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P r e f a c e 

T h i s s t u d y forms p a r t of an i n v e s t i g a t i o n of t h e p r o c e s s e s 

g o v e r n i n g c h a n n e l s t a b i l i t y and s e d i m e n a t i o n i n F r a s e r R i v e r 

between Hope and M i s s i o n . A major t a s k i s t o d e v e l o p a l o n g term 

sediment budget f o r the r e p e a t e d l y s u r v e y e d r e a c h between A g a s s i z 

and M i s s i o n . Toward t h a t end, t h i s r e p o r t g i v e s a t h o r o u g h r e v i e w 

of the a v a i l a b l e sediment t r a n s p o r t o b s e r v a t i o n s on the r i v e r , 

w hich a r e amongst the most c o m p r e h e n s i v e a v a i l a b l e f o r any r i v e r . 

These have been r e c o n s i d e r e d i n l i g h t of c u r r e n t d e v e l o p m e n t s i n 

the a n a l y s i s of sediment t r a n s p o r t measurements, some of which 

have been made i n t h i s s t u d y . As a r e s u l t , some a s p e c t s of p r i o r 

a n a l y s e s have been s u b s t a n t i a l l y r e v i s e d . 

I t s h o u l d be r e a l i s e d , however, t h a t the r e s u l t s p r e s e n t e d 

i n t h i s p r o g r e s s r e p o r t remain t o be compared w i t h f i n d i n g s of 

m o r p h o l o g i c a l change a l o n g the r i v e r , which w i l l be c a r r i e d out 

i n t h e f i n a l r e p o r t of t h i s p r o j e c t . 

The p r o j e c t i s b e i n g c o n d u c t e d f o r the Water Su r v e y of 

Canada (Environment Canada) i n t h e U n i v e r s i t y of B r i t i s h 

C o l u m b i a , Department of Geography. 
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1.0 INTRODUCTION 

The main p u r p o s e of t h i s r e p o r t i s t o p r e s e n t e s t i m a t e s of 

the a n n u a l b e d l o a d and suspended l o a d t r a n s p o r t r a t e s a t A g a s s i z 

and M i s s i o n . As p a r t of t h i s s t u d y , a r e l a t i v e l y c o m p l e t e r e v i e w 

o f t h e a v a i l a b l e s e diment t r a n s p o r t o b s e r v a t i o n s was c a r r i e d o u t . 

P a r t i c u l a r a t t e n t i o n i s g i v e n t o p r e d i c t i n g the s i z e d i s t r i b u t i o n 

of the l o a d and t o t h e pro b l e m of d i s t i n g u i s h i n g t h e wash l o a d 

and bed m a t e r i a l l o a d a t each s t a t i o n . The r e l i a b i l i t y of t h e 

a v a i l a b l e measurements and the p r e c i s i o n of t h e a n n u a l l o a d 

e s t i m a t e s has a l s o been a s s e s s e d . Some a s p e c t s of t h i s work have 

been p u b l i s h e d p r e v i o u s l y (McLean and Ta s s o n e , 1985; Mannerstrom 

and McLean, 1985). 

The f i r s t sediment t r a n s p o r t measurements on t h e F r a s e r 

R i v e r were c o l l e c t e d by J o h n s t o n (1921) a t New W e s t m i n s t e r . L a t e r 

on, a s y s t e m a t i c programme of measurements was c a r r i e d out 

between 1950 and 1952 a t Hope ( K i d d , 1953). These d a t a were u s e d 

by Mathews and Sh e p a r d (1962) t o e s t i m a t e the l o n g term 

s e d i m e n t a t i o n r a t e a t t h e d e l t a . In 1965 Water S u r v e y of Canada 

began a co m p r e h e n s i v e programme t o measure t h e suspended l o a d and 

bed l o a d a t s e v e r a l l o c a t i o n s a l o n g t h e main stem and on some 

t r i b u t a r i e s . S i n c e t h i s time bed l o a d and suspended l o a d have 

been measured p e r i o d i c a l l y a t P o r t Mann, M i s s i o n and A g a s s i z 

( F i g u r e . 1 ) . O n l y suspended l o a d d a t a have been c o l l e c t e d a t Hope. 

Some e a r l y r e s u l t s from t h e s e measurements were a n a l y s e d by 

Tywoniuk (1972) and by P r e t i o u s ( 1 9 7 2 ) . More r e c e n t l y t h e d a t a 

have been r e v i e w e d by Western Canada H y d r a u l i c s L a b o r a t o r i e s L t d . 

(1978) and an o v e r v i e w of the programme was p r e p a r e d by 

K e l l e r h a l s ( 1984). However, f o r t h e most p a r t , t h e d a t a have 
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r e c e i v e d v e r y l i t t l e s y s t e m a t i c or c r i t i c a l a n a l y s i s . 

2.0 AVAILABLE DATA 

2.1 Suspended Load 

D a i l y suspended sediment c o n c e n t r a t i o n s and l o a d s have been 

p u b l i s h e d by WSC a t Hope (1965 - 1979), A g a s s i z (1966 - 1983) and 

M i s s i o n (1965 - 1983). These d a i l y l o a d s i n c l u d e e s t i m a t e d v a l u e s 

f o r days when samples were not c o l l e c t e d . In a d d i t i o n t h e a c t u a l 

i n s t a n t a n e o u s measured v a l u e s a r e a d j u s t e d t o e s t i m a t e t h e d a i l y 

a v e r a g e s . The a c t u a l l y o b s e r v e d d e p t h - i n t e g r a t e d or p o i n t -

i n t e g r a t e d c o n c e n t r a t i o n s and p a r t i c l e s i z e d a t a a r e a l s o 

r e p o r t e d . T h i s i n f o r m a t i o n i s a l l a v a i l a b l e on computer ta p e 

which made m a n i p u l a t i o n of the r e l a t i v e l y l a r g e amount of d a t a 

v e r y s i m p l e . A c o n v e n i e n t summary of t h e a v a i l a b l e sediment d a t a 

on the Lower F r a s e r R i v e r i s g i v e n i n T a b l e 1. 

2.2 Bed Load 

Bed l o a d measurements have been c o l l e c t e d a t A g a s s i z s i n c e 

1968 and a t M i s s i o n s i n c e 1966. Owing t o u n c e r t a i n t i e s i n the 

r e l i a b i l i t y of the measurements, the d a t a have not been p u b l i s h e d 

( e x c e p t f o r the bed l o a d s i z e d i s t r i b u t i o n ) . F o r t h i s s t u d y the 

d a t a were e x t r a c t e d from t h e work book f i l e s s t o r e d a t t h e New * 

We s t m i n s t e r o f f i c e of Water Survey of Canada. A l l of t h e 

a v a i l a b l e measurements from A g a s s i z between 1968 and 1976 were 

re v i e w e d on a p o i n t by p o i n t b a s i s . Measurements a t A g a s s i z a f t e r 

1976 c o u l d not be i n c l u d e d i n the a n a l y s i s as the d a t a have not 

ye t been reduce d by WSC and were not made a v a i l a b l e . At M i s s i o n 
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o n l y d a t a from 1968, 1972, 1974 and 1979 have been f u l l y a n a l y s e d 

i n t h i s r e p o r t . The measurements c o l l e c t e d i n t h e s e y e a r s p r o v i d e 

a good r e p r e s e n t a t i o n of t h e c o m p l e t e d a t a s e t and i n c l u d e a 

l a r g e p r o p o r t i o n of t h e h i g h f l o w o b s e r v a t i o n s . 

2.3 Ch a n n e l H y d r a u l i c s 

E s t i m a t e s of the h y d r a u l i c c o n d i t i o n s a t t h e time of t h e 

sediment o b s e r v a t i o n s were o b t a i n e d from the h y d r o m e t r i c 

measurements a t Hope, A g a s s i z and M i s s i o n . D i s c h a r g e measurements 

have u s u a l l y been c a r r i e d out 12 t o 15 t i m e s e a c h y e a r . At 

A g a s s i z t h e s e measurements have u s u a l l y c o i n c i d e d w i t h p o i n t -

i n t e g r a t e d suspended l o a d s a m p l i n g and bed l o a d s a m p l i n g . At 

M i s s i o n , t h e h y d r o m e t r i c measurements have c o i n c i d e d w i t h t h e 

p o i n t - i n t e g r a t e d s a m p l i n g and some of the bed l o a d measurements. 

These d a t a have not been p u b l i s h e d but were made a v a i l a b l e from 

t h e WSC work f i l e s . 

2.4 Water Temperature 

Based on e x p e r i e n c e s r e p o r t e d from o t h e r r i v e r s , i t i s 

b e l i e v e d t h a t t h e range i n water t e m p e r a t u r e s on the F r a s e r R i v e r 

i s s u f f i c i e n t l y l a r g e t o p r o d u c e a m e a s u r e a b l e e f f e c t on t h e 

suspended sediment c o n c e n t r a t i o n s (Shen e t a_l. , 1978). Water 

t e m p e r a t u r e s have been r e c o r d e d a t one week or two week i n t e r v a l s 

i n the w i n t e r and v i r t u a l l y d a i l y d u r i n g t h e May - August f r e s h e t 

p e r i o d . 

2.5 Bed M a t e r i a l 

Between 1965 and 1983 WSC c o l l e c t e d 165 bed m a t e r i a l samples 

a t M i s s i o n w i t h a U.S. BM54 s a m p l e r . The samples were c o l l e c t e d 



from f i v e l o c a t i o n s a c r o s s the c h a n n e l . The BM54 sampler c o l l e c t s 
o n l y a very s m a l l sample ( l e s s than 1 kg) so t h a t the 
i n d i v i d u a l measurements are too s m a l l t o adequately r e p r e s e n t the 
c o a r s e s t m a t e r i a l (16mm - 32 mm) found i n the r i v e r bed (ISO, 
1977; Church et a l . , 1985). However, the composite of a l l samples 
c o l l e c t e d i n a year should p r o v i d e a reasonably r e p r e s e n t a t i v e 
measurement. I t should a l s o be noted t h a t the BM54 sampler 
p e n e t r a t e s o n l y the top 50 mm of the bed and t h e r e f o r e p r o v i d e s 
e s s e n t i a l l y a s u r f a c e sample. 

Although a few bed m a t e r i a l samples were c o l l e c t e d by WSC a t 
A g a s s i z i n 1978 and 1979 these samples were too s m a l l ( l e s s than 
10 kg) t o es t i m a t e the s i z e d i s t r i b u t i o n of the coarse g r a v e l 
sediments i n t h i s reach. For example, p u b l i s h e d standards f o r bed 
m a t e r i a l sampling i n d i c a t e a sample of at l e a s t 1500 kg would be 
r e q u i r e d f o r sediments c o n t a i n i n g up t o 100 mm diameter g r a v e l s 
(ISO, 1977; Church et a l . , 1985). In 1983 and 1984 the author 
c o l l e c t e d bed m a t e r i a l samples at 65 s i t e s between M i s s i o n and 
Hope. The s i z e of the i n d i v i d u a l samples ranged from about 800 kg 
near Hope (where the c o a r s e s t m a t e r i a l on the bars reaches 400 
mm) t o o n l y about 10 kg i n the predominantly sand bed reach near 
M i s s i o n . The bed m a t e r i a l s i z e d i s t r i b u t i o n near A g a s s i z was 
es t i m a t e d by c o m p o s i t i n g the r e s u l t s from s i x 250 kg subsurface 
samples t h a t were c o l l e c t e d from exposed g r a v e l bars adjacent t o 
the measurement s i t e . A d d i t i o n a l s u r f a c e samples were c o l l e c t e d 
at each s i t e u s i n g c o n v e n t i o n a l g r i d sampling t e c h n i q u e s . T h i s 
i n v o l v e d p l a c i n g a 30 m tape or g r i d on the bar and measuring the 
diameter of 100 stones t h a t f e l l beneath the g r i d i n t e r s e c t i o n s . 
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2.6 W a t e r S u r f a c e S l o p e 
A l t h o u g h some e s t i m a t e s o f t h e w a t e r s u r f a c e s l o p e c a n be 

o b t a i n e d f r o m o c c a s i o n a l h i g h w a t e r p r o f i l e s t h a t h a v e b e e n 
s u r v e y e d a l o n g t h e r i v e r , r e g u l a r s l o p e m e a s u r e m e n t s h a v e n o t 
b e e n made i n t h e s t u d y r e a c h . I n a d d i t i o n , t h e e x i s t i n g 
h y d r o m e t r i c s t a t i o n s a r e t o o f a r a p a r t t o e s t i m a t e t h e l o c a l 
s l o p e s n e a r t h e s t a t i o n s . I n 1983 a n d 1984 s u r v e y s w e r e c a r r i e d 
o u t on f o u r o c c a s i o n s t o e s t i m a t e t h e w a t e r s u r f a c e s l o p e a t 
M i s s i o n a n d A g a s s i z . T h e s l o p e a t M i s s i o n was d e t e r m i n e d b y 
e s t a b l i s h i n g s e v e r a l t e m p o r a r y s t a f f g a u g e s a l o n g t h e s o u t h b a n k 
o v e r a d i s t a n c e o f 3 km. A t A g a s s i z , t h e s l o p e was e s t i m a t e d f r o m 
a n 8 km l o n g p r o f i l e . 

2.7 D une P r o f i l e s 
L o n g i t u d i n a l e c h o s o u n d i n g p r o f i l e s w e r e r e p e a t e d o n n i n e 

s e p a r a t e o c c a s i o n s i n 1984 a n d 1985 t o m e a s u r e t h e b e d f o r m 
c h a r a c t e r i s t i c s i n t h e s a n d b e d r e a c h n e a r M i s s i o n . T h e 
t e c h n i q u e s t h a t w e r e u s e d t o c o l l e c t t h e s e d a t a w e r e d e s c r i b e d 
p r e v i o u s l y ( M c L e a n , 1 9 8 5 ) . T h e m a i n p u r p o s e o f t h e s e s u r v e y s was 
t o d e t e r m i n e t h e r e l a t i o n b e t w e e n b e d f o r m d i m e n s i o n s a n d f l o w 
c o n d i t i o n s . On two d a t e s t h e s u r v e y s w e r e r e p e a t e d s e v e r a l t i m e s 
i n t h e d a y i n o r d e r t o e s t i m a t e t h e m i g r a t i o n s p e e d o f t h e d u n e s . 

3.0 R I V E R C H A R A C T E R I S T I C S 

3.1 H y d r o l o g y 

T a b l e 2 s u m m a r i s e s some k e y d i s c h a r g e v a l u e s f r o m t h e 
h y d r o m e t r i c s t a t i o n s a t H o p e , A g a s s i z a n d M i s s i o n . F i g u r e 2 
p r e s e n t s t h e v a r i a b i l i t y o f t h e d a i l y f l o w s t h a t h a v e b e e n 



r e c o r d e d a t Hope. T h i s p l o t i l l u s t r a t e s the d o m i n a t i n g e f f e c t of 

the a n n u a l snowmelt f r e s h e t , w i t h t h e r i v e r v e r y r e g u l a r l y r i s i n g 

i n e a r l y A p r i l and p e a k i n g i n the f i r s t weeks of June. 

The d r a i n a g e a r e a i n c r e a s e s by o n l y 870 km 2 between Hope and 

A g a s s i z ( r o u g h l y 0.4% of the a r e a a t Hope). However, between 

A g a s s i z and M i s s i o n the H a r r i s o n R i v e r and C h i l l i w a c k R i v e r 

c o n t r i b u t e an a d d i t i o n a l 10 000 km 2 w h i c h c o r r e s p o n d s t o about 5% 

of t h e a r e a a t Hope. These t r i b u t a r y i n f l o w s t y p i c a l l y i n c r e a s e 

the mean flow by about 18% and the f r e s h e t f l o w s by 10 t o 15%. 

At Hope, where h y d r o m e t r i c measurements have been made s i n c e 

1912 the a n n u a l flow volumes show a pronounced (and s t a t i s t i c a l l y 

s i g n i f i c a n t ) s e r i a l c o r r e l a t i o n i n d i c a t i n g t h a t r u n o f f i n any one 

y e a r i s c o r r e l a t e d w i t h the r u n o f f i n the p r e c e d i n g y e a r . F i g u r e 

3 shows t h a t t h e l o n g term p a t t e r n of r u n o f f i n t h e F r a s e r R i v e r 

has not remained s t a t i o n a r y o v e r t h e l a s t c e n t u r y and t h a t 

between 1948 and 1977 t h e r u n o f f has been p e r s i s t e n t l y h i g h e r 

than the l o n g term a v e r a g e (Slaymaker, 1972). In so l a r g e a 

b a s i n , l a n d use e f f e c t s a r e u n l i k e l y t o have s e r i o u s l y a f f e c t e d 

sediment y i e l d . F u r t h e r , i t a p p e a r s t h a t much of t h e sediment 

l o a d i s d e r i v e d i n the upper b a s i n from a l o n g t h e banks of the 

main c h a n n e l s d u r i n g the f r e s h e t r i s e . Assuming t h e n , t h a t the 

o v e r a l l r a t e of sediment s u p p l y i n t h e b a s i n has not changed t o o 

much o v e r the l a s t c e n t u r y , i t i s l i k e l y t h a t t h e l o n g term 

v a r i a t i o n s i n sediment t r a n s p o r t f o l l o w a s i m i l a r p a t t e r n . 

3.2 Channel C h a r a c t e r i s t i c s 

The morphology of t h e Lower F r a s e r R i v e r has been d e s c r i b e d 

p r e v i o u s l y (McLean and Mannerstrom, 1984). Between Y a l e and 
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Laidlaw the river flows in an irregular single channel and is 
nearly continuously confined by bedrock, slide debris or 
Pleistocene terraces. The 50 km reach beween Laidlaw and Vedder 
River displays a wandering or anastomosed channel pattern with 
frequent mid-channel islands that subdivide the river into 
several channels. 

The island stratigraphy is often very simple, consisting of 
gravel and sands overlain by 1 - 3 m of sand or s i l t y sand 
floodplain deposits. The bed is composed primarily of gravel 
(typically with a median size of 25 - 30 mm) with 10 - 20% sand. 
This reach has experienced frequent, irregular channel s h i f t i n g 
with bank erosion volumes of roughly 750 000 m3/year to 1 000 000 
mVyear over the last century (McLean and Mannerstrom, 1984). 

Between Sumas Mountain and Mission the channel pattern 
changes abruptly to a sinuous, single thread, sand bed channel. 
Echo sounding p r o f i l e s indicated that dunes usually are found on 
the river bed near Mission when flows exceed about 4000 m3/s. 
At discharges near 8300 m3/s the dunes reached up to 2.5 m in 
height (average 1.5 m) and had an average spacing of 25 - 30 m. 

3.3 Gauging Site Characteristics 

Table 3 summarises the channel dimensions and hydraulic 
properties at the Hope, Agassiz and Mission hydrometric stations. 
Figure 4 shows the channel pattern in the v i c i n i t y of the 
stations while the channel cross sections are summarised in 
Figure 5 and the hydraulic geometry relations are summarised in 
Figure 6. Figures 7 - 9 show the bed material characteristics of 
the three s i t e s . 
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The Hope gauging s t a t i o n i s l o c a t e d a t t h e highway b r i d g e 

c r o s s i n g where the r i v e r i s c o n f i n e d by bedrock on t h e west bank 

and by t h e C o q u i h a l l a R i v e r fan on i t s e a s t e r n s i d e . As a r e s u l t 

the r i v e r i s f o r c e d i n t o a s h a r p bend a t t h e g a u g i n g s i t e . 

S econdary c u r r e n t s and f l o w impingement a l o n g the e a s t e r n bank 

g r e a t l y d i s t o r t the v e l o c i t y d i s t r i b u t i o n a t h i g h flow by c a u s i n g 

the p o i n t of h i g h e s t v e l o c i t y t o be d e p r e s s e d f a r below the water 

s u r f a c e ( F i g u r e 5 ) . Comparison of r e p e a t e d g a u g i n g measurements 

shows t h a t the bed s c o u r e d up t o 7 m d u r i n g l a r g e f l o o d s i n 1972 

and 1974. The s e condary c u r r e n t s a l s o i n d u c e v e r y s t r o n g l a t e r a l 

c o n c e n t r a t i o n g r a d i e n t s of suspended sediment a c r o s s the c h a n n e l 

( F i g u r e 10) so t h a t t h e h i g h e s t c o n c e n t r a t i o n s a r e found near the 

i n s i d e of the bend ( e a s t b a n k ) . These f a c t o r s a l l t e n d t o make 

the s i t e l e s s than i d e a l f o r m e a s u r i n g sediment t r a n s p o r t . On t h e 

b a s i s of recommendations by WCHL (1978) sediment o b s e r v a t i o n s 

were d i s c o n t i n u e d a t Hope a f t e r 1979. 

The A g a s s i z g auging s t a t i o n i s l o c a t e d i n a r e l a t i v e l y 

s t r a i g h t r e a c h of the r i v e r 300 m downstream of the A g a s s i z -

R o s e d a l e b r i d g e . Over most of the p e r i o d of o b s e r v a t i o n s the 

A g a s s i z s i t e has been c l o s e t o i d e a l w i t h the v e l o c i t y and 

suspended l o a d b e i n g d i s t r i b u t e d v e r y u n i f o r m l y a c r o s s t h e 

c h a n n e l ( F i g u r e s 5 and 10). However, i n r e c e n t y e a r s , g r a v e l bar 

a c c r e t i o n near the n o r t h s i d e of t h e c h a n n e l has c a u s e d the r i v e r 

t o become d i v i d e d a t lower f l o w s . A s i d e from making f u t u r e 

measurements more d i f f i c u l t t o c o l l e c t t h i s bar p r o b a b l y w i l l 

i n d u c e g r e a t e r v a r i a t i o n s a c r o s s t h e s e c t i o n i n c h a n n e l v e l o c i t i e s 

and sediment t r a n s p o r t r a t e s . 
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At M i s s i o n the g a u g i n g s e c t i o n i s l o c a t e d i n a s t r a i g h t 

r e a c h of t h e r i v e r 340 m upstream of t h e C P . r a i l w a y b r i d g e . 

T h i s s e c t i o n i s v e r y u n i f o r m and s h o u l d be c l o s e t o i d e a l f o r 

c o n d u c t i n g sediment t r a n s p o r t o b s e r v a t i o n s . One p o s s i b l e 

c o m p l i c a t i n g f a c t o r i s t h a t t h e s i t e i s l o c a t e d o n l y 7 km 

downstream of the l i m i t of the g r a v e l bed r e a c h which ends near 

Lower Sumas M o u n t a i n . A l s o , a t lower f l o w s t h e M i s s i o n s i t e 

becomes t i d a l l y i n f l u e n c e d , which c a u s e s d i u r n a l v a r i a t i o n s i n 

d i s c h a r g e and s t a g e . However, d u r i n g f r e s h e t c o n d i t i o n s t i d a l 

i n f l u e n c e s a r e b e l i e v e d t o be m i n o r . 

4.0 THE SUSPENDED LOAD 

4.1 Measurement P r o c e d u r e s 

The d a i l y suspended l o a d s r e p o r t e d a t Hope, A g a s s i z and 

M i s s i o n a r e based on t y p i c a l l y 150 t o 220 d e p t h - i n t e g r a t e d 

c o n c e n t r a t i o n measurements each y e a r a t a s i n g l e v e r t i c a l . The 

f r e q u e n c i e s of s a m p l i n g a t A g a s s i z and M i s s i o n a r e summarised i n 

F i g u r e s 11 and 12. D u r i n g the f r e s h e t p e r i o d samples a r e c o l l e c t e d 

v i r t u a l l y d a i l y . These d a i l y samples (termed K samples) have 

been t a k e n w i t h s a m p l i n g equipment p e r m a n e n t l y mounted on the 

Hope and A g a s s i z - R o s e d a l e highway b r i d g e s and t h e C P . r a i l w a y 

b r i d g e a t M i s s i o n . C o n c e n t r a t i o n v a l u e s f o r days when 

measurements were not t a k e n have been e s t i m a t e d by u s i n g a 

g r a p h i c a l i n t e r p o l a t i o n p r o c e d u r e . 

On a p p r o x i m a t e l y 10 t o 15 days each y e a r d e p t h - i n t e g r a t e d 

measurements have been t a k e n a t f i v e v e r t i c a l s t o e s t i m a t e the 

av e r a g e c o n c e n t r a t i o n i n t h e r i v e r . These c o m p l e t e measurements 



(termed R samples) were made from the highway b r i d g e a t Hope and 

from b o a t s a t the A g a s s i z and M i s s i o n g a u g i n g s t a t i o n s . By 

c o l l e c t i n g b o t h "K" samples and "R" samples the r e l a t i o n between 

the a v e r a g e c o n c e n t r a t i o n and the s i n g l e v e r t i c a l d a i l y sample 

can be e s t i m a t e d . T h i s r a t i o i s termed t h e K - f a c t o r : 

K = CR/CK 

The K - f a c t o r i s used t o c o n v e r t the measured s i n g l e - v e r t i c a l 

d a i l y samples t o a c t u a l c r o s s s e c t i o n a v e r a g e s . In o r d e r t o g a i n 

some a p p r e c i a t i o n of t h e v a r i a b i l i t y of t h i s f a c t o r the o r i g i n a l 

K - f a c t o r measurements i n some y e a r s were r e v i e w e d . The v a r i a t i o n 

i n K f a c t o r w i t h d i s c h a r g e a t A g a s s i z and M i s s i o n d u r i n g 1972 

i s i l l u s t r a t e d i n F i g u r e 13. At Hope and A g a s s i z the K - f a c t o r 

a p p e a r e d t o v a r y randomly over the y e a r w i t h the c o e f f i c i e n t of 

v a r i a t i o n of the v a l u e s r a n g i n g from about 0.1 t o 0.15. 

The K - f a c t o r a t M i s s i o n a p p e a r s t o v a r y more s y s t e m a t i c a l l y , 

becoming n o t i c e a b l y lower a t the h i g h e r d i s c h a r g e s . I t i s 

b e l i e v e d t h a t t h i s v a r i a t i o n i s p a r t l y due t o t h e l o c a t i o n of t h e 

d a i l y s a m p l i n g s t a t i o n on the M i s s i o n b r i d g e . F o l l o w i n g 

d i s c u s s i o n s w i t h o f f i c i a l s from C P . R a i l i t was l e a r n e d t h a t an 

e x t e n s i v e r i p r a p apron was c o n s t r u c t e d a c r o s s the r i v e r i n t h e 

1960s i n o r d e r t o c o n t r o l p e r s i s t e n t s c o u r problems a t t h e b r i d g e 

p i e r s . As a r e s u l t t h e r i v e r bed r i s e s a b r u p t l y by 2 - 4 m i n t h e 

v i c i n i t y of t h e b r i d g e c e n t r e l i n e . D u r i n g echo so u n d i n g s u r v e y s 

a t h i g h f l o w s i t was n o t i c e d t h a t 2 t o 3 m h i g h dunes a t t h e WSC 

g a u g i n g l i n e d i s a p p e a r e d as t h e y a p p r o a c h e d th e b r i d g e . I t i s 

b e l i e v e d t h a t the m a t e r i a l c o m p r i s i n g t h e bedforms was 

r e s u s p e n d e d by t h e h i g h e r v e l o c i t i e s and more t u r b u l e n t 

c o n d i t i o n s a t the b r i d g e c a u s i n g the d a i l y samples t o be 
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u n u s u a l l y h i g h . 

P a r t i c l e s i z e a n a l y s i s has been c a r r i e d out on t h e m u l t i p l e 

v e r t i c a l d e p t h - i n t e g r a t e d ("R") samples p r o v i d e d t h e amount of 

suspended sediment i s s u f f i c i e n t f o r l a b o r a t o r y a n a l y s i s . 

T y p i c a l l y t h i s means p a r t i c l e s i z e a n a l y s i s i s not a v a i l a b l e f o r 

f l o w s l e s s t han 2000 m 3/s a t Hope or A g a s s i z and 3000 m 3/s a t 

M i s s i o n . In the p a s t u s u a l l y 5 t o 10 p a r t i c l e s i z e measurements 

from "R" samples have been made each y e a r a t A g a s s i z and M i s s i o n 

( F i g u r e s 11 and 12). 

P o i n t i n t e g r a t e d measurements have been c a r r i e d out a t 

Hope, A g a s s i z and M i s s i o n u s u a l l y once or t w i c e e a c h y e a r . The 

measurements a r e u s u a l l y c a r r i e d out a t f i v e v e r t i c a l s i n the 

c r o s s s e c t i o n d u r i n g t h e summer f r e s h e t . V e l o c i t y p r o f i l e d a t a i s 

u s u a l l y c o l l e c t e d a l o n g w i t h the p o i n t - i n t e g r a t e d samples 

a l t h o u g h the v e l o c i t y measurements a r e not p u b l i s h e d . 

4.2 R e l i a b i l i t y of Suspended Load Data 

In t h i s r e p o r t the term " p r e c i s i o n " i s p r o p e r l y r e s t r i c t e d 

t o i n d i c a t i n g t h e r e p e a t a b i l i t y i n a s e t of o s t e n s i b l y e q u i v a l e n t 

o b s e r v a t i o n s . P r e c i s i o n i s measured i n a b s o l u t e terms as t h e 

s t a n d a r d d e v i a t i o n of a sequence of r e p l i c a t e o b s e r v a t i o n s , x;. : 

Hi I T 
(1 ) S =/Z(x. - x) 

N - 1 

or i n r e l a t i v e terms as a c o e f f i c i e n t of v a r i a t i o n : 

(2) : CV = S /x x x' 

The most d i r e c t means of a s s e s s i n g t h e p r e c i s i o n of t h e 

sediment c o n c e n t r a t i o n d a t a would be t o c o l l e c t 20 t o 30 r e p e a t 

o b s e r v a t i o n s a t a s i n g l e s t a t i o n d u r i n g a s h o r t p e r i o d of time when 
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t h e h y d r a u l i c c o n d i t i o n s r e m a i n v i r t u a l l y c o n s t a n t . T h i s a p p r o a c h 
h a s b e e n c a r r i e d o u t t o a s s e s s t h e r e l i a b i l i t y o f t h e b e d l o a d 
m e a s u r e m e n t s . L e s s i n f o r m a t i o n i s a v a i l a b l e t o e s t i m a t e t h e 
r e l i a b i l i t y o f t h e s u s p e n d e d l o a d d a t a . T h e r e f o r e t h e f o l l o w i n g 
a n a l y s i s s h o u l d be c o n s i d e r e d a s a " f i r s t o r d e r " e s t i m a t e . 

T h i s s t u d y i s p r i m a r i l y c o n c e r n e d w i t h e s t i m a t i n g t h e a n n u a l 
s e d i m e n t l o a d . F o r t h e p u r p o s e o f a s s e s s i n g i t s p r e c i s i o n , t h e 
a n n u a l l o a d c a n be e x p r e s s e d a s : 
( 3 ) G = K. I Q . C . + K, ZQ.C. + K SQ.C. + ... K. £ Q . C. 

s 1 £*ri i 2. •># i / 3 cri i j 7'fi i 

w h e r e K̂ . i s t h e K f a c t o r a p p l i e d t o t i m e i n t e r v a l j 
Q. i s t h e e s t i m a t e d d a i l y d i s c h a r g e 
C. i s t h e m e a s u r e d ( o r i n t e r p o l a t e d ) d a i l y 

c o n c e n t r a t i o n v a l u e d e t e r m i n e d a t a s i n g l e v e r t i c a l 
T h e p r e c i s i o n o f t h e a n n u a l l o a d c a n be e s t i m a t e d b y 

p r o p a g a t i n g t h e e r r o r s i n K^., Q. a n d C. t h r o u g h e q u a t i o n ( 3 ) . 

F o r t h e p u r p o s e s o f t h i s s t u d y no d i s t i n c t i o n i s made b e t w e e n t h e 
d a i l y m e a s u r e d c o n c e n t r a t i o n s a n d i n t e r p o l a t e d v a l u e s . T h i s 
s i m p l i f i c a t i o n i s n o t a s s e v e r e a s i t f i r s t s e e m s s i n c e t h e 
s i n g l e v e r t i c a l m e a s u r e m e n t s a r e c a r r i e d o u t v i r t u a l l y e v e r y d a y 
d u r i n g May a n d J u n e when t h e g r e a t e s t p r o p o r t i o n o f t h e a n n u a l 
l o a d i s t r a n s p o r t e d . W i t h t h i s a s s u m p t i o n , t h e u n c e r t a i n t y i n a n y 
d a i l y l o a d c a n be e x p r e s s e d a s : 

(4) c v g - S g / g =/f%T+(̂  
w h e r e C7^/c" , a n d ^d/q~ r e p r e s e n t t h e r e l a t i v e e r r o r s i n 

t h e d a i l y c o n c e n t r a t i o n s , d i s c h a r g e s a n d l o a d s 
r e s p e c t i v e l y . 

T h e t o t a l s u s p e n d e d l o a d ( b a s e d on t h e m e a s u r e m e n t s a t t h e 
s i n g l e s a m p l i n g v e r t i c a l ) d u r i n g t h e i n t e r v a l j when K f a c t o r K 

w i l l be a p p l i e d i s : 
( 5 ) G = K LQ. Cz. 



The u n c e r t a i n t y i n t h e t o t a l can be e s t i m a t e d as the sum of 

the d a i l y l o a d v a r i a n c e s e s t i m a t e d from t h e s i n g l e v e r t i c a l 

measurements: 

a d j u s t e d f o r the u n c e r t a i n t y of t h e K - f a c t o r between t h e s i n g l e 

v e r t i c a l and c r o s s s e c t i o n a v e r a g e d c o n c e n t r a t i o n s : 

F i n a l l y , the u n c e r t a i n t y i n t h e a n n u a l l o a d can be e x p r e s s e d as 

the sum of t h e s u b t o t a l v a r i a n c e s : 

Each s u b t o t a l Ĝ . r e p r e s e n t s t h e t o t a l suspended l o a d t r a n s p o r t e d 

i n t h e i n t e r v a l when th e K - f a c t o r K̂ . i s a p p l i e d . T h i s a n a l y s i s 

s u g g e s t s t h a t t h e u n c e r t a i n t y i n t h e a n n u a l l o a d w i l l depend on: 

1. the number of K - f a c t o r d e t e r m i n a t i o n s made each y e a r ; 

2. t h e t o t a l l o a d t r a n s p o r t e d d u r i n g t h e i n t e r v a l between 
the K - f a c t o r d e t e r m i n a t i o n s ; 

3. the p r e c i s i o n of t h e d a i l y d i s c h a r g e and c o n c e n t r a t i o n 
measurements; 

4. the p r e c i s i o n of t h e i n d i v i d u a l K - f a c t o r d e t e r m i n a t i o n s . 

A f i r s t o r d e r e s t i m a t e of t h e p r e c i s i o n of t h e K - f a c t o r s was made 

by computing the s t a n d a r d d e v i a t i o n of the v a l u e s t h a t were 

measured i n i n d i v i d u a l y e a r s a t Hope and A g a s s i z . The p r e c i s i o n 

of t h e s i n g l e v e r t i c a l d a i l y c o n c e n t r a t i o n s was e s t i m a t e d from 

the r e p l i c a t e d a i l y measurements t h a t were c o l l e c t e d i n 1968 and 

1972 a t Hope, A g a s s i z and M i s s i o n . The p r e c i s i o n of t h e d a i l y 

d i s c h a r g e v a l u e s was e s t i m a t e d by computing t h e r o o t mean s q u a r e 

d e v i a t i o n s from the s t a g e - d i s c h a r g e r a t i n g c u r v e s a t Hope, 

A g a s s i z and M i s s i o n . I t was found t h a t t h e d e v i a t i o n s between 

(6) 

(7) 

(8) 

13 



i n d i v i d u a l d i s c h a r g e measurements and t h e a d o p t e d r a t i n g c u r v e 

l i n e seldom exceeded 3% of t h e measured d i s c h a r g e s . Based on 

t h e s e c r u d e e s t i m a t e s of p r e c i s i o n the f o l l o w i n g v a l u e s were a d o p t e d 

f o r the e r r o r a n a l y s i s : 

CV C =0.10 

CV K =0.10 

CV Q = 0.05 

G i v e n t h e s e v a l u e s , the p r e c i s i o n of any d a i l y l o a d would be 

a p p r o x i m a t e l y : 

(0. 1 2 + 0. 1 2 + 0. 0 5 2 ) 0- 8 = 0. 15 

The p r e c i s i o n s of the a n n u a l l o a d s were e s t i m a t e d from (8) u s i n g 

the K - f a c t o r e s t i m a t e s and d a i l y l o a d s i n 1968 and 1972 a t Hope, 

A g a s s i z and M i s s i o n . The r e l a t i v e e r r o r i n the a n n u a l l o a d (CV G^ 

was found t o range beween 6.04 and 0.06 a t the t h r e e s t a t i o n s ; 

i . e . the a n n u a l suspended l o a d i s measured t o w i t h i n about 5%. I t 

was found t h a t the p r e c i s i o n of t h e a n n u a l l o a d was go v e r n e d 

m a i n l y by the number of K - f a c t o r measurements t h a t were made i n 

the f r e s h e t s e a s o n . T h i s i s m a i n l y a r e s u l t of t h e r e b e i n g 10 t o 

20 t i m e s more measurements of d a i l y c o n c e n t r a t i o n s a t t h e s i n g l e 

v e r t i c a l s t a t i o n as t h e r e a r e co m p l e t e measurements a c r o s s t h e 

s e c t i o n . The main a s s u m p t i o n s of t h i s a n a l y s i s i s t h a t t h e e r r o r s 

i n t h e d i s c h a r g e s , d a i l y s i n g l e v e r t i c a l c o n c e n t r a t i o n s and K-

f a c t o r s a r e independent of one a n o t h e r and randomly d i s t r i b u t e d . 

An i m p o r t a n t outcome of t h e s e c o n d i t i o n s i s t h a t e r r o r s w i l l t e n d 

t o be compensating so t h a t t h e e s t i m a t e of the a n n u a l l o a d w i l l 

be more p r e c i s e than any s i n g l e e s t i m a t e of a d a i l y l o a d . 

T here a r e s e v e r a l s o u r c e s of s y s t e m a t i c e r r o r ( i . e . b i a s ) 
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t h a t c o u l d a f f e c t t h e o v e r a l l a c c u r a c y of t h e measurements. 

P r e v i o u s s t u d i e s have s u g g e s t e d t h a t the f l o w a t the Hope g a u g i n g 

s t a t i o n i s not normal t o the m e t e r i n g c r o s s s e c t i o n and t h a t the 

water d i s c h a r g e and hence sediment l o a d s a r e o v e r e s t i m a t e d by 5% 

or more (WCHL, 1978). Such a l a r g e s y s t e m a t i c e r r o r s h o u l d be 

e a s i l y d e t e c t e d by comparing the d i s c h a r g e r e c o r d s a t A g a s s i z and 

Hope. T h i s c o m p a r i s o n was c a r r i e d out f o r t h e maximum d a i l y 

d i s c h a r g e s , mean June d i s c h a r g e and a n n u a l r u n o f f o v e r t h e p e r i o d 

1967 t o 1984. I t was found t h a t t h e d i s c h a r g e s a t Hope and 

A g a s s i z were v i r t u a l l y i d e n t i c a l o v e r t h i s p e r i o d , w i t h t h e f l o w s 

a t A g a s s i z b e i n g 1% t o 2% h i g h e r t h a n a t Hope on a v e r a g e . T h i s 

a p p a r e n t i n c r e a s e i s t h e r e v e r s e of what one would e x p e c t from 

the c o n d i t i o n s u g g e s t e d by WCHL (1978). F u r t h e r m o r e , 

a p p r o x i m a t e l y h a l f of the 1% t o 2% d i f f e r e n c e i n f l o w s can be 

e x p l a i n e d by i n f l o w s from S i l v e r h o p e Creek and o t h e r s m a l l e r 
2 

t r i b u t a r i e s which c o n t r i b u t e a d r a i n a g e a r e a of 870 km between 

Hope and A g a s s i z . These r e s u l t s i n d i c a t e t h a t d i s c h a r g e s a r e not 

s y s t e m a t i c a l l y o v e r e s t i m a t e d a t Hope and i l l u s t r a t e t h a t 

r e m a r k a b l y p r e c i s e f l o w measurements can be a c h i e v e d even when a 

s t a t i o n i s s i t u a t e d a t a n o n - i d e a l s i t e . 

S y s t e m a t i c e r r o r s c o u l d a l s o a r i s e i f t h e r e a r e an 

i n s u f f i c i e n t number of measurement v e r t i c a l s a t a s e c t i o n t o 

r e p r e s e n t t h e v a r i a t i o n i n sediment l o a d a c r o s s the c r o s s 

s e c t i o n . T h i s p r o b l e m i s most l i k e l y t o a r i s e a t Hope where the 

bend u p s t r e a m of t h e gauge i n d u c e s v e r y p r o n o u n c e d l a t e r a l 

c o n c e n t r a t i o n g r a d i e n t s a c r o s s t h e c h a n n e l ( F i g u r e 10). 

F i n a l l y , i t i s g e n e r a l l y r e c o g n i s e d t h a t d e p t h i n t e g r a t e d 

samples w i l l m i s s a p o r t i o n of t h e l o a d n e a r th e bed ( N i n g C h i e n , 
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1952; N o r d i n and R i c h a r d s o n , 1971). Some a g e n c i e s have d e v i s e d 

a p p r o x i m a t e methods f o r e s t i m a t i n g t h i s " m i s s i n g l o a d " ( C o l b y , 

1957). In t h i s study the o r i g i n a l WSC d a t a have been used and no 

a d j u s t m e n t has been made. As w i l l appear from th e i n t e r s t a t i o n 

c o mparison below, i f t h e r e i s any such b i a s i n t h e s e d a t a , i t i s 

e f f e c t i v e l y c o n s i s t e n t a t a l l s t a t i o n s . 

4.3 T o t a l Suspended Load C h a r a c t e r i s t i c s 

T a b l e 4 summarises the a n n u a l suspended l o a d s a t Hope, 

A g a s s i z and M i s s i o n between 1966 and 1983. Over the p e r i o d 1967 -

1979 when measurements were made a t a l l t h r e e s t a t i o n s , the mean 

ann u a l l o a d s were v i r t u a l l y i d e n t i c a l . A p a i r e d T - t e s t on the 

a n n u a l d i f f e r e n c e s between Hope - A g a s s i z , A g a s s i z - M i s s i o n and 

M i s s i o n - Hope c o n f i r m e d t h a t t h e l o a d s a t t h e t h r e e s t a t i o n s a r e 

not s i g n i f i c a n t l y d i f f e r e n t s t a t i s t i c a l l y . 

The average l o a d s a t A g a s s i z and Hope a g r e e t o w i t h i n 1% 

over the p e r i o d 1967 t o 1979. T h i s d i f f e r e n c e i s c l o s e t o the 

e x p e c t e d r e s u l t i f the a n n u a l l o a d s were i d e n t i c a l a t the two 

s i t e s but c o u l d be measured w i t h a p r e c i s i o n 5%. T h i s s u g g e s t s 

t h a t the e r r o r a n a l y s i s i n the p r e c e d i n g s e c t i o n p r o v i d e d a 

r e a l i s t i c assessment of the measurement r e s u l t s . The a n n u a l l o a d 

c o m p a r i s o n s s u g g e s t , t h e n , t h a t t h e r e has been some d u p l i c a t i o n 

of e f f o r t i n m a i n t a i n i n g t h r e e s t a t i o n s a l o n g t h i s r e a c h . 

The d a t a i n T a b l e 4 a l s o i l l u s t r a t e t h a t t h e range i n a n n u a l 

l o a d s has been r e l a t i v e l y s m a l l o v e r the l a s t 18 y e a r s , v a r y i n g 

between 31 m i l l i o n t o n n e s / y e a r i n 1972 and 8 m i l l i o n t o n n e s / y e a r 

i n 1983. 

The v a r i a t i o n i n d a i l y t r a n s p o r t r a t e s a t A g a s s i z and 
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M i s s i o n over t h e p e r i o d of s t a t i o n o p e r a t i o n i s summarised i n the 

l o a d - d u r a t i o n c u r v e s i n F i g u r e 14. The maximum o b s e r v e d d a i l y 

l o a d s have r e a c h e d 956 000 to n n e s / d a y a t M i s s i o n and 

823 000 tonnes/day a t A g a s s i z . 

The s e a s o n a l v a r i a t i o n s i n sediment l o a d s a r e i l l u s t r a t e d i n 

F i g u r e s 15 and 16 f o r t h e measurements a t A g a s s i z and M i s s i o n . 

V i r t u a l l y i d e n t i c a l r e s u l t s were found f o r the measurements a t 

Hope and A g a s s i z . A p p r o x i m a t e l y two t h i r d s of t h e a n n u a l l o a d i s 

t r a n s p o r t e d i n May and June w h i l e the p e r i o d between O c t o b e r and 

March a c c o u n t s f o r l e s s t h an 6% of the t o t a l . 

The f r a c t i o n of the a n n u a l l o a d t r a n s p o r t e d by v a r i o u s 

d i s c h a r g e s was computed from the d a i l y c o n c e n t r a t i o n and 

d i s c h a r g e d a t a a t Hope, A g a s s i z and M i s s i o n . R e s u l t s f o r A g a s s i z 

and M i s s i o n a r e shown i n F i g u r e s 15 and 16. T h i s a n a l y s i s shows 

t h a t t h e f l o w s c o n t r i b u t i n g t h e l a r g e s t f r a c t i o n of t h e sediment 

l o a d a r e between 8500 - 9000 m 3/s a t M i s s i o n and 7500 - 8000 m 3/s 

at A g a s s i z (or Hope). These d i s c h a r g e s c o r r e s p o n d t o about t h e 

1.5 y e a r f l o o d a t each of t h e s i t e s . By co m p a r i s o n d i s c h a r g e s 

above 10 000 m 3/s (5 y e a r r e t u r n p e r i o d a t A g a s s i z or Hope) 

a c c o u n t e d f o r o n l y about 12% of t h e l o n g t e r m sediment l o a d . I t 

i s a p p a r e n t t h a t over t h e l o n g term t h e r e l a t i v e l y f r e q u e n t l y 

o c c u r i n g , moderate f r e s h e t f l o w s a c c o u n t f o r the g r e a t e s t 

p r o p o r t i o n of t h e r i v e r ' s a n n u a l sediment l o a d w h i l e t h e v e r y 

h i g h f l o w s o c c u r so i n f r e q u e n t l y t h a t t h e a c t u a l q u a n t i t y of 

sediment c o n t r i b u t e d i s r e l a t i v e l y s m a l l . T h i s r e s u l t i s i n 

a c c o r d a n c e w i t h f i n d i n g s on many o t h e r streams (Wolman and 

M i l l e r , 1960). 
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The d a i l y and monthly sediment l o a d s d i s p l a y a v e r y 

c h a r a c t e r i s t i c h y s t e r e s i s over the y e a r as i l l u s t r a t e d on t h e 

hy d r o g r a p h i n F i g u r e 17 and the sediment r a t i n g c u r v e s i n F i g u r e s 

18 and 19. These f i g u r e s show t h a t the sediment l o a d i s 

s u b s t a n t i a l l y h i g h e r on t h e r i s i n g l i m b than on the f a l l i n g l i m b , 

i n d i c a t i n g t h a t the sediment s u p p l y becomes e x h a u s t e d over the 

f r e s h e t s e a s o n . T h i s h y s t e r e s i s has been d e s c r i b e d p r e v i o u s l y by 

K i d d (1953), by W h i t f i e l d and S c h r e i e r (1981), and many o t h e r s . In 

examining the d a i l y sediment l o a d r a t i n g c u r v e s i t i s a p p a r e n t 

t h a t t h r e e d i s t i n c t p e r i o d s can be i d e n t i f i e d : 

- an e a r l y r i s i n g l i m b p e r i o d when the sediment l o a d s f o l l o w 
a w e l l d e f i n e d r e l a t i o n w i t h d i s c h a r g e ; 

- a s u p p l y e x h a u s t i o n p e r i o d , which u s u a l l y b e g i n s on the 
r i s i n g l i m b of the h y d r o g r a p h . In t h i s p e r i o d the sediment 
c o n c e n t r a t i o n i s v i r t u a l l y i n d ependent of d i s c h a r g e and 
r a p i d l y d e c l i n e s w i t h t i m e ; 

- a f a l l i n g l i m b p e r i o d where the f l o w s a r e r e c e d i n g and a 
second w e l l d e f i n e d r e l a t i o n e x i s t s between sediment 
c o n c e n t r a t i o n and d i s c h a r g e . 

T h i s h y s t e r e s i s g r e a t l y c o m p l i c a t e s t h e p r e d i c t i o n s o f d a i l y 

sediment l o a d s . 

4.4 C h a r a c t e r i s t i c s of the Suspended Sand Load 

The s i z e d i s t r i b u t i o n of the suspended l o a d was i n v e s t i g a t e d 

by a n a l y s i n g t h e p a r t i c l e s i z e d a t a from the d e p t h i n t e g r a t i n g 

m u l t i p l e v e r t i c a l measurements (R s a m p l e s ) . A p r e l i m i n a r y r e v i e w 

of the d a t a from t h e d e p t h i n t e g r a t i n g s i n g l e v e r t i c a l 

measurements (K samples) showed t h a t i t would be d i f f i c u l t t o 

r e l a t e t h e s e d a t a t o the s e c t i o n - a v e r a g e d r e s u l t s . T h e r e f o r e "K" 

sample d a t a were not i n c l u d e d i n t h e a n a l y s i s . 

An a v e r a g e of a l l d e p t h i n t e g r a t e d p a r t i c l e s i z e d a t a from 
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Hope, A g a s s i z and M i s s i o n i n d i c a t e d t h a t t h e suspended l o a d 

t y p i c a l l y c o n s i s t s 35% of sand, 50% s i l t and 15% c l a y d u r i n g 

f r e s h e t c o n d i t i o n s . In t h i s s t u d y t h e main emphasis i s d i r e c t e d 

towards a n a l y s i n g the sand f r a c t i o n of the l o a d . T h i s i s because 

the c l a y and s i l t l o a d can be c o n s i d e r e d as "wash l o a d " s i n c e 

t h e s e f r a c t i o n s a r e not p r e s e n t w i t h i n the c h a n n e l bed. T h e r e f o r e 

the sand f r a c t i o n of the suspended l o a d i s t h e most i m p o r t a n t 

component f o r d e v e l o p i n g a sediment budget of t h e r i v e r . 

The suspended sand l o a d c o n s i s t s p r i m a r i l y of v e r y f i n e 

sand (0.063 mm - 0.125 mm) w h i l e t h e c o a r s e s t m a t e r i a l i n 

s u s p e n s i o n seldom e x c e e d s 1 mm.(It i s not known whether t h e 

r e l a t i v e l y s m a l l s i z e of t h e suspended l o a d sampler o r i f i c e (4.76 

mm) s i g n i f i c a n t l y r e s t r i c t s the s a m p l i n g of c o a r s e m a t e r i a l 

moving i n s u s p e n s i o n . ) The D 5 Q s i z e of the sand l o a d a v e r a g e s 

about 0.12 mm w i t h v a l u e s r a n g i n g from 0.17 t o 0.10 mm. 

Comparison of F i g u r e s 20 and 21 shows t h a t s e a s o n a l h y s t e r e s i s i s 

p r e s e n t i n t h e t o t a l sand (0.063 - 2 mm) r a t i n g c u r v e a t M i s s i o n , 

but i s much l e s s a p p a r e n t when th e f i n e sand f r a c t i o n (0.063 -

0.125 mm) i s e x c l u d e d . T h i s s u g g e s t s t h a t a t l e a s t a p a r t of t h e 

sand l o a d a t M i s s i o n i s s u p p l y l i m i t e d and can be c o n s i d e r e d 

"wash l o a d " . In o r d e r t o v e r i f y t h i s f i n d i n g , t h e s i z e 

d i s t r i b u t i o n of t h e suspended sand l o a d was compared w i t h t h e bed 

m a t e r i a l s i z e d i s t r i b u t i o n . F i g u r e 22 shows a t y p i c a l c u m u l a t i v e 

p l o t of the suspended l o a d and t h e bed m a t e r i a l a t M i s s i o n . 

F i g u r e 23 compares the c o m p o s i t e s i z e d i s t r i b u t i o n from a l l 

suspended l o a d samples a t M i s s i o n w i t h t h e c o m p o s i t e d bed 

m a t e r i a l d i s t r i b u t i o n . T h i s c o m p a r i s o n shows t h a t n e a r l y 50% of 

the suspended sand l o a d i s c o n t r i b u t e d by t h e v e r y f i n e sand 
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f r a c t i o n (0.063 mm - 0.125 mm). However, t h i s s i z e f r a c t i o n makes 

up o n l y about 2% of the bed m a t e r i a l . As a r e s u l t the f i n e sand 

l o a d (0.063 mm - 0.125 mm) e v i d e n t l y i s not t r a n s p o r t e d i n 

p r o p o r t i o n t o i t s p r e s e n c e i n t h e bed but i n s t e a d can be 

c o n s i d e r e d as "wash l o a d " . T h i s would a c c o u n t f o r the n o t i c e a b l e 

h y s t e r e s i s t h a t was o b s e r v e d i n the t o t a l sand r a t i n g c u r v e s . 

In r e v i e w i n g t h i s f i n d i n g some c o n s i d e r a t i o n was g i v e n t o 

the p r o b a b i l i t y t h a t the a p p a r e n t absence i n the 0.063 - 0.125 mm 

f r a c t i o n of t h e bed m a t e r i a l samples c o u l d r e f l e c t t h e o p e r a t i n g 

c h a r a c t e r i s t i c s of the U.S. BM54 samp l e r . However, o t h e r l a r g e 

volume samples near M i s s i o n a l s o showed s i m i l a r c h a r a c t e r i s t i c s 

as have samples a t P o r t Mann and dredge s p o i l samples from the 

lower e s t u a r y . T h e r e f o r e i t i s r e a s o n a b l e t o c o n c l u d e t h a t i n the 

sand bed r e a c h o f t h e Lower F r a s e r R i v e r t h e bed m a t e r i a l l o a d 

c o n s i s t s of sediment c o a r s e r than 0.125 mm. In p r a c t i c a l terms 

the bed m a t e r i a l l o a d a t M i s s i o n i s a p p r o x i m a t e l y h a l f of the 

t o t a l sand l o a d . 

At A g a s s i z ( F i g . 24) and Hope s e a s o n a l h y s t e r e s i s o c c u r s 

i n a l l f r a c t i o n s of t h e suspended sand l o a d . Sand s i z e d 

m a t e r i a l t y p i c a l l y c o n s t i t u t e s 10 - 15% of the bed m a t e r i a l i n i 

the g r a v e l bed r e a c h of the r i v e r . I t i s f r e q u e n t l y assumed t h a t 

the f i n e s t 10% of the bed m a t e r i a l w i l l be t r a n s p o r t e d i n 

s u s p e n s i o n as wash l o a d ( E i n s t e i n , 1950). T h e r e f o r e b o t h the 

o b s e r v e d r a t i n g c u r v e s and t h e r e s u l t s from p a s t s t u d i e s s u g g e s t 

t h a t v i r t u a l l y a l l of the suspended sand l o a d a t Hope or A g a s s i z 

can be c o n s i d e r e d "wash l o a d " . I t s p r e s e n c e i n the bed i s due t o 

t r a p p i n g w i t h i n t h e i n t e r s t i c e s of the c o a r s e r m a t e r i a l . 
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U n l i k e the c l a y and s i l t f r a c t i o n s which a r e d i s t r i b u t e d 

n e a r l y u n i f o r m l y t h r o u g h o u t the water column, the sand 

c o n c e n t r a t i o n s may be v i r t u a l l y z e r o near the water s u r f a c e and 

may i n c r e a s e t o s e v e r a l t h o u s a n d ppm near t h e r i v e r bed. T h i s 

f e a t u r e i s most a p p a r e n t a t M i s s i o n but i t i s a l s o found i n t h e 

g r a v e l bed r e a c h a t A g a s s i z . 

The f r a c t i o n of t h e t o t a l s a n d l o a d a t v a r i o u s d e p t h s was 

c a l c u l a t e d from t h e c o n c u r r e n t v e l o c i t y p r o f i l e and p o i n t 

i n t e g r a t i n g c o n c e n t r a t i o n measurements a t M i s s i o n . The sand l o a d 

gs t r a n s p o r t e d i n any d e p t h i n c r e m e n t Ay can be c a l c u l a t e d a s : 

(10) gs = C s ( y ) . V ( y ) . Ay 

where C s ( y ) i s t h e a v e r a g e sand c o n c e n t r a t i o n a t d e p t h y 
V ( y ) i s t h e a v e r a g e v e l o c i t y a t d e p t h y 

F i g u r e 25 summarises the r e s u l t s from one s e t of c a l c u l a t i o n s 

from measurements c o l l e c t e d on June 21, 1974 when the d i s c h a r g e 

a t M i s s i o n r e a c h e d 12 600 m 3/s. R e s u l t s from s e v e r a l o b s e r v a t i o n s 

a t M i s s i o n showed t h a t under t y p i c a l f r e s h e t c o n d i t i o n s about 

40% of t h e sand l o a d i s t r a n s p o r t e d w i t h i n 2 m of t h e r i v e r bed. 

C o n s i d e r i n g t h a t t h e dunes o f t e n r e a c h 2 m i n h e i g h t i n t h i s 

r e a c h d u r i n g f r e s h e t c o n d i t i o n s i t i s c l e a r t h a t t h e d i s t i n c t i o n 

beween bed l o a d and suspended l o a d i s somewhat a r t i f i c i a l i n 

a c t i v e sand bed r i v e r s . These r e s u l t s a l s o i l l u s t r a t e t h a t i t w i l l 

be d i f f i c u l t t o measure the sand l o a d w i t h c o n v e n t i o n a l d e p t h 

i n t e g r a t i n g s a m p l e r s s i n c e a l a r g e f r a c t i o n of t h e l o a d i s 

t r a n s p o r t e d i n a v e r y s m a l l p r o p o r t i o n of t h e water column. T h i s 

p roblem can be p a r t i a l l y overcome by s e p a r a t e l y s a m p l i n g t h e sand 

l o a d near t h e bottom as i s commonly c a r r i e d out i n D u t c h 

p r a c t i c e . 
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D e p t h - i n t e g r a t e d s a m p l e r s can o n l y measure t o w i t h i n about 

10 cm from the r i v e r bed. As a r e s u l t a s m a l l p o r t i o n of the 

water column can not be sampled. The h i g h suspended sand 

c o n c e n t r a t i o n g r a d i e n t s near the bed a t M i s s i o n and A g a s s i z 

s h o u l d i n t r o d u c e a b i a s i n the suspended l o a d measurements so 

t h a t t h e sand l o a d s w i l l t e n d t o be s y s t e m a t i c a l l y u n d e r p r e d i c t e d . 

4.5 A nnual Sand Loads 

One of t h e main t a s k s of t h i s s t u d y has been t o e s t i m a t e t h e 

a n nual sand l o a d s a t Hope, A g a s s i z and M i s s i o n d u r i n g the p e r i o d 

of sediment o b s e r v a t i o n . Two main a p p r o a c h e s were f o l l o w e d . 

F i r s t , r e l a t i o n s were d e v e l o p e d between the p e r c e n t a g e of sand i n 

the suspended l o a d and the r i v e r d i s c h a r g e ( F i g u r e 2 6 ) . R e s u l t s 

of t h e s e r e g r e s s i o n s a r e summarised i n T a b l e 5. The d a i l y sand 

l o a d s were t h e n computed from t h e e s t i m a t e d sand f r a c t i o n s ( f ) 

and the measured d i s c h a r g e s and t o t a l c o n c e n t r a t i o n s : 

(11) g = f . C Q 

The main a d v a n t a g e s of t h i s method a r e : 

1. the sand f r a c t i o n shows a g r e a t e r degree of c o r r e l a t i o n 
w i t h d i s c h a r g e than e i t h e r t h e sand c o n c e n t r a t i o n or the 
t o t a l c o n c e n t r a t i o n . T h i s was most a p p a r e n t i n the g r a v e l 
bed r e a c h a t A g a s s i z or Hope where the sand behaves as 
wash l o a d ; 

2. the o v e r a l l v a r i a t i o n i n the sand f r a c t i o n i s r e l a t i v e l y 
s m a l l t h r o u g h o u t the f r e s h e t , w i t h v a l u e s t y p i c a l l y 
r a n g i n g between 0.3 t o 0.45. By c o m parison sand 
c o n c e n t r a t i o n s may v a r y o v e r a range of 10 t o 20 t i m e s . 
As a r e s u l t i t was c o n s i d e r e d t h a t t h e most a c c u r a t e 
p r e d i c t i o n s would be made by computing the r e l a t i v e l y 
i n s e n s i t i v e sand f r a c t i o n and then a p p l y i n g t h i s f a c t o r t o 
the a c t u a l measured t o t a l c o n c e n t r a t i o n s . 

The main d i s a d v a n t a g e of t h i s method i s t h a t t h e sand l o a d s 

can be e s t i m a t e d o n l y f o r the p e r i o d of sediment o b s e r v a t i o n s 

s i n c e measurements of d a i l y t o t a l c o n c e n t r a t i o n s a r e r e q u i r e d . 
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The second method f o r e s t i m a t i n g the a n n u a l sand l o a d s was 

to use c o n v e n t i o n a l sediment r a t i n g c u r v e t e c h n i q u e s . T h i s 

i n v o l v e d f i t t i n g r e g r e s s i o n e q u a t i o n s t o the measured sand 

c o n c e n t r a t i o n and d i s c h a r g e d a t a . The a n n u a l l o a d s were then 

computed from the p r e d i c t e d d a i l y sand c o n c e n t r a t i o n s and t h e 

measured d i s c h a r g e s : 

(12) gs = Cs.Q 

T h i s a p p r o a c h has r e c e n t l y been e v a l u a t e d by K e l l e r h a l s 

E n g i n e e r i n g S e r v i c e s (1985) by comparing p r e d i c t e d t o t a l 

suspended sediment l o a d s w i t h p u b l i s h e d a n n u a l l o a d s from t h e 

F r a s e r R i v e r a t M i s s i o n and s e v e r a l o t h e r s t r e a m s . 

In t h e p r e s e n t s t u d y two d i f f e r e n t r e g r e s s i o n models were 

used f o r d e v e l o p i n g the sand c o n c e n t r a t i o n r a t i n g c u r v e s : 

(.13) Cs = aQb (power law) 

(14) Cs = a Q + a,Q°- 5+ a 2 Q + a 3 Q 1 - 5 <+ a s Q 2 ... ( p o l y n o m i a l ) 

R e c e n t l y i t has been n o t e d t h a t c o n v e n t i o n a l power law t y p e 

r e g r e s s i o n s w i l l s y s t e m a t i c a l l y u n d e r p r e d i c t a n n u a l sediment 

l o a d s ( W a l l i n g and Webb, 1981). Two methods f o r removing t h i s 

b i a s were c o n s i d e r e d i n t h i s s t u d y : 

1. a p p l y i n g a b i a s c o r r e c t i o n f a c t o r u s i n g t h e method of 
S m i l l i e and Koch (1984); 

2. s o l v i n g the power law c o e f f i c i e n t s by u s i n g a non l i n e a r 
l e a s t s q u a r e s program. 

A c o m p a r i s o n of t h e s e a l t e r n a t i v e methods has been summarised i n 

a s e p a r a t e r e p o r t (Church and McLean, 1986). 

The s i g n i f i c a n t h y s t e r e s i s i n t h e d a i l y c o n c e n t r a t i o n 

o b s e r v e d on t h e Lower F r a s e r R i v e r can i n t r o d u c e e r r o r s i n 

p r e d i c t i n g a n n u a l l o a d s ( W h i t f i e l d and S c h r e i e r , 1981; K e l l e r h a l s 
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E n g i n e e r i n g S e r v i c e s , 1985). T h e r f o r e i t was thought t h a t more 

r e l i a b l e e s t i m a t e s of the a n n u a l sand l o a d s c o u l d be a c h i e v e d by 

d e v e l o p i n g s e p a r a t e s e a s o n a l r a t i n g c u r v e s f o r the p e r i o d s 

J a n u a r y - May and June - December. An o v e r a l l r a t i n g c u r v e f o r 

the e n t i r e y e a r was a l s o p r o d u c e d t o p r o v i d e a comparison w i t h 

the s e a s o n a l r e s u l t s . 

The a n n u a l l o a d s were f i r s t c a l c u l a t e d a t M i s s i o n s i n c e t h e 

sand c o n c e n t r a t i o n s d i s p l a y e d l e s s s c a t t e r a t t h i s s t a t i o n than 

at A g a s s i z or Hope. Between 1966 and 1982, 51 m u l t i p l e v e r t i c a l 

("R" sample) suspended sediment measurements were c o l l e c t e d 

between J a n u a r y and May, and 56 measurements were c o l l e c t e d 

between June and December. As d i s c u s s e d p r e v i o u s l y , the sand 

c o n c e n t r a t i o n s a t t h e M i s s i o n s i n g l e v e r t i c a l d a i l y s a m p l i n g s i t e 

a r e much h i g h e r than t h e a v e r a g e v a l u e s measured a t the upstream 

ga u g i n g s e c t i o n . S i n c e the r e l a t i o n between t h e s e two s e t s of 

d a t a was o n l y p o o r l y d e f i n e d i t was d e c i d e d not t o i n c l u d e t h e 

s i n g l e v e r t i c a l d a t a i n t h e a n a l y s i s . F i g u r e 20 shows the J a n u a r y 

- May and June - December d a t a p l o t s as two d i s t i n c t r e l a t i o n s . 

Summary s t a t i s t i c s from the r a t i n g c u r v e r e g r e s s i o n s a r e 

g i v e n i n T a b l e 6. The f i t s from the o v e r a l l r a t i n g c u r v e ( J a n u a r y 

- December) were s l i g h t l y worse than the s e p a r a t e s e a s o n a l c u r v e s . 

T a b l e 7 compares the a n n u a l l o a d s p r e d i c t e d by the sand 

f r a c t i o n method and the s i x s e p a r a t e r a t i n g c u r v e r e l a t i o n s . 

These r e s u l t s show t h a t the d i f f e r e n t r e g r e s s i o n models 

( p o l y n o m i a l , power law) p r o d u c e d r e a s o n a b l y c l o s e agreement, 

u s u a l l y w i t h i n 6 %. The a n n u a l l o a d s p r e d i c t e d from the s e p a r a t e 

s e a s o n a l r a t i n g c u r v e were c o n s i s t e n t l y h i g h e r (by 3 - 8%) than 

the p r e d i c t i o n s from the sand f r a c t i o n method, i n d i c a t i n g t h a t 
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t h e r e i s a s y s t e m a t i c s o u r c e of b i a s i n one o f the methods. One 

p o t e n t i a l s o u r c e of b i a s i n the sand c o n c e n t r a t i o n measurements 

has been d e s c r i b e d i n K e l l e r h a l s ( 1 9 8 4 ) . I n t h a t s t u d y i t was 

p o i n t e d out t h a t p a r t i c l e s i z e a n a l y s i s can o n l y be d e t e r m i n e d f o r 

samples w i t h a r e l a t i v e l y h i g h c o n c e n t r a t i o n ( g e n e r a l l y above 100 

mg/1) so t h a t t h e sand r a t i n g c u r v e s w i l l t e n d t o be p o s i t i v e l y 

b i a s e d . However, s i n c e t h e sand f r a c t i o n r a t i o i s v e r y 

i n s e n s i t i v e t o t o t a l c o n c e n t r a t i o n , t h i s b i a s w i l l have l e s s 

e f f e c t on sand l o a d e s t i m a t e s by t h e sand f r a c t i o n method. 

A second s o u r c e of b i a s i s r e l a t e d t o the f r e q e n c y of 

sa m p l i n g the sand c o n c e n t r a t i o n s . In e x a m i n i n g the d i s c h a r g e s 

when p a r t i c l e s i z e a n a l y s i s was c a r r i e d o ut i t was f o u n d t h a t the 

d a t a a r e c l u s t e r e d i n a narrow d i s c h a r g e range w i t h most of t h e 

measurements t a k e n a t r e l a t i v e l y h i g h f l o w s . T h i s s a m p l i n g 

d i s t r i b u t i o n i s much d i f f e r e n t from t h e t o t a l c o n c e n t r a t i o n 

samples which have been c o l l e c t e d o v e r a much wider range of 

f l o w s . The c l u s t e r i n g of t h e sand c o n c e n t r a t i o n samples c o u l d 

c ause the l o a d s a t the lower f l o w s t o be o v e r e s t i m a t e d . T h i s 

h y p o t h e s i s was t e s t e d by comparing p u b l i s h e d t o t a l a n n u a l l o a d 

r e s u l t s w i t h p r e d i c t i o n s based o n l y on days when p a r t i c l e s i z e 

a n a l y s i s was c a r r i e d out and then on days when a l l samples were 

c o l l e c t e d . The t e s t showed t h a t r a t i n g c u r v e s b a s e d s o l e l y on t h e 

days when p a r t i c l e s i z e a n a l y s i s i s c a r r i e d out w i l l be 

p o s i t i v e l y b i a s e d . T h e r e f o r e i t was d e c i d e d t h a t t h e sand 

f r a c t i o n method would p r o d u c e t h e most r e l i a b l e p r e d i c t i o n s of 

the a n n u a l sand l o a d s and t h i s method was used f o r e s t i m a t i n g the 

l o a d s a t A g a s s i z and Hope. 
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P r e d i c t e d a n n u a l sand l o a d s f o r Hope, A g a s s i z and M i s s i o n 

a r e summarised i n T a b l e 8. Over th e p e r i o d 1967 - 1979 the sand 

l o a d s a t Hope and M i s s i o n a v e r a g e d about 6.3 m i l l i o n t o n n e s / y e a r 

w h i l e t h e l o a d a t A g a s s i z a v e r a g e d 5.7 m i l l i o n t o n n e s / y e a r . 

Comparison of t h e s e r e s u l t s w i t h t h e t o t a l suspended l o a d s i n 

T a b l e 4 shows t h a t the a n n u a l sand l o a d has r e a c h e d up t o 46.5% 

of the t o t a l l o a d d u r i n g h i g h f r e s h e t y e a r s such as 1972 and as 

l i t t l e as 24% of the t o t a l l o a d i n v e r y low r u n o f f y e a r s such as 

1977 or 1978. However the o v e r a l l a v e r a g e f r a c t i o n c o r r e s p o n d s t o 

about 35% which i s v e r y s i m i l a r t o the e s t i m a t e based on the 

i n d i v i d u a l p a r t i c l e s i z e d i s t r i b u t i o n measurements. A l s o shown i n 

T a b l e 8 a r e e s t i m a t e s of the a n n u a l l o a d c o a r s e r than 0.125 mm. 

These e s t i m a t e s were computed u s i n g e x a c t l y t h e same p r o c e d u r e s 

as i n the sand l o a d s . These l o a d s r e p r e s e n t t h e suspended bed 

m a t e r i a l l o a d a t M i s s i o n and w i l l be d i s c u s s e d i n more d e t a i l 

l a t e r on. 

4.6 P r e d i c t i n g A nnual Sediment Loads from Flow Volumes 

I t would be u s e f u l t o d e v e l o p methods for. e s t i m a t i n g the 

a n n u a l suspended sand l o a d and t o t a l l o a d f o r y e a r s when sediment 

measurements a r e not a v a i l a b l e . One a p p r o a c h would be t o s i m p l y 

e x t r a p o l a t e the d a i l y t o t a l c o n c e n t r a t i o n or sand r a t i n g c u r v e s . 

An a l t e r n a t i v e a p p r o a c h i s t o d e v e l o p r a t i n g c u r v e s based on much 

l o n g e r time s c a l e s and t o p r e d i c t t h e a n n u a l l o a d d i r e c t l y u s i n g 

the a n n u a l f l o w volume o r monthly f l o w s as t h e i n d e p e n d e n t 

v a r i a b l e s ( K e l l e r h a l s E n g i n e e r i n g S e r v i c e s , 1985). One of the 

main a d v a n t a g e s of t h i s a p p r o a c h i s t h a t by c o n s i d e r i n g l o n g e r 

time s c a l e s some of t h e s h o r t term v a r i a b i l i t y s uch as t h e 
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n o t i c e a b l e h y s t e r e s i s , w i l l become a v e r a g e d o u t . T h i s s h o u l d 

r e s u l t i n b e t t e r c o r r e l a t i o n s betweeen sediment l o a d and 

d i s c h a r g e and i n more p r e c i s e p r e d i c t i o n s . 

In f a c t v e r y good c o r r e l a t i o n s a r e e x h i b i t e d between a n n u a l 

sediment l o a d s and a n n u a l flow volumes a t Hope, A g a s s i z and 

M i s s i o n ( F i g u r e 27). In o r d e r t o t e s t t h e u s e f u l n e s s of t h i s 

t y p e of r e l a t i o n the measured a n n u a l suspended l o a d s were 

compared a g a i n s t r a t i n g c u r v e s based on d a i l y , monthly and a n n u a l 

d i s c h a r g e s . F o r t h e s e t e s t s the a n n u a l l o a d s were e s t i m a t e d as 

f o l l o w s : 

(15) Ga = C d . ( Q i ) where Cd= AQ^ ( d a i l y r a t i n g c u r v e ) 

(16) Ga = - A , Q * ^ + A 2 Q * J _ E + A S Q J J , y+ ... (monthly r a t i n g c u r v e ) 

B 
(17) Ga = &Qannuai ( a n n u a l r a t i n g c u r v e ) 

These c o m p a r i s o n s were made u s i n g t h e d a t a a t Hope so t h a t 

l o a d p r e d i c t i o n s c o u l d be made f o r t h e y e a r s 1950-1952 and 

compared w i t h the e s t i m a t e s p u b l i s h e d by K i d d (1953). T h i s 

c o m p a r i s o n would p r o v i d e a c o m p l e t e l y i n d e p e n d e n t check on t h e 

a c c u r a c y of the e s t i m a t e s . 

T a b l e 9 summarises t h e r e s u l t s of t h e t h r e e r a t i n g c u r v e 

r e g r e s s i o n s . The d a i l y c o n c e n t r a t i o n r a t i n g c u r v e was based on 

1338 measurements between 1966 and 1978. As e x p e c t e d , t h e 

s t a n d a r d e r r o r of the o v e r a l l d a i l y c o n c e n t r a t i o n r e g r e s s i o n was 

v e r y l a r g e compared t o t h e monthly or a n n u a l r e l a t i o n s . F o r 

example the s t a n d a r d e r r o r of t h e monthly June l o a d s was found t o 

be o n l y 0.18 (Ln u n i t s ) compared t o 0.77 f o r t h e d a i l y 

r e g r e s s i o n . T a b l e 10 compares t h e a n n u a l t o t a l suspended l o a d 

p r e d i c t i o n s from t h e s e methods. The b e s t o v e r a l l e s t i m a t e s of the 

a n n u a l l o a d s were p r o d u c e d by t h e monthly r a t i n g c u r v e s (RMS 
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e r r o r e q u a l l e d 2 m i l l i o n t o n n e s / y e a r or 11% of the mean a n n u a l 

l o a d ) . 

The o n l y y e a r i n which the d a i l y r a t i n g c u r v e s p e r f o r m e d 

s i g n i f i c a n t l y b e t t e r than t h e monthly or a n n u a l r e l a t i o n s was i n 

1950. In t h i s y e a r t h e a n n u a l and monthly r a t i n g c u r v e s 

u n d e r e s t i m a t e d K i d d ' s e s t i m a t e by about 20%. The 1950 f l o o d was 

the second l a r g e s t f l o o d i n the p e r i o d of r e c o r d between 1912-

1984. However, both t h e a n n u a l f l o w volume and mean June 

d i s c h a r g e were u n u s u a l l y low. T h e r e f o r e i n y e a r s when the f r e s h e t 

i s u n u s a l l y " f l a s h y " the d a i l y r a t i n g c u r v e s might produce t h e 

b e s t e s t i m a t e s . I t a p p e a r s , t h e n , t h a t the monthly or a n n u a l 

r a t i n g c u r v e s a r e r e a s o n a b l y s t a b l e i n t h e l o n g term, e x c e p t when 

the f r e s h e t i s of markedly u n u s u a l c h a r a c t e r . T h i s s t a b i l i t y i s 

perhaps the most i m p o r t a n t c h a r a c t e r i s t i c of a c o r r e l a t i o n t h a t 

i s g o i n g t o be used f o r t e m p o r a l e x t r a p o l a t i o n . 

M u l t i p l e r e g r e s s i o n r e l a t i o n s were a l s o d e v e l o p e d t o see 

whether the l o a d e s t i m a t e s c o u l d be improved by i n c l u d i n g a 

number of d i f f e r e n t f l o w p a r a m e t e r s . These r e l a t i o n s were of the 

form: 

(18) Log G = B o + B i L o g Q a n n u a [ + B 2 L o g Q j u n e
+ B 3 L o g Qpeajc 

T h i s t y p e of r e l a t i o n improved t h e p r e d i c t i o n of t h e 1950 

l o a d however t h e o v e r a l l RMS e r r o r from a l l y e a r s was s t i l l about 

the same as t h a t f o r the-m o n t h l y r e g r e s s i o n s . T h i s i s because i n 

most y e a r s t h e maximum d a i l y , June mean and a n n u a l f l o w volume 

a r e a l l h i g h l y i n t e r - c o r r e l a t e d . 

S i m i l a r r e g r e s s i o n r e l a t i o n s were d e v e l o p e d f o r p r e d i c t i n g 

the a n n u a l suspended sand l o a d and t o t a l suspended l o a d a t 
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A g a s s i z and M i s s i o n ( T a b l e 9 ). At t h e s e s t a t i o n s t h e a n n u a l sand 

l o a d s were p r e d i c t e d from the a n n u a l f l o w volume and mean June 

d i s c h a r g e ( t h e peak d i s c h a r g e was f o u n d t o not s i g n i f i c a n t l y 

improve th e c o r r e l a t i o n s ) : 

(19) Log G = B Q + B,Log Qannual + B 2 L o g QJung 

I t was a l s o found t h a t t h e b e s t p r e d i c t i o n s of t h e a n n u a l sand 

l o a d and t o t a l l o a d a t M i s s i o n were made u s i n g f l o w s measured a t 

Hope r a t h e r than. M i s s i o n . T h i s p r o b a b l y i s because th e H a r r i s o n 

R i v e r (which i s t h e main t r i b u t a r y between Hope and M i s s i o n ) can 

i n c r e a s e t h e f l o w s i n t h e F r a s e r R i v e r by 10 t o 15% but 

c o n t r i b u t e s v i r t u a l l y no a d d i t i o n a l sediment and i s not 

n e c e s s a r i l y i n phase w i t h F r a s e r R i v e r f l o w s . T h i s r e s u l t makes 

i t v e r y s i m p l e t o p r e d i c t t h e p a s t l o a d s a t M i s s i o n s i n c e t h e 

f l o w r e c o r d s a t Hope e x t e n d back t o 1912 w h i l e t h e M i s s i o n 

r e c o r d s e x t e n d o n l y t o 1965. 

T a b l e s 11 and 12 summarise the e s t i m a t e d a n n u a l sediment 

l o a d s a t Hope and M i s s i o n from 1966 t o 1982. The l o a d s have been 

s e p a r a t e d i n t o sand s i l t and. c l a y f r a c t i o n s . The s i l t and c l a y 

l o a d s were e s t i m a t e d by s u b t r a c t i n g t h e computed t o t a l and sand 

l o a d s and then assuming t h a t the r a t i o of s i l t t o c l a y was 3.3:1. 

T h i s r a t i o was e s t i m a t e d from the a n a l y s i s of t h e d e p t h 

i n t e g r a t e d p a r t i c l e s i z e d a t a . 

The p r e c i s i o n o f t h e a n n u a l l o a d e s t i m a t e s can be measured 

by the s t a n d a r d e r r o r of the r e g r e s s i o n s . The RMS e r r o r f o r the 

sand l o a d a t M i s s i o n , i s l e s s than 10% o f t h e mean a n n u a l l o a d . 

The RMS e r r o r of the M i s s i o n suspended bed m a t e r i a l l o a d 

p r e d i c t i o n s i s about 13.5% of the mean a n n u a l l o a d . F i g u r e 28 

shows t h a t the agreement between t h e measured sand l o a d s and the 
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sand l o a d s p r e d i c t e d from the fl o w volumes i s v e r y good. 

The sediment l o a d r e l a t i o n s d e v e l o p e d i n t h i s s e c t i o n c o u l d 

be used f o r e s t i m a t i n g the a n n u a l l o a d below M i s s i o n from f l o w 

f o r e c a s t s t h a t a r e made i n A p r i l and May b e f o r e t h e peak of the 

f r e s h e t . Such p r e d i c t i o n s may e v e n t u a l l y p r o v i d e a b a s i s f o r 

p l a n n i n g maintenance d r e d g i n g r e q u i r e m e n t s i n t h e n a v i g a b l e 

p o r t i o n of the r i v e r below New W e s t m i n s t e r . 

5.0 THE BEDLOAD 

5.1 Measurement P r o c e d u r e 

Between 1968 and 1976 110 measurements were c o l l e c t e d a t 

A g a s s i z w i t h the s a m p l i n g f r e q u e n c y r a n g i n g from 23 

measurements/year i n 1968 t o o n l y 9 i n 1976. U n f o r t u n a t e l y , o n l y 

62 measurements were c o l l e c t e d d u r i n g the f r e s h e t season (May-

J u l y ) when v i r t u a l l y a l l of the b e d l o a d movement t a k e s p l a c e . The 

measurements were c o l l e c t e d w i t h a h a l f s i z e VUV sampler (Novak, 

1957) and a b a s k e t sampler ( E h r e n b e r g e r , 1931) a t the h i g h e r 

f l o w s ( g e n e r a l l y above 7500 m 3 / s ) . The VUV sampler has an o p e n i n g 

w i d t h of 225 mm and a h e i g h t of 115 mm. T h i s p r e s s u r e d i f f e r e n c e 

t y p e sampler i s d e s i g n e d so t h a t t h e water and t r a n s p o r t e d bed 

m a t e r i a l e n t e r the sampler w i t h the same v e l o c i t y as the 

u n d i s t u r b e d f l o w . The WSC b a s k e t sampler i s based on e a r l y S w i s s 

d e s i g n s from t h e 1930s and has an o p e n i n g w i d t h o f 610 mm, a 

h e i g h t of 255 mm and a b a s k e t mesh s i z e of 6 mm. Due t o t h e 

c o a r s e mesh s i z e the f i n e r g r a v e l and sand w i l l not be r e t a i n e d 

i n the sa m p l e r . 

The s a m p l i n g t i m e s f o r b o t h t h e VUV and b a s k e t measurements 
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were u s u a l l y two t o t h r e e m i n u t e s and sample c a t c h e s u s u a l l y 

ranged from a few hundred grams up t o 1 or 2 kg i n t h e VUV 

sampler and up t o 10 t o 20 kg i n the b a s k e t s a m p l e r . 

The A g a s s i z b e d l o a d measurements were c o l l e c t e d a t s i x o r 

fewer v e r t i c a l s from a WSC boat on t h e g a u g i n g s e c t i o n l i n e . 

T y p i c a l l y o n l y two or t h r e e r e p e t i t i v e samples were c o l l e c t e d a t 

each v e r t i c a l making a t o t a l of 12 t o 18 samples i n e a c h 

measurement. 

The b e d l o a d measurements a t M i s s i o n were made w i t h a BTMA 

Arnhem sampler (Schaank, 1937; de V r i e s , 1973). T h i s sampler i s a 

p r e s s u r e d i f f e r e n c e sampler w i t h an i n t a k e o p e n i n g 8.5 cm wide and 

5 cm h i g h . The Arnhem sampler was d e s i g n e d f o r m e a s u r i n g b e d l o a d 

i n the R hine R i v e r i n the N e t h e r l a n d s where th e bed m a t e r i a l 

c o n s i s t s of c o a r s e sand and f i n e g r a v e l . The samples a r e 

c o l l e c t e d a t f i v e v e r t i c a l s from a WSC b o a t on t h e g a u g i n g 

s e c t i o n l i n e u pstream of the M i s s i o n R a i l w a y b r i d g e . N o r m a l l y 3 

t o 5 r e p l i c a t e samples a r e c o l l e c t e d a t each v e r t i c a l w i t h 

i n d i v i d u a l sample c a t c h e s r a n g i n g from a few grams t o a few 

hundred grams. In some of t h e e a r l y y e a r s a c o m p l e t e measurement 

was o f t e n r e p e a t e d two or t h r e e t i m e s i n t h e day so t h a t the 

d a i l y l o a d c o u l d be e s t i m a t e d from 50 t o 75 samples. In l a t e r 

y e a r s t h e d a i l y l o a d must u s u a l l y be e s t i m a t e d from about 15 

samples. 

5.2 D a t a A d j u s t m e n t : Sampler E f f i c i e n c y 

None of t h e d a i l y b e d l o a d d a t a has been p u b l i s h e d by WSC and 

a l l of t h e d a t a i n t h e work f i l e s was c o n s i d e r e d p r e l i m i n a r y and 

s u b j e c t t o r e v i s i o n . A l s o much more i n f o r m a t i o n i s a v a i l a b l e f o r 
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e s t i m a t i n g the e f f i c i e n c y of the s a m p l e r s a t t h i s time than 

when the d a t a were f i r s t c o l l e c t e d , T h e r e f o r e i t was d e c i d e d 

t h a t a l l of t h e b e d l o a d d a t a s h o u l d be r e - c a l c u l a t e d . These 

r e v i s e d e s t i m a t e s were compared a g a i n s t WSC's p r e l i m i n a r y v a l u e s 

i n o r d e r t o i d e n t i f y any s i g n i f i c a n t d i s c r e p a n c i e s or c a l c u l a t i o n 

e r r o r s . 

The e f f i c i e n c i e s of the b a s k e t and VUV s a m p l e r s were 

e s t i m a t e d from r e c e n t l a b o r a t o r y c a l i b r a t i o n s p e r f o r m e d a t the 

Canada C e n t r e f o r I n l a n d Waters ( E n g e l , 1982, 1983). These 

s t u d i e s , as w e l l as r e s u l t s from p r e v i o u s i n v e s t i g a t i o n s ( G i b b s , 

1973), i n d i c a t e d t h a t the e f f i c i e n c y of t h e b a s k e t sampler i s 

about 33% f o r the h y d r a u l i c c o n d i t i o n s a t A g a s s i z . However, t h i s 

e f f i c i e n c y f a c t o r does not a c c o u n t f o r any l o s s of f i n e sediment 

t h r o u g h t h e c o a r s e mesh of t h e b a s k e t . In a l l l a b o r a t o r y s t u d i e s 

the model bed m a t e r i a l was always c o a r s e r than the s c r e e n s i z e . 

However a t A g a s s i z a c o n s i d e r a b l e p o r t i o n of t h e b e d l o a d i s f i n e r 

than t h e 6 mm w i r e mesh and was not r e t a i n e d i n the s a m p l e r . T h i s 

f e a t u r e was v e r y a p p a r e n t when the s i z e d i s t r i b u t i o n s of the 

b a s k e t samples were compared w i t h t h o s e of t h e VUV samples. The 

m i s s i n g p o r t i o n of t h e sample can be e s t i m a t e d a p p r o x i m a t e l y by 

assuming t h a t a t h i g h f l o w s the b e d l o a d s i z e d i s t r i b u t i o n i s 

s i m i l a r t o the s u b - s u r f a c e bed m a t e r i a l s i z e d i s t r i b u t i o n 

( E i n s t e i n , 1971; P a r k e r e_t a l . , 1982). The bed m a t e r i a l samples 

near A g a s s i z i n d i c a t e d t h a t about 15% of the sediment was f i n e r 

than 6 mm. T h e r e f o r e the o v e r a l l c o r r e c t i o n f a c t o r a d o p t e d i n 

t h i s s t u d y was e s t i m a t e d a s : 

K = 1/0.33 x 1/.085 = 3.5 

E a r l y s t u d i e s s u g g e s t e d t h a t the VUV sampler has an 
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e f f i c i e n c y of 60 - 70% (Novak, 1957; G i b b s and N e i l . l , 1973). More 

r e c e n t s t u d i e s have shown t h a t t h e e f f i c i e n c y may v a r y between 

60% and 30%, d e p e n d i n g on t h e h y d r a u l i c c o n d i t i o n s and s a m p l i n g 

t i m e s ( E n g e l , 1983). F o r t h e h y d r a u l i c c o n d i t i o n s a t A g a s s i z and 

f o r s a m p l i n g t i m e s of 2 t o 3 m i n u t e s the e f f i c i e n c y of t h e h a l f 

s i z e VUV sampler was e s t i m a t e d t o be about 33% ( i d e n t i c a l t o t h a t 

of the b a s k e t s a m p l e r ) . T h i s e s t i m a t e d e f f i c i e n c y i s s u r p r i s i n g l y 

low compared t o the r e s u l t s from p r e v i o u s l a b o r a t o r y s t u d i e s . 

The e f f i c i e n c y of the Arnhem sampler was d e t e r m i n e d from a 

s e r i e s of model t e s t s c a r r i e d out i n t h e 1930s a t t h e ETH 

l a b o r a t o r i e s i n Z u r i c h ( M e y e r - P e t e r , 1937). The e f f i c i e n c y was 

found t o d e c r e a s e as t h e sampler f i l l e d w i t h sediment v a r y i n g 

between 90% and 50%. As a r e s u l t , t h e e f f i c i e n c y c o r r e c t i o n must 

be a p p l i e d t o each i n d i v i d u a l b e d l o a d sample and an o v e r a l l 

f a c t o r can not be a p p l i e d t o t h e t o t a l d a i l y l o a d . At t h e t i m e of 

t h i s r e p o r t o n l y the d a t a from 1968, 1972, 197.4 and 1979 have 

been re-computed. T h i s i n v o l v e d m a n u a l l y p r o c e s s i n g a b o u t 2600 

i n d i v i d u a l sample p o i n t s . E x a m i n a t i o n of t h e s e r e s u l t s i n d i c a t e d 

t h a t the o v e r a l l s a m p l i n g e f f i c i e n c y f o r t h e t o t a l bed l o a d r a t e 

a v e r a g e d about 70% t o 75%, which i s v e r y c l o s e t o p r e v i o u s l y 

r e p o r t e d v a l u e s (Novak, 1957; H u b b e l , 1964). In c o m p a r i s o n , WSC 

assumed an o v e r a l l sampler c o r r e c t i o n f a c t o r of 3.5 (26.8% 

e f f i c i e n c y ) or about 2.5 t i m e s t h e v a l u e t h a t would be 

a p p r o p r i a t e f o r the Arnhem s a m p l e r . 

5.3 R e l i a b i l i t y o f t h e Measurements 

Due t o the s p o r a d i c n a t u r e o f bed l o a d movement and t h e 

p h y s i c a l d i f f i c u l t i e s i n v o l v e d i n s a m p l i n g , measurements of bed 
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l o a d a r e u s u a l l y c o n s i d e r e d t o be l e s s r e l i a b l e than measurements 

of suspended l o a d . The p roblem of bed l o a d s a m p l i n g r e l i a b i l i t y 

has been d i s c u s s e d p r e v i o u s l y by s e v e r a l r e s e a r c h e r s (de V r i e s , 

1973; Csoma, 1973; G i b b s and N e i l l , 1973; H u b b e l l , 1985). T h i s 

work has g e n e r a l l y i n v o l v e d c o l l e c t i n g r e p e t i t i v e samples a t a 

s i n g l e v e r t i c a l i n the c r o s s s e c t i o n and then comparing the l o a d 

d e t e r m i n e d from o n l y a few samples t o t h e a c t u a l a v e r a g e l o a d 

d e t e r m i n e d from the f u l l s e t of measurements. The most complete 

t r e a t m e n t of the p r o b l e m has been p r o v i d e d by Hamamori (1962.) and 

de V r i e s (1973) who i n v e s t i g a t e d the f l u c t u a t i o n s i n b e d l o a d 

r a t e s c a u s e d by the passage of dunes and r i p p l e s a l o n g a sand bed 

c h a n n e l . In t h i s work the f r e q u e n c y d i s t r i b u t i o n of the t r a n s p o r t 

r a t e s was d e t e r m i n e d by the r e l a t i o n : 

(20) p = 1/4 9b/qb(1+Ln(4gfc/gfc)) 

where p i s the p r o b a b i l i t y t h a t a s i n g l e l o a d measurement 
w i l l be l e s s t h a n a g i v e n amount; 
g^ i s the a c t u a l a v e r a g e r a t e . 

On the b a s i s of t h i s r e l a t i o n and f i e l d measurements from the 

R h i n e , de V r i e s (1973) recommended t h a t a minimum of 10 samples 

s h o u l d be c o l l e c t e d a t each v e r t i c a l . 

Measurements on t h e g r a v e l bed p o r t i o n of the Danube R i v e r 

showed t h a t the p r o b a b i l i t y d i s t r i b u t i o n of t r a n s p o r t r a t e s 

v a r i e d a c r o s s the c h a n n e l , w i t h the b e d l o a d r a t e s b e i n g l e s s 

w i d e l y d i s t r i b u t e d where the t r a n s p o r t r a t e s were h i g h e s t (Csoma, 

1973). In t h i s c a s e t h e Hamamori r e l a t i o n was found not t o a p p l y . 

E i n s t e i n (1937) d e s c r i b e d t h e d i s t r i b u t i o n of b e d l o a d 

t r a n s p o r t movement by assuming t h a t b e d l o a d p a r t i c l e s moved i n a 

s e r i e s of s t e p s and r e s t s , w i t h the r e s t p e r i o d s b e i n g much 
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l o n g e r than movement t i m e s . The r e l a t e d p r o b l e m of d e s c r i b i n g the 

d i s t r i b u t i o n of sediment volumes caught i n a b e d l o a d sampler 

a f t e r a s p e c i f i e d s a m p l i n g time was a l s o c o n s i d e r e d . The 

p r o b a b i l i t y d e n s i t y f u n c t i o n d e s c r i b i n g t h e volume of sediment 

t r a p p e d i n a g i v e n s a m p l i n g time was e x p r e s s e d a s : 

(21) P ( f ) = exp(-(v/f- / T ) 2 . T. J , ( 2 . v/fT)/<VfT-exp ( z / f T ) 

where J , i s a B e s s e l f u n c t i o n of the f i r s t o r d e r w i t h a 
complex argument; 
f i s t h e volume of sediment t r a p p e d i n t h e sampler 
measured i n a v e r a g e c o l l e c t i o n u n i t s ; 
T i s the s a m p l i n g time measured i n a v e r a g e p a r t i c l e 
r e s t p e r i o d s . 

T h i s f u n c t i o n i m p l i e s t h a t t h e d i s t r i b u t i o n of b e d l o a d t r a n s p o r t 

r a t e s w i l l depend on the d u r a t i o n of s a m p l i n g and the i n t e n s i t y 

of t r a n s p o r t , which i s i n agreement w i t h Csoma's o b s e r v a t i o n s . 

T h i s t y p e of model a p p e a r s t o be more a p p r o p r i a t e f o r e s t i m a t i n g t h e 

r e l i a b i l i t y of measurements i n g r a v e l r i v e r s . 

A p r e l i m i n a r y t e s t of t h i s model u s i n g r e p e t i t i v e 

measurements a t A g a s s i z i s d e s c r i b e d by McLean and Tassone 

(1985). The r e p l i c a t e measurements a t A g a s s i z were made by WSC on 

June 11, 1985 w i t h the h a l f s i z e VUV sampler a t a d i s c h a r g e of 

a p p r o x i m a t e l y 7700 m 3/s. Twenty r e p e a t samples were c o l l e c t e d a t 

two v e r t i c a l s and 14 samples were c o l l e c t e d a t t h e t h i r d 

v e r t i c a l . F i g u r e 29 i l l u s t r a t e s t h e l a r g e f l u c t u a t i o n s i n sample 

c a t c h e s t h a t were o b s e r v e d and t h e f r e q u e n c y d i s t r i b u t i o n of 

the t r a n s p o r t r a t e s . The most i m p o r t a n t f e a t u r e of t h e s e r e s u l t s 

i s t h a t i n d i v i d u a l measurements c o u l d r e a c h up t o s i x t i m e s th e 

o v e r a l l mean t r a n s p o r t r a t e . F u r t h e r m o r e , the d i s t r i b u t i o n of 

t r a n s p o r t r a t e s was v e r y n o n - s y m m e t r i c a l , w i t h n e a r l y 70% of the 

samples h a v i n g l o a d s l e s s t h an th e a v e r a g e and o n l y 30% of the 
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samples h a v i n g l o a d s g r e a t e r than the a v e r a g e . These r e s u l t s 

s h o u l d make i t c l e a r t h a t t h e normal p r a c t i c e of e s t i m a t i n g the 

mean b e d l o a d r a t e w i t h o n l y two or t h r e e samples c o u l d r e s u l t i n 

s u b s t a n t i a l e r r o r s . In r e v i e w i n g the p a s t measurements a t A g a s s i z 

i t was found t h a t i n 30% of the d a i l y measurements between 1968 

and 1976 the range i n t r a n s p o r t r a t e s a t a s i n g l e v e r t i c a l 

exceeded the computed a v e r a g e a t the v e r t i c a l by a f a c t o r of two. 

As a r e s u l t t h e p r e c i s i o n of the computed a v e r a g e s must be v e r y 

low. 

T hree s e t s of r e p e a t e d b e d l o a d measurements have been 

c o l l e c t e d a t M i s s i o n i n 1972 and 1974 under f l o w c o n d i t i o n s t h a t 

ranged from 10 800 m 3/s t o 6570 m 3/s. On t h e s e t h r e e d a t e s 

between 20 and 25 b e d l o a d samples were c o l l e c t e d a t a s i n g l e 

v e r t i c a l ( V e r t i c a l 900) ov e r a p e r i o d of t h r e e t o f o u r h o u r s . The 

v a r i a t i o n i n t r a n s p o r t r a t e s t h a t was o b s e r v e d i s summarised i n 

F i g u r e 30. 

The 1972 d a t a showed t h a t i n d i v i d u a l bed l o a d measurements 

v a r i e d between 0.1 and 4 t i m e s the a v e r a g e r a t e e s t i m a t e d from 

a l l samples. The f r e q u e n c y d i s t r i b u t i o n of t r a n s p o r t r a t e s from 

the two s e t s of measurements i n 1972 f i t t h e t h e o r e t i c a l Hamamori 

d i s t r i b u t i o n much more c l o s e l y than t h e 1974 measurements. The 

a c t u a l d i s t r i b u t i o n of t r a n s p o r t r a t e s i n sand bed c h a n n e l s w i l l 

be a f f e c t e d by the bed form c h a r a c t e r i s t i c s t h a t a r e p r e s e n t . 

U n f o r t u n a t e l y , l o n g i t u d i n a l p r o f i l e s were not s u r v e y e d a t the time 

of t h e bed l o a d measurements i n 1972 or 1974, 

G i v e n the d i s t r i b u t i o n of t r a n s p o r t r a t e s a t a p o i n t , the 

r e l i a b i l i t y of e s t i m a t i n g t h e t r u e mean b e d l o a d r a t e from an n-

sample av e r a g e can be d e t e r m i n e d . In t h i s s t u d y , the p r e c i s i o n of 
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the computed a v e r a g e b e d l o a d r a t e s was e s t i m a t e d by u s i n g the 

Monte C a r l o s i m u l a t i o n t e c h n i q u e i n c o n j u n c t i o n w i t h t h e measured 

b e d l o a d p r o b a b i l i t y d i s t r i b u t i o n s t o g e n e r a t e a l a r g e number of 

n-sample a v e r a g e s . The p r e c i s i o n of t h e s e s y n t h e s i s e d 

measurements was then e x p r e s s e d as a c o e f f i c i e n t of v a r i a t i o n of 

the mean r a t e ( s t a n d a r d d e v i a t i o n of the e s t i m a t e d means/mean 

b e d l o a d r a t e ) . The c a l c u l a t i o n s were p e r f o r m e d w i t h a FORTRAN 

program t h a t used a random number g e n e r a t o r t o p r o d u c e 100 

c o n s e c u t i v e n-sample a v e r a g e s from the assumed b e d l o a d 

p r o b a b i l i t y d i s t r i b u t i o n (McLean and T a s s o n e , 1985). T h i s 

a p p r o a c h was f i r s t u sed by de V r i e s (1973) t o e s t i m a t e t h e number 

of measurements r e q u i r e d on t h e sand bed p o r t i o n of t h e Rhine 

R i v e r . The r e s u l t s of t h e s i m u l a t i o n s u s i n g the measured 

p r o b a b i l i t y d i s t r i b u t i o n s a t A g a s s i z and M i s s i o n a r e i l l u s t r a t e d 

i n F i g u r e 31. I t was f o u n d t h a t t h e p r e c i s i o n of t h e measurements 

was s u b s t a n t i a l l y lower a t A g a s s i z than a t M i s s i o n . F o r a t h r e e 

sample a v e r a g e a t a v e r t i c a l t h e r e l a t i v e e r r o r (CV of the mean) 

was 84% a t A g a s s i z and 50% a t M i s s i o n . At l e a s t 10 r e p e a t 

samples would be r e q u i r e d a t A g a s s i z b e f o r e the r e l a t i v e e r r o r 

was l e s s t h an 50%. These v a l u e s r e p r e s e n t t h e e x p e c t e d e r r o r a t 

a s i n g l e v e r t i c a l and not the e r r o r i n t o t a l b e d l o a d r a t e a t t h e 

c r o s s s e c t i o n . 

In o r d e r t o e s t i m a t e the e r r o r i n t h e t o t a l b e d l o a d r a t e 

some i n f o r m a t i o n on t h e s p a t i a l v a r i a b i l i t y of t h e b e d l o a d r a t e s 

a c r o s s t h e c h a n n e l would be r e q u i r e d . A f i e l d a s s essment of t h i s 

p r o b l e m would r e q u i r e c o l l e c t i n g a minimum of 10 samples a t 10 t o 

20 v e r t i c a l s a c r o s s t h e s e c t i o n and then c o mparing th e t o t a l r a t e 

37 



w i t h the e s t i m a t e from the 5 v e r t i c a l s t h a t a r e n o r m a l l y used. 

T h i s e x e r c i s e has not been c a r r i e d o u t . R e c e n t l y , Hubbel (1985) 

ext e n d e d the Monte C a r l o a p p r o a c h by a l l o w i n g the mean t r a n s p o r t 

r a t e t o v a r y a c r o s s t h e c h a n n e l s e c t i o n so t h a t t h e e r r o r i n 

e s t i m a t i n g the t o t a l b e d l o a d r a t e from a l i m i t e d number of 

v e r t i c a l s and samples c o u l d be made. Hubbel c o n s i d e r e d the c a s e 

where the b e d l o a d r a t e c o u l d have o n l y two p o s s i b l e v a l u e s and 

used Hamamori's p r o b a b i l i t y d i s t r i b u t i o n f o r e s t i m a t i n g the 

v a r i a t i o n of t r a n s p o r t r a t e s a t a p o i n t . A f t e r r e v i e w i n g the d a t a 

a t A g a s s i z and M i s s i o n i t was c o n s i d e r e d t h a t i t would be more 

r e a l i s t i c t o a l l o w t h e t r a n s p o r t r a t e s t o v a r y c o n t i n u o u s l y 

a c r o s s the c h a n n e l . S e v e r a l d i f f e r e n t assumed l a t e r a l v a r i a t i o n s 

were t e s t e d i n c l u d i n g u n i f o r m , t r i a n g u l a r , b e l l - s h a p e d q u a d r a t i c 

and b e l l - s h a p e d e x p o n e n t i a l . F u r t h e r m o r e , the E i n s t e i n 

p r o b a b i l i t y model was used f o r computing the f r e q u e n c y 

d i s t r i b u t i o n of t r a n s p o r t r a t e s a t a p o i n t . The model p a r a m e t e r s 

i n E i n s t e i n ' s e q u a t i o n were computed by the method of moments t o 

r e p r o d u c e th e measured b e d l o a d t r a n s p o r t d i s t r i b u t i o n s a t A g a s s i z 

and M i s s i o n . In t h i s second s i m u l a t i o n program the p r e c i s i o n of 

the t o t a l b e d l o a d r a t e was computed f o r d i f f e r e n t s a m p l i n g 

s t r a t e g i e s by v a r y i n g the number of v e r t i c a l s i n the c r o s s 

s e c t i o n and the number of r e p e a t samples a t each v e r t i c a l . 

The s i m u l a t i o n s showed t h a t when the s p a t i a l v a r i a b i l i t y of 

the t r a n s p o r t r a t e s was l e s s than th e t e m p o r a l v a r i a t i o n s a t a 

s i n g l e p o i n t t h e n t h e r e l a t i v e e r r o r i n t h e t o t a l b e d l o a d r a t e 

was l e s s than the r e l a t i v e e r r o r i n t h e a v e r a g e a t any s i n g l e 

p o i n t . A lower bound e s t i m a t e f o r the p r e c i s i o n of t h e t o t a l 

l o a d s can be made by assuming t h a t t h e a c t u a l mean b e d l o a d r a t e i s 
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u n i f o r m a c r o s s the c h a n n e l . F o r t h e normal s a m p l i n g p r o c e d u r e s on 

the F r a s e r R i v e r (5 v e r t i c a l s , 3 s a m p l e s / v e r t i c a l ) t h e r e l a t i v e 

e r r o r (CV of the mean) was found t o be 40% a t A g a s s i z and 26% 

a t M i s s i o n . In e x a m i n i n g the measured r a t e s a c r o s s t h e s e c t i o n s a t 

A g a s s i z and M i s s i o n i t was n o t e d t h a t t h e maximum r a t e a t a 

v e r t i c a l ( e s t i m a t e d from 3 samples) seldom exceeded t h r e e t i m e s 

the mean r a t e a t t h e c r o s s s e c t i o n . F o r t h e c a s e of a " b e l l 

shaped" e x p o n e n t i a l d i s t r i b u t i o n and a maximum t o mean r a t i o of 

t h r e e , the r e l a t i v e e r r o r i n c r e a s e d t o 58% a t A g a s s i z and 34% 

at M i s s i o n . These v a l u e s c o u l d p r o b a b l y be c o n s i d e r e d upper bound 

e s t i m a t e s of the e r r o r s i n the measured t o t a l bed l o a d r a t e s . 

The Monte C a r l o method was a l s o used t o i n v e s t i g a t e the 

number of samples or v e r t i c a l s t h a t would be r e q u i r e d a t A g a s s i z 

and M i s s i o n t o a c h i e v e a s p e c i f i e d l e v e l of p r e c i s i o n . The 

r e s u l t s f o r some assumed c o n d i t i o n s a r e summarised i n F i g u r e 32. 

These s i m u l a t i o n s s u g g e s t t h a t a moderate i n c r e a s e i n s a m p l i n g 

e f f o r t c o u l d have s u b s t a n t i a l l y improved t h e p r e c i s i o n of the 

measurements. In f a c t , t h e p r e c i s i o n of t h e A g a s s i z d a t a c o u l d 

have been i n c r e a s e d by n e a r l y a f a c t o r of two w i t h o u t h a v i n g t o 

i n c r e a s e the t o t a l number of samples c o l l e c t e d between 1968 and 

1976. T h i s i s because 40% of the measurements were c o l l e c t e d i n 

the w i n t e r months when t h e g r a v e l t r a n s p o r t r a t e was e f f e c t i v e l y 

z e r o . T h i s wasted s a m p l i n g e f f o r t c o u l d have gone i n t o i n c r e a s i n g 

the number of samples c o l l e c t e d d u r i n g each d a i l y measurement 

d u r i n g t h e f r e s h e t s e a s o n . 

5.4 A n a l y s i s of A g a s s i z B e d l o a d Data 

Some p r e l i m i n a r y i n t e r p r e t a t i o n of t h e bed l o a d d a t a a t 
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Agassiz are contained in Mannerstrom and McLean (1985). That 
paper also outlines the efforts that were made to predict the 
bedload rate from a number of theoretical equations. 

Significant gravel transport begins to occur at about 5000 
m3/s. Most VUV bedload samples collected below this flow consisted 
of sand or granules in the 2 mm to 8 mm size range. The abrupt 
change from sand transport to gravel transport probably 
represents the threshold condition for mobilising the local 
armoured surface layer (Parker et a l . , 1982). After this 
condition was exceeded the grain size distribution of the bedload 
became similar to that of the subsurface bed material. 

Figure 33 shows that there is only a poorly defined relation 
between bedload transport rate and discharge. The error bars on 
the individual measurements show that a large portion of this 
scatter may be attributed to the low precision of the bedload 
measurements. However, i t is now generally recognised that in 
many gravel bed rivers, bed load transport rates may depend on 
the flow history and the limited supply of mobile sediments along 
the channel (Church, 1985). As a result a simple equilibrium 
relation between transport rate and flow hydraulics may not 
exist. 

The wide scatter of bedload transport rates described in 

this study is not compatible with some previously published 

results. In WCHL (1978) i t was reported that "the bed load data 

at Agassiz are extraordinarily systematic". This conclusion was 

based on only a small, selected fraction of the available data 

and does not represent the actual conditions that are found when 
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a l l the data are considered. Indeed, given the low precision of 
the bedload data the chance of finding a systematic relation 
between bedload rate and discharge would be extraordinarily 
sma11. 

In examining the bedload discharge plots i t was noticed that 
the data sometimes displayed an apparent seasonal hysteresis. 
However, the direction of the hysteresis was not consistent from 
year to year. In some years the r i s i n g limb bedload rates were 
systematically higher than the f a l l i n g limb rates. In other years 
the reverse situation was observed. In an attempt to explain some 
of these effects multiple regression techniques were used in 
order to include a number of independent variables such as 
hydraulic parameters (mean velocity, depth), flow parameters 
(rate of change of discharge, discharge on the day preceding 
measurement) and suspended sediment parameters (total 
concentration, sand concentration). F i n a l l y the data were s p l i t 
into r i s i n g limb/falling limb categories and separate regressions 
were developed for each group. None of these efforts consistently 
improved the estimation of the transport rates. We conclude that 
the seasonally variable behaviour most l i k e l y i s related to 
erosional and depositional events along the channel upstream, and 
follows no consistent fashion. 

Therefore the annual bedload rates were estimated on the 
basis of simple one variable regressions. However, separate 
rating curves were developed for the loads measured above and 
below a discharge of 4000 m3/s. This distinguished the 
predominantly sand transport at low flows from the predominantly 
gravel transport at higher flows. Furthermore this separation 
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e n s u r e s t h a t the p r e d i c t e d t r a n s p o r t r a t e s a t the low f l o w s w i l l 

be based on the VUV measurements w h i l e the p r e d i c t i o n s a t h i g h 

f l o w s w i l l be based p r i m a r i l y on t h e b a s k e t measurements. The two 

r a t i n g c u r v e s i n t e r s e c t a t a d i s c h a r g e 7000 m 3/s ( F i g u r e 3 3 ) . 

T a b l e 12 summarises t h e a n n u a l b e d l o a d t r a n s p o r t a t A g a s s i z 

between 1967 and 1968, as e s t i m a t e d from the d a i l y r a t i n g c u r v e . 

The a n n u a l b e d l o a d r a t e a v e r a g e d 170 000 t o n n e s / y e a r between 1967 

- 1982, and ranged from 520 000 t o n n e s / y e a r i n 1972 t o 60 000 

t o n n e s / y e a r i n 1978. The s i z e d i s t r i b u t i o n of t h e b e d l o a d was 

assumed t o be s i m i l a r t o the s i z e d i s t r i b u t i o n of the v o l u m e t r i c 

bed m a t e r i a l samples taken from t h e b a r s near A g a s s i z . T h i s 

a s s u m p t i o n i s r e a s o n a b l e s i n c e the bar d e p o s i t s r e p r e s e n t b e d l o a d 

m a t e r i a l i n s t o r a g e . Based on t h i s a s s u m p t i o n i t was e s t i m a t e d 

t h a t about 15 % of t h e b e d l o a d w i l l c o n s i s t of sand ( p r i m a r i l y i n 

the 0.25 - 1.0 mm s i z e range) and 85 % w i l l c o n s i s t of g r a v e l 

( p r i m a r i l y i n the 16 - 45 mm r a n g e ) . I t remains p o s s i b l e t h a t the 

VUV sampler t r a p s a minor p r o p o r t i o n of suspended sediment near 

the bed, which may i n f l a t e the b e d l o a d t r a n s p o r t e s t i m a t e s 

s l i g h t l y . 

The p r e c i s i o n of the a n n u a l l o a d s was computed from the 

c o n f i d e n c e l i m i t s on the b e d l o a d r a t i n g c u r v e r e g r e s s i o n l i n e s . 

The c o n f i d e n c e i n t e r v a l on the " t r u e " p o s i t i o n of the r a t i n g c u r v e 

can be e x p r e s s s e d a s : 

where SEE i s t h e s t a n d a r d e r r o r of t h e r e g r e s s i o n 
t< i s t h e t - s t a t i s t i c w i t h n-2 d e g r e e s of freedom 
S i n c e the r a t i n g c u r v e s were based on power law 
r e g r e s s i o n s x and y a r e t h e l o g t r a n s f o r m s of the 
d i s c h a r g e and sediment t r a n s p o r t r a t e . 

(22) y + t*. SEE 
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The one s t a n d a r d e r r o r c o n f i d e n c e l i m i t s on t h e r a t i n g c u r v e l i n e 

v a r i e d from +17.5% t o -15% a t a f l o w of 7500 m 3/s and from +30% 

t o -23% a t 14 000 m 3/s. The u n c e r t a i n t y i n the a n n u a l l o a d was 

e s t i m a t e d as f o l l o w s : 

1. t h e c o n f i d e n c e i n t e r v a l (measured i n per c e n t ) on the 
r a t i n g c u r v e e s t i m a t e was computed f o r f l o w s r a n g i n g 
from 3000 m 3/s t o 15 000 m 3/s; 

2. t h e f r a c t i o n of t h e t o t a l a n n u a l l o a d i n each f l o w 
i n t e r v a l was computed t o produce a w e i g h t i n g f a c t o r , 

V 
3. t h e r e l a t i v e e r r o r i n t h e a n n u a l l o a d was t h e n e s t i m a t e d 

as t h e sum of t h e w e i g h t e d e r r o r s i n each f l o w i n t e r v a l , 
ZW. E /. 

T h i s c a l c u l a t i o n i n d i c a t e d the e s t i m a t e d a n n u a l l o a d s c o u l d be 

s p e c i f i e d w i t h i n +20% w i t h a one s t a n d a r d e r r o r c o n f i d e n c e 

i n t e r v a l or t o w i t h i n +40% w i t h a two s t a n d a r d e r r o r c o n f i d e n c e 

i n t e r v a l . T h i s can be r e s t a t e d by s a y i n g t h e r e i s a 68% chance 

t h a t t h e " t r u e " a n n u a l b e d l o a d r a t e w i l l be w i t h i n 20% of the 

e s t i m a t e d v a l u e and a 95% chance t h a t the " t r u e " r a t e w i l l be 

w i t h i n 40% of the e s t i m a t e . By c o m p a r i s o n , the one s t a n d a r d 

e r r o r c o n f i d e n c e i n t e r v a l s on the d a i l y b e d l o a d measurements 

ranged from +40% t o +58% u s i n g the Monte C a r l o s i m u l a t i o n s . 

F i g u r e 34 shows the f r a c t i o n of the t o t a l b e d l o a d 

t r a n s p o r t e d by d i f f e r e n t d i s c h a r g e s over the p e r i o d 1967 t o 1982. 

T h i s h i s t o g r a m i l l u s t r a t e s t h a t the f l o w s near 8000 m 3/s 

a c c o u n t e d f o r the l a r g e s t f r a c t i o n of t h e t o t a l b e d l o a d t r a n s p o r t 

over the 16 y e a r p e r i o d . D i s c h a r g e s over 10 000 m 3/s 

( a p p r o x i m a t e l y a 5 y e a r f l o o d ) a c c o u n t e d f o r 24% of t h e t o t a l 

b e d l o a d . T h e r e f o r e the r e l a t i v e l y f r e q u e n t , moderate f l o w s 

a c c o u n t f o r t h e l a r g e s t p r o p o r t i o n of t h e t o t a l b e d l o a d 
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t r a n s p o r t . Based on the h y d r a u l i c measurements a t t h e gauge s i t e , 

the s h e a r s t r e s s a t a f l o w 8000 m 3/s was found t o be o n l y about 50% 

h i g h e r than t h e c r i t i c a l s hear s t r e s s r e q u i r e d f o r m o b i l i s i n g the 

s u r f a c e armour ( P a r k e r e t a l . , 1982). T h i s i l l u s t r a t e s t h a t t h e 

g r e a t e s t p r o p o r t i o n of the t r a n s p o r t r a t e s t a k e p l a c e when t h e 

b e d l o a d movement i s weakly e s t a b l i s h e d . At c o n d i t i o n s near 

t h r e s h o l d , minor changes i n the s t a t e of the bed ( s u c h as the 

s u r f a c e s i z e d i s t r i b u t i o n , e x t e n t of i m b r i c a t i o n ) can i n d u c e v e r y 

l a r g e r e l a t i v e changes i n the t r a n s p o r t r a t e s . T h e r e f o r e , f o r 

most of the a n n u a l l o a d , the b e d l o a d t r a n s p o r t r a t e s w i l l not show 

a v e r y s y s t e m a t i c r e l a t i o n w i t h l o c a l h y d r a u l i c c o n d i t i o n s . T h i s 

makes i t v e r y d i f f i c u l t t o p r e d i c t t h e t r a n s p o r t r a t e s from 

t h e o r e t i c a l f o r m u l a e (Mannerstrom and McLean, 1985). 

5.5 A n a l y s i s of M i s s i o n B e d l o a d Data 

F i g u r e 35 i l l u s t r a t e s i n d i v i d u a l M i s s i o n b e d l o a d 

measurements from 1972 and 1974. A c o m p o s i t e d i a g r a m based on 

measurements i n 1968, 1972, 1974 and 1979 i s shown i n F i g u r e 36. 

The M i s s i o n b e d l o a d d a t a show c o n s i d e r a b l e s c a t t e r ; i n 1974 t h e 

t r a n s p o r t r a t e s v a r i e d over a f a c t o r of f i v e ( i . e . +67%) under 

v i r t u a l l y c o n s t a n t d i s c h a r g e c o n d i t i o n s . T h i s s c a t t e r i s g r e a t e r 

than th e e x p e c t e d +25% t o +40% s a m p l i n g e r r o r s a s s o c i a t e d w i t h 

s p a t i a l and t e m p o r a l v a r i a t i o n s i n t r a n s p o r t r a t e s d i s c u s s e d i n 

S e c t i o n 5.3. F u r t h e r m o r e , the a v a i l a b l e h y d r a u l i c measurements 

show v e r y c o n s i s t e n t r e l a t i o n s w i t h d i s c h a r g e and d i s p l a y v e r y 

l i t t l e s c a t t e r ( F i g u r e 6 ) . However v a r i a t i o n s i n bedform 

c h a r a c t e r i s t i c s , c h a n n e l r e s i s t a n c e , water s u r f a c e s l o p e and 

water t e m p e r a t u r e c o u l d a l l a f f e c t the t r a n s p o r t r a t e s i n a 
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complex manner. I n t e n s i v e f i e l d s t u d i e s would be r e q u i r e d t o 

measure t h e s e e f f e c t s . N e v e r t h e l e s s , the e r r o r a n a l y s i s i m p l i e s 

t h a t about h a l f of the s c a t t e r on the b e d l o a d d i s c h a r g e p l o t s can 

be a s s o c i a t e d d i r e c t l y t o measurement i m p r e c i s i o n . 

As a p r e l i m i n a r y s t e p i n a n a l y s i n g the M i s s i o n b e d l o a d d a t a , 

s i m p l e power law r e g r e s s i o n s were c a r r i e d out on the 1968, 1972, 

1974 and 1979 d a t a s e t s . The s e t s were a l s o combined t o produce 

an o v e r a l l r a t i n g c u r v e based on 107 d a t a p o i n t s . The a n n u a l 

b e d l o a d r a t e s between 1966 and 1982 were computed by summing the 

e s t i m a t e d d a i l y l o a d s . The p r e d i c t e d a n n u a l l o a d s (based on the 

o v e r a l l r a t i n g c u r v e ) v a r i e d between 200 000 t o n n e s / y e a r i n 1972 

and o n l y 30 000 t o n n e s / y e a r i n 1979, and a v e r a g e d about 100 000 

t o n n e s / y e a r . These e s t i m a t e s were found t o be s u b s t a n t i a l l y lower 

(by about a f a c t o r of 5) than the p r e l i m i n a r y f i g u r e s p u b l i s h e d 

f o r t he y e a r s 1967-1969 (Tywoniuk, 1972). A p o r t i o n of t h i s 

d i s c r e p a n c y i s due t o t h e f a c t t h a t t h e p r e l i m i n a r y WSC e s t i m a t e s 

were based on an Arnhem sampler e f f i c i e n c y of 0.28, which i s 2.5 

ti m e s lower than the c u r r e n t l y recommended v a l u e . T h i s s t i l l 

l e a v e s a d i s c r e p a n c y of r o u g h l y a f a c t o r of 2 t h a t can not be 

e x p l a i n e d . The cause of t h i s d i s c r e p a n c y i s s t i l l under 

i n v e s t i g a t i o n . 

F i g u r e 37 compares the measured i n s t a n t a n e o u s bed l o a d and 

suspended bed m a t e r i a l l o a d a t M i s s i o n on days when c o n c u r r e n t , 

samples were c o l l e c t e d . T h i s p l o t shows t h a t the r a t i o of bed 

l o a d t o suspended bed m a t e r i a l l o a d (sand >0.125 mm) v a r i e d 

between about 1% and 4%, and a v e r a g e d 2%. By c o m p a r i s o n , the j 

r a t i o of e s t i m a t e d a n n u a l bed l o a d / a n n u a l bed m a t e r i a l l o a d 

i 
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a v e r a g e d about 3%. These f i g u r e s i l l u s t r a t e t h a t the b e d l o a d 

makes up a v e r y s m a l l f r a c t i o n of the t o t a l bed m a t e r i a l l o a d . In 

f a c t , the magnitude o f t h e b e d l o a d r a t e s i s g e n e r a l l y l e s s t h an 

the e x p e c t e d e r r o r s i n the measurements of t h e suspended bed 

m a t e r i a l l o a d . T h e r e f o r e , the suspended bed m a t e r i a l l o a d i s by 

f a r the most i m p o r t a n t parameter f o r e v a l u a t i n g c h a n n e l 

s e d i m e n t a t i o n p r o c e s s e s i n the sand-bed p o r t i o n of the r i v e r . 

F i g u r e 38 shows s e p a r a t e r a t i n g c u r v e s f o r the b e d l o a d and 

bed m a t e r i a l l o a d a t M i s s i o n . A l s o shown a r e p r e d i c t e d bed 

m a t e r i a l l o a d s from a number of t h e o r e t i c a l sediment t r a n s p o r t 

e q u a t i o n s . I t was found t h a t b o t h th e A c k e r s - W h i t e e q u a t i o n and 

T o f a l e t t i ' s e q u a t i o n f i t the f i e l d measurements q u i t e c l o s e l y 

( g e n e r a l l y w i t h i n a f a c t o r of 0.5 t o 2.0 t i m e s ) . These e q u a t i o n s 

have b o t h been c a l i b r a t e d on l a r g e sand bed r i v e r s and have been 

found t o p e r f o r m w e l l (White e t a l . , 1975). F u r t h e r t e s t i n g of 

t h e s e t h e o r e t i c a l sediment t r a n s p o r t e q u a t i o n s s h o u l d be c a r r i e d 

out b e f o r e they a r e used f o r e s t i m a t i n g bed m a t e r i a l l o a d s on t h e 

sand bed p o r t i o n of t h e lower F r a s e r R i v e r . 

6.0 AGASSIZ - MISSION SEDIMENT BUDGET 

6.1 Long-term V a r i a t i o n s 

T a b l e s 11 and 12 summarise the e s t i m a t e d a n n u a l suspended 

l o a d and b e d l o a d t r a n s p o r t r a t e s by s i z e f r a c t i o n a t A g a s s i z and 

M i s s i o n . A p p r o x i m a t e l y 150 000 t o n n e s / y e a r of g r a v e l m a t e r i a l 

( c o a r s e r t h a n 2 mm) was t r a n s p o r t e d p a s t A g a s s i z between 1967 and 

1982. The Arnhem bed l o a d samples a t M i s s i o n showed g r a v e l 

s ediments c o m p r i s e d o n l y 1.5% of t h e b e d l o a d t h e r e , which 
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c o r r e s p o n d s t o g r a v e l t r a n s p o r t p a s t M i s s i o n of r o u g h l y 2000 

t o n n e s / y e a r . T h e r e f o r e a p p r o x i m a t e l y 2.4 m i l l i o n t o n n e s of g r a v e l 

s e d i m e n t s were d e p o s i t e d i n the A g a s s i z - M i s s i o n r e a c h between 

1967 and 1982 and r o u g h l y 5 m i l l i o n t o n n e s has been d e p o s i t e d 

s i n c e 1950. 

Comparison of the e x t e n s i v e m o r p h o l o g i c s u r v e y s t h a t were 

c a r r i e d out i n 1950 and 1984 (McLean, 1985) s h o u l d p r o v i d e 

independent c o n f i r m a t i o n of t h e s e e s t i m a t e s . The s u r v e y 

c o m p a r i s o n s w i l l a l s o i n d i c a t e t h e p a t t e r n of d e p o s i t i o n a l o n g 

the c h a n n e l . 

The mean a n n u a l t o t a l suspended l o a d s a t Hope, A g a s s i z and 

M i s s i o n a l l agree w i t h i n 1% over the p e r i o d of common r e c o r d 

between 1967-1979. T - t e s t s on the a n n u a l d i f f e r e n c e s between Hope 

- A g a s s i z , A g a s s i z - M i s s i o n and M i s s i o n - Hope a l l c o n f i r m e d the 

a n n u a l t o t a l suspended l o a d s a r e not s t a t i s t i c a l l y d i f f e r e n t (at 

o= ,0,1 s i g n i f i c a n c e l e v e l ) . 

The e s t i m a t e d a n n u a l sand l o a d s a t M i s s i o n exceeded the 

A g a s s i z l o a d s by 550 000 t o n n e s / y e a r on a v e r a g e between 1967 -

1982. T h i s l o n g term d i f f e r e n c e was s t a t i s t i c a l l y s i g n i f i c a n t at 

«= ' 0.1. In y e a r s c h a r a c t e r i s e d by u n u s u a l l y l a r g e f r e s h e t s ( s u c h 

as 1967, 1972, 1974 and 1982), th e a n n u a l sand l o a d a t M i s s i o n 

exceeded the l o a d a t A g a s s i z and Hope by as much as 20 - 40%. 

These d i f f e r e n c e s a r e s u b s t a n t i a l l y l a r g e r t han the e x p e c t e d 

measurement e r r o r s . F o r example, i n 1972 t h e sand l o a d a t M i s s i o n 

exceeded the l o a d a t A g a s s i z and Hope by 4 m i l l i o n t o n n e s . . 

A p p a r e n t l y i n some y e a r s l a r g e q u a n t i t i e s of p r e d o m i n a n t l y sand 

s i z e d sediment can be d e r i v e d from th e A g a s s i z - M i s s i o n r e a c h . 

Based on the p u b l i s h e d sediment r e c o r d s from th e C h i l l i w a c k R i v e r 
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a t Vedder C r o s s i n g i t i s a p p a r e n t t h a t the sediment i n f l o w s from 

t r i b u t a r i e s between M i s s i o n and A g a s s i z a r e n e g l i g i b l e i n 

com p a r i s o n t o some of the o b s e r v e d i n c r e a s e s i n a n n u a l l o a d a t 

M i s s i o n . The s o u r c e of t h i s s e d i m e n t i s s t i l l under 

i n v e s t i g a t i o n . 

6.2 S h o r t - t e r m V a r i a t i o n s 

Comparison of the a v e r a g e monthly l o a d summaries i n F i g u r e s 

15 and 16 i n d i c a t e t h a t the sand l o a d a t M i s s i o n i n May i s 

c h a r a c t e r i s t i c a l l y lower than a t A g a s s i z . C o n v e r s e l y , t h e sand 

l o a d i n June i s c o n s i d e r a b l y h i g h e r a t M i s s i o n than a t A g a s s i z . 

T h i s i n d i c a t e s t h a t s u b s t a n t i a l q u a n t i t i e s of sand a r e b e i n g 

s t o r e d i n t h e A g a s s i z - M i s s i o n r e a c h on the r i s i n g l i m b of t h e 

f r e s h e t and then a r e d e f l a t e d from the r e a c h on t h e f a l l i n g l i m b . 

These s t o r a g e changes were examined f u r t h e r by computing t h e 

c u m u l a t i v e d i f f e r e n c e between t h e t o t a l suspended l o a d a t A g a s s i z 

and M i s s i o n , "D( t )•", ' a t d a i l y i n t e r v a l s over t h e y e a r : 

(23) D ( t ) = ? ( ( g . M i s s i o n - g . A g a s s i z ) 

F i g u r e 39 i l l u s t r a t e s t h e v a r i a t i o n of t h e c u m u l a t i v e j 

d i f f e r e n c e s o v e r the 1968, and 1972 f r e s h e t s . The 1968 d a t a show 

t h a t even when the a n n u a l l o a d s a t A g a s s i z and M i s s i o n a r e j 

v i r t u a l l y i d e n t i c a l , s y s t e m a t i c v a r i a t i o n s i n t r a n s p o r t r a t e s may 

take p l a c e between s t a t i o n s . On t h e r i s i n g l i m b of t h e f l o o d i n 

May t h e i n c o m i n g l o a d a t A g a s s i z c o n s i s t e n t l y e x c e e d e d the l o a d 
• i • • 

a t M i s s i o n w h i l e a f t e r June 1st t h e l o a d s a t A g a s s i z were 

c o n s i s t e n t l y lower than a t M i s s i o n . i 

The change from sediment a c c u m u l a t i o n t o sediment d e p l e t i o n 

c o i n c i d e d w i t h t h e o n s e t of s u p p l y e x h a u s t i o n a t A g a s s i z . T h i s 
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p a t t e r n of sediment a c c u m u l a t i o n on t h e r i s i n g l i m b of the f l o o d 

o c c u r r e d i n v i r t u a l l y e v e r y y e a r . In most y e a r s a p e r i o d of 

sediment d e p l e t i o n took p l a c e on t h e f a l l i n g l i m b so t h a t the net 

change i n sediment s t o r a g e w i t h i n t h e r e a c h a t the end of the 

f r e s h e t was v i r t u a l l y z e r o . 

F i g u r e 3$ a l s o shows the p a t t e r n i n 1972 when s u b s t a n t i a l 

net sediment d e p l e t i o n o c c u r r e d . T h i s p l o t shows t h a t the 

sediment d e p l e t i o n took p l a c e on the f a l l i n g l i m b of the f r e s h e t 

a f t e r a p e r i o d of i n i t i a l sediment a c c u m u l a t i o n . 

E x a m i n a t i o n of s i m i l a r p l o t s o v e r the f u l l r e c o r d (not 

i l l u s t r a t e d ) makes c l e a r t h a t modest net a c c u m u l a t i o n o c c u r s i n 

the A g a s s i z - M i s s i o n r e a c h i n most y e a r s , and i s then removed i n 

e x c e p t i o n a l f l o o d s (1967, 1972, 1974). The i n d i v i d u a l a n n u a l 

a c c u m u l a t i o n s f e l l w i t h i n a n n u a l c o m p i l a t i o n e r r o r , but the 

e p i s o d i c l o s s exceeds i t . The s t o r a g e a r e a and exchange 

mechanisms f o r t h i s m a t e r i a l remain t o be d e t e r m i n e d . 

48 



7.0 SUMMARY AND CONCLUSIONS 

The main emphasis of t h i s s t u d y has been t o p r o v i d e 

e s t i m a t e s of the a n n u a l suspended l o a d and b e d l o a d t r a n s p o r t 

a l o n g the lower F r a s e r R i v e r . The e s t i m a t e s have been based on 

the Water Survey of Canada measurements a t Hope, A g a s s i z and 

M i s s i o n d u r i n g the p e r i o d 1965 - 1982. P a r t i c u l a r a t t e n t i o n has 

been g i v e n t o a s s e s s i n g t h e r e l i a b i l i t y of t h e measurements and 

t o d i s t i n g u i s h i n g the wash l o a d and bed m a t e r i a l l o a d components. 

Methods f o r e s t i m a t i n g t h e a n n u a l l o a d s have a l s o been d e v e l o p e d . 

The p r i n c i p l e f i n d i n g s from the s t u d y a r e as f o l l o w s : 

1. The a n n u a l t o t a l suspended l o a d s a t Hope, A g a s s i z and M i s s i o n 

a r e v i r t u a l l y i d e n t i c a l o v e r th e p e r i o d of r e c o r d . The a n n u a l 

suspended l o a d a v e r a g e d 17 400 000 t o n n e s / y e a r d u r i n g the p e r i o d 

1966-1983. 

2. Moderate f l o w s a round t h e 1.5 y e a r r e t u r n p e r i o d , a c c o u n t f o r 

the g r e a t e s t p r o p o r t i o n o f the l o n g term suspended l o a d . More 

extreme f l o o d f l o w s o c c u r so r a r e l y t h a t the c u m u l a t i v e 

c o n t r i b u t i o n from t h e s e e v e n t s i s r e l a t i v e l y m i n o r. 

3. In t h e g r a v e l bed p o r t i o n of the r i v e r a t A g a s s s i z and Hope 

v i r t u a l l y a l l of the suspended sand l o a d behaves as wash l o a d . As 

a r e s u l t , t h e suspended sand l o a d i s g o v e r n e d p r i m a r i l y by t h e 

r a t e of upstream sediment s u p p l y and not by l o c a l c h a n n e l 

h y d r a u l i c s . 

4. In the sand bed r e a c h a t M i s s i o n , v e r y f i n e sand (0.063 -

0.125 mm) makes up n e a r l y 50% of t h e suspended sand l o a d , but i s 
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v i r t u a l l y a b s e n t i n most bed m a t e r i a l samples. T h e r e f o r e a 

p o r t i o n of the sand l o a d a t M i s s i o n can be c o n s i d e r e d as wash 

l o a d . 

5. At M i s s i o n the bed m a t e r i a l l o a d was found t o c o n s i s t of sand 

c o a r s e r than 0.125 mm and f i n e g r a v e l . The suspended bed m a t e r i a l 

l o a d makes up o n l y about 19% of the t o t a l suspended l o a d . 

6. At M i s s i o n , a p p r o x i m a t e l y 50% of the suspended bed m a t e r i a l 

l o a d i s t r a n s p o r t e d w i t h i n 2 m of the r i v e r bed. S i n c e bedforms 

a t M i s s i o n f r e q u e n t l y r e a c h up t o 2 m i n h e i g h t , t h e r e i s no 

c l e a r d i s t i n c t i o n between suspended bed m a t e r i a l l o a d and 

b e d l o a d . 

7. The l o a d s measured w i t h the Arnhem b e d l o a d sampler a t M i s s i o n 

c o m p r i s e d o n l y about 2% of the suspended bed m a t e r i a l l o a d . The 

magnitude of t h e b e d l o a d r a t e s i s s m a l l e r t h an th e e x p e c t e d 

e r r o r s a s s o c i a t e d w i t h the d e p t h - i n t e g r a t e d suspended l o a d 

measurements. Hence, the suspended l o a d measurements a r e 

o v e r w h e l m i n g l y dominant i n d e t e r m i n i n g bed s t a b i l i t y i n the sand-

bed r e a c h . 

8. The a n n u a l sand l o a d or bed m a t e r i a l l o a d a t M i s s i o n can be 

p r e d i c t e d w i t h an RMS e r r o r of about 10% from t h e June monthly 

fl o w and a n n u a l r u n o f f volume a t Hope. The a n n u a l r u n o f f volume 

a l o n e was a l s o found t o be a good p r e d i c t o r of the a n n u a l 

suspended l o a d a t M i s s i o n . The r e s u l t s of t h i s s t u d y show t h a t i t 

may be q u i t e f e a s i b l e t o f o r e c a s t t h e a n n u a l sand l o a d i n t h e 

n a v i g a b l e p o r t i o n of the r i v e r below New W e s t m i n s t e r from r o u t i n e 
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r u n o f f f o r e c a s t s i n A p r i l or May. 

9. S i g n i f i c a n t g r a v e l t r a n s p o r t b e g i n s t o o c c u r a t A g a s s i z a t a 

d i s c h a r g e of 4000 t o 5000 m 3/s. In s p i t e of t h i s t h r e s h o l d 

c o n d i t i o n , i t was found t h a t moderate f l o w s near t h e 1.5 y e a r 

f l o o d r e t u r n p e r i o d a c c o u n t f o r t h e l a r g e s t p r o p o r t i o n of the 

l o n g term b e d l o a d t r a n s p o r t . 

10. The a n n u a l b e d l o a d t r a n s p o r t a t A g a s s i z a v e r a g e d 

a p p r o x i m a t e l y 175 000 t o n n e s / y e a r between 1967 and 1982. 

A p p r o x i m a t e l y 85% of t h i s l o a d c o n s i s t e d of g r a v e l s e d i m e n t s 

c o a r s e r t h a n 2 mm. 

11. The g r a v e l t r a n s p o r t p a s t M i s s i o n i s about two o r d e r s of 

magnitude s m a l l e r than t h e g r a v e l t r a n s p o r t a t A g a s s i z . 

A p p r o x i m a t e l y 2.4 m i l l i o n tonnes of g r a v e l s e d i m e n t s have been 

d e p o s i t e d i n t h e A g a s s i z - M i s s i o n r e a c h between 1967 and 1982, 

and r o u g h l y 5 m i l l i o n t o n n e s have been d e p o s i t e d s i n c e 1950. 

12. Over the l o n g term, th e suspended sand l o a d a t A g a s s i z i s 

a p p r o x i m a t e l y e q u a l t o t h e l o a d a t M i s s i o n . However, i n some 

y e a r s t h e a n n u a l sand l o a d a t M i s s i o n may e x c e e d t h e A g a s s i z l o a d 

by 25 t o 40%. In t h e s e y e a r s s u b s t a n t i a l q u a n t i t i e s of sand must 

be e n t r a i n e d i n the A g a s s i z - M i s s i o n r e a c h , e i t h e r from bank 

e r o s i o n o r c h a n n e l s c o u r . T h i s emphasises th e r e q u i r e m e n t t o have 

any e v e n t u a l f o r e c a s t system f o r sand d e l i v e r y t o t h e e s t u a r y 

based on r i v e r b e h a v i o u r a t M i s s i o n or downstream. 

13. Complex, s h o r t term changes i n s e d i m e n t s t o r a g e a l s o o c c u r i n 

t h e A g a s s i z - M i s s i o n r e a c h . T y p i c a l l y , sediment a c c u m u l a t e s 
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d u r i n g the r i s i n g l i m b of the f l o o d and then i s removed d u r i n g 

the f a l l i n g l i m b . 
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TABLE 2 

DISCHARGE SUMMARY FOR LOWER FRASER RIVER 

STATION WSC 
REF 

PERIOD DRAINAGE 
AREA 

km2 

HOPE 08MF005 1912-1984 217000 
HOPE 08MF005 1966-1984 217000 
AGASSIZ 08MF035 1966-1984 2 17870 
MISSION 08MH024 1966-1984 228000 

MINIMUM 
DAILY 
FLOW 
m3/s 

340 
527 
470 
648 

MEAN 
ANNUAL 
FLOW 
m3/s 

2730 
2826 
2880 
3410 

MEAN 
JUNE 
FLOW 
m3/s 

7030 
7215 
7180 
8140 

MEAN 
ANNUAL 
FLOOD 

m3/s 

8766 
8586 
8760 
9790 

FLOOD 
OF 

RECORD 
m3/s 
15200 
12900 
13100 
14400 

TABLE 3 
CHANNEL CHARACTERISTICS AT GAUGING SITES 

HOPE 

AGASSIZ 

REF FLOW 0 V 0 I W S BED MATERIAL 
m3/s m/s m m Surface Subsurface 

mm mm 
08MF005 LTM 2830 1 . .5 7 . 9 240 .0006 D90 180 128 

mean June 7030 2 . 8 9. 7 258 D75 130 60 
MAF 8766 3 . .2 10. 1 268 D50 100 30 
5yr 10200 3 . 5 1 1 . 1 270 D25 75 7 
10yr 1 1500 3 . .7 1 1 . 5 270 D10 40 1 

1972 flood 12900 4 . .0 11. 7 275 
08MF035 LTM 2880 1 . . 4 4 . 1 500 .00048 09O 80 80 

mean June 7180 2. . 3 6. 1 509 D75 56 50 
MAF 8760 2. .6 6 . 6 512 D50 42 25 
5yr 10300 2 .8 7 . 1 513 D25 30 8 
10yr 11600 3 .0 7 . 5 515 01O 20 2 

1972 flood 13100 3 .2 7 . 9 516 

082H024 LTM 3410 0 .7 9.4 518 .00005 D90 8 
mean June 8140 1 . 3 12. 530 D75 0.5 

MAF 9790 1 .5 12.6 540 D50 0.38 
5yr 1 1500 1 .6 13.2 550 D25 0. 20 
10yr 13000 1 , .7 13.7 552 D10 0. 15 

1972 flood 14400 1 .9 14. 1 555 

Notes: 

LTM = Long term mean discharge 
MAF = Mean Annual Flood 
Flow s t a t i s t i c s for period 1966-1984 



TABLE 4 

ANNUAL TOTAL SUSPENDED LOADS ON LOWER FRASER RIVER 
(loads In tonnes/year) 

YEAR MISSION AGASSIZ HOPE 

1966 19273000 19746000 
1967 26071000 25333000 23437000 
1968 20927000 21359000 23626000 
1969 13928000 12769000 1317 1000 
1970 11499000 12392000 12003000 
1971 17531000 18023000 16308000 
1972 30954000 28029000 29061000 
1973 12220000 13839000 16151000 
1974 24938000 24134000 23230000 
1975 11975000 11238000 12031000 
1976 24883000 25808000 27637000 
1977 14535000 12745000 12415000 
1978 12297000 10651000 8993000 
1979 15008000 14721000 15539000 
1980 10908000 9497000 
1981 12366000 12048000 
1982 255G2000 23329000 
1983 8093000 8735000 

1966-1983 17387000 
1967-1983 17276000 16744000 
1966-1979 18289000 18096000 
1967-1979 18213000 17772000 17969000 



CM 
Or 

or 
L U co £ 
UJ L U 
CJ L U 
L U 1/1 

Q 
i 

CM 

o 
CM 
Tf 

o 
0 1 

in 

or 
< cn 
3 t-
z z 
< U J 

•D C J 

O 
O 

l 
U J o 
r» cn 
— I D 

0 ) • 

CM — 

II 

ui O 
r- 0 ) 
OO CO 

CM in 
n ' o i i 
L U UJ L U UJ UJ 
CM oo in I D r*-
0 1 I D 17) * - I D 

CM CN CO CM 

— O J 0 ) — co 

O — CM CO 
< < < < < 

CO 
< 

0 1 0 1 CM 

O 
+ 

CO 0 0 I D in 
o 
* 
o 

or L U t- r- * UJ UJ co CO T— z 1/1 co in CO CO Tf CO < o z £ HH o UJ * + 
1 - HH C J 

< CO 1- UJ in o C O < O m t - CO 1 < < 
o Tt _J 1 - in in CO 1 1 Ul 
UJ UJ i Z i i UJ UJ UJ UJ C D n ti 

or UJ UJ Tt UJ Tf 0 0 0 1 t- O I D z b UJ C J r- O O O f- CM C N O C N T 3 •o o * UJ - Z HH o o 0 ) O 
CM in o O co C c HH * > 3 u. Tt Tf T- Tt CM I D • ro ra (/) or " 3 U. CM T- CM . . 1 in in l/> O L U 1 C J o 

UJ O C J o II II II II II n II 

or C J II II O — CM CO Tf 
a CM C 3 < 0 0 < CQ < < < < < Ui Z ID > or 1 C D I—4 > in H L -
z O -H UJ < f—. D u 
o -—- -p- _J or VI 0 

1—1 * c CO » I D -H 0 1 
1 - C P D < o C N I D I D in — 0 1 c 
o Tt 1 - z or CO co oo c c -.-< Tt C < ,—- • 3 4- ' 

or OO -1 l/l > 10 in 10 
u_. in w < -H £. 10 c 

O > £ •i~ +J c 
D cn UJ c —- c in - •— 
z O CM 1—1 1 UJ o 3 O CM l- 3 (0 

< in • •< in CO co <0 <o 
II r- O Q > C C . i 

or i — •— T T 0 

z O O II Z < • - • CM 1 L - " c 
o z o 3 in C D CO CM O 1 L U CU > 

< II UJ (—1 Z (- I D i L U UJ UJ UJ 0 1 3 ,— 
l/l 1/>CNJ UJ in < z I UJ in T T I D Tf I D 0 0 

l/l 0 2 i/> in " 3 UJ UJ I D — in r~ Tt oi a a 
1—1 HH O r- C N 0 0 CM CM Ul 0 ) CM CM 

£ HH 0 1 CO I D CO r- 0 0 • 

li CO 0 1 • • 1 in 
li- CM CM 1 1 ai 
UJ II II II II II 
o II II II II O — CM CO Tt 0 

o < C O < CO < < < < < z 
, _ 

3 •H 3 10 
10 in IS ai 
i — •— E Z Q in 0 

O O l_ T 3 c c 
in I <D to 01 > < i - 3 3 T 3 •— 
L U L U 0 10 0 10 0 

in £ a (0 a a 
m 
10 



< O o o o o O O O O o O o O O O o o o 
t-H O O O O O O O O O o O o O o O o o o CO CM CO CO CD — CD CM LO r- CO r - T- CO Tf CO r~ 
o i n CD CM CM 0) O CM cn » 01 co r— -t— CM r- in CO 

z co co oi O 00 O CO TT 01 CO CM o CD i— in CO 

> f I D in O — ~t —• 01 CO co in CM Tf Tf CM in m 
- J 00 01 CD Tf CO CO LT) O CO Tf Tf Tf Tf i n cn r -

o L U a. 
> a. 
3 
O o 3 L U 

C 3 < f- Q O O O O O O O O o o o O o O O O O 
Z CO L O O O O O O O O O O o o o O o O o o o t—i < 3 — 00 CM CO 01 CM CM T- t~ i n r - CO CM r> CO oo Tf r -
I- _ t-H •o f - is O M n CD CD CM O CD 0) CO r » co CO CD r -
< L U CO O r~ Tf Tt r - O Tf — O CO 01 CO 01 in Tt o in _ 3 < in CM CO — CM — t- 0) t- CO o CM CM CM 01 01 

O co CO O CD TT co co in —• CD CM Tf Tf Tf Tf m 0) r~ 
a. — — -— T~ •r-

< 
3 
Z 
Z 

L O < 3 a 
2 < L U O o o o o O O O O o o Q O o O O O O 
O _ J K O o o o o O O O O o o 5 O o o o O O r— L O in CD CD O — CD CO CO 01 1- CM CD CO C O CO CO 
r- cr O 3 O r- CM CM C O r~ O 01 oi o Tf— in T— CD CO in CO CO 
O L U z "D in O f- — in Tr in to — CM *~ CM CO 01 00 cc i— 0) 
t-i 3 O 03 CO CO — t- in r- co oi CM 1— o l> CO co r- CM 
Q O < r- CM 0) CD CO r- TJ- Tt o CD Tf— Tf CO CO CO Tf Ol r -
U J a r- -r- t— Tf— 
cr 
o. L. 

(0 
o CO 
< > L O 

o L U 

_i in > < 
di cr t-H Q O O O O o o o o o o o O o o o o o a c 3 E O o o o o O O O O o o O O o o o o o 2 c O O f - O CM t> r - co f - in co Tf— CM 01 CD CM 00 CO r~ < 0 z CD B l O r - O 01 01 r~ -r- o in 01 r~ CM Tf CO co 

co t- a > — Tt CO CO 00 in Tt in CD CD o C O CM .— CM CM CM 

z _ l CD O CD 01 CD C D in Tf co in O T- r - CD CO in O l 
—i c t-l o r- — oo in Tf r - co Tf o in n co co CO Tf co CD < r- a -— »— Tf- co CD 

< 
2 in CC o 
Z T J ' 3 L U 

< 10 CD K O O O Q O O O O O o Q Q g o Q o o O — - J L O C O O O O O O O O O O O 5 o O 5 o o 2 — I-H < 3 CD t V C) <J co in CM I D 01 Tf c3 CO t> i n in CM 
O — —1 cr t-H "3 CM en cn r- — co co cn TJ- 01 CO CD T— in oo CD Tf 
I—I 

O 
CU CO a CO *t ^ co t - in T T o oi CM o 01 Tf CD r- Tf 01 CC 

CO O 3 <j in co o O oo CO CD • » CD Tf CM in T— in i n Tf in 
LO Z O r~ CM 01 CD T r - in Tr o in CO CO CO CO Tf CO r -
t-H t-i a — _l 

_ l 
< 3 Q 
u_ < L U 

\ 
O 

_ l H- Q O O O O o o o O O o O O o O o O o \ 
O ( - L O O O O O O O O O O o o O o o O o O 5 Z cr o 3 co in CD CM CM — CM CD CD Tf O cn Tf Tf CD in 
t-l L U 2 •o r - 01 CO 00 CM O CM CM CD r~ o CO O co Tf t- r~ 
CO 3 Q CO CO » CM CO CD CM CO CM CO CM •»— 00 r~ cn CM CO CO 
t-l O < — co in Tr CM 00 y- — CD TT 01 CO CO CM r-
or CL » - oo in Tr r~ TJ TT O in o CO CM CO CO Tf 00 co 

*" " 

z 
o 
t—i r-
o < O O O O O O O O O O O o o O o O o o O 
cr O O O O O O o o o o o o o O o O o O O 
LL. I CD co Tr in r~ t O r - — CM T- CO oo CM r » Tf CO r- CO co in t - — CO CD TJ- O l T- CD Tf in CO co 01 
O L U CM r~ r - oo i- — 01 O TJ- in CD in Tf t » Tf co z — CM CO CO CO I D in CO Tf 01 r~ co Tf CM o < CD — i - T T co in T J co oi CO CO CO CM co CM CO 01 CD 
LO 

CD 

_ CD t- oo oi o •t- CM CO Tf in CD r- 00 01 O CM c 
< CD CO CD CD r- r— r~ t— r— r~ r - r - r » co CO 00 (0 
L U 0) 01 01 01 01 01 01 01 01 01 01 01 01 01 01 01 01 cu 
>- E 



TABLE 8 

ANNUAL SUSPENDED SAND LOADS AT HOPE, AGASSIZ AND MIS 

YEAR HOPE AGASSIZ MISSION MISSION 
(SAND) (SAND) (SAND) (BED MATER 

(loads In tonnes/year) 

1966 6994000 6229000 3301000 
1967 8253000 8687000 11079000 6937000 
1968 7911000 6786000 7275000 4074000 
1969 4253000 3735000 4088000 212 1000 
1970 4085000 3737000 3412000 177 3000 
1971 5847000 5744000 5818000 3118000 
1972 10413000 10196000 14396000 9365000 
1973 5474000 4101000 3375000 1687000 
1974 8358000 8028000 9649000 5732000 
1975 40380O0 3378000 3511000 1799000 
1976 10326000 8646000 8857000 4892000 
1977 4144000 3735000 3467000 1544000 
1978 2747000 2973000 2912000 1313000 
1979 5451000 4271000 3754000 1721000 
1980 2602000 2645000 1204000 
1981 3607000 3474000 1724000 
1982 7866000 9246000 5167000 

1966- 1982 6070000 3381000 
1967- 1982 5506000 6060000 3386000 
1967-1979 6254000 5694000 6276000 3545000 



to 

.— ,—, 
10 

-H* 
c 
3 3 
C c 

in i— •— 
o UJ •—' • < UJ 01 o t/l CD in -J r- CN 
o 
UJ 
D 
Z 3d m r-r-
in in CD 3 l/> 
_l 
< 
3 Z CO Z Z CO < CO T T 

CD 
Z 
HH 
K 0) CO O CO in m o t— CO • m 
Ul z T— 
or UJ 
CL cj HH or U_ 1 

o lu UJ 
U_ lu in UJ 

O < r- CO i/> CJ O 01 UJ CN 01 > or UJ 3 CO _J cj ca * < C5 E 
y- z O 

HH * < 
< or z * ll 

o * a HH o x: 
UJ 
i - < < c 
u 3 0 UJ O II E _ l UJ u o UJ 
in 
u . 

O TJ <o > 0 o 
or c 
< 0 o .— £ UJ <o 

> 1— + J 

cn or <0 0 3 O 
C3 
Z 

< 
or 

z 
o 

10 
TJ 

a 
o I 

•r- f - CN * -

— CN CN CN O 

+> a> > a > c — oi< > 10 3 3 3 I — £ 3 3 < -H 
£ a ai 
c tn 
o 
E 

a 
o I 

ID 10 ID ID 
CN CN Tf ID 01 — ID O 

CN CN *-

ID Q 0 1 0 1 O O CO CN 
CO CO CO 0 0 

TJ (0 0 

r - (0 TJ (0 TJ <0 -H C *• C 3 O (0 0 (0 C 10 ^ to 
C (0 

UJ UJ HH HH a a. in in 0 o in in 1 I < < ca ca < < 

ID 
UJ 

O 

o 
01 

TJ 10 O 
TJ (0 
o 

r- O 
CO 0 1 
CN CN 

ID 0) 
T T in 01 01 

•St Tf ID ID Tf r - l> 
— *~ *" *~ "~ * -

CN CN r~ 
UJ CD 

in •» co co CO ID 
CN Tf CN 

in Tf t- tn < 00 ai < CN 
O in i - Tf c 
Tf T- to T~ CN 3 

"HI 
ID r~ ID CN o r - 00 

r- UJ UJ UJ UJ Tf in 
UJ CN ID O p— — 00 c Tf in 
ID CO CO T- 10 < — _ J < co r-- co CD 3 ID # »— co in r - CO C CN 

C -r- < 
r - » - r~ 10 CO oo 

i i i i o r- + t~- ID 

* O UJ o CN < *- c < in 
< r-- c CN 

10 1 1 

+ o 
CN 

1 c 
(0 0 a 
o < 
# 

+ 
< o + < 
o II 

< 
10 n CS 

10 c 
(3 _ J 

to 
ai 
a. \ o 

CO CO I 
E E (0 *-
C TJ (0 

TJ TJ 
It C I 
I It I. Ol to t. 3 (0 O r x: o *> to 
— c 
TJ - Ol 
> to L. - CD 10 
c our 
^ t- O C (0 in 
o r -
" O TJ to 
TJ 
c TJ m (0 •*-* —• 10 >> (0 3 — 3 
— C • -CO C -
TJ (0 <0 
I I I 

o. 
<3 I 

L <D 
•H* 
10 
E 

TJ CD U 

z z 
o o 
in in in tn 

O z 



Z 
O 

or 
o 
ui 2 ~ or o c o o o o o O o O o o o o o O o O o o 

HH 10 o o o O O O O o O O o O o O O o o o UJ j— CD o o o o o O O o O O o O O O O o o O co _j < c co o oo co co r - CO CM t - CO Tf O ID CO O CO 01 O • a . _J •*~ — - o CD — in CO CO CM t - 01 Tf CO CO in CO 01 i—i UJ 1— •rr co in O 0) O to CO Tf 0) CO 0) ID Tf CO O ID 
i - or •—• 1 - CM CM in CM 

ID 0) CO Tf CO r~ CM T— CO 
_ i CN * - * - t - CM CM T~ * - CM -*- CM T~ CM T-3 £ 

Q. 
O 

co 
< 

I C D 2 o 
1- t-H o o o o o O Q o O O o O o O o o o o o < 1- -—- o o o o o O 5 o O O Q O O o O O o O T" O r -< U J t_ o o o o o O O o O O 6 o o o O O o o • O • l/l or > ro o o o O r - ID r-~ in O r - CM 01 T- ID 01 o O CD O CM o or oj t- f- Tf t - CM CO C O in CM — CO CD r~ o O o CM * - in i < _j 3 c in — o co O CM CO C O CO O in i — CD ID oo r - CM 01 i o < CJ ID CM Tf 0) CM Tf ID 01 r - in CO CM in 00 Tf CM CM 

—1 I D 

z , T~ — t - CM CM *- •H- CM CM *- CM •*~ 

ED
 

AN
 

D 2 
U J 

a t/i 3 c/> 

< 
O 

2 < 

or 3' 
C/l 

o z 

> 
CO 
TJ \ 10 01 
c 
c 
o 

CD 
z 
or 

o o 
HH £ 
Q 
U J 

or 
a 
U J 

> C D 

or z 3 HH 

C J ( -< lu E 
CD or > o 
Z or c « > 3 >> i - _ i cj *-
< H H o 
or < a 

D w 

.— o o o o o o o O o o O o o O o O o O o 
U J L . o o o o o o o o o o O o o O o o o O CM O co > 0) o o o o o o O o o o O 5 o O o o o o • o • or 3 t- Tf CO 01 CD Tf in — CO CO co O C D CO CO CM o ~-CO * -

3 O tn CM * - in — CD O Tf in co I D 01 Tf in CO Tf — CM 
C J a CM CO CM f- I D CD CO tn CM C D CO CO 00 CO o o CN 

I D in I D 00 CM 
•r- C D O 01 00 CO CO CO 00 Tf CM co CM 

T - T~ — * - CM CM T~ t - CM T~ CM CM t - T~ T~ 

(0 o o O O o Q Q O o O O o o o O o o o o o o o O Q o Q o o o O o o O o o o o O O o 5 o o o O co 
CO Tf CN in 01 r--CD CN CO CD o CO O -* - CD CO CO »— CO Tf T- CD CO o CN CN 01 CO 
oi in Tf CM Tf CD ID Tf r - CN CO CD o CO 
CO Tf CO ID 00 01 Tf co CD 00 Tf CO CO CN 
— CN CN CM CN CN T~ 

TJ (0 O 

Z CO 
O w l/l 
HH 

or 
< 
a. £ 
O 
CJ 

a o o o O O O O O O Q o o O o O o O 
UJ o o g O O O o O 2 5 o o O o O o O or o o o O O O o o o o o o o o O o O 3 a C O CM 00 I D r- I D CO oo *- o f - tn CO 01 !/> < O in C N Tf CO C N O O CD in CO C O CO T— 01 CO 

< o Tf CM — r - Tf CD -•— O co O CM o C D Tf 01 in . . ,—, 
Ul _ J O in in 01 co CO CO C N 

C D 01 CD CO C N r- C N CO in e/) in £ C N t - -r- — C N C N *- * - CN CM CN T~ CO 

or O CM ID r - CO 01 O T- CM CO Tf U l CD r~ co 01 < in in in ID ID CD CD r - r - l > r~ 
U J 01 cn 01 01 01 01 01 01 cn 01 01 01 0) 01 01 0) 01 

or or 
o o 
or or 
or or 
U J U J 

in in 
in tn < < 
£ £ HH HH 

or or ca oo 



< r-
O 

o o o o o o o o o o o o o o o o o o O O O O O O O O O O O O O O O O O O CO o o o o o o o o o o o o o o o o o o • 
• r - r > T r - r - p ) c O L n r - - c M c n o i T r c O ' r - T f T r i - - T - C B 
O — OOcM -t -cOTj-cor~Tj-oitni--incoco oo — 
T r t - c M C M c o c M i n r ~ c o o o O in co t- CM I - CM *r co t- t CM — cocn — in — in — m co 

LU 
Q O -
< LO 
O 3 
_ l LO 

o o o o o o o o o o o o o o o o o O Q Q O O O O O O O Q O Q O O Q O o o o o o o o o o o o o o o o o o 
— r - ^ ^ n o ) l f i r - o l O ) ( M ^ C O r r j T t | v 
O c i r - M r - ^ o o n ( i ) O l ' > ' - ( M O t N i o 
cocnO ' - r - - ' - c o c D r ~ r - - c o i n c o r ~cMr~ — 
c o u > T r c M f - c o o i - - i n — " » ' ' - t - * - - ' - - t - i n 

O o O r -

co co 
co — 
co 

< 
or 

o 
< 
o 

03 
< 
f-

>- co a 
or LU 
< CO 

£ 
3 
LO 

O 
< L. 
o ro _J CO 

> _ l Q 
< z in 
f— < a 
o LO c 
1 - c 

0 
z •H 
o 
t-H c LO - 1 -

LO _J 
t-H O 1-H in 
£ < LO TJ 

O <o _ l o 
Q 
LU 
Q i — 
Z > re LU < v 
CL _! 
oo o 
3 
0 0 

8 0 0 0 0 0 0 o o S o o o o o o o o o o o o o o o o o _ _ _ _ _ 
O c o c o c o i n o c M L O i n c o i n i n 

8 8 8 ; 

O Q O O O o 
o o o o o O LO o o o o o O • o o o o o O O t in in to CM O 

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O 
c n c » i n o o c M c o L o i n O ) ' ^ r - - r - - c M ' H ; i n T r t o 
CM » » co *- — c i r -T j- ' - ioiP'-inTi - r-.Tr 
c M O c M O T t c o c o c o t o i n o o t c n r - L O T r c M 
fflt-N»oin»noinconwnnoij) 

O O Q O O O O O O Q Q Q Q O O O O 
8 o o o o g o o p S S 5 5 o g o g O O O O O O O O O O O O O O O O inooooTfco — TrcococMQcocOTfcoT — co *- O CM •t-cocMOr-OcMr-co-^cMco 
8 Trt - LOCM -^»-r~COTftDCNO)fCMr~00 

C M O t * - L 0 C J ) T ) - L D C M L D C M C 0 L 0 0 0 L 0 L 0 C M 

O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O O o i< t * ( i i»N«M . no i ioo iNOino in 
inf>Tr - r - r~ocMCMcoo)CMTr ' -cMTrLDco 
u i i n o i n c o o T f - o i O l f l c o T f o O " - ^ 
C M C M C M C M * - C M C M C M C M * - C O C M C M C M C M C M C O 

O O t-O • O co r- co O 
LO 

O O CO O • co o> r- Tf 
01 
CO 

o o o 
0 • 
*- 19 
01 — 
00 
CM 

< r-
O 

o o o o o o o o o o O Q O O O O Q O Q O , - - - - ^ ^ Q O Q O O O O O O O 
o o o o o o o o o o o o o o o o o 
( 0 ' - r ~ c o o i ' - ' T O c o i n c o i n r ~ c o c o u 3 C M 
i ^ i ^ c M c M c n c o i n c M c o r - - c o c o c n O O u 5 i o 
c N O O ) O i T r i n o i c M c n o i c o i n c M O o i c o i n 
o i i c o n - t - i - O c M T r - r - n - T j - c M i n o c M i n 
• r - C M C M ' - — t - C O - t - C M ' - C M - r - t - T - ' - ' - C M 

T T O) 
CO 01 
01 

cor-cooiO — c M c o T i i n t D r - o o o i O ' - c M 
i o t o i O L O f - - r - - r - - r ~ r - t ~ - r - - r - - r - - r - - c o c o o o oioioioicncncnoioioioioioioioioioi 

LU •— 
C5 (0 < *> 
a. o 
LU -H 
> 
< <t-

o 



TABLE 12 

AGASSIZ TOTAL LOAD SUMMARY 

YEAR SUSPENDED LOAD BED LOAD 
TOTAL CLAY SILT SAND TOTAL SAND GRAVE 

(al 1 loads 1n tonnes/year) 
1967 25333000 4035000 12611000 8687000 310000 47000 263000 
1968 21359000 3533000 1 1040000 6786000 220000 33000 187000 
1969 12769000 2190000 6844000 3735000 109000 16000 93000 
1970 12392000 2098000 6557000 3737000 86000 13000 7 3000 
197 1 18023000 2977000 9302000 5744000 167000 25000 142000 
1972 28029000 4323000 13510000 10196000 373000 56000 317000 
1973 13839000 2361000 7377000 4101000 108000 16000 92000 
1974 24134000 3904000 12202000 8028000 292000 44000 248000 
1975 11238000 1905000 5955000 3378000 128000 19000 109000 
1976 25808000 4160000 13002000 8646000 300000 45000 255000 
1977 12745000 2184000 6826000 3735000 89000 13000 76000 
1978 10651000 1861000 5817000 2973000 72000 1 1000 61000 
1979 14721000 2533000 7917000 4271000 86000 13000 73000 
1980 9497000 1672000 5223000 2602000 69000 10000 59000 
1981 12048000 2046000 6395000 3607000 108000 16000 92000 
1982 23329000 3749000 11714000 7866000 265000 40000 225000 

VERAGE 17245000 2846O00 8893000 5506000 174000 26000 148000 
total ) 99.0 16.4 51.0 31.6 1 .0 0. 15 0.85 
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SUSPENDED LOAD SAMPLING FREQUENCY AT AGASSIZ 
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FIGURE 11. Suspended Load Sampling Frequency at A g a s s i z . 



SUSPENDED LOAD SAMPLING EREQUENCY AT MISSION 
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FIGURE 12. Suspended Load Sampling Frequency a t M i s s i o n . 
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FRASER RIVER NEAR AGASSIZ 1966-1982 
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FRASER RIVER NEAR MISSION 1966-1982 
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FIGURE 17. Average Annual V a r i a t i o n i n D i s c h a r g e and Suspended Sediment 
C o n c e n t r a t i o n a t A g a s s i z , 1967 - 1982. 
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FRASER RIVER AT MISSI0N.1968 
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MISSION SAND CONCENTRATION RATING CURVES 
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MISSION SAND LOAD AND BED MATERIAL SIZE DISTRIBUTIONS 
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F i g u r e 23. M i s s i o n Suspended Sand Load and Bed M a t e r i a l S i z e D i s t r i b u t e 



FIGURE 24 

AGASSIZ SAND CONCENTRATION RATING C U R V E S 

1000 

o 

!< 
cc 

o 
z 
o 
o 

100 

10-f 1000 10000 
DISCHARGE m3/s 

100000 

1000 

O 

cc 
y— 
z 
U J 
O 
z 
o 
u 

iooH 

1000 

Legend 
A JAN - MAY 
X JUN - DEC 

10000 
DISCHARGE m3/s 

i i i i i 
100000 



VERTICAL DISTRIBUTION OF SUSPENDED LOAD AT MISSION 
1 4 

FRACTION OF LOAD % 

F i g u r e 25. V e r t i c a l D i s t r i b u t i o n of Suspended Load a t M i s s i o n . 
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MISSION ANNUAL SAND LOADS 1966-1982 
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FRASER RIVER AT MISSION 
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F i g u r e 31. P r e c i s i o n of n-Sample Bed Load Measurements at a S i n g l e V e r t i c a l 
at A g a s s i z and M i s s i o n . 
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FRASER RIVER NEAR AGASSIZ, 1968 - 1976 
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