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SYNOPSIS 

The r e l i a b i l i t y o f e s t i m a t e s o f l o w f l o w s i s examined b y l e a s t 
;squares f i t t i n g and Kalman f i l t e r i n g . These t e c h n i q u e s a p p l i e d t o a n e t -
iwork o f h y d r o m e t r i c s t a t i o n s i n B r i t i s h C o l u m b i a a l l o w t h e c o n t r i b u t i o n o f 
i i n d i v i d u a l s t a t i o n s t o be a s s e s s e d . The changes i n r e l i a b i l i t y o f 
: e s t i m a t e s a r e s t u d i e d as a f u n c t i o n o f t h e changes i n t h e s i z e o f t h e n e t -
jwork. The I s u b d i v i s i o n o f t h e s t u d y a r e a i s examined b y a s p l i t t e s t 
sample w i t h i n c o n c l u s i v e r e s u l t s . F a c t o r s s u c h a s common t i m e b a s e o f t h e 
j d a t a and s e a s o n o f o c c u r r e n c e o f l o w f l o w a r e f o u n d t o i n f l u e n c e t h e 
1 a c c u r a c y o f l o w f l o w e s t i m a t e s . 
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INTRODUCTION 

The c o l l e c t i o n ^ o f ,|data, i s n o t an end u n t o I t s e l f . The f i n a l g o a l 
must be t o p r o v i d e i n f o r m a t i o n f o r d a t a u s e r s . - T o m a x i m i z e - t h e - i n f o r - 7 
m a t i o n a v a i l a b l e t o d a t a u s e r s , w i t h the c o n s t r a i n t s o f bu d g e t and man­
power, a d a t a g a t h e r i n g n e t w o r k r e q u i r e s a n a l y s i s o f r e l i a b i l i t y . 

As a n e t w o r k c a n be c o n s i d e r e d a s y s t e m , t h e a n a l y s i s o f r e l i a b i l i t y 
c a n be made w i t h o p t i m a l s t a t e e s t i m a t i o n t e c h n i q u e s . The s i m p l e s t o f 
t h e s e t e c h n i q u e s 'is l e a s t s q u a r e f i t t i n g o r r e g r e s s i o n i n c o n j u n c t i o n w i t h 
l i n e a r K a l m a n f i l t e r i n g . These t e c h n i q u e s a l s o p r o v i d e a method o f making 
e s t i m a t e s a t ungauged s i t e s and g a i n i n g an i n d i c a t i o n o f t h e c o n t r i b u t i o n s 
o f a p a r t i c u l a r s t a t i o n i n t h e n e t w o r k . 

T h i s p a p e r d e s c r i b e s t h e n e t w o r k a n a l y s i s f o r one h y d r o l o g i c q u a n t i t y , 
mean a n n u a l seven-day l o w f l o w , f o r t h e Water S u r v e y o f Canada's h y d r o -
m e t r i c n e t w o r k i n B r i t i s h C o l u m b i a . The d e s c r i p t i o n o f t h e methods o f 
a n a l y s i s i s b r i e f as t h e s e a r e w e l l d e s c r i b e d i n t h e l i t e r a t u r e , p a r ­
t i c u l a r l y by Solomon (1975) and Gura ( 1 9 7 6 ) . 

PROCEDURE 

Mean a n n u a l seven-day l o w f l o w d i v i d e d by t h e c o n t r i b u t i n g d r a i n a g e 
a r e a (UMLF) was c h o s e n as t h e r e s p o n s e v a r i a b l e . The u n i t s o f UMLF a r e 
c u b i c f e e t p e r s e c o n d p e r s q u a r e m i l e . 

E i g h t y - f i v e h y d r o m e t r i c s t a t i o n s were s e l e c t e d f o r t h e a n a l y s i s on 
t h e b a s i s o f t h e f o l l o w i n g c o n d i t i o n s : 

i ) r e c o r d e d n a t u r a l o r n e a r n a t u r a l f l o w s ; 
i i ) a t l e a s t f i v e c o m p l e t e y e a r s o f r e c o r d ; 

i i i ) r e c o r d e d f l o w s f r o m b a s i n s w i t h d r a i n a g e a r e a s between 80 and 
800 s q u a r e m i l e s (200 t o 2000 s q u a r e k i l o m e t e r s ) ; 

• i v ) r e c o r d e d f l o w s f r o m b a s i n s f o r w h i c h b a s i n - a v e r a g e d p h y s i o ­
g r a p h i c p a r a m e t e r s a r e a v a i l a b l e . 

W i t h r e g a r d t o r e q u i r e m e n t i ) , n e a r n a t u r a l f l o w r e f e r s t o f l o w w i t h 
m i l d a r t i f i c i a l m o d i f i c a t i o n . 

F i v e y e a r s were c o n s i d e r e d t o be t h e minimum n e c e s s a r y t o d e f i n e UMLF. 
The s t a t i o n r e c o r d s a r e n o t on a common t i m e b a s e n o r a r e t h e y n e c e s s a r i l y 
C o n t i n u o u s . 

B e cause t h e p r e d i c t o r v a r i a b l e s were b a s i n - a v e r a g e d p h y s i o g r a p h i c 
p a r a m e t e r s e x t r a c t e d f r o m a 10 km x 10 km g r i d , t h e l o w e r d r a i n a g e a r e a 
l i m i t was imposed so t h a t the a v e r a g e w o u l d be t a k e n o v e r a t l e a s t t h r e e 
s q u a r e s . The upper l i m i t r e s t r i c t s t h e s t a t i o n ..to s a m p l i n g f l o w f r o m 
p r i m a r i l y one r e g i o n . 

G e o p h y s i c a l d a t a , s u c h as b a s i n - a v e r a g e d p h y s i o g r a p h i c p a r a m e t e r s a r e 
u s u a l l y i n t e r c o r r e l a t e d and do n o t have u n i f o r m v a r i a n c e . T h e r e f o r e , 
s t r i c t l y s p e a k i n g , an F - t e s t c a n n o t be u s e d f o r d e t e r m i n i n g t h e 
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s i g n i f i c a n c e of terns i n a r e g r e s s i o n equation, and backward e l i m i n a t i o n 
and forward s e l e c t i o n would be r u l e d out i n development of the b e s t 
equation. However, an o p e r a t i o n a l assumption Is made that F - t e s t s can be 
used, at l e a s t as a guide to s i g n i f i c a n c e , but v a l i d a t i o n t e s t s and 
examining r e s i d u a l s f o r b i a s and n o r m a l i t y become important i n s e l e c t i n g 
the best equation. 

' . 

In batch a n a l y s i s the i n f o r m a t i o n provided by the r e g r e s s i o n equation 
can be measured by R^_where measures the p r o p o r t i o n of the t o t a l v a r i ­
a t i o n about the mean Y e x p l a i n e d by the r e g r e s s i o n . The r e l i a b i l i t y c o u l d 
be assessed by the standard e r r o r o f v a l i d a t i o n or the mean square of r e ­
s i d u a l s when the equation i s a p p l i e d to a set of s t a t i o n s not used In de­
v e l o p i n g the equation. In t h i s paper an e f f o r t i s made to r e l a t e standard 
e r r o r of c a l i b r a t i o n or standard e r r o r of estimate and the standard e r r o r 
of v a l i d a t i o n to the number of s t a t i o n s used i n developing the equation. 

In order to assess the c o n t r i b u t i o n of an i n d i v i d u a l s t a t i o n a l i n e a r 
Kalman F i l t e r was a p p l i e d to s t a t i o n s added one by one to a base sample. 
The change i n the t r a c e of the P matrix was used as a c r i t e r i o n of the i n ­
formation added by the s t a t i o n . The t r a c e of the P m a t r i x should decrease 
monotonlcally with the number of o b s e r v a t i o n s . 

The advantage of the l i n e a r Kalman F i l t e r i s computational; by adding 
data p o i n t s one at a time, matrix i n v e r s i o n s are r e p l a c e d by a r i t h m e t i c 
d i v i s i o n s . The P m a t r i x , g i v e n by (A*WA)~\ i s a measure of the n o i s e i n 
the process, that i s E [ ( x - x ) ( x - x ) * ] , where x i s the v e c t o r of estimated 
parameters and x i s the v e c t o r of model parameters. A Is the matrix of 
observations and W i s the weighting matrix. 

A c o n s i d e r a t i o n i s the adequacy of the model f o r which the parameters 
are estimated, i n t h i s case how good i s the l i n e a r model. No t e s t s of 
goodness of f i t are used other than t e s t s o f r e s i d u a l s . 

To examine the changes i n standard e r r o r s of c a l i b r a t i o n and v a l i d ­
a t i o n w i t h s i z e of c a l i b r a t i o n sample, s e t s of random samples without r e ­
placement of 16, 32, 48 and 64 s t a t i o n s were taken from the 85 s t a t i o n s . 
For each sample a r e g r e s s i o n equation was developed f o r UMLF. No p r e ­
d i c t o r v a r i a b l e t r a n sformations were considered f o r t h i s p a r t of the study. 

Equations were developed by s e l e c t i n g from the c o r r e l a t i o n matrix 
those p h y s i o g r a p h i c parameters most h i g h l y c o r r e l a t e d w i t h UMLF. i f para­
meters were h i g h l y c o r r e l a t e d , the parameter with the h i g h e s t F-value was 
s e l e c t e d as a p o s s i b l e r e g r e s s i o n v a r i a b l e . The equations were developed 
by backward e l i m i n a t i o n procedure of TRIP, T r i a n g u l a r Regression Package 
of the U n i v e r s i t y of B r i t i s h Columbia. For the s m a l l e r samples the number 
of observations l i m i t e d the maximum number of v a r i a b l e s i n an equation. 

For each equation the standard e r r o r o f estimate was taken as the 
standard e r r o r of c a l i b r a t i o n . When the equation was a p p l i e d to the 
s t a t i o n s not used i n i t s development, the mean square of the r e s i d u a l s so 
produced was the standard e r r o r of v a l i d a t i o n . For each equation the s i g ­
n i f i c a n t p h y s i o g r a p h i c parameters were noted so that o v e r a l l important 
parameters c o u l d be i d e n t i f i e d . 

Equations f o r a l l 85 s t a t i o n s were developed by c o n s i d e r i n g a l l v a r i ­
ables as p o s s i b l e and using backward e l i m i n a t i o n . S c a t t e r p l o t s were 
examined f o r i n d i c a t i o n of t r a n s f o r m a t i o n . 
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R e s i d u a l s were t e s t e d by p r o b a b i l i t y p l o t s , g e o g r a p h i c a l p l o t s , p l o t s 
a g a i n s t p r e d i c t e d UMLF and by c a l c u l a t i o n of skew and k u r t o s i s . 

A g e o g r a p h i c a l p l o t o f r e s i d u a l s p r o v i d e d evidence f o r s u b d i v i d i n g 
the p r o v i n c e i n t o t l i r e e r e g i o n s : S o u t l i e a s t e r n B r i t i s h Columbia, Coast and 
Vancouver I s l a n d , and I n t e r i o r . For the Coast and I s l a n d r e g i o n , s c a t t e r 
p l o t s suggested t r a n s f o r m a t i o n of the p r e d i c t o r v a r i a b l e s . ^ 

W i t h the transformed v a r i a b l e s , e q uations were developed and t e s t e d . 
The v a l u e o f t h i s s u b d i v i s i o n or r e g i o n a l i z a t i o n was t e s t e d by examining 
s t a n d a r d e r r o r s of r e s i d u a l s b e f o r e and a f t e r s u b d i v i s i o n . 

The l i n e a r K,^lman F i l t e r as d e s c r i b e d by Gura (1976) can be sum­
marized : 

V l = \ - \ V i(\ii V i v V i ) " ' W k 
/ v k + l /̂ k , „ * / , T-1 , . . * \ - l > k+1 • /̂ k. 

^ = ^ + ̂ \ + i ^ V i + V i \ W <y - V i " ^ 
The data i s added one s t a t i o n at a t i m e , so A^^-j^ i s a row v e c t o r of 

the p r e d i c t o r v a r i a b l e s , Ŵ^̂^ i s a s c a l a r . The q u a n t i t y i n b r a c k e t s i n 
e q u a t i o n s (1) and (2) i s a l s o a s c a l a r so t h a t the i n v e r s i o n s are reduced 
to a r i t h m e t i c d i v i s i o n s . 

There are two ways of s t a r t i n g the r e c u r s i o n c y c l e , f i r s t by f i n d i n g 
x^ and from a base sample, and second by g u e s s i n g the parameter v e c t o r 
and i t s c o y a r i a n c e . 

I n t h i s study the w e i g ht of each s t a t i o n was taken as 1. S e v e r a l 
combinations of 16 s t a t i o n s were taken to i d e n t i f y a median base i n terms 
of the t r a c e of the P m a t r i x . Once t h i s base had been i d e n t i f i e d , s t a ­
t i o n s were added to i t to examine changes i n s t a n d a r d e r r o r of e s t i m a t e , 
t r a c e of P m a t r i x and s t a n d a r d e r r o r of v a l i d a t i o n as the number of s t a ­
t i o n s i n the r e g i o n s i n c r e a s e d . 

To a s s e s s the e f f e c t o f a more l i m i t e d time base a subsample o f 69 
s t a t i o n s w i t h r e c o r d s between 1950 and 1972 was a n a l y z e d . S t a t i o n s do not 
n e c e s s a r i l y have r e c o r d s over the complete p e r i o d , f o r example t h e r e may 
be r e c o r d s from 1962 to 1970. 

The e f f e c t of time of o c c urrence of low f l o w was examined by e s t a b ­
l i s h i n g two c a t e g o r i e s . B a s i n s i n Category 1 had low f l o w s p r i m a r i l y i n 
the w i n t e r . S t a t i o n s have lows e q u a l l y d i s t r i b u t e d between f a l l and 
w i n t e r were excluded from a n a l y s i s . 

RESULTS 

R e s u l t s of the random sampling e q u a t i o n development are summarized i n 
F i g u r e 1. Mean v a l u e s and mean v a l u e s p l u s and minus one s t a n d a r d d e v i ­
a t i o n have been p l o t t e d to i n d i c a t e the spread i n s t a n d a r d e r r o r s and 
s t a n d a r d d e v i a t i o n s f o r each s i z e of random sample. I n the f o l l o w i n g d i s ­
c u s s i o n the u n i t s of UMLF, means, s t a n d a r d d e v i a t i o n s and e r r o r s are c u b i c 
f e e t per second per square m i l e . 
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F i g u r e 1. R e s u l t s o f Random Sampling on Standard D e v i a t i o n , 
Standard E r r o r o f C a l i b r a t i o n and Standard E r r o r o f V a l i d a t i o n 

F i g u r e 1 suggests t h a t f o r the 8 5 - s t a t i o n e q u a t i o n the s t a n d a r d e r r o r 
of v a l i d a t i o n would f a l l between 0.200 and 0.260. With the mean of UMLF 
f o r the 8 5 - s t a t i o n sample b e i n g 0.394, the pe r c e n t o f response mean i s be­
tween 51% and 66%. The f i n a l 8 5 - s t a t i o n e q u a t i o n had a stand a r d e r r o r o f 
c a l i b r a t i o n of 0.204, w e l l ' b e l o w the standard d e v i a t i o n of 0.325. The 
v a r i a b i l i t y of the 6 4 - s t a t i o n samples i s p r o b a b l y underestimated because 
of the number of common s t a t i o n s appearing i n the samples. 

Because o f the d i f f i c u l t y i n d e t e r m i n i n g the b e s t e q u a t i o n by F - t e s t s , 
two 8 5 - s t a t i o n e q u a t i o n s were developed: a 1 0 - v a r i a b l e _ e q u a t i o n _ f o r 



a n a l y s i s and a 7 - v a r i a b l e e q u a t i o n f o r q u i c k e s t i m a t e s - The d e f i n i t i o n s 
a n d r a n g e s o f t h e p h y s i o g r a p h i c p a r a m e t e r s u s e d i n t h e s t u d y a r e g i v e n i n 
A p p e n d i x A. 

8 5 - S t a t i o n E q u a t i o n (10 V a r i a b l e s ) 

= 0.6524.!,, liFPROB. = 0.0000 Skew = 0.595 
S.E. = 0.2040 52% o f r e s p o n s e - m e a n K u r t o s i s - - " S . 8 3 7 

UMLF = 0.6689 + 0.0130 NPOSI - 0.0001170 ELEV + 0.005350 SLP% 
- 0.0007083 DSN - 0.0008782 DSNW + 0.02073 RALKE 
- 0.00009903 BHW + 0.000008956 SENW + 0.00001215 SEW 
- 0.000003755 SESW (3) 

8 5 - S t a t i o n E q u a t i o n (7 V a r i a b l e s ) 

R^ = 0.6015 FPROB = 0.0000 Skew = 0.594 
S.E. = 0.2141 54% o f r e s p o n s e mean K u r t o s i s = 3.92 

UMLF = 0.4998 + 0.0111 NPOSI - 0.00006876 ELEV + 0.006429 SLP% 
- 0.0006558 DSN - 0.0005961 DSNW + 0.0307 RALKE 
+ 0.000004838 SENW (4) 

A g e o g r a p h i c a l p l o t o f r e s i d u a l s f r o m t h e 1 0 - v a r i a b l e e q u a t i o n i n ­
d i c a t e d s e v e r a l l a r g e r e s i d u a l s i n t h e C o a s t and V a n c o u v e r I s l a n d a r e a 
w h i l e i n S o u t h e a s t e r n B r i t i s h C o l u m b i a t h e r e i s a c o n c e n t r a t i o n o f p o s ­
i t i v e r e s i d u a l s . S t a t i o n s i n t h e s e r e g i o n s were u s e d i n d e v e l o p i n g 
s e p a r a t e r e g i o n a l e q u a t i o n s . The r e m a i n i n g s t a t i o n s were grouped i n t h e 
I n t e r i o r r;egion. 

E q u a t i o n f o r S o u t h e a s t e r n B r i t i s h C o l u m b i a w i t h 31 S t a t i o n s 

= 0.8680 FPROB = 0.0000 Skew = 0.264 
S.E. = 0.0796 22% o f r e s p o n s e mean K u r t o s i s = 1.87 

i 

UMLF = 4.5774 - 0.0254 NPOSI - 0.001135 DSN + 0.001533 DSW 
- 0.0001007 BHW + 0.00001231 SENW - 0.009276 SSSE (5) 

E q u a t i o n f o r C o a s t and V a n c o u v e r I s l a n d w i t h 21 S t a t i o n s 

R^ = 0.8466 FPROB = 0.0001 Skew = 0.209 
S.E. = 0.2085 32% o f r e s p o n s e mean K u r t o s i s = 1 . 9 3 

UMLF = 4.0151 - 0.00006356 (NPOSI)^ - 0.0001874 (NPOSJ)^ 
- 0.00000005229 ( E L E V ) ^ - 0.00000005452 (BHN)^ 

+ 0.0000001737 (BHW)^ - 0.0000002577 (BHSW)^ (6) 

l i q u a t i o n f o r I n t e r i o r w i t h 33 S t a t i o n s 
R^ = 0.8043 FPROB = 0.0000 Skew = 0.158 

S.E. = 0.1113 44% o f r e s p o n s e mean K u r t o s i s = 3.22 

UMLF = 0.2869 + 0.001322 NPOSX + 0.002985 SLP% + 0.0413 RALKE 
, - 0.0001325 BHW - 0.000006038 SESW - 0.009456 SSNE 
+ 0.004374 SSE (7) 

The v a l u e o f r e g i o n a l i z a t i o n c o u l d be a s s e s s e d b y t h e r e d u c t i o n i n 
s t a n d a r d e r r o r o f c a l i b r a t i o n , i n p a r t i c u l a r i n t h e r e d u c t i o n i n p e r c e n t 
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j of response mean. However, the nximber of s t a t i o n s i n each r e g i o n i s low, j 
' p a r t i c u l a r l y the Coast and Vancouver I s l a n d , and by F i g u r e 1 the e r r o r 
produced when the equations are a p p l i e d t o a s p l i t sample may be much 
l a r g e r than the s t a n d a r d e r r o r o f c a l i b r a t i o n . 

Table: 1 shows the r e s u l t s f o r a s p l i t sample of 18 s t a t i o n s . The 
ilumped s t a n d a r d e r r o r of v a l i d a t i o n f o r . t h e r e g i o n a l e q u a t i o n s I s lower 
than t h a t o f the 1 0 - v a r i a b l e o v e r a l l e q u a t i o n . However, an F - t e s t i n ­
d i c a t e s the d i f f e r e n c e i s not s t a t i s t i c a l l y s i g n i f i c a n t . 

Table 1. S p l i t Sample Test 

S t a t i o n 
Number 

08GA024 
08NH120 
08DC006 
07FC003 
08LG048 
08KA001 
08NG004 
08ND014 
08EB004 
08HF001 
08KH008 
08GA054 
08KH019 
08HF002 
08ME015 
08FA001 
08MF009 
08DD001 

I Sum of 
I Squares 
Number of 
i V a r i a b l e s 
Mean Square 
'of Standard 
E r r o r o f 
V a l i d a t i o n 

R e s i d u a l s f o r 

0.623 0.501 

FCAL = 2.72/(18-10-1) = 1.54 
2.52/(18-7-1) 

FTAB(7,10) = 3.14 a t 5% 

1 0 - V a r i a b l e Southeast Coast and 
8 5 - S t a t i o n B r i t i s h Vancouver Observed 
E q u a t i o n Columbia I s l a n d I n t e r i o r UMLF 

0.181 0.099 0.918 
-0.188 -0.076 0.099 
0.147 0.097 0.425 

-0.597 -0.047 0.003 
-0.412 -0.144 0.159 
0.081 -0.070 0.280 
0.112 0.169 0.121 
0.232 0.222 0.649 

-0.067 -0.023 0.236 
-0.334 -0.964 0.292 
-0.241 -0.408 0.312 
1.71 0.908 1.89 
0.054 0.015 0.060 
0.251 -0.186 0.964 

-0.511 -0.170 0.496 
0.315 -0.576 0.781 
0.043 0.266 0.843 
0.261 0.074 0.604' 

2.72 0.084 2.24 0.195 

10 6 

1 

6 , 
1 

7 

1 

The r e s i d u a l s a r e n o t n o r m a l l y d i s t r i b u t e d f o r e i t h e r the 1 0 - v a r i a b l e 

8 5 - S t a t i o n e q u a t i o n or the r e g i o n a l e q u a t i o n s , g i v e n i n F i g u r e 3. 
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F i g u r e 3. P r o b a b i l i t y P l o t o f R e s i d u a l s f o r S p l i t Sample 

F i g u r e 4 shows t h e r e s u l t s f o r Kalman f i l t e r i n g a p p l i e d t o t h e 85-
• s t a t i o n s ample. The base sample i s t h e f i r s t 16 s t a t i o n s i n an a l p h a b e t i c 
l i s t i n g o f a l l 85. The e i g h t most f r e q u e n t l y s i g n i f i c a n t p h y s i o g r a p h i c 
p a r a m e t e r s , g i v e n i n A p p e n d i x B, a r e us e d i n t h e model. The s t a n d a r d 
e r r o r o f c a l i b r a t i o n i s an u n s t a b l e e s t i m a t e o f r e l i a b i l i t y f o r s m a l l de­
g r e e s o f freedom; n o t u n t i l a r o u n d 30 d e g r e e s o f freedom o r 40 s t a t i o n s 
does the e s t i m a t e s e t t l e down. H e r e r e l i a b i l i t y i s c l o s e n e s s t o t h e m i n ­
imum s t a n d a r d e r r o r o f v a l i d a t i o n . The s e t t l i n g down o f t h e s t a n d a r d e r r o r 
o f c a l i b r a t i o n c o i n c i d e s w i t h t h e d e c r e a s e i n t h e r a t e o f change o f t h e P 
m a t r i x . 

When a p p l i e d t o t h e S o u t h e a s t r e g i o n , Kalman f i l t e r i n g i n d i c a t e s w h i c h 
s t a t i o n s p r o v i d e t h e _ l a r g e s t _ c h a n g e s . _ i n . _ t h e _ P _ m a t r i x , _ g i v e n _ i n _ T a b l e _ 2 
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F i g u r e 2. Map o f B r i t i s h C o l u m b i a Showing t h e T h r e e R e g i o n s 
f o r w h i c h E q u a t i o n s have been D e v e l o p e d 
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F i g u r e 4. B e h a v i o u r o f T r a c e o f P M a t r i x , S t a n d a r d E r r o r o f 
C a l i b r a t : i o n , S t a n d a r d E r r o r o f V a l i d a t i o n , w i t h Number o f S t a t i o n s A n a l y z e d 



T a b l e 2. Changes i n T r a c e o f P M a t r i x 

1 6 - S t a t i o n Base Sample T r a c e P == A35.4 
S t a t i o n S t a n d a r d E r r o r 
Number T r a c e P Change o f C a l i b r a t i o n 

08NF001 330.9 
08NE006 434.7 
08NH066 409.9 
08NH007 403.3 
08NH006 190.2 
08NH034 405.6 
08NG046 406.9 
08NE074 184.2 
08NE044 180.8 
08LE027 277.3 
08NG051 412.4 
08NJ014 431.2 
08NA011 432.1 
08NA012 426.7 
08NF004 428.2 

104.5 0.106 
0.7 0.108 

25.5 0.104 
32.1 0.113 

245.2 0.106 
29.8 0.107 
28.5 0.094 

251.2 0.105 
254.6 0.106 
158.1 0.089 
23.0 0.088 
4.2 0.104 
3.3 0.111 
8.7 0.107 
7.2 0.123 

F o r t h e 69 s t a t i o n s w i t h r e c o r d s between 1950 and 1972 t h e f o l l o w i n g 
e q u a t i o n was d e v e l o p e d : 

= 0.7131 FPROB = 0.0000 Skew = 0.174 
S.E. = 0.174 49% o f r e s p o n s e mean K u r t o s i s = 3.57 

UMLF = 0.8306 + 0.0110 NPOSI - 0.00008874 ELEV + 0.007203 SLP% 
- 0.0007726 DSN - 0.0005977 DSNW - 0.00005684 BHW 
+ 0.000005645 SENW (8) 

The s t a n d a r d e r r o r o f c a l i b r a t i o n i s c o n s i d e r a b l y l o w e r t h a n t h e mean 
s t a n d a r d e r r o r o f c a l i b r a t i o n minus one s t a n d a r d d e v i a t i o n f o r 69 s t a t i o n s 
i n F i g u r e 1. T h i s i n d i c a t e d t h a t b r i n g i n g t h e d a t a t o a common t i m e b a s e 
w o u l d i n c r e a s e a c c u r a c y . The e q u a t i o n w o u l d t h e n be a p p l i c a b l e t o t h e 
c h o s e n t i m e p e r i o d o n l y , so a l o n g p e r i o d w o u l d be d e s i r a b l e . The 
e q u a t i o n i s s i m i l a r t o t h e s h o r t 8 5 - s t a t i o n e q u a t i o n e x c e p t f o r BHW i n ­
s t e a d o f RALKE. The s t a n d a r d e r r o r s o f t h e c o e f f i c i e n t s l i s t e d i n T a b l e 3 
i n d i c a t e a b e t t e r s t a t i o n e q u a t i o n . 

T a b l e 3. C o m p a r i s o n o f R e g r e s s i o n C o e f f i c i e n t s and t h e i r S t a n d a r d 
E r r o r s o f E s t i m a t e 

• 

6 9 - S t a t i o n E q u a t i o n S h o r t 85-S t a t i o n E q u a t i o n 
• 

C o e f f i c i e n t S t a n d a r d E r r o r C o e f f i c i e n t S t a n d a r d E r r o r 

C o n s t a n t I 0.8306 0.1987 0.4998 0.2304 
NPOSI • 0.0110 0.001799 0.0111 . 0.002076 ELEV -0.00008874 0.00002726 ,,-0.00006876 0.00002498 
SLP% i 0.007203 0.001011 .0.006429 0.001127 
DSN -0.0007726 0.0001389 -0.0006558 0.0001603 DSNW -0.0005977 0.0001381 • -0.0005961 0.0001548 
SENW ; 0.000005645 0.000001763 0.000004838 0.000002061 



A f t e r the s t a t i o n s had been separated according to season of low 
flow occurrence, only 16 had lows i n summer and f a l l . No r e l i a b l e equa­
t i o n with le s s than s i x v a r i a b l e s could be developed, but for the 59 
sta t i o n s with low flows i n winter, 

R2 = 0.7108 FPROB = 0.0000 
S.E. = 0.1529 • ' 37% of response mean x 

UMLF = 1.3125 + 0.006537 NPOSI - 0.0001755 ELEV - 0.0009850 DSSW 
- 0.00008697 BHW - 0.0001731 BHSW (9) 

The standard e r r o r of c a l i b r a t i o n i s lower than the mean minus one 
standard d e v i a t i o n f o r 59 s t a t i o n s , given i n Figure 1, i n d i c a t i n g that 
d i f f e r e n t equations could p e r t a i n to the seasons of occurrence of low 
flows. 

DISCUSSION 

Single values of standard e r r o r of c a l i b r a t i o n , standard e r r o r of 
v a l i d a t i o n or trace of the P matrix should not be used as estimates of r e ­
l i a b i l i t y of re g i o n a l equations. A sequence of values i s required. In 
th i s study of low flows using l e a s t squares f i t t i n g of physiographic 
parameters apparently 30 degrees of freedom are required to obtain r e ­
l i a b l e estimates of accuracy. 

Apparently, although not proved c o n c l u s i v e l y , r e g i o n a l i z a t i o n or sub­
d i v i s i o n of the study area, and br i n g i n g the low flows to a common time 
base improve the r e l i a b i l i t y of estimates. 

I f r e g i o n a l i z a t i o n i s required, then the province i s undergauged, 
e s p e c i a l l y for the Coast and Island Region 

. 

P o t e n t i a l additions to the network can be screened by Kalman f i l ­
t e r i n g to give an i n d i c a t i o n of t h e i r c o n t r i b u t i o n to the network by the 
change i n P matrix. 

APPENDIX A 

DEFINITION OF AND STATISTICS FOR PHYSIOGRAPHIC PARAMETERS USED IN STUDY 

Parameters Symbols Units Explanation 
Drainage area 
Grid coordinates 

E l e v a t i o n 
Percent slope x 10 

Azimuth 

AREA 
NPOSI 
NPOSJ 
ELEV 
SLP% 

Square miles 
Dimensionless 
Feet 

SLPAZ Degrees 

T o t a l drainage area f o r basin 
Coordinates f o r centre of 
gr a v i t y of basin 
Average e l e v a t i o n of basin 
Basin slope average over 
• squares included i n basin 
Angle between west-east d i ­
r e c t i o n and h o r i z o n t a l pro­
j e c t i o n of l i n e of steepest 
descent of l o c a l slope plane 



Parameters Symbols Units Explanation 
Distance to sea 

North DSN 
Northwest. DSNW 
West DSW 
Southwest , DSSW 

Relativ e area 
Lake RALKE 
Forest RAFOR 
Swamp RASWP 
Gl a c i e r RAGLG 
Urban RAURB 

B a r r i e r height 
North BHN 
Northwest BHNW 
West BHW 
Southwest BHSW 

Shi e l d e f f e c t 
North SEN 
Northwest SENW 
West SEW 
Southwest SESW 

Signed slope 
Northeast SSNE 
East SSE 
Southeast SSSE 

Kilometers 

Dimensionless 

Feet 

Feet 

Feet/kilometers 

Distance from centre of 
gr a v i t y of basin to sea i n 
north, northwest, west, and 
southwest d i r e c t i o n s 

Percentage of area of basin' 
occupied by lakes, f o r e s t s , 
swamp, g l a c i e r s , and built-, 
up areas 
Note: ERA does not always 

equal 100. 

Diff e r e n c e between average 
e l e v a t i o n of basin and 
highest e l e v a t i o n en­
countered i n north, north­
west, west and southwest 
d i r e c t i o n s u n t i l ocean i s 
reached 

Sum of el e v a t i o n d i f f e r ­
e n t i a l of a l l ascending 
stretches of t e r r a i n en­
countered when t r a v e l l i n g 
from ocean shore i n north, 
northwest, west, southwest 
d i r e c t i o n s to corresponding 
point 

Takes i n t o account general 
c o n f i g u r a t i o n of t e r r a i n 

Note: Further information and references on these parameters may be 
found i n Hydrometric Network Planning Study f o r Western and 
Northern Canada Report 5019-70, November 1970 by the 
Shawinigan Engineering Company Limited, Section 4.2.1, page 33 

Parameter Mean 
Standard 
Deviation Maximum Minimum 

AREA 349 198 800 62 
NPOSI 157 42 212 55 NPOSJ 47 36 132 11 ELEV 4603 1328 7017 1136 SLP% 61 23 115 5 SLPAZ 183 98 350 14 DSN 1926 345 2395 958 
DSNW 2278 ^ 1075 3393 226 . 
DSW 581 250 . 990 64 
DSSW 489 • 252 : 989 52 
RALKE 1.78 2.82 9 0 
RAFOR 70.3 "22.7 99 11 
RASWP 0.29 1.11 9 0 
RAGLC 2.98 6.66 48 0 
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S t a n d a r d 
P a r a m e t e r Mean D e v i a t i o n Maximum Minimum 

RAURB . 0.0 0.0 0 0 
BHN 3135 :.1235 6733 1160 
BHNW 2457 868 5886 690 
BHW'O Within Tiiis2195 841 3920 47 
BHSW - • - - 1715 - 939 4490 400 
SEN 42800 14500 88490 18300 
SENW 132000 63100 200000 7910 
|SEW 35000 18600 71300 2070 
ISESW 48300 41800 128200 1850 
|SSNE 1.14 13.2 32 -26 
,SSE 1.06 24.4 65 -64 
SSSE 0.376 12.5 38 -38 

APPENDIX B 

FREQUENCY OF OCCURRENCE OF PHYSIOGRAPHIC PARAMETERS 
I N RANDOM SAMPLE EQUATIONS 

1 6 - S t a t i o n 3 2 - S t a t i o n 4 8 - S t a t i o n 6 4 - S t a t i o n 
P a r a m e t e r E q u a t i o n E q u a t i o n E q u a t i o n E q u a t i o n 

1 

NPOSI 2 8 
NPOSJ 1 3 17 4 
ELEV 4 9 14 13 
SLP% 15 24 24 15 SLPAZ 1 1 

15 

DSN 5 3 11 
DSNW 7 11 17 15 
DSW 6 . 5 5 - 8 
DSSW 4 4 . 1 
RALKE 3 7 9 10 
RAFOR 1 2 
RASWP 1 
RAGLC 3 1 
RAURB 
BHN 4 . 3 
BHNW 2 3 
BHW 8 5 3 4 
BHSW 7 6 5 4 
SEN 6 4 7 
SENW 10 9 5 7 
SEW 2 4 5 

. SESW 2 1 5 
SSNE 2 1 1 
SSE 5 3 2 1 
SSSE 5 1 
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As t h e c o s t o f e s t a b l i s h i n g and m a i n t a i n i n g h y d r o m e t r i c s t a t i o n s was i n ­

c r e a s i n g r a p i d l y and t h e v a l u e o f t h e d a t a , measured by t h e number o f r e ­

q u e s t s , d i d n o t seem t o i n c r e a s e a t a commensurate r a t e , a s y s t e m a t i c 

e x a m i n a t i o n o f t h e d a t a c o l l e c t i o n e f f o r t was u n d e r t a k e n . S t a r t i n g i n , 

1970, t h e Water S u r v e y o f Canada i n c o n j u n c t i o n w i t h t h e C o n s u l t a n t , 

S h a w i n i g a n E n g i n e e r i n g Company, L i m i t e d (1970) c a r r i e d o u t a d e l i b e r a t e 

and s y s t e m a t i c s t u d y o f d a t a c o l l e c t i o n . The o b j e c t i v e o f t h i s s t u d y was 

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

e x p a n d i n g a program f o r t h e l o n g r a n g e development o f t h e h y d r o m e t r i c n e t ­

work . 

F i g u r e 1 shows t h e 

d r a m a t i c t u r n i n the 

s i z e o f t h e n e t w o r k 

( F i g u r e 1) ^^^^^ P ^ ^ " 

1973 a f t e r t h e c l a s s ­

i f i c a t i o n p r o c e s s 

began. 

The s t u d y recommendations o f p a r t i c u l a r i n t e r e s t t o B r i t i s h C o l u m b i a were 

s t a t i o n c l a s s i f i c a t i o n and the d evelopment o f a r e g i o n a l n e t w o r k . As s t a ­

t i o n s had p r e v i o u s l y b e e n l o c a t e d f o r t h e d e s i g n o f s p e c i f i c p r o j e c t s some 

s t a t i o n s h a d become r e d u n d a n t . W i t h s t a t i o n c l a s s i f i c a t i o n , t h e p u r p o s e s o f 

2 



R e v e l s t o k e R e g i o n - 16 s t a t i o n s 

MAF = 4516 + 16.94 x AREA + 139.4 x RAFOR 
- 0.5191 X 10^'x RASWP - 0.3522 x SEN (5) 

Van c o u v e r R e g i o n - 25 s t a t i o n s 

MAF = 572,3 + 13.67 x AREA + 36.19 x SLP% (6) 

Windermere R e g i o n - 19 s t a t i o n s 

MAF = 0.5868 x 10^ + 8.486 x AREA - 28.16 
X DSN - 1919 X RASWP (7) 

The r e g i o n s were named f o r c i t i e s and a l l a r e l o c a t e d i n t h e s o u t h e r n p o r t i o n 

o f t h e P r o v i n c e . The r e a d e r i s r e f e r r e d t o L e i t h (1975) f o r a d e s c r i p t i o n o f 

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

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

as d i f f e r e n t r e g i o n s h a d s i g n i f i c a n t l y d i f f e r e n t e q u a t i o n s and i n each r e g i o n 

t h e s t a n d a r d e r r o r was l o w e r t h a n t h e s t a n d a r d d e v i a t i o n o f t h e mean a n n u a l 

f l o o d s . As r e g r e s s i o n i s a s t a t i s t i c a l t e c h n i q u e , r e g i o n a l e q u a t i o n s w o u l d 

have b e e n more s a t i s f y i n g i f t h e r e had been a p h y s i c a l t h e o r y t o g u i d e t h e 

development o f t h e e q u a t i o n s . T h i s need f o r p h y s i c a l t h e o r y o r b a c k g r o u n d 

w o u l d p r o b a b l y have b e e n more a c u t e i f t h e h y d r o l o g i c v a r i a b l e b e i n g modeled 

had been l e s s g e n e r a l t h a n mean a n n u a l f l o o d . 

However, r e g i o n a l i z a t i o n b y r e g r e s s i o n does p r o v i d e t h r o u g h s t a n d a r d ' e r r o r , 

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

by t h e e x i s t i n g n e t w o r k . T h i s t h e n p r o v i d e s an e s t i m a t e o f t h e e f f e c t i v e n e s s 

of' t h e netwo r k and a s t r o n g i n d i c a t i o n t h a t t h e n e t w o r k r e q u i r e s more s t a t i o n s 

s a m p l i n g n a t u r a l f l o w f r o m b a s i n s o f under 1500 s q u a r e k i l o m e t e r s . 

R^ = 0.999 
S.E.E. = 2120 c f s 

R^ = 0.940 
S.E.E. = 2396 c f s 

R^ = 0.960 
S.E.E. = 3620 c f s 
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T a b l e 4. D e f i n i t i o n o f P h y s i o g r a p h i c a n d . P r e c i p i t a t i o n P a r a m e t e r s 

1. AREA i s t h e t o t a l d r a i n a g e a r e a f o r , t h e b a s i n . 

2-3. NPOSI and NPOSJ a r e t h e c o o r d i n a t e s f o r t h e c e n t r e o f g r a v i t y 
o f t h e b a s i n . 

4. ELEV i s t h e a v e r a g e e l e v a t i o n o f the b a s i n . 

5. SLP% i s t h e b a s i n s l o p e a v e r a g e d o v e r t h e b a s i n . 

6-9. DSN, DSNW, DSW, DSSW a r e the d i s t a n c e s f r o m t h e c e n t r e o f 
g r a v i t y o f t h e b a s i n t o t h e s e a i n t h e n o r t h , n o r t h w e s t , w e s t 
and s o u t h w e s t d i r e c t i o n s . 

10-13. RALKE, RAFOR, RASWP, RAGLC a r e t h e p e r c e n t a g e s o r r e l a t i v e 
a r e a s o f t h e b a s i n w h i c h a r e o c c u p i e d by l a k e s , f o r e s t s , 
swamps and g l a c i e r s . 

14-17. BHN, BHNW, BHW, BHSW a r e b a r r i e r h e i g h t s o r d i f f e r e n c e s 
between a v e r a g e e l e v a t i o n o f b a s i n and h i g h e s t e l e v a t i o n 
e n c o u n t e r e d i n t h e n o r t h , n o r t h w e s t , w e s t and s o u t h w e s t 
d i r e c t i o n s u n t i l t h e o c e a n i s r e a c h e d . 

18-21. SEN, SENW, SEW, SESW a r e s h i e l d e f f e c t s d e f i n e d as t h e sum 
o f t h e e l e v a t i o n d i f f e r e n t i a l o f a l l a s c e n d i n g s t r e t c h e s o f 
t e r r a i n e n c o u n t e r e d when t r a v e l l i n g f r o m t h e ocea n s h o r e a t 
t h e n o r t h , n o r t h w e s t , w e s t and s o u t h w e s t t o t h e c o r r e s p o n d i n g 
p o i n t . 

22-24. SSE, SSNE, SSSE a r e a p p r o x i m a t i o n s o f r e g i o n a l s l o p e w h i c h 
t a k e i n t o a c c o u n t t h e g e n e r a l c o n f i g u r a t i o n o f t h e t e r r a i n 
i n t h e e a s t , n o r t h e a s t , and s o u t h e a s t d i r e c t i o n s . 

25-26. MAPRE i s t h e mean a n n u a l p r e c i p i t a t i o n a v e r a g e d o v e r t h e 
b a s i n ; a s e c o n d p r e c i p i t a t i o n v a l u e i s TBPRE, t o t a l b a s i n 
p r e c i p i t a t i o n w h i c h e q u a l s mean a n n u a l b a s i n p r e c i p i t a t i o n 
m u l t i p l i e d by t h e a r e a o f t h e d r a i n a g e b a s i n . 

I n t h e second r e p o r t i n . a s e r i e s o f r e g i o n a l i z a t i o n s t u d i e s i n B r i t i s h 

C o l u m b i a , L e i t h (1976) s t u d i e d r e g r e s s i o n o f mean a n n u a l f l o w a g a i n s t 

p h y s i o g r a p h i c p a r a m e t e r s f o r 62 b a s i n s t h r o u g h o u t B r i t i s h C o l u m b i a . Mean 

a n n u a l f l o w i s t h e mean f o r c a l e n d a r y e a r f l o w s o v e r t h e p e r i o d o f r e c o r d 

f o r a p a r t i c u l a r s t a t i o n where o n l y c o m p l e t e y e a r s o f r e c o r d a r e c o n s i d e r e d , 
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A f t e r t h e s t a t i o n s had been s e l e c t e d and mean a n n u a l f l o w s computed, 

s e v e r a l random samples o f s t a t i o n s were t a k e n ; f o u r o f 16 s t a t i o n s , two o f 

32 s t a t i o n s and one o f 48 s t a t i o n s . F i n a l l y , a f u l l 6 2 - s t a t i o n sample was 

c o n s i d e r e d . F o r each sample a r e g r e s s i o n was d e v e l o p e d f o r u n i t mean a n n u a l 

f l o w , UMAF t h a t i s , mean a n n u a l f l o w i n c f s d i v i d e d by t h e d r a i n a g e a r e a . 

T h i s t r a n s f o r m a t i o n was made t o remove s p u r i o u s c o r r e l a t i o n o f f l o w w i t h 

d r a i n a g e a r e a . The b u i l d u p o f the 6 2 - s t a t i o n e q u a t i o n i s shown b e l o w . 

1 6 - S t a t i o n Samples 

UMAF = 4.74 + 0.624 x RALKE - 0.192 
X 10-"* X SENW 

UMAF = 3.06 + 2.41 x RASWP 

(8) 

(9) 

R^ = 0.819 
S.E.E. = 1.07 c f s / s q m i 

R^ = 0.336 
S.E.E. = 2.47 c f s / s q m i 

UMAF = 0.678 + 2.43 x RASWP + 0.986 
X 10"^ X BHN (10) 

R^ = 0.711 
S.E.E. = 1.50 c f s / s q m i 

UMAF = 1.25 + 0.043 x SLP% - 0.464 
X 10-^ X DSSW + 0.113 X BHN (11) 

R2 = 0.839 
S.E.E. = 1.30 c f s / s q m i 

3 2 - S t a t i o n Samples 

UMAF = 9.00 + 0.0315 x NPOSI - 0.135 
X 10"^ X ELEV - 0.0927 x RAFOR 
+ 0.706 x 10*^ X BHN (12) 

R^ = 0.715 
S.E.E. = 1.36 c f s / s q m i 

UMAF = 7.78 + 0.0446 x NPOSI - 0.151 
X 10'^ X ELEV - 0.108 x -RAFOR 
+ 0.988 X 10"^ X BHN (13) 

R^ = 0.566 
S.E.E. = 1.82 c f s / s q m i 

4 8 - S t a t i o n Sample 

UMAF = 4.83 - 0.0388 x RAFOR + 0.963 
X RASWP + 0.752 x 10"^ x BHN 
- 0.984 X 10"^ X SENW - 0.0298 
X SSE (14) 

R^ = 0.556 
S.E.E. = 1.72 c f s / s q m i 

6 2 - S t a t i o n Sample 

UMAF = 10.4 + 0.0319 x NPOSI - 0.172 
X 10"^ X ELEV - 0.131 X 10"^ 
X DSNW - 0.0567 x RAFOR + 0 . 9 0 9 
X RASWP + 0.758 x IO'"* x SEW 
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R2 = 0.611 
S.E.E. = 1.71 c f s / s q m i 


