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PREFACE 

This  f i n a l  r e p o r t  i s  f o r  OWRR P r o j e c t  B-062-ILL e n t i t l e d  " ~ y d r o l o g i c  

Models 15s t h e  Grea t  Lakes" and covers  a s t u d y  pe r iod  of  J u l y  1971 t o  

J a n u a r y  1974. Th i s  p r o j e c t  i s  a c o n t i n u a t i o n  and e x t e n s i o n  of  OWRR 

P r o j e c t  B-035-ILL e n t i t l e d  "Study of  t h e  Hydrology f o r  Models o f  t h e  

Grea t  Lakes.  " 

The f o l l o w i n g  r e p o r t s  and j o u r n a l  a r t i c l e s  r e l a t e d  t o  Grea t  Lakes 

hydrology have been pub l i shed :  

Mered i th ,  D . D . ,  "Modeling of  t h e  Grea t  Lakes w a t e r  sys tem,"  Water Resources  

B u l l e t i n ,  J. American Water Resources  Assoc . ,  6 ( I ) ,  55-64, 1970. 

J o n e s ,  D.M.A. ,  and D.D. Mered i th ,  "Great Lakes hydrology by months,  

1946-1965," Research Repor t  No. 53,  Water Resources  C e n t e r ,  

U n i v e r s i t y  o f  I l l i n o i s ,  Urbana, A p r i l  1972. 

B u e t i k o f e r ,  L.B. and D.D. Mered i th ,  "Annotated b i b l i o g r a p h y  on Grea t  Lakes 

hydrology,"  Research Report  No. 56 ,  Water Resources  C e n t e r ,  

U n i v e r s i t y  o f  I l l i n o i s ,  Urbana, September 1972. 

J o n e s ,  D . M . A . ,  and D.D. Mered i th ,  "Great  Lakes hydrology by months 1946- 

1965," Proc.  1 5 t h  Conference Grea t  Lakes Resea rch ,  I n t e r n a t i o n a l  

Assoc. f o r  Great  Lakes Research,  pp. 477-506, 1972. 

The h e l p  and p a t i e n c e  of  Louise  Dumain i n  t y p i n g  t h i s  r e p o r t  

i s  a p p r e c i a t e d .  

B u f f a l o ,  N . Y .  Da'le D. Mered i t h  



1. TNTRODUCTION 

1.1 Background 

The Great Lakes c o n s t i t u t e  the  e a r t h ' s  g r e a t e s t  expanse of r r e sh  

water and the re fo re  represent  a n  important n a t u r a l  resource.  I n  order  

t o  achieve t h e  maximum b e n e f i t  from a n a t u r a l  resource ,  i t  must be 

managdor  used i n  t he  most e f f i c i e n t  way t o  achieve the  ob jec t ives  of 

those who enjoy the  use of the resource.  However, before  a  resource 

can be managed o r  a l l o c a t e d  t h e  manager must have an  understanding of 

the  ex t en t  and behavior of t h e  resource and t h e  l i m i t a t i o n s  of h i s  

poss ib l e  a l t e r n a t i v e s .  

This r e p o r t  p resents  some of  t he  f ind ings  from a s tudy undertaken 

t o  develop and analyze hydrologic  models of t h e  Great Lakes i n  o rde r  t o  

achieve  a  b e t t e r  understanding of the  behavior of t he  Great Lakes a s  a  

system. These f ind ings  a l s o  allow the  manager t o  gain a  perspec t ive  

of the  e f f e c t  of changes i n  t h e  behavior of d i f f e r e n t  i nd iv idua l  hydro- 

l og ic  components. 

1.2 Scope of Report 

Chapter 2  p re sen t s  t he  r e s u l t s  of a  s tudy  t o  determine t h e  e f f e c t  

t h a t  thermal expansion and con t r ac t ion  of water has on the  value of t he  

n e t  bas in  supply as  determined from a water balance study. 

The determinat ion of p r o b a b i l i t y  d i s t r i b u t  ions f o r  each ind iv idua l  

hydrologic  component i s  explained i n  Chapter 3 .  Chapter 4 p re sen t s  t he  

s e r i e s  of l i n e a r  r eg re s s ion  equat ions which were est imated f o r  t he  

hydrologic  components of each lake.  

The summary and conclusions a r e  presented i n  Chapter 5. 



2. EFFdCTS OF TEMPERATURE ON NET BASIN SUPI'LY VALUES FROM WATER BALANCE STUDIES 

2 .1  I n t r o d u c t i o n  

Prom t h e  c o n s e r v a t i o n  o f  m a t t e r  p r i n c i p l e ,  a  w a t e r  b a l a n c e  e q u a t i o n  

can be w r i t t e n  f o r  each  l a k e  a s  f o l l o w s :  

m = P + R - E + I - Q + D + G  (2 .1)  

where LbS i s  t h e  change i n  amount of  w a t e r  s t o r e d  i n  t h e  l a k e ,  P  i s  t h e  

amount of p r e c i p i t a t i o n  on t h e  l a k e ' s  s u r f a c e ,  R i s  t h e  amount of  runof f  

i n t o  t h e  l a k e  from t h e  su r round ing  land a r e a ,  E i s  t h e  amount of e v a p o r a t i o n  

from t h e  l a k e ' s  s u r f a c e ,  I i s  t h e  amount of  in f low from t h e  upst ream l a k e ,  

Q i s  t h e  amount of o u t f l o w  from t h e  l a k e  through i t s  n a t u r a l  o u t l e t ,  

D i s  t h e  amount o f  d i v e r s i o n  i n t o  (+) o r  o u t  o f  ( - )  t h e  l a k e  and G i s  

t h e  amount o f  groundwater f low e n t e r i n g  (+) o r  l e a v i n g  ( - )  t h e  l a k e .  

A l l  v a r i a b l e s  a r e  expressed  i n  t h e  same u n i t s  and f o r  t h e  same per iod  

o f  t ime.  Obviously ,  any v a r i a b l e  may be e q u a l  t o  z e r o  f o r  a  l a k e  where 

i t  i s  n o t  p e r t i n e n t .  The change i n  amount of  wa te r  s t o r e d  i n  t h e  l a k e ,  

b, i s  a  p o s i t i v e  number when s u p p l i e s  exceed removals and i s  a  n e g a t i v e  

number when remova 1s e cceed s u p p l i e s .  

Water l e v e l  gages a r e  mainta ined on t h e  Great  Lakes,  r i v e r s  which 

connect  t h e  l a k e s  and channels  i n  which w a t e r  i s  d i v e r t e d  i n t o  o r  o u t  

of  t h e  l a k e s  ( ~ a n a d a ,  1968; U.S. Department o f  Commerce, 1971).  The 

change i n  amount of w a t e r  s t o r e d  i n  a  l a k e  i s  c a l c u l a t e d  from t h e  a r e a  

o f  t h e  l a k e  and t h e  measured change i n  t h e  e l e v a t i o n  o f  wa te r  s u r f a c e  

o v e r  a  pe r iod  of  t ime.  The amount o f  in f low from t h e  upst ream l a k e ,  

ou t f low from the  l ake  through i t s  n a t u r a l  o u t l e t  and d i v e r s i o n s  i n t o  and 

o u t  of  t h e  l a k e  a r e  determined from t h e  w a t e r  l e v e l  r e c o r d s  and r a t i n g  
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curves  which g i v e  t h e  r e l a t i o n s h i p  between t h e  amount of  f low p a s t  a  

p o i n t  and t h e  s u r f a c e  e l e v a t i o n  o f  t h e  >water a t  t h a t  p o i n t  (U.S. Army 

Engineer ing  D i v i s i o n ,  North  C e n t r a l ,  1965).  

The amount of  p r e c i p i t a t i o n ,  e v a p o r a t i o n  and runof f  i n t o  t h e  l a k e  

from t h e  su r round ing  land a r e a s  has  been determined f o r  each  of t h e  

Grea t  Lakes f o r  each  month o f  c a l e n d a r  y e a r s  1946-1965 ( Jones  and 

Mered i th ,  '1972). Ground wa te r  can u s u a l l y  be cons ide red  t o  be  

i n s i g n i f i c a n t  when de te rmin ing  Grea t  Lakes w a t e r  b a l a n c e s  (Bergst rom 

and Hanson, 1962; H a e f e l i ,  1972).  

Equa t ion  (2 .1 )  i s  n o t  s a t i s f i e d  when t h e  p r e c i p i t a t i o n ,  e v a p o r a t i o n ,  

r u n o f f ,  r i v e r  f low,and change i n  s t o r a g e  v a l u e s  a r e  s u b s t i t u t e d  i n t o  i t  

( Jones  and Mered i th ,  1972).  

The c o n s i d e r a t i o n  o f  t h e  the rmal  expansion o f  water  would change 

t h e  v a l u e s  o f  t h e  & i n  e q u a t i o n  (2 .1 )  and would have t h e  e f f e c t  o f  

d e c r e a s i n g  f o r  months when t h e  t empera tu re  i s  i n c r e a s i n g  and i n c r e a s i n g  

AS when t h e  t empera tu re  i s  d e c r e a s i n g .  I n  o r d e r  t o  compute t h e  e f f e c t  

o f  the rmal  expansion, r e l a t i o n s h i p s  f o r  r e ' l a t  ing  the rmal  expansion t o  

w a t e r  t e m p e r a t u r e ,  volume o f  l a k e  w a t e r ,  t empera tu re  of t h e  l ake  w a t e r ,  

and t empera tu re  v a r i a t i o n  must be known. 

2.2 Thermal Expansion 

The e q u a t i o n  f o r  the rmal  expansion of  wa te r  (Hodgman, 1958) i s  

= Vo( l  - 6.427 x 1 0 - ~ t  + 8.5053 x  10 
-6 t2 -8  3 

Vt 
- 6.79 x  10  t )  (2 .2 )  

where Vo i s  t h e  volume o f  water at  O'C, t i s  t h e  t empera tu re  of  w a t e r  

i n  C ,  and V i s  t h e  volume o f  wa te r  a t  to C.  This  e q u a t i o n  i s  v a l i d  f o r  t 

a  range of  t empera tu res  from 0' t o  33' C.  The w a t e r  t empera tu res  i n  t h e  

Great  Lakes a r e  w i t h i n  t h i s  range.  
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2.3  Volume o f  Lake Water 

The volume o f  wa te r  i n  each l a k e  was determined from t h e  d e p t h  a r e a  

r e l a t i o n s h i p s  p resen ted  by Anderson (1961) .  The dep th -a rea  v a l u e s  f o r  

each l a k e  a r e  g iven  i n  Table  2.1. 

2.4 S u r f a c e  Water Temperature 

The monthly s u r f a c e  wa te r  t empera tu res  a s  r e p o r t e d  by Richards  and 

I r b e  (1969) and Jones and Mered i th  (1972) f o r  t h e  months o f  January  1946 

through December 1965 were used.  

2.5 Monthly Temperature P r o f i l e s  
- - - -. - -. 

The t empera tu re  p r o f i l e s  a t  t h e  beg inn ing  of  each month f o r  e a c h  

l a k e  a r e  p resen ted  i n  Table 2.1. These t empera tu re  p r o f i l e s  were 

ob ta ined  a s  f o l l o w s :  

2 .5 .1  Lake O n t a r i o  -- - 

The t empera tu re  p r o f i l e s  f o r  t h e  beg inn ing  o f  e a c h  month f o r  

Lake O n t a r i o  were compiled from Rodgers and Anderson (1961; 1963) .  

2.5.2 Lake E r i e  

The t empera tu re  p r o f i l e s  f o r  t h e  beg inn ing  o f  August and September 

were s y n t h e s i z e d  from d a t a  by Hamlin (1971) and Anderson and Rodgers 

(1963) r e s e p e c t i v e l y .  The remaining p r o f i l e s  were ob ta ined  by s y n t h e s i z i n g  

i n f o r m a t i o n  from Potos  (1970) ,  Hamlin ( '1971), Beeton (1963) and t h e  

Lake O n t a r i o  p r o f i l e s .  

2.5.3 Lake Michigan 

Data from Church (1942; 1945) ,  Ayers e t  a 1  (1958) ,  Beeton and M o f f e t t  

( l 9 6 4 ) ,  Noble (1.965, 1967) and Noble and Wilkerson (1970) were compiled 

and s y n t h e s i z e d  t o  o b t a i n  t h e  Lake Michigan w a t e r  t empera tu re  p r o f i l e s .  
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2.5 .4  Lake Huron - 

Data from Ayers e t  a ' l  (1956) ,  Hachey (1952) ,  Rodgers (1965) and t h e  

Lake Michigan p r o f i l e s  were used t o  deve lop  w a t e r  t empera tu re  p r o f i l e s  

f o r  Lake Huron. 

2 .5 .5  Lake S u p e r i o r  

Data f o r  June  through October from Beeton,  Johnson and Smith (1959) 

and f o r  September from ~ n d e r s o n  and Rodgers (1963) and t h e  Lake Michigan 

t empera tu re  p r o f i l e s  were used t o  de.velop t h e  Lake S u p e r i o r  wa te r  

t empera tu re  p r o f i l e s .  

2 .6  Computations 

The w a t e r  t empera tu re  p r o f i l e  f o r  each  month was conver ted  t o  a 

d imens ion less  p r o f i l e  by d i v i d i n g  t h e  t empera tu re  a t  e a c h  dep th  by t h e  

t empera tu re  a t  z e r o  d e p t h .  The d imens ion less  p r o f i l e  was t h e n  assumed 

t o  be  t h e  same f o r  t h e  beg inn ing  o f  t h a t  month f o r  each  y e a r  o f  t h e  

per iod of a n a l y s i s .  

The s u r f a c e  w a t e r  t empera tu res  r e p o r t e d  by Richards  and I r b e  (1969) 

and Jones  and Meredi th  (1972) a r e  average  monthly t e m p e r a t u r e s .  The 

beg inn ing  o f  month s u r f a c e  w a t e r  t empera tu re  was o b t a i n e d  f o r  each  month 

by a v e r a g i n g  t h e  s u r f a c e  w a t e r  t empera tu re  f o r  t h a t  month and t h e  s u r f a c e  

w a t e r  t e m p e r a t u r e  f o r  t h e  p receed ing  month. The w a t e r  t empera tu re  p r o f i l e  

f o r  t h e  beg inn ing  o f  each month was t h e n  ob ta ined  by m u l t i p l y i n g  t h e  

d imens ion less  p r o f i l e  va lues  f o r  t h a t  month by t h e  beg inn ing  o f  month 

s u r f a c e  w a t e r  t empera tu re  f o r  t h a t  month. 

The dep th -a rea  r e l a t i o n s h i p  f o r  each l a k e  was used t o  compute t h e  

.volume o f  .water i n  t h e  l a k e .  This  volume was assumed t o  be  V f o r  
0 

e q u a t i o n  2.2.  V was t h e n  computed f o r  t h e  beg inn ing  of  each  month. 
t 

The d i f f e r e n c e  between V t  a t  t h e  beg inn ing  o f  a  month and t h e  beg inn ing  
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o f  t h e  n e x t  month i s  t h e  volume change f o r  t h a t  month due t o  t h e  thermal  

expans ion  o r  c o n t r a c t i o n  o f  t h e  w a t e r .  

2.7 R e s u l t s  

The c o r r e c t i o n s  t h a t  should  be added t o  & o f  e q u a t i o n  2 . 1  i n  o r d e r  

t o  e l i m i n a t e  t h e  e f f e c t s  of  the rmal  expansion and c o n t r a c t i o n  o f  w a t e r  

a r e  l i s t e d  i n  Table  2 .2 .  The c o r r e c t i o n s  v a r y  from z e r o  such a s  J a n u a r y  

1949 on Lake O n t a r i o u p  t o  t h e  same o r d e r  o f  magnitude a s  t h e  n e t  b a s i n  

s u p p l y  such a s  October 1950 on Lake Michigan.  These c o r r e c t i o n s  can 

o n l y  be cons ide red  a s  approx imat ions  because of  t h e  assumpt ions  made i n  

t h e  d e r i v a t i o n  of  t h e  wa te r  t empera tu re  p r o f i l e s .  However, t h e  r e s u l t s  

i n d i c a t e  t h a t  f o r  some months of  t h e  y e a r  t h e  t empera tu re  e f f e c t s  on l a k e  

l e v e l s  a r e  on t h e  same o r d e r  o f  magnitude a s  t h e  n e t  b a s i n  supp ly  of t h e  

l ake .  This  means t h a t  a  computat ion o f  monthly n e t  b a s i n  supp ly  w i t h o u t  

a  c o n s i d e r a t i o n  of  thermal  expansion o f  w a t e r  may r e s u l t  i n  a n  e r r o r  

o f  a s  much a s  100 p e r c e n t  f o r  some months. 
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3 .  DETERMINATION OF PROBABILITY DISTRIBUTIONS 

3 . 1  I n t r o d u c t i o n  

B e f o r e  a t t e m p t i n g  t o  d e v e l o p  r e g r e s s i o n  e q u a t i o n s  r e l a t i n g  t h e  

l i yd ro log ic  components  f o r  e a c h  l a k e ,  a n  a t t e m p t  was made t o  d e t e r m i n e  

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

The Kolmogorov-Smirnov t e s t  was used  a s  t h e  goodness -o f - f  i t  t e s t .  

3 .2 Kolmogorov-Smirnov Tes t  

T;ie Kolmogorov-Smirnov t e s t  c o n c e n t r a t e s  on t ' le  d e v i a t i o n s  be-  

tween t ' ie  i ~ y p o t : ~ e s i z e d  c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  and t h e  ob- 

s e r v e d  c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  ( O s t l e ,  1963) .  A s t a t i s t i c ,  

D ,  i s  computed a s  t ; ~ e  l a r g e s t  of  t h e  a b s o l u t e  v a l u e s  of  t h e ,  n ,  d i f -  

f e r e n c e s  be tween t h e  i i ypo thes i zed  c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  and 

t h e  obse rved  c u m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n ,  where  n  i s  t h e  sample  

s i z e .  I f ,  f o r  a  c h o s e n  s i g n i f i c a n c e  l e v e l ,  t ~ i e  obse rved  v a l u e  of D i s  

g r e a t e r  t r l an  o r  e q u a l  t o  tile c r i t i c a l  v a l u e  of D, t h e  h y p o t h e s i s  w i l l  

b e  r e j e c t e d .  The s i g n i f i c a n c e  l e v e l ,  a ,  is a measure  of  t h e  p o s s i b i l i t y  

of  r e j e c t i n g  t h e  h y p o t h e s i s  when i n  f a c t  i t  i s  t r u e .  Fo r  a  sample  

s i z e  of 20 t h e  f o l l o w i n g  t a b l e  i s  a b s t r a c t e d  from O s t l e  (1963) .  

L e v e l  of C r i t i c a l  
S i g n i f i c a n c e  Value  of 



The r e j e c t i o n  of a  h y p o t h e s i s  when i n  f a c t  i t  i s  t r u e  i s  a  t y p e  I 

e r r o r .  The p r o b a b i l i t y  of making a  t y p e  I e r r o r  i s  g i v e n  by w. The 

p r o b a b i l i t y  of a  t y p e  I1 e r r o r ,  whicll i s  one of a c c e p t i n g  t h e  h y p o t h e s i s  

when i t  i s  n o t  t r u e ,  i n c r e a s e s  a s  ~y d e c r e a s e s .  T h e r e f o r e ,  cy must b e  

ci losen c o n s i d e r i n g  b o t h  t h e  p r o b a b i l i t y  of a c c e p t i n g  t h e  h y p o t h e s i s  when 

i t  i s  n o t  t r u e  and of r e j e c t i n g  t h e  h y p o t h e s i s  when i t  i s  t r u e .  

3 . 3  Hydrologic  Components f o r  Each Lake 

An a t t e m p t  was made t o  d e t e r m i n e  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  

e a c h  h y d r o l o g i c  component f o r  e a c h  month f o r  e a c h  l a k e .  For  example,  

t h e  p r e c i p i t a t i o n  v a l u e s  on Lake S u p e r i o r  f o r  J a n u a r y  a r e  a c c e p t e d  t o  

be  no rmal ly  d i s t r i b u t e d  a t  t h e  20 p e r c e n t  s i g n i f i c a n c e  l e v e l ,  i . e .  

D S 0.231. 

The v a l u e s  of  t e m p e r a t u r e  ove r  t h e  l and  and p r e c i p i t a t i o n  on t h e  

l a n d  used i n  t h e  r e g r e s s i o n  a n a l y s i s  were a l s o  ana lyzed  t o  d e t e r m i n e  

t h e i r  p r o b a b i l i t y  d i s t r i b u t i o n s .  The t e m p e r a t u r e  ove r  t h e  land and 

t h e  p r e c i p i t a t i o n  on t h e  land v a l u e s  were  o b t a i n e d  by s e l e c t i n g  ap- 

p r o p r i a t e  w e a t h e r  s t a t i o n s  i n  e a c h  l a k e  b a s i n  and u s i n g  t h e  t h e i s s o n  

polygon method t o  d e t e r m i n e  t h e  b a s i n  a v e r a g e s .  The s t a t i o n s  u t i l i z e d  

i n  e a c h  b a s i n  a r e  i n d i c a t e d  below. 

Lake S u p e r i o r  - 

Data  from Cameron F a l l s  and Whi te  R i v e r ,  O n t a r i o ;  Grand Mar ia s  

and Dulu th ,  Minn.: Ironwood, Houghton, and Newberry S t a t e  H o s p i t a l ,  

Mich. w e a t h e r  s t a t i o n s  were used t o  o b t a i n  t h e  t e m p e r a t u r e  and p r e c i p i -  

t a t i o n  ove r  t h e  land p o r t i o n  of t h e  b a s i n .  



The p r e c i p i t a t i o n  on t h e  l a k e  s u r f a c e ,  e v a p o r a t i o n  from t h e  l a k e  

s u r f a c e ,  runof f  i n t o  t h e  l a k e ,  t empera tu re  over  t h e  l a n d ,  p r e c i p i t a t i o n  

on t h e  l and  s u r f a c e ,  and l a k e  s u r f a c e  wa te r  t empera tu re  v a l u e s  a r e  accep ted  

a s  normal ly  d i s t r i b u t e d  f o r  each month a t  t h e  20 p e r c e n t  s i g n i f i c a n c e  

l e v e l  excep t  f o r  r u n o f f  i n t o  t h e  l a k e  d u r i n g  August and s u r f a c e  wa te r  

t empera tu re  d u r i n g  March, A p r i l ,  May and June.  The runoff  i n t o  t h e  

l a k e  d u r i n g  August and t h e  June  s u r f a c e  wa te r  t empera tu re  a r e  accep ted  as 

normal ly  d i s t r i b u t e d  a t  t h e  5  p e r c e n t  s i g n i f i c a n c e  l e v e l .  The s u r f a c e  

w a t e r  t empera tu re  f o r  t h e  months of March, A p r i l  and May a r e  assumed 

t o  b e  t h e  same each y e a r  which r e s u l t s  i n  a  s t a n d a r d  d e v i a t i o n  of z e r o  which 

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

Lake Michigan 

Data from wea ther  s t a t i o n s  a t  Oshkosh, Wisconsin,  and I r o n  Mountain, 

Germfish W i l d l i f e  Refuge, Eas t  J o r d a n ,  C a d i l l a c  Waterworks, Baldwin 

S t a t e  F o r e s t ,  Grand Rapids ,  and B a t t l e  Creek, Michigan, were used t o  

de te rmine  t h e  t empera tu re  and p r e c i p i t a t i o n  over  t h e  l and .  

The p r e c i p i t a t i o n  on t h e  l a k e  s u r f a c e ,  e v a p o r a t i o n  from t h e  l a k e  

s u r f a c e ,  r u n o f f  i n t o  t h e  l a k e ,  t empera tu re  over  t h e  l a n d ,  p r e c i p i t a t i o n  

on t h e  l and  s u r f a c e ,  and l a k e  s u r f a c e  wa te r  t empera tu re  v a l u e s  a r e  accep ted  

a s  normal ly  d i s t r i b u t e d  f o r  each  month a t  r h e  20 p e r c e n t  s i g n i f i c a n c e  l e v e l  

excep t  f o r  runof f  i n t o  t h e  l a k e  d u r i n g  October and November. The r u n o f f  

i n t o  t h e  l a k e  i s  accep ted  a s  normal ly  d i s t r i b u t e d  a t  t h e  5  p e r c e n t  

s i g n i f i c a n c e  l e v e l  f o r  October and a t  t h e  1 5  p e r c e n t  s i g n i f i c a n c e  l e v e l  

f o r  November. 
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Lake Huron 

Da ta  from w e a t h e r  s t a t i o n s  a t  T u r b i n e ,  Nor th  Bay, B e a t r i c e ,  and 

W a l k e r t o n ,  O n t a r i o ;  Dow Chemical  a t  Mid land ,  West Branch  a t  Lup ton ,  

and V a n d e r b i l t  T r o u t  S t a t i o n ,  Mich igan  were  used  t o  d e t e r m i n e  t h e  tem- 

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

The p r e c i p i t a t i o n  on t h e  l a k e  s u r f a c e ,  e v a p o r a t i o n  f rom t h e  l a k e  

s u r f a c e ,  r u n o f f  i n t o  t h e  l a k e ,  t e m p e r a t u r e  o v e r  t h e  l a n d ,  p r e c i p i t a -  

t i o n  on t h e  l a n d  s u r f a c e ,  and l a k e  s u r f a c e  w a t e r  t e m p e r a t u r e  v a l u e s  

a r e  a c c e p t e d  a s  n o r m a l l y  d i s t r i b u t e d  f o r  e a c h  month a t  t h e  20 p e r c e n t  

s i g n i f i c a n c e  l e v e l  e x c e p t  f o r  r u n o f f  i n t o  t h e  l a k e  d u r i n g  Oc tobe r  which  

i s  a c c e p t e d  a s  n o r m a l l y  d i s t r i b u t e d  a t  t h e  1 5  p e r c e n t  s i g n i f i c a n c e  

l e v e  1. 

Lake Michigan-Huron 

I f  t h e  v a l u e s  of two v a r i a b l e s  a r e  n o r m a l l y  d i s t r i b u t e d ,  t h e i r  

sum i s  n o r m a l l y  d i s t r i b u t e d .  The above  named v a r i a b l e s  a r e  a c c e p t e d  

a s  n o r m a l l y  d i s t r i b u t e d  f o r  e a c h  month f o r  Lake Michigan-Huron a t  t h e  

20 p e r c e n t  s i g n i f i c a n c e  l e v e l  e x c e p t  f o r  r u n o f f  i n t o  t h e  l a k e  d u r i n g  

O c t o b e r  which  i s  a c c e p t e d  a s  n o r m a l l y  d i s t r i b u t e d  a t  t h e  5  p e r c e n t  

s i g n i f i c a n c e  l e v e l .  

Lake E r i e  

Data  f o r  weat l le r  s t a t i o n s  a t  R i d g e t o n ,  O n t a r i o ,  Napolean ,  T i f f  i n ,  

C l e v e l a n d ,  and  C a l e d o n i a ,  0 h i o ; a n d  Gowanda S t a t e  H o s p i t a l  a t  F r e d o n i a ,  

New York were  used  t o  d e t e r m i n e  t h e  t e m p e r a t u r e  o v e r  t h e  l a n d  and p r e -  

c i p i t a t i o n  on t h e  l and  s u r f a c e  i n  t h e  b a s i n .  

The p r e c i p i t a t i o n  on t h e  l a k e  s u r f a c e ,  e v a p o r a t i o n  from t h e  l a k e  



s u r f a c e ,  r u n o f f  i n t o  t h e  l a k e ,  t empera tu re  over  t h e  l a n d ,  p r e c i p i t a t i o n  

on t h e  land s u r f a c e ,  and l a k e  s u r f a c e  w a t e r  t empera tu re  v a l u e s  a r e  ac -  

c e p t e d  a s  normal ly  d i s t r i b u t e d  f o r  each month a t  t h e  20 p e r c e n t  s i g n i f i -  

cance  l e v e l  e x c e p t  f o r  runof f  i n t o  t h e  l a k e  f o r  J u l y ,  August ,  September,  

and October  and l a k e  s u r f a c e  w a t e r  t empera tu re  f o r  J a n u a r y ,  February ,  

and March. The runof f  i n t o  t h e  l a k e  a r e  accep ted  a s  normal ly  d i s t r i -  

buted f o r  J u l y  a t  t h e  15 p e r c e n t  s i g n i f i c a n c e  l e v e l ,  f o r  September and 

October  a t  t h e  5 p e r c e n t  s i g n i f i c a n c e  l e v e l  and f o r  August a t  t h e  1 per-  

c e n t  s i g n i f i c a n c e  l e v e l .  The l a k e  s u r f a c e  w a t e r  t empera tu re  i s  accep ted  

a s  normal ly  d i s t r i b u t e d  f o r  January  a t  t h e  15  p e r c e n t  l e v e l ,  f o r  March 

a t  t h e  5  p e r c e n t  l e v e l  and f o r  February  a t  t h e  1 p e r c e n t  s i g n i f i c a n c e  

l e v e l .  

Lake O n t a r i o  

Data from wea the r  s t a t i o n s  a t  Brampton and L indsay ,  O n t a r i o ;  Beaver 

F a l l s ,  S y r a c u s e ,  and M t .  Morr is  ( R o c h e s t e r ) ,  New York were used t o  de- 

termine t h e  t empera tu re  over  t h e  land and p r e c i p i t a t i o n  on t h e  land 

s u r f a c e .  

The p r e c i p i t a t i o n  on t h e  l a k e ,  e v a p o r a t i o n  from t h e  l a k e  s u r f a c e ,  

runof f  i n t o  t h e  l a k e ,  t empera tu re  over  t h e  l a n d ,  p r e c i p i t a t i o n  on t h e  

land s u r f a c e  and l a k e  s u r f a c e  w a t e r  t empera tu re  a r e  accep ted  a s  nor-  

ma l ly  d i s t r i b u t e d  f o r  each month a t  t h e  20 p e r c e n t  l e v e l  excep t  f o r  t h e  

l a k e  s u r f a c e  w a t e r  t empera tu re  f o r  October  which i s  accep ted  a s  nor-  

ma l ly  d i s t r i b u t e d  a t  t h e  10 p e r c e n t  s i g n i f i c a n c e  l e v e l .  



4. REGRESSION ANALYSIS 

4 .1  In t roduct ion  

Regression a n a l y s i s  was performed t o  determine i f  t h e r e  e x i s t s  

r e l a t i o n s h i p s  among t h e  p r e c i p i t a t i o n  on the  lake ,  evaporat ion from the 

lake su r f ace ,  runoff i n t o  the  l ake ,  lake su r f ace  water  temperature,  

temperature over  t he  land su r f ace  and p r e c i p i t a t i o n  on t h e  land su r f ace  

f o r  each lake .  In  a d d i t i o n  regress ion  a n a l y s i s  was performed t o  

determine i f  t he re  e x i s t s  r e l a t i o n s h i p s  between what occurs  on one lake 

and what occurs  on o t h e r  lakes .  Only l i n e a r  r e l a t i o n s h i p s  were inves t iga t ed .  

The l i n e a r  r e l a t i onsh ips  i nves t iga t ed  a r e  of  the fol lowing type : 

where Y i s  t he  dependent v a r i a b l e  i n  month t ,  ( t  = 1 , 2 ,  ..., 12 f o r  Jan,Feb. 
t 

... Dec, r e s p e c t i v e l y ) ,  Y i s  t h e  independent v a r i a b l e  lagged by i time 
t - i  

per iods ,  ( i  = 1,2 ,3) ,X i s  the  j - t h  independent va r i ab l e  lagged by 
j ,  t - k  

k  time periods (k  = 0 ,1 ,2 ,3 ) .  

The SOUPAC programs a v a i l a b l e  a t  t he  Department of Computer Science,  

Uni.versity of I l l i n o i s  a t  Urbana-Champaign, were used t o  perform the  

regress ion  a n a l y s i s .  

4.2 Step-wise Mul t ip le  Cor re l a t ion  

The step-wise mul t ip l e  c o r r e l a t i o n  program of SOUPAC (1972) was used 

i n  the  regress ion  ana lys i s .  In  the s tep-wise procedure, intermediate  

r e s u l t s  a r e  used t o  provide s t a t i s t i c a l  information a t  each s t e p  i n  the  

c a l c u l a t i o n .  These intermediate  answers a r e  used t o  c o n t r o l  the method 

of  c a l c u l a t i o n .  A number of in te rmedia te  regress ion  equat ions  a r e  

obtained by adding one va r i ab l e  a t  a  time such t h a t  the following i n t e r -  

mediate equat ions a r e  obtained where Y i s  the  dependent va r i ab l e .  

- 15- 



Y = Bo + B I X l  (4.2) 

Y = Bo + B X + B2X2 1 1  (4.3)  

Y = B + B X + B2X2 ......+B N% 
0 1 1  (4 4)  

The c o e f f i c i e n t s  f o r  each of these  in te rmedia te  equa t ions  and t h e  

r e l i a b i l i t y  of each c o e f f i c i e n t  a r e  obtained by t h e  s tep-wise procedure.  

The va lues  and r e l i a b i ' l i t y  may .vary wi th  each subsequent equat ion.  The 

c o e f f i c i e n t s  r ep re sen t  t h e  bes t  va lues  when the  equa t ion  i s  f i t t e d  by 

t h e  va r i ab l e s  included i n  t he  equat ion.  The v a r i a b l e  i s  added, a t  each 

s t e p ,  t h a t  g ives  t h e  g r e a t e s t  reduc t ion  i n  var iance  of t h e  dependent 

A v a r i a b l e  may be ind ica ted  t o  be s i g n i f i c a n t  a t  an e a r l y  s t a g e  

and e n t e r  t h e  r eg re s s ion  equat ion.  Af t e r  o t h e r  v a r i a b l e s  a r e  added t o  

the  r eg re s s ion  equa t ion ,  a  va r i ab l e  i n  t h e  equa t ion  may be i nd i ca t ed  t o  

be i n s i g n i f i c a n t .  Under t h i s  condi t ion  t he  s tep-wise r eg re s s ion  procedure 

w i l l  remove t h e  i n s i g n i f i c a n t  v a r i a b l e  be fo re  adding an a d d i t i o n a l  

va r i ab l e .  Therefore ,  a t  any s t e p  i n  t h e  r eg re s s ion  procedure,  only those  

v a r i a b l e s  which a r e  s i g n i f i c a n t  w i l l  be included i n  t he  r eg re s s  ion equat ion.  

An F t e s t  of  t he  var iance  accounted f o r  by a  v a r i a b l e  c o n t r o l s  when 

va r i ab l e s  e n t e r  t h e  equa t ion  and when va r i ab l e s  a r e  removed from t h e  

equat ion.  For a model with k independent v a r i a b l e s  es t imated from n 

observa t ions ,  t he  degrees  of freedom f o r  t h e  explained va r i ance  a r e  k-1 

and f o r  t h e  unexplained var iance a r e  n-k. The s i g n i f i c a n c e  of t he  

r eg re s s ion  i s  t e s t e d  by computing , an F s t a t i s t i c ,  which i s  t h e  explained 

mean square divided by t h e  unexplained mean square.  The r eg re s s ion  i s  

s i g n i f i c a n t  i f  t h e  computed F s t a t i s t i c  i s  l a rge r  than the  c r i t i c a l  F 

va lue  a t  the  des i r ed  l e v e l  of s i gn i f i cance .  C r i t i c a l  va lues  of F f o r  

d i f f e r e n t  s i g n i f i c a n c e  l e v e l s  a r e  given by O s t l e  (1963). 

- 16- 



4 .3  R e s u l t s  o f  Regressiorl  A n a l y s i s  

The fo l lowing  r e l a t i o n s h i p s  were determined from t h e  r e g r e s s i o n  

a n a l y s i s .  The r e l a t i o n s h i p  r e p o r t e d  i n  each  c a s e  i s  t h e  one which 

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

e q u a t i o n  w i t h  t h e  l a r g e s t  R d i d  n o t  make sense  p h y s i c a l l y .  Each dependent  

, v a r i a b l e  i s  s i g n i f i c a n t  a t  t h e  5 p e r c e n t  l e .ve l  a s  determined by an F t e s t :  

E r e p r e s e n t s  t h e  e v a p o r a t i o n  from t h e  l a k e  s u r f a c e ,  PL r e p r e s e n t s  

t h e  p r e c i p i t a t i o n  on t h e  land s u r f a c e ,  EW r e p r s s e n t s  t h e  p r e c i p i t a t i o n  

on t h e  l a k e  s u r f a c e ,  RO r e p r e s e n t s  t h e  runof f  i n t o  t h e  l a k e ,  TL r e p r e s e n t s  

t h e  a i r  t e m p e r a t u r e  over  t h e  l and ,  and TW r e p r e s e n t s  t h e  l a k e  s u r f a c e  

wa te r  t empera tu re .  The l e t t e r  s u b s c r i p t s  r e f e r  t o  t h e  l a k e ,  i . e . ,  s i s  

f o r  S u p e r i o r ,  m f o r  Michigan,  H f o r  Huron, E f o r  E r i e  and ' O f o r  O n t a r i o .  

The numeric s u b s c r i p t s  ~ e f e r  t o  months,  i . c . ,  1 f o r  J a n u a r y ,  2 f o r  

F e b r u a r y ,  e t c .  

4 . 3 . 1  Lake S u p e r i o r  

A i r  t empera tu re  over  l and .  

TLs8 
= 19.2 + 0.68 TLs7 

Lake s u r f a c e  wa te r  t empera tu re .  



Evaporation from lake surface 

= 6.40 - 0.18 TLsl 
Es2 = 5.40 - 0.18 TLs2 

Es3 
= 5.54 - 0.16 TLs3 

Es4 = 6.35 - 0.16 TLs4 

Es5 
= 9.31 - 0.19 TLs5 

Es6 = 3.0 + .16 1Ws6 - 0.19 TLs6 

Es 7 
= 9.22 - 9.19 TLs7 

Es8 = 0.65 + 0.30 TWs8 - 0.29 TLs8 

Es9 = -5.33 + 0.51 ZWsg + 0.03 TLs8 - 0.42 TLsg 

Esl~= 0.82 - 0.24 TLSl0 + 0.26 TLs8 - 0.08 IWs8 

= 10.4 - 0.20 TLsll 

Es12= 7.42 - 0.17 TLs12 
Precipitation on land surface 

PLs 1 = 0.72 + 0.07 TLs12 

PLs 3 = 3.34 - 0.53 Es2 

PLs5 
= 8.46 - 0.14 TLs4 

PLs 7 
= -1.19 + 0.13 TLs4 

PLs 9 = 17.31 - 0.25 TLSg 
Precipitation on lake 



ms8 = -0.03 + 0.95 PLs8 

ms9 
= 0.17 + 0.82 PLsg 

PWsl0= 0.09 + 0.87 PLslo 

P W s l l  
= 0.54 + 0.73 PLsll 

WSl2= 1.89 + 0.36 PLSl2 

Runoff i n t o  t h e  l ake  

ROs 1 
= 0.23 + 0.5 ROs12 + 0.05 PLsl 

R O ~ ~  = 0.02 + 0.92 ROsl 

ROs 3 
= 0.12 + 0.71 ROs2 + 0.07 PLs3 

= 0.63 + 0.55 PLs3 + 0.19 PLs4 

R0s5 
= 9.07 + 0.72 ROs4 + 0.35 PLsl - 0.21 TLs4 

- 0.05 TLs3 

ROs6 = 4.09 + 0.19 PLs6 - 0.09 TLs4 

ROs 7 
= 1.80 + 0.12 PLs6 + 0.20 PLs7 - 0.05 TLs4 

R0s8 
= -0.06 + 0.11 PLs7 + 0.09 PLs5 + 0.06 PLs6 

R0s9 
= 1.96 + 0.06 PLsg + 0.06 PLs8 - 0.03 TLs8 

ROs 10 
= -0.42 + 1.3 ROsg + 0.12 PLs10 

R O s l l  
= 1.21 + 0.12 PLSg + 0.1 PLSIO + 0.94 TLSg 

- 0.05 TLs8 

R0s12 
= 0.27 + 0.56 ROsll  

4.3.2 Lake Michigan 

A i r  t empera ture  over land 

TLm9 
= 38.52 + 0.31 TLm8 

Lake s u r f a c e  wate r  temperature  



mm3 
= 30.85 + 0.09 TLm3 

TWm4 
= -31.06 + 2.09 TW 

m3 

TWm5 
= 17.21 + 0.59 TLm5 

TWm6 = 12.46 + 0 . 8 1  TLm6 

TWm8 
= 29.08 + 0.61 Wm7 

mm9 
= 25.04 + 0.73 TLmg 

mmlO= 49.57 + 0.23 TLm10 

TWml 1 
= 2.05 + 1.12 IWmlo- 0.58 mmg + 0.29 TWm8 

T W , ~ ~ =  7.86 + 0.63 Tll 
Evapora t ion  from l ake  s u r f a c e  

E m l  
= -11.37 - 0.15 TLml + 0.53 Rlml 

Em2 = 5.92 - 0.16 TLm2 

Em3 
= 6.35 - 0.15 TLm3 

Em4 = -4.26 + 0.44 Wm4 - 0.28 TLm4 

Em5 
= 134.61 + 1.06 Wm3 

Em6 = 9.42 - 0.32 TLm6 + 0.19 IWm6 

Em7 
= -1.91 + 0.20 Wm7 - 0.17 TLm7 

Em8 = -19.1 + 0.32 TWm8 

Em9 
= -20.9 + 0.55 mmg - 0.47 TLmg + 0.26 TLm8 

E m l  o = -14.47-0.33 TLm10 + 0.4 Wm10 + 0.16 TLm7 

E m l  1 
= -0.62 + 0.12 TL 

m10 

E m l  2 
= 0.53 + 0.21 TLmll - 0.14 TLm12 

P r e c i p i t a t i o n  on land s u r f a c e  

PLml 
= 0.04 + 0.91 TLml2 

PLm2 
= 0.62 + 0.56 PLs2 

PLm3 
= 1.1 + 0.59 PLs3 

PLm4 
= 7.0 - 0.14 TLm3 



PLm7 
= 1 .78  + 0.56 PLs7 

PLm8 
= 1 .01  + 0.65 PLs8 

PLm9 
= 0.28 + 0.8 PL 

s 9 

PLmlO= 0.42 + 0.83 PLs10 

PLml 1 
= 0.83 + 0.55 PLsll 

PL . = -0.72 + 0.1  TLmlZ 
m12 

P r e c i p i t a t i o n  o n  l a k e  s u r f a c e  

PW . = 0.65 + 0.57 PLmlZ 
m 1 

PWm2 = 0.69 + 0.88 PLm2- 0 .03  TLm2 

PeJm3 = 0.12 + 0 .91  PLm3 

m*4 
= 0.29 + 0.88 PLm4 

wm5 = 2.96 + 0.99 PLm5 - 0.05 TL,5 

PWm6 
= -0 .01  + 0.82 PLm6 

mm7 
= 0.17 + 0.84 PLm7 

PWm8 
= 0.25 + 0.84 PLm8 

PWm9 
= -0.46 + 1.12 PLmg 

PWml0= 0.14 + 0.94 amlo 

PWml 1 
= 0.67 + 0.74 PLmll 

PWml 2 
= 0.85 + 0.7 PLm12 - 0.15 PLmll 

Runoff  i n t o  l a k e  



m ~ 4  
- - - 0.05 + 0.97 PLH4 

PWH5 = -0.49 + 1.12 PLH5 

PWH6 = 0.65 + 0.69 PLH6 

m ~ 7  
= 0.66 + 0.66 PLH7 

PWH8 = 0.47 + 0.7 PLH8 

P W ~ 9  
= 0.32 + 0.79 PLHg 

" H ~ O  
- - - 0.33 + 0.81 PLHIO + 0.17 PLHg 

m ~ l  1 
= 1.15 + 0.59 PLHll 

m ~ l  2 
= 0.74 + 0.78 PLH12 

Runoff i n t o  lake 

ROHl = 0.05 + 0.9 ROH12 

ROH2 = -0.44 + 0.34 TLH2 + 0.14 PLHl + 0.34 ROH12 

R 0 ~ 3  
= -0.1 + 0.3 PLH3 + 0.03 TLHI2 

ROH4 = -0.27 + 0.62 PLH4 + 0.38 PLHl 

ROH5 = 5.69 + 0.33 PLH5-0.07 TLH3-0.07 TLH4 

ROH6 = 2.84 - 0.06 TL + 0.23 PLH5 + 0.18 PLH4 
H5 

ROH7 = - 0.75 + 0.15 PLH7 + 0.22 PLH6 + 0.11 PLH5 

R 0 ~ 8  
= 0.04 + 0.08 PLH7 + 0.16 ROH6 

RO = 0.01 + 0.06 PLHg + 0.54 ROH8 
H9 

R O ~ l ~  
= -0.41 + 0.18 PLHg + 0.14 PLHIO 

R O ~ l l  
= -0.42 + 0.21 PLHIO + 1.58 ROHg 

ROH12 = -0.28 + 0.5 ROHll + 0.04 TLH12 

4.3.4 Lake E r i e  

Lake surface  water temperature 

mEl = 29.03 + 0.19 TZGl 

mE2 = 12.9 + 0.59 TWE1 



lWE8 = 58.48 + 0.31 TLE8 

T W ~ 9  
= 32.03 + 0.49 Th9 

m ~ l ~  
= 26.27 + 0.5 TWE9 

mEll = 36.39 + 0.31 TLEll 

mE12 = 30.77 + 0.27 T h 1 2  

Evaporation from lake sur face  

E~ 1 
= 4.73 - 0.20 T h l  

EE2 = -2.28 - 0.27 TLE2 + 0.34 ?WE2 

E~ 3 
= 6.63 - 0.21 T b 3  + 0.05 Th2 

E~~ = 3 - 0.39 T'i+4 + 0.48 mE4 

E ~ 5  
= -3.42 - 0.3 T h 5  + 0.48 IllE5 

E~ 8 
= -10.5 - 0.6 TLE8 + 0.79 TWE8 

E ~ 9  
= 2.27 - 0.59 TLEg + 0.61 TWEg 

EEIO= 28.90 - 0.42 T$10 

E ~ l l  
= 3.94 + 0.13 T h l 0  - 0.14 T'i+ll 

E 
E 12 

= -7.67 - 0.29 T h 1 2  + 0.5 IllEl2 

P r e c i p i t a t i o n  on land sur face  



PLE7 = 3.29 + 0.46 Em6 

PLEll = -0 .11 + 0.51 Emll  

PLE12 = 2.8 + 0.14 TLE12 - 0 .11  TLEll 

P r e c i p i t a t i o n  on l ake  s u r f a c e  

PWEl = 0.35 + 0.86 PLEl 

PWE2 = 0.16 + 0.8 PLE2 

PWE3 = 0.24 + 0.87 PLE3 

PWE4 = -2.18 + 0.1  PLE4 + 0.04 TLE4 

PWE5 = -0 .03 + 1.01 PLE5 

PWE6 = 0.5  + 0.75 PLE6 

PW = 0.48 + 0.53 PLE7 f 0.23 PL 
E 7 E6 

PWE8 = -0.99 + 1.32 PL 
E8 

PWE9 = 0.44 + 0.79 PLEg 

= 0.72 + 1.09 PLEIO - 0 .3  PLEg 

P W ~ l  1 
= 0.72 + 0.74 PLEll 

PWE12 = 0.78 + 0.59 PLE12 

Runoff i n t o  l a k e  

ROEl = -2. + 0.53 PLEl + 0.35 PLEll + 0.4 PLE12 

ROE2 = -1.19 + 0.48 PLE2 + 0.37 PLEll + 0.18 PLEl 

ROE3 = 2.77 + 0.55 PLE3 - 0.08 TLE2 

ROE4 = 2.47 + 0.54 PLE4 - 0.07 TLE3 

ROE5 = -0.84 + 0.39 PLE5 + 0.18 PLE4 

ROE6 = -0.79 + 0.24 PLE6 + 0.20 PLE5 

ROE7 = -0.41 + 0.09 PLE6 + 0.13 PLE7 

ROE8 = -0.36 + 0.6 ROE7 + 0.13 PLE8 

ROE9 = -0.09 + 0.51 RO + 0.07 PLEg 
E8 
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4.3.4 Lake O n t a r i o  

A i r  t empera tu re  over land 

TL 08 = 28.14 + 0.57 TLO7 

Lake s u r f a c e  wa te r  t empera tu re  

TWol = 31.03 + 0.28 TLol 

1W02 = 3.88 + 0.85 TWol 

1W03 = 7.74 + 0.79 TWo2 

TWo4 = 7.14 + 0.85 TWo3 

TWo5 = 8.80 + 0.89 TWo4 

1W06 = 26.35 + 0.65 1W05 

m0 7 = 15.88 + 0.95 TWo6 

TW08 
= 24.61 + 0.67 TWo7 

IWo9 = 33.72 + 0.45 TW 
08 

Twolo = 38.09 + 0.24 TWo8 

TWoll = 71.42 - 0.41 TWo9 

TWOl2 = 34.2 + 0.21 TLE12 

Evaporat ion from l a k e  s u r f a c e  



where e  has  mean of z e r o  and v a r i a n c e  t h e  same a s  Y . This  
i i 

form would probably  be b e t t e r  f o r  use  i n  p r e d i c t i n g  v a l u e s  t o  

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

The l a k e  s u r f a c e  wa te r  t empera tu re  appears  t o  be h i g h l y  

c o r r e l a t e d  w i t h  t h e  average  b a s i n  a i r  t empera tu re .  I t  i s  n o t  

s u r p r i s i n g  t h a t  t h e  e v a p o r a t i o n  from t h e  l ake  s u r f a c e  i s  

h i g h l y  c o r r e l a t e d  w i t h  t h e  a i r  and s u r f a c e  w a t e r  t empera tu res  

because  t h e s e  a r e  two dominate v a r i a b l e s  which i n f l u e n c e  evapor- 

a t i o n .  I t  i s  i n t e r e s t i n g  t h a t  t h e r e  i s  a n  a p p a r e n t  l a g  i n  t h e  

t empera tu re  e f f e c t s  such a s  f o r  E  i n  which t h e  a i r  tempera- 
m12 

t u r e  f o r  November appears  t o  be s i g n i f i c a n t  when p r e d i c t i n g  

December evapora t ion .  Th is  i s  probably  because  of t h e  i n f l u e n c e  

of November a i r  t empera tu re  on t h e  h e a t  c o n t e n t  s t o r e d  i n  t h e  

l ake .  

Another i n t e r e s t i n g  r e s u l t  i s  t h e  a p p a r e n t  i n f l u e n c e  of 

t h e  upstream ( r e a l l y  up wind) l a k e s  on t h e  p r e c i p i t a t i o n  i n  

t h e  downstream b a s i n s .  The e v a p o r a t i o n  from Lakes S u p e r i o r ,  

Michigan,  and Huron appear  t o  have a  s i g n i f i c a n t  a f f e c t  on 

t h e  p r e c i p i t a t i o n  i n  t h e  Lake E r i e  and O n t a r i o  b a s i n s ,  o f t e n  

lagged by a  month. For example t h e  p r e c i p i t a t i o n  on t h e  land 

s u r f a c e  i n  t h e  Lake E r i e  b a s i n  d u r i n g  June appears  t o  be  s i g -  

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

May and June.  

The p r e c i p i t a t i o n  on t h e  l a k e  s u r f a c e  i s  h i g h l y  c o r r e -  

l a t e d  w i t h  t h e  p r e c i p i t a t i o n  on t h e  land p o r t i o n  of t h e  b a s i n  



a s  would be expected because t h e  va lues  of p r e c i p i t a t i o n  on 

t h e  water  s u r f a c e  were obtained by e x t r a p o l a t i n g  land va lues .  

The runoff  i n t o  t h e  l ake  con ta in s  t h e  longes t  l a g s  before  

t he  i n f luenc ing  v a r i a b l e s  a r e  e f f e c t i v e .  For example, t h e  runoff 

i n t o  Lake E r i e  i n  January,  ROEl, i s  a  func t ion  of t he  p r e c i p i t a t i o n  

i n  January,  t h e  preceding December and t h e  preceding November. This  

i s  because t h e  runoff  i n  January con ta in s  some of t h e  p r e c i p i t a t i o n  

which occurred i n  t h e  prev ious  months a s  snow. Also, t h e  a i r  

temperature  i s  s i g n i f i c a n t  some months because of i t s  e f f e c t  on snow mel t  



5. SUMMARY AND CONCLUSIONS 

Beginning of  month w a t e r  t empera tu re  p r o f i l e s  were e s t i -  

mated f o r  each  l a k e  u s i n g  d a t a  o b t a i n e d  from t h e  c i t e d  l i t e r a -  

t u r e .  These w a t e r  t empera tu re  p r o f i l e s  were used t o  de te rmine  

t h e  e f f e c t  of the rmal  expans ion  and c o n t r a c t i o n  of w a t e r  on 

l a k e  l e v e l s .  These r e s u l t s  were t h e n  used t o  compute t h e  

e f f e c t s  of the rmal  expans ion  and c o n t r a c t i o n  of w a t e r  on t h e  

n e t  b a s i n  s u p p l y  v a l u e s  ob ta ined  from w a t e r  b a l a n c e  s t u d i e s  

us ing  end of month l a k e  l e v e l s .  Although t h e  e f f e c t  on l a k e  

l e v e l s  i s  s m a l l ,  t h e  e f f e c t s  on t h e  n e t  b a s i n  s u p p l y  v a r y  from 

z e r o  f o r  some months up t o  t h e  same o r d e r  of magnitude a s  

t h e  n e t  b a s i n  s u p p l y  v a l u e  f o r  t h a t  month. T h e r e f o r e ,  when 

computing n e t  b a s i n  s u p p l y  v a l u e s  us ing  a  w a t e r  b a l a n c e  ap- 

p roach  t h e r e  a r e  some months f o r  e a c h  l a k e  d u r i n g  which e f f e c t s  

of the rmal  expans ion  and c o n t r a c t i o n  of w a t e r  shou ld  b e  c o n s i d e r e d .  

It  was hypo thes ized  t h a t  t h e  i n d i v i d u a l  h y d r o l o g i c  components 

f o r  e a c h  month a r e  normal ly  d i s t r i b u t e d .  T h i s  h y p o t h e s i s  was 

t h e n  accep ted  a t  t h e  20 p e r c e n t  s i g n i f i c a n c e  l e v e l  f o r  most of 

t h e  components f o r  each month based on t h e  Kolmagorov-Smirnov 

t e s t .  Of those  n o t  accep ted  a t  t h e  20 p e r c e n t  l e v e l ,  4 were 

accep ted  a t  t h e  15  p e r c e n t  l e v e l ,  1 a t  t h e  10  p e r c e n t  l e v e l ,  

7 a t  t h e  5 p e r c e n t  l e v e l ,  1 a t  t h e  1 p e r c e n t  l e v e l  and 3 had 

c o n s t a n t  v a l u e s  such  t h a t  no p r o b a b i l i t y  d i s t r i b u t i o n  cou ld  be 

e s t i m a t e d .  T h e r e f o r e ,  i t  was accep ted  t h a t  t h e  i n d i v i d u a l  

h y d r o l o g i c  components f o r  each  month a r e  normal ly  d i s t r i b u t e d  



e x c e p t  f o r  t h e  3 months on Lake S u p e r i o r  f o r  which t h e  s u r -  

f a c e  w a t e r  temperature  was a  c o n s t a n t  f o r  t h e  month. 

A r e g r e s s i o n  a n a l y s i s  was performed t o  de te rmine  i f  t h e r e  

e x i s t s  any c o r r e l a t i o n  among t h e  v a r i o u s  hydro log ic  components. 

The v a r i a b l e s  r e t a i n e d  i n  t h e  r e s u l t i n g  e q u a t i o n s  a r e  a l l  

s i g n i f i c a n t  a t  t h e  5 p e r c e n t  l e v e l  a s  determined from a n  F - t e s t .  

The a i r  t empera tu re  over  t h e  land s u r f a c e  a p p e a r s  t o  n o t  be  

dependent  upon any of t h e  o t h e r  hydro log ic  v a r i a b l e s .  

The runof f  i n t o  t h e  l ake  a p p e a r s  t o  be  b e s t  e x p l a i n e d  i n  

terms of t h e  p r e c i p i t a t i o n  on t h e  land s u r f a c e  and t h e  a i r  

t empera tu re  over  t h e  land f o r  t h a t  and p reced ing  one o r  two 

months and t h e  runof f  i n t o  t h e  l ake  f o r  t h e  p reced ing  one o r  

two months. These r e s u l t s  i n d i c a t e  t h a t  t h e  a n t e c e d e n t  con- 

d i t i o n s  a r e  a s  much o r  more impor tan t  i n  some months i n  de- 

t e rmin ing  r u n o f f  t h a t  what occurs  d u r i n g  t h a t  month. 

The p r e c i p i t a t i o n  i n  t h e  Lake E r i e  and O n t a r i o  b a s i n s  

a p p e a r s  t o  be  dependent upon t h e  e v a p o r a t i o n  from Lakes S u p e r i o r ,  

Michigan,  and Huron f o r  some months. 
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