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ABSTRACT

A time-area model was developed to synthesise hydrographs
for the Fraser River, FEritish Columbia. These hydrographs
reflect the size and sbape of the tributary basins, and the
effects of storage and attenuation are incorporated by the use
of Muskingum flcod routing technigue. As each tributary is added
to the Fraser River flow, its relative importance to the
mainstream peak is assessed, The effects of the timing and
magnitude of tributary inputs are shown to be critical in
determining the time of absclute peak-flow.

Apparent travel times between gauging statioms for rainfall
events vere examined for the period 1971 to 1980. Travel times
were derived from hourly discharge data which were obtained
directly from streamflow recorder charts. A negative
relaticnship between discharge and travel time should exist
where river flow mechanics dominate, but no decisive patterns
were found, either on am annual or seasonal basis. Wave celerity
apreared to be very fast in many cases, and in several others,
the upstream’peak occurred after the douwnstream peak. This
behaviour is predicted by the time-area model. Therefore it is
concluded that it is basin morphology and not translation that
exerts the primary control upon runoff patterns in the Fraser
Ba sin.

Real hydrograph changes in time and space can be
interpreted using the model as a means to infer the source area

of runoff. When data are grouped according to the spatial
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distritution of precipitaticn, trends between discharge and
travel time can be identified, for cases where substantial
tributary inputs between two stations do not domimate the
time-of-peak, It is concluded that the time-area model is a
useful tool for interpreting travel time characteristics of the

Fraser River flood waves,
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I. Background to study

1.1 Introduction

Felatively few studies have addressed the prcblem of flow
travel time variations within a watershed [Pilgrim, 1977).
Studies have tended to polarize, either toward examining the
effects of geomorphic characteristics upon response time (lag
time) , or considering changes in flood wave shape as it passes
along a channel. In a large basin however, both aspects are
important in detersining peak flow travel times.

Travel time is defimed by Linsley, Kohler and Paulhus
(1949) as the elapsed time between flood wave crests at two
stations. They noted the lack of constancy for a given reach but
suggested travel time behaved in a regular fashion: being long
at low stages, decreasing to a minimumr at moderate stages, and
increasing somewhat to stages above bankfull. Between reaches,
travel time will vary depending on hydrologic and hydraulic
differences. However, the regqular relationship between travel
time and di scharge cam be disrupted by ma jor tributary inputs
and a nonuniform precifpitation distribution.

In this study, a time-area model of the Fraser basin is

used tc interpret peak flow travel time irreqularities for

rainfall events. The Fraser Basin is irregnlarly shaped,



contains contrasting hydrometecorological regions and supplies
numerous tributaries to the Fraser River. Therefore it permits
an examination of the way in which spatially limited processes
are incorporated into the cverall basin response. Time-area
concepts were used to simulate a series of contrasting
preciritation inputs which were modified to Instantaneous Uait
Hydrographs using the Muskingum flood routing technigue. Peak
flow travel times, derived from the model, then can be used to
intergret real travel time irregularities. The mcdel helps to
ident ify where river flov mechanisms are dominant and where

other factors need to be considered.

1. 2 Hydrological Background

1.2.1 Crainage Basin Models and the Hydrograph

The land component of the hydrologic cycle is described by
More {1969) as consisting of a frecigpitation input that is
ndistributed through a number of storages by a series of
transfers leading to outputs of basin channel runoff,
evafpotranspiration and groundwater". A hydrograph represents the
time distribution of that runoff from a drainage basin and
Rogers {1972) noted that its peak corresponds to flow arriving
from the maximum basin width. The hydrograph is therefore an
integral of physiographic and climatic variables (Roberts and

Klingeman, 1970). The relationships between basin features,



climatic inputs and the hydrograph are documented or implicit in
nusercus papers, including those «f Butler (1977), Howard and
smith (1977) and Weyman (1975).

Runoff reaches a river by numerous routes which Hewlett and
Hibbert (1965) classified either as quick or delayed flow in
order to avoid making process assuspticns. The amounts
translated by the differing means depend ultimately on basin
charac teristics, but guick flow generally corresponds to storn
runcoff. A hydrograph represents basin resgonse to a storm and
therefore hydrograph shape reflects basin storage and its
influence on travel times. Numerous methods of hydrograph
analysis are available (Chow, 1964) but the unit hydrograph of
Sherman (1932) remains the most widely used technique. Sherman
suggested that a unit hydrograph is specific to a given basin
and that it can be used to understand individual basin
processes. The theoretical bases of the unit hydrograph have
been much debated. For example, Heerdegen (1973) questioned the -
rigidity of the assumptions. However, despite the problems, it
still fproves to be a valuable met hod.

Physical models of watersheds have been used to exanmine
simple relationships between basin characteristics and runoff
(for example Roberts and Klingeman, 1972; Black, 1970 ; and
Black, 1972) . Subsequent studies focussed on the similarities
between models and basins. These models illustrate the
relationships to be expected for ideal, reduced scale conditions

and hence may be limited by problems of hydraulic similitude.



They are useful tocls for understanding simple basin fprocesses
and are conceptually of great importance.

Simple mathematical modeling using correlation and
regression techniques has had only limited success (Vorst and
Bell, 1977). Correlaticns obtained are rarely applicable to a
range of regions and possibly limited by poor mathematical
representation of the relationships. Linear mathematical models
do not explain several important features including the
non-linear relationship between peak discharge rate and
precipitation inteasity (Wooding, 1965). Preliminary studies of
non-linearity in laboratory channels were made by Amorocho
(1963) and subsequently Kulandaiswamy, 1964; Snyder, Mills and
Stephens, 1970; Reed et al, 1975; Pilgriam, 1976; and Singh and
Woolhiser, 1976. A linear rainfall-runoff relationship is
satisfactory for large basins but more deviations from linearity
are cbserved in smaller basins (Wang et al,h1981).

Computer technology has enabled advances in the synthesis
of watershed processes; the Stanfcrd ¥Watershed Model IV
(Crawford and Linsley, 1966) is a classic example. As models
become more sophisticated, parameter optimisation makes thenm
more specific to the catchment for which they were developed, as
exesplified in models of the Meuse (Bultot and Dupriez, 1976)
and the Fraser (Cuick and Pipes, 1976a). Vorst and Bell (1977)
cautioned that parameter va lues outside the range of streamflow

data used may not ke reliable.



The scale of a study is important, both spatially and
temporally. For the micro-scale, an examination of the physical
cosplexities of the watershed is necessary. At the macro-scale,
general trends in parameters are investigated, allowing
descriptions to be simplified. While it is well known that basin
size influences runoff, an understanding of the implications of
different scales is important for data transfer. Pilgrim and
coworkers {1982) examined the effects of catchment size on
hydrolecgical relations and concluded general patterns between
large and small catchments exist, but they are not simple and
well defined.

Tools for predicting the hydrograph characteristics of a
watershed atound, ranging from sisple, empirical precipitation -
runcff relations to complex routing techniques (Murphey et al,
1977). Until recently, spatial processes in hydrology have been
relatively neglected in contrast to the multitude of studies of
tenpcral stochastic processes (Ord and Bees, 1979). Many studies-
are limited -because they consider hydrographs at only one point
in the river system and assume that a single storm produces a
sieple flood hydrograph. The concept of multiple inputs however,
is attracting more attention, for example, Mawdsley and Tagg

{1981) and Buthman and Wilke (1982).



1.2.2 The Time~area concept

Geomor pholcgy controls the time taken for translation of
flow and ul timately influences hydrograph shape (Gray, 1965).
One of the earliest attempts toc quantify the relationships among
flood hydrograph characteristics and the size, shape and
gradient of a drainage system was that of Horton {1932). More
recently, Vorst and Bell (1977) found that the distance
travelled tc the outlet is usually significant in predicting
flcod response time. Singh ([1975) showed time of concentration
to vary with the space-time distribution of rainfall. He reports
Mulvany {(1850) as pcssibly teing the first to show clearly the
relation between tigme cf concentration and maximum runoff.

The time taken for an actual drop of water to travel
through the syster can be used to construct a time-area map of a
tasin. By assuming that flow velocity remains constant,
iscchrones! can be placed objectively at equal distances from
the basin outlet. Laurenson (1964) proposed that the time
interval between precifpitation and its effect at the outlet was
a more realistic interpretatiop than the actual travel time of a
water droplet.

A time-area histogram may be used to simulate an

1 lines of equal {travel) time



Instantaneous Unit Hydrograph? at the basin outlet (Clark,1945;
Nash 1957; and Dooge, 1959) . The concepts are well founded since
area is undisputedly correlated with runoff volume and distance
with tle time crdinates of the hydrograph. In experimental work
with physical models, Némec (1972) found full confirmation of
time-area concepts. Clark (1945) claimed that the method allows
the identificaticn cf elements in the hydrograph attributable to
certain parts of the basin. The method involves applying flood
routing techniques, designed to mathematically sirulate flows
using storage modifications. This assumes that it is possible to
separate vatershed translation and storage effects. The former
allows pure tramslaticn {inflow curve = outflow curve) via the
stream network to the outlet based solely c¢n chanmel travel
time. At the outlet the translated flow is damped by the
incorporation of storage effects, This is achieved by rounting
the flow through a hypothetical linear reservoir3® producing an
outflow hydrograph for a basin.

The first attempts were based mainly on an assumed constant
translation speed and uniform precipitation distribution. Clark
{1945) ocbtained unit hydrograpbs which were nct perfect, but
within the accuracy usually attainable in runoff calculations.

2 The hydrograph of runoff from an infinitesimally small period
of precipitaticn that would result from an inch of water spread
uniformily over an area and then allowed to runoff.

3 Chow (1964) describes a linear reservoir as a fictitious
reservoir in which storage is dependent on outflow, and a linear
channel as a fictitious channel in which the time necessary for

translation of a discharge through a given channel length is
constant.



Pilgrim (1976) noted that detailed field work did not
necessarily produce more accurate results for flood flows than
measur ement of a gecmorphic parameter, such as area, frcm a map.
Clark (1945) considered large drainage areas by deriving unit
hydrographs for each subbasin, and then routing these to a main
stream point. Kirkby (1978) suugested that output from a large
drainage basin is damped relative to the input and therefore the
predic tion of storm hydrographs for large areas is successful
because of the damping. In view of this, he also suggested that
there were few advantages to bke gained by including more detail
than necessary.

Nash (1957) proposed that a drainage area can be simulated
by a number of reservoirs in series. Studies prior to Nash, had
implied this concept but not mentioned it explicitly {Chow,
1964) . The Nash model however, may not yield satisfactory
results in basins with a large delay time between precipitation
excess and commencement of surface runoff. This is because the
model is based on storage routing alone, and only makes indirect
use cf the translation property {(Rulandaiswamy, 1964).

To incorporate the translation element, Dooge {1959)
rerresented a Lkasin as a series of alternating linear channels
and reservoirs. In simple terms, a channel allows pure
translation and a reservoir incorporates storage effects
allowing hydrograph shape to change. In Dooge's model, subareas
delimited ty isochrones are represented by a linear channel in

series with a linear reservoir. Ooutflow from the linear channel

-



is determined from a time-area diagram and added to the outflow
from the preceeding subarea. The sum then provides inflow to a
linear rese rvoir. Unfortunately, the Instantaneous Unit
Hydrograph solution that results is mathematically conmplex and
not easily solved for practical fpurroses.

As computer facilities expanded, more complex mathematical
funct ions were handled. For example, Manderville and O'LConnell
{(1973) introduced time variant versions of the linear channel
and linear reservoir to produce hydrographs that are not
governed by the harsh assumptions in Unit hydrograph theory.
Ragan {1966) attempted to introduce local inflows but mcdel
oversensitivity caused many prcblems, making it unsuitable for a
basin such as the Fraser.

Generally, a time-area model produces simple but reliable
hydrographs. The Clark version has been used in many subseguent
studies including the well-repected Stanford Watershed Model IV
of Crawford and Linsley (1966). In 1973, both time-area concepts’
and Muskingum flood routing were used in the HEC I model of the

U.S. Army Engineeering Corps (Viessman, 1977).



1. 2. 3. Flood Rcuting

This is a technigue for predicting temporal and spatial
variations of a flcod wave as it traverses a river reach or
reservoir (Viessman et al, 1977). Flood routing was originally
defined as the determinaticn of a hydrograph from an upstrean
hydrcgraph (bing, 1974) and the first reference to what is
considered to be a real application of routing along a river was
by Graeff, in 1833 (Viessman et al, 1977). Most procedures have
been developed since 1900; the majority being of a hydrological
storage nature involving solutions based upon inflow and outflow
hydrographs. Inflow hydrographs may be substituted by
precipitation data or lagged input from time-area histograms. A
second category of flood routing consists of hydraulic methods
based on equations for unsteady flow in channels.

Hydrologic flood routing methods calculate the volume of
water temporarily stored in a reach. Natural streams often have
high ctannel resistance and storage capacity which modify a wave
as it traverses the reach. Ideally, the rate of storage in the
reach should egqual the difference betvween ordinates of inmnput and
output hydrographs. A negligible loss or gain in total volume is
assumed, and the eguation of continuity applied.

The best known hydrological flocod routing technique is the
Muskingum methocd which views channel storage as having two

constituents: prism storage depends on output and wedge storage

10



reflects the difference between input and output. During flood
wave advance, input is greater than output producing a wedge of
storage. Ccnversely, output becomes greater than input during
flocd wave recession and a negative wedge results. The method
assumes a unigue relationship between stage and discharge, a
storage constant (x) that is acceptable for all flows and a
storage time constant (k) that is reasonably close to travel
time within the reach. That is, k and x relate channel storage
to input and output.

The kinematic wave theory (Lighthill and Whitham, 1955)
offers an another approach. A kinematic wave has constant
amplitude and only one velocity at each point in the wave,
Ccnvection-diffusion principles were originally defined by
Hayami (1951) who recognised that irregularities in channel
geometry affect flood waves and attempted to make allowances for
them. FHowever, this method has disadvantages which make it
incompatible with a time-area model. For example, the problem of-
evaluating channel gecmetry irregularities is immense and the
the method can ke applied only tc a limited range of discharges.
Alsc, major tributaries cannot be included unless routing is
from tributary tc tributary and therefore problems arise in
poorly gauged areas.

Resistance to flow, storage and chanmel irregularities
gcfern outflov from a reach and can lengthen the time base and
lower the crest of a storm hydrograph. This results in

attenuation. The modeling of wave attenuation however, presents

11



problems to both flood routing methods discussed here. For
example, thke prediction of attenuation by the Muskingum method
is not easily reconciled with the assumption of a unique
stage-discharge relation. The kinematic wave solution may not be
approrpriate either, because Henderson {1966) suggested that
kinematic wave velocity may not occur during attenuation. Wave
subsidence is usually more important in shallow sloped rivers
than in steep mountain streanms.

Simple mathematics are inadequate for nonuniform channels
of complex section with varying slope and roughness. Even if
these irreqularities are assessed by extensive, costly surveys,
they are sufficiently dynamic to limit the use of any data set.
Also, the wave itself 1is usnally an intermediate between pure
translation and pondage and cannoct be defined siaply. Routing in
natural channels is therefore highly complex, but assumptions
can be made to limit the effect of channel irregularities.

The Muskingum metkod is cne of the most satisfactory, and
therefcre popular, techniques of flood rounting {National
Environmental Eesearch Council, 1975) and its relevance today is
emphasised bty Pilon and Cheng (1383). The model has an overall
simplicity, both comnceptually and practically. Chow (1964)
suggested that although the method is not exact, it is adequate,
especially for flood control plans and designs. Also, this
method can include tributaries that are poorly gauged.
Therefore, the Muskingum method was chosen for the Fraser Basin

time-area model.

12



The Muskingum Method.

Developed by G.T.HcCarthy (1938) through studies of the
Muskingum Conservancy District by the U.S. Army Corps of
Engineers, the Muskingum method is based on the continuity

equation (1)
I-0=ds/d4t (1)

where I=inflow
O=outflow
ds/dt=changes in storage

Storage in a given channel reach depends on inflow, outflow and
ot her hydraulic characteristics of the channel section. It can
be expressed as: "

s = b [xI®+ (1-x) OF] (2)

a

where S is storage,
a and n are constants reflecting stage-discharge
at the end of the reach,
b and m represent stage-volume characteristics,
and x defines relative weights of I and O.

The Muskingum method assumes a/n = 1 and lets bs/a = k. The value
k is a storage constaant for the reach and thus

S = K [xI+(1-x0] (3

U

In application, eguation (2) is expressed in the finite fcrn

1,

41, - 0,#0,= 3,=5 {4)
2 2 t
therefore from equation (3)

5, =S, =K [x (I,=I,)+(1-x) (0.-0,) (5)
which, when substituted in (4) becomes the Muskingum routing
equation:

, =C, I +C I +, I, {6)

in which

13



Co = -KX"’O. 5 A_f:
K'KX*O.S At

C, = Kx#0.5.t

C, = K=Kx=0.5 5t

and C,+C, +C,=1.0
Routing involves solving equation (6) for successive time
increments.

Determination of constants.

T he Muskingum method assumes a unique stage-discharge
relationship, so x should allovw the volume stored to be the same
fcr both rising and falling stages. Usually, x varies between
0.0 and 0.5. If storage is a function of outflow alone, as in a
reservoir, x=0.0. When nc storage occurs, x=0.5. In the latter
case, inflow and outflow carry equal weight, and hydrograph
shape is not changed (pure tramslation). Clark {1945) routed a
cosine curve using x values between 0.0 and 1.0 and found x was
responsible for changing peak magnitude. The constant k
indicates the time required for the centre of mass of a flood
wave to pass from an upstream point to a desigmted point
downstream, It is therefore a function of reach length and wave
velocity {Strupczewski and Kundzewicz, 1980) and usually
approximates the travel time through a reach {Viessman et al,
1977).

If actual input and output hydregraphs for a reach are
available, k and x can be determined by trial anrnd error. This

involves plotting graphs from equation {(3) for a series of x
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values. The best x value plots the narrovest hysterisis loop,
and k equals the reciprocal of the slope through this loop.
Un fortunately, the data available for the Fraser River do not
perpit this approach. There are sany lateral inputs between

continuous gauging stations, and althcugh these inputs may be

measured daily, they are too infrequent to be useful. Brakensiek
{1963) calculated coefficients by using the section rating

functicn and conveyance data for umngauged watersheds, but

concluded that numerous assumptions limited their utili ty. By
assuming the input hydrograrh to be an isoceles triangle,
Overton (1966) determined k and x from apn amalytical solution of
the output hydrcgrath shape. Clearly this method is not
practical for the large, irreqularly shaped Praser Basin. He
found that k was related to the shape of the inflow hydrograph
and the lag time between the inflow and outflow hydrograph
peaks, whereas x was a function of k and attenuation. Also,
because of the sensitivity of hydrograph shape in small
catchments, he found that k and x varied for each storsn.

The Muskingum methcd can be applied to many problesms, when
the model deficiencies are understood, and more importantly,
where the deficiencies are not critical (Strupczewski and
Kundzewicz, 1981). Singh and McCann (1980) found agreement among
vriters that the effectiveness of the Muskingum method depends
on the accuracy with which the parameters are estimated.
Although they found significant changes in k and x, depending on

the method used, they concluded that no method had any
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particular advantages. Different investigators use different
initial conditions to determine k and x (Singh and McCann,
1980) . This hinders comparison of the methods and the utility of
the results.

Dooge et al (1982) advocate the estimation of Muskingum
parameters from geometric and hydraulic characteristics of the
reach in the absence of input and ountput data. They attempted to
establish relationships fcr any cross-sectional shape and any
friction law. Although small differences in the values of k and
x resulted, they suggested the real values wculd lie between the
extremes. Methcds using hydraulic characteristics can include
nonlinearity because k and x can be varied with discharge. Ponce
and Yevjevich (1978) prefer to vary k and x in time and space,
depending on flow variability. However, they gquote Kousis {1978)
who suggested calculaticns are relatively insensitive to x and
therefore it can be constant. Chow (1964) considered a variable
x to be a refinement that is seldom necessary.

The nature of kX is agreed upon by many hydrologists
{(Strupczesski and Kundzewicz, 1980) but the nature and values of
X are more incomnsistent. In some cases, a negative x may be
calcul ated. Theoretically, this is delatalle because classical
hydrology views x as a measure of wedge storage, but
Strupczewski and Kundzewicz (1980) conclude a negative x is
admissible in mathematical modeling. In general, x increases

with increasing input rate and decreasing output rate.
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The routing time t is critical. Theoretically, t must be

small relative to cther time elements and sufficiently short to

validate the assumption of a linear relationship between
hydrograph ordinates. The routing period is normally assigned
any convenient value between the limits k/3 and k (Viessman et
al, 1977). However, errors introduced when t=k are insignificant
compared with the inaccuracies cf the basic storage assumption
(Nash, 1957). Long reaches are often simulated unsatisfactorily
and Strupczewski and Kundzesicz (1980) prefer a cascade of
sodels. This concept was used in the fresent study.

Because k¥ and x depend on the method of estimation, it is
difficult to determine the best values. Also, in a natural
system, constant values are suspect. Clark (1945) was criticised
in the discussion of his classic paper for using unifornm
velocity to establish isochrones. He examined various
refinements, but his results were not improved. Clark suggested
this was caused simply by two wrcngs making a right; the second ~
"wrong" being the use of a single k value. While his answer may
not be mathematically acceptable, it is an adequate solution for
this method. Therefore average values of k and x seem reasonable

when lcng rivers are simulated.
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1.2.4. U.B.C. Model of the Fraser Basin

Funding from the EBritish Columbia Disaster Relief fund
supported developmental work on watershed and flow models of the
Fraser basin by Quick and Pipes {1972, 1975, 1976a, 1977). The
computer mcdel consists of two major parts: the first is a
watershed model, run on continuously updated meteorological
information to combine both rainfall and snowmelt runoff
parameters, and the second part routes flow through the channel
netywork, including lakes and reservoirs.

The model has been in operation for several years now, and
is a reasonably gocd predictor of runoff volume and timing for
the system. Based on the total water btalance, the model
coefficients are held constant through the season and frog year
to year. Quick and Pipes considered this important for producingb
reliable short and long term forecasts. Indeed, the principle
uses of the model are forecasting and planning.

Quick (1965) noted that it is difficult to quantify runoff
due to the complexity of snowmelt. Therefore, much study of the
phenomenon WwWas necessary at the outset, Area-elevation bands
were delimi ted to allow a pertinent distribution of temperature
and precipitation elements. The soil moisture deficit is then
used to apportion runoff to three different flow routes which
are distinguished by speed of transfer. In physical terms these

routes represent direct ronoff, interflow and groundwater.
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Routing of the fast component is based on the concertual model
of Nash (1957) with an additional linear storage reservoir for
the medium component. A linear storage reservoir is used to
accumulate the slow input which is subsequently released as
recession flow.

The watershed model was designed to use a sparse data
input, nevertheless, estimating inputs frcm the precipitation
station network in the Fraser Basimn is still difficult. As well,
the numerous influences upon the water balarce require constant
revisicn. The flow model uses mean daily river discharges and
therefore the Muskingum method is unsuitable becanse the travel
time Lbetveen staticns is less than one day (the routing period).
Therefore, a nonlinear kinesatic wave method was developed
utilising routing ccefficients calibrated from stage-discharge
and stage-velocity curve data for each section. This methecd of
calibration avoided problems created by the addition of large
amounts of ungauged lateral inflow.

The model is flexible because it allows travel time and
channel storage to be independent. However, real travel time and
time difference between two peaks at tvwo successive stations may
not be the same. The fresent study examines time differences
between peaks at successive gauging stations and reguires
rain-produced floods with discrete inputs rather than snowmelt.
A major problem of the U.B.C. model is the use of mean daily
streamflow data. Hourly data should be more reliable since

travel times between stations are usually less than one day.
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1. 2.5 Travel Times

Velocity usually increases with stage, therefore area -
discharge curves are usually concave upwards (Linsley et al,
1958) {figure 1.1). For a wave enclosed within the banks of a
rectangular channel, it can be shown that the speed of the wave
crest is greater than at its foot. Therefore, a hydrograph
rising limb at a dowastream point will be steeper tham its
ccunterpart upstream (N.E.R.C., 1975) . The speed of €flood wave
movement is greatly influenced by slope, roughness, and
hydraulic radius of the channel. Therefore, small imnbank floods
will travel faster than a flcod that overtops the channel.
Linsley et al ([1949) suggest that minimum travel time occurs at
moderate stages (figure 1.2).

Wave velocity or celerity may be calculated by Chezy or
Manning formulae, but the resulting relationship with water
velocity is contingent on the particular formula utilised, and
channel shape. Therefore, neither supplies a finite solution.
Alternatively, celerity (c) of a monoclinal rising flood wave
can be expressed as:

C=d4Q
da (n
where Q=discharge
A=area
This is known as the Kleitz-Seddon law. It assumes that the wave

has a permanent form and therefore there are many doubts as to

its applicability. Quick and Pipes (197€¢b) however, found that
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dQ/dA tends to overestimate wave speed.

Ideally, peak travel time is a direct function of head. In

general use therefore, equation ({2) can be applied.
C=vs [Gy (2)
where C=vave celerity

v=water velocity

g=acceleration due to gravity

y=water head
Although this egquatiomn is good for a momoclinal wave, it is
guestionable when applied to a normal flood wave.

Observations suggest wave celerity is between 1.4 and 2.0
times greater than the water velocity (Linsley et al, 1949).
Problems exist in the calculation of wave celerity in real
ri vers because of channrel nonuniformity. Quick and Pipes {1976b)
suggest gauging stations are often located above a contracted
section and therefore reflect the velocities at these sections.
Conversely, wave celerity is influenced more by the slower
sections and thus, direct calculation of velocity is difficult.

During attenuation, the observed speed cf the flood peak
remains dependent on celerity, but it is also influenced by
hydrograph shape (N.E.R.C., 1975). As peak curvature decreases,
wave velocities may depart from kinematic expectations because
outflow is no longer merely dependent on water depth. Now,
neither discharge nor head remain constant. Subsequent
calculaticns must consider the wave as having progressively
decaying amplitude. Approximations usually yield adequate
results, but crude simplificaticn may hide important natural

variations and care must be exercised.
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The main methcds of measurement of travel times are by
timing coloured dye or radioactive tracers in the flow, and by
interpreting water level reccords. Pilgrim {1976 and 1977) used
isotope tracer methods to examine travel times and their
relation to flood runoff apnd flcod storage., Therefore, isochrone
spacings are determined from the travel time of the water and
not speed of flood vave movement. His studies revealed an
initial positive increase of travel time to fairly constant
values at medium to high discharges. Tracer analyses are usually
restricted to small watersheds with limited tributary additioas,
and prior to this study, to low flows.

Stall and Hiestand (1969) estimated contaminant travel
times in Illinois streams from hydraulic geometry relations with
reasonable accuracy but generally found the computed travel time
to ke the minimum expected, especially at low flows. In Britain
hovwever, Brady and Johnson (1981) only found a good agreemeant
between travel times measured by radioactive tracers with others -
derived theoretically, at relatively high flowvs.

Gergov (1971) proposed a method of determining travel time
from tke Chezy forsula, utilising hydraulic stream exrressions
and requiring relatively uniform time - space precipitatiocn
distribution. Therefore the methcd is usually better for small
homogeneous basins. However, he suggested that the influence of
storm distribution and area of flood formation may have
considerable effects on travel time values for a stream with

major tributaries; this notion is central to the present study.
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The difference between time-cf-peak at two consecutive
staticns can be attributed directly to flocd wave velocity,
and/or to basin and river network controls on generating maximum
runoff. In the former case, a regular relationship to discharge
should be expected on which tc base prediction. In the latter
case, a knowledge of Lasin geomorpholgy and of meteorological
features are required to understand travel time irreqularities.
While engineering analyses of river systems revolve around
successful prediction of flow, science seeks explanation of flow
phenomena. By explaining and understanding the processes
involved, more reliable predictions should be provided.

As basin heteorogeneity increases and the likelihood for
complete storm coverage decreases, the streangth of the
relationship betveen precipitation and runoff diminishes. An
additicnal proklem in the Fraser Basin is that precipitation
variability in both spatial and temporal frames at the higher
levels is inadequately mcnitored by the sparse distributicn of
weather stations., Therefore sieple input - output analyses are
restricted. In contrast to the hydrolcgic aprroach, mathematical
flood routing methcds require input hydrographs to produce
downstreamr outflow hydrographs. Such models can only be as good
as the input data and the validity of the assuamptions inherent

in the methods.
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Withinm a basin of the planimetric and vertical dimensions
cf the Fraser, many diverse hydrclogic conditions exist. The

basin heteorogeneity allows highflows to be generated by

different causes in spatially distinct areas. Therefore the
effects of tritutary inputs, and the consequences of transfers
through contrasting hydrometeorological regions, on a mainstrean
flood wave may be studied for a range of discharges. It should
be noted that much precipitation falls as snow in the Fraser
Basin and thus a high percentage of runcff is produced by spring
melt. To model this process, detailed information of snowpack
conditions and energy inputs over the lLasin are required. While
;, snowmelt produces a general rise in river level, rainfall is
typically associated with a flood wave. Therefore, it should be
emphasised that only peaks caused by rainfall will be used in an

analysis of travel times.

B S

For a small, simple channel, a relaticnship betwveen travel

time and discharge éight be expected, as described by Linsley et -
al (19%8). However, given the different generating processes
operating at any particular time in the large, complex Fraser
Basin, it is reasonable to suggest that for a specific event,
flow in the main channel will not behave in a simple
mathematically defined manner. Moreover, travel time will be
influenced by the contrasting hydrometeorclogical features of

its tributaries. Thus it is suggested that the mest significant
variakle in peak timing is a function of relative overland

distances Lbetween sources and main channels. That is, the time
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of concentration for each spatial distribution of precipitation.

A model based on time-area considerations is develcped in
this study to simulate a series of contrasting inputs, in order
to increase our understanding of the relative imgportance of the
main tributaries and their effects upon mainstream hydrcgraphs
(figure 1.3). Data for real events were obtained from continuous
recording gauge stations operated by the Water Survey of Canada
on the Fraser River. This involved a detailed analysis of the
recorder charts to obtain times and discharges of river flow on
an hourly basis, together with an interpretation of
meteorological conditions. Real hydrographs, in certain cases,
exhibit characteristics that can be interpreted by the model.
Therefore a series of hydrographs reflect the important
tributaries for an event, and can be used to infer the region of
precipitation source. This in turn can te verified by
meteorclogical data, allowing a reclassification of events by
source area of precipitation.

The main cbjective of this study is to model Fraser River
hydrographs using the time-area concepts of Clark (1945) and
Muskingum flood routing. The model hydrographs are then used as
an aid to the interpretation of peak flow travel time
irregularities between gauging stations. Within this central
theme, there are several secondary objectives.

1. To examine the ways in which tributary inputs affect main
channel flovw volumes using simple time-area concepts.

2. 1To compare Fraser River hydrographs with hydrographs from
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FIGURE 1.3 Flow Chart of the Problem.
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the time-area mcdel and identify characteristics
attributable to localised storm inputs.

3. To assess the degree to which peak travel time is related to
discharge in the mannmer suggested by lLinsley et al (1949),.

4, To determine if time differences between peaks at successive
mainstream stations result predominately from flood wave
translation or the integrated effect of geomorphic controls
on runoff.

These objectives will be pursued in accordance with the

fcollowing format.

1. 4 Organisaticn of the Study.

This study is arranged in five chapters. Chapter 2
describes precipitation and runoff, based on a review of the
pertinent hydrologic characteristics of the Fraser Basin. The
third chapter introduces the basic time-area model of the Fraser °
Basin, its variations and implications for tributary
contributions. In the light of this, Chapter 4 examines real
peak events on the Fraser River. Conclusions dravwn from the
above are presented in the final chapter together with a
discussion <f the important controls on time-of-peak and the use
of the time-area model for interpreting flood peak "travel
time". The work is concluded with a discussion of several
potentially useful research directions suggested by the present

results.
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II. Physical Bnvironament of the Fraser Basia

2.1 Physical Characteristics of the Fraser Basin above Hope

T he Praser Basin above Hope drains approximately one
quarter of sohth - central EBritish Columbia. This 218,000kn"area
extends from the United States border at 49°north, to 56°north,
and it is bounded to the east by the Rocky Mountain divide and
to the west by the Coast Mountains. The elevation range is quite
striking, for example, ninety percent of the basin is higher
than Prince George (665 metres above sea level (a.s.l)), and two
percent lies at elevations higher than 2400 metres a.s.l.
{Bruce, 1964) (figure 2.1). Frcm Red Pass to Hope, the Fraser
river is approximately 1200km long, and flows through regioms

with diverse relief, climate and vegetation.

2,1.1, Physiography

Physiograthic regions are identified by similarities of
relief and lithology, and fairly uniform land cover; therby
unifying the controls on hydrolegical processes. Physiographic
differentiation can be attributed to the evolution of the
landscape at several scales. Ryder (1981) recognised three

distinct temporal and spatial scales m sponsible for the
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FIGURE 2.1 Elevation of the Fraser Basin
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gecsortholcgy of the southern part of the Coast Mountains of
British Columbia. The c¢ldest and most extensive landforms were
produced by tectonic activity and subaerial denudation during
the Tertiary. Subsequent landforms developed more locally within
this framework, reflecting differences in climate and relief.
During the Pleistocene, the existing landforms were modified by
the effects of continental glaciation. Landscape details have
been mcdified locally since tke last extensive ice-cover
(approximately 10,000 years B.P.) and therefore the landscape
today is a composite form produced at all scales.

Reduced glaciers still exist in the highest parts of the
tasin, but present trends of advance and retreat are
contradictory (Slaymaker and Macpherson, 1977). Most glaciers
are now retreating, but a few show signs of advance, especially
in the Coast Mcuntains. Generally, ablation is occurring more
rapidly in the Rocky Mcuntains than the Coast Mountains
(Slaymaker, 1972a).

The physiographic regions of British Columbia were
defini tively described by Holland {1964). Eight of his 18
regions are represented in the study area (figure 2.2) and the
pertinent features of each region are summarised in t#ble 2. e
Physiographic regions are clearly apparent in regionalisation of

hydrometeorological features as will be shown later.
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FIGURE 2.2 Physiographic Regions of the Fraser Basin
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2. 1.2 Basin Dimensions and configuration
The absolute size and shape cf the basin govern the

distance runoff must travel to the mainstream, and resistance to

flow controls veloccity. These parameters are generally accepted
as inflencing time-of-peak and steepness of a flood hydrograrcgh.
Several studies have attempted to define the importance of basin
size and shape to runoff, for example Renard and Keppel, 1966;
Pilgrim et al, 1982; and Alexander, 1972. Alexander also

3 investigated the relationship between area and time of

’ concentraticn for a basin, and his results correspond well with
Linsley et al (1958) and Hoyt and Langlkein {1955). The Fraser
Basin consists of several contrasting regions, and because the
relationship between basin area and runoff, should be exanmined

in areas of similar climate and physiography, each sub-basin

should be treated separately.

Pilgrim et al (1982)found a correlation between basin size
and the geomorrhclcgical variables describing its physical forn.
However, Lbasin shape may influence the strength of this
relaticnship. Murphey and his coworkers {(1977) found a
combination of basin shape and size to be one of the best
gecmorthic predictors of hydrcgrath features in the southwest
United States. Unfortunately, it is difficult to quantify this
highly irregular and markedly variable parameter. The effects of
basin shape upon the timing of a flood peak are only
qualitatively understood. Bell and Vorst {1981) suggest that

shape is of most use in "between basin" studies and in
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multi- variate analyses where it is necessary to express the
combined effects of many paramters. This quality is used in
time-area stndies where shape and size are the mest important
descriptors of each subbasin,

The general geometric shape cf small watersheds is between
oveoid and pear shape {(Gray, 1961) but in the Fraser Basin,
subbas ins are rarely of the classic form. The ideal pear-shaped
basin is restricted to small or first order tributaries like the
Nahatlatch. The deformation and crenulaticn of the basin
perimeter reflects locations of small tributaries within the
basin (figure 2.3). As basin size increases, shape departs from
the ideal. The Chilcotin and Quesnel basins for example, are
broadest at their headwaters. Elongated basins are nostly large,
for example the Fraser River to Hansard, the North Thompsca
{excluding the Clearwater) and the Stuart basin, but small
tasins like Williams Lake river, are also represented in this
class {table 2.2). However, the shape variations perceived are
dependent upon the scale of examimtion,

The overall shape of the Fraser Basin is complicated by the
sharp tend in the Fraser River near Prince George. This causes
the north-east region of the basin to be folded back upon
itself, and river length {excluding meandering) then exceeds the
length disensicn of the basin. Therefore, runoff is influenced
ty basin shape, not only because the whole basin is effectively
elongated, but also because irregularly shaped tributary basins

produce non-synchrcnised inputs to the main strean.
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FIGURE 23  Subbasin locations and shapes
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Table 2.2 Shape characteristics of selected subbasins
Shape Name Size Tributary | Region
sq.km of

Bear Nahatlatch 1000 Fraser 5.I.P.

Baker Cr. 1570 Praser N. I.P.
Offset- Bridge 4000 Fraser Coast Mtns
Pear
Split Pear|Nechako 42800 Fraser N.I.P.
Sguare Clearvater 10200 | N.Thompson| Columbia HMtas
Broad- Chilcotin 19300 Praser N.I.P.
headwaters| Quesnel 11500 Fraser N.I.P.

Naz ko 3350 | Wwest Boad | N.I,.P.
Elongated | Fraser to 18070 - Columbia Mtas

Hansard

Adams 3100 { S.Thompson| Columbia Mtms

N.Thompson 10000 Thompson | Columbia Mtns

Stuart 15000 Nechako N.I.P.

#illiams~Lake 2300 Fraser -N.I.P.

Willow 2870 Praser N.I.P.

note: N.I.P. is Northern Interior Plateau
S.I.P. 1S Southern Interior Plateau

In a similar

determines runcff

speed.

Channel spacing,
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manner, the density of tributary streaas
or drainage density?

develofps in response to mean annual precipitation and influences
the cutflow of precipitation excess. Hence, drainage density is
intrinsic ir the time of concentration after a storm and in the

1 term coined by Horton (1945) to describe the ratio of total
length of streass within a basin to total basin area.




time taken to travel through a basin to the mainstream. A high
drainage density allows faster resoval of surface runoff apd a
corresponding peak discharge increase and lag-time decrease.
Gregory and dalling [1968) suggested that the dynamic nature of
drainage density, that is, its ability to expand and contract
dependent c¢n precifpitation conditions, should be included in
studies wherever possible.

The problems of determining drainage density are numerous
and well-documented (McCoy, 1971; Gardiner, 1979; and
Richards,1979) . Carlston and Langbein (1960) recognised that
drainage density is the reciprocal of the mean orthogonal
distance between channels. Therefore,

Drainage Density = 1.414

|l 1~

"

where N is the number of intersections between
a randomly orientated sampling net
L is the total length of sampling lines.

Mark (1974) examined the theory and empirical evidence,
including samples from southern British Columbia, and concluded
that equation (2) wvas more applicable.

Drainage Density = 1.571 X
L (2)

Drainage density within the Fraser Basin was estimated for
this study using Mark?s (1974) method. Samples were taken from a
1:1,000,000 scale map compatible with the time-area model, for

each of the five hydrometeorological reqions {table 2.3).
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2.3 Fraser Basin drainage densities

Region Drainage density (km/km?)
Southern Interior Plateau 0.15
Northern Interior Plateau 0.16
Mountains - Cariboo Range 0.18
Mountains - Monashee Range 0.18
Mountains - Coast 0.19

At this scale, the differences between regions are small, but
nevertheless reflect a reasonable pattern. These figures may be
interpreted in ccnjunction sith table 2.1. The Coast Mountains
have the highest drainage density, despite being sampled on the
leeward side. They also have the highest discharge intensity.
Drainage densities for the two eastern mountain samples are only
slightly lower, as are tteir discharge intensities., Together,
these mountain ranges cover 20.5% of the Fraser Basin. About 73%
of the basin lies in the Interior Plateau which has a very low
discharge intensity and nupercus lakes. At the scale of
1:1,000,000 the drainage density measure dces not reflect this
contrast. This is fpossibly due in part to the inclusion of all
intermittent streams, because it is assumed that the whole basin
contributes to high flow conditicns., However, the dynamic nature
of the stream network and the incorporation of lakes into the
drainage density index need to be examined further. These
results represent the meso-scale c¢f drainage densities (Gregory
and Gardiner, 1975) because they reflect both mean annual
precipitation and lithology/topography. Gardiner (1979) noted

that biases introduced by scale and location are still probable.
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The value of the drainage demsity index is widely
acclaimed, but Black (1970) and Dingman (1978) indicate that it
may not be sensitive enough to indicate runoff behaviour.
Despite the problems, drainage demsity remains the most
significant measurement of drainage basin morfhology (Richards,
1979) and it is a useful integrative index reflecting
physiography, soil development and vegetation.

Fuggedness measures the combination of drainage density and
maximum relief and therefore exfresses slopes within a basin
{elton, 1957). Black (1970) showed steeper slopes result in
faster runoff, shorter time of concentration and higher maximum
flows. In the Fraser Easin, differences between the drainage
density indices for the Interior and the mountains would be
increased by the ruggedness measure. Ruggedness is also
interrelated with increased amounts of precipitation received in

areas of higher relief,
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2.2 Meteorological Conditions

Precipitation and temperature are both highly spatially
variable at any time in the Fraser Basin. The hydrolcgy of the
basin is further influenced by the interaction of precipitation
and tepperature in winter and their effects upon snow

distribution.

2. 2.1 Precipitation

Most precipitation in the Fraser Basin is frontal in
origin, bringing widespread precipitation especially in winter.
Orographic effects terd to increase the intensity of frortal
precipitation by reducing the speed of defression system
movement. In surmer, frontal activity is weak and less frequent,
but walker (1961) found a large proportion of summer

precipitation still falls when fronts are present (table 2.4).

Table 2.4, Percentage of precipitation occurring
with fronts present.

Jan Apr Jul Oct

Vancouver 99 83 92 94
Revelstoke 98 80 48 88
Prince George 100 75 41 95

Af ter Walker {1961)
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Moist air predcminately approaches the Fraser Basin fronm
the southwest, and thus perpendicularly to the Coast Mountains
resulting in high precipitation on the windward slopes and
aridity to the lee side (figurg 2.4). Moisture is reduced for a
considerable distance dcwnwind of the barrier in Washington and
Ooregon (Schermerhorn, 1969). This is also apparent in the Fraser
Basin but the aridity of the Interior Plateau is interupted by
the Columbia Mountains where precipitation is induced again.

The irregularity of a barrier is reflected in the lee side
precipitation pattern. In the northernm Interior Plateau, for
exanmple, generally higher precipitation is attributed to uplift
of moist air that has passed over the lower section of the Coast
Mountains between 53°N and 55°N {Ingledow, 1969). Also, gaps in
the Coast Mountains, allow moist air to penetrate into the
Nechako Valley (W¥allis, 1963).

Precipitation usually increases with height (Barry and
Chorley, 1974) but Riehl (1965) showed a steeper precipitation
gradient on the leeward side of Pacific Northwest mountains. In
the Fraser Basin, a "spillover" effect may occur and the
Nechakc, Lillooet and Bridge subbasins, for example, have steep
precipitation gradients to maximum values at the Coast Moantain
boundary. The Chilcotin basin is an exception because it does
not drain the high precipitation areas west of the Coast
Mountains. Otherwise, the lee effect is masked only where

convection precipitaticn is important.
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Walker (1961) generalised the levels of maximum
precipitation, but noted that terrain differences in British
Columbia produced many local variations. The value of such
generalisations is guestioned by Glennie (1963) and March and
coworkers (1979) . Wilson, Valdes and Rodriguez-Iturbe (1979)
examine€d the reliability of models subject to spatial variations
cf precipitation. They found the errors in a predicted
hydrocgraph were greater for short, intense or localised storas
than for those cof frontal origin.

In winter, amounts of precipitation over the whole basin
can be related to direction of upper air flow. This is not the
case in surner when precipitation may be more localised.
Orographic effects, fcr example, may trigger convective
instability and convective thunderstorms which are associated
with a variety of flow directions and amounts received (Walker,
1961) . Also, the passage of a cold low in summer can in duce
local frecipitation. Hage (reported in Walker, 1961) deduced
that cold lcws cause intense uplift and thus intense local
precipitation within British Columbia. The resulting runoft from
such events may be of local importance, but produce only a
limnited response in the mainstream Fraser. The nmcre localised
nature of storms helps explain precipitation variability in the
Interior.

The annual pattern of precipitation distribution in the
Fraser Basin is greatly influenced by the mountainous rim and

toprography within the basin. However, the use of mean annual
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precifpitation figures is complicated when examining single
events. This is because maximum precipitaticn is partly governed
by the degree tc which contrasting air masses penetrate the
tasin and therefore it does not occur everywhere at the sane
time (Wallis, 1963). The resulting precipitation distribution
withinp the Fraser Basin is therefore highly variable,
Unfortunately, climate stations located predominately in river
valleys and the more accessible areas, provide an insufficient

network for a thorough evaluation (figure 2.4).

2.2.2 Temperature

Temperatures in the Fraser Basin are primarily modified by
the distribution of mountain chains, and the effects of
cont inentality. Although, radiation receipt is highly variable
in rugged topography, temperatures gemerally vary with altitude
within the Fraser Basin. The direction of air flow influences
seascnal values of daily maximum and minimum temperatures; an
effect that is especially noticeakble in winter when north and
northeast winds lower the temperature. Easterly continental
winds in summer and southerly raritime winds in the winter can
increase tesperatures. These are very general trends, however
and micro-climatic effects cause much variability.

In the absence of climate station data, average lapse
rates, typically about 6.5°C/1000 metres are used to interpolate
temperatures between staticns. The presence of an inversion

complicates their use however, because large temperature changes
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FIGURE 25 Locations of climate and gauging stations

in the Fraser Basin
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can cccur when the height of an inversicn layer fluctuates
Walker, 1961). This is relevant for evaluating potential

snowmelt.

2, 2.3 Snowfall and its influences on Fraser Basin runoff

During the winter months, smnow covers the higher elevations
of the mountainous Fraser Basin flanks and remains as snowpack
until temgerafures rise sufficiently to allow melt and
subsequent runcff. The mountains of the Caribco and Coa st
Mountains receive most of their snowfall in spring, but the
remainder of the basin has a winter snow mximum {Wallis, 1963).

Snow accurulation tends to correlate with elevation but
snow depth at any point depends on the amount of drifting. The
lovwer limit of snowcover, or the snowline, is dynamic and
constantly changing through winter. Snowline fluctuations affect
the amount and timing of delayed runoff and therefore storage
time is highly variable and difficult to evaluate.

As winter progresses, the snowpack compacts under its own
weight and looses some vater directly to the atmosphere by
evaporation or suablimation. The nature of the snow varies and
therefcre potential runoff is best measured by its water
equivalent, Loijens {1972) found elevation and slope acccounted
for most variance of arpnual maximum snow-water equivalent in
Banff National Park.

Heavy basin-wide snowmelt in the Fraser Basin is often

triggered by the incursicn of varm upper air flows from the
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southwest. Melt begins first in the sounth of the basin and then
in successively more northern areas as arctic air is displaced
by warmer maritme air. To the lee of the Cariboo mountains,
significant localised melting can be induced by transverse upper
winds producing a Chinook effect (Pollack and Bellows, 1972). On
a diurnal basis, the amount of melting depends on the net heat
exchange between the snowpack and its environment. Snowselt
during rainfall is a dominant hydrolcgic process in western
Oregon (Harr, 1981) but further north within the Praser Basin it
is usually limited to the warmer southwest (Wallis, 1963) and
the lovwer elevations (Woo and Slaymaker, 1975).

The timing and magnitude of the freshet is of great concern
to the residents of the Praser Basin, especially in the populcus
area below Hope. Glennie (1963) reported an old wives?' tale that
a high flood omn the Fraser is preceeded by a fine, cold Indian
Summer the previous year. The temperature and water content of
the soil in the previous October can influence the available
moisture in the spring, and thus freshet size. On the other
hand, Bruce [1964) suggested the sequence of temperatures froa
April to June was the critical factor in the generation of a
flocd. The majority of snowmelt runoff originmates in the
Interior Plateau where snowfall is moderate and winter
temperatures often fall to ~-35°C (Quick, 1965). In the
north-east of the basin, as much as B0 percent of annual
precipitation falls as snow producing the bulk of runoff in

spring (Engineering Division, 1972).
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Waylen and Woo {1983) examined highflows produced by
snowmelt in three diverse subbasins of the Fraser. In a basin
repreSenting the southern Interior Plateau and in a subalpine
basin of the Monashee mountains, the mean date of peak flows
occurs near the end of May. In the basin representative of the
Cclumbia mountains the date was almost a month later.

Snowcover is so heteorogenous that only estimates can be
made of its extent, and the amount of melt at any time.
RBelationships between snow cover area and snowmelt runoff differ
for each type of geomorphological catchment (Gupta et al, 1982).
Several methods for estimating melt exist however. For example,
temperature-index methcds are considered to ke the best in
large, forested basins (Gray, 1970), together with
'phase-routing' which effectively slows the flow by varying
storage constants. The U.B.C, Fraser Basin model {secticn 1.2.4)
iccrporates these ideas.

In summary, snowmelt varies both temporally and spatially
in the Fraser Basin. The contribution of meltwater to runoff is
therefore very difficult to predict and impossible to evaluate

precisely from meteorological records.

The above review of meteorological conditioms in the Fraser
Basin has highlighted regicnal differences and thus each
tributary basin of the Fraser has contrasting
hydrometeorological characteristics. These are presented in

table 2.5.
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Table 2.5 Climatic characteristics ¢f the Fraser Basin

Name Climatic Precipitation max
group ma x rin %£snow| snow
Upper alpine even 90 vinter-
Fraser humid spring
Stuart alpine summer | spring 40 autumn
arctic
Nechako haumid winter | sgring autunn
conti~-
nental
W.Road summer | spring N/A N/A
Cuesnel dry and even spring | 30-50| spring
humid
conti-
nental
Chilcotin dry summer | spring 33 autumn
conti-
nental
Bridge algine winter | summer 71 aatuan
maritime
North alpine winter | spring 40 autumn
Thompson humid &
dry con- | supmer
tinental
] Soutt as North| winter| spring 40 autumn
‘ Thompson summer
Thecagson alpine vinter| spring| 80-90| autumn
; maritime
i & dry sumreer
conti-
nental

note: spring=M8arch, April, HMay
Autumn=Sep, Oct, Nov

adapted fros Wallis (1963)
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2.3 Hydrometeorological Divisions and Highflow Regionalisation

Many facets of the basin affect the volume and speed of
runcff generation; some change daily, cthers remain more
constant. Maps of mean precipitation, mean temperatures, and
physiographic divisiops often reveal common divisions which
Waylen {1981) grouped into hydrometeorological regions (figure
2.6). Physiographic boundaries defined the three mountain zones,
while vegetationm indicators divided the Interior Plateaun.
Slaymaker (1972a) noted the control of physicgraghy upon
climate, vegetaticn and hydrology. Annual discharge hyd rographs
of Fraser River tributaries exhibit corresponding differences in
the impcrtance of seasonal peaks (table 2.6).

Based on cbservations that gauging stations in similar
areas show corresponding annual discharge patterns, flow data
can be regionalised to aid data transfer to ungauged are€as. Sone
success in regionalisation has been achieved despite differences

in basin character ist ics and chance variations in

Table 2.6 Seasonal Runoff Peaks

Physiographic Sgring Glacial Autumn
Region snowmelt | ablation rain
Coast Mtns Yes Yes Yes
Cascade Mtns W Yes - Yes
Cascade Htns E Yes - -
Skeena M tas Yes - Yes
Cmineca Htns - - Yes
Interior Yes - -
Plateau

Columbia Mtns Yes Yes minor
Rocky Mtns Yes Yes minor
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FIGURE 2.6 Hydrometeorological Regions

of the Fraser Basin
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sampling. In British Cclumbia, Leith (1976) regressed ten
variables with mean annual flood. He concluded the method vas
reasonably effective in large basins, but he was unable to
identify important physiographic parameters. Leith used a
computer data btank coptaining physiographic and hydrological
data for 10km'grids. Data collection is described by Kreuder
{1979) , but this laborious task is not yet complete. The grid
square method was also used in the South Thompson Basin by
Cbedkoff (1970) tc improve seasonal mean flow estimates by
including evaporation and snow course data.

Waylen (1981) modeled the fregquency characteristics of
Fraser Basin highflows. He compared results from annual and
partial duration series by using probability distributions to
estimate parameters for a regrouping procedure. Parameter values
vere then regressed opm basin and climatic data for each group.
Waylen achieved partial success which he attributed to the
inccrpcration of both spatial and temporal measures.

Strong regional differences in the range of highflows
within the Fraser Basin have been identified by the studies
described atove. The physicgrathic and climatic controls on
these variations will also influence daily runoff patterns. The
sub-basins will produce hydrographs reflecting contrasts in the
quantity and timing of stors discharge. This, in turnm, is
isportant for Fraser river flood wave translation because inputs
may not be synchronised. An understanding of regional

differences therefore helps explain peak flow characteristics.
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III. The Fraser River Time~Area Hodel

3.1 Introduction

The model developed in this study was designed to generate
hydrograph time-of-peak data at four stations on the Fraser
River for varied input conditions. The model is based on a
series of time-area histograms which provide a series of lagged
inflows to a flood routing equaticn. The result is an estimation
of a ccmplete hydrograph which can be ccmrpared to real
hydrographs. The basic model was produced from a simple
time-area map of the Fraser Basin. Subsequent variations were
made tc represent mean annual precipitaticn, sonowmelt and three

regional stcrms.

3.2 Mode I: The Basic MNodel

3.2.1. Description

To construct the time-area map at a scale of 1:1,000,000,
dividers were used to place isochrones equal distances apart
along the rivers. The isochrones delimit areas within which
rainfall has sensibly egual travel distances to become runoff. A

total cf 49 areas vere delimited, many being segmented into a
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number of Fraser tributary basins because of contrasting £low
directions (figure 3.1). The iscchrones were constructed on the
basis of equivalent horizontal distance, and therefore water
travel time, or velocity through each section can be varied
conveniently. On the basis of Water Survey of Canada meter
notes, the mean velocity of the Fraser River at Hope was found
tc be approximately twice that recorded at Upper Fraser river
stations. Although velocity differences may reflect channel
conditions adjacent to the gauge, it was considered necessary to
increase velocities incrementally below Shelley.

The construction of isochrones allowed a detailed wvisual
examination of the Fraser Basin stream network. Often, subbasin
shape dominates the pattern of isochrones. In the Interior
Plateau, lower drainage densities allow a simpler arrangement of
isochrcnes, as in the West Road, Chilcotin and Bonaparte basins.
In a few mountainous basins such as the NMcGregor and North
Thompson, isochrones are arranged simply, but this contrasts
with the majority of subbasins where topography and stream
network complicate the patterns, for example, the Fraser Basin
above Hansard and the western Nechako basin.

Isochrone positions are contrclled more by draimage channel
pattern than drainage density. The extent to which small streams
affect isochrones depends on map scale and the chosen,
horizontal spacing along the chanmnels. The complexity of a
time-area diagram increases vhken neighbcuring streams flow in

opposing directicns, for example the headwater areas of Nechako,
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South Thompson and Stuart basins and also the Fraser Basin above
Hansard. A pure, dendritic stream pattern will not displace
iscchrones significantly from an arc, but drainage density
itself may affect the subsequent calculations. Unfortunately,
network configuraticn and drainage density are too interrelated
to alleow examination of the quantitative impacts of one alone.

Basin drainage density is inherent in time-area modeling
because it expresses the relative amount of time that runoff
spends in channels rather than in cther, much slower routes.
Theoretically, isochrone spacings shounld be wider where drainage
density is high because there, the potential runoff speed is
faster [(all other ttings being equal). Therefore, a similar
drainage density throunghout a basin is gpreferable for time-area
nodeling, as discussed in sectiocn 2. 1. 2.

At the scale of the time—-area model described here, the
inter-regional differences in drainage density are not
especially high. Theretore, before giving drainage density more
attention in a time-area nmodel, guantitative studies are
required to determine if it is proportionally more importaat
than other topcgrarhical variables.

After comnstruction of a time-area map, the areas between
ad jacent isochrones are measured by planimeter. These areas were
used to construct time-area histograms at four points on tiae
Fraser River, corresponding to Water Survey of Canada continuous
recording gauge locations (fiqure 3.2). At this stage, Lasin

storage is not imcluded and the diagrams only represent travel
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times / distances.

Hydrographs are produced by applying a mean value for basin
precipitation! to the whole watershed. The lagged area -
precipitation values are then input to the Muskingum flood
routing procedure. Instantaneous unit hydrographs for the same
four lccations are shown in figqure 3.3. While the resul tant
hydrographs reflect the overall basin conditions, they do not
allcow an interpretation of the relative importance of the
contributing subbasins. Therefore a time-area histogram of each
tributary was routed to a hypothetical linear reservoir situated
at its Fraser River confluence (figures 3.4). The resultant
hydrograph becomes inflow to the Fraser River and is then routed
to the next major cocnfluemce or gauging station using M uskinguam
coefficients. This allows the effects of natural attemunation to
be incorporated {figure 3.5). Each tributary hydrograph in turn,
is added to the Fraser River flow at the corresponding time. See
figure 1. 3.

PLetermination and sensitivity of Muskingum constants.

As described in section 1.2.3, several methods of
determining x and k exist, but all need either input and output
hydrcgraphs or field studies to determine hydraulic parameters.
Each method results in slightly different values and is often
based on different initial conditions. The problem remains,
which is the most representative?

lassumed to be instantaneous (duration = 0 hours).
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The Fraser River data are nct precise enough to estimate k
and x from output, and adequate informaticn regarding h ydranlic
characteristics are not availalkle. Therefore, the empirical
average of 0.2 was used for x and travel times based on average
velocities used for k. The choice of mean values may counteract
and balance natural variations along the Fraser River. Without
extensive field work, the utility of "accurate'" point values
would be suspect and it is argued therefore that under these
circumstances, and given the available data, averages for k and
x ar€ the appropriate choices.

Therefore, it was necessary to examine possible variations
caused by ctanging k and x values. Overton (1966) found that
inflow hydrographs varied for each storm in small catchments and
k and x varied likewise, In the present study, k and x were
considered indifferent to storm characteristics owing to the
large size of the Fraser Basin. Overton also examined the
effects of multiple routings on the parameters and found no
significant changes in the routed hydrograth when k is less than
the time to peak of the input hydrograph. Also, the time of peak
of the outflow hydrograrh did not change when x was between 0.0
and 0.5. This is relevant for the Fraser River Time-area model
since peak timings are of utmost importance in the determination
of appareant travel times.

Values of x were varied in ore of the regional modes of the
Fraser River time-area model to identify possible changes in the

results. When tributary time-area inputs are routed to the
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Fraser River, all the storage is incorporated at the confluence

using x=0.0. Therefore variable x values can be incorporated

onnly when routing on the Fraser River itself. As X was increased

from 0.0 to 0.3, peak magnitude also increased (table 3.1).
Iable 3.1

Peak Discharge fcr different values of x,
expressed as a percentage of the value for x=0.2.

Fraser River x value

Peak 0.1 0.15 0.2 0.25 0.3
at Shelley 92 94 100 103 108
with Shelley 100 100 100 100 100
at Quesnel S7 98 100 103 105
with Quesnel 100 100 100 100 100
at Thompson 95 98 100 101 106
with Thompson 100 100 100 100 100
at Hope 99 100 100 100 101

However, the change appeared insufficient to change dominant
peaks, and therefore apparent travel times. It is interesting to
note that when another tributary is added, peak discharge
remains the same regardless of the x value. This is because
tributary inputs dominate and gcvern peak time, regardless of
Fraser River discharge. Also, the degree of variaticn in
discharge tends to beccme smaller toward Hope. This is possibly
because the hydrograph becomes brcader with each input, and
therefore subject to less attenuation than a sharp peak.

Despite small peak discharge changes, time of peak is
rarely altered (table 3.2) implying that although the hydrograph
~may be altered slightly, the time ordinates are preserved. This

is of paramount importance to the Fraser River time area model.
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Iable 3.2 Time of peak with various x values

Fraser River X value

Peak 0.1 0.15 0.2 0.25 0.3
at Shelley 8 8 8 B B
with Shelley 4 4 4 4 4
at Quesnel 1 11 1 11 11
with Quesnel 5 5 5 5 5
at Thompson 13 13 13 14 14
with Thompson 13 13 13 13 13
at Hape 15 15 15 15 15

The shape of hydrographs produced by each x value are very
sipilar, and the most noticeable effect of x is the degree of
attenoation. Sharp input hydrograprhs are attenuated most,
especially by low values of x. However, once incorporated into
the Fraser River flow, the differences are scon counteracted.
Attenuaticn between tributaries, and thus gauging stations,
will be important in determining peak volumes. Long distances
between tributaries enakle considerable reduction of an upstreanm
peak. In some cases, the effect may be sufficient to allow a
smaller input downstream to dominate the overall hydroqraph and
therefore affect the timing of maximum flow. This method gives
an iemediate impression of the relative importance of each
tributary input in producing a mainstream flood peak, with

cbvious implications for future mcnitoring.
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3.2.2. Basic Model Interpretatiocn

The input to Hansard takes the form of anm almost regular
hydrograph, except for a brcad peak from its elongated basin
{(figure 3.4a). At Stelley, the shcrter contributing area
produces a sharp, symmetrical peak with a timebase half that of
Hansard (figuré 3.4b) . When the translated flow froms Hansard is
added to the Shelley input, the Shelley waters form the dominant
peak because they are combined with the Hansard rising limb
(figure 3.5a). The Hamnsard peak becomes a blip on the Shelley
recession limb. Depending on the relative importance of flows
from each subbasin, the time-to-peak has the potential to change
quite considerably (see section 3.6). The Nechako and Stuart
ri ver inputs were included as average values for all versions of
the model after a visual examination of the recorder charts of
the Nechako at Isle Pierre which is relatively near the Fraser
confluence.

The #West Road tributary basin is disproportionately broader
in the middle. This produces a very steep and sharp hydrograph
(figure 3.4c) which drains into the Fraser River before the
arrival of the Upper Fraser (Hansard and Shelley). The two peaks
are cf almost equal volume and either the West Road trikutary or
the Upper Fraser is cafpable of altering the balance between
peaks. That is, the maximum recorded peak on the Fraser at the

West Road confluence may be asscciated with the West Road river
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alone, the Upper Fraser contribution alone c¢r some combination
of botkh.

The Quesnel river drains the windvard Cariboo mountains and
the eastern Interior Plateau. Its basin is broadest in the upper
reaches but it is shorter than the West Road basin (figure
3.4d). Therefore when the Quesnel is added to the Fraser, the
bulk of its discharge arrives in synchrony with the West Road
peak. At this point on the Fraser, the first peak is accentuated
and dominates the scmewhat attenuated second peak from the Upper
Fraser {figure 3.5c). Minor inputs from small tributaries can
increase flows ahead of these main peaks, but may be
insignificart ir the owverall hydrograph.

The next tributary of significance is the Chilcotin.
DPraining the western e€dge of the Coast Mountains, the basin is
also widest at its headwaters. Basic time-area considerations
produce a "reversed®" input hydrograph {figure 3. 4e) whose main
input is delayed. Despite the delay, its waters are a supplement
to the rising lisb cf the first Fraser peak [figure 3.5d)
because of the travel time from the Quesnel tributary. However,
the desertified nature of the Chilcotin basin would comnsiderably
alter its real contribution and timing. In the basic model, it
is suggested that the combination with the underestimated
Quesnel allows a reasonable simulation of the whole basin.

The Bridge basin is also widest near its headwaters {(figure
3.4f), but its relative shortness allovs most of the flow to

enter the Fraser before the peak flows described above (figure
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3.5e). Because the headvaters are glacially-fed, the actual
amount of input is difficult to determine with a time-area
method. The generally high precipitation received in the basin
should negate any reduced flow fros the glacial areas, for the
kasic model.

The gauging station at Texas Creek which is a short
distance below the Bridge confluence, receives a three-peaked
flow according to the model. This is fewer peaks than were
determined by routing the whole basin time-area inputs to Texas
Creek. Attenuation hovever, merges inputs considerably. The
absolute timing of maximum peak is flexible within a few hours
but different ratios cf inputs could alter the peak of
importance and consequently time-to-peak data.

The North Thompson river has a broad headwater catchment
draining the southern Cariboo. The upper reaches consist of
lakes draining icefields, and sc the real unit hydrograph froa
this basin probably does not reflect the broadness. The length
of the basin causes the time-of-peak to be lagged (figure 3.4q).
The South Thompson river drains the Monashee Mountains and its
basin is also broadest at the headwaters but much shorter
(figqure 3.5f). The South Thompson peak appears as a blip on the
North Thompson river hydrograph rising limb at their confluence.
lakes are of much impecrtance in the Thompscn basin, but the
degree to which they reduce and delay peaks can not be assessed
easily and incorporated within the simple principles of the

model. Below the jonction of the North and South Thompson
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rivers, the Bonaparte to the north and the Nicola to the south
supply the bulk of local flcws. Therefore the flow added by the
vhole Thompson basin to the Fraser River has two peaks arriving
marginally befcre the peaks created in the Bridge catchment and
middle Fraser area respectively.

The Thompson river supplies a ma jor input to the Fraser.
This causes backwater effects, which as noted by Clark (1945),
alter the storage relationships in that reach, Tteoretically,
the Muskingum x component should be changed to accommodate
backwater, but the average value of 0.2 is assumed throughout
the model in the absence of contrary empirical evidence.

The first Thompson peak "drocwns®” the Fraser and the Bridge
creates a small blip afterwards. The timing of the arrival of
flow from the Eridge basin therrefore may be critical if
flooding is imminent. The second Thompson fpeak supplements the
Pain Frasei flow. Again, timing may be critical. After these
main peaks, the steep falliang limb of the hydrograph is
interupted by a plateau caused by attenuated Upper Fraser flow,.
By the time the flood wave has reached the Hope station, the
first peak has attenuated comsiderably and acts as a "warning"
high before the main peak. Lespite the relatively low level of
the Upper Fraser vaters, its rcle in prolonging high level

conditions could ke problematic in terms of overbank flooding.

69



Rainfall Simulaticn

3.3. 1. Description

In many real situations, a model as described in the
previous secticn, is inadequate. Therefore, the first adaptation
of the model incorporates the spatial variation of
precipitation. Meteorological data show an uneven distribution
of amounts and timing of precipitation for mcst events. Mean
annual precipitaticn values were used to weight precipitation
amounts received by each isochrcne-deliri ted area. The resultant
hydrcgragh enables an interpretation of the relative tributary
addit ions, by acccunting for the wetness or dryness of each
subkasin. As such, the model remains relatively crude., The
contributions of Interior Plateau tributaries are possiltly still
overestimated because the mean annual precipitation figures
represent total precipitaticn, ncot the proportion from a given
precipitation event., This is noteworthy because most of the
summer precipitation in the Interior Plateau is from local
convectional storms, while elsewhere, frontal precipitation is
nost important.

A multitude of variations are possible, bat the aim of this
mode was to simulate Lkasic hydrometeorological differences.
Regions of ‘highflcw, delimited on the basis of mean annual flood
series similarity, have been shcwn to correspond closely to mean

annpual precipitation isohyets (faylen, 1981). Weighting in terms
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of mean annual frecipitation is therefore relevant to mean
annual flood volumes and consequently, runoff yield. Also,
vegetation responds to mean annual precipitation and therefore,
runoff coefficients fcr a large area will be related to amount
of precipitation in a secondary and less direct amanner. A
logical extension of this mcde would be to assign precipitation
contributions to the three seasons of interest: spring, summer

and autumn.

3.3.2. Interpretation

The main features illustrated by this simunlation were not
significantly different from the basic model. When all the area
above Shelley contributes to the Fraser River flow, the time of
the peak reflects maximum inflow below Hansard {figure3.6f). The
Hansard basin produces a larger runoff volume from increased
precirpitation in the mountains (figure 3.6e) and forms a more
pronounced seccnd peak in the flow at Shelley. The West Road
tributary provides a lower peak vclume preceeding the Upper
Fraser flows. Small changes of the West Rcad river input volume
were€ simulated. Although minor effects were visible on the
mainstream Fraser, attenuation has made the changes practically
insignificant when the flow arrives at Hope.

The height order of the first and second Fraser River peaks
are reversed by highk runoff frcm the Quesnel basin. An

irregularly shaped input hydrcgrath is contributed from the arid
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Chilcotin river basin Lecause the dr iest region borders the
Fraser and therefore most of its runoff arrives late. The
Chilcotin addition coincides with the Quesnel rising limb and
produces a twin-pronged initial peak c¢cn the Fraser. The balance
between dominating feaks appears very delicate. Therefore, the
recording of an instantaneous peak for example, could be altered
by several hours depending on storm characteristics.

High temperatures and the lack of precipitation in the
Chilcotin basin and the area around the Fraser / Thompscn
confluence cause secondary effects. Evaporation and water
wit hdrawals for irrigation may cause some reduction of river
discharge. Cccasionally, water also will be required to fight
fcrest fires in this very hot, dry region.

The Bridge river discharges into the Fraser River before
the arrival of upstream peaks, despite having its highest runoff
delayed. This rroduces a multi-peaked hydrograph at Texas Creek
{figure 3.69g) . In the Thompson basin, considerable contrasts
exist between bigh volume runoff fror the mountainous headwaters
and barely significant runoff belcw Kamloops. The North Thompson
river input reflects an increased supply from the mountains, but
the South Thompson input is still more sensitive to the effects
of basin shape. Combined, they froduce one large, steep-limbed
peak.

At the Thompson-Fraser confluence the inputs seem well
synchrcnised: implying that the high runoff production areas lie

similar travel times away in both basins. The conbination of the



Bridge and lower Thompson flows produce a minor first peak. The
main peak is produced by the Upper Thompson, Quesnel and West
Road together. The volume and peak timing of the North Thompson
ri ver are of major significance in this mode. Because it drains
higher elevations however, it is feasible to suggest some runoff
may be held as snow occasionally. In this case, the peak may be
reduced or delayed or a combination of Lkoth. At Hope, one major
peak is clear and compared with the basic model, the Upper

Fraser flow is more substantial (figure 3.6h).

3.4 Mode III: Snowmelt Adaptaticn

3.4.1. Description

The problem of evaluating snownmelt was discussed in chapter
two. Clearly, any model using meteorological inputs can only
hope to reasonably estimate the runoff component due to
snowmelt. Snowmelt in the Fraser Basin is of prime importance in
producing the annual peak flow and therefore, it should not bhe
neglected. Much additicnal information would be necessary to
analyse snowmelt but this is incompatible with the time-area
model developed in this study.

Only one case of snowmelt is therefore modeled here. The
appropriate scenario suggests that cold temperatures prevail at
the time of a storg, resulting in snow only at the higher

elevations. Temperatures rise after the storm enabling total
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melt of the new snow. In this mode, the snowpmelt runoff is

lagged accordingly and distributed over a twenty-four hour

period to simulate a diurnal melting regime. Woo and Slaymaker

(1975) found diurnal runoff cycles to be pronounced in a small

catchment in the Southern Coastal Mountains of British Cclumbia.

Mode III is therefore concerned with minor delays caused by

snowfall rather than general basin melt, This

phenomenon is more

likely to occur at either end of the winter season. Variations

were considered but would frobably not justifiably improve the

model. Examples include a weighted increase in snow with

elevation ¢cn an already weighted precipitation index, to account

for the percentage of sncw to rain; or routing some percentage

of the runoff via greater storages and with lcnger travel times.

The summary c¢f snow survey measurements from 1935 to 1975

(British Columbia Water Investigatios Branch,
inspected, but no easily definable pattern of
equivalent) distributicn could ke determined.

of snowfall is obviocusly a great advantage. A

1975) was
snow {water
Monitoring amounts

visual analysis of

river gaunge recorder charts, revealed that a texthook hydrograph

shape only existed in late summer and autumn especially at Hope

and Texas Creek. This illustrates that snowmelt is incrementing

flcw volume in the early part of the year. The events later in

the year therefore, allow an exaamination of basin processes

without snowmelt complications,
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3.4,2. Interpretaticn

One of the salient differences to mode I is the sensitivity
of the relatively small basin above Hansard to diwvrnal melt
fluctuations (figure 3.6i). As volumes become higher downstrean,
the diurnal variation becomes negligible. The effect at Shelley
is nct so erratic because simulated snowmelt is less from the
generally lower altitude drainage area (latitude effects were
ignored). The combination of Hansard and Shelley reflects the
time of peak from the area cortributing to Shelley, but Lecause
of decreased volume in the Hansard rising limb, the Shelley peak
occurs after the maxieum at Hansard (fiqure 3.63j). Snowmelt in
the region above Hansard produces a secondary, small rise on the
falling lisb.

The West Boad river input shows very little difference to
previous modes. Snowmelt arrives relatively late and is absorbed
intc the first peak from the Upper Fraser. Substantial snowmelt
also arrives late from the Quesnel tasin and joins the second
peak flow. Obviously the intergplay of factors would determine
the d cminant peak and thus, apparent travel time of peaks
between two mainstream stations. Attenuation merges the peaks
more closely near the Chilcotin river confluence. The Chilcotin
adds mcst input late because its highest runcff is from the
extreme west and also subject to small snowmelt delay. However,

the resultant input jcins the Fraser river before the upstrean
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reaks. When the Chilcotin peak was varied in terms of arrival
time, substantial differences occurred in the Fraser to the
extent of altering a hypothetical instantameous peak. The Bridge
river input coincides with the early Chilcotin peak. Diurnal
effects again seem to be important in this basin. The hydrograph
of the Fraser at Texas Creek is dominated by highflow
contrikuotions from the Quesnel basin (figure 3.6k).

The snowmelt mode causes large changes in the Thompson
input due to initial storage and subsequent release of snowmelt.
The input has an extended timebase and a much lower peak, but it
still coincides with the first peak on the Fraser. When all
flows are summed at this point, the snowmelt acts to
"fill-in-the~lows" in the rainfall mode hydrograph. Therefore at
Hope, the hydrograph shows one major rise and fall, with a small
recession limb plateau created by Upper Fraser runoff (figure
3.61). The hydrograph has a broader peak with the total volune
distributed more evenly than in previous modes.

From the three modes described above, it is apparent that
the highest peak at any pcint on the Fraser River usually
corresponds to a particular input upstream. The hydrograph at
Hope is the summation of all basin input: attenuated and sumned.
Therefore, to determine true peak travel time, it is necessary
to identify the input to which the Hcpe peak corresponds. When
only daily data are available, or the ccncern is with maximum
discharge, an analysis of peak travel times will be unrealistic

for the swhole basin.
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3.5 Modes I1V,V,VI: Regional Adaptions

In a catchment vith the size and hydrometeorological
variety of the Fraser Basin, it is anlikely that precipitation
is received everywhere and commences at the same time.
Therefore, three stcrm centres for smaller areas were simulated,
utilising weighted precipitation values.

Mode IV was concentrated on the Rocky Mountain Trench to
examine attenuation and peak travel times when unaffected by
inputs between Hansard and Hope. The broad hydrograrh was only
slightly attenuated, but compared with the normal volumes at
Hore, its arrival may not be noticeable (figures 3.6m to 3., 6p).

Mcode ¥V deposited precipitation on the west (windward) side
of the Cariboo range. A small area upstream of Hamnsard, supplied
a short, sharp, low peaked input (figqure 3.6q). When a small
input from above Shelley is added to the Hansard flow, its peak
dominates. In this instance, time-of-peak at Shelley is the sane
as at Hamsard ({figure 3.6r). Therefore, apparent flood wave
travel time is zerc hours. A large, steep peaked input from the
Quesnel basin joins the Fraser before the Upper Fraser flow and
forms the dominant peak. The North Thompson river basin produces
a sharp, but broad based peak. Although it is greatly attenuated
at the Fraser confluence, its volume is still significant and
its arrival coincides with the Quesnel flow (figure 3.6s). The
Upper Fraser input is now lost within the recession limb and one

large, broad peak is observed at Hope (figure 3.6t). Because the

18



Thcmpson river flows dominate, an analysis of travel times
between Texas Creek and Hope would be incongruous.
effect from the Coast Mountains, providing a series of inputs
between Shelley and Texas Creek (figures 3.6u to 3.6v). The Hest
Road river headwaters develop a very peaked input hydroqra ph
wvhich is almost completely attenuated on entering the Fraser.
The Chilcotin basin also generates a steep peak whose arrival at
the Praser coincides with the West Road river input, producing a
wide peak. The area of the Bridge basin affected by the storm
creates substantial rumoff., Its peak occurs before the arrival
of upstream flcw {figure 3.6u) but the relative balance with the
second peak is probably gcverned by local storm characteristics.
It is feasible that a storm moving from the northwest would
reduce the separaticn between the two peaks. Conversely, a storm
approaching from the scuthwest may separate them. However, storm
novement is generally fast in relation to runoff speeds and
hydrograph shape may not alter drastically. It is suggested that
timing differences are substantial only when precipitat ion
events occur in close succession.

T he hydrographs from regional simulations {modes IV,V,VI)
seem less sensitive to changes in tributary input timing than
when the whole basin produces runoff. However, it is possible to

envisage many scenarios depending on relative interactions.
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3.6 Discussion of generated data

First, it should be restated that this model is dependent

totally on the concept of isochrcnes and consistent proportions

of runcff generation throughout the basin. Time-area concepts

were tested in six modes as summarised in table 3.3.

Table 3.3. Model variations.

Mode no. Model description
I basic unadjusted rodel of whole basin
11 areas veighted by mean annunal precipitation index

for whole basin

II1 snowfall at higher levels witheld from calculations,
folloved by later melt and release of runoff

IV local storm centered over Rocky Mountain Trench
v local stecrm on sindward side of the Cariboo mountains
VI overspill effect on lee of Coast mountains

Generally, hydrcgraphs remain very similar for events involving
the whole basin. Hydrographs at Texas Creek are the most varied
in all but two cases, illustrating the importance of tributary
inputs in the reach below Shelley. Aaddition of the Thompson
river at Lytton tends to smooth the hydrograph and heighten the
maximum peak.

The model illustrates the importance of tributary input
timing for determining time-of-peak (table 3.4) Time-of-peak
thus arpears related to tributary input., Therefore, the term

“"travel times" is a misnomer for this system because basin
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Table 3.4. Time of peak derived from model.
Hansard|Shelley | Texas Hope
Creek
Mcde I: 50 30 112 162
Mode IT: 50 45 140 157
Mode III: 28 34 101 157
Mcde 1IV: 73 78 129 168
Mode V: 28 39 129 134
Mode VI: - -- 95 146
{in hours from commencement)
Table 3.5 Apparent travel times
Hansard to| Shelley to Texas Creek
Shelley Texas Creek to Hope
Hode I =20 +82 +50
Mode IT: -15 +95 +17
Mode III: + b6 +67 +56
#ode IV: + 5 +51 +39
Mode V: +11 +90 + 5
Mode VI: +51

{in hours from commencement)

characteristics totally svarp most flood wave movement (table

3.5).

experienced cn the Fraser,

times are not reasonable.

referred to as travel times throughont this study,

ideas are ccepatible with data collected and ideas

in general.

Differences between the six modes reflect the

importance c¢f the tributaries. The dominant source

Undoubtedly, some element of wave progression will be

but predictions using crest travel
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each station is presented in table 3.6.

Table 3.6 Source of main peak volume

Fraser River at
Shelley Texas Hope
Creek
Mode 1I: -5 - W QC - WQ~- NSt
Mcde II: -5 - -9QCcC - -CCXN -
Mode IITI: : HS - ¥ Q0C - W0~ NSt
Mode IV: H - H - - - H = = = = =
Mode V: H S - =-Q - - = - - N St
Mode VI: - - - W -C - W -C - -

Rey: H=Fraser basin above Hansard,
S=contribution added between Hansard and Shelley,
W=West Road river, Q=Quesnel river, C=Chilcotin
river, N=North Thompson river, St=South Thoapson river.

The following can ke concluded.

1. A negative travel time Letween Hansard and Shelley exists
when the input between Hansard and Shelley is dominant. The
peak at Shelley can only be later than Hansard when either
its contributing area supplies an insignificant inflow, or
the Hansard volume is delayed (snowmelt). It is unlikely

that the peak at Shelley will occur after the peak at

Hansard for widespread rainfall events.
2. A negative travel time between Hansard and Shelley allows
apparently slower travel times between Shelley and Texas

Creek. This is because Texas Creek shares the same owverall

S
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3.

tasin timebase,.but inputs below Shelley are more ismportant
to peak timing than arrival of an upstream floodwave,.

A slow travel time between Shelley and Texas Creek can occur
also, if only the lower sections of the Hansard and Shelley
subbasins provide runoff. Then, runoff has shorter distances
to travel and the peaks at Hansard and Shelley are
relatively early compared to peaks at Texas Creek.

Travel times decrease between Shelley and Texas Creek in
mode III because the Texas Creek peak receives runoff from a
large area that is not subject to substantial snowmelt delay
{high elevation snowfall case) and therefore there is a
relatively early peak at Texas Creek.

The shortest travel time between Shelley and Texas Creek is
when a flood is produced only above Hansard. This suggests
that tributary additions in this reach delay the peak. For
mode IV ({nc additicns), on other reaches travel times for
each reach are central to the range of derived values.
Between Texas Creek and Hope, travel time is highly
variable., 1he relative importance of the Thorpson is
paramount. The shortest travel time occurs when the Thompson
input is much more important than the Fraser flow. This is
because the Thcmpson is a shorter basin, its time-to-peak is
earlier and therefcre, mcst of its volume arrives at Hope
relatively fast, This is especially clear for a storm
centered over the Cariboo mountains because runoff

generating areas of the Thompson are closer tc Hope than
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those of the Fraser. Slow travel times for this reach occur
when the Thompson does not ccentribute.

7. When all the lasin operates toget her, the slcwest travel
times are recorded. This suggests inputs from all subbasins

are significant in the timing of the Hope peak.

These conclusions were deduced from relatively simple cases
involving one storm. As the number of storms increases, the
runoff pattern and resultant hydrcgraphs become more complex.
The areal extent of a storm is of prime interest because
tribut ary hydrograph shapes reflect basin shape and size, and,
the sratial characteristics of fprecipitation. Rogers ({1972)
however, fcund that a reasonable variation in precigpitation
amcunt and intensity within a general storm had little effect cn
the =hape of the shrface runoff hyd rograph.

The arrival time of tributary peaks apgpear important in
Fraser River hydrographs, therefore they were examined briefly.
In most cases for thke middle Fraser, each tributary arrives
before the main upstream peak and accounts for a substantial
proportion of Fraser vclume at that time. Overall, small timing
changes of one tribuntary will not drastically alter the
resultant Fraser River hydrograph. Also, as the Fraser becomes
larger, it beccEes less sensitive to the smaller tributary
inputs.

From tables 3.3 and 3.4, it is apparent that negative

travel times between Hansard and Shelley occur when the Fraser
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Basin above Hansard does not contribute to the main peak.
Therefore, time of peak at Shelley is not dependent on the
arrival of Hansard flow. As the Hansard flow beccmes more
important, travel times can become positive. The Shelley peak
input coincides with the arrival of the rising limb of the
Hansard hydrograph and this combinaticm prcduces a large peak
tefore the arrival c¢f peak Hamsard discharge. When the Hansard
peak arrives, its effects are minimised because there is little
additiocnal runoff to Shelley at this time. Therefore, the
Shelley input pust be reduced for the Hansard peak to dcminate
at Shelley.

The relation between runoff volumes and Shelley peak timing
was examined using mode II. ¥hen runoff is received from the
whole basin, the volume belcow Hansard must be 80% of normal to
allow the Hansard peak to domimate. This would require a storm
across the centre of the Fraser Basin, that did not extend much
north of Hamnsard. If only the western part of the area between
Hansard and Shelley is contributing, a 50% reduction in runoff
is required. This is dune to the configuration of the subbasins.
The McGregor river confluence with the Fraser River is below
Hansard, but its basin lies parallel to the northern part of the
Hansard basin. Here, high runoff is generated from the mountain
slopes. Clearly, the phenomenon of negative travel times is
acceptable, because time differences between peaks are not

derendent on wave celerity.
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The tipe-area model and its variations provide a useful
tool for interpreting Fraser River hydrographs. Fy doing this,
the model has achieved its fotential, It is restricted by its
simplicity; real world complexities need highly sophisticated
models to enable predictions. It provides an invaluable aid,
however, to understanding gauging station wvater level data used

in the analysis of travel time.
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i1V. Peak Flow Times

4, 1 Introdacticn

Based on an understanding of how hydrcgraphs at selected
points along the Fraser River are produced, streamflow data can
be analysed with more insight. The time of occurrence of each
peak was extracted from streanflov recorder chart data, and
apparent travel times were derived frcm the time differences
between peaks at two adjacent stations, It is postulated that
travel times are governed by discharge if peak timing is
determined by flood wave movement alone. In the absence of such
a relationship, it is postulated that basin geomorphology is an
important ccntrol on ruonoff respconse. This chapter commences
with a review of the details of data collection methods. Peak
flow data are then used to examine the nature of a relationship
between discharge and travel time for the Fraser river. Finally,
meteorclogical characteristics are integrated in an attempt to

r educe "noise" and explain anomalies.
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4.2.1 sStreanmflow data and gauging stations

Streamflow data were obtained from the Water Survey of
Canada which currently operates 1841 active stations within the
Fraser Basin. This study requires a continucus record of strean
lgvels to define hydrograph shape precisely, but unfortumately
most stations supply only one reading per day. Hourly water
levels therefore vere obtained directly from the existing
continuous recorder charts for Fraser River gauging stations
between 1970 and 1980. These data were converted to discharges
by use of the appropriate rating tables and ajustment factors.

The preregquisites described above reduced the number of
useable stations to five {table 4.171). Subsequent analyses vwere
performed for each reach between adjacent gauging stations.
Station locations are illustrated in figure 2.4. Of these, the
station near the Fraser headwaters is situvated on Moose river
but its contribution to the Praser River, and its location near
the source were considered acceptable for inclusion here.

The Texas Creek and Hcpe stations are classified as having
regulated flowv following the completion of the Kemney Dam on the
Nechako river in 1952. The dam reduced the effective drainage
area of the Fraser Basin by 14000 kn because Alcan diverted the

1sur face Water Data for British Columbia, 1982, published by the
Inland Waters Directorate, Ottawa 1983
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Table 4,1 Gauging Station details

station#|5Stn. nanme area la titude Years of |G.S5.C.
{sq.km) | longitude | record (1) |datum (2)

OB8KADO8 | Moose river 460 55 55 12 | 58-80 nat| 1039
118 48 00

08KAQ04 | Praser river 18070 54 04 43 | 70-80 nat 599
at Hansard 121 50 52

08KB001 | Fraser river 32500 54 00 40 j 50~-80 nat 567
at Shelley 122 37 00

08MFO40 |Fraser above | 1523¢€0 50 36 50 | 51-80 reg 180
) Texas Creek 121 51 10

08MFD05 |Fraser river | 217880 49 22 50 | 50-80 reg 38
at Hope 121 27 05

(1) nat = natural fleow, reg = regqulated flow

(2) the Geological Survey of Canada datum in metres.
stored water tc Kitimat. The records at Isle Pierre (08JC002),
40 k¥m above the Fraser River confluence, were assessed and
implied that this tributary had introduced no sizeable flood
waves into the Fraser during the study period, despite periodic
spillway openings at the dam. The yearly station discharge
pa ttern shows a general increase to a late spring maximum and
then a'gradual decline to winter levels. This is probably due to
the moderating influence of lakes, especially imn the Stuart
basin.

T he Hope yauging stationm is often used as the key station

to the Fraser. Its reccrds, dating to 1912, are considered to be
the most reliakle on the Fraser, and it is situated sufficiently

inland to be above the daily tidal fluctuations.
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LA ERTILTENY

4.2.2 Meteorological data

T hese were provided by the Atmospheric Environment Service.
The Fraser Basin has 105 metecrclogical stations ({figure 2.4)
supplying precipitation data on a daily basis. Precipitation is
recorded as rain or sncw after 1977, but prior to this,
temperatures are required tc estimate snowfall.

Published daily values provide a static impression of
precipitation distribution. Therefore, for several days before
and after each streanflow peak, frontal movements, cold lcw
digressions and Upper Air flow fpatterns wer tracked on six-hour
surface charts and twelve hour Upper air charts.

Slaymaker (1972b) found a trend of increasing Fraser River
discharge at Hope from 1952-1969 despite an expected reduction
due to retention behind the Kenney Dam. Although he found no
statistically significant precirpitation increase, he deduced
that mcre precipitation, especially snowfall in the upper
ungauged areas, caused the higher discharges. This could occur
following a northward shift in the mean position of the Arctic
Front, allowing moist Pacific air to exert a greater influence
in central Eritish Columbia. However, this is difficult to
monitor because of the rarity of high elevation meteorological
stations. The Barkerville station in the Cariboo Mountains is
therefcre important and its data are key inputs for flood

predictions and the U.B.C. model.
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4. 3 Observed Peak flow Travel Time relationships

The theories discussed in section 1.2, indicate a negative,
relationship between discharge and travel time should exist.
Eoth travel times in hours and the velocities necessary for
flood waves with corresponding travel times, wvwere examined for a
dependence upon actual discharge values. No decisive patterns
could ke determined between the tuwo sets of variables, either on
the basis of a whole year or when split by season. The seasonal
division was made toc differentiate between different runoff
generating processes.,

1. Spring events with a substantial snowmelt contribution.

2. Smaller scale summer events caused by localised storms and
increased water losses during transfer.

3. Autumn rainfall-runoff events due to increased frontal

activity.

At this stage in the study, only cases with positive travel
times between two stations were considered. In most cases, only
a qualitative analysis was attemped due partly to the lack of
clear relationships exhibited by the data (figure 4.1). The
imgplications from analysis are presented in table 4.2. This
table highlights general trends but nct firm relationships and

additional observations subsequently will be discussed.
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Table 4.2 Dischargestravel time relationships

Reach| Whole Year Spring Summer Autumn

RE~H |large Q range | as annual | as annual as annual
for medium IT

H-S (broad Q range | as annual | as annual very broad
with short 1T negative
trend, low
slope
5-TC|broad ¢ range | large TT negative as summer

with short 1IT | range for | trend, low
medium ¢ slope, broad
scatter

TC-Ho|broad ¢ range | as annual
with short TT

key: Q=discharge, TI=travel time, RP=Red Pass,
H=Hansard, S5=Shelley, TC=Texas Creek, Ho=Hope

On an annual basis very little can be determined about the
nature of an association between dischatge and travel time,
excerpt with regard to the range of both variables. With the
exception of annual data for the reach Letween Red Pass and
Hansard, most discharge values can occur with relatively short
travel times ({figures 4, 1, 2a, 4.1.3a and 4.1.4a). The maximum
discharge range cn the reach between Red Pass and Hansard occurs
central to the spread of travel time values {figure 4.1.%1a). For
the Hansard to Shelley reach it appears that the longest travel
times occur at medium discharges, contrary to the predictions of

Linsley et al (1949). Annual data suggest travel times are not
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representing wave celerities in most cases.

The freshet peaks are the highest in all reaches {figures
4,1.1b, 4.1.2b, 4.1.3b, 4.1.4b). While it is possible to comment
on a few pcints on the spring plots, there are more exceptions
than general rules. at this time of year the observed
unpredictability of travel times is prokably resulting from
spatially and temporally uneven inputs.

In summer, the broadest range of travel times occurs at low
discharges for the upper two reaches {figures 4.1.1c and
4,1.2c). For the Shelley to Texas Creek reach {(figure 4.1.3c) a
vague trend of shorter travel times with higher discharge is
indicated, possibly responding to localised convectional storms.
This conclusion is based on the mature of most summer
precipitation in the Shelley to Texas Creek region, and
observations from the model developed in the study. The model
implies that travel tise will not be dependent on discharge when
there is basin-wide precipitation, but that a relationship can
emerge for small, localised storas.

In autumn, low discharges appear to occur only with
relatively long travel times for the middle two reaches (figures
4,1,24 and 4.1.3d4), but the pattern is still confused ({figures
4,1.1d and 4.1.4d). Pcr the total river length between the
extreme stations, travel time appears to be totally uncorrelated
with discharge.

The importance of the Thorgson river input to the Fraser

River below Texas Creek led to an examination of discharge and
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travel time relationships Letween Spences Bridge and Hope. The
patterns exhibited here were no retter than those on the Fraser
River itself. In general, the search to establish patterns
between discharge and travel time seeprs fruitless.

Considering discharge at only one station may contribute to
the paucity of results because travel times- will respond to
conditions along the whole section. Therefore, several tests
were made tc incorporate discharge values for more than one
pcint. The first approach required the computation of peak
difference, that is, the volume by which the peak has increased
downstream. This measure should account for lateral inputs which
may confuse the discharge/travel time pattern. Trends appear to
be absent from annual data. Seascnally divided data were no
clearer except for the two uppermost reaches in autumn, where a
tenuous, negative, linear relationshif appears. Often, between
Hansard and Shelley, autumn peak differences are the lowest,
signifying relatively smaller inputs downstream. The nature of
autumn precipitation allows widesrread receipt within the basin.
Therefore, low peak differences may reflect a thirsty
groundwater conditicp and influent streams in the area
contributing to the FPraser River at Shelley. With the
elimination of substantial input from this area, the Hansard
peak can dominate and allow almost regular travel times on this
reach. If the increases in discharge are expressed as

percentages, the result is not imrroved.
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In a second attempt to reduce "noise", simple discharges
were separated into twc groups according to the relative height
of the preceeding peak; that is, higher or lower. This division
should reduce problems created when peasured events occur too
close together in time and the system is carrying previous
highwater conditions im its "memory". Again, typical broad
scatters were produced in most cases. A scattered, positive
relationship betveen discharge and travel time is indicated on
the loser two reackes when highflows are smaller than their
predecessor. Because river velocities are a function of
discharge, the asscciated maximum velocity for the preceeding
peak will also be high. Althcugh velocity will decrease after
the first peak because of increased baseflow, it may still be
relatively high when the second peak is generated. Therefore,
velocity is already guite fast. It is unlikely that a small peak
preceded by a larger one will record a slow travel time,
regardless of the complexities of unsynchrcnised inputs froam the
sukbasins. In the cpposite case where prior events are larger,
high discharges appear to be restricted to relatively fast
velcci ties.

A fipal examination was made of discharges and velocities
averaged over the whole reach, instead of values from fixed
roints which may not be representative. No relationships could
be determined and the overall conclusion from this section is
that a simple correlation between discharge and travel time or

apparent velocity does not seem to exist on the Fraser River.
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.4 Influence of Metecrological Conditions

It is hypothesised that storms from different directions
may complicate the patterns due to contrasts in precipitation
mechanisms, vclumes produvced and timing of runoff generation.
Three meteorological features were considered important in
governing direction of storm movement, namely, fronts, upper air
flows and cold low centres. The predominant frontal approach is
from the northvest, but speed of passage and upper air flows are
variable for each storm. Upper air flows tend to steer storms
and therefcre the Geostrophic winds are a useful indicator for
tracking {(Gary Schaeffer, pers connm).

In spring, warming upper air from the southwest (Hawaii)
may be more responsible for inducing spowmelt peaks. In winter,
cold low centres are likely to dominate over the Northeast
Pacific and may proceed northwards along the coast, allowing a
series of fronts to pass over British Columbia. Conversely, in
summer the lows themselves are more likely to move over British
Columbia and produce instability showers. Therefore the changing
relation between the Hawaiian High and the North Pacific lovs is
very important in determining the spatial extent cf stornm
~activity in British Cclumbia. In the following analysis each
flood peak was classified according to direction of protable

storm approach and upper air features.
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Approximately one third of the spring peaks in the data set
were associated with general instability and southwest upper air
flcus, implying that snowmelt is important. Snowmelt produces an
inconsisternt input to the Fraser River allowing the Hansard
volume to dominate at Stkelley. Further downstream between Texas
Creek and Hope, snowmelt events exhibit much variation in the
discharge/travel time relationship. In summer, the
meteorological conditions associated with peaks are highly
variable. While the variability dces not allow conclusions about
the effects of meteorological conditicns on the
discharge/velocity relationship, it does explain the conf used
patterns exhibited by the data. In autumn, northsest fronts may
cross British Columbia in multifples, creating notable flood
peaks between Red Pass and Hansard. For a series of storms,
river inputs ccntinue to increase after the first "peak"”,
thereby extending the overall hydrograph timektase., The first
stcrm may not produce the higkest peak, and peaks at adjacent
stations may not be caused by the same storm. The duration of
each frontal passage does not appear to have a distinguishable
effect.

T he fastest travel times between Hansard and Shelley occur
with a relatively low discharge produced by a front approaching
from the northwest. This supports the idea that the time of peak
at Shelley is independent of the arrival of a flood wave fronm
Hansard. The slowest travel times for this reach are associated

with westerly fronts and may result from relatively late
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precipitation receipt in the basin above Hansard. This, allows a
time separatior between the input from the area contributing
more immediately to Shelley and the arrival of a flood wave from
upstream. Therefore, "slow" travel times fcssibly illustrate the
time difference actually produced by flood wave movement. For
all sections of the Fraser River, the greatest range and
variability of travel times is in summer. Additionally, travel
times for each reach seem to behave without reference to
neighbouring sectiouns.

Average values of both discharge and velocity were
considered also for each reach. Results wvere inconclusi ve
because responses were not differentiated by direction of either
frontal approach or npper air flow in any reach. Unstable
condi tions tend to be associated with higher discharges for a
given velocity on the middle sections. Possibly travel times
during unstable conditions are more representative of real
travel time because tke whole basin may not be contributing.

Attempts to model the direction of frontal approach proved
unsuccessful because the time of passage is relatively short
compared to basin dimensions and surface processes. Therefore,
the main benefit of a classification based on direction, is to
distinquish storm characteristics accrued from the source area
rather than time differences introduced by actual movement
direction across the basin.

The overall ccnclusion is therefore, that the "noise"

interfering with supposed generalised trends cannot be fully
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explained ky large scale meteorclogical differences. The most
outstanding feature is the presence of unstable conditions and
southvwest upper air flows, enabling snowmelt in spring. Weather
conditions associated with a peak in summer are more variable,
implying that antecedent conditions exert an influence. Certain
groups of meteorological factors indicate tentative reasons for
erratic relationships between discharge and travel time, but not
general trends. Therefore a range of discharges can be
associated with most travel times for the upstream reach.

Until this point, only positive travel times were analysed.
Positive travel times are defined as events in vwhich the
upstream peak occurs before its downstream counterpart. There
are a significant number of cases where the reverse occurs,
implying that travel times are negative. Most negati ve travel
times were observed on the Hansard to Shelley section and fewest
between 5helley and Texas Creek. They exhibited no preferesnce
for season or meteorological conditions {see table 4.3). This
facilitates the conclusion that basin response, or the time of
concentration 2 for a subbasin, is dominating time-of-peak at a
station. Obviously in these instances, peak gemeration is a
function of local basin factors and not wave progression!

Time cf concentration was examined briefly to assess the
irpcrtance of sulbasins in determining time-of-peak. In almost

2T he U.5. Department of Agriculture defines time of
concentration as "the time required for runoff to travel from
the hydraulically most distant part of the storm area to the
watershed outlet or scme other point of reference” {Viessman et
al, 1977)

103



Table 4.3 Travel times and meteorological conditions
% of positive times % of negative times
per reach per reach

R-H H~-S 5=-Tc|Tc-Ho R=-H H-S S-Tc|Tc-Ho
unstalble 30 32 30 20 17 9 25 33
NE front 3 3 9 14 18
N frosnt ) 3 5 5 9
N¥ front 36 37 25 20 66 27 50 33
W front 21 20 25 30 1 32 25 33
S¥ front 6 5 6 11 5
total
+ve/- ve 93. 4} 78.1] 95.6| 84.4 6.6 21.9 4.4] 15.6

all cases of negative travel times, upstream time of
concentration is longer than that downstream. This allows the
upstream peak to occur later, resulting in a negative " travel
time"., Time of concentration is highly variable between reaches
and also ketvween events over the whole system. The largest time
of concentration occurs in spring due to incremental increases
from snovwmelt.

Cases where upstreanm time cf concentration was longer than
downstream can occur in each of the three seasons but mainly in
sumper between Red Pass and Hansard. This suggests that
localised store effects are important. Often, long upstreanm time
of concentrations occur in conjunction ¥ith changing
metecrclogical conditions, and sometimes these cases were
anomalouns in the discharge/travel time relationships. Now, the
travel time irregularities cn the section between Hansard and
Shelley are well explained. In spring, despite a range of travel

times and discharges, a long time of concentration upstrean
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predominately accounts for very short travel times with low
discharges. Many of tke first summer peaks also have a long
upstream time of concentration, which again explains the
majority of extranecus points. For example, a very high head
with slow travel time, and the very fastest travel times occur
under these conditions. Exceptional autumn cases are also
attributed to time of concentration irregularities. While the
effects are not so explicit between Shelley and Texas Creek,
between Texas Creek and Hope a lcng time of concentration
upstream is associated with the faster travel times.

In conclusicn, an examination of time of concentration
explains much about apparently erratic travwl times, and in many
cases, time of concentration irreqularities can be related to
meteorological conditions. Once again the importance of subbasin
contributions to time of peak at a statiomn is highlighted. HMore
specifically, the time taken fcr maximum runcff generation at a
point, seems tc be of most significance in determining time of
peak anywhere along the Fraser River. The tramslation of a flood
vave appears to be of minor importance because, for the majority
of events, a negative travel time is exhibited between cne or

more stations.
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4.5 Observed and model gemerated velocities

When the time differences between two peaks at neighbouring
stations are ccnverted to the velocities that are necessary for
the same flood wave to be present in both peaks, some
unrealistic velocities are implicated. This section deals more
fully with real and apparent velocities from streamflow and
model generated data.

It was presupposed that a flood wave traversing the systen
produced one peak which was observed at each successive station.
Thus the times between peaks, derived from streanflow data, can
be expressed as wave travel times (table 4.4.,) When compared to
generated travel times (table 3.5) the real data suggest wave
celerity is extremely high. This could be due to a shortcoming
of the model or a total disregard of flood wave translation in
real peak timing. The dichotomy can be more easily resolved when
actual water velocities and prokable wave celerities are
considered,

Observations suggest wave celerity to be 1.4 to 2.0 times
greater than water velocity {Linsley et al, 1949). Velocity and
discharge data, measured in the field three or four times per
annum, were obtained for each station from Water Survey of
Canada meter notes and used to calculate an expected range for
wave celerity (table 4.5). Quick and Pipes (1976a) suggest that

the best estimate of wave celerity for the Fraser River is 1.5
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Table 4.4. IJIravel time statistics.
Positive times| Negative times| Rangje
#|mean|S. D. #|mean
RP to 69 38| 16 5 39 4 -76 +76
H to 70 1M 8 28 12 9 -35 +38
S to 63 ug| 11 7 17 8 -27
Tc to 31 14 9 8 6 -19 +49

Key: EP=Red Pass,

(time froms coreencepent in hours)

H=Hansard, S=Shelley,

Tc=Texas Creek and Ho=Hope

Table 4.5, ¥ave Velocity comparisons.,

Velocities

Velocities

frem travel from field
times (m/s) data{1)
# jmean| S.D. #| mean range (3)| 1. 5(W)
S to Tc 82| 4.6| 4.8 78] 2.7]1 0.3 {3.8-5.4 4.05
Tc to Ho | 39| 3.8] 2.3 “ 54| 2.3 0.7 |3.2-4.6 | 3.45

(1) Cerived from discharge-velccity curvwe at a station

{2) ©Omnly calculated when travel time more than zero hours.

(3) After Linsley et al (1949)
(4) After Quick and Fipes (1976a)

observed for wave translation.
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In addition,

times the gauging station velocities, Clearly, the velocities
derived from travel times have averages greater than is normally
the velocities

implicated by the travel times for the upper-most two reaches




are higher than the expected range. The real velocity-discharge
curves show that significant cross-sectional changes did not
occur either as discharge increases, or for the ten years of
study. Therefore, the lack cf good relationships is not due to
fundamental channel changes.

The reach-by-reach analysis ¢f velocities was supplemented
by a ccmparison of velocities from travel times between adjacent
reaches. Spearsan's "I1" was very low for all pairs, suggesting
independence of travel times: a phenomenon that is physically
impossible. Meteorological conditions typical of erratic
velocities frce Red Pass through to Hope could not be discerned
for these cases. Analysis of adjacent reaches is also hindered
because few events were recorded at all stations. This may be
due to data loss caused by problems at the gauging station, or
simply no trace of a peak. The latter may be caused by
attenvation or "drowning™ of relatively small tributary inputs
by larger Fraser River flowvs.

All the ccnclusions reached in this chapter point to
discrete responses of the river at each gauging station. Rather
than providing evidence of cne flood wawe passing through the
system, it appears that "travel time" is not an acceptable,
descriptive term for the time differences between peaks. Travel
time traditionally refers to the maximum peak, but the model
generated hydrograrhs suggest most highflow events are

multi-peaked.
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4.6 Iipme-area model hydrographs and Fraser River hydrographs

compar €d

Hydrographs for late summer and autumn events were
reconstructed frcm W.5.C. recorder chart data for the ten years
of study. For this, the hourly data were invaluable. Hydrograth
shape variations between staticns per event, and between storums,
were readily apparent. The hydrographs were divided into three
types. The first showed a regqular progression of hydrograrh
shape between all stations and positive travel times. The second
group exhibited one or more "negative®" travel times and the
third exhibited changes in hydrcgraph shape. By comparing the
changes in shape, volume asnd timing with the model, it wvas
possible to infer precipitation source areas or storm centres,

The Fraser Hiver hydrcgraphs were classified by the
aprarent source region of precipitation. They were then checked
with real precipitation distribution data which were available
only on a daily basis. Precipitation will not commence
everywhere at the same time in a basin as large as the Fraser,
but the time lag introduced by runoff generation may be
sufficient to ignore these aberrations (at this scale).
Therefore, only the presence of precipitation was recorded,
enabling an approximation of its spatial estent. Most
classifications using hydrograph shape alone were successful.
Although it is difficult to distinguish precipitation scurce

areas precisely from the sparse petwork of meteorological
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stations, interpretations from the hydrographs were mutually
supportive in 58% of the cases. Another 20% of the cases were
considered to be half correct. Model hydrographs will not
replicate Fraser River hydrographs exactly, because the model
represents just cne cacse of each storm. However, general
hydrograph form does seem to be simulated well by the model.

Promising associations between hydrograph form and
precipitation distribution were found for the m jority of
hydrographs. Hydroqraphs whcse precipitation sources wvere
incorrectly located occurred mainly in summer, with Arctic
fronts or high pressure conditions. These meteorclogical
conditions are associated with an uneven distribution of
precipitation which may be causing the unpredictability. A
ccmeon factor in e xtraneous autumm cases, was upper air flow
from the southwest. This warm air flov possibly induces melt of
early snow at the bigher elevaticns, disrupting regqgular
precipitation patterns. Gemerally, the inclusion of frontal
activity and uprer air characteristics did not offer any further
explanations. Broad scale meteorological variables do not seenm
to be sensitive enough to account for runoff variations in a
basin with the diversity of the Fraser.

The shape cf the Fraser River hydrograph at Hansard may be
exhibited occasionally at all stations downstream. This requires
a limited duration, localised input in the north of the basin.
Such a storn often produces a low, rounded hydrograph whose peak

volume may not be a noticeable addition to the flow at Hope.
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Exanmples are shown in figures 4.2c and 4.24, and should be
compared with figure 3.6. The Hansard peak may not be apparent
at Hope, as in these two examples. This may occur if water is
influepnt to the groundwater systenm in the middle Fraser,
negating the increased volume from upstream, or the wave has
attenuvated completely. Volurme increases downstream are explained
by baseflow contributions. Although baseflow is excluded from
the model hydrcograghs, flood peak volume changes are of the same
order of magnitude as the mcdel. The shape of the hydrograph at
Hansard may pass through the system with few alterations during
the summer, when precipitation in arid areas may not necessarily
result in appreciable volumes of rumnoff. Storms in the north
have the same effect. They are associated %ith fronts from the
north, northeast c¢r northwest, but the last also can be
‘responsible for a range of spatial precipitation patterns.

An examination of shape changes in Fraser River hydrographs
for events passing downstream revealed that pre-peak changes are
more noticeable than changes after the peak. A rise or plateau
on the hydrograph recession limb resulting from upper Fraser
flows was rarely visible. Infact, attenuation is possibly more
prevalent than expressed imn the model. The next peak follcvs
clcsely in many cas€s, obscuring the profile of the recession
liek. Another facet of the system highlighted by examining real
hydrographs, was the fairly even, less erratic shaped
hydrcgraphs of the Thompson river at Spences Bridge compared

with the Fraser river at Texas Creek. The smoother shape
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reflects the regqulating effect of lake storage on discharge
fluctuétions. Multi-peaked hydrcgraphs are common for many
events cn the Fraser River (figure 4.2a and 4.2b). This

illustrates the need to identify past and future discharge
changes above Laseflow, to assess which peaks are discrete.

The Fraser River hydrographs for fprecipitation over the
whole Ltasin shcowed gocd similarites to the model hydrographs.
For example, the increased volume and troadening of the
hydrcgraph shape from Hansard to Shelley ({figure #4.2a and u4.2b),
and the earlier time-of-peak in the latter case. The hydrograph
tor mode I at Texas Creek is very similar to that in figqgure
4.2a. The model suggests the first peak relates to Bridge river
flows, the seccnd peak to inputs along the middle Fraser River
and the third blip to ugper Fraser flows. The broadening of the
main peak at Hope is due to the Thompson and the decreased slope
of the upper Fraser flowys due to attenuvation (figure 4. 2a).
These three peaks are also visible at Hope in figure 4.2b. In
this case the Thompson input was more substantial as evidenced
by the larger vclume increase.

Fraser River hydrcgraths firom storms over the Cariboo
Mountains (figures #4.2e and 4.2f) also followed the model
clcsely. For example at Texas Creek the volume has increased but
the peak has experienced attenuvation. By Hope, the volume has
increased and the shape is mcre pronounced. The differences
between figures 4.2e and 4.2f are nnderstandable since the

extent of a Cariboo storm is difficult to determine and the
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degree of influence on the upper Fraser and Thompson will
produce different hydrographs. In all cases however, the model
should only be considered as relative. |
Continuouns discharge data allowed hydrograph shapes to be
portrayed accurately, and a more precise evaluation of peak
time. Many travel times between adjacent stations are less than
24 hours and therefore daily data do not possess enough
sensitivity to determine the time of main peak. It is even more
difficult to identify secondary peaks from daily data. Therefore

much information is lecst at the daily time scale.

Discharge/Travel Time relationships for selected

precipitation source areas

After vérifying the zone of precipitatiocn, the basic
relations between travel time and discharge were analysed again.
Now that the data were split acccrding to precipitation source
regicn, the results were generally good, and implied faster
travel times with larger discharges. Often the trends exhibi ted
the curvi-linear form predicted by Linsley, Kohler and Faulhus
{(1949) . For example, the Hamsard to Shelley reach and the
Shelley to Texas Creek reach with storm centres over the Cariboo
mountains and in the ncrth {figures 4.3.2a, 4.3.2b, 4.3.3a and
4.,3.3b). This trend can alsoc be seen for Hansard to Shelley with
precipitation cver the whole or centre of the basin, and to some

extent between Texas Creek and Hope with the latter
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Precipitation over Cariboo Mountains
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Precipitation in the North of Basin
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Precipitation in the Centre of the Basin
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precipitation distribution (figures 4.3.7a, 4.3.4a and 4.3, 4c).
These trends however include "negative" travel times and may be
purely coincidental.

When discharges at both upstream and downstream stations on
a reach are compared, there seems to be a negative relationship
between travel time and the difference between the two
discharges. That is, discharge volumes are more likely to be
similar volumes when the travel time is long. This is
particularly noticeable on the Hansard to Shelley reach and the
Shelley and Texas Creek reach (figures 4. 3.2a, 4.3.3a, 4.3.4a).
However, for precipitation in the centre of the basin, vhere
this trend is most marked (figure 4.3.4a), the curvi-lirpear
trend is also least apparent. Clearly the large additions
between Hansard and Shelley allow "negative" travel times and
disrupt the discharge/travel time relationshirg.

For cases where the negative curvi-linear trend is not
apparent, the time-area model prcvides explanations. For example ’
between Texas Creek and Hope with precipitation over the whole
or centre of the basin {figure 4.3. 1c and 4.3.4c), the relative
importance of the Thomgson confuses the pattern. "Negative"
travel times occur when the Thompson supplies a more important
input than the Fraser. Precipitation in the centre of the basin
also confuses the dischargestravel time relationship between
Shelley and Texas Creek {(figure 4.3.4b), due to the relative
impcrtance of several tributaries in this reach. It is

interesting also that basin-wide precipitation only provided two

119



travel times for the Shelley to Texas Creek reach (figure
4.3.1b). This again suggests travel time is independent of
discharge. The cases that do not fit the expected trend provide
more evidence that wave progressicn is interupted when many
tributaries are generating inputs. At these times, actual
tributary input volumes and the balance between tributaries
appear most important in determxining absolute peak magnitude and
timing.

In contrast to the timing complexities revealed in the
original analysis, the most predictable reach is Hamsard to
Shelley. After eliminating the "ncise™ created by different
spatial distributions of precipitation, the relationship between
travel time and discharge for Hansard and Shelley is improved.
This can possibly be attributed to both the shortness of the
reach and the limited number of tributary inputs. Predictability
Letween Shelley and Texas Creek varies, with some evidence of
negative trends between discharge and travel time when a storn
is present in the Cariboo mountains or the north of the basin
{figure 4.3.2b and 4.3.3Lb). There are insufficient cases for the
Texas Creek to Hcpe reach to draw good conclusioas, but the
additicn of the Thompson river probabiy disturbs the shape of
the Fraser hydrograph and thus expected travel times.

This section has demonstrated how the timing of tributary
contributions can complicate an cverall trend between discharge
and travel time. Similar mainstream hydrograghs are produced for

each storm centered inm a given area and a relationship between
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travel time and discharge can be expected, except where
substantial tributary inputs can alter the time of peak.

The model developed in chapter 3 is successful in allowing
observed hydrograph changes to be interpreted in terms of
precipitation receipt/runoff scurce area. For certain
precipitaticn source regions and reaches, trends between
discharge and travel time can be shown to exist. While events
with basin-wide precipitation do not readily conform to expected
trends, the changes in hydrograph shape through the system allow
an assessment of relative tributary inputs. In these cases, a
mnore appropriate analysis would be that of highflow duration: a

parameter of eguivalent importance in flood damage calculatiomns.
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V. Discussioa

5.1 Important Controls on Tine cf Peak

As discussed in chapter three, time of peak is dependent
mainly on thé time taken by water frcm the most productive basin
zone to reach the main channel via the drainage net. Therefore,
the governing factors can be split into two groups.

1. Bydraulics of overland flow.

2. Hydrologic and storm characteristics.

The multitude c¢f interrelations between basin, storm and channel
characteristics allow many persutaticns of the net effect.
Langbein et al (1947) made several significant observations in
this regard. They surmised that river systems have differing
efficiencies as agents for the ccllection and conduction of
water, Further to this, that variations in the supply are more
sensitively perceived in the main channel as the hydrograph
timektase diminishes.

The time taken for water tc reach the basin mouth will be
influenced by drainage density. Basins with a high drainage
density can respond faster and attain greater flood peak volumes
than a basin of egquivalent size but lower drainage density.
Heerdegen {1973) found these features were e xhibited in Unit

Hy drographs of contrasting Pennsylvania State rivers. He showed
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that both high peak discharges and unit hydrographs wvwith a short
baselength reflect basins with a combination of small area,
short overland travel times, low drainage density and reduced
channel sinuosity. Basin shape is inherent in all of these
exfressions. Five groups of topcgraphical features which
influence the hydrograph were listed by Sherman (1932). Shape,
together with area and size, was in the primary grouping. After
an examination of the similarities between models and the real
world however, Black (1972) suggested that watershed
eccentricity, rather than shape per se, was a useful expressicn
of basin control on maximum peak flows and certain time
parameters of the hydrograph.

Unfortunately, the absolute size and diversity of the
Fraser Basin hinders the procduction of a simple unit hydrogrargh.
For example, the observed hydrograph at Hope is the sum of
attenunated inputs frcm many tributaries and therefore, it is
poorly represented by a simple Unit hydrograph of the whcle
basin. However, unit hydrograph assumptions are more acceptable
for individval tributary subbasins. Here, it is feasible to
consider thke characteristics of the sukbasins as being
homogeneous, especially as size decreases. In a small basin, a
significant percentage of the time-to-peak is spent im overland
flow and it is therefore influenced by topographic features.
Conversely channel runoff predominates and stream hydraulic

characteristics become more prominent in large basins.

123



At a large scale, studies identifying specific
relationships between physiocgraphic characteristics and
hydroclegical parameters can only be fairly crude. For example,
Heerdegen and Reich {1973) stated: "time of peak and peak
discharge are dependent on area and other associated
rhysiographic parameters™. In crder to be more specific,
investigaticns must be very small scale. The main reasons for
these difficulties is the interdependence between variables.
Results from Langbein et al {1947) imply that none of the
topcgraphic parameters are unique in their influence on the
hydrograph, and that each reflects a condition wvhich also
influences the others. Some of this variability may be reduced
by using hydrometeorological regions.

Within a given hydrometeorological region, actual discharge
is partly a function of basin size. Thereafter, the percentage
of precipitation producing runoff indicates the relative
importance of storage and pondage within the region. In arid
zones with reduced slopes and streams influent to the
grcundwater system, time to peak is relatively long and peak
discharge relatively low. Although great contrasts in climate
and topography exist withinpn the Fraser Basin, at the scale of a
tributary subbasin, vegetation, climate and physiography are
pore uniforam.

T he very irregular shape of the Fraser Basin and numerous
tributary inputs alcng the river, produce a complex hydrogra ph

even before considering the spatial extent and characteristics
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of individual storms. The sheer size of the basin confounds the
possibility of precipitation beginning concurrently throughout
and it is plausible that precirpitation will not be received
everyvhere, especially in summer. Also the amounts received at
any one place are extremely variable. Therefore, it is feasible
for all tributaries to add to the mainstream only under special
conditions and at these times, they may be operating on separate
timebases. Storm duration also affects the speed of runof¢.
Weyman (1975) rpostulated that the factors controlling
infiltration are most noticeable for small storms and that
multiple rain periods pose extra complications.

Mustonen {1966) cautioned that the guantification of
climatic and basin characteristics only produces indices of the
combined effects of several physical factors and therefore, it
is potentially misleading to use complex statistics. While this
is a justifiable assertion, quantitative models inevitably must
be comglex to allow reasonable results. The U.B.C. model of the
Fraser is a gocd example of this. O'Donnell (1966) suggested
that computers can assist in providing solutions but that the
results are still limited by current knowledge and the
un derstanding cf the processes simulated.

Ther efore, the model generated in this study was kept
sufficiently simple to provide an approximation of time-of-peak
at each major tributary junction and other subsequent points
along the Fraser. The use of a time-area method for a precise

peak prediction is not advisable hcvever, because countless
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interactions and daily fluctuations in basin conditions affect
travel times ard therefore gquestion rigid spacing of isochrones.
Alternatively, a time-area model usefully provides amn impression
of basin responses, when the inherent raw assumptions are
appreciated. In flccd control it is also useful to be able to
identify incividual components cof a hydrograph (Clark, 1945).
Studies utilising flood routing technigques often produce an
accurate predicticn of peak discharge but ignore hydrograph
shape. The mathematical representation of peak time or peak
volume by these methods may hide significant secondary peaks
which can be important in determining total downstreanm
responses. The rultipeaked nature of the hydrographs generated
for one event on the Fraser River clearly shows the ieportance
of this omission. The highest number of peaks per event occur
wvhen input from the whole basin is lusped to produce a
hydrograph at the lcwer Fraser River gauging points., While real
hydrographs often exhibit more than one peak, they do not show
the same number as in the model hydrographs described above. By
routing each tributary to its Fraser River confluence and then
routing the summation cf flows, a more realistic model
hydrograph is developed. Clark (1945) acknowledged that his
basic methcd possikly exaggerates the influence of basin shape
and the capacity of the basin to produce high peaks. With this

constraint in mind, the use of the study model can be evaluated.
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5.2 Use of the Time-Area Model to interpret Travel Times

In the Fraser Basin time-area model developed for this
study, each subbasin is treated separately but small changes
within them do not appear to be visible in hydrographs at Hope.
The model allows the incorporation of a chamnel storage function
and therefore includes attenunation. It also gives a reascnably
realistic impression of how the tributary flows are synchronised
in different circumstances. The model provides a useful
representat ion of time-of-peak and spatial variations in basin
response.

It appears that Fraser River peak flows times are
independent of flood wave translatiom and are governed
predominately by the time taken for runoff to accumulate in the
channel. Climatic and physiograthic characteristics are
therefcre c¢f prime importance. It follows from this that
differences between time of peak at two adjacent stations is
rarely equnal tc floocd wave velocity. Wave celerity is greater
than water velocity (Linsley et al,1958), but this cannot
accocunt for the phenomenal velocities implicated in many cases
on the Fraser River.

Travel time in the mainstream is related closely to the
storage capacity of the open channel (Clark, 1945) contrasting
to the hydrologic and tasin characteristics governing water
collection. The progression of a flood wave along the FPraser

River can te olserved when limited duration storms are centered
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in the north of the basin. When the input is more complicated

than this, floocd wave frogression is disturbed. This exrplains
the paucity of relaticnships found between travel time and
discharge, even when classsified by frecmtal approach and upper

air flow directicn.

Subbasin contributicns may be either synchronised for omne
storm throughout the basin, or may act independently. The time
of arrival of peak flow from each tributary may or may not
coincide with the arrival of peaks from the upstream Fraser
River. This depends upon stcrm extent and duration. Variations
in arrival times of peaks from a couple of tributaries can
significantly alter the shape of the hydrograph at Hope, and
conseguently, instantaneous time of peak. Once again, the
impertance of tributary flow interactions dominates and
completely masks correlations which could enakle travel time
rredic tions.

Sometimes, the estimation of travel times from real data is ~
complicated by the absence of a peak at all stations. The
time-are€a model enables several explanations:

1. Urpper Fraser storms localised and effects attenuvated at
lover statiomns.

2. Lower localised storm, not experienced in the Upper Fraser.

3. Peak inputs delayed fror the source in some regions, e.g.
altitude effects upon snow retention. |

4, Input from one or pore tributaries synchronised with lower

flows between peaks on the Fraser, may eliminate substantial
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fpeaks at dounstream stations.
52 Several stcrms over a few days obscure the effects of one.
and also,
6. Recorder out of operation,
During other events, apparent negative travel times occur vwhen
the downstream peak is earlier than its upstream counterpart.
These negative travel times do nct appear to be correlated with
either fast or slcw flcows on the adjacent reaches. PBetween Texas
Creek and Hope negative travel times appear more dependent on
the relative dominance of the Fraser or Thompson. Because the
reason for a missing peak may not be clear, an examination of
travel time irregularities using discharge data alone would be
highly speculative. Therefore, the time-area model is an
invaluable aid for the Fraser Basin.

The model has shown the necessity of umderstanding the
coeplexity of a river system and also dealing with continuous
data. For example, an apparent series of peaks on the recorder
charts may be components of only one event, but distributed by
time-area inputs. Familiarity with the model and real processes
withip the system allows an interpretation of the effects of one
storm. These interpretretations in turn, pernmit explanations of

the observed travel time irregularities.
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5.3 Further Work

The model presented here assists an explanation of peak
flow travel time irreqgularities and cffers a better
understanding cf the Fraser Basin. Unfortunately, it cannot
supply accurate predictions. The time-area model could possibly
be improved by coansidering small but important variations.
Examples of these include altering channel storage relations in
the Fraser River to accomodate backwater effects, especially at
the Thompscon confluence, and also the inclusion of lateral
inflow and mincr tributaries. Field monitoring would be
necessary to obtain a reasonable simulation, but the gquality of
the acquired data would then exceed that of the other inputs.
Further refinements could assess the role cf baseflow components
and sutsurface flows, but the end result probably would not
justify the extra time involved.

An interesting addition could study model sensitivity to
changing inputs in texrms of timing, volume and extent of basin
affected, especially with respect to Hansard and Shelley peak
timing. It may be possible to identify several key precipitation
stations and relate rainfall characteristics to hydrogracghs.

The statistical properties of travel times could also be
examined. Anderson (1972) proposed that the Erlang distribution
gives approximate peak inter-arrival times at stations, and this
could Le tested on a hetecrcgemous basin like the Fraser. Weymen

(1975) questioned if velocities consistently increase downstreanm
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as discharge increases. An answer for this could be incorporated
usefully in a time-area model.

Precise input-output analysis however, is confounded by
insurmcuntable proklems of measurement: not only the
determination cf volumes in ungauged catchments, but also
precipitation characteristics such as intensity and duration.
Analysis of interrelationships between variables per se, is a
thankless task and the results are unclear. Therefore,
determining hydrologic response from geomorphic features is more
aprropriate. Existing models are deficient due to their linear
and/or static nature. The ultimate model would be a
process-based catchpent model (Weyman, 1975) which would include
topographic variables. Before this is attempted however, it is
necessary to determine the most significant variables, for
example, drainage density.

The relationship between drainage density and the time-area
concept needs more thorough investigation. Drainage density is
fundamental to the timing and magnitude of runoff, hence it is
relevant to time-area ideas. Sokolov (1969) recognised drainage
density as being the mcst important factor characterising
conditicns of flood flow formatiom. Current studies emphasise
the dynamic nature of the stream network and its spatial
variations. Collection of data concerning the dyramicity of the
netvork poses many problems, but remote sensing and imagery
should provide a useful source. Not only is a knowledge of

network configuraticn important, but also the channel carrying

13N



capacity, that is, the amount cf water that can Lke removed in a
given time. This volume is dependent on relief, channel size and
resistance, network shape and integration, among others. Gregory
(1977) attempted to quantify these factors by producing an index
of channel network volume, and subsequently (Gregory, 1979) an
index embracing both channel velocity and basin relief.

Velocity is related closely tc stream size and thus, a
relaticn tc stream order camn also be expected. Gurta et al
(1980) cited mathematical evidence linking an output hydrograrh
with channel network geometry. In a similar vein, Rogers (1972)
proposed a new drainage basin parameter called Channel Length
Fregquency Distribution {C.L.F.D.). that has a qualitative
relationship to the surface runoff hydrograph. C.L.F.D. is
determined by measuring the distances from the head of each
first order channel! to the basin outlet. Frequency histograms
of these distances show similarities to surface runoff
hydrocgraphs of general storms that exhibited reasonable
variaticns in precifpitation amount and inteansity. Although
Rogers claimed that the correspondence between C.L.F.D. and
hydrogragh shape was too consistent to be coincidental, he
achieved orly partial success in quantifying the method.
Nevertheless, similar studies could give more insight into
mechanisms controlling peak timing and symchronisation of

tributary inputs from contrasting hydrometeorological areas.

1 after Strahler (1964)
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The above studies make a first step to unify geomorphic
principles with hydrologic response. Information relating these
two continues to grovw. It seems of particular advantage to
pursue these studies in the Praser Basin ard results promise to
be exciting. Preliminary studies to link the Instantaneous Unit
Hydrograph with gecmorthic parameters of a basin are presented
by Rodriguez-Iturbe and Valdes (1979) VvValdes et al (1979) and
BRodriguez-Iturbe et al (1979). This work is based on the prenise
that the form and shape of a drainage net is governed by
geomor pholegical laws. The concept is extended, suggesting .
hydrological resionse is also governed by basic themes which can
ke related back to gecmorphological laws. To do this, general
equations expressing the Instantaneous Unit Hydrograph as a
function of Hortcn's numbers?2 are derived. Tests of the model in
a real world situation produced very good results especially
with regard to estimation of peak discharge and time-of-peak.

Gupta et al (1980) developed a model on similar lines to
that of Rodriguez~Iturbe and Valdes. They achieved most success
in the larger basins and subsequently questioned the validity of
assuping a linear precipitation-runoff transfcrmation. It seenms
plauéible tc test this type of model on the Fraser Basin. A
slightly less mathematical route similar to Boyd (1978) and Boyd
et al (1979) may be just as useful. They developed a
relationship between lag time and drainage basin geomor phology
using parameters originated by Horton and Strahler to allocate

- —— o —— > - ——— -

2Horton, 1932 and 1945
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storages. This eliminates the assumption implicit in the
time-area model, that all storage elements are equal. It also
removes the prcblem of interpolating isochrones from limited
data. When compared to the real world, the Boyd model allowed
reasonable calculations of lag tirme.

While these studies may at first appear somewhat removed
from travel time determination, it is clear that basin
gecmorrholcgy and its spatial variations can exert an important
control upon time-of-peak and therefore apparent travel time. It
is suggested that further studies should concentrate on a means
of assessing the time distributicns of discharge from all
subbasins, including those that are ungauged. In particular, the
rcle of drainage density should be assessed because of its
direct influence on generation of discharge and peak flows.
Prainage density can then be used as the basis for a routing
nodel. The development of predictive relationships between
geomorphic e€xpressions, such as channel network geometry and
hydrolcogy are of fundamental significance for advancement in

this field.
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5. 4 Conclusions

A simple time-area model based on Clark {194%5) has been
used tc derive a series of hydrographs for the Fraser Basin. The
prodel assumes peak flow to vary directly with maximum width of
drainage area. The time-area values were then assigned weights
which were derived from mean annual precipitation data. This
allowed a representation of the timing of sulbbasin inputs, and
the relative volumes to be expected under ideal conditions. Each
tributary input was added to the Fraser River flow, and routed
downstream inccrrorating the effects of attennation and
increased water velocity. The effects of timing and magnitude of
tributary inputs relative to mainstrea® volume, were shown to be
critical in determining the time of absolute peak.

The importance of subbasin additions to time of peak on the
Fraser Kiver is clear vwhen peak times at two successive points
are compared. In many cases, the time difference between peaks
at the two stations does not mecessarily reflect flood wave
travel time. Therefore in a heteorogeneous, irregular-shaped
basin, travel times do not bkebhave in a manper contingent upon
discharge. The inclusicn of broad scale metecorological
conditions and directicn of storm approach do not clarify the
situation. When data concerning the peak alone are extracted
from the records, much information concerning hydrograph shape

is masked. It is imrossible to know if the peaks downstreanm
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correspond to peaks translated from upstream, or to large and/or
unsynchronised inputs between the gauging stations. To
distinguish between these it is necessary either to analyse a
series of hydrographs for the same event at different gauging
stations, or to determine the influence of storm extent upon
Fraser River hydrographs,

The time of arrival of a highflow peak and the actual
volume of flow received at this time are intrinsic in flood
forecasting. Both variables are affected by the degqgree of
synchrcpnisa tion of sunbbasin inputs as shown by the present
study. Because all the subbasins can be included, the model can
be adapted to assess the effects of stream diversion projects
such as the McGregor diversion proposed by the Fraser River
Board ({1963)3. The loss of the McGregor input would result in
reduced flows in the Fraser River. Reid, Crowther and Partners
(1978) estimated these reductions to be of the order of 28% at
Shelley, 13% at Texas Creek and 9% at Hope. Consegquently, the
relative influence of the cther tributaries will be changed. Not
only wculd this affect peak timing and volume, but also thermal
regime and the river's capacity to assimilate contaminants. The
time-area model can be readily applied to this problen.

While the time—area method has been criticised for its
time-consuring and laborious computations, it provides a useful

3The diversion of the McGregor river to the Arctic drainage was
one of pine prcjects designated as System E by the Fraser River
Board for floocd protection and Hydro-electric production.
Engineering studies cn the project were suspended in 1978 by the
B.C. Hydro and Power Authority.
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explanation c¢f travel time irregularities observed on the Fraser
River. The method is not readily adaptable to flood forecasting
studies, but it has highlighted the importance of basin

geomor phology in determining time of peak, and the need for
studies to quantify the spatial distribution and speed of runoff

generation within each subbasin.

137



BRed Pass to Hansard

Date
1971 Sept
Sept
Sept
Oct
1973 Hay
May
May
June
J une
July
July
Sept
1974 May
June
July
Aug
Sept
Sept
Oct
Ooct
Oct
1975 May
June
June
June
July
Aug
Aug
Aug
Sept
Oct
1976 May
May
June
June
July
July
July
Aug
Aug
Aug
Sept
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Oct
1977 M¥ay
May
June
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1

17
30
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10
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13

15
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12
3
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18
19

12
13
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10
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18
28

15
12
26

Time
0700
1800
1900
1500
0200
1500
1100
0200
0400
0600
1500
1600
2100
0600
2200
2400
0800
0800
1500
1200
1500
1700
0100
1300
1600
1800
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1800
0200
1400
0700
1000
1800
0100
0100
1100
0800
2300
1400
2100
0000
1200
1500
0900
1600
1000
1500
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APPENDIX

TT
54
45
53
4y
30
35
26
42
38

37
22
24
28
46
78
53
43
52

46
37
67
34
36
38
32
20
76
52
24

65
46
31
29
40
38
41
n
33
60
38
15
43
32
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Discharge (m®s™)
4885
6116
6343
4984
6230
16339

15291
19411
22115
11001
3330
11780
8566
12u88
18377
6230
5663
65315
3058
7093
18377
10435
12983
15234
14045
9996
6966
9260
6343
6060
6513
10647
16962
12134
20445
18377
17032
13620
13054
14781
9458
11213
4587
5833
8948
11638
8297



Date ' Time season TT Discharge (w’s™)

J une 9 210 1 40 10505
June 23 1100 2 24 19567
June 26 1200 2 31 18377
July 3 1400 2 39 15248
July 18 1600 2 33 13337
July 31 0100 2 27 16339
Aug 14 1800 2 41 12700
Aug 26 0200 2 34 6966
Sept 6 2000 3 43 5720
May 23 1300 1 33 8410
May 29 2300 1 38 6867
June 6 2400 1 23 14300
June 19 1300 2 40 9684
July 2 1600 2 34 9203
July 31 1700 2 31 11695
July 25 1600 2 56 7214
July 29 1900 2 54 7362
Aug 16 2000 2 39 6569
Aug 20 1500 2 40 6768
Sept 7 0600 3 61 6272
Sept 17 1200 3 51 5380
Oct 3 0300 3 52 5876
July 22 1000 3 81 14300
1975 Sep 7 0800 3 -16 6060
1976 May 26 1600 1 - 36 3713
1978 Apr 30 1900 1 -48 4633
1979 June 7 07100 2 -37 247177
June 18 1200 2 -13 14300
Hansard to Shelley
1973 June 9 0800 1 ) 432
June 26 1600 1 12 504
July 12 1700 2 35 1654
July 17 1500 2 1492
Sept 13 1900 2 36 2085
Oct 21 2100 3 15 1133
1974 HMay 28 0000 1 30 2652
July 3 1000 2 12 2704
Aug z1 1100 2 11 876
Sept 12 0100 3 13 964
Oct 5 0800 3 17 479
Oct 9 2100 3 9 1384
1975 June 6 0300 1 2 2381
June 15 2000 1 7 2458
June 22 1700 1 14 2208
June 28 2000 1 2 2383
Aug 13 0000 2 & 1169
Aug 31 2300 2 21 1058
Sept 7 0900 3 1 1152
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Date Time season TT Discharge (m*s™)

Sept 19 0300 3 13 665
Oct 7 0900 3 18 580
Oct 19 1700 3 10 1124
1976 May 12 2000 1 2 3264
June 13 1100 1 10 2197
Juone 21 1200 1 1 3305
July 3 1100 2 3107
July 19 0100 2 2 2025
Aug 19 0500 2 8 2184
Ang 30 2200 2 70 1448
1977 May 5 0900 1 50 1873
May 12 2400 1 8 2847
May 26 1900 1 9 1427
June 3 2000 1 5 180 4
June 10 0700 1 10 2993
June 23 2000 2 9 2652
June 26 1800 2 6 2246
July 4 Q400 2 14 1926
July 18 1300 2 21 2560
July 31 1600 2 15 1999
Sept 7 1000 3 14 854
Sept 28 1200 3 17 136
Oct 4 0000 3 15 640
1978 May 23 1300 1 1 1534
J une 7 00090 1 0 2233
June 24 0600 2 1 1672
July 2 1900 2 9 1470
July 13 0900 2 16 1679
July 26 1300 2 21 1021
July 30 1300 2 18 992
Aug 8 1900 2 38 1077
Sept 17 1700 3 5 835
Cct 12 2200 3 8 701
Oct 25 1200 3 2 954
1979 June 18 2000 1 8 2247
July 2 1100 1 1M1 4419
July 22 1700 2 7 3317
Sept 12 0400 2 23 1750
1980 May 13 2100 1 0 624
June 6 1200 1 1 1739
June 26 0500 2 9 1780
1972 June 2 0600 1 - 9 4331
1973 Apr 28 0500 1 -16 992
May 7 1600 1 -10 1611
May 19 1100 1 - 4 1634
Sep 30 2300 3 - 7 2085
1974 June 4 0300 1 -3 2534
June 24 1200 2 -5 2356
Oct 18 1000 3 -19 1362
1975 May 6 2000 1 - 3 1096
M ay 13 1500 1 - 2 2321
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Date

1976

1977
1978

1979
1580

Shelley to

1971

1973

1974

1975

1976

July
May
July
Aug
Sep
Oct
Oct
aug
Aug
Sep
Oct
June
Apr
M ay
July
July
Aug
Aug

May
May
June
J une
July
May
J une
June
Oct
Oct
May
Hay
June
July
Sep
Oct
May
June
June
J une
July
S ep
Sep
Oct
Oct
May
May
June
June
July

- ooy

14
30
3

19

24
18
25

Time
0400
2000
2200
1300
0500
0400
2000
1300
0100
1900
2200
0100
1600
1600
1100
1700
2100
1300

season

MO =oppphWONWWWNYD N

Texas Creek

16
30
12
18
15
20
1
28
2
z3
10
29
6
4
13
"
15
8
17
30
31
9
22
11
22
8
14
14
23
5

1700
0000
1700
0900
0000
1700
0500
1300
2200
2200
2300
1800
0300
2300
1500
1800
1500
1800
2400
1500
1500
1800
0400
0400
0800
0100
0100
1700
0100
0800

B = ot oy = WL WA N ™= b o d W W N = ok d W = b b

TT
=14
~-26
-10
-1
-31
-35
-13
-13
-19
-11
-5
-10

45
30
38
45
51
29
45
45
47
49
51
42
48
37
38
45
48
63
52
67
59
57
73
91
63
65
29
30
37
45
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Discharge (m s™)
1623
2650
27117
2146
1990

687
1209
964
1099
908
983
2692
2330
2300
2510
1330
2559
1410

4542
3772
4577
4866
3964
4733
3557
4998
2594
1608
4914
4372
4361
4746
1975
1152
3409
3613
3885
3840
2911
1975
1380
1218
1747
5324
6252
4409
6099
5627



Date

1977

1978

1979

1980

1976
1977
1978
1979

19890

Texas (reek to

1971
1973

1974

1975

1976

July
Aug
Aug
Aug
Aug
Sep
Oct
May
Jd une
June
June
July
July
Aug
Sep
May
June
J une
July
July
Aug
Oct
Apr
May
June
July
May
June
June
Oct
Aug
May
May
J une
Aug
May

May
K ay
May
June
Oct
May
June
July
May
June
July
May

20
10
22
23
30
8
16
14
5
12
5
6
21
7

9.

25
9
26
5
15
1
4
8
20
21

24 -

15
8
21
4
30
7
2
24
5
2

17
10
28
"
3
1
6
5
16
19
31
9

Tine
1100
0800
0300
2100
1900
01090
2100
1700
1600
0600
2000
010
1500
1700
0900
2000
0600
1100
0000
1700
1900
1500
2000
1000
2100
1000
1800
14300
2300
1200
1900
0900
1700
0600
0300
1400

Hope

0300
0800
0800
0900
0600
0200
2300
0500
0400
0200
1200
0200

£eason

D ION = a N Waaa NawQwWwWNoNNN~aWh NN =eua=WwWwwNooN

IR N PO N I FURIG FS R ™ )

TT
34
43
70
49
44
34
49
41
44
47
48
45
50
52
49
54
54
53
53
56
72
41
62
25
49
41
45
50
60
52
-3
-14
-22
-27
-20
-26

10
14
14

20

13
26
21
25
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Discharge (m’s™)
4385
4722
4385
3591
3840
1954
2251
3806
3103
4180
4225
3432
4078
2230
1869
1500
3432
2956
2798
2973
1999
1529
3823
3470
3914
3995
3176
2478
3803
35
3591
3375
1450
3800
1340
3320

7773
4106
7092
7357
3103
7006
7209
8353
6802
7685
4644
7626



Date Time <ceason TT Discharge (m’s’)

May 14 1900 1 18 9073
June 23 0700 1 6 9u80
July 6 0000 2 16 9005
Aug 10 1700 2 9 7209
Aug 24 1100 2 14 7150
Sep 8 0700 3 6 5948
Oct 3 0500 3 15 3009
Oct 17 0500 3 8 3056
1977 May 15 0100 1 8 5754
June 12 1100 1 5 6802
Aug 13 0400 2 18 3730
Aug 27 2300 2 b 3248
197¢ June 9 1300 1 7 6860
1979 May 3 0700 1 1" 5182
May 22 1100 1 49 4618
June 9 1800 1 12 8232
1973 June 28 1200 1 -1 5845
1974 May 5 1800 1 - 6 6286
197% June 8 0300 1 -15 7269
1976 May 27 2000 1 -7 7269
1977 June 25 1300 2 -7 6626
1978 June 26 0900 2 - 2 5561
July 15 1200 2 -5 5009
1979 June 15 0500 2 -19 456
July 4 0400 2 - 4 5230

Key: season 1 = spring
season 2 = sumpper
season 3 = autunmn
TT = travel time in hours
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