three major factors are shown to control variations of suspended- 

s e ~ ; m  Ullltent concentration reflected in sediment rating curves; hydiologi.', 

channel hydraulics and meteorological conditions. Hydrol~gically, 

variations in linear sedimect curves are controlled by mean rising- 

discharge and rates of flood intensity (rismg stage) and by mean falling- 

discharge and rates of flood recession (falling stage). For non-linear 

sediment rating curves, sediment concentrations are more related to rates 

af flood recession than to rates of flood intensity. Under high antecedent 

moisture conditions, quick runoff tends to rapidly increase sediment 

concentration closely related to discharge, producing linear curves, while 

under low antecedent moisture conditions, delayed increases in 

concentration produce non-linear sediment curves. 

Hydraulically, sediment variation for linear rating curves are 

controlled by scouring of the bed (rising stage) and by channel filling 

(falling stages;; concave curves by scouring in the rising stages and filling 

and re-scouring in the Falling stages; and convex curves by filling and 

scouring in the rising stages and filling and re-scouring in the falling 

stages. In winter, timing of scouring and filling approximately coincides 

with the timing of precipitation, if any, in the rising andlor falling stages 

under sub-zero and low temperatures (1 I T 2 9 OC) or under moderate 

(10 5 T I 19 OC) temperature conditions. 

Concepts of geomorphic and complex response are used to relate 

factors controlling sediment discharge for single hydrological events in a 

model predicting forms of sediment rating curves produced under different 

geomorphologic, hydrologic, hydraulic and meteorologic conditions. 
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This study investigates cause and effect relationships between 

sediment concentration and controlling physical factors on the Fraser 

River in British Columbia, Canada (Fig. 1.1). It is concerned with the 

processes governing the transport of suspended-sediment by rivers. In 

the sense that river scientists have given their attention to these 

questions of sediment transport for more than a century, the problems are 

not new (Hey, 1979). However, in the sense that many of the prob!sms 

remain unresolved, the questions remain current and deserve further 

attention. Indeed, the slow progress in understanding the nature of 

sediment transport through rivers suggasts that we are asking the wrong 

questions (The Task Committee for Preparation of Sediment Manual, 

Committee on Sedimentation of the Hydraulics Division (The Task 

Committee) ASGE, 1971). 

Suspended-sediment transport by rivers is an important 

phenomenon to both science and river engineering. The science of 

fluvial geomorphslogy recognizes that the function of rivers is t~ !ranspot? 

both water and sediment from the land surfaces they access. In the 

sense that rivers appear to be adjusted to the imposed load of sediment 

and water, they are both a morphological expression of those impositions 

and a certain kind of measure of them. To understand how a river 



Fig. 1 -1. The Fraser River Basin and its physiographic regions 



transports sediment is to understand one of the most fundamental causes 

and effects of fiuvial geomorphology. 

Many previous studies have investigated relationships between 

discharge and sediment at annual and seasonal time scales (e.g., 

Gregory and Walling, 1973; Walling, 1977). In a majority of cases the 

relationship exhibits a wide scatter of points, especially for temperate 

streams characterized by snowmelt. in British Columbia, sediment 

transport is largely supply dependent (Church et al. 1989; Church and 

Slaymaker, 1990; Slaymaker 1977; 1987; Slaymaker and McPherson, 

1977). The pattern of sediment yield in Fraser River reflects a number of 

controlling factors such as hydrology, geology and climate. 

The notions of bankfull and effective discharges are particularly 

important in the understanding of the role various flow events play in 

geomorphology. This is because magnitude and frequency 

characteristics (Wolman and Miller, 1960) of flows are linked to the 

duration of bankfull discharge (Qbf) as well as effective discharge (Qeff). 

It is probable that there is a meaningful relationship (not yet established) 

between sediment transport and bankfull and effective discharge, and 

threshold discharge that is worthy of investigation. Effective discharge 

here refers to the mid-point discharge sf a class, which, over a period of 

time transports a greater portion of suspended-sediment load than any 

other flow event. By threshold discharge is meant that discharge above 

which scour contributes local boundary sediment directly to suspended 

load. 

The engineering and practical importance of fluvial sediment 

transport has many dimensions and hardly needs justifying here. For 

example, rates of river channel erosion and deposition are intimately 



reiated to sediment transport rates. The capacity of a river to sustain 

renewable sand a d  g i ~ d  mining o i  to fill iri a reservoir, is a function of 

sediment transport. Natural disturbances and manufactured changas 

such as channelization lead to channel responses communicated from 

reach to reach by processes of sediment transport. The direct and 

indirect impacts of sedimentation on riparian activities of humans and 

their resources such as the fishery are documented elsewhere (ASCE, 

1965; 1969; UNESCO, 1985). 

It is the assumption of this study that, suspended-sediment 

transport also is controlled by channel hydraulic factors. Previous 

studies, for instance, Leopold and Maddock (1953) demonstrated that 

changes in hydraulic factors of width, depth and velocity with discharge 

downstream and at-a-station have a tendency of effecting quasi- 

equilibrium states in rivers transporting both water and ssdiment. Factors 

controlling sediment load and discharge are hydrology, geology and 

other physice! characteristics of drainage basins. Accordingly, flood 

events generally transport relatively larger suspended-sediment loads 

than low flow events. In this way, channel quasi-equiiibrium is 

maintained due to constant changes in velocity-depth relations and 

changes in bed roughness which is closely associated with suspended- 

sediment transport. 

Additionally, for a river to remain in equilibrium it makes a wide 

range of hydraulic adjustments (Maddock, 1 969)s Better understanding 

of these adjustmenis (associated with changes in the size sf sediment 

particles and/or changes in bed forms) demands that we investigate the 

relations of channel scour and fill and bank erosion with discharge using 



readily avaiiable cross-section data at appropriate space and time 

scales. 

At a cross-section natural rivers maintain a dynamic equilibrium 

state when the flow along the bed has a sideways component up the 

channel banks which more or less exactly compensates the tendency of 

sediment to move downslope under the influence of gravity (Wilson, 

1973: 393). Since cross-sections of rivers respond to changes in 

discharge, Wilson argues that the mean cross-profile (cross-section) of 

many ailuvial rivers approximates equilibrium with the mean flow 

conditions. This reason could partly explain the equilibrium conditions 

that obtain in a river during the passage of single hydrological event. But 

river channel adjustments also depend on amount of sediment available 

for transport. 

Since the Fraser River basin was glaciated, sediment supply in its 

valley is conditioued by paraglacial processes (Church and Ryder, 1972) 

which followed the retreat of the Fraser Glaciation and produced a 

system out-of-phase with present environmental conditions. In the 

contemporary period, river adjustments are largely controlled by events 

such as floods which effect erosion of bed and banks as well as causing 

the deposition of fine and coarse-grained sediments forming gravel bars 

and eventlially islands. 

Although hydraulic controls must be important, there also is strong 

evidence that suppp!y !irn!ta!ims exert important controls on saspended- 

sediment transport rates. This thesis is concerned particularly with 

examination of the effects of sediment-supply limitation on the rate of 

suspended-sediment transport. 



In order to enhance our understanding of sediment-supply 

co-irirois in rivers, three questions are pariicuiariy important: 

1 .  What are the general sources of sediment and why does 

supply vary? 

2. What is the appropriate time scale to examine the linkage 

between suspended-sediment transport rates and controlling 

factors? 

3. If short-term variability in suspended-sediment transport is 

evident, is it fully integrated at larger time scales so that 

concepts such as effective discharge remain viable? 

1.2 Scope of Study 

1 -2.1 General Objective 

The general objective of this study is to examine the nature of 

controls on the rate of suspended-sediment transport in rivers, with 

particular attention focused on the role of sediment supply during single 

hydrological events. The study is limited largely to reaches of the Fraser 

River for which suspended-sediment, hydtau!ic, and geornorphic data 

have been monitored by Environment Canada (Water Survey of Canada; 

WSC) for several years. Because of the large data processing task 

involved in analysing these WSC data, manageable subsets of the 

highest quality records were extracted in order to address specific issues. 



In addition, the general pattern of discharge effectiveness for the 

reaches in question are examined in the light of findings related to 

individual hydrological svents. 

The thesis methodology, detailed in Chapter Three, essentially is 

inductive and exploratory in character although particular hypotheses are 

implicit in the examination of the role of channel scour and fill. 

1 -2.2 Specific Research Questions 

In this thesis, the general objectives outlined above are 

subdivided into several basic research questions: 

1. What is the nature of the relationships among discharge, 

suspended-sediment concentration, and channel scour and fill? 

The answer to this question involves deriving the scour/fiii 

regime of the reaches in question over time scales from days to 

years. 

2. What are the hydrologic, hydraulic and meteorologic factors that 

control the form of suspended-sediment rating curves for 

individual hydrological events? The answer to this question 

involves developing a classification of rating-cuwe form and a 

multivariate statistical analysis of the proposed controlling 

parameters. 



3. If suspended-sediment load is measurably dependent on local 

scour, what are the frequency statistics of threshold discharge for 

bed scour? The answer to this question involves determining 

the discharge threshold and its return period. 

4. What are the frequency statistics of effective discharge and how 

do they relate to the threshold discharge? The answer to this 

questior: involves comparing and contrasting the determined 

frequency statistics of the two concepts. 

1.3. Organization of this Study 

The following section outlines the theoretical background by 

reviewing pertinent literature on suspended sediment transport. Chapter 

Two describes the physical characteristics of the study area. Data and 

analytical methods employed are the subject of Chapter Three. The 

rssulis are discussed in chapters Four through Seven. Each chapter 

deals with a differe~t aspect of sediment transport for seasonal and 

single hydrological events: (I) the relations of channel bed scour and fill 

process to suspended-sediment transport in Chapter Four; (2) factors 

controlling the relationships (linear and non-linear) between suspended- 

sediment concentration and discharge for single hydrotogical events in 

Chapter Five; (3) controlling factors in the variations of suspenrled- 

sediment concentration ior events exhibiting hysteresis in sediment- 

discharge relationships (simply referred to as hysteretic events) in 

Chapter Six; and finally (4) an analysis of the duration of the effective 



discharge for suspended-sediment transpori, and the reiationshig 

between bankfull, effective discharges and the thresho!d discharges for 

bed scour in Chapter Seven. Chapter Eight summarizes and concludes 

the study. 

1 -4. Theoretical Background 

1.4.1 River Channel Scour and Fill 

Studies of scour and fi!l in alluvial streams are few and these 

include work in the Unites States by Leopold and Maddock (1953a; b), 

Coiby (1964) and Andrews (1979), in Hungary by Laczay (1973) and in 

former Soviet Union by Mirtskhoulava (1 973). Experimental streams 

have been examined by Alvarez and Alfaro (1973). Channel scour, 

which is the lowering of the stream-bed, is one of the important causes of 

some sediment related problems in rivers. For instance, scouring of river 

beds causes local erosion around bridge piers. Little is known about the 

processes of general scour and fill largely due to paucity of data. But the 

understanding of scour and fill processes can be enhanced through 

investigations of hydraulic adjustments to variations in discharge and 

sediment load (Andrews, 1980). 

The basic principles involved in the explanation of scour and fill 

have been outlined by Colby (1964) for sand-bed streams. One of the 

principles is the continuity of sediment discharge along a stream reach. 

For a sand-bed stream, there is a balance between the volume of sand- 

size particles deposited on and removed from a sand bed. The other 

principle is that a relation exists among discharge of sand, characteristics 

of the flow, and the avaiiabilfiy of sands. Colby (1964) argues that, if no 



such relation were to exist, the difference between the discharge of 

sands into aiid out of a chai-rnel reach would be whoiiy indeterminate 

except by measurement, 

1.4.2 Relationship Between Suspended-Sediment Concentration and 

Discharge 

Movement of suspended-sediment in rivers is often dependent 

more on supply than on flow conditions, thus it is not amenable to the 

application of hydraulic formulas. A graph showing the relationship 

between sediment concentration (mg L-1) plotted as ordinate, and the 

river discharge (m3 s-1) plotted as abscissa, is known as a rating curve. In 

sediment studies, sediment rating curves are used for estimation and 

prediction of sediment loads in rivers. Previous studies of sediment- 

discharge relationships have focused on seasonal or annual time scales 

(Gregory and Walling, 1973; Walling, 1977; Thompson, 1987). However, 

sediment rating curves of many rivers show a wide scatter of points 

indicating that suspended sediment concentration is not a single-valued 

function of discharge. In addition, the relationships between sediment 

concentration and discharge for most temperate streams with significant 

snowmelt are generally non-linear. 

But the prob!ern of sediment transport in rivers is genera!ly 

complicated by both lateral and vertical variation of sediments in the 

cross-section, different rates of transport for different sediment sizes, and 

large variations in hydraulic factors such as depth, velocity, turbulence, 

and other flow parameters across a stream. Therefore, single 



measurements such as average depth, mean velocity or median particle 

sizes are, to some extent, unsatisfactory indices of conditions for a cross 

section (Colby, 1964). The bed over which the river flows varies from 

smooth to rough surfaces, and is generally characterized by dunes and 

sometimes antidunes; the bed configuration varies laterally, 

longitudinally and with time. 

The processes of erosion and sediment transport are not weil 

understood. In regions where seasonal variations in erosion processes 

and source areas are controlled by floods generated by spring snowrnelt 

and summer storms, seasonal variation in sediment yields may mask any 

relationship with discharge (Walling, 1988). As a result, the transport of 

these sediments is controlled by a host of factors linked to channel 

conditions and catchment characteristics. Long-term estimates of fluvial 

sediment yield generally are based on annual records of sediment 

transport. In the Fraser River basin, however, seasonal and annual 

rating curves do not adequately characterize suspended-sediment loads 

(Carson, 1988; Church et al. 1985; Thompson, 1987; Thompson et al. 

1988; Zrymiak and Tassone, 1986). 

1.4.2.1 Suspended-Sediment Transport for Single Hydrological Events 

The major prob!em of river studies to dste is the lack sf knowledge 

of river behaviour and what causes channel changes. This problem may 

be broken dowrr into a number of specific problems some of which are 

discussed below. The Task Committee (ASCE, 1971) has asserted that 

river systems and river processes are so complex that there is not even 



general accord on which aspects are causes and which are effects. The 

Task Committee ascribed this confusion to, among other factors, the 

failure to distinguish between long- acd short-term behaviour of rivers 

and between single-valued and multiple-valued (hysteretic) relationships 

between sediment concentration and discharge. The understanding of 

these distinctions and their implications for sediment transport is a 

prerequisite to increasing knowledge of river channel processes. 

Sediment-discharge relationships for single hydrologic events 

have been previously investigated (Guy, 1964; Wood, 1977; Marcus, 

1989; Loughran, 1974; Klein, 1984; Williams, i989) and variations in 

sediment concentrations were attributed to exhaustion and 

replenishment of sediment supplies, differences in travel distances 

between source areas and locat ions of measuring stations, locations of 

sediment source areas, and to the existence of time lag between 

sediment concentration and discharge peaks. 

Examples of single-valued relationships between sediment 

concentration and discharge have been reported by Arnborg et al. (1967) 

in Alaska and Wood (1972) in England. \Nilliams (1989) developed 

models for single-valued relatJons (linear and curved) for single 

hydrological events by comparing sediment concentration (C) and 

discharge (Q) ratios at a given discharge on the rising and falling limbs of 

discharge hydrographs. Although Williams (1 989) summarized the 

physiographic and hydrological reasons for the existence of each type of 

single-valued relationships in sediment rating curves, only partial 

understanding of controlling factors exists. He concluded that C-Q 

relations are influenced by precipitation intensity and its areal 

distribution, runoff amount and rate, floodwater travel rates and travel 



distances, and spatial and temporal storage-mobilization-depletion 

processes of avai!a%!e sediment. 

However, an adequate understanding of the complexity of short- 

term river processes demands that, channel hydraulic relations 

associated with single-valued relationships be distinguished from 

hysteretic relationships between sediment concentration and discharge. 

Although single hydrological events sometimes lasting from days to 

weeks have received little attention in the past, their shorter duration and 

smaller areal coverage involved reveal greater detail of channel 

processes than events of longer durations and covering much larger 

areas. Single hydrological events also have the advantage of being able 

to isolate complex sediment generating and delivery processes observed 

in events of longer time scales. 

In a storm-period time scale, channel variables can be considered 

as independent of sediment load or of discharge in influencing the 

hydraulics of the channel (Schumm and hichty, 6965). However, 

channel response to changes in discharge even during a brief time span 

is complicated by short-term changes in variables such as depth or 

velocity because these variables assume roles of dependent variables at 

one time and that of independent variables at other times. The effects of 

such role reversals are complicated sediment-discharge relationships 

not easily deciphered. Therefore, better understanding of factors 

controlling sediment variation in single hydrological events is required. 

- Analyses ~f the character of suspended sediment transport for 

individual hydrological events have been reported in many studies 

(Kennedy, 1965; Carson et al. 1973; Wood, 1977; Walling, 1974; 1982). 

Paustian and Beschta (1979) and Loughran (1974) found higher 



concentraticns of suspended sediments during rising limbs of storm 

hydrographs than on the failing limbs: This variation in sediment 

concentrations was attributed partly to the disturbance of stream-bed 

armour during the rising and subsequent reformation of armour 

somewhere near the hydrograph peak (Paustian and Beschta, 1979) and 

to the exhaustion and replenishment af sediments (Leopold and 

Maddock, 1953; Wood, 1977) on the rising and falling limbs, respectively. 

Despite this linkage, no detailed investigation has been specifically 

conducted to ascertain the relationship between stream-bed scour and 

sediment transport for single hydrological events. 

1.5 Magnitude and Frequency Analysis of Sediment Loads 

1.5.1 Patterns of Suspended-Sediment Yields 

The literature on patterns of sediment yield is extensive (Millirnan 

and Meade, 1983; Gregory and Walling, 1973) and has been reviewed 

by Webb and Walling (1983). In Canada, studies on sediment yields 

include works by Robinson (1972), Stichling (1973) and Dickinson and 

Wall (1977). For British Columbia, patterns of sediment yields have been 

investigated by Slay maker (1 972; 1 977; 1 987), Slay maker and 

Mcpherson (1977) and Kellerhals (1979). More recently, Church et al. 

(1 989) and Church and Slaymaker (1 989) have analysed the suspended 

sediment data for British Columbia to test the conventimal model of 

declining sediment yields with increasing drainage area. 

The conventional model was found not to be relevant to British 

Columbian rivers because specific sediment yield increases with 



drainage area at ail scales from iO 000 km2 up to 30 008 km2. In the 

conventi~naf model, sediment yields dec!irre downstream c?ue to 

deposition along the channels of a portion of the load from erosion of the 

land surface. But in British Columbia, Church et al. (1989) argued that 

river sediment is recruited from erosion along the valleys of the rivers and 

that net recruitment downstream continues at a rate greater than that of 

the increase in drainage area. Does the effective discharge for 

suspended-sediment transport reflect this pattern of supply on the Fraser 

River? 

1 S.2 Effective Discharge for Suspended-Sediment Transport 

The concept of magnitude and frequency characteristics of river 

loads was introduced to geomorphology by Wolman and Miller (1960). 

This classical work was followed by studies which emphasized the 

effectiveness of fluvial events in modifying landscapes (e.g. Gupter and 

Fox, 1974; Baker, 1977; Wolman and Gerson, 1978; Anderson and 

Caber, 1980; Beven, 1981 ; Sichingabula, 1986; Hickin and 

Sichingabula, 1988; 1989) rather than their role in removing material 

from river systems. Some studies investigated the magnitude and 

frequency characteristics of sediment transport in rivers (Webb and 

Walling, 1982; 1984). 

Wolman and Miller (1960) argued that the amount of sediment 

transported by flows of a given magnitude depends upon the form of the 

relationship between discharge and sediment load as well as on the 

frequency distribution of the discharge events. Using suspended 



sediment data they showed that the largest portion of the total load is 

carried by fiows that occur once or twice per year on the average. 

Ashmore and Day (1988) observed that the concept of a simple effective 

discharge was not applicable to Saskatchewan streams and that, in 

many cases, the effective discharge histograms were not the simple 

unimodai distributions envisaged by Wolman and Miller (1960) but rather 

had complex forms sometimes having peaks of similar magnitude at two 

or more discharges with quite different durations. Earlier studies which 

arrived at similar conclusions include Leopold et al. (1964) and Benson 

and Thomas (1 966). 

These findings suggest that the concept of effective discharge 

requires further testing or modification for application to streams in 

different regions. 

1 5 . 3  Bankfull Discharge 

Bankfull discharge, simply defined as the flow which just fills the 

cross-section of an alluvial channel without overtopping the banks 

(Richards, 1982), was linked to effective discharge by Woman and Miller 

(1960) when they defined it as the flow which performs most work in 

terms of sediment transport. The link between dominant and effective 

discharge was based on the apparent consistency in the f;equenzy with 

which bankfull discharge occurs along streams and on the approximate 

correspondence between the frequency of bankfull discharge and the 

frequency of that flow which cumulatively transports most sediment 

(Wolman and Miller, 1960). 



The link between bankfull and effective discharge is established 

by their approximate recurrence intervals of 1 to 2 years. But Knighton 

(1987: 94) notes that this link is limited in a number of respects which 

include the lack of a consistent method of specifying the bankfull 

channel. Bankfuil is not necessarily of constant frequency even within a 

single basin (Leopold et al. 1964) and bankfull discharge may not be the 

most effective flow for sediment transport (Pickup and Warner, 1976). 

Therefore, river channel forms must be the product, not of a single 

formative discharge, but of a range of discharges which may include 

bankfull and effective discharges. 

This brief review of literature on different aspects of sediment 

transport in rivers has highlighted a number of research problems; 

contributing to their resolution constitutes the objectives of this study. 



CHAPTER TWO 

DESCRIPTION OF THE STUDY AREA 

2.1 Physical Characteristics of the Fraser River Basin 

The Fraser River basin is composed of mountain ranges, plateaus, 

deep valley floors and coastal /owlands. Descriptions of the geology and 

geomorphology of these zones are found in various sources, including 

Holland (1 964), Fulton (1 969), Janes (1 976) and Douglas et al. (1 976). 

Fraser River flows from the western slopes of the Rocky Mountains 

and flows northwesterly through the Rocky Mountain Trench, skirts the 

northern tip of the Columbia Mountains and cuts diagonally southward 

across the Interior Plateau in a deeply incised channel before turning 

westward past the southern end of the Coast Mountains to enter the 

Strait of Georgia at the s~uthwest corner of British Columbia (Fig. 1.1, 

2.1). It drains a total area of 21 9 000 krn2 (reduced from 233 000 km2 by 

completion of the Kenney Dam in 1952). The Fraser River basin is 

characterized by four major physiographic regions, namely: the Coast 

Mountains to the southwest, the lnterior Plateau subdivided into the 

Fraser Plateau, to the south, and the Nechako Plateau to the north, and 

the Eastern Mountains consisting of the Rocky and Columbia Mountains 

(Fig. 1 .I) (Holland, 1964). 

The Coast Mountains region is characterized by massive granitic 

plutons or folded volcanic and sedimentary rocks intruded by scattered 

plutonics. Volcanic activity in this region has produced high-relief and 
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Fig 2.1. Hydrometric and weather stations in the Fraser River basin. 
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high-altitude terrain. The interior Plateau is composed of fiat-lying or 

gently dipping !aya surrounded by vo!cank and ssdimentav rocks 

extending west to the flanking Coast Mountains. The plateau forms low- 

relief and intermediate-altitude terrain. On the eastern side of the 

Plateau are vast folds and thrusts of sedimentary rock forming the 

northern tip of the Columbia Mountains, the Rocky Mountain Trench and 

the Rocky Mountains. Northwest of North Thompson River the Columbia 

Mountains are called the Cariboo Mountains while to the southeast they 

are called the Monashee Mountains (Fig. 1.1). The Eastern Mountains 

region is formed almost exclusiveiy of folded sedimentary strata and 

forms high-altitude high-relief terrain. The high central and southern 

portions of the Columbia Mountains are composed of sedimentary rocks 

metamorphosed through the presence of intrusives similar to those 

forming the Coast Mountains. These four physiographic regions control 

the pattern of climate, vegetation and hydrology in the Fraser River basin. 

The Fraser River drainage system also incorporates numerous 

major lakes such as Stuart, Nechako, Quesnel, South Thompson, 

Lillooet and many minor lakes, altogether covering a total area of about 

4000km2. These lakes act as local sediment sinks within the drainage 

statins. 

The sections following give brief descriptions of drainage basins 

within which hydrometric and sediment stations are located, 



2.1 .1 Fraser River Sub-Bzsins with Sediment Staticns 

For the purposes of this study, the main channel of the Fraser 

River is divided into the upper, middle and lower river sub-basins. The 

physical characteristics of these basins, including those for Chilliwack 

and Clearwater River, are discussed below. 

2.1.1.1 Upper Fraser River Sub-Basin 

The upper Fraser River basin is the catchment upstream of 

Hansard station (Fig. 2.1). In this region the Fraser River has many 

meanders as it travels in the northwesterly direction through the Rocky 

Mountain Trench. draining an area of 2 100 km* upstream of Grand 

Canyon located between Hansard and Sheliey stations. The floor of the 

3-1 5 km wide trench is composed of lacustrine silts, eutwash and aeolian 

sands and gravels to great depths. The steep walls are largely 

composed of folded sedimentary rocks of the Rocky Mountains, except in 

the eastern portion of the sub-basin where the Fraser River roughly forms 

the northeastern boundary of the broad region of metamorphic rock 

extending from its source. Moose Lake with an area of about 1.5 km2 

traps most of the sediment originating from the upstream 100 km of 

channel. A sediment station in the upper Fraser River basin is located at 

Hansard. 



2.1 -1 -2 Middle Frzser River Sub-Basin 

The middle Fraser River basin, located between Hansard and 

Hope stations, is drained by the Nechako River which joins the Fraser 

River at Prince George, Chilkotin, and Thompson Rivers. A portion of the 

flow from the Nechako River bash has been diverted to the Nass River 

system after the construction of Kenney Dam. The bedrock of the plateau 

portion of the Nechak~ River basin is composed of voicanic and 

sedimentary rocks which form the greatsr part of the interior highland 

while igneous rocks of the Coast batholith form the western fringe. 

Other major tributaries in the Middle Fraser River basin include the 

Quesnel and Thompson rivers which drain the Columbia Mountains and 

join the Fraser River from the east at central and southern points in the 

Interior Plateau. The western slopes of the Rocky Mountains are drained 

by McEregor River which joins the Fraser downslream of Hansard and 

east sf Prince George. The other major tributary in the Middle Frasea 

River basin which drain the Coast Mountains is the Chilkotin River. The 

sediment station representative of the middle Fraser River basin is the 

Marguerite station on Fraser River located between Quesnel and 

Williams Lake town (Fig. 2.1 ). 

2.1. t .3 Lower Fraser River Sub-Basin 

rn the lower F r~se r  River basin, major tributaries include Lillooet- 

Harrison and Pitt Rivers which drain the Pacific Ranges while the 

Chilliwack-Sumas River drains the Cascade Mountains. From Hope to 



the mouth, Fraser River has an average width of 650 m and expands up 

to about 1 km in some areas. In the lower Fraser Valley, the spring 

freshet deposit vast amounts of coarse material, creating numerous 

gravel bars and constantly changing channel conditions, especially 

downstream of Agassiz (Mclean, 1990). To the north and south of the 

lower Fraser Rivsr are igrreous rocks of the Coast and Cascade 

Mountains. Most of the area is made up of unconsolidated sediments 

mnsisting of clays and silts, offshore marine deposits, sands and gravels, 

which are either outwash o: post-glacial stream and river deposits. The 

tills also found in the area were laid down during advances of 

Wisconsinan glaciation, of which the last is believed to have receded 

about 1 1  000 years BP (Clague et al. 1980; Armstrong, 1981 Saunders 

et al. 1987). 

Sediment stations in the lower Fraser River are located at Hope, 

Agassiz and Mission cn the Fraser River, Harrison Hot Springs on the 

Harrison River, Silverhope Creek near Hope and at Vedder Crossing on 

the Chilliwack River (Figs. 2.1 ; 2.2). 

2.1 .I .4 Chilliwack River Sub-Basin 

The Chilliwack River, located within a humid temperate region, 

has a drainage basin of 1230 km2 znd Is 51 km in length. its va!!ey is 

underiain by Triassic and Jurassic pelite and sandstone (Cultas Group), 

Pennyslvanian and Permian basic rocks such as pelite, sandstone and 

limestone (Chiiliwack Group) as well as Tertiary granodiorite and quartz 

diorite rocks (Monger, 1970). The surficial geology of the Chiliiwack 
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Fig. 2.2. Hydrometric and weather stations in the Chilliwack River basin. 



River Valley is composed of glaciofluvial sediments which include gravel, 

sand and silt and diarnicton deposited at the end of the Fraser Glaciation, 

about 11 000 years BP (Clague et as. 1980; Armstrong, 1981; Clague, 

1 981 ; Saunders, 1985; Saunders et al. 1 987). 

The drainage system ~f the Chiliiwack River includes Chilliwack 

Lake (621 mad) and several tributary streams such as Foley, and 

Chipmunck Creeks which join it from the n ~ r t h  while Centre, 

Nesakwatch, Sleese, Tamahi and biumenchefi Creeks enter it from the 

south (Fig. 2.2). The hydrological regime of the Chilliwack River has a 

seasonally bimodal distribution of runoff, with the first peak occurring in 

late spring - early summer (snowmelt) and the second in autumn - early 

winter (rainfall) (Saunders, 1985). A hydrometric and sediment station 

on the Chilliwack River is located near the mouth of the basin at Vedder 

Crossing. 

2.1.1.5 Clearwater River Sub-Basin 

The Clearwater drainage system, which forms part of the 

headwaters region of North Thompson River, has an area of 1 420 km? 

It is located within Columbia Mountains where lithologies range from 

metamorphic, through sedimentary and volcanic rocks to granite. The 

Caribco Msuntzins are principally cornposed of qilaitzite while in the 

Monashees foliated gneisses are widespread. The sediment station in 

this sub-basin is located near Clearwater above the junction of 

Clearwater and North Thompson Rivers (Fig. 2.1). 



2.2 Climate 

The climate of parts of the Fraser River basin in British Columbia 

has previously been described by Kendrew and Kerr (1955), 

Meteorological Branch (1967), Environment Canada (1982), Hare and 

Thomas (1 974) and Phillips (1 990). The varied physiography of this 

region together with the influence of the prevailing westerly winds and 

the movement of high and low pressure systems control rainfall 

distribution. For instance, the western border region receives the highest 

mean annual precipitation (>3500 mm), interior south-central areas 

receiving the lowest (<400 mm) while northern plateaus receive 

moderate amounts (400-1 000 mm). The Fraser River basin, like most of 

British Columbia, lies within the Temperate Zone, at high elevations are 

found alpine conditions while semi-arid conditions exist in the Central 

and Southeastern areas. In general, climatic regions of the Fraser River 

conform to the major physiographic regions, viz.: Coast Mountains, 

Fraser Plateau, Nechako Plateau and the Eastern Mountains (Fig. 2.3). 

The Coast Mountains have an alpine maritime climate 

characterized by high annual precipitation (greater than 3500 mm) and 

relatively moderate temperatures at intermediate elevations throughout 

the year. A large proportion of Fraser River runoff comes from this region 

and a very heavy snowpack sometimes accumulates in winter. In 

ccntrast, based cn valley data the Fraser P!ateau with a d!y contlnerrtal 

type of climate receives less than 750 mm of annual precipitation due to 

the rain shadow effect of the Coast Mountains. The run~ff from the Fraser 

Plateau is small and the area has cold winters and mild summers. 

The Nechako Plateau is characterized by a humid continental type 
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Fig. 2.3. Climatic regions of the Fraser River basin. 



of climate. A break in the Coast Mountains, the Skeena Saddle, permits 

more frequent entry of Pacific storms from the northwest. Annual 

precipitation over much of the plateau ranges from 400 rnm to 500 mm. 

The Nechako Plateau experiences cold winters and cool summers with 

moderate amounts of runoff. 

The Eastern Mountains region has an alpine humid continental 

climate and has precipitation much heavier than that of the Nechako 

Plateau. Substantial snewpacks in the Cariboo and Monashee 

Mountains occur each winter, although they are not as deep as those of 

the Coast Mountains. Generally, the Eastern Mountains receive a 

relatively high amount of precipitation (500 mm-2500 mm) and generate 

high runoff. The climate of the Eastern Mountains region has been 

defined as alpine subarctic due to the long, very severe winters and short 

cool summers which characterize the region (Fraser River Board, 1956: 

2-22; 1963). 

2.3 Sources of Suspended-Sediment Supply 

Major sources of sediment in different sub-catchments of the 

Fraser River system are cutbanks and landslides which occur along 

many parts of the Fraser River and its tributaries. Most of the sediments 

in the valley aie glacial deposits. The iranspori of most ti these 

sediments have been conditioned by paraglacial processes that followed 

glacial episodes (Clague, 1986; Church and Ryder, 1972). For the 

purposes of this study only those sites along the main stem of Fraser and 

Chilliwack Rivers will be briefly discussed below. 



2.3.1 Upper Fraser River Sub-Basin 

In the upper Fraser sub-basin, most of the sediment coming from 

upstream is deposited in Moose Lake immediately upstream of Red Pass 

gauging station (Fig. 2.1). As a result, almost all of the sediment reaching 

Hansard sediment station is recruited downstrzazi of this lake. Field 

observations of geomorphological features and information obtained 

from 1 : 250 000 topographical sheets indicates that most of the sediment 

in the upper Fraser basin comes from the reach located about 12 to 23 

km downstream of b b ~ s e  Lake. Mt. Robson, the highest peak in the 

Rocky Mountains is located in this reach (hereinafter called "Robson 

Reachn) is a major source sf clastic sediments carried by the Fraser 

River. The evidence for this is in the width of the river which is wider than 

in the upstream and downstream reaches. The increased width of 

Robscn Reach is due to the deposition of large quantifies of bed-material 

load cascading down Robson River which originates from the flanks of 

Mt. R~bson and Swiftcurrent Creek (another major source of sediment 

supply. The channel bed of Robson Reach is composed of 

unconsolidated materials ranging from fines, readily entrained as 

suspended load, to gravels moved as bedload. Most of these sediments 

come from landslides and f r ~ m  melting glaciers at high elevaticrns. 

Although suspended-sediment continues to be recruited by the 

Fraser River between Robson Reach and Mansard, due to collapse of 

cutbanks and bed erosion, it likely is small compared ta that coming from 

upstream. The next major source of suspended-sediment are in the 

middle Fraser River basin between Hansard and Marguerite sediment 

stations. 



2.3.2 Middle Fraser River Sub-Basin 

In the middle Fraser River sub-basin most of the sediment are 

recruited downstream of Grand Canyon near Giscome located about 48 

km upstream of Shelley (Fig. 2.1). In this reach, there are also a number 

of tributaries which supply large quantities of sand and gravel to the 

Fraser River. Such tributaries include the McGregor River which joins the 

Fraser River downstream of McBride, the Salmon River at 10 km 

upstream sf Shelley, and the Nechako River enters the Fraser River at 

Prince George. All these rivers enter the Fraser from the right bank, 

facing in the downstream direction. These rivers are excavating deep 

valley fill. 

Perhaps most of the local sources of sediment are extensive 

cutbanks stretching for about 4 km along Fraser River, located 8 km 

downstream of Prince George. These cutbanks occur around the 

confluences of the Haggish and Tabor Creeks and on both banks of the 

Fraser River. In fact, the entire stretch of the river between Prince George 

and Quesnel is susceptible to bank erosion because of the existence of 

large quantities of glacial and glaciolacustrine sediment in the river 

valleys (Evans, 1982; Clague, 1987; 1988). Some of the sediments 

originate from a braided reach located upstream of Quesnel. On this 

reach, the gradient of the river is higher than on the upstream and 

downstream reaches such that it erodes its bed and banks with vigour as 

well as transporting large qumtities of sediment supplied from the 

upstream. 

The last major local source of suspended-sediment north of 

Marguerite is the braided reach 23 km in length located 12 km upstream 



of Marguerite station. This braided reach, with an average width of 790 

m, is composed of gravel bars and islands. During rising flows this 

braided reach is capable of supplying large quantities of sediment 

deposited by receding flows in the summer and winter months. 

Consequently, it is expected that sediment concentrations will greatly 

increase at the onset of snowmelt and during individual hydrological 

events due to existence of large quantities of unconsolidated sediments 

within the Fraser River channel. 

The character of Fraser River described above remains essentially 

the same downstream of Marguerite to about Lytton which is upstream of 

the Fraser River Canyon. The next section discusses source areas of 

suspended-sediment in the lower Fraser River sub-basin. 

2.3.4 Lower Fraser River Sub-Basin 

The lower Fraser River sub-basin covers the area downstream of 

the Hope station (Fig. 2.1). The river from Hope to Mission station is 

characterized by increased channel width, braided channels, and gravel 

bars and islands (Mclean, 1990). From Mission to the Strait of Georgia, 

the river has a single channel and the suspended load consists of sand. 

Most of the sediment in the lower Fraser River sub-basin originates from 

erosion of the banks and bed upstream of Hope especially around 

Boston Bar, Lytton and Lilloset (Fraser River Board, 1963). Local 

sources of suspended-sediment in the reach are the stream-bed 

(Kostaschuk et a]. 1986). There is only a limited amount of bank erosion 



due to the fact that river banks have been stabilized in most areas of the 

lower Fraser reach (Fraser River Board, 1963). 

The assessment of suspended-sediment transported by the river is 

complicated by the dredging of the bed to allow shipping and by mining 

of gravel for commercial use between Hope and Mission (Kellerhals 

Engineering Services, 1987). Volumetric estimates of sand and gravel 

extraction from lower Fraser River between 1973 and 1986 average 

about 120 000 n3 y-1 (Mclean, 1990). Some of the sediment are 

supplied by tributary streams such as Chilliwack, Coquihalla, and 

Thompson Rivers. Retreating Bridge and Bishop Glaciers drained by 

Bridge and Lillooet rivers also likely supply suspended-sediment to the 

lower Fraser River. Of the rivers in the lower Fraser Basin only sources of 

sediment in Chilliwack River will be discussed. 

2.3.5 Chilliwack River Sub-Basiri 

Since Chilliwack River was not deglaciated until about 11 000 

years BPI its valley is still filled with unconsolidated glacial sediments in 

the s i b  to gravel range. Previous studies (Munshaw, 1976; Saunders, 

1985; Saunders et al. 1987) have identified major sources of sediment 

supplied to the river as originating from glacial sandurs and from tributary 

streams, especially Sleese, Liumchen and Tamahi Creeks (Fig. 2.2). 

Since the Chilliwack River is located in an area which receives large 

amount of precipitation, it experiences mudslides on an annual basis. 

Muddides are a major source of suspended-sediment transported by the 



Chilliwack River, especially during intense storm events. Some of these 

are dicussed in Chapters Five and Six. 

Qverall, the Fraser River system is filled with iarge quantities of 

unconsolidated sediments, most of which travels as suspended-sediment 

load. 

The next chapter discusses types of data and analytical methods 

used in this study. 



CHAPTER THREE 

DATA AND METHODS OF ANALYSIS 

3.1 Types and Sources of Data 

3.1.1 Archival Data 

This study utilizes archival river discharge and sediment data 

collected by Water Survey of Canada (WSC) for ten hydrometric stations 

located on the main channel of the Fraser River and four on its tributaries. 

Eight of these stations were also sediment stations. The raw data used in 

this study were of several types. The first included summaries of 

routinely measured cross-section measurements comprising the date, air 

and water temperatures, width, cross-section area, mean velocity, gauge 

height and daily mean discharge collected between 7960 and 1988, 

inclusive. Average depths of flow not included in WSC compilations 

were derived as cross-sectional aredchannel width. In addition, detailed 

cross-section measurements of depth and water-surface widths, defining 

channel cross-section shape, were collected for the period 1965 to 1988. 

But these data had some gaps. 

Secondly, a total of 96 years and 12 seasons (April-October) of 

paired daily discharge and sediment concentration data for the period 

1965-1987 for 9 sediment stations were supplied by the Sediment 

Branch of Water Survey of Canada in Gttawa on computer tape. These 

data consisted of measured and estimated values of daily mean 

discharge and daily mean sediment concentrations were supplemented 



by published data for 1988 (iniand Waters Directorate, 1998). The 

4 en ..z-.. decision to restrict the analysis largely to data catleded atter ,9 vu WQ3 

dictated by the availability of suspended-sediment data. 

Thirdly, descriptive information of gauging site characteristics were 

extracted from closed and current station files at the WSC Office in 

Vancouver. Finally, meteorological data (total daily precipitation and 

daily mean temperature measurements for selected weather stations 

within the Fraser River basin; Fig. 2.1) were obtained from the 

Atmospheric Services of Canada, Vancouver Office, for the period 1965 

to 1988 (Table 3.1). Note that the studied weather stations are not 

representative of the meteorological conditions of the whole Fraser River 

basin. Only precipitation and temperature data corresponding to the 

duratiofi of a select number of individual events were used in the 

analysis. 

3.1.2 Field Work 

Preliminary field observations of the character of the main channel 

of Fraser River from the Rockies to the sea were conducted in the 

summer of 1991. In particular, sites prone to bank erosion (sediment 

sources) were noted. In March 1992, more detailed surveys were 

restricted to observations of the composition of bed calibre and clastic 

suspended-sediments resident in gravel bars near the Marguerite 

station. The survey involved digging pits on gravel bars and recording 

particle sizes at a time when the river stage was low and gravel bars 

were exposed. These data supplemented similar observations 



Table 3.1. Weather stations located in the Fraser River basin used in this study. 

Station Latitude (N) Longitude (W) Alt~tude 

No. no. Station Name (O 'f to ') - - - -  ( mas1 --- ) 

Chilliwack 
Chilliwack R. Centre Crsek 
Chiiliwack R. Foley Creek 
Chiiliwack R. Tamahi Creek 
Agassiz 
Mission 

Hope 
Williams Lake 
Likely 
Kersel y 
Quesnel 
Hixon 
Prince George 
McBride 
Dome Creek 



documented by Carson ( I  988). 

3.2. Methods of Data Collection used by WSC 

Methods of data collection for suspended sedimeats in Canada 

previously have beer! described by Stichling (1965; 1973) and are 

summarized in the annual sedimen: pubiicatioils (e.g. Inland Waters 

Directorate, 1990). Therefore, a comprehensive description of data 

collection and compilation procedurss used by WSC is unnecessary 

here, but those methods and techniques that are germane to the 

understanding of l~mitations inherent in the discharge and sediment data 

deserve consideration. 

3.2.1 Suspended-Sediment Sampling Met hods used by WSC 

Three main suspended-sediment sampling procedures are 

followed by WSC: (1) measuring suspended-sediment load by the 

depth-integrating method; (2) taking single suspended-sediment 

samples at a selected vert!cai of depth in the cross-section; and (3) 

measuring the suspended-sediment load by the point-integrating 

method. The depth-integrating method is used for determining the 

average suspended-sediment concentration in the water column. 

Sampling st a selected vertical is used ior determining the sediment 

concentration for days when comprehensive suspended-sediment load 

measurements are not taken, Finally, the limited measurement of 



suspended-sadiment load by the point-integrating method is used for 

crosschecking depth-integrated measurements. Detailed description of 

these methods are readily available elsewhere (e-g., Inland  wale^ 

Directorate, 1 990). 

3.2.2 Suspended-Sedimnt Samplers 

Sediment samplers used by WSC in the collection of sediment 

data in the periods of record for various stations include the USDH-48 

(wading-type) and USDH-59 (for handline sampling). The latter is used 

for depth-integrating sampling on sma!l and medium size streams and 

during winter months. On medium to large streams whose depths are 

less than five metres, the USD-59 and USD-74 are used on reel 

suspensions. 

For point-i ntegrating suspended sediment sampling, USP-61, 

USP-61-A1, USP-63 and the USP-72 have been used, and are also 

utilized for depth-integrating sampling when depth is over five metres. 

Lastly, automatic pump samplers were used for unattended sample 

collection and bottling of individual water samples extracted from a fixed 

point in a stream. This type of sampler is normally installed at isolated 

locations where no data otherwise would be available during ice break- 

r;p or peak fiolv periods. 

The daily mean sediment concentration is determined by through 

laboratory analysis sf water samples and tirne-weighted averaging of the 

suspended-sediment. This is done by computing it from a manually 

constructed concentration hydrograph using a smooth curve through the 



concentration po'nts on the water /eve! chart copy (Water Resources 

Erarich, 1983; cited by Carson, 4988: 20) following the pattern of 

changes in water level. Th~s procedure is also used for interpolating 

sediment concentrations for unmeasured days at stations where 

sampling is infrequent. But the daily mean concentration value may be 

determined arithmetically or graphically (Inland Waters Directorate, 

1 990). 

The sediment program of WSC deals with both suspended and 

bed load measurements. Since grain sizes for these sediment particles 

is a continuum, the distirdion between suspended and bed-load 

materials is not well defined. In WSC compilations sediment particles 

are classified into three: (1) clay: c0.004 mrn, (2) silt: 0.004 - 0.062 mrn, 

sand: 0.062 - 2.0 mm and gravel > 2.0 mm. The clay and silt campsnents 

also known as wash load are transported by turbulent forces and 

therefore are considered not to be capacity load. But the coarser 

component of sand which travels also as bed-load by intermittent 

suspension and saltation on the bed could be considered as capacity at 

certain flow levels. 

Maclean (1990) noted that in the lower Fraser River reach there 

were no sediments finer 0.177 mm and used this grain size to distinguish 

bed-material load from the wash load. This study did not anilyse particle 

sizes of the suspended load, but based on the miscellaneous depth- 

integrated particle-size data compiled by WSC, suspended-sediment 

data herein include bed sediment particles ranging in size between 

0.062 and 2.00 mm. Therefore, in this study suspended-sediment load 

includes that portion of sand derived from the bed. 

Since sediment loads are determined from stream discharge and 



sediment concentration, salient aspests of discharge measurements are 

briefly outlined below. 

3.2.3 Measurement of River Discharge 

Daily mean discharges at measurement sections are cornputad 

from a rating curve relating flow to river stage or height. Discharge 

generally is computed by the velocity-area method which involves field 

measurements of velocity, depth and width of flow. The frequency of 

discharge measurements and methods used, especially for determining 

flow velocity and stage are crucial in assessing the accuracy and 

reliability of sediment and discharge data and are discussed in the 

section following. 

3.3. Limitations, Accuracy and Reliability of Data 

The use of archival data collected by various agencies designed 

to meet objectives different from those of the present study imposed a 

number of limitations on analysis and interpretation of results. Firstly, 

many stations had sediment records of different periods which made 

comparison of results between stations difficult. Secondly, the length of 

usable sediment record ranged from six months to twenty-three years. 

Thirdly, the data collected by WSC were not sufficiently dense for 

analysis of single hydrological events. This was partly because most of 

the discharge and sediment measurements did not include 



the discharge and sediment measurements did not include 

measiireinenis ~i water-suriace dopes and observations 04 bed 

characteristics. Additionally, cross-section measurements were not 

always made for all days of individual events. 

In view of these limitations, the analysis of individual events for 

specific relationships between discharge and sediment concentration 

and among discharge and depth, velocity and bed elevations, included 

some data interpolated for unmeasured days. An understanding of data 

limitations is important because accuracy and reliability of the data 

dictates what types of analysis can be undertaken. In the next secti~n 

possible sources of errors in discharge and sediment data are discussed. 

3.3.1 Errors in Discharge Measurements 

The precision of discharge data for British Columbia rivers, based 

on the analysis of Hope, Agassiz and Mission stations, is within +5% of 

the actually measured diiiiy values (Mclean and Church, 1986). But the 

reliability of discharge measurements is affected by a number of factors. 

The instability of the channel boundary at measurement sections is one 

possible source of error in the estimation of discharge by the rating curve 

method, necessitating revision of the rating curve from time to time. 

Almost all rating curves for stations included in this study were revised 

many times by WSC in the period sf record minimizing errors in the 

discharge estimates. 

The second possible source of error in discharge measurements 

is the condition of the stream at the time of measurement, such as when 



there is an ice cover and during breakup and the rating cuwe is not 

applicable. The pcten!Ia! for this source ef error is higher for s!reams 

located in the middle and headwaters regions of the Fraser River in the 

Rocky Mountain Range which experience colder winters than for stations 

located in the lower basin with mild winters. However, when discharge 

measurements are made when there is an ice cover, a description of the 

hydrological conditions is provided by WSC so that correction ~f the data 

may be made. 

Errors related to methods and instruments used in measuring flow 

velocities and for collecting water samples, although they are considered 

to be negligible in the literature, must be acknowledged. This potential 

source of error has been investigated previously by Demmet'ev (1 962) in 

the former USSR and Carter and Anderson (1963) and flickinson 

(1967a; 1967b) in the United States. With regard to errors in velocity 

measurements, it is generally known that, velocity fluctuations about the 

mean at a point in the section are random in time. Furthermore, velocity 

varies with the logarithm of depth so that the average of the 0.2 and 0.8 

velocities closely approximate the mean velocity in the vertical. Carter 

and Anderson (1963) found that, if single discharge measurements were 

made at a number of gauging sites by the usual 0.2 and 0.8 method, the 

errors of two-thirds of the measurements are less than 2.2 percent. Thus, 

the measurement of stream velocity by the single and two point methods 

yield similar results without causing significant errors in the discharge 

measurements obtained. 

Therefore, most of the errors present in the discharge data do not 

arise f r ~ m  velocity measurements, but rather from the type and stability of 

stage gauge used, accuracy of observation and stage measurement. 



According i o  the Inland Waters Directorate (1990), in British Columbia 

and ca~ad.ra as a whr?!e, data rallednd during open-water periods are U.." V C C .  -.a\.. 

more reliable than those collected during periods of ice conditi~ns or 

those obtained by estimation. Additionally, water level data collected 

utilizing a water-stage recorder are more reliable and accurate than 

those using a manual gauge only, especially for small or flashy strmms. 

3.3.3 Errors in Suspended-Sediment Data 

One of the sources of errors in suspended sediment 

measurements that is not related to the errors in the discharge is the use 

of different samplers during different times or during the same period for 

different watersheds. It has been indicated above that at least eight types 

of samplers have been used at one time or another in the collection of 

sediment samples for British Columbia rivers. The author is not aware of 

any investigation in Canada conducted to evaluate the relative 

performance of suspended sediment samplers. In the United States, 

Walter and Baird (1970) compared concentrations of suspended 

sediment collected with depth-integrating (USDH-48) and dip samplers 

and found greater concentrations for the integrated than dip samples. 

Consequently, they concluded that for valid comparisons, sediment 

concentration data obtained with dip and depth-integrating samples 

during different time periods for a watershed should be adjusted. 

in British Columbia, it is not known whether or not different 

samplers yielded different sediment concentrations for different time 

periods. Obviously it is the assumption of this study that differences are 



unimportant. Maclean and Church (1986) estimated the accuracy of 

daily concentration measurements at Hope. Agassiz and Mission station 

to be f10% of the actually measured values. This estimate of the 

accuracy of concentration measurement on Fraser River ,!so applies to 

the Chilliwack, Harrison and Clearwater Rivers because similar sampling 

procedures have been used at all sediment stations (Bruno Tassone, 

Water Survey of Canada, Vancouver; personal communication). 

Therefore, by using sediment concentration data collected by WSC it was 

assumed that the data were reliable, of high accuracy and that it was 

comparable betwesn different time periods as well as between different 

river systems. The task of assessing whether or not sediment data far 

different periods are cornpar?' 'e was outside the scope of this study. 

The processing of all data collected for this study is the subject of 

sections following. 

3.4. Processing of Data 

In order to prepare the data for analysis the discharge and 

concentration data were transferred from computer tape to floppy disks for 

use on a personai computer to facilitate organization, arrangement, and 

sorting sf data for different analyses. The methods 03 data processing used 

in the analysis are described below. 



3.4.1 Identification of Single Hydrological Events 

In order to classify rating curves, single-valued hydrological storm- 

period events were distinguished from other events. This was done in 

stages. Firstly, different types of rating curves were identified from plots 

of daily mean sediment concentration and daily mean discharge for 

different years at different gauging stations in the Fraser River basin. 

Secondly, individual hydralogical events were identified from graphs of 

daily mean discharge and daily mean concentration plotted against time 

in days. Thereafter, the beginning and termination of each event on the 

Q-graph were determined. The beginning of the event was indicated by 

the change in diScharge from decreasing in the falling stage of a 

preceeding event to increasing in the rising stage sf event being studied, 

and termination of the event by a change in discharge f;m decreasing in 

the falling stage of event in question to increasing discharge in the rising 

stage of a subsequent event. 

Sometimes the termination of an event also was indicated by' lack 

of change in discharge for at least two days at the low flow stage. 

Overall, the selection of different events for detailed analysis depended 

on the the ability to identify the beginning of rise and termination of 

events on the Q-graphs. The method first applied by Williams (I 989) in 

identifying the beginning (Q1) and termination (Q2) of the event, was 

choosing a time of rise during the rising of Q-graph and a termination 

time during falling stage and finally reading the corresponding (C1) r i d  

(C2) on the concentration graph (C-graph). 



3.4.2 Selection of Single tdydr~kqical Events 

A plot of daily mean discharge and tima for the period of sediment 

record revealed a total of 1025 hydrographs of individual events. In 

order to assess the functional relationship between sediment 

concentration and discharge sediment rating curves for all the events 

were constructed for comparison. A total of 49 hydrological events were 

found to exhibit single-vaiued sediment-discharge relations and were 

selected for detailed analysis. 

In addition, the timing of the 1025 events were compared with 

dates of discharge measurements to determine whether or not an event 

could be considered to have been measured (as opposed to estimated). 

An event was considered measured if discharge measurements were 

made at or near the time of discharge rise, at or near the peak and at or 

near its termination. Based on these criteria, a subset of 12 more events 

were selected from the 49 events for detailed analysis of channel 

hydraulic factors controlling va~iations in sediment concentrations. 

However, measurements were rarely made at precise time of rise, 

peak and at the termination of the events. Such measurements when 

available were the exception rather than the rule. Consequent upon 

further processing, the sample of events for hydraulic analysis was 

reduced to 9 events after eliminating those which had too few discharge 

measurements on the rising and falling stages. Altogether, a total 

sample of 49 single hydrological events with single-valued sediment 

rating curves (31 linear, 18 non-linear) were analyzed and the results are 

discussed in Chapter Five. The discharge and sediment concentration 

data for these events are given in Appendix 1. 



Lastly, 730 discharge measurements in the period o! sediment 

record for all sediment stations were assessed to determine the number 

of single hydrological events represented by the measured discharge 

data collected. It was found that most of sampled discharges were made 

during the course of 387 hydrological events whose hydrological 

characteristics are discussed in the next section. Single hydrological 

events exhibiting hysteresis in the relationship between concentration 

and discharge were also investigated separately. The discharge and 

concentration data for 122 hysteretic events (Appendix 2) are analysed in 

Chapter Six. Of the hysteretic events, 13 were measured. 

3.4.3 Determination of Hydrological Factors 

A closer examination of the summaries of measured discharge 

data at various stations revealed that each measurement could be 

placed either on rising, peak or falling stages of hydrological events 

whose characteristics could be easily determined. Consequently, an 

evaluation of hydrological factors (explained in Fig. 3.1) controlling 

sediment variation in single hydrological events was conducted by 

combining measured and published daily discharge. These hydrological 

factors included: (1) measured discharge at time of sampling (Q); (2) 

discharge preceding storm hydrograph rise (Qpr); (3) an index of flood 

intensity defined as the ratio of the difference between peak discharge 

and stormflow preceding the storm to the time of rise (IFI) (Gregory and 

Walling, 1973: 219); and (4) index of rate of flood recession (IFR) defined 

as the ratio of the difference between peak discharge and the discharge 
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Fig. 3.1. Idealized definitive hydrograph used for determination of hydrological 
factors explained bdow. 

is the discharge for the day before hydrograph rise (Qpr, m3 s-I); 

is the discharge at beginning of hydrograph rise (m3 s-I): 

is the discharge at lime of peak (m3 s'l); 

is the discharge at termination of the event (rn3 sl); 

is the hydrograph time of rise (days); 

is the hydrograph time of recession (days}; 

are discharges at time of sampling (c', e') (Q, rn3 s-1); 

is the index of flood intensity (iFij; 

is the index of flood recession (IFW); 



at the "rrmination of the flood to the time of flood recession (Guy, 1964; 

Loughran, f 976). 

Factors controlling sediment variation for single-valued and 

hysteretic hydrological events were analysed using the data in 

Appendices 3 and 4. A discussion of these factors is given in Chapters 

Five and Six. 

3.5. Analytical methods 

3.5.1 Computation of Daily Suspended Sediment Load 

In this study daily suspended-sediment load is computed as the 

product of suspended-sediment concentration and river discharge: 

SSL = 0.0864CQ (1: 

where SSL is the suspended sediment load (tsnnes per day); C 

is daily mean sediment concentration (mg L-l); Q is daily mean 

discharge (m3 s-I) and 0.0864 is a metric conversion factor. 

Since sediment loads are the product of discharge and concentration, 

their accuracy depends on the precision of the discharge and 

concentration measurements plus that of fine particle size 

measurements. Based on these three factors, Maclean and Church 

(1 986) estimated that daily suspended-sediment loads are within +I 5% 

of the true values. 



3.5.2 Determination of Discharge Threshold for Stream-bed Scour and 

Filling 

Since stream-bed elevation is not normally measured, it was 

derived as the difference between gauge height (water surface elevation) 

and flow depth (Leopold and Maddack, 1953b: 30). Ther~atter, zhe 

discharge thresholds for stream-bed scour and fill at each station were 

graphically determined f r ~ m  plots of discharge and stream-bed 

elevations averaged over a period of years. The discharge and stream- 

bed elevation data for different stations are given in Appendices 5A 

through 5X. The raiaiions of suspended-sediment concentration to 

channel scour and fill and factors controlling such relationships are 

discussed in Chapter Four, 

Stream-bed elevations were not determined at Clearwater 

(08M001) and at Siverhope Creek near Hope (08MF009), because data 

are not adequate. On the Harrison River at Harrison Hotsprings 

sediment station (08MG013) determination of stream-bed elsvation is 

complicated by the fact that, when Fraser River is high, water backs up on 

Harrison River. As a result, when the river backs-up measurements are 

made at a location different from one used at low flows. Since it is not 

always possible to tell, from avairable data, whether the measurements 

were obtained under backflow conditions or not, and the fact that 

measurements at high and low flows are not comparable, computed 

stream-bed elevations for the Harrison River are not meaningful and 

have been excluded from the analysis. 

In addition, gauge height measurements at Marguerite station oa 

the Fraser River before and after 24th April, 1974 do not belong to !he 



same popuiation. in order to make tne measurements comparable, 

gauge heights affe; 1974 were adjusted bj; increasing them by 4.2%. 

The adjustment factor of 4.2% was the one applied by WSC to the 

difference in discharges values obtained using Stage-Discharge Rating 

Table No. 8 for the 24th April, 1974 measurement. No attempt was made 

to determine the cause of the variations in gauge heights before and after 

197 4. 

3.5.3 Determination of Factors Controlling Sediment Variation in Single 

H ydroiogical Events 

In order to identify factors that control sediment variation 

associated with measured discharges and for single-valued and 

hysteretic events, least squares regressions of discharge and 

concentration data were used in the derivation of multiple stepwise 

regression models presented in Chapters Four, Five and Six. The use @f 

ordinary least-squares regression for predicting the dependent variable 

is an appropriate technique provided the linearity assumption is satisfied. 

It is widely employed in hydrologic analysis (e.g., Walling , I  971 ; 

Troutman and Williams, 1987). Stepwise-multiple regression analysis 

was used to identify the order in which hydrological factors ccntrol 

variations in suspended sediment concentration. In addition, beta 

mefficiants as suggested by Yevdjevich (1964) were calculated in order 

to datermine the order in which controlling variables were to be entered 

in multiple regression models predicting sediment concentration for 

groups of linear and non-hear events. 



3.5.4 Justification for Using the Regrsssion Method of Analysis 

A functional (regression) analysis approach (Richards, 1982) is 

used in the evaluation of relationships between suspended-sediment 

concentration and discharge in rivers for individual hydrological events, 

Some previous studies have used Iransfer-function models in explaining 

variations in sediment concentrations in rivers (Sharma and Dickinson, 

1980; Thompson, 1987; Lemke, 1990; 1991). The use of functional 

analysis for examining single hydrological events can be justified on a 

number of grounds. 

Firstly, unlike the transfer-function models which require 

differencing of observations, the regression method allows for the 

evaluation of simultaneous changes in river discharge and sediment 

concentration for single-valued events for which differencing is 

inappropriate. Here single-valued-events refer to those hydrological 

events in which the relationships between discharge and sediment 

concentration on the rising anb falling stages are sensibly or statistically 

similar so that they can be described by a single overall rating curve. 

Transfer-function models are inappropriate for analysis of such events 

because changes in sediment concentration respond immediately to 

changes in discharge. 

Secondly, hydrologic theory suggests that transfer-function 

models are best suited for analysis of variations in which there is some 

lag time in the response of sediment concentration to changes in 

discharge (Lsmke, 1990). For these hydrological events sediment 

concentration does not change instantaneously with river d~scharge. 

However, physical reasoning suggests that the differencing of 



observations in the application of transfer-function models dsfeats the 

objective of trying to understand causality. That is, once the observations 

have been differenced, they cannot be related back to the nature of 

physical driving processes. On this basis, there is no heuristic value in 

the transfer-function models when applied to individual hydrological 

events. 

in addition, transfer-function models, unlike the regression 

method, are not designed for assessing qualitative aspects of scale in 

space and time (Klemes, 1983). It should be pointed out that this study 

was designed in such a way that the results and conclusions be arrived 

at by ana!ysis rather than by postulations which is often the caseqaith 

transfer-function models. Therefore, in this case, the functional 

regression method is the appropriate method to use in order to enhance 

the understanding of the dynamics of suspended-sediment transport and 

sf the relationship between sediment concentration and discharge in 

rivers. The regression method previously has been ap l ied  to the 

analysis of factors controlling the variations in suspended-sediment 

concentrations for individual events by Guy (1964) and Gregory and 

Walling (1 973), among others. 

In this study, regression analysis is applied to measured 

concentrations and discharge without log transfarmation. Although better 

regression results sometimes can be obtained on log-transformed data 

the transformation is inappropriate for the river data used. One of the 

assumptions of the best fit regression method is that values of the 

dependent variable are normally distributed about the regression line 

(Chorley and Kennedv t971: 27) so that i! passes through the means of 

the dependent variable at any value of the independent variable. But this 



is not true of log-transformed values; alternative approaches are 

discussed by Jansson (1 985). bog transformation generally leads to 

underestimation of river loads (Fenn et al. 1985; Church et al. 4985) for 

which Ferguson (1 986) has provided a correction factor. 

Other reasons for using regression method in the analysis of 

sediment variation in single hydrological events given by Guy (1964) 

include the following: (1) Rating curves for particular events are not 

biased with data observed during other storm events; (2) by using daily 

discharge and sediment data instantaneous fluctuations are averaged 

out; (3) adjacent storm events are less likely to be related serially than 

adjacent instantaneous or daily sediment data; and (4) certain weather 

and hydrological conditions can be evaluated for correlation with 

sediment-discharge relation. The major disadvantage of the hydrological 

event method is that the sequence of weather may be such that the 

discharge from different storms may overlap each other in some 

instances. 

3.5.4 Interpolation of Unmeasured Depths and Velocities 

Evaluation of hydraulic factors controlling variation in suspended- 

concentration for individual events required the use of channel cross 

section variables. Since hydraulic data were avaiiable for only a few 

days during individual events, data for unmeasured days could only be 

obtained by interpolation. The variables that required estimation 

included average depth and mean velocity for unmeasured days. In the 

interpolation procedure used, unmeasured depth and velocity were 



estimated in proportion to discharge if and when measurements were 

made on the rising, at peak, and on falling, stages of individual events. 

Since not all measurements were made exactly at time of rise, at 

peak, and at termination of events, less satisfactory measurements were 

also utilized in order to increase the number of events for investigation. 

The least satisfactory (but acceptable) cases were events for which 

measurements were made a few days before the time of rise, 

immediately before or immediately after the peak, and a few days before 

and after the termination of the event. The unmeasured average depth 

and mean velocity were interpolated using the procedure given in Table 

3.2 for which a diagrammatic illustration is given in Fig. 3.2. 

If there were no measurements immediately before and after the 

beginning and termination of an event, and if there was no change in the 

rising or falling trend of the discharge, the interpolation procedure 

described above was continued beyond the measured dates to cover the 

entire duration of the event. The hydraulic data for single-valued and 

hysteretic events with interpolated values are given in Appendices Yl and 

VII. Mote that the performance of the interpolation procedure is not 

known since it has not been tested against known or measured events. 

3.6 Determination of Effective Discharge and Its Duration 

For this study the effective discharge was defined as the mid-point 

of a range of flows, which, over a period of time transports a greater 



Table 3.2. Procedures used for estimating unmeasured average stream 
velocities and average depths of flow. 

Vi = ~ r n f  + [ ~ ~ P ~ ~ ~ f ] ( ~ m p  - vm,) 

Di = Dmf + [ ~ ~ p - - ~ ~ f ]  (Dmp - Dml) 

where Vi is the interpolated i-th mean v4ocity; Vmr, Vmp and Vmf are measured 

velocities on tising, at or near peak and on falling stages; Di is the interpolated i-th 

average depth; Dmr, Dmp and Dmf are measured average depths on rising, at or 

near peak and on falling stages; Qir and Qif are i-th discharges on rising and 

falling stages (estimated from stage measurements); Qmr, Qmp and Qmf are 

measured discharges on rising, at or near peak and falling stages, respectively. 
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Fig. 3.2. An illustrative idealized hydrograph used for estimating 
depth and velocity on days when discharge was nct measured. The 
symbols Qmr, Qmp and Qmf stand for discharge measured on rising, 
at peak and on failing limbs of the hydrograph, respectively. 



portion of the suspended-sediment load than any other flow range 

(Pickup, 1976). Using daily discharge and sediment concentration data 

in the period of sediment record the effective discharge was determined 

by dividing the discharge range into approximately 20 equal classes; 

finding the duration of flows in each class; calculating daily suspended 

sediment load and multiplying it by duration. Finally, sediment-discharge 

graphs were constructed for the identification of the most effective 

discharge class. . 

In addition, also constructed for analysis were plots of cumulative 

percentages of daily suspended-sedimsnl lcads transported in a given 

percentage of time, and the cumuiative percentages of suspended- 

sediment loads transported by cumulative percentages of total 

discharges. The results of these analyses are discussed in Chapter 

Seven. 

3.7 Bankfull Discharge 

Bankfull discharge is defined as the flow which just fills the, 

channel without overtopping its banks (Richards, 1982). In this study, 

statistical bankfull discharge was determined by flood magnitude 

frequency analysis of the annual series at the various gauging stations 

(Dalrymple, 1960). Statistical bankfull discharge taken to be the 1.58- 

year flood (Dury et ai. 1963) was used in this study to determine bankfull 

discharges at various study stations. 

Although methods of determining bankfull discharge have been 

criticized (Harvey, 1969; Kennedy, 1972), especially when they are used 



to determine the 'dominant' or 'formative' events conirolling channel 

form, they remain widely used as means of characterizing river 

hydrology. The advantage of using flood frequency analysis methods 

according to Dury (1973: 109) is that, i f  natural bankfull discharge on 

poised streams can be tied to a fixed recurrence interval, comparison 

among existing streams or between present and former streams would 

be greatly facilitated. 



CHAPTER FOUR 

SEASONAL CHARACTER OF CHANNEL SCOUR AND FILL 

AND SUSPENDED-SEDIMENT TRANSPORT 

4.1 The Character of Channel Bed Scour and Fill 

4.1.1 Definition of Stream-bed Scour and Fill 

For this study, stream-bed scour is defined as the lowering of the 

stream-bed eievatioo due to erosion. Conversely, channel filling is 

defined as the rising of bed elevation due to sediment deposition. In 

general, channels scour as discharge increases and fill as discharge 

declines. These definitions are consistent with the definition of scwr 

provided by Laursen ( f  953: 179), who defined it as the enlargement of a 

flow section by the removal of material composing the boundary through 

the action of fluid motion. Implicit in Laursen's definition is the fact that 

bed lowering is caused by the movement of sediment particles on the 

stream-bed due to fluid forces. 

Although there is a close relationship between bed scour and fill 

processes and sediment supply and transport, it is not possible with the 

data available to differentiate between the material supplied and th8 

material scoured. This is largeiy because the data med for assessing 

channel scour and fill are at-a-station measurements and not river 

reaches. In addition, the suspended-sediment load investigated herein 

is mainly carried by turbulent forces in the flow whde materials scoured 

from the stream-bed include bed material load which moves as bed load. 



4.1 -2 Temporal Changes in Stream-bed Elevations 

Stream-bed elevations determined in this study were based on 

data records ranging in length from 10 to 28 years f ~ r  the 11 stations in 

the Fraser River basin for which appropriate data are available. The 

number of measurements were variable (3 to 30), averaging about 8 

observations per calendar year. The average maximum scour of the bed 

below the mean was found to be 0.P30m while the calculated average 

maximum elevations of the bed above the mean bed elevation is 0.998m 

(Table 4.1) (excluding Red Pass station because of uncertainty in the 

observed lowest bed elevation of -4.371 m). For all stations, the average 

change in bed elevation was found to be 0.447m. Generally, this shows 

thst the average in bed elevation at any station on the main channel of 

the Fraser and Chilliwack Rivers is less than one metre. 

Stream-bed scour and fill are closely related to changes in 

channel shape caused by seasonal changes in discharge. In order for 

the river to accommodate the increasing flow of water at the onset of 

snowmelt the channel changes shape through increases in depth and 

width. On the Fraser River, channel changes which reflect processes of 

scour and fill are best illustrated at Marguerite station where 

measurements are not made from a bridge but from a cable car across 

the channel. As a result measurements at Marguerite station ars free of 

complicating bridge pier scour effects, such as obstruction to the flow and 

creation of swirls. 

Bed elevations at Marguerite in 1984 were lowered starting from 

May and reached the maximum depth in early June following the annual 

discharge peak, before filling commenced (Fig. 4.1). The scour and fill 



Table. 4.1. Sumfiaiy data of average streambed eievaiions at sediment 

stations on the Fraser and Chilliwack Rivers in British Columbia. 

- - - - -- -- -- - - - - - . 

Max. scour ~ e a n l  m a  olev. 
Station No. of below mean bed elev, above mean 

No. no. River years (m) 
- - -- -. . - (m) 

Fraser R. at Red Pass 

Fraser R. at McBride 

Frasw R. at Hansard 

Fraser R. at Shelley 

Fraser R. near Marguerite 

Fraser R. near Big Bar Ct-. 

Fraser R. at Texas Creek 

Fraser R. at Hope 

Fraser R. near Agassiz 

Chitliwack R. at Vedder 
Crossing 

Fmer R. at Mission 

1 Bed elevations are based on arbitrary local datum. (?) indicates that the value is not accurateiy 

known. 
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Fig. 4.1 . Gross sectional shape of the kaer Rivx at Marguerite station for different 
dates in 1984 and in 1976 w!'m the ma>cinm rdischarp was measured. 



cycle was almost complete by November. The channel cross-section for 

:he maxiii im iiieasrjred discharge in i976 correspends to the maximum 

possible lowering of the bed (Fig. 4.1). During the lowering sf the bed 

sand-sized sediment stored in gravel bars and bed are accessed by ;he 

flow. 

At low flow, the river bed surface at Marguerite station is 

characterized by a coarse layer of imbricated gravel sediment. In the 

terminology of Bray and Church (1980) the Fraser River reach at 

Marguerite station is armcured (Fig. 4.2a). Bebw the surface layer are 

large quantities of interstitial sand-sized and finer sediments (Fig. 4.2b). 

Carson (1988: 55) estimated that, at high flows, about 14% of bed 

sediment moves as suspension, the rest being transported as bed load. 

Altnougk the number of measurements per year varied from station to 

station, the seasonal scour and fill sequences observed were generally 

consistent from year to year (Fig. 4.3). Changes in bed elevations were 

tied to changes in discharge levels, decreasing as the discharge rose 

from about March through May and reached lowest levels in June at 

peak discherge. Rises in bed elevations, which marked the onset of 

progressive filling commencect in July and almost returned to pre-spring 

level by the end of the winter season. 

A fundamental feature of the annual regime of bed elevation is the 

pattern of sharp drops of the bed at times sf major flosds. These sharp 

drops of bed elevations are best illustrated at the Hansard and Mission 

stations on the Fraser River as well as at Vedder Crossing station on the 

Chilliwack River (Figs. 4.3a, b, el. A~other important 3eature is the 

apparent stable strsam-bed elevatians obsewed at Hansard station from 

year to year compared to those for other stations. 



Fig. 4.2. Photograph showing (a) armoured gravel bar surface near the 

right bank and (b) composition of subsurface clastic sediments at the 

centre of the gravel bar on the Fraser River at Marguerite station. 



Number of observation at Nansard 
r f I I I r I i t  I I I I I I ~  

1972 '74 '76 '78 '80 '82 '84 '86 
Time in years 

0 2 5  5 0 75 100 125 150 175 200 
Number of obs~at iens  at Mission 

I I I I i I 1 I 1 1 1 1  1 1  I 1  I f  I 1  1 

1969 7 1  "73 75 7 7 7 9  '81 '83 '85 '88 
nme in years 

0 16  3 2 48 64 8 9 96 112 

Number of observations at Vedder Oxsing 
I t  I I I I I 1  I I I 1 

1 965 '67 '69 7 1  '73 '75 
f ime In years 



Bed elevations at Marguerite station reflect rapid aggradatior; 

during i 975 ioiictwed by a more graduai phase of degradation until 1986 

but without reaching the pre-1974 leveis (Fig. 4.4~3). This suggests that 

post-1974 flood events could not mobifize all of the sediment deposited 

by the 1972 flood of record. It is likely that aggradation also occurred 

after 1967 when the second highest flood in worded history occurred. 

In contrast, bed degradation was obsewsd at the Vedder Crossing 

station on the C'nilliwack River in 1968 when the highest flood since mid- 

t950s was experienced (Fig. 4.3~) .  Bed elevations remained low by the 

1975 flood, the then third highest recorded flood to the peak in 1917. 

Similarly, minor bed aggradation occurred at Hope and Mission 

stations after the 1972 flood, respectively the highest and second highest 

in recorded in history. However, elevations of the bed at these stations 

were compensated by the sharp bed drops that ensued in subsequent 

years. More corroborative evidence of channel aggradation and or 

degradation irr immediate reaches at each of !he studied stations is 

required to confirm that the observed station changes are generzl to long 

reaches of channel. Nevertheless, the findings of this study are useful 

insofar as they allow inferences to be drawn about the stability of cross 

sections and for assessing the importance of sediment storage in river 

channeis. 
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Pi. 4.4. Teinpora1 varmim of bed elevadom at (a) the Margwlte and @) Hope  stat^ 
on the eraser River. The data for 1972 at Hope station were not avai&k. 



4.1.3 Seasonal Sequences of Stream-bed Scour and Fill and Sediment 
-r 

I ranspflri 

Sediment transport involving the processes of stream-bed scour 

and fill is best visualized In terms of a simple sediment budget. Thus, 

over an arbitrary time interval (At) a sediment budget for a river reach can 

be expressed as: 

where Gi and Go are the quantities of sediment entering and 

leaving the river reach in a given time interval, respectively; GI or 

Ae is the quantity of sediment deposited on or eroded from the 

stream-bed due to filling or scour in the time interval (At). 

The three quantities in equation (2) can be used in computing the 

amount of sediments scoured or filled i f  they are expressed in terms sf 

equivalent volumes of sediment rather than i r~  terms of weight or parts 

per million. The use of at-a-station data in this study has precluded the 

computation of volumes sf sediment eroded or dep~sited as required by 

the sediment budget approach described above. 

Otherwise, Colby (1964b: 9) states that, the equivalent volume of a 

deposit is the weight of sediment divided by a known or assumed weight 

per unit volume of deposited sediment. If it is assumed that the average 

elevation of the stream-bed is constant when no net weight of sediment is 

deposited or eroded in a given time interval, and that the amount of 



sediment transported at any instant is negligible, depth (D) of scour and 

fill per unit area can be estimated as: 9 

in which A is the reach wetted area. 

In applying equation 3 to real situations, careful consideration needs to 

be given to the conditions under which different sediment particle sizes 

are moved. It is best applicable to bed material load which includes 

sand. 

In order to evaluate and assess stream-bed scour and fill 

processes at sedimert stations in the Fraser River basin, it was assumed 

that local rate of scour (Ae/At) was equal to the difference between the 

rate of removal (Go) and the rate of sediment supply (GI). Under this 

assumption stream-bed scour (-Ae/At) indicated that the rate of removal 

was greater than the rate of sediment supply (Go > GI) while filling 

(+Ae/At) showed "at the rate of deposition wss greater than the rate of 

sediment supply (Gi GI) In the river rmch. 



4.1 3.2 Regimes of Stream-bed Scour and Fill Sequences 

Assessment of seasonal stream-bed scour and fill involved, firstly, 

the division of measured discharges and the associated bed elevations 

into the rising and falling stages. Secondly, plots of streambed 

elevations versus discharge were constructed, but these showed a wide 

scatter of points. In order to highlight trends in these plots moving 

averages of bed elevations were computed. A vti.riable number of points 

was used for averaging stream-bed elevations largely because of 

diffarences in number of observations available at various stations. For 

s!ations with many observations, trends in stream-bed elevations were 

revealed with the use of higher averaging points than for stations with 
-- smaller numbers of observations. a ne moving average method was 

used because it does not require that data observations be made at 

regular time intervals. Note that the measurements of discharge and 

channel form used in this study were made at irregular interval intervals. 

In addition, i! should be pointed cut that the accuracy of stream-bed 

elevations in the low flow range at some stations is questionable and 

were not included in the discussion because most of the measurements 

were made in winter when the river has an ice-cover. 

The results of this analysis showed that, for instance, at Red Pass 

(Fig. 4.5a) and Marguerite (Fig. 4.5b) stations on Fraser River, scouring 

occurred at particular discharge thresholds (Qt) and was generally 

preceded by fiiiing at lower discharges. Discharge thresholds we% 

determined as the level at which scouring of the bed corrtmenced. But in 

some instances Qt was taken to be the discharge at which the stream- 

bed scouring path meets the filling path. The discharge thresholds 
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determined for a number of stations in the Fraser River basin are shown 

in Table 4.2 together with the mean annual and bankfull discharges for 

comparison. 

The analysis of seasonal streambed scour and fill regimes in the 

Fraser River basin revealed that bed elevation was highly variable for 

flows below mean annual discharges and that more intense scouring 

occurred at bankfull and higher discharges. For the Mission station, 

discbarges lower than 5 500 ms s-1 were not included in the analysis due 

to the tidal infltience. The selection of 5 500 m3 s-1 as the tidali'fluvial 

division was based on the fields notes kept by Water Survey of Canada, 

Vancouver Office, which indicated that the Fraser River at discharges 

below this level was generally under tidal influence. Also, at Vedder 

Crossing station on the Chilliwack River three days of discharge and 

sediment measurements during the 30 November 1975 flood were 

excluded from the analysis because the associated concentrations 

(2200-4800 rng i - 1 )  were anernously high and clearly not part sf the 

general population. 

In general, for the periods of record the scour and fill regimes for 

the Fraser and Chilliwack River stations were characterized by 

alternating phases of rapid lowering of the bed and prolonged periods of 

filling. But the recovery path due to filling was generally less gradual as 

discharge decreased than the scouring path of bed elevation because of 

seasonal hydrological effects. These hydrological effects include 

prolonged periods of low flows which promote in-channel deposition of 

sediment fram valley slopes and channel banks. In Fig. 4-33 the 

Marguerite station best illustrates the filling path: bed elevation exhibits 

step-like patterns of bed scour as discharge decreased. It is interesting 



Table. 4.2. Discharge thresholds for stream-bed scour and other Flows 

Station River 
No. 110. 

Qma ot - Q1.58 
(m%-1) (m3s-l) ~rn%-l) 

Fraser R. at Red Pass 

Fraser I?. at McBride 

Fraser R. at Hansard 

Fraser R. at Shelley 

Fraser R. near Marguerite 

Fraser R. near Big Bar Creek 

Fraser R. at Texas Creek 

Fraser R. at Hope 

Fraser R. near Agassiz 

Chilliwack R. at Vedder 
Crossing 

Fraser R. at Mission 

35 

1 OO? 

600 

700 

2000 

; 000 

1100 

1 500? 

3000 

150 

6000 
- - 

1 Qma k the mean annual discharge; Qt the discharge threshold for bed scour 

and Q1.58 is the bankful discharge. (t) indicates that Q1.58 is not accuraiely 

known due to short discharge record, value given is for Hope station. (?) 

indi tes that Qt value is not accurately known. 



to note that, these step-like patterns of bed scour resemble similar 

patterns repried by Dinehart (4992: 64j which he observed to be 

caused by the passage of low frequency bed waves foliowing transitional 

phases of bed scour during storm flows. In this case, however, the steps 

more likely relate tc seasonal sediment suppiy regimes as discharge 

decreases. 

The step-like patterns of bed scour en the Fraser River near 

Marguerite, which followed the passage of the annual discharge peak, 

represent different seasonal adjustments of the bed and are 

characterized by successive stationary, rising, stationary and rising 

phases. The first stationary phase represents the effects of high 

discharges and the attendant high velocities immediately following the 

annual peak discharge which inhibited sediment deposition. The ned 

rising phase as discharge declined normally represents the effects of low 

discharges in the dry summer months which promoted deposition; 

another stationary phase is associated with fall storminess representing 

repeated phases of erosion and deposition. The final rising phase, 

effected by continued deposition in the winter months, completes the 

seasonai scour cycle. 

The filling phase of the seasonal scour cycle generally tracked 

lower for a given discharge than the scouring phase when the bed 

adjusted to its pre-spring level. This hysteretic phenomenon observed at 

Red Pass (Fig. 4.5a), Marguerite (Fig. 4%) and Big Bar Creek (Fig. 4.6a) 

stations on the Fraser River and at Vedder Crossing station on the 

Chilliwack River (Fig. 4.6b), suggests that the process of seasonaf filling 

of the bed is much slower than that of bed scour. It is noteworthy that, on 

the ChiZliwack River scour and fill regime exhibited two easily identifiable 
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cycles in concert with the yearly bimodai distribution of discharge. The 

first peak occurred in June and the second in December. 

By contrast, at Agassiz station on Fraser River there are two bed 

scour cyclss for discharges greater and smaller than 5 000 mss-3 (Fig. 

4.7a). In the higher discharge range. the rising discharges in excess of 

5000 mss-1 up to the peak generally were associated with filling ot ttis 

channel with sediments while fa!lirg discharges scoured the bed as the 

sediment was remobilized. The scouring and filling phenomenon 

observed at the Agassiz station were not unique as similar processes 

were also obsewed at the McBride, Big Bar Creek and Mission stations. 

The observations of scour and fill effects at Agassiz station are 

important because they help to explain the en masse movement of large 

quantities of sand immediately following the spring freshet between 

Agassiz and Mission station located 45 km downstream of Agassiz. At 

Mission, bed elevations for rising and falling discharges greater than 

5500 ma s-1 were the reverse of those obtained a1 Agassiz station (Fig. 

4.7b). At the Mission station the scour path leads the filling path resulting 

in an anticiockwise pattern of bed adjustment. This process indicates 

that the Fraser River at Mission flushes out most of the sediments 

deposited from upstream by the time of peak flows. Thus, the scour and 

fill regime represents a process where the rate of sediment supply (GI) is 

higher than that of removal (Go) in the period of decreasing discharge. 

The implicatim ~f this is thaj, at t?'iission station, :he channel !ik+ fills at 

a time scale of days to weeks after the annual discharge peak has 

passed. 

The bed scour and fill processes observed at Agasiz and Mission 

stations cleariy demonstrate how closely linked these processes are at 
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the two stations. During rising spring flows the Fraser River fills the 

channei at Agassiz wi-tiie fiusning out ail incoming sediments at Mission. 

During recession flows, sediment deposited by rising high flows at 

Agassiz are remobilized to fill the channel at the Mission station. The 

deposition and remobilization of sediments on the Fraser River has been 

previously demonstrated by Chilrch et a!. (1 987) who compared average 

monthly loads between Agassiz and Mission for a number of years. They 

concluded that substantial quantities of the sand-size fraction were being 

stored in the Agassiz-Mission reach on the rising limb of the freshet and 

then deflated from the reach on the failing limb. 

In addition to the seasocd clockwise and counterclockwise paths 

of scour and fill a third pattern was also observed where the filling bed 

elevations retraced the scouring paths at two sediment ststions 

(Hansard, Fig. 4.8a; Hope, Fig. 4.8b) as well as at other gauging stations 

(McBride, Fig. 49a; Shelley, Fig. 4.9b; Texas Creek, Fig. 4.9~). Note that 

the detarmination of the discharge for bed scour at McBride, Texas Creek 

and Hope stations is not clear cut as there is no marked evidence of 

filling at lower flows. In addition, note that most o i  the observations in 

winter months at flows lower than 250 mss-1 were not included in the 

analysis at Shelley station because most of them were anomalous. 

These observed bed elevations were lower than those for peak flows 

because ice conditions that obtain on the river make it difficult to 

accurately measure flow depths and widths. 

The situations in which the filling path retraced that for scouring, 

physiealiy, implies that, at a given dischargs the amount of sedimsnt 

removed by the rising discharge is equal to the amount of sediment 

deposited by the falling discharge. 
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4.1.4 The Relation of Suspended-Sediment Concentration to Channel 

Scour and Fiji 

In order to relate scour and fill processes to changes in sediment 

concentration, the sediment budget provides a conceptual tool for 

interpretation. It is conceived that, if Go has a functional linear 

relationship with discharge, there will be a sudden increase in sediment 

concentration at the first threshold discharge ( Q l )  caused by the 

scouring of the stream-bed and the liberation of sand-sized clastic 

sediments as well as at the second discharge threshold (Qt2) when high 

elevation bars are mobilized at or near the bankfull discharge (Fig. 4. 10). 

In Fig. 4.10 it is conceived that sediment concentration would increase 

with increasing discharge even before scouring of the bed begins mainly 

because fine grained sediment particles stored in channel banks are 

accessed by the rising discharge and become incorporated into the wash 

load component (Gi) supplied from upstream reaches. Once scouring 

begins the increase in sediment concentration is likely to be larger at 

higher discharges than lower discharges. The model described above 

applies mainly to the discharges in the rising stages for which channel 

processes are reasonably predictable. 

This conceptualization sf suspended-sediment transport was 

tested in this study with the use of measured dischlarge and 

concentration data at several sediment stations in Fraser River basin. 

The relationship of suspended-sediment concentration to channel scour 

and fill was assessed graphically from plots of averaged sediment 

concentration and observed discharge which showed wide scatter of 

points. As a result, a moving average was applied to the 
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Fig. 4.10. An Idealized plot of sediment concentratiofi and discharge showing 
relative effects of the exceedance of the discharge for bed scour(Qtl) and 
banWufl discharge (Qt2) on sediment transport at a muring river section. 



concentration data to he1p identify discontinuities in the concentration- 

discharge piols. 

Like the plots of moving averages of bed elevation and discharge 

at Hansard and H ~ p e  stations, no distinctive discontinuities were 

observed in the plots of moving averages for sediment concentration and 

discharge at these stations. At the Marguerite station, however, 

discontinuities marking the onset of increases in concentration with 

discharge were observed at discharge thresholds (Qt = 2 000 m3 s-I ) and 

at bankfull discharge (bbf = 4 100 rn3 s-I) (Fig. 4.1 1 a), discharge levels 

identical to those for increased streambed scour. Similar discontinuities 

in sediment concentrations on Chilliwack River were also observed at 

Vedder Crossing station (Fig. 4.1 1b). In the low discharge range, on 

Chilliwack River, the first marked increase in concentration occurs at 75 

mss-1 (Qtl) when bed scouring commenced and possi$!y related to wash 

load mobilization, the second increase occurs at 150 rn3 s (Qt2) likely 

related to bar and dune movement. 

At the Agassiz and Mission stations, on Fraser River, major 

increases in concentrations occurs at discharges corresponding to Qt 

and Qbt and 5 500 m3 s-1 and 6 600 and 8 006 m3 s-1, respectively 

(Fig.4.l2aIb). The C-Q graph for Mission station shows that there are at 

least three increases in sediment concentration and generally it is more 

complex than those for other stations. The complexity of the C-Q relation 

is attributed to the tidal iniluence for flows less than 5 500 rn3 s-1. No 

attempt was made to relate stream-bed scour and fill to sediment 

concentration in the complex tidal discharge range but in the fluvial 

regime of Fraser River at Mission, a major increase in C-Q was observed 

at Qtl = 6 000 m3 s-; where bed scour commences in earnest ((Fig. 4.7b). 
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A second increase in sediment concentration occurs at QP = 6 000 

mss-3 quite possibiy caused by the mobilizaiion of higher eievation bars 

and dune forms on the bed which release large quanilties of interstitial 

fine-grained sediments into the flow for transpori. Evidently, the 

exceedance of the discharge for bed scour (Q1) and bankfull discharge 

(Qt2) partly accounts for the anomalous increases in sediment 

concentrations at many sediment slations in the Fraser River basin. 

In summary, the averaging of sediment concentration in the 

concentration-discharge plots was useful in demonstrating the 

importance of suspended-sediment transport due to stream-bed scour. 

In most cases, a marked increase in concentration was found to occur 

when the discharge for bed scour and bankfull discharges were 

exceeded. This observation indicates that the concepts of threshold 

discharge for bed scour and bankfull discharge have a physical meaning 

not only to channel forming but also to suspended-sediment transport. 

4.1.5 Hysteresis in Seasonal Suspended-Sediment Concentration and 

Channel Scour and Fill Sequencss 

Seasonal hysteresis in sediment concentration on Fraser River is 

best illustrated by using mean monthly sediment and discharge data 

given in Appendix 6. Fig. 4.13 clearly shows the annual pattern of 

sediment transport near Marguerite and Hope stations in 1977 through 

1979. In a study of relative contribution of channel and slope erosion to 

suspended sediment load in the Senegal River basin, Kattan et al. 

(1987) indicated that the cyclical patterns of sediment transport could be 
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divided into three periods distinguished on the basis of the dominant 

fluvial processes invoked. The three dominant processes conceived for 

the Fraser River were (1) valley erosion including channel scour (E), (2) 

sediment transport (T) and (3) deposition by channel filling (D). In this 

study, hysteresis in the seasonal sediment concentration is related to the 

seasonal stream-bed scour and fill sequences identified in section 4.1.3. 

In Phis case, the valley erosion phase includes channel scour 

occurring mainty during snowmelt in the spring months. It is 

characterized by increased suspended sediment concentration likely 

caused by the arrival in the channel of suspended sediments produced 

by rain splash erosion transported by surface runoff. The suspended 

sediments from valley slopes were augmented by the reworking and 

remobilization of sediments stored on the river bed during low winter 

flows. 

The transportation phase is similar to the first stationary phase in 

the bed filling path observed at the Marguerite station in Fig. 4.5b which 

occurs after the passage of annual discharge peak. It is characterized by 

a reduction in sediment concentration due to dilution by higher 

discharges and a low stable stream-bed. The exhaustion of sediment 

supply from valley slopes and cessation of channel scour marks the 

onset of deposition and channel fill processes characteristic of the fall 

and winter months. Overall, the annual sediment discharge process 

exhibits pronounced hysteresis similar to that observed in the 

relationships between discharge and stream-bed scour and fill 

sequences discussed in previous sections. 

The analysis of seasonal concentration and stream-bed scour and 

fill sequences complements Witfield and Schreier's (1981) work which 



attributes the ovwall annual hysteresis on the Fraser River to seasonal 

differences in stream conditions, source area contributions and siorage- 

discharge relationships. Within the overall hysteretic loop they also 

noted that there exists a system of secondary hysteretic loops caused 

mainly by individual storms, a mailer discussed in Chapter Six. 

41.6 Summary and Conclusions 

in summary, this component of the study has demonstrated that 

interannual variations of stream-bed elevaiims in the Fraser River basin 

varied from station to station and were shown to have been most stable 

at the Hansard station. In the period of study, the Fraser River at the 

Marguerite station aggradecl following the 1972 flood of record while the 

Chilliwack River at Vedder Crossing station degraded after the 1968 

flood* 

The seasonal scour and fill regimes in the Fraser River basin were 

found to have been characterized by rapid lowering of the bed caused 

largely by the spring snowmelt and by the progressive adjustment of 

stream-bed and sediment transport. The spring snowmelt supplied not 

only discharge but also suspended sediments which were augmented by 

readily available materials deposited in the channel system during local 

summer floods (Leopold and Maddock, 1953a: 168-1 69). The freshet 

was found to leave river beds at lower elevations than those preceding 

the spring snowmelt and that the scour cycle was more complete at some 

stations than at others. Generally, the succession of scour and fill 

sequences was almost the same from year to year. Sediment 



concentrati~ns were also found to greatly increase when the discharge 

for bed scour and bankfuii discharges are exceeded as iine sedimenis 

trapped in bed forms were accessed by the flow. 



CHAPTER FIVE 

FACTORS CONTROLLING SINGLE-VALUED SUSPENDED- 

SEDIMENT RATING CURVES 

5.1.1 Assumptions 

In order to analyse factors controlling forms of sediment rating 

curves for single-valued hydrological events, certain assumptions are 

necessary. The first assumption is that suspended-sedime~t 

concentration for single-valued hydrological events is more closely 

related to the supply of fines (bed-material sediment) from the stream- 

bed and wash sediment from stream banks than to drainage basin 

conditions. This assumption is partly supported by Arnborg et al. (1 967) 

and Wood (1972) who observed that bed-material component of 

suspended-sediment originate from the stream-bed when the rate sf 

change in concentration remains virtually unchanged whether the stage 

is rising or faliing. 

The second assumption is that average velocity and average 

depth are acceptable measures of the non-uniform velocities and depths 

at measuring stations (CoIby, f964b). Undoubtedly, this assumption is 

unsatisfacto~y for some situations given the varied cross-sectional 

shapes that exist among river reaches and at different stages of flow at 

the same cross-sectiorr. 

Thirdly, average velocities and average depths on rising and 

falling stages in h e  course of single hydrological events are assumed to 



change in proportion to discharge. This assumption allows for detailed 

analysis of the refalionships an;ong discharge, depth, and velozi?j during 

individual events described in this chapter and in chapters Five and Six. 

5.2 Definitions 

5.2.1 Single-Valued Sediment Rating Curves 

The Task Committee on alluvial streams, ASCE (1971: 110) 

provided a definition of single-valued relationships: 

"A dependent variable is said to be a single-valued function of a group of 

independent variables, if for each set of values of the independent variable, the 

dependent variable takes on one and only one value.* 

Familiarity with river behaviour and sediment transport processes 

suggests that sing le-valued sediment rating curves defined as above 

would be rare if not non-existent in nature. A more practical operational 

definition of a single-valued sediment rating curve is one for which 

concentrations for each value of river discharge on the rising and falling 

limbs are similar. By this definition, sediment concentrations on the rising 

and falling stages which are sensibly or statistically similar could be 

described by an overall linear or non-linear single-valued curve. The 

diagnostic characteristic used for identification of single-valued sediment 

rating curves is the lack of moderate to pronounced hysteresis in the 

sediment-discharge line plot. 



5.2.2 Non-linear Sediment Rating Curves 

A non-linear curve is one in which the slope of the curve varies 

over the domain of the function. The graph of a function f(x) Is said to be 

concave if the slope is increasing with x (f(x) is positive) and convex id 

the slope is decreasing with x (f'(x) is negative). 

An illustration of hydrological events that produce single-valued 

linear, concave and convex relationships between suspended-sediment 

concentration and discharge are shown in Fig. 5.1. Note that 

hydrological events that produce linear, non-linear (concave and convex) 

rating curves will hereinafter ba referred to simply as linear, concave and 

convex events, respectively. 

The use of regression analysis for linear and non-linear sediment- 

discharge relationships has no physical basis although an implicit 

assumption of such relations could be made. Linear regression analysis 

was used mainly as the best tool for quantitative description of the scatter 

plots of the relations between sediment concentration and discharge for 

particular hydrological events. Similarly, non-linear polynomial 

regression analysis was used for some events as the best tool for 

quantitative description of the relations between sediment concentration 

and discharge. The polynomial functions were chosen in favour of power 

functions largely because power functions are best suited for log- 

transformed data. The data analysed in this study are untransformed 

sediment concentration and discharge as compiled by Water Survey of 

Canada. If sediment concentration and discharge data were transformed 
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Fig. 5.1. Examples of sediment concentration (C) and discharge (Q) graphs 

associated with (a) linear, (b) concave and (c) convex, single-valued curves. 



to logs and the multiplicative regression power model used, regression 

lines would have to be corrected due to underestimation of sediment 

loads (Ferguson, 1986). This would have been an arduous task given 

the large number of individual hydrological events studied. 

However, since polynomial functions behave differently outside 

the range of the independent variables, each polynomial function used in 

this study is only valid within the domain of discharge measurements of 

particular hydrological events. 

Using simple linear regression and non-linear polynimial analyses 

quantitative as well as qualitative characteristics of three types of single- 

valued sediment rating curves for hydrological events studied are 

discussed in the sections following. 

5.3.1 Description of Linear Single-Valued Sediment Rating Curves 

Williams (1989) found that a single-valued linear relationship 

between sediment concentration and discharge occurs when the C- 

graph, (a plot of concentration (C) as ordinate and time as abscissa) and 

the Q-graph (a plot of discharge (Q) as ordinate and time as abscissa) 

have simultaneous peaks and identical spreads and skewness (Fig. 

5.2a, b.1). This study finds, however, that they also can be obtained 

when C peaks earlier than Q as evidenced by event number 20 of 24 

June 1973 on the Fraser River near Agassiz (Table 5.1). 

In addition, without attaching any physical meaning to the slopes 

of the regression lines, it was found that slopes of unity and greater were 

obtained for linear reiationships between sediment concentration and 
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3000 3200 3400 3600 3800 4000 

Discharge (m3s1) . 

Fig. 5.2. Examples of sediment concentration and discharge graphs for 
hydrological events with linear sediment rating curves on the Fraser River at (a) 
Hansard and (b) Hope stations. 
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discharge on some of the Fraser River stations. Table 5.2 shows that 

overall slopes of unity and greater were mainly observed on smaller 

streams such as Silverhope Creek, for storm event 14, 15, and 16; on the 

Harrison River for storm event number 29, and on the Chilliwack River for 

storm event number 26. All of these rivers, except for a few exceptional 

events, generally carried low concentrations of suspended-sediment. 

The majority of the linear C-Q relations observed in this study had 

slopes less than 1 in the overall, rising and falling plcts. The overall 

linear relationships between sediment concentration and discharge were 

strong, explaining between 91 and 99% of the variation in sediment 

concentration. The standard errors of estimate generally were higher for 

larger than smaller rivers. This indicates that, for single-valued events 

there is a tendency for sediment concentration to be more closely related 

to discharge on smaller than larger rivers. For instance, the highest 

overall r2 of 0.995 was observed on the Siiverhope Creek for event 

number 15 sf 30 September 1969, while the lowest overall r* of 0.913 

was for event number 30 of 9 August, 1969 observed on Fraser River at 

Mission station. Generally, sediment @oncentralions were rnore closely 

related to discharge in the rising (r2: 0.931 -1) than falling (re: 0.880- 

0.998) stages af single-valued linear curves effected by single 

hydrological events. But the slopes of the regression lines for the rising 

stages generally were steeper than those for falling stages (Table 5.2) 

indicating that sediment concentration increased rnore rapidly on the 

rising than it declined on the falling stage. 

Note that this observation is based on the comparison of all events 

in a given category, relations for individual events in the rising and falling 

stages did not differ significantly for the overall curves not to be 
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considered as singue-valued. 

5.3.2 Description of Non-linear Single-valued Sediment Rating Curves 

This section discusses concave and convex forms of sediment 

rating curves observed at sediment stations in the Fraser River basin. 

5.3.3 Characteristics of Concave Sediment Rating Curves 

Williams (1989) notes that the concave rating curve occurs where 

the spread of !he C-graph is less than that of the Q-graph (Fig. 5.1 b). The 

associated rating curve bends upward so that its slope increases with 

increasing discharge. Examples of the concave C-Q relations observed 

in the Fraser River basin shown in Fig. 5.3 have similar characteristics lo  

those reported by Williams (1989). 

The C-graphs and Q-graphs for different events in the Fraser River 

basin were characterized by identical skewness and narrower spreads 

for C-graphs than Q-graphs (Table 5.3). In a majority of cases C and Q 

peaked simultaneously. However, a concave rating curve was aiso 

obtained when Q peaked earlier than C for event number 42 on 20 

March 1972 at Mission station on Fraser River. 

Differences in the characteristics of ifidividual concave events 

were reflected in the variable equations shown in Table 5.4, despite very 

high correlation coefficients obtained between sediment concentration 

and discharge. The non-linear regression analysis showed that 



April 1981 

280 330 380 430 480 530 580 

Discharge (rn3s-1) 

October - November, 1973 Discharge (mss-1) 

Fig. 5.3. Examples of sediment concentration and discharge graphs for 
h @ r a l a  wen& wiih W ~ Y E !  sediment rating curves on tbe Fraser River at 
(a) Umsafd and @) near A g d z  stations. 
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discharge alone explained between 83 and 99% of the variation in 

sediment concentration. Results of simple linear regression analysis in 

Table 5.5 show that rising discharges explained between 52% (9 = 

0,521) and 100% (r2 = 1) of the variation in sediment concentration while 

falling discharges explained between 79% (re = 0.794) and 99% (P = 

0.989). 

These findings indicate that sediment concentration was more 

closely related to discharge on falling than on rising stage for concave 

rating curves. Moreover, higher average slopes (b = 1.811) were 

observed on the rising than on falling stages (b = 0.944). This suggests 

that sediment transportation for concave rating curwes resemble that for 

linear curves in which more sediments are transported on the rising than 

falling stages. 

5.3.4 Characteristics of Convex Sediment Rating Curves 

The concave rating curves were observed by Williams (1989) to 

occur when the spread of the C-graph is greater than the Q-graph (Fig. 

5.4d, e! f). On the Fraser River the convex form of the rating curve was 

generally observed when C and Q peaked simultaneously (Table 5.6). 

But the convex rating curves also occurred when C peaked earlier than 

Q, as displayed by event number 44 on 10 December 1966 on 

Silverhope Creek near Hope. 

Sediment concentrations in convex events were also found to be 

strongly related to discharge (9: 0.890-0.969) as indicated by the results 

of non-linear regression analysis shown in Table 5.7. When the data 
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25 2 7  29  31 2 4 6 

October - November, 1967 

13  1 5  1 7  19 21 23  2 5  

May 1988 

5 0 150 250 350 

Discharge (mas-1) 

C = - 624 + 1.636Q - 0.00009789Q 
r 2  = 0.933 n = 1 7  I 2 /  50 

6400 6900 7400 7900 8400 

Discharge (mas-1) 

Fig. 5.4. Exarnpies of sediment concentration and discharge graphs for 
hydfoiogicd events with convex sediment rating curves at (a) Veddet Crossing 
station on the Chili'wack River and fb) Mission station on the Fraser River. 
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were divided into the iising and falling stages, simple linear regression 

analysis showed ?ha? rising discharge exp!aIned between 58% (r2 = 

0.579) and 100% (r2 = 1 ) of the variation in sediment concentration, while 

falling discharges accounted for between 65% (rz = 0.654) and 99% ( P = 

0.986) of the variation in sediment concentration (Table 5.8). 

But since average slopes of the regression lines on the falling 

stage (b = 0.588) were higher than for the rising stages (b = 0.352). the 

potential for sediment transp~rt was higher on the falling than rising 

stages for the convex rating curves. This finding was partly supported by 

Kuhnle's (1 992: 196) and Reid and Frostick's (1984) observations of 

greater mean bed load transport rates during falling than rising stages. 

Reid and Frostick (1 984) showed that these observations were related to 

the existence of greater flow strengths for sediment motion at the 

beginning than at the end of an hydrological event. The physical 

explanation given for this is that the bed becomes more stable with the 

passage of time during individual events. 

in summary, the strong relationships between concentration and 

discharge observed for the linear, concave and convex rating curves 

indicate that these different forms of curves were not controlled by fixed 

hydrological, geomorphological or sedimentological factors. Rather, as 

the findings repofied herein strongly suggest, sediment concentration for 

single-valued hydrological events were controlled by a variety of factors; 

these are analysed in later sections. 
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5.4 Implications of Sediment Concentration and Discharge Hydrograph 

Characteristics for Single Hydrological Events on Sediment 

Transport 

The investigation of discharge and sediment hydrographs for 

individual events was useful for the assessment of factors controlling 

sadiment variation in rivers. Features of temporal graphs such as the 

spreads, timing of discharge and concentration peaks gave clues to the 

factors controlling different types of rating curves. For instance, the 

simultane~us peaking of C and Q for linear rating curves could be said to 

occur under conditions of sediment exhaustion and replenishment. 

Additionally, events for linear rating curves were found to hatre occurred 

throughout the year as flashy, isolated events. On infrequent occasions, 

they also occurred one after another in quick succession, suggesting that 

abundant supply of sediments from valley slopes and river channels was 

one of the controlling factors. This is because, if sediment supply was 

limited both from the stream-bed and valley slopes, linear sediment 

rating curves would not have occurred one afier another. 

In addition, the majority of linear curves occurred during periods of 

high discharges (May-June) and (October-December) when maximum 

sediment loads were transported. These two time periods are generally 

separated by prolonged periods of base flow which implies that, for linear 

curves to be produced, most sediments originated from the stream-bed 

and channel banks. brood (1977) found that in situations where little or 

no variation in concentration occurred for a given discharge on the rising 

and falling limbs, the sediment concentration curve was a function of 



discharge only. He found this to obtain both in conditions of low and high 

sediment concentrations. 

Under conditions of high sedimnt concentration, linear single- 

valued curves occur when flood ebents are not long enough to ause  

exhaustion of readily transportable materials. It was probably the case 

for those events which occurred in the May-June period when the 

snowmelt peak discharge contributed unlimited s~pp ly  of suspended 

sediments from valley slopes. When linear curves occurred under 

conditions of low suspended sediment concentrations, in the October- 

December period, the rising stages were probably conirolled by an 

exhaustible abuxiant quantity o i  fine sediments originating from the 

channel Itself (Arnborg et al. 1967) which were not replenished on falling 

stages. 

The earlier peaking of Q than C observed for the concave rating 

curves at Mission station on the Fraser River, implies that dilution of flow 

occurred on the falling stage. This strongly suggests that the concave 

rating curve occurred under conditions of more rapidly increasing 

concentration than discharge although discharge could peak earlier than 

concentration. But in the falling stage sediment concentration decreased 

at a faster rate, without replenishment, than the fall in discharge because 

of dilution. This explanation is supported by the narrower spreads 

observed for the C-graphs than the associated Q-graphs which reflect the 

physical conditions already alluded to abwe. 

Furthermore, the events which produce concave sadirrent-rating 

curves were ggeneraliy found to be isolated and flashy, a conditicn 

necessary for achieving rapid increases in discharge. These w m t s  

followed prolonged periods of baseflow of up to thres months in duration. 



Such long time intervals allowed for the accumulation of sediments in 

fiver chznneis. Therefore, when ihey occurred sediment coneeniraiions 

increased more rapidly than discharge. Most of the sediments entrained 

first are those last deposited iti the bed during the previous recession 

flow (Amborg et al. 1967). 

The overwhelming evidence of the nature of sediment transport by 

single-valued events reported herein strong!? indicates that, for the 

concave rating curves to occur, the sediment most likely originated from 

the stream-bed but was quickly exhairsted. Consequently, the amount of 

sediment transported on ihe falling limbs was greatly reduced in order to 

eifect a non-linear curve. From the sedimentological viewpoint, the 

availability of inexhaustible quantities of readily transportable fine 

materials from the bed with little or no replenishment in the falling stage 

was considered as one of the major factors controlling the form of the 

concave rating carve. 

The greater spreads of the C-graphs reiative to the Q-graphs 

observed for the convex rating curves imply that sediment supply to the 

channels was greater than thzt of discharge in the duration of these 

events. This meant that sediment removed from the river systems were 

continually replenished at rates equal to and greater changes in 

discharge. The timing of occurrence for events that produced convex 

rating curves in the months of January, May, October and December 

months implies that, convex events were also influenced by the high 

intensity of flooding associated with the annual discharge peaks when 

abundant sediments originate from valley slopes and the stream-bed. 

For those events that occurred in the winter months, heavy rainfalls of this 

season coupled with abundant sediments in the channels probably also 



controolled the forms of the convex rating curves. For the convex events 

+L.- ---I: 
W ~ I I I ~ ~  peakiiig of C than Q impiies that sediments were sometimes 

exhausted early in the rising stage and likely were quickly replenished in 

the falling stage. 

5.5 Factors Controlling Variations in Suspended-Sediment 

Concentration for Different Forms of Sedirner;, Rating Gurwes 

The controls of suspended sediment concentration for single 

hydrological events relate to their distribution in time and space, and to 

the hydrological, sedimentological and hydraulic factors discussed 

below. 

5.5.1 Temporal and Spatial Fadors 

Analysis of temporal graphs of discharge and sediment 

concentrations alone is not sufficient for the prediction of types of 

sediment-discharge relations of any given storm event. In a time series 

of closely or widely spaced storm events there is rio way of telling which 

ones will have linear, concave or convex sediment-discharge relations. 

!n the Fraser River basin linear sediment rating curves were 

observed in ait months of the year with the exception of April and July. 

This suggests that linear rating curves were not influenced by initial 

snowmelt (which generally commences in April) and the recession flows 

(in July following the annual peak). 



As in the case of tinear curves, the events for concave rating 

curves were found to be flashy and isolated and occurred in all months of 

the year except February, July and December. This suggests that 

concave events were controlled by changes in discharge associated with 

snowmelt and intensity of flooding in summer and winter months. In spite 

of the varied times of occurrence many concave events probably had 

similar hydrological and sedimentological characteristics. 

The convex events, though fewer in number than other single- 

valued events, were found to occur mainly in the months of January, May, 

October and December. These months fail into two main groups: 

October-January, associated with the fall/winter storms, and the May- 

June period when snowmelt produces the annual peak discharge. This 

grouping of events for convex rating curves is of particular importance 

because it is during these periods that a large proportion of the annual 

load of sediment is transported through the Fraser River system. 

The largest number of single-valued events in a given year were 

observed in 1968 on the Chilliwack River (Fig. 5.5a) probably for two 

main reasons. Firstly, the Chillliwack River has a bimodal distribution of 

discharge and sediment concentration caused by spring snowmelt and 

fall and winte: storminess. Secondly, since the Chilliwack River has a 

small drainage basin with moderate to steep slopes on valley sides, the 

response of the basin to changes in discharge is almost immediate 

because storm runoff travels fast and only for short distances to reach the 

outlet at Vedder Crossing. As a resu!t, the magnitudes of sediment 

concentration compared to discharge for the Chilliwack River are larger 

than for the Fraser River stations, and the Chilliwack River basin shows 
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Fa. 5.5. Tming of storm events with (a) l i a r  (L), convex (Cx), on the Chillwad< River at 
Valder Crossing h 1968, anf 0) concave (C%) rating curves on the Rase Flivar at Hansard 
in 1981. C and Q are sediment co~~entration and discharge, respectively. 



rapid fluctuations in sediment concentration for individual hydrological 

events. 

In Fig. 5.5a it is clear that, whereas closely spaced storm events 

produced consecutive linear rating curves. convex rating curves occurred 

subsequently to linear and other events. By contrast, in 1981 (Fig. 5.5b) 

the concave rating c w ~ e s  at the Hansard station on the Fraser River 

were produced by consecutive events that apparently coincided with the 

owset of snowmelt preceded by a long period of baseflow. 

Fig. 5.5 supports the contentioi~ that, the timing of events offers 

only partial explanation for the forms of rating curves produced by 

different storms events even at the same station. This is largely because 

events occurring in isolation or with others in quick succession do not 

necessarily produce single-valued sediment-discharge relations. 

Furthermore, individual storms differ not only in terms of discharge 

hydrograph characteristics, but also in that amounts of easily 

transportable sediments available in the channels are site specific and 

vary from time to tim&ven at the same station. Fig. 5.6 indicates that on 

the Silverhope Creek near Hope station and on the Fraser River at the 

Mission station in 1969, more than one group of factors appears Po have 

controlled the occurrence and forms of single-valued sediment-discharge 

relations shown. 

Differences in the bed calibre sediments, gravel at Silverhope and 

sand at Mission station, could have contributed to the variations in the 

types of rating curves produced. Other factors that probably influenced 

the forms of rating curves were the direction of movement of the storm 

event which meant that it lasted longer at either Mission or Silverhope 

Creek near Hope. 
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FQ. 5.6. Timing of s t m  events with linear (L) rating curves (a) on the Silverhope Creek 
near Hope and @) on the h a w  River at Miion station in 1989. C and Q are sedimera 
cmcentration and discharge, respectively. 



However, Fig. 5.7 shows that many hydrological events at the 

Hope and bgassiz stations on the Fraser River in 1969 did not produce 

different types of rating curves. This indicates that, on a time scale of 

days, spatia! proximity between stations has the effect of producing 

similar rating curves because factors that control channel processes are 

indistinguishable within short distances. 

Moreover, the event of the peak discharge and that preceding it 

produced linear rating curves at Agassiz in 1973 while at Mission station 

the peak event did not effect a single-valued sediment-discharge 

relation. Unlike the Agassiz station the event preceding peak discharge 

produced a concave rating curve at Mission station (Fig. 5.8). This 

variation in rating curves by similar events demonstrates that events were 

attenuated by spatial effects as they moved downstream along the river. 

In addition, events sometimes recruited more sediments as they 

moved downstream while at other times they deposited some of the 

sediments. In each case, the sedimentological character of the events 

concerned were changed. The variations in the rating curves produced 

by similar events at Agassiz, Mission and Hansard stations suggest that 

channel processes operating at the these stations were influenced by 

geography as well as by the distinct character of the channel beds. This 

observation, to some extent, confirms the differences in the scour and fill 

processes observed at the Agassiz and Mission stations discussed in 

Chapter Four. 

In summary, the differences in the timing and occurrence of 

various types of rating curves reported in this section illustrate the 

difficulty encountered when attempting to pin-point factors accounting for 

variations in sediment concentrations in rivers. This suggests that it 
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Fig. 5.7. Timing of stum events with linear (L) rating curves on the Rser Rivet at 
(a) Hope and (b) near Agassiz station h 1969. C and Q are sediment concentration 
and discharge, respectively. 



Fig. 5.8. Tming d starm everds with linear (!!I and concave (Ce) rating curves on 
the baser R W  1 (a) Hans&, near AgdSSiz and (c) Mission station in 1973. 
C and Q are sediment coPieematio~ atxi discharge, respectively. 



would be fruitless i~ ii-rvestigate factors ccontrslling sediment variations for 

single-ya!ued rating ewes by comaring l- - indivibua! events. !!?stead, I! is 

more useful to ~ ~ n s i d e r  the events in groups. 

5.5.2 Hydrologic Factors 

In order to analyse the hydrological factors controlling sediment 

variation in single-valued hydrological events, the data were divided into 

the rising and falling stages and arithmetic averages calulated for 

different discharge factors and concentration. In the rising stage, factors 

controlling variation in the mean rising-concentration (Cr) included mean 

rising-discharge (Qr), discharge preceding storm hydrograph rise (Qpr) 

(a surrogate for antecedent soil moisture conditions) and the index of 

flood intensity (IFI). In falling stage, factors controlling mean falling- 

concentration (Cf) were mean falling-discharge (Qf) and the rate of flood 

recession (IFR). Based on the data in Appendix 3, the relative influences 

of the aforementioned factors on the variation of sediment concentration 

for linear and non-linear single-valued rating curves were evaluated. In 

addition, the non-linear rating curves were further subdivided into 

concave and convex forms before factors controlling their forms were 

assessed. 

In order to assess factors that control sediment variations for the 

three types of rating curves, variations in sediment concentrations 

explained by each variable and standard errors of estimate in the rising 

and falling stages were compared for different cuwe forms. The results of 

the linear regressior: analyses are presented in Table 5.9(1). For linear 



Tabrie 5.9. Summary of results for simple regression analysis of the 
relationships between mean rising and mean falling sediment 
concentrations as dependent variables and the independent variables in 
the rising and falling stages for linear and non-linear: concave and convex 
single-valued hydrological events in the Fraser Rber basin. 

variable1 -- n r2 

I. LINEAR EVENTS 

or 3 1 0.384 

O r  3 1 0.320 

IR 31 0.494 

(2 f 3 1 0.431 

l m  3 1 0.596 

11. NON-LINEAR EVENTS 

Qr 17 0.220 

Q ~ r  17 0.177 

IR 17 0.342 

Q f 17 0.391 

IFR 17 0.384 

Ila. C W A Y E  EbENVS 

Qr 13 0.050 

Q ~ r  13 0.031 

I A 13 0.51 7 

(3 f 13 0.126 

IFR 13 0.254 

Ilb. CONVEX EVENTS 

$- 5 0.963 

Q ~ r  5 0.965 

I A 5 0.884 

Qf 5 0.993 

IFR 5 0.990 

P Dependent variable 

1 Q and C)t are rising and falling mean discharges (m%rl); Qpr, the discharge 

preceding hydrograph rise (m%-I); IFI, the index of flood intensity; IFR, the index of 

rate of flood recession; Se, the stanclsud error of estimate (mg L-I); and P, the 

significance Isvel. Dependent and independent variables are defined in section 

5.5.2. 130 



rating curves, all independent variables were found to have controlled 

sediment coi-icentraiions in the rising mi; faliiiig siagas at O O i  iavai of 

significanca. Based on the coefficient of determination ($), insan rising 

concentrations were f ~ u n d  to be controlled more by the index of flood 

intensity than by mean rising discharge and preceding discharge. in the 

falling stage, mean falling concentrations were found to be controlled 

more by the index of flood recession than by the falling mean discharge. 

Additionally, for linear events, eaiculated standard errors of estimate 

indicate that variations in sediment concentration were higher in the 

rising than in falling the stage. 

The results of the simple regression analysis of the non-linear 

events are also summarized in Table 5.9(11). Note that, the data for the 30 

November 1975 event on the Chilliwack River were excluded from the 

non-linear analysis because the associated concentrations were far 

above 'normal'. With the exclusion of this event the analysis showed that 

the independent variabies in the rising and falling stages controlled 

sediment variations at different levels sf significance, ranging from 0.01 

to 0.10. Rising mean concentrations were found to be controlled more 

by, in the order of significance, index of flood intensity, mean discharge 

and finally the preceding discharge. The rate of flood recession was 

found to control mean falling concentrations as much as mean falling 

discharge. 

Overall, the analysis shows that for non-linear events, sediment 

concentrations were more related to discharge and hydrograph 

characteristics in the failing than rising stages. Conversely, for linear 

events mean discharge and hydrograph characteristics were important, 

both in rising and falling stages. The discharge preceding hydrograph 



rises, approximately synonymous with antecedent moisture conditions, 

was the distinguishing factor between linear and non-linear rating curves 

because of its greater control on sediment concentrations for the forrzer 

and not for the latter curve forms. This suggests that, for linear events, 

~ t h e r  factors remaining constant, high antecedent moisture conditions 

likely had the effect of generating quick runoff and a rapid increase in 

sediment concentration in csncerl with changes in discharge. 

Apparently, low antecedent moisture conditions produced a delayed 

increase in sediment concentration, a response not in phase with 

changes in discharge, which resulted in non-linear sediment rating 

curves. 

Furthermore, non-linear hydrological events were also considered 

as a separate category comprising concave and convex sediment rating 

cunies. For concave events (Table 5.9(11)a), the factors that significantly 

controlled sediment variations were the index of flood intensity and the 

rate of flood recession at 0.01 and 0.10 levels of significance, 

respectively. The preceding discharge as well as the mean rising and 

mean falling discharges were found not to have any control on sediment 

concentrations. in contrast, for convex rating curves (Table 5.9(11)b), 

mean sediment concentrations were found to be controlled by, in order sf 

significance, mean falling discharge, the index of flood recession, and up 

to the same extent as the preceding and rising mean discharge, 

significant at 0.01 level. The index of flood intensity was found not to 

influence rising mean concentrations significantly. 

Therefore, other factors remaining constant, the distinguishing 

characteristic between concave and convex rating curves is that the 

concave events were controlled by the index of flood intensity while 



convex events were not. Also, the results shows that concave sediment 

rating curves were controlled more by hydrograph characteristics than 

mean discharge in the rising and falling stages. In contrast, sediment 

concentrations for convex events were controlled by both mean 

discharge and hydrograph characteristics in the rising and falling stages 

with the exception of the index of flood intensity. These observations 

imply that, in the rising stages, concave rating curves were controlled by 

the index of f!ood intensity while convex events were controlled by 

discharge and antecedent moisture conditions. In the falling stage, 

convex events were controlled by mean falling discharge while concave 

events were not. 

A stepwise multiple regression approach was used to analyse the 

complex relationships between sediment concentration and hydrological 

factors controlling forms of linear and non-linear sediment rating curves. 

Multiple regression models were developed first by entering various 

factors in the order of decreasing (rz) given in Table 5.3. Those factors 

found not significant at 0.05 level were excluded from the analysis. 

Since correlation coefficients are not suited for assessing relative 

influences of different factors that control variations in sediment 

concentrations, beta coefficients, as suggested by Yevdjevich (1964) 

were calculated and included in Table 5.10 for comparison purposes. 

Beta coefficients were also used for determining the order by which 

different factors were to be entered in the regression mcrdsls. 

The beta coefficients are better than ordinary correlation 

coefficients because apart from being dimensionless, they measure the 

effect of a particular independent variable on the variation of the 

dependent variable (Walling, 1973: 21 8). The beta values in Table 5.1 0b 



Table 5.10. Results of stepwise multiple regression analysis between 

hydrological factors and suspended-sediment concentration for linear and non- 

linear single-valued events in the Fraser River basin. 

(a) STEPWISE MUiTiPLE REGRESSION EQUATIONS MULTIPLE CORRELATION 
COEFFICIENTS 

I. Linear Events n R~ P 

FUSING STAGE: C = 49.977 i- 0.2171Fi + 236Q - 0.242Qpr 31 0.549 0.0001 

FALLING STAGE: C = 37.605 + 0.8691FR - 0.008Qf 31 G.600 0.0001 

I1 Non-Linear Events 

RISING STAGE: C = 73.505 + 0.3981Fl + 0.023Qr 17 0.465 0.0125 

FALLING STAGE: C = 89.38 + 0.3081FR + 0.017Qf 17 0.428 0.0201 

@) BETA COEFFICIENTS (B = b/(sil~d)) 

BETA COEFFlCiENTS 

Linear Non-Linear 

Variable Rising Falling Rising Falling 

Qr 0.8147 0.4327 

NOTES: C 

Qr 

Q f 

Q P ~  
IF1 

fm 
B 

b 

si 

sd 

P 

is the suspended sediment concentration (rng L-'): 

is rising mean discharge (m3 sl); 

is the fal!ing mean discharge (rn3 S1): 

is the discharge preceding hydrograph rise (m3 s-I); 

is the index of flood intensify; 

is We index of ffood recession; 

is %e beta cce%cient; 

is the regression coeffcient 

is the standard deviation for the independent variable (m3 sml); 

is The srandaid deviation for the dependent vanable (mg L-l); and 

is rite sign&ance level 



show that, sediment variation in the rising stages were overwhelmingly 

c~i i i iotkd by the index of flood intensity fofiovjed by iiiean rising 

discharge, both for linear and non-linear sediment rating curves. In the 

falling stage, multiple regression analysis again supports the findings of 

the simple regression analysis by confirming that hydroiogical 

characteristics (defined by the indices of flood intensity and flood 

recession) control the form of sediment rating curves more than the mean 

rising and mean falling discharges. 

Therefore, the distinguishing feature in the multiple regression 

models determined in this study is the lack of preceding discharge factor 

for the non-linear events in the rising stage. Insufficient data for the 

concave events precluded the analysis of factors that distinguished them 

from convex events. 

Ir! ~ r d e r  to predict mean sediment concentrations in the rising and 

falling stages from various hydrological factors, multiplicative models 

(uncorrected for underestimation of sediment concentrations) for each of 

the studied factors are given in Table 5.11. Ali the factors were 

significant at 0.01 level. Table 5.1 1 shows that the different hydrological 

factors accounted for between 48% and 63% of the variat~on in sediment 

concentration in the rising stage and between 55% and 65% in the falling 

stages. These results suggest that the relationships between sediment 

concentration and these hydrological fact~rs for individual hydrological 

events are moderately strong when using multiplicative models for 

analysis. 



Table 5.1 1. Summary of result3 of multiplicative regression analysis of 
the relationships between mean rising and mean falling 
sediment concentrations and various hydrological factors for 
linear and non-linear single-valued hydrological events in 
',he Fraser River basin. 

Rising Stage Falling Stage 

Regression - .. equation1 n r2 Regression equation1 n r2 

11. NON-LINEAR EVENTS•  ̃

Cf = 14.043~r0-365 17 0.575 Cf = 11.287 i~~0.5~6 17 0.647 

Cr = 20.938Qpr0.324 1 7 0.558 Cf = 09.095~f0,39~ 17 0.623 

Cf = 21 .l421~10-430 17 0.483 

1 Cr and Cf are rising and falling sediment concentrtation (mg 1-I); Qr and Qf are 

average rising and falling discharges (m3 s-l); Qpr is the discharge for the aay 

preceding hydrograph rise (m3 s-1); IF1 is the index of flood intensrty; IFR is the index 

of rate of flood recession. 

5 The anomafous went of 30 November 1975 on Chilliwack River was excluded from 

the analysis. 



5.5.3 Hydrauiic Factors 

5.5.3.1 Assumptions 

In order to analyse hydraulic factors controlling single-valued 

rating curves, it was assumed that an increase in sediment concentration 

resulted from local bed scour (Leopold and Maddock, 1953a: 34) in 

immediate reaches upstream of gauging sites. Under this assumption 

increasing velocities were associated with bed scour provided that the 

discharge and velocity thresholds for bed scour were exceeded. 

Conversely, decreasing velocities wers associated with bed filling. 

5.5.3.2 Depth of Flow, Velocity and Stream-bed Elevation 

The data for hydraulic factors, namely: flow depth, velocity and 

stream-bed elevations, found to influence single-valued sediment rating 

curves are given in Appendix 7. The results of analysis, summarized in 

Table 5.62, show that there were small differences in the slopes of simple 

regression lines for relationships between discharge and depth and 

velocity. Because of too few measured events, the hydraulic factors 

controlling the variation of sediment concentration were qualitatively 

assessed. Changes in depth, velocity and bed elevation associated with 

8 events with linear, concave and convex rating curves for rising and 

falling stages are included in Table 5.12. 

The timing of events with respect to the occurrence of threshold 

discharges for bed scour are summarized it1 Table 5.12 and compared 

within and between tinear, concave and convex rating curves. Threshold 
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discharge values referred to here are the seassnaf values determined in 

Chapter Four. Discharge thresholds represent the level at which large 

quantities of gravels were mobilized. Based on this understanding 

velocities for suspended-sediment transport associated with threshold 

discharges for individual events, velocity thresholds associated with 

threshold discharges for individual events were assumed to be lower 

than those for gravel determined for seasonal scour and fill (Table 5.1 3). 

Linear rating cuwes occurred when depths were shallower or 

deeper in rising than falling stages and when the associated velocities 

were smaller or greater on the rising than those on the falling stage. 

f hew processes are partly exemplified by the event sf 3 June 1979 on 

the Frzser River near the Marguerite station (Fig. 5.9a and b). The 

hydrograph for this event began to rise and terminated when the 

threshold discharge was greater than 2 000 m3 s-I (Fig. 5.9~).  

Consequently, linear rating curves were characterized by bed scour on 

the rising and falling stages and by constant low or stable low bed 

elevation in the falling stage associated with high stream velocities that 

remain unchanged for several days after the discharge peak. 

These high velocities that ~ersisted after peak discharge and 

caused bed elevations to remain stable at depth (e.g. Fig. 5.9a) are what 

Maddock (1969: 19) hypothesized to be limiting velocities above which a 

channel would simply eroda and enlarge its sections while keeping 

velocities constant. Stein (1 965) called these high velocities "breakaway 

velocities" which he experimentally observed to occur at the level of 

dicharge where the bed friction factor is a minimum. According to 

Maddock's (1969: 19) hypothesis, "breakaway velocities" may be defined 

as the limiting velocities above which "...a channel will simply erode and 



Table. 5.13. Channel hydraulic thresholds for stream-bed scour at 

sediment stations on !he Fraser and Chilliwack Rivers. 

Station River 
No. no. 

Threshold Levels1 

08KA004 Fraser R. at Hansard 3.250 500 0.700 

08hrlC018 Raser R. near Marguerite 2.250 2000 2.000 

08MF005 Fraser R. at Hope 5.200 1500? 0.850 

08M F035 Fraser R. near Agassiz 3.500 3000 1,530 

08M H001 Chilliwack R. at Vedder 2.000 150 2.000 
Crossing 

08M H024 Fraser R. at Mission 3.450 6000 1.250 

1 G. H. is the daily gauge height; Q the discharge threshold for bed scour and Vt is 

the mean velocity at the associated discharge threshold. (?) indicates that value is 

not accurately known due to few measurements at low flows. 
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enlarge its sectic ns ...( while) ... keeping velocity essentially constant*. 

At Marguerite station during the 3 June, 1979 event, the scouring 

of the stream-bed in the rising stage and filling and unchanging bed 

elevations in the falling stage suggest that, suspended-sediment 

originated from the channel bed in the rising stage. In the falling stage, 

sediment most probably supplied from the upstream and banks and none 

from the bed as no scouring was observed. 

In contrast, concave ~ating curves were observed to occur when 

depth was shallower on the rising than on falling stage as the event of 6 

June 1973 on the Fraser River at Mission shows (Fig. 5.9b). But they 

also occurred when the same depth was observed on the rising and 

falling stages (Table 5.1 1). Unlike the linear rating curves, the velocities 

for the concave rating curves were greater on the rising than falling 

stages (Table 5.1 1). The stream-bed for the concave rating curves was 

scoured at discharges greater than threshold values on the rising stage 

and filled for same range of discharge in the falling stage. But re- 

scouring of the bed occurred when the discharge fell below the threshold 

value before the termination of the event. 

No good example of a measured concave event exhibiting this 

pattern of bed scour and fill processes was found in this study. But Fig. 

5.9b shows that, instead of stabilizing, the bed filled in the rising and was 

scoured in the falling stage and the event terminated when discharge 

was above the threshold of bed scour (Qt = 6000 m3s-l) at Mission 

station. This observation is consistent with the observed seasonal scour 

and fill regime at this station (see Fig. 4.7b). Therefore, for the concave 

rating curve, it appears that most of the sediments originated from the 

bed during the scouring phase on the rising limb and during the re- 



scouricg phase in tha early part of the fatting limb. This likely was 

fa!!owed bv sediment exhaustion due to Pjep~sIfj~n of sediment in the 

latter part of the fallirg limb before the event terminated. 

Finally, the case of a convex event was exemplified by the event of 

26 October 1967 at the Vedder Cr~ssing station on Chilliwack River (Fig. 

5.92). During this event the same depth was observed on the rising and 

falling stages while the velocity in the rising stage was smaller than that 

observed on the falling stage. In the rising stage bed elevation 

adjustments to changes in discharge generally started by filling for 

discharges less than the scour thresholds and then they scoured for 

discharges greater than the threshold discharge (Qt = 150 m3s-1) value. 

In the falling stage, the bed was filled and re-scoured for discharges 

greater and smaller than the threshold value as the event of 26 October 

1967 on the Chilliwack River shows (Table 5.1 1). 

The re-scouring on the falling stags for convex events was firstly 

attributed to the differences in the velocity thresholds for transport of 

gravel and sand-sized sediments. Secondly, bed re-scouring in the 

falling stage was the consequence of the winnowing of sand-sized and 

finer sediments possibly from newly formed dunes. Sediment sources for 

most of the sediments for the concave rating curves were also assumed 

to have originated from the channel bed in the latter parts of the rising 

and falling stages when scouring occurred. The scouring of the bed on 

the rising as well as in the falling stages implies that the flow was 

sediment-laden for the entire duration of the events. 

In summary, the distinguishing characteristics between different 

forms of rating curves were, partly, related to the level of discharge at the 

onset and termination of different events. Events for the linear rating 



euwes mostiy began and terminated when discharge was greater than 

the discharge threshcld for bed scour. in such cases, bed scouring 

occurred in the rising stages and filling in the falling stages. 

Conversely, the events for the concave rating curves began when 

discharge was greater than the threshold discharge but terminated when 

discharge fell below the scour threshold. For these events the bed was 

scoured in the rising stage but filling was followed by re-scouring in the 

latter part of the falling stages. Unlike the events for linear and concave 

rating curves, the events for convex rating curves began to rise when 

discharges were below the threshold discharge and terminated in the 

same range of discharge. Consequently, convex rating curves were 

influenced by filling as well as scouring in the rising stages and filling 

followed by re-scouring during falling stages. 

The scouring and filling processes described above are supported 

by the occurrence of precipitation and sub-zero to high temperatures 

which influenced the occurrence of hydrological events and associated 

variations in sediment concentrations. These meteorological factors are 

discussed below. 

5.5.4 Meteorological Factors 

Precipitation is undoubtedly one of the most important and yet 

most complex meteorological factors associated with erosion and 

transport of fiuvial sediments (Guy, 1964:6). Precipitation in the form of 

rainfall and snow expressed as daily total precipitation, in mm, and daily 

mean temperatures (OC) for the duration of hydrological events comprise 



the primary driving force for generation of runoff and sediments. The 

amount of precipitation in all of the Chiiiiwa~k River basin was taken as 

the average of four weather stations located in the basin (Table 3.1 j. The 

air temperatures at the Chilliwack station were assumed to be 

representative of the whole catchment. For the purposes of this 

discussion, temperatures were conveniently divided into four classes, 

namely: sub-zero temperatures (T s 0 QC), iow temperatures (1 I T S 9 

OC), moderate temperatures (I 0 5 T I 19 OC) and high temperatures (T 2 

20 OC). Temperature was categorized in this way for analysis mainly to 

simplify the assessment of its effects on sediment concentration and 

discharge. The meteorological conditions in the course of ten 

hydrologicai events in Chilliwack River basin are summarized in Table 

5=14. In the sections following, meteorological conditions which appear 

to favour the occurrence of linear, concave and convex sediment rating 

curves in the Chilliwack River basin are discussed. 

5.5.4.1 Linear Sediment Rating Curves 

Linear sediment rating curves generally were found to occur when 

precipitation was received throughout the event under low temperature 

conditions in the rising slage and under constant low or sub-zero 

temperatures in the failing stages. This situation was illustrated by the 

event of 12 January 5968 on Chilliv~ack River (Fig. 5.16a, b, c). During 

this event there was high antecedent moisture in the soil because of high 

preceding precipitation of 50.8 mm recorded at Foley Creek on 9 

January, received under low temperature conditions. As a result, the 



Table 5.14, Meteorological conditions during single-valued linear, concave, and 
convex hydrological events in the Chilliwack River basin. 

Event Prec~p~tatlon Rece~ved -- Air -- Temperature -- -- - Range1 - 

no. Penod R~sing Fallmg -- R~slng - - -- Fall~ng - - 

LINEAR EVENTS 

25. 02.01.68 - 18.01 38  YES YES LOW LOW 

26. 19.01.68 - 23.01.68 YES YES LOW LOW 

27. 01.02.68 - 09.02.68 YES NO LOW LOW 

28. 30.05.70 - 12.05.70 NO NO Moderate to high iiigh to moderate 

29. 09.01.72 - 29.01.72 YES YES Low Sub-zero 

CONCAVE EVENTS 

39. 22.09.65 - 30.01.68 NQ NO Moderate Moderate 

40. 30.1 1.75 - 07.12.75 YES NO Low Sub-zero 

CONVEX EVENTS 

46. 26.10.67 - 06.1 1.67 YES N3 Moderate Low 

47. 23.01 -68 - 28.01.68 NI, YE3 Low Sub-zero 

48. 31.05.69 - 10.06.68 YES NO Moderate Moderate 
- -- 

1 Temperature categories: (T I 0 QC), sub-zero temperatures; (1 5 T 5 9 OC), 

low temperatures; (1 0 I T I 19 OC), moderate temperatures; and IT 1 20 QC) 
high temperaturss. 
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event was characterized by a rapid increase in discharge and 

concentration in the rising stage, Furfker continuation of prscipitatinn in 

the falling stage caused concentrations to dscrease at the same rate as 

that of discharge. These conditions imply that quickflow a n d h  overland 

flow composed most of the runoff and that sediment sources orig;natsd 

from areas adjacent Po the river channel. 

Conversely, when precipitation was received under low 

temperatures in the rising stage and under sub-zero temperatures in the 

falling stage, overland flow a c c ~ m t e d  f ~ r  the rapid increase in 

concentration only in the rising stages because it immediately produced 

runoff. But no runoff from the basin slopes was generated under sub- 

zero temperatures ir! the falling stage, implying that sedirnsn'ls most likely 

originated frclrn the channel itself by the scouring prscess. TFiis situation 

was illustrated by the event of 19 Janrlary 1972 (Fig. 5.1 Ie, b, c). 

There were also two exceptional condittons under which hear  

rating curves occurred whdreby precipitatior: playad a lesser role than 

temperature in the generstion of sediments. The first case was produced 

when precipitation was received on the rising arld nane on the falling 

stage under low temperatures in the rising and falling stages during the 

event of 1 February 1960 (Fig. 5.12a, b, c). The implication under these 

conditions is that sediment supplied by quickflaw or overland flow from 

areas near the channel in the rising stage were augmented by sediments 

stored in the channel and no exhaustion of sediments occurred by the 

time of discharge peak. 

Another exceptional cllse under which a linear rating curve was 

produced (not illustrated) occurred when no precipitation was recorded 

in the rising stage with only mitirnal amount received in the falling stage. 
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Temperatures for the duration of this event were rising from moderate to 

high ranges in the rising stage and were decreasing from high Po 

moderate ranges In the fslling stage. In this event, rapid increases in 

discharge and concentrations were associated with snowmelt generated 

by high temperatures in the rising stage. The little precipitation received 

in the falling stage appears to have been effective in generating 

sediment as indicated by the associated concentrations which decreased 

at the same rate as discharge under conditions of moderate 

temperatures. All the observed meteorological conditioris under which 

linear sediment rating curves occurred have not been reported before. 

5.5.4.2 Concave Rating Curves 

Meteorological conditions under which concave rating curves 

occur included cases when precipitation was received in the rising and 

falling stages ~inder low temperatures conditions, and when no 

precipitation was received in both rising and falling stages and under 

increasing and decreasing moderate temperatures in 1 he rising and 

falling stages. The case of increasing precipitation in the rising stage 

iinder low temperature conditions in the rising and falling stages was 

exemplified by the event of 30 November 1975 on Ch'rlliwack River (Fig. 

5.1 3a, b, c). 

During this event, a large proportion of the discharge likely was in 

surface storage due to high moisture conditions, low infiltration rate of 

surface water retarded by freezing conditions that existed just below the 

surface and the presence of snow cover. As temperatures began to 
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increase, discharge increased rapidly with quickflow or overland flow 

supplying most o i  the sediments in the rising stage. in addition, iarge 

quantities of sediment likely were also supplied from the channel itself, 

especially from cut banks, bank collapse and from sites of slope failures 

in the Liumchen, Bamihi and Sleese Creeks upstream of Vedder 

Crossing which were documented by Munshaw (1976). In the falling 

stage, low temperatures likely inhibited sediment transport as indicated 

by the higher rates of decrease for concentration than for discharge (Fig. 

5.13b). 

5.5.4.3 Convex Rating Curves 

The precipitation regimes for the convex rating curves were similar 

to those for concave curves when precipitatiog was received in the rising 

and falling stages. The distinguishing characteristic between convex and 

concave types of rating curves Is that the former tended to occur under 

moderate temperature conditions accompanied by the gemration of 

surface runoff while the iatter occurred under low temperatures which 

hampered runoff generation. Under moderate temperature conditions, in 

the rising stage, precipitation quickly produced runoff and sediments 

were supplied from surface slopes. In the falling stage, sediment 

concentrations were high because they likely originated from the channel 

bed and banks. As a result of this, a convex rating curve was produced 

by fhe event of 31 Mzy 1968 on the Chilliwack River (Fig. 5.!4a, b, c). 

The moderate temperatures during this event appear not to have altered 

the rate of sediment transport in the falling stage, probably due to 
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snowmelt because concentrations decreased almost at the same rate as 

that of discharge. 

Conversely, low temperatures in the rising stage for concave 

events did not inhibit runoff and sediment generation from intense 

storms, but appear to have retarded sediment replenishment in the falling 

stage such that concentrations decreased at a faster rate than did 

discharge. The result was the concave sediment rating curve. 

5.6 Summary and C~nclusions 

To summarize and conclude this chapter, types of sediment- 

discharge relations in Fraser River basin were found to be controlled by 

the timing of hydrological events in the year, runoff amount and its rate of 

increase, and sediment availability. No two hydrological events, 

however similar, produced similar sediment-discharge relationships. 

The close interplay of spatial and temporal factors in controlling sediment 

variation for individual hydrological events is the major problem in pin- 

pointing the different factors accounti~g for variations in sediment 

concentrations in rivers. So far, no simple mathematical model is ye4 

available to explain all sediment-discharge relationships for single- 

valued hydrological events in rivers. 

Unear regression andysis of iiidepeiid~fii hydrotogiml factors ii? 

the rising and failing stages, namely, preceding discharge, rising mean 

discharge, index of flood intensity, falling mean discharge and the rate of 

flood recession, that control sediment variation for linear and non-iinear 

single hydrologicat events, revealed several controls. In the rising stage, 



linear rating curves were found to be controlled more by the index of 

f imd intensity than by the risiiig rnean discharge and aiiiecedant 

moisture. In the falling stage, linear rating curves wera controlled more 

by the index of flood recession than by the falling mean discharge. 

By contrast, non-linear sediment rating curves in the rising stage 

were found to be controlled more by, in order 3f significance, the index of 

flood intensity, rising mean discharge and antecedent moisture. The rate 

of flood recession was found to control falling mean concentrations as 

much as the falling mean discharge. Overall, the analysis showed that, 

for non-linear events, sediment concentration is more related to 

discharge and hydrograph characteristics in the falling stage. 

Conversely, for linear events discharge and hydrograph characteristics 

are important controlling factors both in the rising and falling stages. 

The distinguishing characteristics between linear and non-lin~ar 

rating curves is the influence of preceding discharge or antecedent 

moisture because of its greater control on sediment concentration for the 

former an3 none for the latter curve forms. This implies that, for linear 

events, other factors remaining constant, high antecedent moisture 

conditions has the effect of generating quickflow and overland runoff and 

a rapid increase in sediment concentration in concert with changes in 

discharge. Therefore, low antecedent moisture conditions produces a 

delayed insrease in sediment concentration, a response not in phase 

with changes in discharge, which leads to the non-linear relationship 

between sediment concentration and discharge. 

Lastiy, the stepwise multiple regression analysis, used to 

determine the hierarchy of hydrological factors that control sediment 

variation for finear and m-l inear  events, revealed that finear events are 



controlled by antecedent moisture in the rising stage while non-linear 

events are not. 

Hydraulically, linear, concave and convex sediment rating curves 

were distinguished on the basis of levels of discharge with respect to 

scouring and filling processes. It was found that, hydrographs for linear 

events began to rise and terminated when discharge was greater than 

that for bed scour. Under these conditions, the scouring process in the 

rising stage operated at rates similar to those for filling. In contrast, 

concave events began to rise when discharge was greater than the 

threshold for bed scour and terminated when the discharge fell below the 

scour threshold, or vise versa. In these cases, scouring occurred in the 

rising stage and filling in the falling stage when discharge was greater 

than the scour threshold and the bed was re-scoured once the discharge 

fell below the threshold of scour before the event terminated. The 

reverse situation also produced a concave rating curve. The convex 

events began to rise when the discharge was below the level of bed 

scour and terminated in the same range of discharge. Therefore, convex 

rating curves were controlled by filling as well as scouring in the rising 

stages, and in the failing stages, filling was followed by re-scouring by 

the termination time. 

From the sedimentoiogical point of view, suspended sediments for 

linear rating curves originated from the channel bed in the rising stage of 

the events with little or no amount af sediments recruited in the fa!ling 

stages. For the conme rating curves, the channel bed supplied most of 

the sediments during scouring in the rising stage as well as during the re- 

scouring episodes in the latter part of the falling stage. Finally, for the 

convex rating curves, bed filling occurred before time of peak and most of 



the suspended sediments originated from the bed in the Iattsr parts of the 

rising and falling stages when scouring occurred. in some cases, basin 

slopes contributed sediments in the falling stages of convex events. 

The analysis of hydraulic factors demonstrated that the interaction 

between the stream-bed and stseamflow was an important factor in the 

control of sediment variation for single-hydrological events. During the 

rising stage of the hydrological events, streamflow occurs within the bed 

material and the increase in water depth allows the f l ~ w  to access fine 

sediment resident in the banks. In the falling stage, overland flow 

contributions cease and the recession flow curve is controlled in part by 

effluent flow thmugh the channel boundary. 

If the bed is mobile in the rising and falling stages, and sediments 

are released more rapidly in the rising stage than failing stage, a linear 

rating curve would be produced. But, if the bed is mobile in rising and 

immobile in falling stage of an hydrological event, the associated 

sedimefit-discharge relation likely will have a concave form. Similarly, If 

the bed is mobile in the rising and falling stages, the convex rating curve 

would result since sediments would be released quickly both in the rising 

and falling stages. It appears to be the case that when the inactive bed 

becomes mobile, in the rising or falling stages, it could contribute 

considerable amounts of sediments for transpod by the stream. 

Therefore, the return of stored sediments by the scouring of the bed, in 

this study, has been found to be one sf the major factors controloiling the 

variation of suspended sediment concentration for single hydrological 

events. 

Meteorological factors, namely, precipitation and air temperature, 

appear to control the forms of single-valued sediment rating curves. 



Comparison of changes in bed elevations and the time of precipitatbn 

occurrsnce and temperature conditiens in the duratiot; of the events 

revealed that, bed scour generally was linked to the occurrence of 

precipitation in the drainage basin. For instance, linear events occurred 

when it rained under low or sub-zero temperatures in the rising stage 

and when precipitation was received under similar temperatures 

conditi~rrs in the falling stage. Linear rating curves were also produced 

when it rained under low to moderate temperature conditions in the rising 

and falling stages. Under low and sub-zero temperature conditions 

sediments were only recruited from the stream-bed and none from the 

slopes due 'to the frozen ground which inhibited infiltration and runoff 

generation. But under moderate temperatures runoff generated from 

precipitation recruited sediments from both the channel and areas 

adjacent t~ the river channel. 

By contrast, concave events occurred when precipitation wzs 

received in the rising and failing stages under low temperature 

conditions as well as when it rained in the rising and falling stages under 

moderate temperatures. Under these conditions, concentrations either 

increased or decreased at rates greater or less than :hat of discharge in 

the rising or falling stages, respectively. Lastly, convex rating curves 

occurred under moderate temperature conditions when precipitation was 

received in the rising and little or none received in the falling stage. 

Under these conditions, in the rising stage precipitation quickiy produced 

runoff accompanied by high sediment concentrations from the basin 

stopes as well as from the stream-bed. In the fal!ing stage, sediment 

replenishment occurred due to precipitation under moderate 





CHAPTER SiX 

CAUSES OF HYSTERESIS IN SUSPENDEL?-"EDIMENT 

WATlNG CURVES 

6.1 Hysteresis in Sediment-Cischarge Relations 

6.1 .I Definition of Hysteresis 

Hysteresis exists if, for each discharge on the rising and fallicg 

stages, there are more than one statistically dissimilar suspei,ded- 

sediment concentrations. Not lncluded in this analysis are those events 

that appeared to be hydrclogical when in fact they were simply episodes 

sf increasicy sediment concentrations related to non-storm events such 

as snowmelt in which discharges rose without falling back to or near the 

levels they were at the beginning of the apparent events. 

6.1 -2 Types of Hysteresis 

Two types sf hysteresis reported in the literature are clockwise and 

anticlockwise hysteretic loops. Clockwise hysteresis occurs when the 

sediment concentration peak leads the discharge peak (see Fig. 6.5b.2; 

6.51a) and an:iclockwise hysteresis occurs when the discharge peak 

leads that ~f sediment concentration (see Fig. 6 2 ,  event 8; 6.13a). The 

hydrological events that prcduced clxkwise and anticlockwise forms of 

hysteresis are referred to here simply as clockwise and anticlockwise 



hysteretic events, respectively. 

6.1.3 Character of Hysteresis in Sediment Concentration to Discharge 

Relations in the Fraser River basin 

In order to assess variations in sediment concentrations within and 

between hydrological events, eight consecutive events between April 

and September, 1977, were selected at Marguerite station. These eight 

events are assumed to be representative of the distribution of the 

hydrological events in the Fraser River basin for most years. Regression 

results for the eight individual hydrological events are shown in Table 

6.1. Each one of the storm events was divided into rising and falling 

stages. The discharge peak was included in the rising stage while 

stationary periods between events were incorporated into the falling 

stages. 

The regression results showed that overall, discharge explained 

between 15% and 97% sf the variation in sediment concentration. 

Standard errors of estimate, included in Table 6.1, show that the 

precision of estimating sediment concentration from discharge varied 

widely among events. Although significant relations between suspended 

sediment concentration and discharge were obtained, the type of 

equation was no1 consistent among events. This was anticipated from 

responses shown in the discharge hydrographs and sediment graphs 

(Fig. 6.1) (based on data in Appendix 8). Note especially that even 

events that had similar peaks (e,g., events 2 and 6), did not produce 
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similar equations. 

Simple regression analysis of the relationship hetweert 

concentration and discharge in the rising stage shows that the highest 

coefficient of determination (r2 = 0.997) was associated with event 6 

which contained the seasonal discharge peak. A systematic decrease in 

the explained variance of sediment concentration was also observed in 

subsequent events after the seasonal discharge peak had passed. 

Furthermore, slopes for regression lines in the falling stage were 

generally greater than those in the rising stage. Aithough this implies 

that falling discharges have a greater potential for sediment transpor: 

than the rising discharges, it is only true for events exhibiting clockwise 

hysteresis. 

By plotting suspended-sediment concentrations sequentially 

against discharge, different degrees of hysteresis were evident for 

different events. More pronounced hysteretic loops were associated with 

events earlier than later in the season (Fig. 6.2). The amount of spread in 

the hysteretic loops decreased in subsequent events (probably due to 

exhaustion of sedimenzs). After sediment storage was depleted most of 

the sediments likely derived from the channel bed and linear sediment 

rating curves were generally produced (see event 8) (Fig. 6.3). Overall, 

analysis of hysteresis revealed that, for a given discharge, more 

suspended sediment was transported on the rising than on falling stages 

irrespective of whether or not the event was characterized by clockwise 

or anticlockwise hysteresis. Some of the factors controiling the 

occurrence sf clockwise and anticlockwise hysteresis are discussed in 

later sections. 
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6.1 -4 Factors Contrailing Hysteresis Sediment Concentration-Discharge 

8yste:esis 

6.1.4.1 Sources of Sediment Supply 

For single hydr~logical events, clockwise hysteresis was observed 

to occur, at all sediment stations, more commonly in early spring than 

later events and anticlockwise hysteresis in the later storm than earlier 

storm events. Generally, clockwise hysteresis appears to be caused by a 

high influx of sediments from the basin slopes and as well as from areas 

adjacent to the river channel. But in the anticlockwise case, most 

sediments likely originated from bank collapse and landslides which are 

common along Fraser River upstream of Marguerite. For instance, the 

occurrence of anticlockwise hysteresis in events 3, 7 and 8 (Fig. 6.2) 

followed major storms during which sediment exhaustion took place. 

This is why anticlockwise loops were generally of short duration and 

were not associated with very high sediment concentrations. Their 

occurrence resembled slug injections of sediments from isolated and 

localized areas characteristic of bank failures and landslides. 

6.1 -4.2 Temporal and Spatial Factors 

6.1.4.2.1 Time Lag between Sediment Concentration and Discharge 

Peak 

Time lag between suspended sediment and discharge peaks for 

individual hydrological events partty accounted for hysteresis in 

sediment-discharge relations. This factor is illustrated below by two 



events, one in 1976 and the sther in 1980. The analysis involved 

comparing differences :q the travel times of suspended sediment and 

flood peaks at different stations along the main channel of Fraser River. 

Hydrological information for the 30 March 1976 ev3nt indicated 

that it was not registered at the Hansard statioc wid, therefore, originated 

somewher@ between Quesnel and Marguerite station. The sediment 

concentration peak arrived at Marguerite station on 9 April, five days 

ahead of the flood peak registered on 14 April 1976 (Fig. 6.4a). The 

increase in sediment concentration during this event at Marguerite 

station was also found to have been unrelated to discharge. Note 'that 

even after peaking, sediment concerrtiations continued to fall whiie 

discharge was steadily rising. Evidently, during this event at Marguerite 

station, variations in sediment concentration were mainly supply 

dependent and independent of flow conditions. 

At the Hope (Fig. 6.4b) and Agassiz (Fig. 6 . 4 ~ )  stations, the 

sediment concentration peak occurred on 14 April while discharge 

peaked three days later. Whereas the discharge peaked at Hope, 

Agassiz and Mission on 17 April, the concentration peak stalled for three 

days between Agassiz and Mission so that the two peaks occurred 

simultaneously at Mission on 17 April (Fig. 6.4d). Between Hope and 

Agassiz stations the river planform changes from a straight to braided 

pattern, Undoubtedly, this change in channel planform (and sediment 

storage capacity) partly account for this phenomenon. Deposition of 

much of ?he suspended-sediment on gravei, in the past iikely contributed 

to the formation of gravel bars and islands which characterize the reach, 

Before the 30 March event terminated, the deposited sediment appear to 

have beenremobilized en masse by the flood which arrived at the 
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Fig. 6.4. Discharge and suspended sediment concentration graphs 
for the Fraser River during the 30 March - 23 April 1976 hydrological 
event (a) near Marguerite, (b) at Hope, (c) near Agassiz and (d) at 
Mission stations. 



Agassiz station three days later than the sediment peak. 

Theiefrre, differences iii t he  tiaiiei times of coneeiiiraiioii a id  

discharge peaks between stations partly accounts for the generally poor 

relationships between concentration and discharge at different stations. 

Table 6.2 indicates that discharge accounted only for a negligible 

amount of the variation in suspended-sediment concentration during the 

30 March 1976 event at Marguerite station. However, when the data 

were divided into the rising and falling stages, regression analysis 

revealed that falling sediment concentration were more related to falling 

discharge than were rising concentrations to rising discharges. This 

implies that, at the onset of spring snowmelt, easily transportable fines 

were quickly entrained by the flow even when there was little change in 

discharge. 

The decreasing length of time lag between sediment and 

discharge peaks in the downstream direction led to an improvement in 

the simple predictive capacity of the sediment-discharge relatmnships. 

This was indicated by the increase in the overall r2 from 0.031 near 

Marguerite to 0.74 at Mission where sediment and discharge peaks 

occurred simultaneously (Table 6.2). For the rising stage, the variance in 

sediment concentration explained by the discharge alone increased from 

14% near Marguerite to 99% at Mission. However, an opposite situatim 

was observed for the falling stage in which the variance of sediment 

concentration explained by discharge decreased from 95% near 

Marguerite to 87% at Mission. The dilution of the flow by the flood flow 

and contributions from tributaries presumably accounted for this change. 

The small change in the explained variance between Marguerite and 

Mission stations for the falling stage was probably due to the interplay of 
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factors o+wr than discharge. 

The temporary stalling of the sediment peak between Hope and 

Agassiz due to the change in channel pattern discussed above, partly 

explains the similarities in the coefficien:~ of determination in the rising 

and falling stages at Agassiz (r2 = 0.945), and between Hope (r* = 0.949) 

and Agassiz (r2 = 0.945) stations in the falling stage. The change in 

channel pattern apparently had the effect of slowir~g down the 

downstream movement of the wave of high sediment-concentration, 

thsreby allowing for an equivalent amount of sedirnent to be transported 

in the rising and falling stages at the Agassiz s;_?tion. Table 6.3 shows 

that most ~f the sediment load transported by the 30 March 1976 event 

originated from the reach between Hansard and Marguerite and only a 

negligible amount was sdpplied from the reach upstream of Hansard. A 

systematic decrease in sediment load was observed in the downstream 

direction betwson Marguerite and Hope station due to in-channel 

storage. The negative net sediment transport downstream of Hope 

indicates that more sediment was being stored than was being 

transpcafied through ttis system, further supporting the results of the bed 

elevation analysis discussed in Chapter Four. 

Another event in which lag time between concentration and 

discharge peaks influenced sediment variations was that of 15 

December 1980 recorded at Hansarcl and Marguerite stations on the 

Fraser River. Hydrological infcrmation indicated that this event was 

ies$iicted ofily to t he  iiver i e ~ c h  above Marguerite. This ever;: was 

initiated by a two-day precipitation received on 15th-16th December. 

The precipitation in these two days decreased in the downstream 

direction, being highest at McBride (61.5 mm) which is located upstream 



Table 6.3. Net storage of suspended-sediment load on the main channe! i;f Fraser River 

during the hydrological event of 30 March - 23 April, 1976. 

Event sediment Sediment Sediment 
load change change 

No. Station - - Period (tonnes) (tonnes) ( O/G 1 

1. Hansard 30.03.76 - 23.04.76 3695 
1489444 + 403097 . 0 

2. Marguerite 30.03.76 - 23.04.76 14931 39 

51 9581 +34.8 
3. Hope 30.03.76 - 23.04.76 201 2720 

150336 -7.5 
4. Agassiz 30.03.76 - 23.04.76 1862384 

327892 -17.6 
5. Mission 30.03.76 - 23.04.76 1534492 



of Hansard, and lowe5t at Kersely (1.2 mm), the nearest weather station 

to ihe Marguerite sediment stati~n. Oitier weather stations affected by 

this event included Dome Creek, Prince George, Kixon and Quesnel with 

32.4 mm, 17.9 mm, 7.0 mm, 2nd 2.6 mm, respectively; temperatures at 

these stations in the two days were low (2.5 OC-7.8 OC). Although some 

precipitation was received at a number of these stations, after 16th 

December, it did not generate any runoff due to sub-zero temperatures 

that obtained in the area. For instance, temperatures ranged from -8.3 OC 

to -1 8.0 OC at Dome Creek; -5.2 OC to -1 9.0 OC 2t Prince George; -6 OC to 

-1 7.3 OC at Hixon; -4.3 O C  to -1 6.4 OC at Quesnel; and -5 OC to -1 7.3 OC at 

Kersely. Under these meteorological conditions, no sediments from the 

basin slopes e~tered the river implying that most of the sediment were 

recruited from the river bed and banks. 

At Hansard, because the discharge and concentration peaks 

occurred simultaneously, there was little variation in concentrations in the 

rising and falling stages (Fig. 6.5a.1, a.2). In contrast, at Marguerite 

station, where concent rat~on peaked earlier than discharge, greatsr 

variations in concentrations occurred on the rising and falling stages (Fig. 

6.5b.1, b.2). Concentrations appear to have increased at a rate faster 

than that of discharge in the rising stage, resulting in a pronounced 

hysteretic loop in the sediment-discharge line plot. The other cause of 

variation in sediment concentration at the two stations was that, the core 

of maximum mmentration traveled faster than the flood wave because 

they peaked of? the same day at Hansard and Marguerite stati~ns while a 

day lapsed before flood peak reached the Marguerite station. 

The I5 December 1980 event also indicated that there was no 

temporal and spatial variation in sediment concentration partly becauser 
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Fig. 6.5. Temporal sediment concentration and discharge graphs 
(a.1, b.1) and associated sediment discharge hysteretic loops 
(a.2, b.2) for the 15 December 1980 hydrological event at (a) 
Hansard and (b) Marguerite stations on the Fraser River. 
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most of the sediments were supplied from the upstream reaches with little 

or no additions from the slopes. Conversely, there was temporal and 

spatial variation in the streamflow between Hansard and Marguerite 

stations which caused differences in the degrees of hysteresis at these 

stations. 

In summary, it appears that the peaking of sediment concentration 

earlier than discharge at Marguerite and Hope stations for the 30 March 

1976 event were controlled by differences in travel distances and by 

differences in time of travel for the two peaks. At the beginning of this 

hydrological event, suspended-sediment were quickly entrained and 

traveled faster with sireamflow than than the associated runoff which was 

still concentrating to form a flood wave. Since the flood wave travels 

faster than streamflow, the flood wave was able to catch up with the 

concentration peak by the time it reached the Agassiz station. The 

discharge and concentration remained coincident up to the Mission 

station. However, the movement of suspended-sediment seems to be 

complicated by the deposition and re-mobilization of the sediment, 

especially in the Agassir-Mission reach. 

The 25 December 1980 event in the upper reaches of the Fraser 

River revealed that sediment variation could be caused by the temporal 

and spatial variation in discharge alone with little or no variation in 

concentration between stations and also by the time lag between 

discharge and concentration peaks. 



6.1.4.2.2 Direction of Storm Movement 

Direction of storm movement within a drainage basin was found to 

c~nt ro l  runoff and sediment generation which, in turn, accounted for 

some variations in sediment concentrations for individual events. This 

situation was illustrated by the event of 23 December 1980 at a number 

of stations in the Lower Fraser basin. Stations investigated for this event 

included Vedder Crossing station on the Chilliwack River, Mission, 

Agassiz and Hope stations on the Fraser River and the Harrison Hot 

Spricgs station on the Harrison River. Of these stations, only Mission 

and Agassiz had both sediment and discharge records. Since the time 

scale of days for precipitation measurements was not appropriate for 

assessing the direction of storm movement discharge measurements 

were used as a surrogate for precipitation. 

Based on the times of rise and discharge peaks the rain storm that 

effected the 23 December 1980 event was assumed to have been 

moving initially in the north-westerly direction as indicated by the 

discharge records at Harrison Hot Springs (Fig. 6.6a) Mission (Fig. 6.6b) 

and Vedder Crossing station (Fig. 6.6a). Thereafter, this same storm or in 

combination with another appears to have started moving in the up-basin 

direction as evidenced by the one day time lag between the early 

discharge peak at Mission registered on 26 December and the later 

simultaneous peaks at Agassiz and Hope stations. The up-basin 

moveneiii of oiie or two storms between Mission and iiope was 

corroborated by the higher sediment concentrations recorded at Mission 

than at the Agassiz station located upstream of Mission (Fig. 6.6~).  

These sediment records not only confirmed that transportation of 
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sediment was confined to the reaches downstream of Agassiz, but also 

compiicated the beiesrninaiisi-r of the saurces of sediment obseived at the 

Mission station. 

The discharge peak associated with the 23 December 1980 event 

at Mission was the only annual peak that was unrelated to the freshet 

occurring in the spring months. Geomsrphological and hydrological 

factors alone could nod sufficiently explain sediment variations 

associated with this event on the Fraser, Harrison and Chilliwack Rivers. 

But a fuller understanding of the discharge arid sediment generation 

processes was gained when the influences of some meteorological 

factors were considered. This led to the realization that it was the high 

intensity rain storm received around Agassiz and Mission stations (Fig. 

6.7a) combined with runoff contributions from Chilliwack and Harrison 

tributaries that generated the major flood of 1980 recorded at Mission. 

This event was accompanied by intense suspended-sediment transpart 

in the lower parts of the Fraser River (Fig. 6.6~) .  

Note that other stations in the vicinity of Mission also received an 

equivalent amount of precipitation but not enough runoff was generated 

to cause a flood. A partial explanation for this appears to lie in the air 

temperature regimes that obtained in different areas of the lower basin. 

The area around Hope experienced the lowest temperatures including 

sub-zero temperatures at the beginning of the 23 December event (Fig. 

6.7b). Under these conditions most of the precipitation was received as 

snow which was not quickly translater! into runoff. In contrast, at the 

beginning of the event, the area around Mission experienced the highest 

temperatures, with a maximum of 14 O C  reached on 26 December when 

the highest rainfall of 86 mm was received Fig. 6.7a). These conditions 
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hig h!y favoured rapid generation of rtrnoff and massive transport of 

sediment from the stream bed and banks as the record showed. 

The 23 December 1980 event revealed that more than one group 

of factors were required to account for the variations in suspended- 

sediment. Lack of meteorological data for most of the stations on the 

main channel of the Fraser River precluded the consideration of 

meteorological factors in the analysis of factors controlling sediment 

variation for other single hydrological events. The next section deals with 

factors controlling the occurrence of different types of hysteresis in the 

sediment concentration-discharge relations. 

6.1.5. Factors Controlling Clockwise and Anticlsckwise Hysteresis 

6.1.5.1 Hydrological Factors 

Based on data given in Appendix 4, stepwise muliiple regression 

analysis of sediment concentration as the dependent variable and three 

independent variables, showed that rising stages of clockwise sediment- 

discharge hysteresis for 88 events were controlled by, in order of 

importance, the index of flood intensity, preceding discharge and the 

measured discharge, while 34 anticlockwise events were controlled by 

the rate of flood rise, measured discharge and the preceding discharge 

(Table 6.4). In the falling stage both clockwise and anticlockwise events 

were controiied by, in the o;der of decreasing importance, the rate of 

flood recession and measured discharge. 



Table 6.4. Resulis of stepwise multiple regrssior, analysis bet~veen 

hydrologica l  factors a n d  s u s p e n d e d - s e d i m e n t  concentra t ion for 

hysteretic evzn:s in  t h e  Fraser River basin. 

( a ) STEi'4:.flSE MULTIPLE REGRESSION EQUATIONS MULXJPIX COKE1 K1.K IN 

I. Clockwise Hysteretic Events n I< 2 1' 

11. Anticlockwise Hysteretic Events 

@) BETA COEFFICIENTS (B = bl(si1sd)) 

BETA COEFFICTENTS 

Clockwise - Anticlockwise - 

Variable Rising Falling Rising Faliing -- - 

NO?ES: CrlCf 
Qr 
@ 
Qpr 
IFI 
TFR 
B 
b 
s i 
sd 
P 

are suspended-sediment co~mntrations (mg I:]) in risng and falling s l a p , ;  
is rising mean discharge (m3s-*); 
is the falling mean discharge (m3s-1); 
is the discharge preceding hydrograph rise (m3s-1); 
is the index of flood intensity; 
is the index of flood recession; 
is the beta coefficient; 
is the regression coefficient; 
is the standard deviation for the independent variable (m3 s-1); 
is the standard deviation for the dependent variable (mg L-1); and 
is the significance level. 



These observations suggest that sources of sediment s~pp ly  in the 

rising stage for clockwise hysteresis were areas adjacent to the river 

channel, while for anticlockwise cases most of the sediment originated 

from basin slopes. This was indicated by the fact that preceding 

discharge was more important in the clockwise than anticlackwise 

events. Runoff generated by quickflow and/or ~werland f l ~ w  probably 

comprised a higher proportion of the discharge for clockwise than 

anticlockwise events. 

For the prediction of mean sediment concentrations in the rising 

and falling stages from various hydrological factors, multiplicative models 

for each of thr! studied factors significant at 0.01 level are given in Table 

6.5. Table 6.5 shows that the studied hydrological factors accountsd for 

between 35% and 56% of the variation in sediment concentration in the 

rising stage and between 32% and 70% in the falling stages. These 

results suggest that the relationships between sediment concentration 

and the studied hydrological factors are generally stronger for 

anticlockwise than clockwise hydrological events. Tile explanation for 

this observation is not known. 

6.1 5.2 Hydraulic Factors 

The hydraulic data for some hysteretic events analysed in this 

study are given in Appendix 9. Eecause of the  lac^ si measured data 

only qualitative assessments were made of the hydraulic controls on 

sediment concentrations during hysteretic events. Changes in depth, 

velocity and bed elevations associated with 13 clcckwiss hysteretic 



Tab!e 6.5. Summary of resu!ts of rnu!tiplicative regression analysis af the 
relationships between mean rising and mean falling sediment 

concentrations and various hydrological factors for hysteretic 

events in the Fraser River basin. 

- Rising Stage -. -- -- - Falling - Stage .. . - .- . . .. 

Regression equation1 n r2 Regression -- equation1 - ---- - n ? 

I. CLOCKWISE EVENTS 

Cr = 1 8 . 4 8 9 ~ p r ~ . ~ ~ ~  89 0.414 a = 05.273~fo.~@ 89 0.446 

Cr = 11.915~r0.4~1 89 0.366 Cf =16.8741~~0.493 89 0.322 

CF = 14.6131~1O.56' 89 0.357 

11. ANTICLOCKWISE EVENTS 

Cr = 08 .4831~1~-~~ '  34 0.582 Cf = 1 0 . 9 1 9 1 ~ ~ ~ . ~ ~ ~  34 0.698 

Cr = 04<498Qr0.~44 34 0.531 Cf = 0 5 . 8 2 0 ~ f o - ~ ~ ~  34 0.614 

Cr = 06.357Qpr~.~Og 34 0.519 

1 Cr and Cf are rising and falling sediment concentrtation (mg L-I); Qr and Qf are 

average rising and falling discharges (m3 s-I); Qpr is the discharge for the day 

preceding hydrograph rise (m3 s-f ); IF1 is the index of flood intensity; IFR is the index 

of rate of flood recession. 



events were also compiled. Table 6.6 shows that changes in these 

hjidrauiic variables for hysteretic events were essentially similar i s  those 

for the single-valued events discussed in Chapter Five (Table 5.12). In 

all events, increase in sediment concentrati~n likely was a result of the 

flow accessing sediment in the stream-bed by the scouring process 

whenever the discharge threshold for bed scour was exceeded in the 

rising stage. Decreases in sediment concentrations were I;?ked t~ the 

filling of the bed ir.r the falling stage above the discharge threshoid. Ori 

many occasions, scouring of the bed also occurred in the falling stage 

even when the discharge fell below the scour threshold level as was 

discussed in Chapter Five. 

The effect of 'breakaway velocities' on sedimect variation 

observed on some single-valued evensts also apparently influenced 

variations in sediment concentrations of several hysteretic events. But 

the occurrence of 'breakaway' velocities was genearally more common 

for hysteretic than single-valued events. In addition, whereas 

'breakaway' velocities in the single-valued events tended to cause linear 

sediment-discharge relations, they generally effected clockwise 

hysteresis in the hysteretic events. This was largely because the 

occurrence of high velocities near peak discharge when supply of fine 

sediment from the bed was exhausted also inhibited deposition. 

Hysteresis in relations of sediment concentration and discharge were 

also common among double peaked hydrological events. This was 

attributed largely to the fact that changes in discharge for the second 

peak had little or no influence on the variation in sediment concentration. 

For instance, the event of 28 April 1976 at the Marguerite station 

on Fraser River showed that the increase in concentrations were 
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associated with the first discharge peak (Fig. 6.8a). Sediment 

commitrations coi-riiiltied i3 decrease after the first peak even during the 

rising stage of the second peak which caused large variations in 

concentrations between rising and falling stages (Fig. 6.8b). The 

changes in depth, and mean velocities were more related to second than 

the first peak (Fig. 6.8c, d). However, channel bed adjustment, indicated 

by bed elevations, was not influenced by the two discharge peaks (Fig. 

6.8e). Scouring of the bed continued in the entire duration of the event 

for as long as the discharge was above bankfull (Q = 4200 m3 s-1) which 

was far above the threshold for bed scour (Qt = 2000 m3s-1) (Fig. 6 . 8 ~ ) .  

Scouring of the bed in the falling stage was possible because of the 

existence of 'breakaway velocitites' at high flows. 

The role of 'breakaway velocities' in controlling sediment variation 

for hysteretic events is illustrated by the event of 12 June 9974 at Mission 

station. During this event it was observed that, while changes in depth 

were approximately in phase with changes in discharge, the changes in 

velocities were not (Fig. 6.9a.1, a.2; Fig. 6.9b.1, b.2). This was because 

peak velocities persisted for six days after the flood peak. For this event, 

it appears that changes in bed elevation were largely controlled by the 

changes in velocity. At Mission station the path of seasonal scour and fill 

regime generally has an anticlockwise form at high flows. But during this 

event, after the peak the stream-bed was scoured for six days instead of 

being filled (Fig. 6.9c.2). The effect of these hydraulic changes during 

the 12 June 1974 event was a shift in the sediment rating curves for the 

rising and falling stages (gig. 6 .9~1) .  Without this knowledge that the 

variations in sediment concentration is related to hydraulic changes, one 

could have mistaken the sediment-discharge relation (Fig. 6.9c.l) with 
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changes caused perhaps by changes in hydrological regimes similar to 

those for which (Church et al. 1985) proposed the use of a shifting rating 

curve to characterize sediment variation in two different periods. 

Additionally, for a majority of measured hysteretic events, it was 

observed that larger variations in sediment concentrations occurred 

when there was a cross-over of average velocities in the rising and 

falling stages. Cross-over of average velocities occurs when for any 

given discharge velocities in the rising stage are either lower or higher 

than those in the falling stage and vice versa. For instance the cross- 

over of avarage velocities from high to low in Fig. 6.8d occurred at high 

discharges. Generally, variations in concentrations were greater i f  the 

cross-over of the rising and falling velocities occurred at high discharges 

than if it occurred at low discharges. The implication of this is that rapid 

changes in velocity from low to high at high flows results in greater 

changes to the channel shape and likely has the potential to cause 

massive scouring of the bed. Conversely, a rapid change from high to 

low velocities at high flows implies massive deposition of sediments as 

was the case in the event of 12 June 1974 at Mission (Fig. 6.9b.2). 

Undoubtedly, observations such as these greatly enhance the 

understanding of sediment transport dynamics in rivers. in the section 

following the influence of meteorological factors on sediment variation is 

discussed. 



6.1 5.3 Metesrological Factors 

The investigation sf the role meteorological factors have in 

producing different types of hysteresis required data from a relatively 

small scale basin. Consequently, the Chilliwack River basin was 

selected; it also has a relatively good distribution sf weather stations. 

However, Chilliwack River basin, because of its location in the Coast 

Mountains Region which receives more precipitation than the Interior 

Plateau and Rocky Mountains regions, i~ not representative of the larger 

Fraser River basin, but of basins in humid temperate regions. Daily total 

precipitation and daily mean temperature data used for this analysis 

were for stations located near the main channel between Chilliwack Lake 

and Vedder Crossing (Fig. 2.2). The basin above Chilliwack Lake has 

little or no control on channel processes in the river below it. 

Consequently, all discussions of sediment and discharge variations in 

the Chiiliwack River focus on the reach downstream of the lake. 

6.1 -5.31 Clockwise Hysteresis 

In the Chilliwack River basin, the meteorological conditions under 

which hysteresis in the sediment and discharge relations occurred are 

summarized in Table 6.7. Clockwise hysteresis generally occurrod when 

precipitation was received in the rising stage with or without any received 

in the falling stage. Two temperature regimes characterized these two 

precipitation regimes. Firstly, in the case when precipitation was 

received in the rising and falling stages, the associated temperatures 



f abie 6.7. Meteoroiogicai conditions during ciocicwiss and anticiockwise hysteretic 
hydrological events in the Ckilliwack Rive: basin. 

Event Precipitation Received Air Temperature Flange1 
no. Period ?!sing Falling Rising Falling - 

CLOCKWISE EVENTS 

1 18. 03.01 -69-1 7.01.69 YES YES Sub-zero Sub-zero 

1 19. 29.03.69 - 09.04.69 YES YES Moderate to low Low to moderate 

120. 25.04.69 - 06.05.69 YES NO Moderate Moderate to high 

121. 26.05.72 - 03.06.72 NO Pa Moderate to high Moderate 

ANTICLOCKWISE EVENTS 

157. 08.06.69 - 18.06.69 YES NO High to moderate High 

158. 19.01.70 - 02.02.70 YES YES Sub-zero to Low Low 

159. 29.01.71 - 09.02.71 YES YES LOW LOW 

160. 10.05.71 - 1e.05.71 YES YES Low to moderate Low 

161 24.05.71 - 31.05.71 YES YES Moderate Moderate 

162. 05.06.72 - 15.06.72 NQ YES High to low Moderate 

163. 11.07.72 - 23.07.72 YES NO Moderate High to moderate 

164. 23.1 2.72 - 31.1 2.72 YES YES Low Low to sub-zero 

1 Temperature categories: (T < 0 OC), sub-zero temperatures; (1 5 T 5 9 OC), 
low temperatures; (1 0 5 T 5 19 OC), moderate temperatures; and (T 2 20 OC) 

high temperatures. 



were in the sub-zero range in the rising stage and in the low to sub-zero 

range in ihe iaiiing stage, as exemplified by the event of 3 January 1969 

on the Chilliwack River (Fig. 6.10). 

Under these conditions, sediment generation in the rising stage 

was likely ca~sed  by runoff coming from the basin slopes and by the 

scouring of the stream-bed due to minor influence of direct channel 

precipitatioil. As a result, sediment concentration and discharge 

apparently increased at similar rates (Fig. 6.10b). However, in the falling 

stage due to the sub-zero ternwralures that prevailed (Fig. 6.10~) 

sediment concentration and discharge appear not to have decreased at 

similar rates, thus causing clockwise hysteresis in the sediment- 

discharge relationship. 

Secondly, the event of 29 March 1969 illustrated the situation 

when precipitation was received in the rising and falling stages. 

Clockwise hysteresis occurred under conditions of decre;rAing 

temperatures (from moderate to low) in the rising stage and under 

increasing temperatures (from low to high) in the falling stage (Fig. 6.1 1). 

During this event more sediment were transported in the rising than 

falling stage due to intense precipitation combined with snowinelt caused 

by moderate temperatures (Fig. 2.1 la,  c) in the rising stage. In the falling 

stage, in spite of precipitation received, no sediment replenishment 

occurred so discharge decreased at a rate slower than that of 

concentration (Fig. 6.1 1 c) causing clockwise hysteresis in the sediment- 

discharge relation. 

For clockwise hysteresis, when precipitation occurred in the rising 

stage and none in the falling stage, temperatures during the event of 25 

May 1969 were moderate in the rising stage and increased (from 



1 I 1 

0 5 C 100 150 2 00 

Discharge (m3 s-I) 

50 
h 

40 
d 
5 30 
I- 
L 

0 20 - 
E 
E 10 
Y 

ri 
0 

ri: 
- 1 0 .  . . . . . , . . . . . , . , , 

3  4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7  

January 1969 

200 

CI 

150- 
cn 
m 
E 
Y 

Q, 
100 - 

Cn 
t 
c 
53 so - .- 
a 

0 

FQ. 6.10. Graphs of (a) clockwise hysteresis, @) temporal variations in discharge (Q) 

sad concentration (C) and (c) distributions of daily precipitation and temperature 

during the event of 3 January 1969 on the Chilliwack River at the Vedder Crasing 

station. 

2 3  4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 5  
January 1959 

1 1 1 1 1 1 1 1 l l l l l i l l O  

80 
A 
7 

J - 60 
Y E" 
E 

-40  2 
2 
L 
s 
0: 

-20 ,O 
o 
U 



3 0 4 0 5 0 6 0 7 0 8 G 
Discharge jm3 s-l) 

2 8 2 9 3 0 3 1  1 2 3 4 5 fi 7 8 9 10 

March - April 1969 

2 9 3 0 3 1  1 2  3 4 5 6 7 8 9 
March - April 1969 

Fg. 6.1 1. Graphs of (a) clockw'ie hysteresis, @) temporal variations in discharge (Q) 

and cortcerdration (C) and (c) distributions of daily prec~naion and tern,wature 

during the event of 29 March 1969 on the Chilliwack River at the Vedder Cfcrssing 

station. 



moderate to high) in the falling stage (Fig. 6.12a, b, c). Ufider these 

conditions, Increases ir! discl?arge and concentrations resu!ted from 

snowmelt and precipitation in the rising stage with exhaustion of readily 

transportable sediment occurring by the time of peak discharge. In the 

falling stage, no sediment replenishment occurred which caused 

concentrations to decrease at a rate faster than the decline in discharge 

(Fig. 6.12b). 

The May-June 1989 event shows that rainiall intensity and 

duration, if important at all, had little influence on the variation in 

sediment concentration probably accounted for by differences in runoff 

travel distances between locations of precipitation and the measuring 

site at Vedder Crossing. This observation is partly supported by the peak 

discharge which remained unchanged for five days foilowing termination 

of precipitation. The discharge data suggests other sources of runoff 

such as snowmelt indicated by increasing temperatures in the falling 

stage' Since no detailed data of snowmelt in the basin are available one 

can only speculate that, in this case, vsiiation in sediment concentration 

depended more on its supply and exhaustion from the river system than 

on the amount of precipitation and level of temperature. 

In an exceptional case (26 May, 1972), hysteresis also occurred 

when no precipitation was received during the event. In this case, 

moderate temperatures increased to high in the rising stage, while 

moderate temperatures prevailed in the falling stage. Based on the 

knowledge of runoff generation processes in temperate environments, 

the occurrence of hysteresis during :he 26 May event was attributed to 

the small size of the Chilliwack River basin. Under high temperatures, 

srzowmelt generated runoff likely recruited sediments which was 
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presumably depleted by the time of discharge peak. Consequently, in 

concentrations decreasing at a rate faster than that of discharge. 

The cases described above cover most of the scenarios of 

precipitation and temperature conditions for the occurrence of clockwise 

hysteresis in a humid temperate environment. In the section following 

the meteorological conditions favouring the occurrence of anticlockwise 

hysteresis are discussed. 

6.1.5.3.2 Anticlockwise Hysteresis 

In the Chilliwack River basin, anticlockwise hysteresis was 

observed to generally occur when precipitation was received in the rising 

and falling stages of individual hydrological events (Table 6.6). The 

attendant temperatures during the events were either in the moderate 

range or increasing from sub-zero to low temperatures in the rising stage. 

In the falling stage, temperatures were either in the low range or were 

decreasing from moderate to sub-zero ranges. The cases in which 

precipitation was received in the rising and falling stages with 

temperatures in the sub-zero to low ranges were exemplified by the 

event of 19 January 1970 (Fig. 6.13a, b, c). During this event, the rises in 

discharge and concentrations likely were caused by precipitation and 

snowmelt which supplied sediment from the channel boundary in the 

rising stage. Higher sediment concentrations in the falling stage likely 

were due to the arrival of sediments from the basin slopes under 

continued precipitation and low temperatures. The above explanation is 
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afso valid for cases in which precipitation was received in the rising and 

failing stages with temperatures decreasing from high to low. 

On fewer occasions, anticlockwise hysteresis was also found to 

occur when precipitation was received in the rising stage and none in the 

falling stage and vise versa. The temperatures in these situations were 

in the moderate to high range. The event of 1 1 July 1972 (Fig. 6.1 4a, b; 

c) showed the situations in which precipitation fell only in the rising stage 

of the event tinder moderate to high temperatures. In this case, 

discharge and concentration apparently increased at similar rates in the 

rising stage. But in the falling stage concentrations aoparently 

decreased at a rate faster than the decline in discharge because no 

sediment were recruited from basin slopes. 

In contrast, the event of 5 June 1972 (Fig. 6.15a, b, c) illustrates a 

situation in which precipitation was received only in the falling stage. 

Consequently, in the rising stage runoff generated by snowmelt 

increased at a rate slower than that of concentration (Fig. 6.13~). But in 

the falling stage both discharge and concentration decreased at similar 

rates. Therefore, the scouring of the bed associated with the precipitation 

received in the falling stage caused the anticlockwise hysteresis in the 

sediment-discharge relationship of this particular hydrological event. 

These last two events showed that anticlockwise hysteresis in the 

sedimentdischarge relationship can also occur when the sediment 

eoncentration increases at rates faster than that of discharge in the rising 

or falling stage. This finding has not been reported before. 
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6.1.6 Summary and Conclusions 

Hysteresis in the relations of sediment concentration and 

discharge for single hydrological events was found to be controlled by a 

variety of factors. These factors included, time lags between 

concentration and discharge peaks; differences in the rates of 

downstream movement of flood waves and the core of maximum 

concentration; differences in spatial distances between sediment 

measuiiz~ stations. These findings support Heidal (1 956) and Marcus' 

(1989) observations ?&o concluded that a flood wave moves 

downstream more rapidly than the ~ ~ z ~ m f l o w  in wnich sediment are 

entrained. The relative positions of the flood wave arm a r e  of maximum 

suspended-sediment concentration vary leading to spatial and ternporaE 

variations in sediment discharge. Variations in sediment concentration in 

the rising and failing stages sufficiently accounted for 'the existence of 

hysteresis in relations of sediment concentration and discharge. Higher 

sediment concentrations on the rising than falling stages were previously 

attributed to the release of sediments from bed gravels which were 

inhibited by the formation of a new armour layer after the passage of a 

hydrograph peak (Paustian and Beschta, 1979). 

Richards (1 982), by contrast, attributed hysteresis in single storms 

to sediment supply changes between the rising and falling floods stages. 

In small catchmnts, in particular, he says that wash load inputs continue 

to rise as rain and runoff occur during the flood but cease when hillslop@ 

runoff ends after the peak. He says that this is amplified by exhaustion of 

supply if suspended-sediment is predominantly derived from stream 

banks or the surrounding channel areas, because the increase in the 



acfive channel width introduces new sources sf sediment which are 

exhaus!ed 5y the time ?he f!ood recedes. 

Simiiarly, Loughran (1974) attributed the rapid increase of 

suspended sediment concentration at the beginning of the stream-rise to 

the initial impact of storm rainfali which tended to flush sediment through 

the system of a small catchments. Later during the storm, he observed 

that while the supply of water to the system was still increasing, there was 

less sediment available for transport. 

The present study also confirms Loughran (1976) and Klein's 

(1984) finding that, during storm events, the index of flood intensity and 

rate of hydrograph rise are the most important factors controlling 

sediment transport. Klein (1984) observed that, in small basins when 

sediment originates from the slopes, the flood wave and sediment wave 

can be out of phase. In big basins, if the dominant process is channel 

erosion, flood and sediment waves are in phase. These observation 

support the contention that, in small basins suspended-sediment is 

related to rainfall erosivity, whe:ms in large basins suspended-sediment 

is related to runoff (McGuinness et al. (1 971). 

In conclusion, the investigation of factors controlling the existence 

of clockwise and anticiockwise hysteresis supported Klein's (5984) 

conclusion that, clockwise hysteresis occurs when sediment are derived 

from the bed and banks of the channel. By contrast, anticlockwise 

hysteresis was found to occur when upper basin slopes supply most of 

the sediment. Quantitative analysis of hydrologic factors controlling 

clockwise and anticlockwise hysteresis revealed results which have not 

been reported before. It was found that, for clockwise hysteresis, 

antecedent moisture conditions exerted greater control on sediment 



variation than measured discharge. For antidockwise hysteresis, 

measured discharge exerted greater control on sediment variation than 

did antecedent moisture conditions. In the falling stage, there was no 

difference in the factors that controlled variations in sediment 

concentration between clockwise and anticlockwise hysteretic events. 

Hydraulically, for a majority of measured hysteretic events, ir was 

observed that larger variations in sediment concentrations occurred 

when there was a cross-over of average velocities in the rising and 

falling stages. Variations in concentrations for hydraulic events were 

found to be greater if the velocity cross-over occurred at higher than at 

lower discharges. This was because rapid changes in velocity from low 

to high at high flows results in greater changes to the channel shape than 

changes from high to low velocities at higher flows. Therefore, the 

crossing-over of velocities at higher flows has the potential of causing 

massive scouring of the stream-bed. 

No clear-cut distinction was observed between the meteorological 

factors in causing clockwise and anticlockwise hysteresis for hydrological 

events that occurred in summer or winter months. It was found that 

clockwise hysteresis resulted in the sediment-discharge relations when 

precipitation was received in the rising stage with or without precipitation 

In ika falling stage. By contrast, anticlockwise hysteresis generally 

resulted when precipitarix t~as received in the basin both in the rising 

and falling stages of hydrological events. 

The influence of air temperature in causing clockwisa or 

anticlockwise hysteresis was also found not to be clear-cut for a majority 

of events studied. However, for those events that occurred in winter 

months clear influences of temperature on clockwise and anticlockwise 



hysteresis may be distinguished. In the Chilliwack River basin, it was 

found that clockwise hysteresis occurred when precipitation was 

received in the rising stage and with or without precipitation received 

under sub-zero temperatures in the falling stage. Under these 

conditions, sediments were recruited from the basin siopes and from 

areas adjacent to the river channel as well as from the channel bed. In 

the falling stage, no sediments were recruited from basin slopes and only 

a limited amount of sediments were transpotled from the channel bed 

due to the existence of sub-zero temperatures. Consequently, clockwise 

hysteresis was produced in sediment-discharge relations. 

Conversely, anticlockwise hysteresis occurred when precipitation 

was received under sub-zero temperatures in the rising stage and under 

low to moderate temperatures in the falling stage. Under these 

conditions, sediment transport from the basin and channel bed was 

inhibited in the rising stage by the sub-zero temperatures. But in the 

falling stage, an abundant amount of sediment were recruited from the 

basin slopes and the channel bed thereby causing anticlockwise 

hysteresis. These observations probably apply to other basins in the 

humid temperate regions. To some extent, these observations also shed 

light on the influence of runoff processes during snowmelt on sediment 

transport ic cold-temperate regions (Dunne, 1982). 



CHAPTER SEMEN 

MAGNlTUBE AND FREQUENCY CHARACTERISTICS OF 

EFFECTIVE DISCHARGE FOR SUSPENDED-SEDIMENT 

TRANSPORT 

7.1 Effective Discharge for Suspended-Sediment Transport 

7.1.1 Determination of Effective Discharge 

In order to evaluate the validity of the effective discharge concept 

in sediment transport and to establish its statistical properties, sediment 

data for eight stations in the Fraser River basin were analyzed. Using 

daily discharge and sediment concentration data in the period of 

sediment record (too large to be appended), effective discharge was 

determined in three stages. Firstly, the discharge range was divided into 

approximately 20 non-overlapping classes of equal widths at each 

station, determined the duration (relative frequency) of flows in each 

class, calculated daily suspended-sediment load and multiplied i f  by 

duration. Secondly, sediment-discharge graphs were constructed for the 

identification of the most effective discharge class (Fig. 7.W c through 

7.4a). Thirdly, The effective discharge was determined as the class mark 

(mid-point) of the discharge class transporting the greatest portion of the 

suspended-sediment load. 

Evidently, this procedure is subjective, thus arbitrary when 

selecting number of classes to be used in the analysis. This is partly 

because in order to determine the number of classes objectively one has 



Discharge (mas-1) 

Discharge (mas-') 

Suspended load (td-1) 

Suspended load (td-1) 

--IUrU00 
UlOulOUlOVl 
OOOODOO 

00000000 



P 6 t Z  
ZSCZ 
OES C 
8680 

i 
1 
1 
1 

99201 
PC96 3 
zoos E 
OF68 - 
QELL 

0 901L L a PLPS J-= 

ZP89 
orzs 6 
8LSP 
9P66 
P 1 E E 
2892 
osoz 
81tl 
98L 

? 

P888 
5928 0 E 9P9L , 
LZOL a 
80P9 p 
68LS a 
OLCS 
LSSP .!!? 
ZEGE 
ELFC 
P69Z 
SLOZ 
SSP1 
LC8 



E FZ 

Discharge (m3s-1) 
AA-2 

WP~CDOIUA~ 
OOOOOOOQ 
00000000 

000008800 

Discharge (m3s-1) 

Suspended load (td-I 1 

Suspended load (td-1) 





to d,vide the range by a pre-determined class-interval size (Hays, 1988: 

75-80; Johnson, 1984: 33-40). Conseguer?t!y, !n the !Iterature there is no 

general accord on the correct msthod of determining the effective 

discharge for suspended-sediment transport. 

A method for determining the effective discharge was provided by 

Wolman and Miller (1960: 54) when they stated that: "...the produci of 

frequency and rate, a measure of the work performed by events having 

different frequencies and magnitudes will attain a maximum (at the 

effective discharge). The frequency at which this maximum occurs 

provides a measure of the level at wh i~h  the largest portion of the work is 

accomplished." 

Previous investigators also have determined the effective 

discharge by dividing the discharge range, at each station, into equal 

increment classes and finding the duration of flows in each class. 

Obviously, this procedure is not objective as the selection of the number 

of classes is a matter of judgement. This subjectivity is clearly illustrated 

by the use in the literature of imprecise definition of class size such as 

"equal intervals of stream dischargew (Benson and Thomas, 1966: 77); 

"small classes" (Pickup and Warner, 1976: 52) and "increments of 

discharge range" (Ashmore and Day, 1988: 865). For those studies that 

specified number of classes, each differs, one from the other. For 

instance, "approximately 20 equal increments* were used by Andrews 

(1980: 320) while Webb and Walling (1982: 19) used "23 equal 

discharge classes." The ttse of various number of classes between 

different investigators makes comparison of results diffictilt and may 

partiy expfain the wide range of frequencies of effective discharges 

reported on rivers. 



7.1 -2 Duration o i  Effective Discharge 

The durations of the upper and lower limits of the effective 

discharge classes reported here were simply read from discharge 

duration curves Lased on daily discharge measurements in the period of 

sediment record. The discharge duration curves were constructed as the 

plot of discharge arranged in descending order, as ordinate, and 

percentage of time each discharge was equaled or exceeded, as the 

abscissa (Figs. 7.1b, d through 7.4b),. The determined durations of 

effective discharge classes in the Fraser River basin were found to range 

from 0.02 to 19.8% (Table 7.1). The calcuiated durations of individuai 

effective discharges were found to range from 0.03% to 1 1.95% with an 

average of 8.82 per cent. These findings agree with observations of 

previous studies. For instance, Andrews (1980) observed that the 

effective discharge for total sediment load in the Yampa River basin of 

Colorado and Wyoming, were equaled or exceeded on average of 0.4% 

to 3.0% of the time. 

In Britain, Webb and Waliing (1 982) found that in the River Creody, 

50% of the total suspended load was transported in 0.8% of the time. In 

the Cumberland streams, New South Wales, Pickup and Warner (1 976) 

found effective discharge for bed load sediment transport to be equaled 

or exceeded on average of 3 to 5 times a year. In Canada, Ashmore and 

Day (1988) found that, for the Saskatchewan River basin, the durations of 

the effective discharge for suspended sediment load are less than 3.1 % 

in some cases and over 15% in others, with the majority of stations 

having values between 1 and 10 percent. Thus, while the hypothesis 

that effects. e discharge for suspended sediment transport in many cases 
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is the event of moderate magnitude as proposed by wolman and Miller 

(1 960) and confirmed by Pickup and Warner (1 976) and Andrews (1 9801, 

it was not supported by Ashmore and Day (1988) for Saskatchewan 

River basin. Results of the present study given in Table 7.1 support the 

Wolman and Miller (1 960) position. 

Ashmore and Bay (1988) found that, similar quantities of sediment 

were iransporied by f!ows of quite different magnitude and frequency in 

severai streams of the Saskatchewan River basin. Consequently, they 

concluded that the concept of effective discharge for suspended 

sediment transport was inapplicable to Saskatchewan rivers. 

Ashmore and Day's (4988) conclusion appears to be based on the 

imprecise definition of effective discharge given by Wolman and Miller 

(1960) which needs to be pointed out. If this is the case, I would argue 

that the problem of definition is not as serious as the problem of lack of a 

standard procedure for determining effective discharge. To illustrate the 

this point, in this study an evaluation of how effective discharge varies 

with number of class sizes at Marguerite and Hope stations on Fraser 

River was conducted. The results given in Table 7.2 show that different 

numbers of discharge classes produce significant variation in effective 

discharge even at the same station. For the nine selected discharge 

classes (5 to 30 number of classes) at Marguerite station, the effective 

discharge was found to range from 3236 m3s-1 to 4900 m3 s-1. At Hope 

station effective discharge for the same number of classes was found to 

range from 6715 m3s-1 t~ 7705 mas-'. Although these effective 

discharges are somewhat stable at each station, the question of which is 

the correct effective discharge remains unanswered. 

It is therefore clear that, for every class size used in determining 



Tzble 7.2. F!estl!ts of an eva!uatior! of the effect of using various discharge 
classes on the magnitude of effective discharge at Marguerite 
and Hope stations on the Fraser River, British Columbia. 

River and Station Pwiod No. of Effective Discharge 

Fraser R. at Marguerite 11 4000 1971 -1 986 n 

5 

10 

12 

15 

17 

2 0 

2 2 

2 5 

3 0 

Fraser R. at H o p  

n = all discharge measuremems. 



effective discharge a different effective discharge is obtained. Thus, 

t ~ - w  I I G ~ ~  is no number of class size at which the effective discharge raiiiaiiis 

unchanged. This finding raises another question: What is the correct 

number of discharge classes required for one to objectively determine 

the effective discharge? So far, there is no correct number of discharge 

classes; any number of classes can be used depending on the 

investigators' preference. Therefore, the problem of the applicability of 

the concept of the effective discharge in my view is in the procedure for 

determining the effective discharge and not in its definition. The debate 

about the applicability of the effective discharge will likely continue until a 

procedure for its estimation becomes established. 

Note that when the discharge data are not divided into classes (i.e. 

dealing with individual flow events; n number of classes) (Table 7.2) the 

effective discharge (6900 ma s-1 at Hope) fall within the ranges of those 

for the nine selected discharge classes. This suggests that, it is perhaps 

not necessary to classify the discharge range in order to accurately 

determine the effective discharge. Therefore, it is suggested that until a 

standardized procedure for determining effective discharge is introduced, 

determination of effective discharge be based on the rate of sediment 

transport, magnitudes and durations of individual flow events. 

The problem of the method of determining effective discharge is 

apparently not uncommon in fluvial geomorphology as it also relates to 

the concept of bankfuli discharge which also previously has been 

determined in a number of ways. For instance, the determination of 

bankfull discharge has depended variously on elevations of sedimentary 

surfaces (Woodyer, 1968), elevations of boundary features (Sigafoos, 

1964; Nunally, l967), or on channel hydraulic geometry relations 



(Wolman, 1955; Harvey, 1969; Pickup and Warner, 1976). The 1.58-year 

flood previously also has been taken as the statistical definition of 

bankfull discharge (Dury et al. 1963). These various ge~morphological 

and computational considerations lead to a variety of bankfull discharge 

estimates. Therefore, a standardized method of determining bankful 

discharge is also required. 

Another point of disagreement on the applicability of the concept 

of effective discharge which is related to its definition is the form of the 

sediment-discharge regime; this matter is discussed in the section 

following. 

7.2 Character of Suspended-Sedi ment Transport 

7.2.1 Sediment-Discharge Regimes 

Ashmore and Day's (9388) rejection of the concept of effective 

discharge is, based on their observation that, in many cases of the 

Saskatchewan streams, the effective discharge histograms (regimes) 

were not the simple unimodal distributions envisaged by Woman and 

Miller (1960) but rather had complex forms sometimes having peaks of 

similar magnitude at two or more discharges with quite different 

durations. 

Sediment-discharge regimes showing the most effective 

discharge for suspended sediment load in the Fraser River basin vary 

from station to station (Figs. 7.la, c through 7.4a). The sediment- 

discharge regimes do not portray the unimodal form expected from the 

Wolman and Miller's (1 960) hypothesis. The eight sediment-discharge 



regimes in the Fraser River basin have been classified into four 

characteristic forms first described by Ashmore and Day (1 988). 

The first type is the unimodal histogram having a well defined 

single mode and a relatively frequent effective discharge. This is the type 

of distribution predicted by the Woman and Miller's (1960) hypothesis. 

Only two stations, Fraser River at Hansard and at Hope, fall in this 

category (Fig. ?.la; 7.2a). The duration of the most effective discharge of 

this unimodal form ranges from 6.41% to 18.95 % (Table 7.1). The 

second form is characterized by a clearly recognizable effective 

discharge but has a very erratic form due to discharges of widely differing 

durations transporting similar sediment loads. Three stations on the 

Fraser River namely: Marguerite, (Fig. 7.lc), Agassiz (Fig. 7 .2~)  and 

Mission (Fig. 7.3a) exhibit this form with durations of most effective 

discharges classes ranging from 4.43% to 8.55% (Table 7.1; Figs. 7.ld, 

7.2d and 7.3b). The other distinguishing characteristic of this sediment- 

discharge regime is that, for the Agassiz station there is one significant 

secondary peak at the lower end of the discharge range. This form of 

sediment distribution suggests that there is little variation in the 

magnitudes of effective discharge and other moderate flows at stations 

with this characteristic form. 

The third form of sediment-discharge regime is one in which the 

extreme upper level events are the effective discharges. Only one station 

fa!ls ir! ?his mtegory, Chilliwack River G? Vdder Crmsing (Fig. 7 . 3 ~ ) .  The 

duration of the effective discharge class at Vedder Crossing ranges from 

0.02% to 0.03% (Table 7.1; Fig. 7.3d). This category, undoubtedly, 

reflects the importance of upper extreme flows in sediment transport, 

especially in small alpine basins such as that drained by the Chilliwack 



River. The final sediment-discharge form is one in which the extreme 

lower level flows are the effective discharge. TWO stations fall in this 

category namely: Silverhope Creek near liope (Fig. 7.4a) and the 

Harrison River at Harrison Hot Springs (not illustrated). The duration of 

the effective discharge in this category ranges from 8.61% to 19.6% 

(Table 7.1; Figs. 7.4b). This form is characteristic of small rivers which 

are dominated by low flows, although the flow of the Harrison River at 

Harrison Hot Springs also is controlled on the upstream by Harrison 

Lake. 

An alternative way, of looking at discharge effectiveness in 

transporting suspended sediment load is by constructing sediment load 

and discharge duration curves, subjects of discussion in the next section. 

7.2.2 Duration of Suspended-Sediment Loads 

The analysis of durations of suspended-sediment loads were 

based on plots of cumulative percentages of daily suspended-sediment 

loads transported in a given percentage of time, and the cumulative 

percentages of suspended-sediment loads transported by cumulative 

percentages of total discharges. Sediment and discharge duration 

curves were constructed for the nine sediment stations in Fraser River 

basin based on daily values. This was clone by arranging daily 

suspended sediment loads in the order of decreasing magnitude and the 

percentages of total sediment load and total time calculated and graphed 

(Fig. 7.5a, c through 7.6a.1, b.1 t~ 7.7a.2, b.2). From these two types of 

curves were obtained times in percentages when 50% of the sediment 
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loads were moved as well as the perceritages of the total discharges 

which transport 50% of suspended sediment ioads. 

Table 7.3 shows that 50% of sediment loads in the Fraser River is 

moved in 3% to 73% of the time with an average of 21.9%. If lake- 

influenced Harrison River, on which 50% of sucpended sediment load is 

moved in 73% of the time is excluded, the sediment loads are found to be 

moved in 3% to 22% of time with an average of 13.4%. This generally 

indicates the effectiveness of suspended sediment transpot? during high 

flows. 

The graphs showing cumulative percentage of suspended 

sediment loads and the associated cumulative percentage of total 

discharges (Fig. 7.5 through Fig. 7.7) clearly portray the relationship 

between suspended sediment load and discharge in the Fraser River. 

Table 7.3 shows that 50% of suspended sediment load is moved by 12% 

to 22% of the total discharge. Since half of total suspended sediment 

load is moved by less than 22% of the total discharge, these results 

confirm further that the relationship between suspended-sediment load 

and discharge in the Fraser River basin is a very weak one - or a s3ep 

one. 

7.3 Relationships among Effective Discharge, Threshold Discharge for 

Stream-bed Scour, Bankfull Discharge and Basin Area 

The link between effective discharge and bankfull discharge is 

difficult Po establish in terms of recurrence interval. This is largely 

because the magnitude frequency analysis approach is inapplicable Po 



Ta
bl

e 
7.

3.
 

C
um

ul
at

iv
e 

su
sp

en
de

d-
se

di
m

en
t 

lo
ad

 tr
an

sp
or

te
d 

in
 g

iv
en

 p
er

ce
nt

ag
e 

of
 t

im
e 

an
d 

by
 p

er
ce

nt
ag

e 
of

 
to

ta
l d

is
ch

ar
ge

 in
 th

e 
F

ra
se

r 
R

iv
er

 b
as

in
, 

B
rit

is
h 

C
ol

um
bi

a.
 

50
%

 o
f 

to
ta

l 
cu

m
ul

a!
iv

e 
su

sp
en

de
d 

se
di

m
en

t 
lo

ad
 i

s 
m

ov
ed

 

St
at

io
n 

no
. 

R
iv

er
 

A
re

a 
(
k
m
2
)
 

in
 g

iv
en

 %
 o

f 
ti

m
e 

by
 g

iv
en

 %
 o

f 
to

ta
l 

d
is

ch
ar

ge
 

-
-
 
-
 --
- 

--
- -
 . 

.-
 - -

 +- 
-
.
 

.. 
.-
. . 

. ..
 

-.
 . .
 - 
... 
- 
.
 --
 

---
-- 

-
 
-
 

-
 - .-

 
-
 ..-
...
.. 

. 
.-
 

08
K

A
00

4 
Fr

as
er

 R
. 

at
 H

an
sa

rd
 

18
00

0 
1

1
.0

 
f 

5 

08
M

C
01

8 
Fr

as
er

 R
. 

ne
ar

 M
ar

gu
er

ite
 

1 
1

4
 0

0
0

 
1

4
.5

 
2 

1 

08
M

F
00

5 
Fr

as
er

 R
. 

at
 M

op
e 

2
1

2
0

0
0

 
1

7
.0

 
1

2
 

O
SM

F
Q

09
 

Si
lv

er
ho

pe
 C

r.
 n

ea
r 

H
op

e 
35

0 
2

2
.0

 
2 

1 

08
M

 F
03

5 
Pr

as
er

 R
. 

ne
ar

 A
ga

ss
iz

 
2

1
8

0
0

0
 

1
6

.0
 

08
M

G
0 

13
 

H
ar

ri
so

n 
R

. 
ne

ar
 H

ar
ri

so
n 

78
70

 

H
ot

 S
pr

in
gs

 

O
SM

H
O

O
l 

C
hi

lli
w

ac
k 

R.
 a

t 
V

ed
de

r 
12

30
 

C
ro

ss
in

g 

O
8M

H
02

4 
Fr

as
er

 R
. 

at
 M

is
si

on
 

2
2

8
0

0
0

 
1

3
.0

 
2 

2 



most effective discharges which are smaller than annual floods at each 

station. Consequently, a realistic comparison of the effective discharge 

to bankfull discharge would be the ratio of the two discharges. For the 

studied stations in Fraser River basin, the ratio of the effective discharge 

to bankfull discharge (QeffIQbf) was found to range from 0.476 at 

Marguerite on Fraser River to 1.898, at Vedder Crossing on the 

Chilliwack River (Table 7.4). For stations on the main channel of the 

Fraser River the Qeff/Qbf ratio has a small range: 0.550 to 0.984. This 

shows that the relationship between effective discharge and bankfull 

discharge is stable on large rivers. 

By comparison, the ratios of threshold discharge to bankfull 

discharge (QlQbf) for eleven studied stations was found to range from 

0.086 at Red Pass to 0.777 at Marguerite station. On average the 

threshold discharge is about 0.349 times smaller than the bankfuil 

discharge while the effective discharge, excluding the Chilliwack River, is 

0.755 times. Figs. 7.8a and b show that effective discharge is more 

related to bankfull discharge than threshold discharge for bed scour. 

This may be due to the fact that, the determination of threshold discharge 

on a number of stations was not clear cut, while a specific procedure for 

obtaining :he effective discharge was used. 

7-3.1 Estimation of Effective Discharge 

Equations in Figs. 7.8b and c, based on data in Tab!e 7.1, were 

used to estimate effective discharge for stations with no sediment record 

using bankfuli discharge and area of drainage basin as independent 



Table. 7.4. Comparative data for effective dscharge, threshold discharge 

and banMufl discharge as determined in this study. 

Fraser R. at Red Pass 

Fraser R. at M c W i  

Fraser R. at Hansard 

baser R. at Shelley 

Fraser R. near Marguerite 

Fraser R. near Big Bar Creek 

has= R. at Texas Creek 

Fraser R. at Hope  

Silverhope Cr. near 
Hope 

Fraser R. near Agassiz 

Harrison R. near Harrison 
Hot Springs 

C l n W R a t  
Vadder Crossing 

FraserRatMiSsiron 

1 Data for discharge threshold for bed scow (QZ and bankfull discharge (Q1 .58) are 

ghen in TaMe 4.2 
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Bankfufl discharge (m3 s - I )  

0 2000 4000 6000 8000 1OOOO 

BanMull discharge (m3 5-11 

0 100000 200000 300000 

Drainage area (krn2) 

FQ. 7-8. Relationships W e e n  threshold discharge and banMuli discharge (a), effective 

disctrar~ and lm-Mdl ctischarge fb), and effective discharge and drainage area (c), for 
St- Sedimerrt and discharge stations in the Fraser River basin. 



I 

Qeff = 0.941 78Gbf - 303.12 
r 2 =  0.986 fl = 13 

0 2000 4000 6000 8000 10000 

Bankfull discharge (m3 s-l) 

Fg. 7.9. Estimation of effective discharge from bankuli discharge (a) and drainage 

area (b) in the h s e f  River basin. 



variables (Fig. 7.9). The estimated data for effective discharge are 

inciuded in Table 7.5. Equations of ihe reiationsnips between 

'measured' and estimated valuss of effective discharge (excluding 

C!ea:water station) and bankull discharge (Fig. 7.9a) and between 

effective discharge and drainage area (Fig. 7.9b), based on data in Table 

7.5, may be used to predict the effective discharge in the Fraser River 

basin. The close relationships that exists between bankfull discharge 

and effective discharge (r* = 0.986) and between effective d~scharge and 

drainage area (r2 = 0.992,' indicate that effective discharge can be 

estimated quite acc~rately from the two independent variables. 

However, note that the variations in the standard errors of estimate given 

are quite large. But considering the size of the Fraser River and the large 

variations in discharge at various stations the standard errors of estimate 

are probably within acceptable limits. Thus, estimated values of the 

effective discharge would probably not differ significantly from true 

values. 

Therefore effective discharge for suspended sediment load in the 

Fraser River basm may be estimated by two equations: 

Qeff = 0.942Qbf - 303 

Qeff = 315.64 + 0.032A 

At this stage, data for threshold discharge for stream-bed scour are 

not enough to permit its prediction in the Fraser River. 



Table 7.5. Effective discharge data f ~ :  the Fraser Rive: basin. 

Qeff for Fraser River basin ---- 
Station A B 

No. No. River (m3s-1) (m3s-1) 

Fraser R, at Red Pass 

Fraser R. at McBride 

Fraser R. at Hansard 

Fraser R. at Shelley 

haser R. near Marguerite 

Fraser R near Big Bar Creek 

Fraser R. at Texas Creek 

haser  R. 2 Hope 

Silverhope Cr. near 
Hope 

Fraser R. near Agassiz 

Harrison R. near Harrison 
Hot Springs 

Chilhad< R. at 
Vedder Crossing 

5aser R. at Mission 

Y Effective discharge estimated by banMull equation given in Fa. 7-81. 
Effective discharge estimated by drairmge area equation given in Fa. 7 . 8 ~ .  



7.4 Summary and Concliasions 

This study found that the concept of effective discharge generally 

applies to rivers in the Fraser River basin. The frequency characteristics 

of the effective discharge in the Fraser River basin range from 0.03% to 

16.04% with a majority of cases failing in the range between 5.5% and 

9.7%. These findings confirm the view of Wolrnan and Miller (1 960) who 

argue that effective discharges are events of moderate frequency. But 

the sediment-discharge regimes based or? 20 discharge classes were 

found to vary widely among stations. 

Duration curves of suspended sediment load and discharge for 

Fraser rivers have revealed that 50% of total sediments are transported 

in 3% to 22% of the time with an average of 13.4%. Larger flow events 

generally transport most cf the suspended load in the Fraser River basin. 

Specifically, 50% of suspended sediment loads are moved by 12% to 

22% of the total discharge with an average of 17.9%. However, these 

conclusions require fuflher testing. 

The problem of the applicability of the effective discharge in fiuvial 

gesmorphol~gy (and perhaps the definition of effective discharge) raised 

by Ashmore and Day (1988), remains unresolved. In this study, the 

concept of effective discharge was found lo  be applicable to the Fraser 

River. This study found the problem of the lack of an objective method of 

determining effective discharge to be more important than that of its 

definition. Therefore, in this section of study, it is concluded that, before 

testing the applicability of the concept of effective discharge in different 

areas, an objective criterion and method for determining effective 

discharge are required. It is further suggested that, the determirntion of 



effectivg Jischarge be based on the rate of sediment transport, 

magnitude and the frequency of occurrence of individual flow even!s 

without dividing them into various classes. This is necessary so that 

there sho~lid be no dispute about how each researcher determines the 

effective discharge. 

Unfortunately, the question of determining effective discharge also 

applies to bankfull discharge. Bankfull discharge has previously been 

determined in a variety of ways and there is no general accord on the 

correct method for its determination. An objective definition and criterion 

for determining bankfull discharge are long overdue from fluvial 

geomorphoiogists as well as from practicing river engineers. 

Finally, the effective discharge may be predicted in Fraser River 

basin at a number of ungauged stations from the knowledge of bankfull 

discharge or area of the drainage basin using equations provided by this 

study. 



CHAPTER EIGHT 

SUMMARY AND CONCLUSIONS 

8.1 Simmary 

8.1.1 Seasonal Channel Scour and Fill Regimes 

The research question relating to the nature of the relationship 

among discharge, suspended-sediment concentration, and channel scour 

and fill for seasonal and individual events was answered in two parts. 

Firstly, with respect to discharge and seasonal stream-bed scour 

and fill, this study has demonstrated that, seasonal channel scour and fill 

regimes in the Fraser River basin show rapid lowering of the bed caused 

largely by the spring snowmelt and progressive adjustment of stream-bed 

and sediment transport. The spring snowmelt which drives the scour cycle 

leaves river beds at lower elevations than those preceding it. Although the 

scour cycle is more complete at some stations than at others, generally 

the succession of scour and fill sequences is almost the same from year to 

year. 

Secondly, this study identifies a close relationship between the 

scouring and filling of the bed and suspended sediment concentration 

which greatly increase when the discharge for bed scour and bankfull 

discharges are exceeded. This observation suggests that seasonal 

suspended-sediment transport probably is controlled by the destruction of 

the channel bed armour, especially when discharge thresholds for bed 

scour and the bankfull discharge are exceeded. This is largely because 



discharges greater than the discharge threshold and tankfull discharge 

liberate large quantities of fine sediments trapped in the bed forms and on 

high elevation bars as they are accessed by the flow. 

8.1.2 Factors Controlling Sediment Variations in Single-Valued Events 

The answer to the research question relating to factors controlling 

the form of single-valued sediment rating curves has four parts, each 

dealing with a different group of factors. 

8.1.2.1 Hydrological Factors 

In the rising stage, linear and non-linear single-valued sediment 

rating curves were found to have been controlled more by the index of 

flood intensity than by the mean rising discharge and antecedent moisture 

conditions (approximated by the discharge on the day preceding the 

beginning of the event). But in the falling stage, the index of flood 

recession controls suspended-sediment concttntration variation more or 

less than the mean falling discharge. Overall, for non-linear events 

sediment concentration was found to be more related to discharge and 

hydrograph characteristics in falling stages while for linear events 

discharge and hj;dmgji~iph characteristics control sediment concentraiion 

to the same extent. 



8.1.2.2 Hydraulic Fadors 

Channel hydraulic factors controlling sediment variation in single- 

valued sediment rating curves are: velocity, depth and bed elevation. The 

most important finding of this study is the timing of different hydrological 

events with respect to the level of the discharge for stream-bed scour 

which is closely related to the sediment supply. Therefore, hydraulic 

factors controlling linear, concave and convex sediment rating curves may 

be distinguished on the basis crf the level of discharge with respect to 

scouring and filling processes. 

Hydrographs for linear events were found to rise and terminate 

when discharge is greater than the threshold discharge for bed scour. 

Under these conditions the scouring process in the rising stage operates 

at rates similar to those for filling. Consequently, suspended-sediment for 

linear rating curves most likely originate from the charrnel bed in the rising 

stage with little or no amount of sediment recruited in the falling stages. 

In contrast, concave events begin to rise when discharge is greater 

than the threshold for bed scour and terminate when the discharge falls 

below the scour threshold. In these cases, scouring occurs in the rising 

stage and filling in the falling stage when discharge is greater than the 

scour threshold. For the concave events, the channel bed supplies most 

of the sediments during scouring in the rising stage as well as during the 

re-scouring episodes in the latter part of the falling stage. 

Cmversely, convex events begin to rise when the discharge is 

below the levetl of bed scour and terminate in the same range of discharge. 

Therefore, convex rating curves are controlled by filling as well as scouring 

in the rising stages and by filling and re-scouring of the bed in falling 



stages. For convex events, bed filling occurs in the early part of the rising 

stage fol!owed by scsuring before t h e  of peak. It is p m O ~ U I G  '-.I- +k L I I ~ L  ----* f l lw31 -' wl 

the suspended-sediments originate from the bed in the latter parts of the 

rising and falling stages when scouring occurs. 

8.1 2.3 Meteorological Factors 

Comparison of changes in bed elevations and timing of precipitation 

and temperature conditions during individual events in a small drainage 

basin of Chilliwack River revealed that, bed scour generally was linked to 

the occurrence of s t ~ r m  runoff due to precipitation, or to snowmelt. 

Linear events were observed to occur when it rained or snowed 

under low or sub-zero temperatures in the rising stage and when 

precipitation was received under similar temperatures conditions in the 

falling stage. But linear rating curves were also produced when it rained 

under low to moderate temperature conditions in the rising and falling 

stages. Under low and sub-zero temperature conditions sediments are 

recruited only from the streambed and none from the slopes due to the 

frozen ground which inhibits infiltration and surface runoff. But under 

moderate temperatures runoff generated from precipitation recruits 

sediments both from the channel and areas adjacent to it. Therefore, a 

continuoils supply of sediments in the entire dwation of the linear events 

likely controi linear sediment rating curves. 

By contrast, concave events occur when precipitation is received in 

the rising and faliing stages under law temperature conditions as well as 

when it rains in the rising and falling stages under moderate temperatures. 



Under these conditions, concentrations either increase or decrease at 

rates greater or less than that of discharge in the rising or failing stages. 

In such cases, most sediments are recruited either in the rising or falling 

stages which promotes the production of concave sediment rating curves. 

Therefore, differences in rates of sediment supply during rising and falling 

stages likely controls the forms of concave sediment rating curves. 

Lastly, convex rating curves occur under moderate or low 

temperature conditions when precipitation is received either in the rising 

stages with little or none received in the falling stage or when precipitation 

is received both in the rising and falling stages. Therefore, for convex 

events precipitation received in the rising stage likely produces quickflow 

and/or overland flow accompanied by high sediment concentrations from 

both the basin slopes and stream-bed. In the falling stage, sediment 

replenishment likely occurs due to availability of an inexhaustible amount 

of sediments in the channel under low or moderate temperature 

conditions. 

Sources of sediment supply, physical characteristics of the basins 

in the vicinity of sediment stations apparently contributed to the existence 

of single-valued sediment rating curves. For instance, the highest number 

of single-valued events (20%) were observed at Vedder Crossing on the 

Chilliwack River. This is not only because of frequent occurrence of 

mudslides on steep slopes and high precipitation received in the river 

basin, but also the existence of two discharge peaks associated with 

spring snowmelt and fall storminess. 

Agassiz and Mission stations, where respectively 18% and 12% of 

single-valued events were observed, generally carry sand. The Hansard 

station, with 16% of the events, is located downstream of the Robson 



Reach whnre most of the sediment supply comes from glaciers and 

alluvial fans in the Rocky Mountains. However, the availability of large 

quantities of unconsolidated sediments in the Marguerite station reach 

seems not to have contributed to the existence of single-valued events at 

the station as only 4% were observed. This is largely because of the high 

contributions of snowmelt to the spring floods which cause moderate to 

pronounced hysteresis in the sediment-discharge relations. 

8.1.3 Factors Controlling Hysteresis in Relations of Discharge and 

Suspended-Sediment Concentration 

The question relating to factors controlling the occurrence of 

hysteresis in single hydrological events was answered in three parts 

dealing with different factors. The findings of this study in this section ara 

prsceded by a theoretical background in order to put the discussion in the 

proper perspective. 

Hysteresis in the sediment concentration versus discharge relations 

for single hydrological events has previously been attributed to a variety of 

factors which include, time lags between concentration and discharge 

peaks, differences in the rates of downstream movement of flood waves 

and the core of maximum concentration, differences in spatial distances 

between source areas and sediment measuring stations (Heidal, 1956; 

Wood, 1977; Bogen, 1980; Marcus, 1989); index of flood intensity and rate 

of hydrograph rise (eregory and Walling, 1973) and by the rainfall intensity 

(Klein, 1984). Observations on the Fraser River in this study support 

Heidal (1956) and Marcus' (I 989) conclusion that, a flood wave moves 



downstream more rapidly thag the streamflow in which sediment is 

entrained. The re!a?lye positions of the flood wave and C O ~  of maximum 

suspended concentration vary which leads to spatial and temporal 

variations in sediment discharge. Paustian and Beschta (1 979) attributed 

higher sediment concentrations on the rising than falling hydrograph limbs 

to the release of sediments from bed gravels after a hydrograph peak 

which inhibits the formation of a new armour layer. 

Among hydrological factors controlling the occurrence of hysteresis, 

in this study it was found that, in the rising stage, antecedent moisture 

exerts greater control on suspended-sediment variation than mean rising- 

discharge for clockwise hysteretic events. But for anticlockwise hysteretic 

events, mean rising-discharge was found to exert greater control on 

suspended-sediment variation than antecedent moisture. In the falling 

stage, no difference was found between hydrological factors which control 

variations in sediment concentration for clockwise and anticlockwise 

hysteretic events. 

Among hydraulic factors it was found that, for a majority of 

hysteretic events variations in sediment concentrations occur when there 

is a cross-over of average velocities in the risiag and falling stages. 

Variations in concentrations are greater if the velocity cross-over occurs at 

higher than at lower discharges. This is because rapid changes in velocity 

from low to high at high fiows results in greater changes to the channel 

shape than changes from high to low velocity at higher flows. Therefore, 

the crossing-over of velocities potentially liberates more fine sediments 

from the stream-bed for transport than when it occurs at lower discharges. 

Lastly, no clear-cut distinction was observed between 

meteorsiogical fadors (namely, precipitation and air temperature) in 



causing clockwise and anticlockwise hysterssis for hydrological events 

that occur in summer and winter months. However, it was found that 

clockwise hysteresis rescllted in sediment-discharge relations when 

precipitation was received in the rising stage with littie or no precipitztion 

received In the falling stage. This indicates that sediment suppiy from 

storm runoff likely is restricted to the rising stage. By contrast, 

anticlockwise hysteresis was found to generally result when preipitation is 

received in the basin both in the rising and falling stages of hydrological 

events. But sediment supply is higher in the falling than in the rising 

stages. 

The Influence of air temperature in causing clockwise or 

anticlockwise hysteresis was also found not to be clear-cut for a majority of 

events studied. However, for those events that occurred in winter months 

clear influences of temperature on clockwise and anticlockwise hysteresis 

can be distinguished. In the Chilliwack River basin, it was found that 

clockwise hysteresis occurs when precipitation is received in the rising 

stage with little or no precipitation received in falling stage under sub-zero 

iemperatures. Under these conditions, sediments are recruitad fromike 

basin slopes, areas adjacent to the river channel and from the channel 

bed. In the failing stage, no sediment is recruited from basin slopes and 

only a limited amomt of sediment is transported from the stream-bed due 

to the existence of sub-zero temperatures which inhibit runoff and 

sediment generation. These conditions favour the production of clockwise 

hysteresis in the sediment-discharge relations. 

Conversely, in the Chitliwack River basin anticlockwise hysteresis 

&so was observed to occur when precipitation is received under sub-zero 

temperatures in the rising stage and under low to moderate temperatures 



in the falling stage. These observations strongly suggest that, sediment 

A" ---- A t..- - L L  L- -- rrar~spOri ~rurrr ~ r e  u a m  3rd channri bed is inhibited in the rising stage by 

the sub-zero temperatures. But in the falling stage, ari abundant amount 

of sediments are recruited from the basin slopes and the channel bed 

thereby causing anticiockwise hysteresis. These meteorological controls 

on sediment concentration are only true for the Chilliwack River. But 

similar processes gr~bably obtain in other small drainage basins in humid 

temperate regions. 

This is study has largely combined functional (regression) analysis 

and cause-and-effect analysis in the explanation of the existence of 

various types of single-valued and hysteretic relationships between 

suspended-sediment concentration and discharge. These methods are 

among other approaches such morphometric and systems analysis 

employed in geornorptmlogy* Each one of these approaches has 

limitations and drawbacks; and are only appropriate in certain 

circumstances. The functional and muse-and-effect analysis used in this 

study have added to the knowledge of the character and factors controlling 

suspended-sediment concentration in the Fraser River basin. 

8-3-4 Prediction of Forms of Suspended-Sediment Rating Curves 

The potential mix and interrelations of factors controlling sediment 

variations which Wiftiams (1989: 105) concluded as presenting a 

formidabie challenge to predicting the type and magnitude of C-Q relations 

for a particuiar site and occasion are considered here by way of 

conclusion. Findings of this study allow for the prediction of expected 



forms of sediment-discharge relations for single hydrological events under 

different geomorphic, hydrologic, hydraulic and meteorological conditions. 

Since deriving general models to explain sediment transport in rivers is 

complicated by the large number of variables involved, concepts of 

geomorphic threshold and complex response (Schumm, 1973) are utilized. 

Schumm (1 977) has provided a predictive cascading system to enhance 

the understanding of the fluvial system. 

Insights gained from analyses of factors controlling suspended- 

sediment concentration in the Fraser River, in a time scale of days to 

years, lead to the modification of Schdmm's (1 977: 323) types of landform 

response to and Sichingabula's (1986: 118) model of river channel 

response to external and internal influences into an idealized model of 

interrelations of factors controlling suspended-sediment transport for single 

hydrological events (Fig. 8.1 ). Fig. 8.1 shows the various controlling 

factors that influence sediment-discharge relations of single hydrological 

events. 

In a fluvial system, the character of hydrological events reflect 

channel responses to both external and internal influences which lead to 

the exceedance of extrinsic and intrinsic thresholds. In a time scale of 

years external influences may be in the form of hydrologic and 

meteorotogical events as well as changes in temperature regimes. in the 

short-term, internal influences may be in the form of changes in sediment 

load and in hydraulic variables. in rivers external and internal influences 

lead to the exceedance of geomorphic and meteorologic threshdds which 

bring about a series of minor channel adjustments such as sediment 

movement and streambed scour and fill. in turn, these adjustments lead 

to the complex response as rivers search a new equilibrium state beiween 



Channel ressonse ie 
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(e.g., hydrologic and 
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Retations 

\ 
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Fig. 8.5. An idealized model of rnterreiations cf factors controlling suspended-sediment 
concentration for singie hydrological events. 'Where C ,  and Co are sediment concentratior,; Q, 
Qbfs Qt, temp. are daiiy discharge, bankfull dissharge, discharge threshold for stream-bed 
scour and temperature, respecfr/ely* The mode: is an extension of Schurnm's (!977: 323) and 
Sichingabula's (1986: 145) madeis of landform and channei responses to external and internal 
iniluences. •˜ze of arrws above ACo indicate relafve magnitudes of change. 



morphologic and cascading components of the process-response system. 

3-L, ,,,, 
I t t t ;  DGC~ICX of a new eqiiilibiim is rnaiiifesielj in ihe clinipiicx3ed 

and various forms of sediment-dischzrge (C-Q) reiations for single 

hydrological events. The two forms of sediment-discharge relations 

distinguished in this study are the single-valued and multi-valuad 

(hysteretic) sediment rating curves. The evidence presented herein allows 

for predictior: of the occurrence of a particular type of sediment-discharge 

relation in the Fraser River basin. Although the model presented is mainly 

applicable to the Fraser River basin it can also be extended to other rivers 

influenced by factors similar to those that obtain on the Fraser River. 

For instance, for single-valued sediment-discharge relations Fig. 8.1 

shows that if: 

1 .  in event 1, the rate of increase in sediment concentration in the 

rising stage is similar to that of decreasing concentration in the 

falling stage, a linear rating curve would be produced; 

2. -in event 2, sediment concentration increases in the rising stage 

and decreases at two different rates in the falling stage, a 

eoncave rating curve would be produced; 

3. in event 3, sediment concentration iccreases at two different 

rates in the rising stage and also decreases at twc different 

rates in the fatfing stage, a convex rating curve would be 

produced. 



For rnsfti-valued sedheni-discharge relaiions, if: 

4. in event 4, seciiment concentration in the r is in~ stage increases 

at two rates and also decreases at two different rates in the 

falling stage, a clockwise hysteresis would be produced, and 

lastiy ; 

5. in event 5, sediment concentration increases at two different 

rates in the rising stage increases and decreases in the falling 

stage, an anticlockwise hysteresis would be producea. 

Note that the initial increase in sediment concentration for each 

event could be caused by external factors such as hydrologic events due 

to precipitation or snowmelt and the arrival of sediment-laden runoff from 

basin slopes. But differences in rates of increase and decrease in 

sediment concentration either in the rising or falling stages could be 

caused by internal factors. Such factors include changes in sediment 

load, the exceedance of velocity threshold for sediment movement, the 

discharge threshofd for stream-bed scour, and due to direct precipitation 

which is deficient in suspended-sediment. In winter the generation of 

runoff largely depends on temperature ranges below and zbove the 

freezing point. More rmoff and sediment are generated under higher than 

lower temperatures. 



8.1 -5 Frequency Characteristics of Sediment Loads 

With respect to the question relating to frequency statistics of 

effective discharge it was found that the duration of the effective discharge 

for Fraser River varied widely (0.03% to 16%) as observed in previous 

studies. These findings confirm the hypothesis 04 Wolrnan and Miller 

(1 960) stating that effective discharges are events of moderate frequency. 

The problem of if-,,. applicability and definition of effective discharge raised 

by Ashmore and Day (1988), in this study has been found to be less 

important than the problem of a lack of an objective method for 

determining the effective discharge. An objective criterion and method for 

determining effective discharge is presently lacking in fluvial 

geomorphology. 

Lastly, using an alternative way of looking at discharge 

effectiveness in transporting suspended sediment load, this study found 

that, in Fraser River basin 50% of total sediments are transported in 13.8% 

of the time. Additionally, 50% of suspended sediment loads are moved by 

12% to 22% of total discharge. This indicates that larger flow events 

transport most of the suspended-sediment load. 

8.1 -6 Relationships among Effective Discharge, Threshold Discharge and 

Bankfull Discharge 

The question of the relationships among effective, threshold and 

bankfull discharges was answered by assessing their relative magnitudes. 

This study has found that ;tin the Fraser Rive;, the effective and threshold 



discharges generally are smaller than the bankfuii discharge at each 

station. On the main channel of the Fraser Rber the ratio of effective 

discharge to bankfull discharge ranges from 0.550 to 0.984. This shows 

that the relati~nship between effective discharge and bankfull discharge is 

fairly stable on large rivers. 

By comparison, the ratios of threshold discharge to bankfull 

discharge for the studied stations was found to range from 0.086 to 0.777. 

On average, results sf this study show that the threshold discharge and 

effective discharge in the Fraser River are 0.349 and (3.755 times smaller 

than bankfull discharge, respectively. 

Finally, the effective and threshold discharges in Fraser River may 

be predicted from the kncwledge of either bankfull discharge or drainage 

area of the basin for which applicable equations have been provided. 

8.2 Conclusions 

It is concluded that spring snowmelt which drives the scour cycle 

leaves river beds at lower elevations than those preceding it and that, 

generally the succession of scour &d fill sequence is almost the same 

from year to year. A close relationship between the scouring and filling of 

the bed and sediment concentration has been identified, especially when 

the discharge for bed scour and bankfull discharges are exceeded. This 

observation indicates discharges greater than the discharge threshold for 

bed scour and bankiuil discharge liberate large quantities of fine 

sediments trapped in the bed forms and on high elevation bars. 

Angther conclusion of this study is that, linear and non-linear 

sediment rating curves can be distinguished by the greater influence of 



preceding discharge or antecedent moisture on the linear curve forms. 

This implies that, for linear events, other factors remaining constant, high 

antecedent moisture conditions have the effect of generating quick runoff 

and rapid increases in sediment concentration in concert with cha;lges in 

discharge. Conversely, low antecedent moisture conditions likely produce 

delayed increases in sedimmt c~ncentratisn not in phase with changes in 

discharge. Consequently, a non-linear relationship between sediment 

concentration and discharge is produced. 

The analysis of hydraulic factors demonstrated that the interaction 

; dtween the stream-bed and streamflow is an important factor in the 

control of suspmded-sediment variation !or single hydrological events. If 

the bed is mobile in the rising and falling stages and no replenishment ~f 

sediment occurs in the falling stage, a linear rating curve is produced. But, 

if the bed is mobile in rising and immobile in falling stage of an hydrological 

event, or vise versa, the associated sediment-discharge relation likely will 

have a concave form. 

Simiiarly, if the bed is mobile in the rising and falling stages and 

sediment replsnishment occurs in the falling stage, a convex rating curve 

would result since sediments would be released and supplied more quickly 

in the falling than rising stages. It appears to be the case that, when the 

inactive bed becomes mobile, in the rising or/and falling stages, it 

contributes considerabte amounts of sediments for transport by the 

stream. Therefore, the return of stored sediments by the scouring of the 

be6 has been fwnd to be one sf fire major factors coniroiiing the variation 

of suspended-sediment conceritration for single-valued hydrological 

events. 



Glockwise hysteretic events in the rising stage were found to be 

controlfed iiioje tiji high aiiiecedent moisttie condition than the m a i l  ?isiitg- 

discharge. Converseiy, anticlockwise hysteretic events have been found to 

be controlled more by mean rising-discharge than antecedent moisture in 

the rising stage. No difference was found between hydrological factors 

controlling variations in sediment concentrat~on for clockwise and 

anticlockwise hysteretic events. 

Hydraulically, for a majority of hysteretic events variations in 

sediment concentrations occur whei; there is a cross-over of average 

veiecities in the rising and falling stages. Variations in concentrations are 

greater if the velocity cross-over occurs at higher than at lower discharges. 

This is because rapid changes in velocity from low to high at high flows 

liberates more fine sediments from the stream-bed for transport than when 

the cross-over occurs at lower discharges. 

Lastly, in a small temperate stream such as the Chilliwack River 

precipitation and air temperature influence single-vaiued sediment rating 

curves as well as clockwise and anticlockwise hysteretic events that occur in 

winter months. It is difficuti ' 3  iso!ate the true nature of meteomlogical 

factors that control variations in suspended-sedimeni concentration for 

singie hydrological factors. This is because these and other factors operate 

at the same. Their isolation here is a matter of convenience. But it is safe 

to say that the occurrence of precipitation in the rising andlor falling stage 

conditions ruiioff and sediment generation from basin slopes as well as from 

the stream-bed. 

Similarly, air temperature in subzero to moderate ranges controls the 

rates of runoff generaticn and sediment supply to river channels in winter 

months. Subzero and neat- zero !ow temperatures inhibit sediment 



recruitment from basin slopes and from the siream-bed due to the existence 

of an impervious surface iayer of ice cover and the lack of runoff from basin 

slopes. Higher temperatures up to moderate ranges promote runoff and 

sediment generation. it is the varying combination of precipitation 

occurrence under different temperature conditions which ultimately 

determines the forms of single-valued sedimeni rating curves effected and 

the type of hysteresis observed in the sediment-discharge relationships. It 

is concluded that multivariate analysis involving major factors controlling 

variations in suspended-sediment concentration can greatly increase the 

prediction of sediment loads in the Fraser River. 

The frequency chaiadeiistics of the effective discharge for the 

Fraser River were found to be in the range sf values as those observed by 

previous studies. The findings of this study also confirm the hypothesis of 

Wolman and Miller (1960) stating that effective discharges are events of 

moderate frequency. The problem of the lack of an objective method for 

determining the effective discharge remains unresolved. As a first step to 

its solution, it is concluded that the determination effective discharge be 

based on the rate of sediment transport, magnitude and the frequency of 

occurrence of individual ilow events without dividing them into various 

classes. This should provide an objective criterion and method for 

determining effective discharge which is presently lacking in fluvial 

geomorphology. 

Based on the methods used in this study, the effective discharge 

and threshoid discrtarge for stream-bed scour in Fraser River were found 

to be 0.349 ar.b 0.755 times bankfull discharge, respectively. The 

effective and threshold discharges may be predicted with good results 



from either bankfull discharge or the drainage area for which applicable 

equations have been provided in this study. 

Overall, better knowledge of the character and factors controlling 

suspended-sediment concentration and discharge effectiveness, in the 

Fraser River basin will require more detailed analysis than has been 

conducted in this study. But the processes of seasonal scour and fill 

regimes and hysteretic phenomenon demonstrated in this study indicate 

that sediment transport iil the Fraser River basin involves some kind of 

'memory' (Bogen, 1980: 52) of past history of fluvial processes. The 

memory effect indicates the relative importance of in-channel sediment 

storage at both seasonal and storm-period times scales. The knowledge 

of relative amounts of sediment in storage between and within seasons is 

critical to better management and planning of water systems for navigation 

and purifcation of industrial and municipal water supplies. 

Further investigations of seasonal and storm-period factors 

associated with scour and fill processes for single hydrological events may 

provide insights into the mechanisms operating. This also would allow for 

valuable information about the underlying physical processes to be 

discerned. 

Future research on suspended-sediment transport should be directed at 

ascertaining whether or not findings reported herein for the Fraser River are 

typical of other fivers in temperate regions. Research into possible applications 

of the knowledge of threshold discharge for stream-bed scour and of factors 

controlling sediment variation in rivers should be worthwhile to river engineering 

and to the solution of many human problems caused by suspended-sediment 

transport in rivets. 
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Discharge (Q) and sediment concentration (C) data in the rising (r) and falling 

(f) stages of some single-valued hydrological events in the Fraser River basin. 

b e n t  Q C QU 1 CO) Q(f 1 C(t) 
No. Station & Date (mA31s) (mglL) (mA3/s) (mg/L) (mA3/s) (mg /L)  - 

1914: Jun. 02 
0 3 
0 4 
05 
CT 6 
0 7 
08 
09 



- 
EWwn t Q C Q(r ) C(r) Q(f ) c(9 

No. Station 8 Date (mA3is) (mglL) (mA3/s) (mglL) {mA3/s) (mg/L) 

1983: May 29 
3 0 
3 1 

Jun. 01 
0 2 
0 3 
0 4 
05 
06 

1972: May 26 
2 7 
28 
29 
30 
3 1 
3 2 
33 
3 4 
35 
3 6 
37 

1979: Jun. 03 
0 4 
05 
06 
07 
08 



Event B(r C a0 w) a0 
No. Station & Date (mA3/s) (rngiL) (mA3/s) (mglL) (mA3/s) Img/L)  

1969: May 25 
26 
27 
28  
2 9 
30 

Jun 01 
02 

1969: Aug. 12 
13 
14 
15 
16  
17 
18 
1 % 
2 0 



- 
Event Q C Q@ 1 w) Q(f ) at) 
No. Station & Date fmA3/si (mg/L) (mn3/s) (mg/L) (mA3/s) (mglL) 

1969: Nov. 21 
2 2 
2 3 
2 4 
2 5  
2 6  
27 
2 8  
2  9 
3 0 

1977: Oct. 31 
Nov. 01 

02 
03 
04 
0 5 
06 
07 



1969: Sep. 30 
Dct. 01 

02 
C3 
0 4 
0 5  
0 6  
0 7 

1969: Jun 01 
0 2 
03 
0 4 
05  
06 
07 
0 8 
09 
10 

1968: Jan. 23 
2 4 
2 5 
26 
27 
28 
29 
3 0 
3 1 

Feb. 01 
92 



No. Station & Date (mA3/s) fmglL) (mA3/s) (mglL) (mA3/s) ( m w - )  

1969: Aug. 10 
11  
12 
13 
1 4  
5 5 
1 6  
5 7 
18  
'1 9 
2 0 
2 4 

1973: Jun 24 
25 
2 6 
27 
28 
29 
3 @ 

Jun. 01 
02 
0 3 
0 4 



1986: Feb. 22 
2 3 
2 4  
2 5  
26 
27  
2 8 

Mar. 01 
0 2 
0 3 
0 4 
Q 5 

1986: Jan. 16 
17 
18 
19 
2 0 
2 1 
22 
23 
24 

1970: Mar. t2  
13 
14 
15 
16  
17 
18 
19 
20 
2 1 
2 2 
23 



4 

Event Q C t)(r 1 w) Qf ) c(r) 
No. Station 8 Date (rnb3/s) (rngiL) (mn3/s) (mg l l )  (mA3/s) j m ~ l i )  



Discharge (Q) and sediment concentration (C) data in the rising (r) and falling 
(f) stages of some hysteretic events in the  Fraser River basin. 

May 09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

May 21 
2 2 
2 3 
2 4 
2 5 
2 6 
2 7 

May 29 
3 0 
3 1 
0 1 
02 
0 3 
0 4 
0 5 



Jun 08 
9 

10 
1 I 
12 
13 
14 
15 
16  
17 
18 

May 14 
15 
16 
17 
18 
19 
2 0 
2 1 
2 2 

June 05 
0 6  
0 7 
0 8 
0 9 
10 
1 1  
12 
13 



- -- 

Event Station Date Q C 
No. (mA31s) ( m g l t )  

Aug. 16 
1 7  
4 8 
19  
2 0 
2 1 
2 2 
2 3 
2 4 
2 5 

Jun 04 
0 5 
0 6 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
3 8 
I9 
2 0 
2 1 



No. (mA3is) (mglL) 

Jun 21 
2 2 
2 3  
24 
2 5 
26  
2 7 
2 8 
2 9 
3 0 

1 
2 

May 24 
25 
2 6 
2 7  
2 8 
2 9 
3 0 
3 1 

Jun 01 

May 09 
10 
1 1  
12 
13 
14 
15 
16 
17 



Event Staiion Date Q C a01 C M  QP) C!r) 
No. (mA31s) jrngll) (mA31s) (mg l t f  (mA3is) (rnglL) 

Jul 01 
0 2 
0 3 
04 
0 5 
06 
07 
0 8 
09 
10 
11 
12 
13 
14 
15 



Sep. 13 
14 
15 
1 6  
17 
18 
19 
20 
2 1 
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APPENDIX 5A 

Channel hydraulic data: discharge (Q), stream-bed elevation (Be) and movina - 
averaged stream-bed elevations (5 points) on rising and falling (f) stages of 
single hydrological events on the Fraser River at Red Pass station (1960- 
1981). 

Be (0 
Moving av. 
6) 





Channel hydraulic data: discharge (Q), stream-bed elevation (Be) and moving 

averaged stream-bed elevations (5 points) on rising and falling (f) stages of 
single hydrologicai events on the Fraser River at McBride station (1969-1985. 

Be Be (r) Be (fl 
(m) Be (0 Be (f) Moving av. Moving av. 

(m) (m) is) (3 





APPENDIX 5C 

Channel hydraulic data: discharge (Q), stream-bed eievation (Be) and moving 

averaged streambed elevations (1 1 points) on rising and falling (f) stages of 
single hydroiogical events on the Fraser River at Hansard station (1972- 

1 985). 





APPENDIX 5D 

Channel hydraulic data: discharge (Q), stream-bed elevation (Be) and moving 

averaged stream-bed elevations (I 1 points) on rising and failing (f) stages of 
single hydrological events on the Fraser River at Shelley station (1 960-1 986). 

Be 0) I9 
Moving av. Moving av. 

(1 4 )  (1 1) 





APPENDIX 5E.i 

Channel hydraulic data: discharge (Q), stream-bed elevation (Be) and moving 

~ ~ i a g e c i  stream-bed eievations (1 1 points) on rising and falling (f) stages of 
single hydrological events on the Fraser River at Marguerite station (1971- 

1 986). 
----- .- 







APPENDIX 5E.2 

Data for discharge (Q), sediment concentration (C) and moving averaged 
sediment concentration (1 1 points) on rising (r) and falling stages of single 

hydrological events on the Fraser River at Marguerite station (1 971 -1 986). 

Discharge c C(0 c(9 
~o Date C C(f) Moving av. Moving av. 

(m3 s-1) (,g L-1) (mg L-1) (mg L-r) (1 1) (1 1) 







APPENDIX 5F 

Channel hydraulic data: discharge fQ), stream-bed elevation (Be) and rnovina 
.4 

averaged stream-bed elevations (3 points) on rising and falling (f) stages of 
single hydrological events on the Fraser River at Big Bar Creek station (1960- 

1 972). 



APPENDIX 5G 

Charinel hydraulic data: discharge (01, stream-bed elevation (Be) and moving 
averaged stream-bed elevations (1 1 points) on rising and falling (f) stages of 
singie hydrological events on the Fraser River at Texas Creek station (1960- 

I 986). 

Discharp Be (Ghd!' Be (r)  
No. Date (m3 5-1 ) (fl) 

-- 

Be (0 Be to 
Be (0 Moving av. Moving av. 





Channel hydraulic data: discharge (Q), stream-bed elevation (Be) and moving 

averaged stream-bed elevations (1 1 points) on rising and falling (f) stages of 
single hydrological events on the Fraser River at Hope station (1965-1979). 







APPENDIX 5H.2 

Data for discharge (Q), sediment concentration (C) and moving averaged 

sediment concentrations (1 1 points) on rising (r) and falling (f) stages of single 

hydrological evenis on the Fraser River at Hope station (1 965-1 979). 







APPENDIX 51.1 

Channel hydraulic data: discharge (Q), stream-bed elevation (Be) and moving 
averaged stream-bed elevations (1 1 points) on rising (r) and falling (f) stages 
of single hydrological events on the Fraser River at Agassiz station (9968- 
1986). 





0 Be 
No. Date lmA3/s) (m) 









APPENDIX 51.2 

Data for discharge (Q] ,  sediment cnncentartinr! (C) and rnwing averaged 
sediment concentrations (1  1 points) on rising (r) and falling (f) stages of single 
hydrological events on the Fraser River at Agassiz station (1 968-1986). 













APPENDIX 5J.1 

Channel hydraulic data: discharge (Q), stream-bed elevation (Be) and moving 
averaged stream-bed elevations (1 1 points) on rising (r) and falling (f) stages 
3f single hydrobgical events on the Chilliwack River at Vedder Crossing 
station (1965-1 975). 







APPENDIX 5d.2 

Data for discharge (Q), sediment concentartion (C) and moving averaged 
sediment concentrations (1 1 points) on rising (r) and falling (f) stages of single 
hydrological events on the Chilliwack River at Vedder Crossing station (1965- 

(1975). 







APPENDIX 5K.1 

Channel hydraulic data: discharge (Q), stream-bed eievation (Be) and moving 

averaged stream-bed elevaiions (1 1 points) on rising (r) and falling (f) stages 
of single hydrobgica! events on the Fraset River at Mission station (l969- 
1988). 

No Date Discharge 
(m3 s-1) 

Be Be 
Be Be (0 Be ' Moving av. Moving av. 
(m) (m) im) (1 1) (1 1) 











Data for discharge (Q), sediment concentartion (C) and moving averaged 
sediment concentrations (1 1 points) on rising (r) and falling (:) stages of single 

hydrological events on the Fraser River at Mission station (1968-1986). 
- - --- -- 

C C,( r) C(0 
Discharge 

C (f) 
Moving av. Moving av. 

No. Date (m3 sl) mg 
G (r) (1 1) I l l )  











APPENDIX ti 

Monthly mean discharge 
data for 1977, 7978 and 
Fraser River. 

(Q) and monthly mean sediment concentration (C) 

5979 at the Marguerite and Hope stations on the 

1977 1977 1978 1978 1979 1979 
C Q C Q C Q 

Month (rnglij (mn3/s) (mglL) (mA31s) (nglL) (mA31s) 
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APPENDIX 8 

Daily discharge (0) and daily sediment concentration (C) data for 9 
hydrological events at Marguerite station on the Fraser River between April 

and September, 1977. 

Calendar Q C 
days (rnA3/s) (mg/L) 

Calendar Q C 
days ( m h 3 / s )  ( m g f t )  



Caienelar Q C Calendar Q C 
days (mA31s) (mglL) days { m A 3 f s )  (mg/L) 
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