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ABSTRACT 

The purpose of  the study is t o  determine the most s u i t a b l e  means 

of ca lcu la t ing  evapotranspirat ion on a regional  sca le .  A b r i e f  

review of  f a c t o r s  involved and methods a v a i l a b l e  is included. Tes t s  

were car r ied  o u t  f o r  seventeen s t a t i o n s  throughout Canada. 

Comparison of r e s u l t s  from Turcr s equation, Thorn thwa i t e l  s c l i m a t i c  

water balance and a mod if  ied approach of the  c l  imatic water balance 

found the l a t t e r  method to g ive  super ior  r e s u l t s .  



ESTIMATING ACTUAL EVAPOTRANSPIRATION FROM CLIMATOLOGICAL 

DATA FOR MAPPING PURPOSES 

INTRODUCTION 

The primary o b j e c t i v e  of t h e  s tudy  was t o  e v a l u a t e  d i f f e r e n t  

methods of c a l c u l a t i n g  a c t u a l  evapo t r ansp i r a t i on  (AE) which may be  

app l i ed  f o r  c l i m a t i c  mapping purposes.  Although t h e  s tudy  was 

r e s t r i c t e d  t o  Canada, i t  was hoped t h a t  t h e  wide d i f f e r e n c e s  i n  

c l i m a t i c  and physiographic  cond i t i ons  which e x i s t  throughout our  

Country permi t  eva lua t ion  of techniques under a  number of d i v e r s e  

cond i t i ons  s o  t h a t  t he  r e s u l t s  ob ta ined  from t h e  s tudy  would have 

gene ra l  a p p l i c a t i o n  - p a r t i c u l a r l y  t o  "Developing ~ a t i o n s " .  The 

terms; a c t u a l  evapora t ion  o r  evapo t r ansp i r a t i on  a s  used h e r e i n ,  a r e  

de f ined  a s  t h e  amount of water  which i s  evaporated and/or  t r a n s p i r e d  

from t h e  s o i l  and v e g e t a t i v e  cover under p r e v a i l i n g  meteoro logica l  

and s o i l  mois ture  condi t ions .  The importance of evapo t r ansp i r a t i on  a s  

a  c l i m a t i c  v a r i a b l e  is  well-recognized because i t  p l ays  a  major r o l e  

i n  energy and mois ture  exchanges between t h e  e a r t h  and t h e  atmosphere. 

C l ima t i c  indexing and water  resource  management and planning 

s t u d i e s  r e q u i r e  some i n s i g h t  of t h e  magnitude of t h e  evapo t r ansp i r a t i on  

component. Many o t h e r  f a c t o r s  r e l a t i n g  t o  t h e s e  needs have been mapped 

s u c c e s s f u l l y  on a  r e g i o n a l  s c a l e .  For example, maps a r e  a v a i l a b l e  f o r  

t empera ture ,  p r e c i p i t a t i o n ,  humidi ty ,  sunshine,  runo f f ,  r a d i a t i o n ,  

evapora t ion  from f r e e  water  s u r f a c e s  and o t h e r  v a r i a b l e s .  Thus, t h e  

omission of evapo t r ansp i r a t i on  is  most n o t i c e a b l e  i f  a t t empt s  a r e  t o  be  

made t o  develop a  gene ra l  c l i m a t i c  map. The primary reason f o r  t h i s  

omission s t e m s  from the  f a c t  t h a t  numerous v a r i a b l e s ,  w i t h  t h e i r  own 



i n a c c u r a c i e s ,  a r e  requi red  t o  e v a l u a t e  a c t u a l  evapo t r snsp i r a t ion .  This  

p a r a n e t c r  i s  a f f e c t e d  by c l i m a t i c  i n p u t s  t o  t h e  system, v e g e t a l  aid soil 

p r o p e r t i e s .  

FACTORS AFFECTING EVAPOTRANSPIMTION 

The primary c l i m a t i c  f a c t o r s  which in f luence  t h e  amount of 

evapora t ion  a r e  t h e  energy supply a v a i l a b l e  t o  evaporate  wa te r ,  t h e  

t r a n s f e r  processes  and those  f a c t o r s  which a f f e c t  t h e  movement of t he  

evaporated amounts i n  t h e  over ly ing  l a y e r  away from the  s o i l - v e g e t a t i o n  

s u r f a c e .  These f a c t o r s  a r e  r e a d i l y  r e f l e c t e d  i n  t he  p o t e n t i a l  evapo- 

t r ansp i r a t i . on ,  PE t e r n  - which i s  t h e  evapo t r ansp i r a t ion  r equ i r ed  t o  

s a t i s f y  atmospheric demands a t  t h e  evaporat ing s u r f a c e  (assuming water  

supply t o  be non- l imi t ing) .  Many equat ions ,  both t h e o r e t i c a l  and 

empi r i ca l ,  have been developed t o  e s t ima te  p o t e n t i a l  evapo t r ansp i r a t ion .  

Pad ia t ion ,  temperature,  humidity and wind speed a r e  t h e  primary c l i m a t i c  

parameters  used t o  determine p o t e n t i a l  evapot ranspi ra t ion .  

Although a c t u a l  evapo t r ansp i r a t ion  is  a f f e c t e d  by many of t h e  same 

v a r i a b l e s  which a f f e c t  p o t e n t i a l  evapo t r ansp i r a t ion ;  i n  c a l c u l a t i n g  a c t u a l  

evapo t r ansp i r a t ion  over  a  per iod  of time (e.g.  weekly, monthly, 

s easona l ly  o r  annua l ly ) ,  t h e  amount of p r e c i p i t a ' t i o n  which occurred 

w i t h i n  t h a t  time i n t e r v a l  must be taken i n t o  account .  A t  d i f f e r e n t  t imes 

of t h e  y e a r ,  i n  many p a r t s  of t he  World, t h e  amount of water  a v a i l a b l e  

f o r  evapo t r ansp i r a t ion  i s  l i m i t e d  and hence, p r e c i p i t a t i o n  becomes t h e  

c o n t r o l l i n g  f a c t o r  governing t h e  a c t u a l  evapot ranspi ra t ion .  The problen  

i s  f u r t h e r  complicated by t h e  n a t u r e  of t h e  p r e c i p i t a t i o n ;  whether i t  is  



i n  l i q u i d  o r  s o l i d  form. For example, i n  many p a r t s  of Canada 

i n f i l t r a t i o n  from snow melt  i s  an important  i npu t  t o  ground water  and 

s o i l  mois ture  recharge.  Ca lcu l a t i ons  of a c t u a l  evapo t r ansp i r a t i on  on 

an annual  b a s i s  must t a k e  i n t o  cons ide ra t i on  t h i s  i npu t .  

Although p r e c i p i t a t i o n ,  e i t h e r  i n  t h e  fo.m of r a i n  o r  snow, i s  

t h e  main parameter  which determines t h e  water  a v a i l a b l e  f o r  evapo- 

t r a n s p i r a t i o n  ( c e r t a i n l y  on a  r e g i o n a l  s c a l e ) ,  s o i l  and v e g e t a l  

c h a r a c t e r i s t i c s  a r e  probably of equa l  importance. The i n t e r a c t i o n s  

t h a t  e x i s t  w i t h i n  t h e  so i l -mois ture-vege ta t ion  complex have d e t e r r e d  

the  development of methods of e s t i m a t i n g  a c t u z l  evapo t r ansp i r a t i on .  

The mois ture  ho ld ing  c a p a c i t y  and t h e  i n f i l t r a t i o n  r a t e  of a  

s o i l  i n f l u e n c e  t h e  amount of p r e c i p i t a t i o n  t h a t  e n t e r  t h e  s o i l  and i s  

r e t a i n e d  f o r  evapo t r ansp i r a t i on .  These phys i ca l  c h a r a c t e r i s t i c s  of a  

s o i l  va ry  g r e a t l y  i n  space  and t i m e  and from one s o i l  type  t o  another .  

S i m i l a r l y ,  t h e  mois ture  withdrawal  p a t t e r n  from any given s o i l  i s  

u s u a l l y  n o t  known. Some i n v e s t i g a t o r s  cons ider  t h a t  a l l  s o i l  n o i s t u r e  

between f i e l d  c a p a c i t y  and the  permanent w i l t i n g  p o i n t  is  r e a d i l y  

a v a i l a b l e  t o  t h e  p l a n t  and evapo t r ansp i r a t i on  proceeds a t  t h e  p o t e n t i a l  

r a t e .  A more accepted  s o i l  mois ture  withdrawal p a t t e r n  i s  a  modif ied 

exponen t i a l  type  of  r e l a t i o n s h i p  i n  which t h e  a c t u a l  evapo t r ansp i r a t i on  

dec reases  a s  t h e  s o i l  d r i e s  o u t  ( s ee  F igure  1 ) .  I n  t h e  f i g u r e ,  i t  is  

assumed t h a t  s o i l  mois ture  is s u f f i c i e n t  t o  s a t i s f y  p o t e n t i a l  demands 

from f i e l d  capac i ty  down t o  a  c e r t a i n  s o i l  mo i s tu re  con ten t  then t h e  

withdrawal  r a t e  decreases  r a p i d l y  a s  t h e  s o i l  d r i e s .  This  curve  t ends  



F i g u r e  1. Schematic Drying Curve of a S o i l  

\ '  
FC = T o t a l  Mois ture  S o i l  can Hold f o r  Evaporat ion ( F i e l d  Capac i ty) .  

SM = Actua l  S o i l  Moisture.  



t o  s h i f t  p o s i t i o n  f o r  d i f f e r e n t  s o i l  types  and wi th  d i f f e r e n t  d ry ing  

r a t e s .  I n  a d d i t i o n ,  t h e  amount of wa te r  a v a i l a b l e  between t h e  lintits 

of f i e l d  capac i ty  and t h e  w i l t i n g  p o i n t  i s  a func t ion  of t h e  r o o t i n g  

depth  of t h e  vege t a t i on .  

Vegetat ion i n f l u e n c e s  a c t u a l  evapo t r ansp i r a t i on  through i t s  

r o o t i n g  h a b i t s ,  growing season ,  ground cover  and o t h e r s ,  and through 

i t s  a b i l i t y  t o  absorb  wa te r  from t h e  s o i l  and t r a n s p i r e  It t o  rile 

atmosphere. 

S i m i l a r l y ,  a r t i f i c i a l  (human) induced changes can a l t e r  a c t u a l  

e v a p o t r a n s p i r a t i o n  p a t t e r n s  by d i f f e r e n t  l and  use  p r a c t i c e s .  These 

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

METHODS OF EVALUATING ACTUAL EVAPOTRANSPIRATION (AE) 

Energy Balance 

The energy ba l ance  is a  t h e o r e t i c a l  approach t h a t  i s  used t o  

e v a l u a t e  p o t e n t i a l  e v a p o t r a n s p i r a t i o n  amounts from a l and  s u r f a c e .  The 

.method is based on t h e  conse rva t ion  of energy. 

ET = - S - K - N - Storage  Terms 

ET = energy f o r  evapo t r ansp i r a t i on ,  
I 

= n e t  r a d i a t i o n ,  

S = energy t o  s o i l  h e a t ,  

K = s e n s i b l e  h e a t  t o  t he  a i r ,  and 

N = energy used by p l a n t s  f o r  photosynthes i s .  



I f  t h e  terms,  S, N and Storage a r e  conside,red n e g l i g i b l e ,  Equation 1 

can be reduced t o ,  

$ = H = K + E T  

H = h e a t  budget 

Equation 2 is  l i m i t e d  i n  i t s  "general" a p p l i c a t i o n  because of t h e  

d i f f i c u l t i e s  encountered i n  measuring the  d i f f e r e n t  components. I n  

c e r t a i n  i n s t a n c e s ,  a  cons t an t  r a t i o  between K and ET i s  assumed and 

t h i s  p ropor t ion ing  al though minimizing t h e  problen i n  c e r t a i n  cases  

c r e a t e s  o the r s .  For example, t h e  r a t i o  K:ET is  n e i t h e r  cons t an t  wi th  

t ime no r  space. Fu r the r ,  s i n c e  one i s  working wi th  p o t e n t i a l  evapo- 

t r a n s p i r a t i o n  va lues  t h e  problem is  f u r t h e r  complicated i n  c a s e s  where 

t h e  s o i l  mois ture  cond i t i ons  a r e  i n s u f f i c i e n t  t o  meet t h e  p o t e n t i a l  

demands. 

I n  any e v e n t ,  t he  use  of Equation 2 i n  e s t a b l i s h i n g  r eg iona l  

c l i m a t i c  maps of a c t u a l  evapo t r ansp i r a t ion  demands would be very  

r e s t r i c t e d  i n  i t s  a p p l i c a t i o n  because of t he  l a c k  of b a s i c  meteoro logica l  

in format ion  a v a i l a b l e  from those  s t a t i o n s  opera ted  i n  a  network. Perhaps 

t h e  g r e a t e s t  va lue  of t h i s  approach i s  t o  check t h e  more s i m p l i f i e d  

equat ions  which have been developed t o  e s t ima te  a c t u a l  evapo t r ansp i r a t ion .  

Mass Trans fe r  - --- 

This  method i s  based on t h e  aerodynamic law presented  by Dalton. 



K f (u) (eo - e ) 
E = a- 

f ( z o )  

E = evapora t ion ,  

K = parameter t o  i n c l u d e  t h e  e f f e c t s  of a i r  d e n s i t y  and 

p r e s s u r e ,  

f ( u )  = wind v e l o c i t y  f u n c t i o n ,  

e -e = vapour p r e s s u r e  d i f f e r e n c e ;  i n  which e is  t h e  s a t u r a t e d  
o a  o 

vapour p r e s s u r e  a t  t h e  temperature  of t h e  s u r f a c e  and e 
a  

i s  t h e  a c t u a l  vapour p r e s s u r e  o f  t he  water  a t  t h e  a i r  

temperature ,  and 

f ( zo )  = roughness parameter .  

Sverdrup (1946) and Thornthwaite  and Holzman (1939) have developed 

workable forms o f  t h i s  equa t ion  b u t  a s  i n  t he  ca se  of t he  Energy 

Balance they a r e  n o t  g e n e r a l l y  used f o r  gene ra l  mapping purposes  because 

of t h e  u n a v a i l a b i l i t y  of da t a .  

Water Balance 

P . = E + R k A S  k A G w  m 

R = r u n o f f ,  

P = p r e c i p i t a t i o n ,  

E = e v a p o t r a n s p i r a t i o n ,  

A Sm = change i n  s o i l  mois ture  s t o r a g e ,  and 

A Gw = change i n  ground water s t o r a g e .  

Of t h e  t h e o r e t i c a l  methods, t h e  Water Balance approach probably could 

be  a p p l i e d  w i t h  t h e  most confidence and e a s e  t o  e s t i m a t e  a c t u a l  



e v a p o t r a n s p i r a t i o n  i f  a d e q u a t e  measurements of changes i n  s o i l  

m o i s t u r e  and ground w a t e r  were a v a i l a b l e .  However, t h e  expense  o f  

measurement of changes;  p a r t i c u l a r l y  i n  s o i l  m o i s t u r e  and ground w a t e r  

s t o r a g e ,  i s  u s u a l l y  v e r y  h i g h  and p r o h i b i t s  e x t e n s i v e  measurements 

e x c e p t  a t  a  few l i m i t e d  l o c a t i o n s .  Also,  i n  many i n s t a n c e s  t h e  measure- 

ment o f  s o i l  m o i s t u r e  i s  made on a  g r a v i m e t r i c  b a s i s  r a t h e r  t h a n  

v o l u m e t r i c .  As i n  t h e  c a s e  of o t h e r  t e c h n i q u e s  t h e s e  f a c t o r s  t e n d  t o  

l i m i t  t h e  u s e  o f  t h e  approach f o r  purposes  o f  r e g i o n a l  s c a l e  mapping. 

I n  c e r t a i n  c a s e s ,  however, t h e  Water Balance h a s  been s u c c e s s f u l l y  

a p p l i e d  i n  d e t e r m i n a t i o n  o f  a c t u a l  e v a p o t r a n s p i r a t i o n .  The pr imary 

requ i rement  f o r  t h e  s u c c e s s  o f  t h i s  approach i s  t h a t  t h e  sum of  t h e  

changes  i n  t h e  w a t e r  s t o r e d  i n  a n  area i n  t h e  form of  e i t h e r  s o i l  

m o i s t u r e  o r  grzund w a t e r  approach  z e r o  w i t h i n  t h e  t imz  i n t e r v a l  o f  s t u d y .  

Under f a v o r a b l e  c l i m a t i c  c o n d i t i o n s  - humid o r  subhumid - t h e  approach 

h a s  been s u c c e s s f u l  i n  c a l c u l a t i o n  of annua l  e v a p o t r a n s p i r a t i o n  amounts. 

Also ,  i n  a few i n s t a n c e s  as a t  K a t h e r i n e ,  A u s t r a l i a ,  i t  h a s  been u s e d  

f o r  monthly c a l c u l a t i o n s .  The c l i m a t i c  c o n d i t i o n s  a t  K a t h e r i n e  are 

somewhat un ique  inasmuch as t h e r e  is  a d i s t i n c t  d i v i s i o n  between wet  

and d r y  s e a s o n s .  

O t h e r s  

S e v e r a l  o t h e r  commonly-used t e c h n i q u e s  f o r  measur ing a c t u a l  

e v a p o t r a n s p i r a t i o n  a r e ;  

1. S o i l  m o i s t u r e  d e p l e t i o n  s t u d i e s  on  small p l o t s .  

2. Tank and l y s i m e t e r  exper iments .  



3. Study of ground water fluctuations. 

4. Empirical constants applied to tank evaporation 

measurements. 

5. Soil moisture budgets. 

All these methods are impractical for the purpose of the current study 

due to their special applications and usual lack of data. 

Empirical (Turc) 

An empirical method was developed by Turc to estimate 

evapotranspiration on a regional scale. Two equations were developed; 

one for annual use and one for calculating evapotranspiration for a 

ten-day period. These equations require measurements of temperature, 

precipitation, radiation and some estimate of crop yield. 

Annual Equation : 

E and P are evaporation and precipitation respectively in 

units of mm. 

t = mean annual air temperature in degrees C 

P E = P when - < 0.1 
L(t12 



Ten-day Period : 

E m/lO davs = . P + a + V  

a = drying term f o r  a  ba re  s o i l ,  

= 35 - A w i t h  a  minimum of 1 and a  maximum of 1 0 ,  

V = drying term due t o  vege ta t ion ,  

= t h e  sma l l e r  va lue  (not  l e s s  than zero)  of 

R = func t ion  of temperature and s o l a r  r a d i a t i o n ,  

M = t o t a l  dry ma t t e r  harves ted  i n  q/ha, 

Z = number of ten-day per iods  i n  t h e  growing season 

( i n t e r v a l s  w i th  R < 10 a r e  excluded; f o r  then V = O), 

z = number of t he  ten-day per iod  being considered,  

c = c o e f f i c i e n t  of t r a n s p i r a t i o n  of t h e  p l a n t  i n  ques t ion  

r e l a t i v e  t o  t h a t  of wheat,  

A = d e f i c i t  of s o i l  mois ture  from t h e  f i e l d  capac i ty ,  

A = va lue  of A a t  t h e  s t a r t  of t he  growing season,  
0 

I = i n s o l a t i o n  ( ly /day ) ,  

t = average ten-day temperature i n  degrees C ,  

P  = ten-day p r e c i p i t a t i o n  i n  mm. 



Runoff occurs  when t h e  p r e c i p i t a t i o n  b r i n g s  t h e  s o i l  mois ture  d e f i c i t  

t o  less than zero.  

Cl imat ic  Water Balance 

e This  method developed by Thornthwaite (1957) i s  based on t h e  

wa te r  ba lance  equa t ion ,  

I n  app l i . c a t i on  of t h e  method a  s o i l  mois ture  withdrawal  p a t t e r n  and 

s o i l  mois ture  ho ld ing  capac i ty  a r e  assumed o r  eva lua t ed  and a  p o t e n t i a l  

evapora t ion  equa t ion  used t o  budget p r e c i p i t a t i o n  t o  s o i l  mo i s tu re  and 

evapora t ion .  A s  i n  t h e  Turc method, runoff  occurs  when t h e  p r e c i p i t -  

a t i o n  i n c r e a s e s  t h e  s o i l  mois ture  t o  a  l e v e l  g r e a t e r  than f i e l d  

capac i ty .  No a t t e n p t  i s  made t o  d i s t i n g u i s h  between s u r f a c e  runoff  

and a d d i t i o n s  t o  t h e  groundwater. The method can be  used w i t h  minimal 

measured d a t a ;  namely p r e c i p i t a t i o n  and temperature.  

The l i m i t a t i o n s  of t he  d i f f e r e n t  methods d i s cus sed  above f o r  

c a l c u l a t i n g  a c t u a l  evapo t r ansp i r a t i on ;  a s  they r e l a t e  t o  t h e  a t t a inmen t  

of  t h e  p r o j e c t  o b j e c t i v e s  of t h e  s tudy  r epo r t ed  h e r e i n ,  a r e  summarized 

i n  Table  1. 



TABLE I. Method-s of Est imat ing AE f o r  Regional Appl ica t ion  

From Table  1 i t  can b e  concluded t h a t  "Turc's Method" and t h e  

11 Cl ima t i c  Water ~ a l a n c e "  a r e  t h e  only methods t h a t  can be  more o r  less 

g e n e r a l l y  o r  u n i v e r s a l l y  used f o r  c a l c u l a t i n g  evapo t r ansp i r a t i on  amounts 

u s ing  d a t a  recorded a t  most c l i m a t i c  s t a t i o n s .  The choice  of  an 

e v a p o t r a n s p i r a t i o n  equa t ion  f o r  t h e  water  ba lance  computation is  a l s o  

r e s t r i c t e d  by t h e  a v a i l a b l e  da t a .  

Method 

(1) Energy Balance 

( 2 )  Mass T rans fe r  

( 3 )  Water Balance 

( 4 )  Measurements 

( 5 )  Empir ical  (Turc) 

( 6 )  Climat ic  Water Balance 

The two methods; Tu rc ' s  and Cl imat ic  Water Balance, were t e s t e d  

a t  d i f f e r e n t  l o c a t i o n s  i n  Canada ( s e e  l a t e r  d i s cus s ions )  i n  a t t empt  t o  

e v a l u a t e  t h e  app1 . icab i l i ty  o f  each i n  e s t ima t ing  r e g i o n a l  evapotransp-  

i r a t i o n  p a t t e r n s .  

-- 
Limi t a t i ons  

Lack of d a t a  f o r  p ropor t i on ing  energy 
under l e s s  than optimum mois ture  
cond i t i ons .  

Data r equ i r ed  i s  too  s p e c i f i c  f o r  
r eg iona l  a p p l i c a t i o n .  

Measurements of s o i l  mo i s tu re  l a c k i n g .  
Can be app l i ed  t o  annual  norms i n  some 
cases .  

Expense p r o h i b i t s  t h e i r  use except  i n  
smal l  l o c a l  s t u d i e s .  

Accuracy w i l l  be  much less than  =ore 
t h e o r e t i c a l  methods. A p p l i c a b i l i t y  t o  
d i f f e r e n t  c l i m a t i c  reg ions  must be  
t e s t e d .  

Also a  r educ t ion  i n  accuracy.  14ust be  
eva lua ted  l o r  d i l f e r e n t  c l i m a t i c  
reg ions  and s o i l  types.  



PROCEDURE 

Before d i s c u s s i n g  t h e  r e s u l t s  of t h e  s t u d i e s ,  i t  i s  a p p r o p r i a t e  

t h a t  t h e  methodology fol lowed i n  a p p l i c a t i o n  of t he  pre-mentioned methods 

be  b r i e f l y  descr ibed .  

Turc ' s  annual  equa t ion  (Equation 5) was n o t  used i n  t h e  s tudy  a s  

i t  i s  well-known t h a t  t h e  mean annual  evapo t r ansp i r a t i on  may be  ve ry  

d i f f e r e n t  f o r  two r eg ions  having t h e  same va lues  of  mean annual  temper- 

a t u r e  and p r e c i p i t a t i o n .  This  problem was i n d i c a t e d  by Cavadias (1961) 

i n  apply ing  t h e  annual  e.quation t o  cond i t i ons  i n  Quebec. 

To apply t h e  ten-day equa t ion ,  s e v e r a l  terms must be eva lua t ed .  

I n  apply ing  t h e  Turc equa t ion ,  v a l u e s  f o r  t h e  dry m a t t e r  ha rves t ed  and 

t h e  c o e f f i c i e n t  of t r a n s p i r a t i o n  were taken  equa l  t o  those  f o r  a 

p e r e n n i a l  c rop  such a s  g r a s s .  Accepting t h e s e  c r i t e r i a  e l imina t ed  t h e  

n e c e s s i t y  of o b t a i n i n g  s p e c i f i c  cropping p a t t e r n s .  It was assumed t h e s e  

d a t a  would n o t  decrease  t h e  accuracy of t h e  computation s i g n i f i c a n t l y .  

S i m i l a r l y ,  M - t h e  t o t a l  dry m a t t e r  ha rves t ed  w a s  es t imated .  Although 

t h e  l e n g t h  of t h e  growing season  u s u a l l y  v a r i e s  from y e a r . t o  y e a r ,  a  

cons t an t  v a l u e  w a s  assumed f o r  a  given l o c a t i o n .  Maps publ i shed  i n  

"The Canada Land Inventory  - ARDA" (1963) were used t o  o b t a i n  e s t i m a t e s  

of t h e  l e n g t h  of t h e  growing season.  P r e c i p i t a t i o n  and tempera ture  d a t a  

were ob ta ined  from t h e  Atmospheric Environment Se rv i ce ,  Canada Depart- 

ment of  Environment. The i n s o l a t i o n  va lues  were i n t e r p o l a t e d  from 

g l o b a l  s o l a r  r a d i a t i o n  maps of Canada. The c c n s t a n t s  used i n  apply ing  

Turc 's  equa t ion  a r e  given i n  Appendix A. 



Climat ic  Water Balance -- - --- 

Bas ica l ly  t h e  approach used f o r  t h i s  method was t h e  same a s  t h a t  

used f o r  t h e  Thornthwaite 's  Cl imatic  Water Balance. However, s i n c e  the  

r e s u l t s  from Thornthwaite 's  method have been publ ished f o r  many p a r t s  of 

Canada, s e v e r a l  n ~ o d i f i c a t i o n s  were made t o  the  technique.  

The major mod i f i ca t ion  t o  t he  method was t h e  manner of u s ing  t h e  

p r e c i p i t a t i o n  da ta .  Thornthwaite uses  monthly va lues  of p r e c i p i t a t i o n  

budgeted towards p o t e n t i a l  evaporat ion.  I n  t h e  s tudy  i t  was assumed 

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

war ran t s  t h e  use  of a  s h o r t e r  time period i n  t he  ana lys i s .  Hence, a  

ten-day t ime per iod  was chosen. For those  months having t h i  rty-one days;  

t h e  l a s t  t ime per iod  of each month used eleven days of data  s o  a s  t o  

keep monthly summations sepa ra t e .  Also, t h e  f a c t  t h a t  p r e c i p i t a t i o n  does 

n o t  occur  uni formi ly  n e i t h e r  wi th  r e s p e c t  t o  space o r  t ime over  an  a r e a  

n a t u r a l l y  i n f e r s  non-uniform con t r ibu t ions  t o  t h e  m i l  mois ture .  

Schematic d e s c r i p t i o n s  dep ic t ing  t h e  d i r f e r e n c e s  i n  approaches a r e  given 

i n  F igures  2 and 3. 



kKy - P o t e n t i a l  Evapo t r ansp i r a t ion  

- P r e c i p i t a t i o n  

k 1 Month 1 Month 

F igu re  2 .  l ' hogthwai te  Method of Figure 3. Modified Approach t o  
Accounting f o r  Precip-  P r e c i p i t a t i o n  Addit ions 
i t a t i o n a A d d i t i o n s  



I n  comparing Figures  1 and 2 i t  i s  ev ident  t h a t  t h e  use  of 

p r e c i p i t a t i o n  d a t a  recorded on s h o r t e r  time i n t e r v a l s  provides  b e t t e r  

r e p r e s e n t a t i o n  of t he  manner which mois ture  i s  added t o  a  s o i l  under 

n a t u r a l  s torm events  than when monthly t o t a l s  a r e  used. This i n c r e a s e s  

runoff .  The e f f e c t  i s  most n o t i c e a b l e  during t h e  snow mel t  per iod.  I n  

t he  s p r i n g ,  l a r g e  amounts of moisture may be  added t o  t h e  s o i l  be fo re  

evapo t r ansp i r a t ion  begins.  I f  t he  amount of water  p o t e n t i a l l y  a v a i l a b l e  

from snow mel t  is  d i s t r i b u t e d  o r  appl ied  t o  the  s o i l  over a  per iod  of a  

month, t h e  amount of evapot ranspi ra t ion  w i l l  probably be g r e a t e r  than 

a c t u a l  and runoff may be much l e s s .  Obviously, i n  t h e  s p r i n g ,  t h e  

a d d i t i o n  of p r e c i p i t a t i o n  could r e s u l t  i n  both s u r p l u s  and d e f i c i t  

condi t ions  occurr ing  i n  t h e  same month. Monthly a n a l y s i s  i s  incapable  

of c a l c u l a t i n g  both these  mois ture  condi t ions  (wi th in  any given month). 

A s tudy  by Ferguson, O 'Nei l l  and Cork (1970) found t h e  

Christianson-Mehta Equation t o  be s u p e r i o r  t o  o t h e r  methods i n  t h e  

r e g i o n a l  mapping of evaporat ion from open water  bodies  i n  Canada. This  

equat ion  was adopted f o r  c a l c u l a t i n g  p o t e n t i a l  evapo t r ansp i r a t ion .  The 

Christianson-Mehta Equation i s ,  

R = e x t r a - t e r r e s t r i a l  r a d i a t i o n  i n  evaporat ion u n i t s ,  



C = monthly c o e f f i c i e n t ,  
M 

T = mean temperature i n  degrees F, 

W = mean wind v e l o c i t y  a t  pan l e v e l  i n  mi l e s  p e r  day, 

H = mean daytime r e l a t i v e  humidity i n  pe rcen t ,  

S = percentage of p o s s i b l e  b r i g h t  sunshine,  

Z = s t a t i o n  e l e v a t i o n  i n  u n i t s  of thousands of f e e t .  

I n  applying t h e  equat ion  i n  t h e  work repor ted  he re in ,  

1. The va lues  of t he  monthly c o e f f i c i e n t s ,  CM, f o r  t he  period 

from January - December were taken a s ;  1.20, 1.20, 1 .20,  

1 .18,  1.13, 1.08, 1.05, 1.10, 1.15, 1.20, 1.20 and 1.20 

r e s p e c t i v e l y .  

2. For s t a t i o n s  where wind d a t a  was not  a v a i l a b l e ,  t h e  

c o e f f i c i e n t ,  CW, was omitted from t h e  equat ion.  

3. Where humidity measurements were n o t  recorded,  C was 
H 

assumed t o  be uni ty .  

4. Calcu la t ion  of t h e  sunshine c o e f f i c i e n t ,  CS,  was based on 

t h e  mean va lue  f o r  a  ten-day period obtained from t h e  long- 

term averages l i s t e d  i n  t h e  Climatic  At las  of Canada and t h e  

t o t a l  p o s s i b l e  hours  of  sunshine given i n  t h e  Smithsonian 

Meteorological  Tables  (1966). Values f o r  e x t r a - t e r r e s t r i a l  

r a d i a t i o n ,  obtained from t h e  paper given by Chr is t ianson  

(1966) were a l s o  used i n  t h e  c a l c u l a t i o n .  



Although the  s o i l  mois ture  e x t r a c t i o n  p a t t e r n  used by Thornthwaite 

( a s  shown i n  Figure 4 )  could have been used i n  computing t h e  water  

balance by Equation 8 ,  i t  was decided t h a t  an  adjustment t o  t h i s  curve 

should be made so t h a t  i t  more c l o s e l y  fol lows the  p a t t e r n  shown i n  

Figure 1. Thus, t h e  crop r o o t  zone of t he  s o i l  was d iv ided  i n t o  two 

zones. I n  t h i s  d i v i s i o n ,  i t  was assumed t h a t  moisture was withdrawn 

from the  upper zone a t  t he  p o t e n t i a l  r a t e .  Moisture removal from t h e  

lower zone followed the  r e l a t i o n s h i p  e s t a b l i s h e d  i n  Thornthwaite 's  

s o i l  r e t e n t i o n  t a b l e s .  This  adjustment i s  schemat ica l ly  i l l u s t r a t e d  i n  

Figure 5. The equat ian  used t o  s imula te  Thornthwaite 's t a b l e s  i s ;  

SM = f i n a l  s o i l  mois ture ,  
2 

SM = i n i t i a l  s o i l  mois ture ,  and 
1 

FC = f i e l d  capac i ty  (maximum water  a v a i l a b l e  f o r  

evapora t ion  i n  t he  complete s o i l  p r o f i l e  - upper 

and lower zones).  

The equat ion  must only be used wi th  smal l  va lues  of p o t e n t i a l  

evapo t r ansp i r a t ion .  I n  t h e  computer program, withdrawal increments  

of 0.20 inches were used t o  apply t h e  p o t e n t i a l  evapo t r ansp i r a t ion  t o  

t h e  lower zone. The a c t u a l  evaporat ion from t h e  lower zone was then 

t h e  d i f f e r e n c e  between t h e  s o i l  moisture a t  t h e  beginning of t h e  

looping  process  and SM a t  t h e  end. 
2 



Figure 4. ~hornthwaite's Drying Curve 



Figure 5 .  S o i l  Drying Curve Used i n  Water 
Balance Technique 



One major advantage of t h i s  technique is t h a t  smal l  amounts of 

p r e c i p i t a t i o n  t h a t  do n o t  completely f i l l  t h e  upper zone a r e  no t  s u b j e c t  

t o  low evapora t ion  r a t e s  - a s  would be  t h e  case  i f  t h e  s o i l  were 

considered a s  one zone. This  a s p e c t  i s  p a r t i c u l a r l y  c r i t i c a l  f o r  P r a i r i e  

Condi t ions,  where dur ing  t h e  suntmer t h e  s o i l  u s u a l l y  becomes very  dry ,  

r e s u l t i n g  i n  a low evapo t r ansp i r a t i on  r a t e .  Water from a smal l  r a i n  a t  

t h i s  t i m e  of t h e  y e a r  would n o t  p e n e t r a t e  t o  t h e  lower s o i l  mo i s tu re  zone 

b u t  would be  h e l d  i n  t h e  upper zone where i t  would evapora te  very qu i ck ly .  

An a t t empt  t o  a l low f o r  vege t a t i on  i n f luences  was a l s o  inc luded  

i n  mod i f i ca t i ons  made t o  t he  water  ba lance  computation. The growing 

season was assumed equa l  t o  t h a t  e s t a b l i s h e d  f o r  Turc 's  equa t ion .  For 

those  p e r i o d s  n o t  f a l l i n g  w i t h i n  t h i s  growing season ,  i t  was assumed 

t h a t  t h e  s o i l  mois ture  was removed only  from t h e  upper s o i l  zone. 

The mois ture  ho ld ing  c a p a c i t i e s  of t h e  d i f f e r e n t  zones f o r  

d i f f e r e n t  s o i l s  were i n i t i a l l y  es t imated  and then r e f i n e d  a f t e r  t r i a l  

c a l c u l a t i o n s  had been c a r r i e d  o u t  f o r  each s t a t i o n .  

I n  Canada much of t h e  p r e c i p i t a t i o n  t h a t  s u p p l i e s  runoff  is i n  

t h e  form of snow. I n  t h e  procedure used,  i t  was assumed t h a t  when t h e  

average ten-day temperatures  were less than f r e e z i n g  then  any 

p r e c i p i t a t i o n  w i t h i n  t h e  pe r iod  was snow. Snowfall  va lues  were 

accumulated u n t i l  t h e  ten-day temperature  aga in  i nc reased  above t h e  

f r e e z i n g  po in t .  The accumulated snowfa l l  was melted according t o  t h e  

empi r i ca l  r e l a t i o n s h i p ,  



M = inches  of snow m e l t ,  

T  = mean temperature  i n  degrees  F dur ing  a  pe r iod  of N 

days,  and 

N = number of days considered i n  f i nd ing  t h e  mean 

temperature.  

The amount of snow m e l t  c a l c u l a t e d  dur ing  any given ten-day pe r iod  was 

considered a s  p a r t  of t h e  p r e c i p i t a t i o n  which occurred w i t h i n  t h e  pe r iod .  

A simple bookkeeping of t h e  amounts of snow (a s  water  equ iva l en t )  and 

melt was used t o  o b t a i n  an e s t i m a t e  of t h e  n e t  supply (water) dur ing  t h e  

m e l t  and accumulation per iods .  

The approach used t o  e v a l u a t e  t h e  d i f f e r e n t  methods o f  computing 

a c t u a l  evapo t r ansp i r a t i on  was t o  compare "ca lcu la ted"  runoff  amounts 

w i th  "measured" va lues .  

S t a t i s t i c s  

To proper ly  a s s e s s  t h e  methods used i t  is  necessary  t o  have some 

measure of t h e  "goodness-of-fi t" of t h e  runoff  va lues .  For t h i s  ana lyses ,  

annual runoff  v a l u e s  were used. No a t tempt  was made, however, t o  apply 

a  l i n e a r  r e g r e s s i o n  ana lyses  t o  t h e  d a t a  a s  i t  was n o t  considered t h e  

i n t e n t  of t he  s tudy  t o  develop "P red i c t i on  Equations" f o r  each s t a t i o n  

b u t  r a t h e r  t o  test t h e  a p p l i c a t i o n  of d i f f e r e n t  equa t ions  f o r  determining 

AE under v a r i a b l e  c l i m a t i c  and physiographic  cond i t i ons .  I f  a  r e g r e s s i o n  

a n a l y s i s  were app l i ed  t o  t h e  d a t a ,  a  d i f f e r e n t  set  of  c o e f f i c i e n t s  would 

be ob ta ined  f o r  each l o c a t i o n .  



A b r i e f  d iscuss ion  of some of t h e  s t a t i s t i c a l  parameters used 

i n  ana lyses  of the  d a t a  i s  given below. 

Coef f i c i en t  of Var ia t ion  - 

CV = c o e f f i c i e n t  of v a r i a t i o n  of the  measured annual runoff  

va lues ,  
Qmeas 

Var($eas) = var iance  of t h e  measured annual runoff ,  

1 - - 
- - ' (Qmeas 

- 
n Qmeas)2y and 

- 
Qmeas 

= mean measured annual runoff .  

CV is  t h e  r a t i o  of t h e  s tandard  dev ia t ion  to  t h e  mean. S t a t i s -  

t i c a l l y  and hydrologica l ly  i t  has been found t o  be  an extremely u s e f u l  

parameter i n  t h a t  i t s  magnitude i s  r e l a t i v e l y  i n s e n s i t i v e  - with in  a  

given region - t o  changes : o t h e r  than sampling e r r o r .  The parameter 

o f t e n  is  r e l a t e d  t o  t h e  "skewness" of frequency d i s t r i b u t i o n s .  I n  

many cases ,  CV can be used t o  d i f f e r e n t i a t e  a r e a s  wi th  d i s s i m i l a r  

hydrologic and c l i m a t i c  c h a r a c t e r i s t i c s .  



C o r r e l a t i o n  C o e f f i c i e n t  --- --- 

Q c a l c  
= c a l c u l a t e d  annual runo f f ,  and,  

N = number o f  e v e n t s .  

The c o r r e l a t i o n  c o e f f i c i e n t ,  r ,  common t o  bo th  s t a t i s t i c a l  and 

hydro logic  l i t e r a t u r e  provides  a measure of  t h e  degree of a s s o c i a t i o n  

between two v a r i a b l e s  which a r e  assumed t o  fo l low a  b i v a r i a t e  normal 

distribution. For t h e  purpose of t h e  s tudy  i t  provides  a  quick and 

s imple index  of t h e  r e l a t i o n s h i p  between measured and c a l c u l a t e d  annual  

flows. However, c a u t i o n  must be exe rc i s ed  i n  i n t e r p r e t a t i o n  of t h e  

parameter  i n  t h a t ;  high va lues  of  t h e  c o e f f i c i e n t  can be  ob ta ined  

between t h e  v a r i a b l e s  i n  ca se s  when t h e  magnitude of one v a r i a t e  i s  

e i t h e r  c o n s i s t e n t l y  h i g h e r  o r  lower than t h e  corresponding p a i r e d  

v a r i a t e  and a t  many l o c a t i o n s  - p a r t i c u l a r l y  t h e  P r a i r i e s  - t h e r e  may 

b e  a  number of even t s  of "zero" magnitude. 

Standard Devia t ion  of t h e  Di f fe rences  - between p a i r e d  -- 
obse rva t ions .  

- - 
'd - [Z (Qca lc  - Qmeas)21N - (Qca lc  Qmeas ) I N ) ~ I ~  (13) 

8 = s t a n d a r d  d e v i a t i o n  of t h e  d i f f e r e n c e  between c a l c u l a t e d  
d  

and measured annual  r u n o f f ,  



Qca lc  
= c a l c u l a t e d  annual  runo f f ,  and 

N = number of p a i r e d  comparisons. 

The parameter ,  s provides  a  s t a t i s t i c a l  measure of t h e  magnitude 
d ' 

of t h e  d i f f e r e n c e  between c a l c u l a t e d  and measured va lues  - and t h e r e f o r e  

a  measure of t h e  agreement between t h e  two va lues .  Obviously,  t he  

s m a l l e r  t h e  va lue  of s t h e  b e t t e r  t h e  r e l a t i o n s h i p .  
d  ; 

I b b i t t  (1971) 

1 - 
Var(Qmeas) = p Q m  ea s  - QmeaS) 2 ,  and 

n = number of  evenly-spaced va lues  i n  t h e  record .  

From Equation 14 ,  i t  i s  obvious t h a t  t h e  parameter ,  P,  may be  

assumed analagous t o  t h e  c o e f f i c i e n t  of v a r i a t i o n .  Obviously,  a s  t h e  

d i f f e r e n c e ,  
(Qmeas 

- 
Qca lc  

) approaches zero ,  p2 approaches zero. 

Likewise,  t h e  c o e f f i c i e n t ,  R 2 ,  (Equation 15)  i s  analagous t o  t h e  

c o e f f i c i e n t  of de te rmina t ion .  A s  t h e  d i f f e r e n c e  between measured and 

c a l c u l a t e d  va lues  dec reases ,  R2 approaches a  l i m i t i n g  va lue  of u n i t y .  



Po1.h ps , i :amkters  arc, -?i.mr:ils:!'.ol.).?-ils~ h i j t  aye  0i11'~ j.1:lcpendent o f  

l e n g t h  of t .1:~ se r ies  i f  t h e  e - f fcc t s  of a t : r ia l  c o r r e l a t l n , ~  a r e  ze ro .  

When.ever p o s s i b l e  u s e  was made of m e a s u r d  r u n o f f  from s e l e c t e d  

sn la l l  b a s i n s  h a v i n g  a c l i m a t i c  s t s t i o n  i n  c l o s e  p rox imi ty  t o  t h e  -- -- 

w a t e r s h e d .  The purpose  f o r  t h i s  b e i n g  t o  minimize o r  reduce t h e  

e f f e c t s  o f  t h e  f o l l o w i n g  f a c t o r s  i n  t h e  "Balance" c a l c u l . a t i o n s .  

1. Large s c a l e  s p a t i a l  and t empora l  v a r i a t i o n s  i n  

p r e c i p i t a t i o n ,  t e m p e r a t u r e  o r  o t h e r  impor tan t  

m e t e o r o l o g i c a l  pa ramete rs .  

2.  Problems a s s o c i a t e d  w i t h  d e l i n e a t i o n  of groundwater 

and s u r f a c e  w a t e r  ( runof f  and d e t e n t i o n  and 

d e p r e s s i o n  s t o r a g e ) .  

3. The l a r g e  r u n o f f  " l a g  f a c t o r "  which may o c c u r  on 

l a r g e  w a t e r s h e d s .  

The c l i m a t i c  s t a t i o n s  and s t r e a m  gauging s t a t i o n s  used f o r  a n a l y s e s  

a r e  g iven  i n  F i g u r e  6 and T a b l e  2 ,  r e s p e c t i v e l y .  



Figure 6. Climatic S t a t i o n s  Used 



TABLE 11. Runoff Gauging S t a t i o n s  

C l i m a t i c  S t a t i o n  

S w i f t  C u r r e n t  1 
Porcup ine  P l a i n  

V e g r e v i l l e  

Brandon 

Guelph 

Mont rea l  

F r e d e r i c t o n  

F o r t  Simpson 

Yel lowkni fe  

S e p t - I s l e s  

F o r t  Chimo/~nob  Lake 

White  R i v e r  

Duncan 

Abbots fo rd  

Deer Park  

Vernon 

T e r r a c e  u 

Runoff 
Gauge 

05HD031 

05HD036 

05LB002 

05EE001 

0  5LLO 1 3  

02GA015 

030901 

01AKoo1 

07SA003 

07SA003 

072201 

104001 

02BC004 

08HA016 

0 8MH02 9 

08NE087 

08NM020 

08EGOll 

River  

S w i f t  C u r r e n t  

S w i f t  Cur ren t  

E tomami 

V e n n i l l i o n  

Whitemud 

Speed 

Chateauguay 

Shogomoc 

Snare  

Snare  

Rapides 

B a l e i n e  

White 

Bings 

Sumas 

Deer 

BX 

Zymago t i t z  I 

P e r i o d  of Record 

1944-1954 -1 
Drainage 
Area (mi') 



A 1  1 computations were programmed f o r  computer c a l c u l a t i o n  on an 

IBM 360. These programs, a l though n o t  appended to the  r e p o r t ,  can be 

made a v a i l a b l e  on reques t .  

DISCUSS ION OF RESULTS 

An i n i t i a l  s tudy  was made using both  t h e  Turc and Cl imat ic  Water 

Balance f o r  s t a t i o n s  a t  Swif t  Current,  Brandon, Guelph, Montreal, 

Freder ic ton  and F o r t  Simpson. In manner of summary, the  r e s u l t s  o f  

t h i s  prel iminary i n v e s t i g a t i o n  showed t h a t ,  

The r e s u l t s  ob ta ined  using the  Turc Equation were n o t  
found to be s i g n i f i c a n t l y  b e t t e r  than those  obta ined  
using the  Cl imat ic  Water Balance approach f o r  any o f  
t he  s e l e c t e d  s i x  s t a t i o n s  - a 1  though in some cases  i t  
provided r e s u l t s  of  equiva len t  accuracy. For t h e  P r a i r i e s  
t h e  c a l c u l a t e d  runoff amounts obtained from the  Turc 
Equation tended to be very unstable .  Fur ther ,  on 
ex tens ive  tests wi th  t h i s  equation using da t a  from Swi f t  
Current  and Guelph, i t  was found t h a t  t h e  equat ion was 
i n s e n s i t i v e  t o  l a r g e  changes in  t h e  terms used in  its 
so lu t ion .  In c e r t a i n  cases ,  t h e  t e r m  M - total dry 
ma t t e r  harves ted  - may be ad jus t ed  to br ing  t h e  computed 
runoff va lues  t o  t h e  same o r d e r  of magnitude a s  t h e  
measured values.  However, no co r r ec t ion  was found to 
improve the  c o r r e l a t i o n  of  runoff values.  Another very 
weak p o i n t  in  t h e  method is t h e  s o i l  mois ture  d e f i c i t  
term. This  v a r i a b l e  does n o t  appear  to have any phys ica l  
1 i m i  ts . 
On t h e  b a s i s  of the  preceding remarks, and t h e  f a c t  t h a t  t h e  Turc 

Equation r equ i r ed  g r e a t e r  computer time, e t c . ,  it was n o t  u t i l i z e d  i n  

c a l c u l a t i n g  evapot ranspi ra t ion  amun  ts a t  o t h e r  stat ions. 

The s t a t i s t i c s  f o r  t h e  annual measured and computed flows a r e  

t abu la t ed  in  Table 111. 

Considerat ion of  t he  annual averages  of  measured and computed 

runoff  given in  Table I11 does n o t  sugges t  s i g n i f i c a n t  d i f f e r e n c e s  

in t h e  va lues  c a l c u l a t e d  by t h e  two methods. The agreement i n  va lues  



TABLE 111 - STATISTICAL ANALYSIS OF ANNUAL RUNOFF 

Station 

Coefficient 
S tandard of Variation 

Measured Computed Correlation Deviation of of Measured 
Average Average Coefficient Differences Annual Flows 

b BC r s d cv 

Swift Current 
Brandon 
Porcupine Pla in 
Vegreville 
Guelph 
Montreal 
Fredericton 
Sept I s l e s  
White River 
Fort Simpson 
Ye1 lowkn i f e  
Fort Chimo-Knob Lake 
Dun can 
Abbo tsford 
Deer Lake 
Vernon 
Terrace 

B. Turcc s Method 

Swift Current 0.95 0.98 0.54 1.25 0.71 
Brandon 0.56 3.12 0.49 0.84 0.24 
Guelph 11.30 12.80 0.90 1.30 0.30 
Mon tr ea 1 16.30 17.09 0.50 4.17 0.25 
Fredericton 26.30 22.14 0.74 12.81 0.26 
Fort Simpson 3.76 3.44 -0.04 1.98 0.22 



obtained by the  Turc method is s l i g h t l y  b e t t e r  a t  Swift  Current,  

Montreal and For t  Simpson and the values computed by the  water balance 

g ives  b e t t e r  agreement a t  Brandon, Guelph an.d Fredericton.. 

In comparing the s t a t i s t i c s ,  r and sd, f o r  the  water balance and 

Turc methods, i t  is evident  t h a t  no d e f i n i t e  conclusion may be reached 

a s  t o  which method is superior .  A most no tab le  f e a t u r e  is exhibi ted  i n  

the  r e s u l t s  obtained from Fredericton. A t  t h i s  s t a t i o n ,  use of Turc 

r e s u l t e d  in an  increase in the  co r re la t ion  c o e f f i c i e n t  (0.71 -- 0.74) 

bu t  a t  the  same t i m e  sd doubled (6.09 -- 12.81). This f a c t  g ives  

evidence t o  the use o f  the  water balance over the  Turc approach. 

In considering the  s t a t i s t i c ,  CV, there  is evidence t h a t  the  va lues  

f o r  the  P r a i r i e s  a r e  much higher than f o r  o t h e r  p a r t s  of t h e  country, 

This r e s u l t  suggests  t h a t  the P r a i r i e s  may be considered a d i s t i n c t l y  

d i f f e r e n t  hydrologic region ; except in  cases  where streams a r e  perennia l  

and/or ground water flow forms a major p a r t  of the annual y ie ld .  Under 

these l a t t e r  cons idera t ions  the behaviour of the streams may be 

analogous t o  those which occur in mre humid regions, 

The s t a t i s t i c s  given in Table I11 a r e  based on annual flows. 

Monthly trends, however, a r e  a l s o  a major concern. A more d e t a i l e d  

d i scuss ion of the  annual and monthly r e s u l t s  obtained from streams 

which occur within general ized geographical regions of Canada is 

presented subsequently . 
P r a i r i e s  

Swif t  Current 

A t  Swif t  Current the  agreement between the long-term averages of 

monthly and annual runoff computed by the  Turc equation and the measured 



values was reasonably good (see Fig. 7(a) ) .  However, the predic t ion  

of year ly  va r i a t ions  using the  Thrc equation was poor (see Fig. 7(b) 

and 7 (c)) .  Runoff values ca lcula ted  a t  a p a r t i c u l a r  time were much too 

high. Consequently, t h i s  period was followed by a series of zero values. 

The water balance method depicted much b e t t e r  the  year  to year 

v a r i a t i o n  in y i e l d ,  al though the  long-term averages were n o t  q u i t e  a s  

c lose  (see Fig. 7(d) , 7 (e)  and 7 ( f )  ) . To obta in  c lose  agreement, 

values obtained from the  water balance method requi red  inclusion o f  a 

s o i l  moisture capacity reduction term during the  f i r s t  ten days of  

snowmelt. The necess i ty  f o r  including t h i s  correc t ion  could be due to 

f reez ing  in the  upper s o i l  zones which causes a subsequent reduction 

in the  i n f i l t r a t i o n  ra t e .  Swift Current may a l s o  be a f f e c t e d  by 

ffchinookM a c t i v i t y  which may cause m e l t  p r i o r  to the  main snowmelt 

period. These m e l t  periods usually a r e  n o t  evident  when the  ten-day 

average temperatures a r e  used in the  ca lcula t ions .  Hence, the  reduction 

in the  s o i l  m i s t u r e  holding capacity may c o r r e c t  f o r  rapid melt per iods  

missed in analyzing temperature data. The drainage bas i s  used in the  

a n a l y s i s  would a l s o  influence the magnitude of a correc t ion  of t h i s  

type. Wind probably r e d i s t r i b u t e s  snow in to  a r e a s  of  the basin s o  t h a t  

runoff occurs more from individual  source a r e a s  than from the  t o t a l  

watershed. I t  is expected t h a t  t h i s  type of correc t ion  would be useful  

only in the c e n t r a l  p r a i r i e  region. The mre nor the r ly  s t a t i o n s  chosen 

in the  p r a i r i e s  d i d  n o t  r equ i re  any reduction i n  the  s o i l  m i s t u r e  

capaci ty  i n  the  spring. For these s t a t i o n s ,  in the  long-term water 

balance  quati ti on 4), the  sum of the  changes i n  s o i l  m i s t u r e  s to rage  

and groundwater s to rage  can be assumed to approach zero. I f  t h i s  



23 YEAR AVERAGES OF RUNOFF 
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F i g .  7(a) Turc .Runoff a t  Swift Current vs .  Swift Current Creek 
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Fig, 7(b) Turc Annual Runoff a t  Swift Current vs. Swift Current Creek, 

MEASURED RUNOFF ( IN.) 

F i g .  7(c)  Turc Annual Runoff a t  S. Current vs. Swift Current Creek 



23 YEAR AVERAGES OF RUNOFF 
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Fig ,  - 7 (d) Water Balance Runoff a t  Swift  Current vs. Swift Current Creek 

YEAR 

Fig,  7(e)  Water Balance h n u a l  Runoff a t  Swif t  Current vs, Swift  Current Creek 



F i g .  7 ( f )  Water Balance Annual Runoff a t  Swif t  Current vs. Swif t  Current Creek 



assumption is made the  average annual evaporation can be computed from 

prec ip i t a t ion  and runoff.  The ca lcula ted  evapotranspirat ion a t  Swif t  

Current  d i f f e r s  by l e s s  than 1% from the  a c t u a l  value. Since su r face  

runoff cont r ibutes  such a small p a r t  of the  water balance i n  t h i s  a r e a ,  

the  use of  the  s o i l  moisture capacity reduction term i n  t h e  spr ing  would 

n o t  se r ious ly  a f f e c t  the  evaporation errors. The uncer ta in ty ,  on any 

physical  bas i s ,  o f  t h e  requirement f o r  using a correc t ion  f o r  sp r ing  

s o i l  moisture capacity and its a p p l i c a b i l i t y  does n o t  support its 

inclusion in a c l i m a t i c  approach considering the small e r r o r s  i n  

evaporation ca lcu la t ions  i n  the  cen t ra l  p r a i r i e  region. 

Bran don 

A t  Brandon the  measured runoff shows very l i t t l e  va r i a t ion  from 

year  to yea r  (see Figs, 8(a)  and 8(c)),. This f a c t  would suggest  t h a t  

groundwater plays a dominant r o l e  in the annual water y ie ld .  The water 

balance technique, a1  though producing very poor r e s u l t s ,  was found t o  

be b e t t e r  than the  Turc method when comparing long-term averages (see  

Figs. 8 (e )  and 8 ( f ) ) .  However, n e i t h e r  method showed good c o r r e l a t i o n  

between ca lcu la ted  and measured values. The magnitude of the  e r r o r  in 

the  ca lcu la ted  evaporation was still found to be within acceptable  l i m i t s .  

The majori ty of  the  e r r o r  in the  ca lcu la t ions  occurs during the  snowmelt 

period . 
Porcupine Pla in  and Vegrevil le  

For water balance ca lcula t ions  a t  Porcupine Pla in  and Vegrevil l e ,  

the  annual and monthly averages of runoff a r e  q u i t e  good (see  Figs. 9 t o  

10). Direc t  runoff in these a reas  c o n s t i t u t e s  a small p a r t  of  the  

o v e r a l l  water balance. 
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Fig. 8(a)  Water Balance Annual Runoff a t  Brandon 
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Fig. 8(b) Water Balance Annual Runoff a t  Brandon vs. Whitemud River 



. Y E A R  
Fig, 8 ( c )  Turc Annual Runoff a t  Brandon vs .  Whitemud River 
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Fig, 8(e) Water Balance Runoff a t  Brandon vs .  Whitemud River 
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Fig. 8 cf) Turc Runoff a t  Brandon vs. Whitemud River 
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Fig. 9 (a) water Balance Runoff a t  Porcupine Plain vs. Etomami River 
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Fig. 9(b) Water Balance Annual Runoff a t  Porcupine Plain vs. 
Etomami  River 
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Fig.  l o b )  Water Balance Runoff a t  ~ e ~ r e v i l l e  vs .  Vermillion River 



COMPUTED 

YEAR 
Fig. 10(b) Water Balance Annual Runoff a t  Vegreville vs, Vermillion ~ i v e r  

MEASURED RUNOFF ( IN.) 

Fig, 10(c) Water ~ a l a n c e  Annual Runoff a t  Vegreville vs, Vermillion River 



In general  the runoff values ca lcula ted  during the  period Apri l-  

May account f o r  the l a r g e s t  e r r o r s  in the  P r a i r i e  region. Consideration 

of l a g  times in  the  runoff would improve the  comparisons of the  runoff 

hydrographs. This l a g  e f f e c t  may be very s i g n i f i c a n t  on t h e  p r a i r i e s  

where groundwater l e v e l s  may f l u c t u a t e  g r e a t l y  over a period of  time. 

This f luc tuat ion  causes uncertainty a s  to the percent of a drainage 

basin which is a c t u a l l y  cont r ibut ing  to stream flow in any given year. 

Similarly,  the high s p a t i a l  v a r i a b i l i t y  in  p rec ip i t a t ion  (and the  

Mrepresentat ivenessn of p rec ip i t a t ion  amounts to basin p r e c i p i t a t i o n )  

a l s o  a f f e c t s  the  v a l i d i t y  of the ca lcu la t ions  in the P ra i r i e s .  

Mari times and Eastern Canada 

Guelph 

Both the  Turc and water balance methods gave very good es t imates  

of  water y i e l d  a t  Guelph, I t  was considered t h a t  the  accuracy of  the  

r e s u l t s  obtained from Guelph was the b e s t  of a l l  the  s t a t i o n s  analyzed 

(see  Figs. l l ( a )  to l l ( f ) ) .  In general the  ca lcu la ted  values by the  

water balance method gave b e t t e r  es t imates  of  the  measured average 

values of runoff.  The average annual runoff f o r  17 years  of data 

analyzed by the  water balance was the same a s  the  measured runoff over  

the  same period. The cor re la t ion  c o e f f i c i e n t  between measured and 

ca lcu la ted  y i e l d s  obtained from both methods (Turc and water balance) 

was g r e a t e r  than 0.9. 

Montreal, Fredericton,  Sept-Isles ,  White River 

For Montreal the re  was very l i t t l e  choice between the two methods 

used to c a l c u l a t e  the runoff amounts. Both procedures gave f a i r l y  c l o s e  

approximations of the  trends of m n t h l y  and annual values of  runoff 
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Fig. ll(a) Water Balance Runoff a t  Guelph vs .  Speed River 
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Fig. 11 (b) Turc Runoff a t  Guelph vs.  Speed River 
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F i g .  11 ( c )  Water Balance Annual Runoff a t  Guelph vs. Speed River 
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Fig. 11 (d) Water Balance Annual Runoff a t  Guelph vs. Speed River 
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Fig. 11 (e )  Turc Annual Runoff a t  Guelph vs. Speed River 
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F i n -  11 (f) Turc Annual Runoff a t  Guelnh vs- Sneed River 



(see Figs. 12 (a) to 12 ( f ) ) .  

The water balance ca lcu la t ions  a t  Fredericton agreed with the  

measured values b e t t e r  than those ca lcu la ted  by the Turc method (see 

Figs. 13  (a) to 13( f ) ) .  Correlat ion c o e f f i c i e n t s  and seasonal t rends  

of nmoff by the two methods were much the  same. 

A t  Sept-Isles  t h e  thirteen-year average of  runoff obtained from the  

water balance technique was about 20% less than the measured amounts 

(see Figs. 14(a)  and 14(b)) .  The seasonal t rend of runoff compared 

q u i t e  favourably and the agreement with measured amounts was f a i r l y  

high. 

The water balance runoff was s l i g h t l y  higher than the measured values 

a t  White River (see Figs. 15(a)  and 15(b)).  A t  t h i s  s t a t i o n  the  runoff 

gauge is below a lake  which may cause runoff records t o  be smoothed o u t  

more over the  year. 

Northern Canada 

F o r t  Simpson and Y e 1  lowknife 

Calculated runoff values from the  Turc and water balance methods 

were very s i m i l a r  a t  For t  Simpson. For both methods the  c o r r e l a t i o n  

c o e f f i c i e n t s  were very low. The discharge records  used in the  a n a l y s i s  

a r e  those values ca lcu la ted  by the Northern Canada Power Commission 

and approximate n a t u r a l  outflow from Bigspruce Lake. "True" o r  I1actualn 

runoff would then be the  estimated runoff p lus  evaporation and ground- 

water losses  from the  lake. The lack of runoff data i n  the  a r e a  

necess i t a t ed  the  use of  the  same drainage basin f o r  comparing For t  

Simpson and Yellowknife values. Because of  the  d i f f e r e n t  hydrologic 

and c l ima t i c  regions i n  the  two a reas ,  the  comparison is somewhat 
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Fig. 12 (a) Water Balance Runoff a t  Montreal vs . Chateauguay River 
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Fig.. 12 (b) Turc Runoff a t  Montreal v s .  Chateauguay River  
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Fig, 12 ( f )  Turc Annual Runoff a t  Montreal vs .  Chateauguay River 
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Fig*  13(a) Water Balance Runoff a t  Freder ic ton  vs .  Shogomoc Rgver 
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Fig. 13(b) Turc Runoff a t  Freder ic ton  v s .  Shogomoc River 
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~ i g .  13(d) Water Balance Annual Runoff a t  Fredericton vs .  Shogomoc River 
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Fig. 13(f)  Turc Annual Runoff a t  Fredericton vs. Shogombc River 
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Fig. 14(a )  Water Ealance Runofi a t  ~ e y t - I s l e s  vs.  Rapidcs River 
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Fig, 14(c) Water Balance Jmnual Runoff a t  Sept-Isles vs ,  Rapides River 
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Fig. 15(c) Water Balance Annual Runoff a t  White River vs.  White River 



redundant. In s p i t e  of these l imi ta t ions ,  a  comparison of  the values 

f o r  F o r t  Simpson using both methods and water balance ca lcu la t ions  

a t  Yellowh i f e  suggest  the water balance techn ique t o  be super io r  . 
The estimated runoff values obtained by the  Turc method f o r  For t  

Simpson a r e  lower than the  measured values and would be even lower f o r  

Yellowhife.  The water balance ca lcu la t ions  a t  Ye1 l o w h i f e  reproduce 

the  average measured values very well. Also, the  co r re la t ion  is much 

improved from ca lcu la t ions  a t  For t  S impson. This may be expected a s  

Yellowknife is c lose r  to  the  drainage bas in than For t  S impson. 

For t  Chimo 

A t  Fort Chimo problems were encountered because of  the s i z e  of 

the bas in used. P rec ip i t a t ion  decreases markedly from the south 

towards the  n o r t h  c o a s t  of Quebec. The measured runoff from the  basin 

is comparable in magnitude to the recorded p rec ip i t a t ion  a t  For t  Chimo. 

Since Knob Lake is s i t u a t e d  a t  the southern end of the  drainage basin 

and For t  Chimo a t  the  northern end, the  average c l ima t i c  values f o r  the  

two s t a t i o n s  were used in the ca lcula t ions .  The comparison o f  water 

balance runoff and measured values were very s i m i l a r  t o  those obtained 

a t  Sept-Isles .  The ca lcula ted  annual and monthly v a r i a t i o n s  were in 

good agreement with measured values although the  ca lcula ted  values were 

genera l ly  about 20% lower than the measured runoff .  This s t a t i o n  had 

the h ighes t  co r re la t ion  c o e f f i c i e n t  f o r  annual values (r=0.99) of  a l l  

those used in the ana lys i s , ,  

The s h i e l d  region of Canada contains many lakes and comparisons o f  

runoff a r e  a t  times d i f f i c u l t  due to  the  lag  in  runoff .  The f a c t  t h a t  

no " l ag  e f f e c t s M  were considered in the ca lcu la t ions  must be recognized 



and considered i n  t h e  i n t e r p r e t a t i o n  o f  t he  graphs of runoff from t h e s e  

s t a t i o n s  ( see  Figs.  16  t o  18).  

B r i t i s h  Columbia 

2 
A t  Duncan the  gauged s t ream had a  very  smal l  d ra inage  a r e a  (7.8 m i  ). 

Thi s  is l i k e l y  why t h e  comparison o f  c a l c u l a t e d  and measured v a l u e s  a t  

t h i s  s t a t i o n  were by f a r  t h e  b e s t  of  any tests done in t he  mountain 

region ( see  Fig.  19 ( a ) ) .  The e r r o r s  in  p r e c i p i t a t i o n  measurements t h a t  

a r e  r e s t r i c t i v e  in  t h e  mountains would be much less c r i t i c a l  on such  a  

smal l  basin.  The c a l c u l a t e d  annual runoff a t  t h i s  s t a t i o n  is approxi -  

mately 15% lower than t h e  recorded va lues .  The monthly t r ends  a r e  

q u i t e  favourable  a s  is the  year ly  v a r i a t i o n ,  i nd i ca t ed  by t h e  c o r r e l a t i o n  

c o e f f i c i e n t .  

A t  Abbotsford t h e  computed runoff is much h igher  than t h e  measured 

va lues  (see Fig. 20 (a ) ) .  I t  was learned  l a t e r  t h a t  t h e  r i v e r  chosen 

f o r  comparison is in q u i t e  an i n t ens ive  i r r i g a t i o n  a r e a  and hence t he  

poor agreement between p red i c t ed  and recorded va lues .  Comparison o f  

t h e  computed annual  average wi th  i s o l i n e s  i n  t h e  Hydrological A t l a s  of  

Canada i n d i c a t e s  t h a t  t h e  computed runoff  is a  reasonable  e s t ima t ion .  

The c a l c u l a t e d  runoff  a t  Deer Park is very  much lower than the  

measured value.  Also, t he  c a l c u l a t e d  runoff is coming from December 

t o  March, whereas the  major por t ion  of measured runoff occu r s  from 

Apr i l  t o  Ju ly  ( see  Fig. 21 ( a ) ) .  This  would i n d i c a t e  t h a t  t h e  

p r e c i p i t a t i o n  and temperature va lues  a s  measured a t  t he  c l i m a t i c  

s t a t i o n  a r e  n o t  r e p r e s e n t a t i v e  of the  c l i m a t i c  i npu t s  over  t h e  bas in .  

The recorded p a t t e r n  o f  runoff i n d i c a t e s  that much o f  the p r e c i p i t a t i o n  

is f a l l i n g  a s  snow i n  t he  upper a r e a s  of t h e  bas in  and hence cause t h e  
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Fig. 16(a) Water Balance Runoff a t  F o r t  Simpson v s .  Snare  River  
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Fig. 16(b) Turc Runoff a t  F o r t  Simpson vs .  Snare River 
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Fig. 16(c)  Water Balance Annuan Runoff a t  Fort Simpson vs. Snare River 

F i g .  16(d) Water Balance Annual Runoff a t  Fort Simpson vs. Snare River 
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Fig. 16(e)  Turc Annual Runoff a t  Fort Simpson v s .  Snare River 
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Fig .  17(a) Water Balance Runolf a t  Tellow?aife vs, Snare River . - . . -  . . 
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Fig. 17(b) Water Balance Annual Runoff a t  Yellowknife vs. Snare River 

Fig. . l7 (c )  Water Balance Annual Runoff a t  Yellowknife vs. Snare River 
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F i g .  18(a) Water Balance Runcff  a t  Fort. Chimo-K.llob Lake vs. Baleine River 
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Fig.  18(b) Water ~ a l a n c e  Annual Runoff a t  Fort Chimo-Knob Lake v s .  Laleine River 

Fig.  18 Lake v s .  Lale ine  River 
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Fig.  19 (a) Water Balance Runoff a t  Duncan vs. Bings Creek 
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Fig, 19(c)  -k@ter Balance Annual Runoff a t  Duncan vs, Rings Creek 
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F i g .  20b) Water Balance Runoff at  Abbotsford vs. Sumas River 
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Fig, 20(c) Water Balance Annual Runoff a t  Abbotsford vs.  Sumus, River 
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Fig.  21b) Water Balance Runoff at Deer Park vs.. Deer Creek 
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d i f fe rence  in measured and computed runoff curves. Also, t h i s  phenomena 

would produce m r e  runoff due t o  the geology of the upper area  of the  

basin and the f a c t  t h a t  snow s t o r e s  p rec ip i t a t ion  above ground and 

r e l e a s e s  it in  a  more intense fashion with regards t o  runoff. The 

recorded temperatures a t  Deer Park did n o t  ind ica te  any major snowfall 

accumulation during the  winter  m n  ths. 

A s imi la r  problem can be noticed a t  Vernon in t h a t  ca lcula ted  

peaks of runoff a r e  coming p r i o r  to the  measured ones (see Fig. 22 (a) ) .  

The problem is no t  a s  bad though due t o  the  more nor ther ly  locat ion  of 

the s t a t i o n  and a l s o  the  runoff gauge a t  Vernon measures a  s l i g h t l y  

sma 1 l e r  drainage bas in. 

The ca lcula ted  runoff a t  Terrace is completely unrepresentat ive of 

the  measured values (see Figs 23(a) to 23(c)) .  Similar  t o  the comparison 

a t  Deer Park the  seasonal trend of measured runoff shows t h a t  i t  is due 

mostly to snow accumulation a t  higher elevations.  This amount of snow 

accumulation is n o t  indica ted  by temperature da ta  a t  the  c l ima t i c  

s t a t ion .  A s  well the  annual average of runoff is 164% of the recorded 

p rec ip i t a t ion .  The l ack  of t r u e  p rec ip i t a t ion  values makes i t  

impossible to compare the  ca lcula t ions .  The magnitude of the  e r r o r  in  

p rec ip i t a t ion  readings a t  t h i s  s t a t i o n  suggest t h a t  underestimation 

of runoff a t  the  o t h e r  s t a t i o n s  in the mountains is n o t  a s  severe of 

c r i t i c i s m  of the  method a s  one would f i r s t  believe. 

The problem of measuring p rec ip i t a t ion  and the  geologic changes 

between the lower and upper pa r t s  of the basin sub jec t  any r e s u l t i n g  

evaporation ca lcu la t ions  to question. The s o i l  moisture c a p a c i t i e s  

used would have to be average values f o r  the  basin and would then 
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F i g .  22 ( a )  Water Balance Runoff a t  Vernon vs. BX Creek 
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Fig. 23(a) Water Balance Runoff a t  Terrace vs .  Zymagotitz River 



YEAR 
F i g .  23(b) Water Balance Annual Runoff a t  Terrace vs. Zymagotitz River 

- - 
20 30 40 50 GO 70 80 90 100 

MEASURED RUNOFF (IN.) 
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underestimate evaporation in the  lower areas.  The r e s u l t s  a t  Duncan 

would suggest t h a t  the  ca lcu la t ions  could be appl ied  with reasonable 

confidence only a s  a measure of evapotranspirat ion in  the lowlands. 

General 

The ca lcu la t ions  show t h a t  the c l ima t i c  water balance, in add i t ion  

to being simpler to apply, g ives  genera l ly  super io r  r e s u l t s  to those 

given by the  Turc equation. For the  water balance method, in cases 

where adequate da ta  is ava i l ab le ,  runoff values may be predicted by t h i s  

method within the range of 0-25%. This excludes most of the s t a t i o n s  

in the  mountainous a r e a  because of the  inadequacy of  data. b c e p t  f o r  

t h e  mountains, in the  majority of cases the e r r o r s  in the evaporation 

values w i l l  be l e s s  than the e r r o r s  in runoff.  

Published value f o r  the  Thornthwaite c l ima t i c  water balance a r e  

entered  in Table IV. Direc t  comparison of  these values with r e s u l t s  

from t h e  study a r e  d i f f i c u l t  because of the d i f f e r e n t  number of years  

of records analyzed. In general ,  the Thornthwai t e  method tends t o  g ive  

lower values than the water balance approach used here o r  the measured 

runoff values. However, the r e s u l t s  a r e  more compatible f o r  Abbotsford, 

Sept-Isles ,  Montreal and Fredericton. The Thornthwaite ca lcu la t ions  tend 

t o  be much lower in the  more i n t e r i o r  p a r t s  of the country. 

In most instances the increase in computed runoff by the  water 

balance method can be a t t r i b u t e d  t o  the d i f f e r e n t  manner of handling 

p rec ip i t a t ion  inputs  and snowmelt. These modificat ions a r e  very 

s i g n i f i c a n t  because the  Chris tianson-Mehta equation and t h e  s o i l  

moisture ex t rac t ion  pa t t e rn  used give a higher r a t e  of evaporation than 

the  Thornthwaite c l ima t i c  water balance. In summary, the app l i ca t ion  
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of p rec ip i t a t ion  to the  s o i l  r a the r  than balancing p rec ip i t a t ion  a g a i n s t  

po ten t i a l  evaporation is the  p r h a r y  a l t e r a t i o n  to Thornthwaite water 

balance technique. 

This method of applying p rec ip i t a t ion  requi res  t h a t  a s h o r t e r  period 

of summation of the  c l ima t i c  terms be used. A s  indicated previously 

even with ten day t o t a l s ,  p rec ip i t a t ion  may be qu i t e  la rge  and should 

be added in two s t o r m  events. 

Figure 24 indica tes  the growing seasons used here. The d iv i s ion  

between zone 3 and 4 is n o t  very c r i t i c a l .  In the  major a g r i c u l t u r a l  

a r e a s  the growing season is more important s ince  po ten t i a l  evaporation 

r a t e s  can exceed the moisture capacity of the  upper s o i l  zone q u i t e  

eagly. In the  n o r t h  the  po ten t i a l  evaporation r a t e s  a t  the s t a r t  of 

the  assumed growing seasons a r e  n o t  a s  high. Figure 25 i nd ica tes  the 

s o i l  moisture capac i t i e s  used. The d iv is ions  between d i f f e r e n t  zones 

were determined by the  r e s u l t s  of the study with reference t o  a map of 

s o i l  regions of Canada. No s t a t i o n s  were ca lcula ted  f o r  the  tundra 

region (Zone 9 )  and therefore  the  s o i l  moisture capac i t i e s  recorded f o r  

t h i s  a rea  a r e  est imated values only. 

The r e s u l t s  of the  ca lcula t ions  of the  water balance and comparison 

with Turc and published values fo r  Thornthwai t e t  s c l imat ic  water 

balance ind ica te  t h a t  the  method is a s i g n i f i c a n t  improvement. The 

choice of  t e s t  s t a t i o n s  in many d i f f e r e n t  regions show the confidence 

with which the method can be applied f o r  mapping of evapotranspirat ion.  

This r epor t  has emphasized the absolute values more than cor re la t ion  

c o e f f i c i e n t s  s i n c e  co r re la t ion  of runoff values a r e  no t  a very complete 

measure of the accuracy of the model. This is espec ia l ly  t r u e  when 
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, ~ i ~ u r k .  24.  Growing. Seasons . 

0 - Nay 1 to September 30 

@ - ~ ~ r i l . 1 ,  to October 31 

@ - May 10 to September 30 

@ - May 20 to September 20 



Figure 25. Soil floisture Capaeities 

' @ - Upper Zone = l", Lower Zone = 2" 

@ - Upper Zone = 0.511, Lower Zone = 1" 

@ - Upper Zone = l", Lower Zone = 3" 

@ - Upper Zone = l", Lower Zone = 1" 

@ - Upper Zone = l", Lower Zone = 1.5" 

@ -' Upper Zone = l", Lower Zone = 2" 

@ - Upper Zone = 0.25", Lower Zone = 1.75" 

@ - Upper Zone = 0.25", Lower Zone = 0.75" 

@ - Upper Zone = 0.25", Lower Zone = 0.75" (Estimate Only) 



t h e  method is t o  be used a s  a means of c a l c u l a t i n g  long term averages 

o f  monthly and annual  evapot ranspi ra t ion .  

The procedure can r e a d i l y  be progranmd f o r  computer so lu t ion .  

An o u t l i n e  of t h e  s t e p s  in  t he  procedure is included in Appendix C. 

Qua l i t y  checks on the  da t a  a r e  a necessary  precaut ion.  No d e c i s i o n s  

a r e  r equ i r ed  o t h e r  than the  s o i l  moisture c a p a c i t i e s  and growing 

seasons. These have been indica ted  in F igures  7 and 8. 

EVAPOTRANSPIRATION ESTIMATES 

The evapo t r ansp i r a t ion  amounts f o r  each s t a t i o n ,  a s  c a l c u l a t e d  by 

the  water  balance technique, a r e  p l o t t e d  in  F igure  26. Of most 

s i g n i f i c a n c e  is t h a t  t hese  graphs show t h e  i n t e r a c t i o n  between p o t e n t i a l  

evaporat ion and p r e c i p i t a t i o n  in determining the  a c t u a l  evapo t r ansp i r a t ion .  

A t  no time can the amount of a c t u a l  evapot ranspi ra t ion  exceed t h e  

p o t e n t i a l  evaporat ion o r  t h e  a v a i l a b l e  moisture supply a l though i t  

may exceed t h e  p r e c i p i t a t i o n  in some periods. 

For many s t a t  ions  ( s w i f t  Current,  Brandon, Guelph, Montreal,  

Freder ic ton)  t h e  evapot ranspi ra t ion  reaches a peak va lue  in  May o r  

June, which is a t  a l a t e r  d a t e  than the  occurrence  of the maximum 

a v a i l a b l e  moisture supply from snowmelt y e t  be fo re  p o t e n t i a l  evapora t ion  

is a maxirmun ( in  mid-summer). For Porcupine P la in ,  Vegrevi l le ,  White 

River ,  Fo r t  Simpson and Yellowknife t h e  evapo t r ansp i r a t ion  is r e l a t i v e l y  

uniform dur ing  t h e  pe r iod  from May t o  August. A t  Sept - I s les  and 

F o r t  Chim-Knob Lake, t h e  maximum occurs  in Ju ly ,  i nd ica t ing  t h a t  

p o t e n t i a l  evapora t ion ,  n o t  a v a i l a b l e  m i s t u r e  supply, m y  p l ay  t h e  

more dominant r o l e  in  these  a reas .  

For t h e  s t a t i o n s  i n  B r i t i s h  Columbia, evapo t r ansp i r a t ion  is 
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MONTHLY ACTUAL EVAPOTRANSPIRATION IN INCHES 

FROM THE CLIMATIC WATER BALANCE 

Figure 26 



s i g n i f i c a n t  f o r  each month of the year. A s  indica ted  previously, t h i s  

is l i k e l y  t rue  only in the  low-lying val ley  a r e a s  from which the  

temperature and p r e c i p i t a t i o n  data were obtained. In B r i t i s h  Columbia 

the monthly va lues  tend t o  f l u c t u a t e  more than a t  o t h e r  a r e a s  of the 

country. Generally a r e l a t i v e  minimum occurs in  July when po ten t i a l  

evaporation is a maximum and p rec ip i t a t ion  is low. 

I t  must be recognized t h a t  these graphs a r e  average values and 

may s h i f t  considerably f o r  ce r t a in  years  both in magnitudes and times- 

of-occurrences of r e l a t i v e  maximums and minimums, 

The r e s u l t s  obta ined in the  study a r e  too incomplete in terms o f  

geographical locat ion  f o r  development of a genera l ized  regional  map of  

evapotranspirat ion amounts in Canada. To s u f f i c e  t h i s  ob jec t ive  

a d d i t i o n a l  ca lcu la t ions  would be requi red  on a denser s p a t i a l  s c a l e ,  

Nevertheless, the r e s u l t s  do demonstrate some s i g n i f i c a n t  f ea tu res  which 

should be taken i n t o  considerat ion when considering c l imatologica l  

mapping of evapotranspirat ion regimes. For example, in semi a r i d  

regions,  such a s  those experienced in the Canadian P r a i r i e s ,  the re  is 

indica t ion  t h a t  the is01 ines of evapotranspirat ion may be more uniformly 

and widely spaced and the  annual amounts a r e  s i g n i f i c a n t l y  l e s s  than 

experienced in the more humid regions of Eastern Canada. Fur ther ,  

mapping of monthly evapotranspirat ion amounts w i l l  r equ i re  a smal ler  

s p a t i a l  resolu t ion  (as  compared t o  annual va lues)  because maxima and 

minima a r e  reached a t  d i f f e r e n t  times of the year  in d i f f e r e n t  regions. 

This s p a t i a l  and temporal v a r i a b i l i t y  of  monthly values is considered 

extremely important t o  the design of  a regional  network. 

An approach s i m i l a r  to the  c l ima t i c  water balance technique must 

be used t o  evaluate  monthly evapotranspirat ion amounts, Variable s o i l  



moisture capac i t i e s  and the time s c a l e  and manner of handling 

p rec ip i t a t ion  inputs ,  e i t h e r  a s  snow o r  r a i n ,  have been shown t o  be 

very important. The s t a t i o n s  chosen f o r  a n a l y s i s  have attempted t o  

cover a wide range of c l ima t i c  f a c t o r s  a f f e c t i n g  the water balance. 

These i n i t i a l  ca lcu la t ions  provide a base from which f u r t h e r  c l i m a t i c  

s t a t i o n s  may be used to develop a map of evapotranspirat ion.  

HYDROLOGIC IMPLICATIONS AND FUTURE STUD1 ES 

Although the  method is more app l i cab le  t o  c l i m a t i c  use, it does 

g ive  q u i t e  a b i t  of information about the hydrology of an area. The 

use of  t h i s  type of an approach would be use fu l  in l i t t l e  known areas .  

I t  could a l s o  prove useful  f o r  ext rapola t ing  known stream records t o  

ungauged streams nearby. Runoff and s o i l  moisture indica t ions  may be 

the  most valuable outputs  from applying the method to hydrologic 

s tudies .  

Further work on the m d e l  would vas t ly  improve the  knowledge and 

usefulness of t h i s  c l  imatic approach t o  hydrology. Research should be 

conducted on a smaller t i m e  period of analys is .  This would l i k e l y  

r e s u l t  in b e t t e r  monthly to ta l s .  The thought behind t h i s  is again 

concern f o r  the  v a r i a b i l i t y  of prec ip i ta t ion .  A shor te r  time period 

would a l s o  d e t e c t  chinooks and s h o r t  durat ion snowmel t t h a t  the  ten 

day averages of temperature do not. 

In summary, knowledge gained by applying a c l i m a t i c  water balance 

is useful  in hydrology. This ins igh t  i n t o  the  water balance of an a r e a  

would be fu r the r  advanced by s tud ies  of a more l o c a l  na ture  and more 

d e t a i l e d  considera t ion  o f  the  severa l  va r i ab les  involved in the water 

balance technique. Any improvements would b e n e f i t  c l ima t i c  app l i ca t ion  



a s  wel l  s ince  the f i e l d s  o f  c l i m t o l o g y  and hydrology are l inked very 

c l o s e l y  in prec ip i tat ion  and evaporation s tud ie s .  
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A P P E N D I X  A 

CONSTANTS FOR TURC'S  EQUATION 

AND 

GROWING SEASONS AND SOIL-ZONE C A P A C I T I E S  USED 



Values Used I n  Turc's Ten-Day Equation For Evapotranspirat ion 

S t a t i o n  - Z M - C - 

Swift  Current 1 5  50 1.1 

Guelph 15  80 1.1 

Freder ic ton  1 5  70 1.1 

Montreal 1 5  7 0 1.1 

Brandon 1 5  6 0 1.1 

For t  Simpson 12 3 4 1.2 



Growing Seasons  And S o i l  Zones 

S t a t i o n  Growing Season Upper Zone Lower Zone 

S w i f t  Cur ren t  

Guelph 

F r e d e r i c t o n  

Montreal  

Brandon 

F o r t  Simpson 

Abbotsf o rd  

Deer Park 

T e r r a c e  

Yel lowknife  

V e g r e v i l l e  

Porcupine P l a i n  

White River  

F o r t  Chimo 

S e p t - I s l e s  

Dun can 

Vernon 

May 1 -+ Sept .  30 

May 1 -+ S e p t .  30 

May 1 -+ S e p t .  30 

May 1 -+ S e p t  . 30 

May 1 -+ S e p t .  30 

May 20 -+ S e p t .  20 

A p r i l  1 -+ Oct. 3 1  

May l - + S e p t .  30 

May l - + S e p t .  30 

May 20 -+ S e p t .  20 

May 1 -+ Sept .  30 

May 1 -+ Sept .  30 

May 1 0  -+ S e p t .  30 

May 20 -+ Sept .  20 

May 1 0  -+ S e p t .  30 

A p r i l  1 -+ Oct .  3 1  

May 1 -+ Sept .  30 



A P P E N D I X  B 

TABULATED COMPARISON OF MONTHLY AND ANNUAL RUNOFF 



M e t e o r o l o g i c a l  S t a t i o n  S w i f t  C u r r e n t ,  Sask. (4028040) 

Runoff Gauging S t a t i o n  S w i f t  Cur ren t  Creek (05HD031 & 0 5 ~ ~ 0 3 6 )  

Record I n t e r v a l  1944 t o  1966 

a 
Computed r u n o f f  c o r r e l a t e d  w i t h  cor responding  v a l u e s  o f  measured runof f  

Time 

J a n u a r y  

February 

March 

A p r i l  

May 

June  

J u l y  

August 

September 

October  

November 

December 

ANNUAL 

Measured Runoff 

0 

0 

0.23 

0.52 

0.09 

0.04 

0.03 

0 .01  

0 .01 

0.02 

0 

0 

0 .95 

Water Balance 

I 
I C o r r e l a t i o n  Runoff I 
I ~ o e f  f i c i e n t a  - I 
I 

0 I -- -- I 
I 
I 

0 I 
I ---- 
I 
I 
I 

0.13 I 0.55 
I 
I 

0.67 1 0.69 
I 

0 I 
I ---- 
I 
I 
I 

0.04 ; 0.20 
I 
I 

0.01 ; 0.91 
I 

0 
I ---- I 
I 
I 

0 
I ---- I 
I 
I 

0 
I ---- I 
1 
I 

0 
I ---- I 
I 
I 

0 
I ---- I 
I 

I 
I 

0.85 I 0.66 I 

I 

Turc 

I 

Runoff I a 
I C o r r e l a t i o n  
I C o e f f i c i e n t  
I 
I 

0 I ---- 
I 
I 
I 

0 I I ---- 
I 
1 

I 
0.01 I 0 .41  

I 0.59 1 0.53 
I 

I 
0.17 1 0.21 

I 
I 

0.17 1 0.64 
I 

I 
0.04 1 0.59 

I 

0 
I I ---- 
I 
I 

0 
I I ---- 
I 
I 

0 
I I ---- 
I 
I 

0 
I I ---- 
I 
I 

0 
I 
I ---- 
I 
1 - 
I 
I 

0.98 I 0.54 I 

I 



Meteorological S t a t i o n  Brandon, Man. (So104851 

Runoff Gauging s t a t i o n  W h i  temud River (05LL013) 

Record I n t e r v a l  1961 t o  1967 

a 
Computed runoff c o r r e l a t e d  wi th  corresponding va lues  of measured runoff 

Time 

January 

February 

March 

Apr i l  

May 

June 

Ju ly  

August 

September 

October 

November 

December 

ANNUAL 

Measured Runoff 

0 

0 

0.03 

0.19 

0.11 

0.07 

0.05 

0.03 

0.04 

0.04 

0 

0 

0.57 

Water Balance 

I 
I Cor re l a t ion  Runoff I 
I ~ o e f  f i c i e n t a  - I 
I 

0 
I ---- I 
! 
I 

0 
I ---- I 
I 
I 

0 
I ---- I 
I 
I 
I 

0.24 1.24 1 
I 

I 
0.06 0.67 1 

I 

0 
I ---- I 
I 
I 

0 I ---- I 
1 
I 

0 I ---- I 
I 

0 i 
I ---- 
I 
I 

0 
I ---- I 
! 
I 

0 
1 ---- I 
I 
I 

0 
I - --- I 
I 

I 
I 

1.92 1 -0.07 
I 

Turc 

I 
I Ccr re l a t  ion  Runoff I 

~ o e f  f i c i c n t a  
I 
I 

0 
I I ---- 
I 
I 

0 
I I ---- 
I 
I 

0 
I I ---- 
I , 
I 

1.65 1 0.37 
I 

I 
1.38 1 0.49 

I 

I 0.09 I 0.87 
I 
I 

0 I 
I ---- 
I 
I 

0 I 
I ---- 
I 

0 i 
I ---- 
I 

0 
I I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 
1 

I 
I 

3.12 1 0.49 
I 



M e t e o r o l o g i c a l  S t a t i o n  Porcup ine  P l a i n ,  Sask.  (4086160) 

Runoff Gauging S t a t  i o n  Etamami R i v e r  (05LB002) 

Record I n t e r v a l  1955 t o  1966 

a 
Computed r u n o f f  c o r r e l a t e d  w i t h  c o r r e s p o n d i n g  v a l u e s  o f  measured runof f  

Time 

January 

Measured Runoff ( I n c h e s )  

0 

Water Balance 

I 
Runoff C o r r e l a t i o n  

a 
( I n c h e s )  C o e f f i c i e n t  

I 

0 
I 
I ---- 
I , 

0 
I I ---- 
I 

0 
I 
I ---- 
I 
I 

February 

March 

0 

0 .01  

0 .70  A p r i l  

May 
- 

June 

J u l y  

August 

September 

October 

November 

December 

ANNUAL 

0.82 

0 .38  

0.14 

0 .03  

0.04 

0.05 

0 

0 

2.17 

1 

1.22 I -0.09 
I 

I 
I 

0.12 I 
I 
I 

0.88 
I 

0 I 
I ---- 
I 
I 

I 
0.05 I 

I 
-0.08 

1 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 

I 
I 

2.11 I I 0.38 
I 



M e t e o r o l o g i c a l  S t a t i o n  V e g r e v i l l e ,  A l t a .  (3016761) 

Runoff Gauging S t a t i o n  Vermi l l ion  R i v e r  (05EE001) 

Record I n t e r v a l  1959 t o  1967 

a 
Computed r u n o f f  c o r r e l a t e d  w i t h  cor responding  v a l u e s  o f  measured r u n o f f  

Time 

January 

Measured Runoff ( I n c h e s )  

0 

Water Balance 

1 
I C o r r e l a t i o n  Runoff I 

a 
( I n c h e s )  C o e f f i c i e n t  

, 
0 1 

I ---- 
1 
I 

0 
1 I ---- 
I 

I 
0.04 I -0.25 

I 

0 .08  
I 
I 0.73 
I 
I 

0 I 
I ---- 
I 
I 

0.02 I 
I 0 .90 
I 
I 

0.06 I 
I 0.24 
I 
I 

0 I 
I ---- 
I 
I 

0 I 
I 

---- 
I 
I 

February 

March * 
A p r i l  

May 

June 

J u l y  

August 

September 

0 

0 .03  

0 .10 

0.09 

0 .03  

0 .02 

0.02 

0 .01  

October 

November 

December 

ANNUAL 

0 .01  

0 

0 

0.29 

0 
I I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 

I 
I 

0.17 I 0.58 
I 



Meteoro log ica l  S t a t i o n  Guelph Ont. (6143083) 

Runoff Gauging S t a t i o n  Speed River  (02GA015) 

Record I n t e r v a l  1951  t o  1967 

a 
Computed runoff  c o r r e l a t e d  w i t h  cor responding  v a l u e s  of  measured runof f  

Time 

January 

February 

March 

Apr i l  
- 

May 

June 

J u l y  

Augus t 

September 

October 

November 

December 

ANNUAL 

Measured Runoff 

0.73 

0.77 

1 .83 

2.73 

1.26 

0.64 

0.47 

0.37 

0.34 

0.57 

0.75 

0.82 

11.30 

Water Balance 

I 
I C o r r e l a t i o n  Runoff I 
I ~ o e f  f i c i e n t a  

' I 
I 

0 
I ---- I 
I 
I 
I 

0.10 ( 0.02 
I 
I 

1.50 ( 0.12 
I 

I 
7.24 1 0.80 

I 
I 

0.78 1 0.53 
1 
I 

0.06 1 0.58 
I 

0 .01  I 0 .21  
I 

I 
I 
I 

0.09 ( 0.94 
I 
I 

0.02 ( 0.06 
1 
I 

0.44 ( 0.93 
1 

I 
0 ,69  ( 0.59 

I 
I 

Turc 

I 
I C o r r e l a t i o n  Runoff I 
I c o e f f i c i e n t "  
I 
I 

0 
I I ---- 
I 
I 

0 
I 
I ---- 
I 
I 
I 

1.69 ( 0.13 
1 

8 .41  ; 0.84 
I 

I 
I 

1.20 1 0.62 
I 
I 

0.13 ; 0.75 
I 
I 0.07 I 
I 

0.37 
I 

I 
0.03 1 0.94 

I 

I 
0.23 1 -0.11 

I 

I 
0.24 ( 0.89 

I 
I 

0.53 1 0.56 

I 
0.37 ( 0.23 

I 

I 
I 

11.28 ( 0.92 
I 

0.29 1 0.43 
I 

I 
I 

12.83 ( 0.90 
I 



Meteorological  S t a t i o n  Montreal, Que- (7024400) 

Runoff Gauging S t a t i o n  Chateauguay River (030901) 

Record I n t e r v a l  1921 t o  1962 

a 
Computed runoff c o r r e l a t e d  wi th  corresponding va lues  of measured runoff 

Time 

January 

February 

March 

Ap r il 

May 

June 

Ju ly  

August 

September 

October 

November 

December 

ANNUAL 

Measured Runoff 

0.93 

0.71 

3-28 

4.90 

1.73 

0.81 

0.49 

0.40 

0.35 . 
0.63 

1.04 

1.00 

16.26 

Water Balance 

1 
I Cor re l a t ion  Runoff I 
I ~ o e f f  i c i e n t a  
I 
I 

0 I ---- I 
I 
I 

0 
I ---- I 
I 
I 
I 

1.79 1 0.55 
I 
I 

9.60 1 0.48 
I 
I 

1.32 ( 0.37 
I 
I 0.16 1 0.09 
I 
I 0.16 I 0.08 
I 
1 

I 
0.02 1 0.02 

I 
I 

0.27 1 0.47 
I 
I 

0.54 1 0.65 
I 
I 

1,08 1 0.68 
I 
I 

0.20 1 0.01 

I 
I 

15.14 1 0.42 
I 

Turc 

I 
I Cor re l a t ion  Runoff I 
I ~ o e f  f i c i e n t a  
I 
I 

0 I I ---- 
I 
1 

0 
I 
I ---- 
I 
I 

I 
1.87 1 0.56 

10.82 j 0.45 
1 

I 
1.82 1 0.47 

I 
I 0.25 I 
I 

0.36 
I 

I 0.22 I 
I 

0.09 
I 
I 

0.06 1 0.06 
I 

I 
0.10 1 0.37 

I 

I 
0.57 ; 0.79 

I 
I 

1.16 1 0.75 
I 
I 

0.22 f 0 

I 
I 

17.09 1 0.50 
I 



Meteoro logica l  S t a t i o n  F rede r i c ton ,  N .B. (8101600) 

Runoff Gauging S t a t i o n  Shogomoc River (01AK001) - 

Record I n t e r v a l  1919 t o  1967 (1941 - 1943 missing)  

a 
Computed runoff  c o r r e l a t e d  wi th  corresponding va lues  of measured runoff  

T i m e  

January 

February 

March 

Apr i l  

May 

June 

J u l y  

August 

September 

October 

November 

December 

ANNUAL 

Measured Runoff 

1 .98 

1.22 

1.78 

7.44 

4.73 

1.57 

0.73 

0.40 

0.54 

1.09 

2.38 

2.66 

26.51 

Water Balance 

Cor re l a t i on  Runoff I 
I c o e f f i c i e n t a  

I 
I 
I 

0.09 I 0.30 
I 
I 
I 0.07 I 0.08 
I 
I 
I 1.99 I 0.75 
I 
I 
I 

11.36 I 0.60 
I 
I 

3.69 ; 0.69 
1 
I 

0.43 1 0.65 
I 
I 

0.28 1 0.30 
1 
I 

0.44 0.60 
I 
I 

0.75 I 0.54 
1 
I 

2.39 I 0.75 
I 
I 

2.55 I 0 .53 
I 
I 

0.30 I 0.59 

I 
I 

24.34 1 0.71 
I 

Turc 

I 
I Cor re l a t i on  

Runoff I c o e f f i c i e n t  
a 

I 
I 
I 

0.05 I 
I 

0.52 
1 
I 

0.07 I 
I 

0.08 
I 
I 1.96 I 
I 

0.74 

I 
11.16 1 0.59 

I 

I 
4.01 1 0.70 

I 
I 

0.45 1 0.69 
I 
I 

0.11 I 
I 

0.43 
I 

I 
0.15 I 0.64 

I 
I 

0.32 1 0.61 
I 

I 
1 .42 1 0.78 

I 

I 
2.12 I 0.73 

I 
I 

0.33 1 0.58 
I 

I 
I 

22.14 0.74 I 

I 



Meteorological S t a t i o n  Sep t - I s l e s ,  Que. (7047960 & 7047910) 

Runoff Gauging S t a t i o n  Rapides (072201) 

Record I n t e r v a l  1955 t o  1967 

a 
Computed runoff c o r r e l a t e d  wi th  corresponding va lues  of measured runoff 

Time 

January 

February 

March 

A p r i l  

May 

June 

Ju ly  

August 

September 

October 

November 

December 

ANNUAL 

Measured Runoff (Inches)  

0.81 

Water Balance 

I 
Runoff I I Corre la t ion  

a (Inches) ! Coeff ic ien t  
-.- 

I 

0 I 
I ---- 
I 
I 

0.37 

0.53 

1.34 

9.92 

6.76 

2.76 

2.81 

3.04 

3.30 

2.74 

2.30 

36.69 

0 
I 
I ---- 
I 
I 

I 
0.20 I 0 

t 

I 
3.21 1 0.56 

I 

I 
14.85 1 0.78 

I 
I 

2.17 0.68 
I 

I 0.95 I 
I 

0.43 
I 
I 

1.49 1 0.87 
I 
I 

2.40 1 0.78 
I 
1 2.55 I 
I 

0.75 

I 1.06 I 
I 

0.70 
I 

0 I 
I ---- 
I 

I 
I 

28.89 1 0.75 
I 



Meteorological  S t a t i o n  White River ,  Ont- (6089475) 

Runoff Gauging S t a t i o n  White River (02BC004) 

Record I n t e r v a l  1960 t o  1967 .- 

a 
Computed runoff  c o r r e l a t e d  w i t h  corresponding va lues  of measured runoff 

Time 

January 

Measured Runoff ( Inches)  

0.66 

Water Balance 

I 
Runoff I Cor re l a t i on  a 

( Inches)  I Coef f i c i en t  
1 
I 0 I ---- 
I 
I 
I 0 I ---- 
I 
I 

I 0 I ---- 
I 
I 

I 
3.92 I 

I 
0.15 

I 
I 

8.65 I -0.16 
I 
I 

0.43 I 0.55 
I 

0 
I 
I ---- 
I 
I 
I 

0.74 1 -0.05 
I 
I 

1.21  I 0.13 
I 
I 

1.09 I 0.66 
I 

0 
I 
I ---- 
I 
I 

0 
1 
I ---- 
I 

I 
I 

16.03 1 0.67 
I 

February 

March 

A p r i l  

May 

June 

Ju ly  

August 

September 

October 

November 

December 

ANNUAL 

0.45 

0.42 

1 .01  

4.30 

2.51 

0.96 

0.51 

0.49 

1.11 

1.08 

0.87 

14.35 



~ t e o r o l o g i c a l ~  S t a t i o n  For t  Simpson, N.W.T. (2202100) 

Runoff Gauging S t a t i o n  Snare River (07SA003) 

Record Interval-  1950 t o  1962 

a 
Computed runoff c o r r e l a t e d  wi th  corresponding va lues  of measured runoff 

Time 

January 

February 

March 

Apr i l  

May 

June 

Ju ly  

August 

September 

October 

November 

December 

ANNUAL 

Measured Runoff 

0.21 

0.18 

0.18 

0.16 

0.22 

0.39 

0.65 

0.56 

0.38 

0.29 

0.29 

0.25 

3.76 

Water Balance 

I 
I Cor re l a t ion  
I c o e f f i c i e n t a  

I 
1 
I 0 I ---- 
I 
I 
I 0 I ---- 
I 
I 

0 
I 
I ---- 
I 
I 
I 

0.95 I -0.13 
I 
I 

3.26 I -0.47 
I 

I 
0.23 I -0.30 

I 
I 

0.22 I 0.66 
I 
I 

0.11 I I -0.42 
I 

0 
I ---- I 
I 
I 

0.01 0.05 
I 
I 
I 
I 

0 ,$ 

I ---- I 
I 
I 

0 
I ---- I 
I 

I 
I 

4.78 I 1 0.10 
I 

Turc 

I 
I Corre la t ion  Runoff I 
I c o e f f i c i e n t a  
1 
I 
I 

0 I ---- 
I 
I 
I 

0 I ---- 
I 
I 
I 

0 I ---- 
I 

I 
0.58 1 -0.13 

I 

I 
2.60 1 -0.48 

I 
I 

0.21 1 -0.25 
I 

I 
0.03 1 0.38 

I 

I 
0.03 1 -0.31 

I 

0 
I 
I ---- 
I 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 

I 
I 

3.44 1 -0.04 
I 



Meteorological S t a t i o n  Yellowknife, N.W.T. (2204100) 

Runoff Gauging S t a t i o n  Snare River (07SA003) 

Record I n t e r v a l  1950 t o  1962 

a 
Computed runoff c o r r e l a t e d  wi th  corresponding va lues  of measured runoff 

Time 

January 

February 

March 

Apr i l  

May 

June 

Ju ly  

August 

September 

October 

November 

December 

ANNUAL 

Measured Runoff (Inches)  

0.21 

0.18 

0.18 

0.16 

0.22 

0.39 

0.65 

Water Balance 

I 
Runoff Corre la t ion  a  

(Inches)  Coeff ic ien t  
I 

0 I 
I ---- 
I 
I 

0 
I I ---- 
I 

0 
I I ---- 
I 
I 

I 
0.13 1 -0.04 

I 

3.42 I 0.15 I 

I 
I 
I 0.05 I -0.19 
I 
I 
I 0.02 I 0.14 

0.56 

0.38 

0.29 

0.29 

0.25 

3.76 

I 
I 
I 0.08 I -0.22 
I 
I 

0.02 1 -0.38 
I 
I 

0.02 1 -0.10 
I 
I 

0 I 
I ---- 
I 
I 

0 I 
I ---- 
I 

I 
I 

3.73 1 0.52 
I 



Meteoro logica l  S t a t i o n  For t  Chimo, Que. (7112400) & Knob Lake, Que. 
(7113520) 

Runoff Gauging S t a t i o n  Bale ine  (0104001) 

Record I n t e r v a l  1963 t o  1967 

a 
Computed runoff  c o r r e l a t e d  w i t h  corresponding va lues  of measured runoff 

T i m e  

January 

February 

March 

A p r i l  

May 

June 

Ju ly  

Augus t 

September 

October 

November 

December 

ANNUAL 

Measured Runoff ( Inches)  

0.39 

0.24 

0.20 

0 .21  

2.15 

8.10 

2.88 

2.49 

Water Balance 

I 
Runoff I I Cor re l a t i on  

( Inches)  ~ o e f  f i c i e n t a  
I 

0 
I I ---- 
I 
I 

0 
I I ---- 
I 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

3.04 I 
I 
I 

0.84 
I 

8.87 I 
I 0.81 
I 
I 

1.31  I 
I 0.69 
I 
I 

1.77 I 
I 0.48 
I 
I 

2.32 

2.05 

1.40 

0.74 

23.18 

1.64 1 -0.16 
I 
I 
I 1.35 I -0.17 
I 

0 I 
I 

---- 
I 
I 

0 
I 
I ---- 
I 

I 
I 

17.97 I 0.99 
I 



Meteoro logica l  S t a t i o r !  Duncan, B.C.  (1012570) 

Runoff Gauging S t a t i o n  Bings Creek (08~A016) 

Record I n t e r v a l  1962 t o  1966 

a 
Computed runoff  c o r r e l a t e d  w i t h  corresponding va lues  of measured runoff 

Time 

January 

February 

March 

A p r i l  

Measured Runoff ( Inches)  

7.82 

4.81 

3.40 

1 .43  

Water Balance 

I 
Runoff I C o r r e l a t i o n  

( Inches)  ~ o e f  f i c i e n t a  
1 

5.98 I 
I 0.41 
I 
I 

2.57 I 
I 0.63 
I 

1.95 I 
I 0.83 
I 
I 

0.42 I 
I 

I 
0.46 

I 

May 
i 

0.78 0.08 
I 
I 
I 

0.66 

June 

J u l y  

August 

September 

October 

November 

December 

ANNUAL 

0.30 

0.20 

0.17 

0.17 

0.75 

3.73 

6.12 

29.69 

0 
I 
I ---- 
I 
I 

- 

0 I 
I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

1.73 I 
I 0.98 
I 
I 

5.58 
I 
I 0.75 
I 
f 

6.74 I 
I 0.54 
I 

I 

25.06 
I 
I I 0.86 
I 



Meteoro log ica l  S t a t i o n  Abbotsford,  B . C .  (1100030) 

Runoff Gauging S t a t i o n  Sumas River  (08MH029) 

Record I n t e r v a l  1953 t o  1967 

a 
Computed runof f  c o r r e l a t e d  w i t h  cor responding  v a l u e s  of  measured runof f  

Time 

January 

February 

March 

A p r i l  

May 

June 

J u l y  

August 

September 

October 

Novemb e r 

December 

ANNUAL 

Measured Runoff ( Inches )  

4.46 

3.76 

2.98 

2.27 

1.42 

0 .93  

0.79 

0.75 

0.65 

1.13 

2.56 

3.94 

25.6 

Water Balance 

I 
Runoff I C o r r e l a t i o n  

I a 
( I nches )  I C o e f f i c i e n t  

I 
I 

7.85 I 0.67 
I 
I 

6.05 I 
I 

0.70 
1 

I 
3.89 I 

I 
0.59 

I 
I 1.75 I 0.12 
I 

0.84 ! 0.04 
I 
I 

0.21 1 0.18 
I 
I 

I 0 .01  1 0.62 
I 
I 

0.09 1 -0.01 
I 
I 

0.70 1 0.63 
I 
I 

4.45 1 0.51 
I 
I 

7.23 0.66 
I 
r 
I 

7.82 1 0.57 

I 
I 

40.9 I I 0 .41  
I 



M e t e o r o l o g i c a l  S t a t i o n  Deer P a r k ,  B. C .  (1142400) 

Runoff Gauging S t  a t  i o n  Deer Creek (08NE087) 

Record I n t e r v a l  1959 t o  1967 

a 
Computed runof f  c o r r e l a t e d  w i t h  c o r r e s p o n d i n g  v a l u e s  o f  measured runof f  

T ime  

January 

February 

March 

A p r i l  

Measured Runoff ( I n c h e s )  

0 .19  

0.17 

0.26 

1 . 2 8  

Water Balance 

I 
Runoff C o r r e l a t i o n  a 

( I n c h e s )  C o e f f i c i e n t  
I 

0 . 9 1  I 
I 0.15 
I 
I 

1.46 
I 
I -0.11 
I 

1 . 7 1  I 
I -0.47 
I , 

0.07 I 
I 0.39 
I 
I 

0.07 I 0 .92 I 

I 
I 

0 I 
I ---- 
I 
I 

0 I 
I 

---- 
I 
I 

0 
I 
I ---- 
I 
1 

0 
I I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

0.28 
I 
I 
I 

0 . 2 1  
I 

0.74 
I 
I 0.14 
I 

I 
I 

5.23 I I -0.23 
I 

&Y 

June 

J u l y  

August 

September 

October 

November 

December 

ANNUAL 

4.36 

5.40 

1.19 

0 .35 

0 . 3 1  

0.34 

0 .28 

0 .21 

14.31 



M e t e o r o l o g i c a l  S t a t i o n  Vernon, B.C. (1128554) 

Runoff Gauging S t a t i o n  BX Creek (08NM020) 

Record I n t e r v a l  1961  t o  1971  

a 
Computed r u n o f f  c o r r e l a t e d  w i t h  cor responding  v a l u e s  o f  measured runof f  

Time 

January 

February 

March 

A p r i l  

May 

June 

J u l y  

August 

September 

October 

November 

December 

ANNUAL 

Measured Runoff ( I n c h e s )  

0.08 

0 .08  

0.17 

0.86 

2.05 

1 .24 

0 .39 

0.20 

0 .15 

Water Balance 

1 
I C o r r e l a t i o n  Runoff I 

a 
( I n c h e s )  C o e f f i c i e n t  

I 

I 
0.26 I -0.35 

I 

I 
0.90 I 0.01 

I 

I 
1 .79  I -0.48 

I 
0 . 5 1  I 0.73 

I 

0.07 , 0.17 
I 
I 

I 

0 
I I ---- 
I 
I 

0 
I 
I ---- 
I 
I 

0 
I I ---- 
I 
I 
I 

0 . 0 1  I 0.09 
I 

0.15 

0.14 

0 .10 

5.60 

0 I 
I ---- 
I 
I 

0.02 I 
I 
I 

0.38 
I 

0.38 I 
I 0.26 
I 

I 
I 

3.92 I I 0.48 
I 



Meteorological  S t a t i o n  Ter race ,  - B.C.  (1068130) 

Runoff Gauging S t a t i o n  Zymagotit z River  ( 0 8 ~ ~ 0 1 1 )  

Record I n t e r v a l  1961 t o  1967 

a 
Computed runoff  c o r r e l a t e d  w i t h  corresponding va lues  of  measured runoff  

T i m e  

January 

February 

March 

A p r i l  

May 

June 

Ju ly  

August 

September 

October 

November 

December 

ANNUAL 

Measured Runoff ( Inches)  

1.75 

1.95 

Water Balance 

I 
Runoff Cor re l a t i on  a 

( Inches)  I Coef f i c i en t  
I 

2.89 I 
I -0.12 
I 
I 
I 

6.90 I 
I 

0.14 
I 

1.96 

3.78 

9.89 

16.37 

13.35 

9.09 

7.75 

10.32 

4.64 

4.46 
I 
I 
I 

0.05 
I 

5.56 
I 
I 
I 

0.48 
I 

0.16 I -0.61 I 

I 
I 

0 I 
I ---- 
I 
I 

0.09 I 
I 0.78 
I 
I 

0.06 I 
I 0.49 
I 
I 
I 

1 .51  I 
I 

0.88 
I 

9.07 
I 
I 
I 

-0.21 
I 

3.65 
I 
I 
I 

0 .81  
I 

2.50 

83.37 

3.25 
I 
I 
I 

0.07 

I 

37.61 I 
I I 0.06 
I 



A P P E N D I X  C 

OUTLINE OF CALCULATION PROCEDURE FOR WATER BALANCE 



1. S e t  t h e  growing season and upper and lower s o i l  zone mois ture  

c a p a c i t i e s .  

2 .  I n i t i a l i z e  mois ture  cond i t i ons .  I f  one can not  assume s o i l  i s  a t  

f i e l d  capac i ty  then d i s c a r d i n g  t h e  f i r s t  y e a r s  c a l c u l a t i o n s  w i l l  

remove most of t h e  e r r o r  i n  t h e  assumed mois ture  condi t ions .  

3 .  Calcu la t e  t h e  p o t e n t i a l  evapora t ion  from t h e  Christenson-Mehta 

Equation and sum t h e  p r e c i p i t a t i o n  amounts recorded i n  t h e  t e n  

a 
day per iod  . 

4.  I f  t h e  average temperature  is below f r e e z i n g  then cons ider  

p r e c i p i t a t i o n  a s  snow and add t h e  sum t o  any previous snow 

accumulation. Bookkeeping of snowfa l l  i s  done wi th  water  

equiva len t  va lues .  S e t  AE equa l  t o  zero and proceed t o  next  

per iod  (Step 3 ) .  

5. I f  average temperature  i s  above f r e e z i n g  check f o r  any snow 

remaining and i f  s o  determine t h e  snowmelt (Equation 9 ) .  Add 

t h e  s n m e l t  t o  p r e c i p i t a t i o n  f o r  t h e  t en  day per iod .  

6 .  Divide p r e c i p i t a t i o n  and PE by two s o  t h a t  p r e c i p i t a t i o n  can b e  

added i n  two s torm events .  

7 .  Ca l cu l a t e  t h e  mois ture  d e f i c i t s  i n  each s o i l  zone. 

8. Add a s  much of t h e  p r e c i p i t a t i o n  t o  t h e  upper zone a s  t h i s  s o i l  

zone w i l l  hold.  

a 
For l a s t  per iod  i n  each month t h e  r a d i a t i o n  va lues  i n  Christenson- 
Mehta Equation a r e  determined f o r  t h e  number of  days l e f t  i n  t h e  
month ( t e n  o r  e leven f o r  a l l  months b u t  February) .  P r e c i p i t a t i o n  
and PE a r e  then c a l c u l a t e d  f o r  t h i s  number of days t o  keep monthly 
summations s epa ra t e .  



9.  Any remaining p r e c i p i t a t i o n  is  added t o  the lower zone. 

10. I f  the  moisture capacity of the  lower zone i s  exceeded then the  

excess p r e c i p i t a t i o n  is  runoff .  

11. Determine s o i l  moisture i n  each zone a f t e r  p r e c i p i t a t i o n  has been 

added. 

12. I f  the  t en  day period under considerat ion i s  outs ide  the  growing 

season apply PE only t o  the  upper s o i l  zone and a t  the  PE r a t e .  

I f  the  ten  day period i s  wi th in  growing season then any remaining 

p o t e n t i a l  evaporation is applied t o  moisture i n  the  lower zone a t  

a reduced r a t e  (Thornthwaites s o i l  moisture r e t en t ion  t a b l e s  - 
Equation 8 i n  r e p o r t ) .  Sum the  evapotranspirat ion from each s o i l  

zone. 

13. Reduce t h e  s o i l  moisture i n  each s o i l  zone by the  amount of 

evaporation taken from each. 

14. Repeat from Step 7 i f  the  second hal f  of the  ten  day p r e c i p i t a t i o n  

and PE has not been used. 

15. Sum the  evaporation from the  two s t e p  t o  ge t  the  ten  day values.  

16. Return t o  Step 3 f o r  next ten day period. 


