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FOREWORD 

Syncrude Canada Ltd. commissioned the MEP Company 

to investigate the potential occurrence of ice fogs at Crown 

Lease #17 in the Athabasca Tar Sands. The study is largely 

a review of the literature pertaining to ice fog and low 

temperature water fogs. More site-specific research will 

be undertaken if necessary in the future. 

It is Syncrude's policy to publish its consultants' 

final reports as they are received, withholding only pro- 

prietary technical information or that of a financial nature. 

Because we do not necessarily base our decisions on just one 

consultant's opinion, recommendations found in the text 

should not be construed as commitments to action by Syncrude. 

Syncrude Canada Ltd. welcomes public and scientific 

interest in its environmental activities. Please address 

any questions or comments to Syncrude Environmental Affairs, 

9915 - 108 Street, EDMONTON, Alberta, T5K 2G8. 
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SUMMARY 

In early 1976 a literature review of 

low temperature fog was carried out so that the potential 

for this fog type in the vicinity of the Syncrude syn- 

thetic crude oil complex could be assessed. Moreover, a 

site visit under suitable synoptic meteorological condi- 

tions was made in early March 1976 to determine the local 

controls on fog at low temperatures. 

The incidence of winter fogs at Mildred 

Lake is expected to increase due to the water vapour emit- 

ted by plant operations. However, evaporation from the 

large tailings pond is not expected to make a significant 

contribution, because during winter the pond should be 

frozen over except where the hot tailings enter. 

Additional dust and smoke particles may 

be associated with industrial operations and human acti- 

vities. The presence of additional condensation or freez- 

ing nuclei will alter the temperatures at which fogs occur. 

However, the concentration and types of nuclei that may be 

present in the vicinity of the Syncrude planthave yet to 

be determined. 

Fogs are often accompanied by increased 

pollution levels in urban or industrialized areas because 

of the light winds and stable atmospheric conditions which 

accompany the fog. The depth of the layer through which 

the pollutants are mixed is shallow, only 10 to 100 metres, 

when low temperature fog occurs. Mixing of the elevated 

plant plumes with fog is unlikely to occur, because under 

the very stable atmospheric conditions associated with fog, 

the plumes diffuse slowly and remain above the fog layer. 



1 . 0  INTRODUCTION 

1.1 Genera l  

Fog forms when t h e  s u r f a c e  l a y e r s  o f  

t h e  atmosphere canno t  h o l d  a l l  t h e  w a t e r  vapour t h e y  con- 

t a i n .  Two p h y s i c a l  p r o c e s s e s ,  namely, c o o l i n g  of  t h e  s u r -  

f a c e  a i r ,  and a d d i t i o n  o f  w a t e r  vapour t o  t h e  atmosphere 

can l e a d  t o  a  s u r p l u s  o f  w a t e r  vapour and r e s u l t  i n  fog  
fo rmat ion .  

Low t e m p e r a t u r e  f o g s ,  which i n c l u d e  ice 

f o g s ,  g e n e r a l l y  o c c u r  a s  a  r e s u l t  o f  an  i n c r e a s e  o f  mois- 

t u r e  due t o  human a c t i v i t y .  The m o i s t u r e  f o r  fog  fo rmat ion  

i s  added by t h e  combust ion o f  f u e l s ,  t h e  e m i s s i o n  o f  w a t e r  

vapour i n  i n d u s t r i a l  p r o c e s s e s  o r  by t h e  a r t i f i c i a l  ma in te -  

nance of  open b o d i e s  o f  w a t e r .  T h i s  t y p e  o f  fog  o c c u r s  a t  

t e m p e r a t u r e s  below a b o u t  - 3 0 ' ~ .  

Low t e m p e r a t u r e  f o g  can b e  e x c e p t i o n a l l y  

dense  due t o  t h e  l a r g e  numbers o f  s m a l l  p a r t i c l e s .  A s  a  

r e s u l t ,  o u t d o o r  i n d u s t r i a l  and human a c t i v i t i e s  can  b e  

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

1 . 2  O b i e c t i v e s  

The pr imary  o b j e c t i v e  o f  t h i s  r ev iew i s  

t o  p r o v i d e  an  u n d e r s t a n d i n g  o f  t h e  p o t e n t i a l  o f  ice  f o g  a t  

Mildred  Lake p a r t i c u l a r l y  i n  t h e  v i c i n i t y  o f  t h e  Syncrude 

s y n t h e t i c  c rude  o i l  complex. 

The l i t e r a t u r e  s e a r c h  was c a r r i e d  o u t  i n  



February  1976 and a s i t e  v i s i t  was made i n  e a r l y  March 1976 

t o  de te rmine  t h e  l o c a l  c o n t r o l s  on i c e  fog .  

The s t u d y  was commissioned because  of  

concern  f o r  p o s s i b l e  env i ronmenta l  d e g r a d a t i o n  i n  t h e  Atha- 

basca  T a r  Sands a r e a  and because  o f  p o t e n t i a l  i n c r e a s e  i n  

i c e  fog  due t o  i n c r e a s e d  i n d u s t r i a l  a c t i v i t y .  Because of  

t h e  s e r i o u s  consequences t h a t  i c e  f o g  may have on t a r  s a n d s  

o p e r a t i o n s  and t h e  envi ronment  g e n e r a l l y ,  it was t h o u g h t  

t h a t  a  more thorough u n d e r s t a n d i n g  o f  t h i s  phenomenon was 

w a r r a n t e d .  

2 . 0  A REVIEW OF THE LITERATURE ON I C E  FOG 

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

Overview 

Much o f  t h e  r e s e a r c h  i n  i c e  f o g  h a s  been 

done by members o f  t h e  Geophysica l  I n s t i t u t e  o f  t h e  Univer- 

s i t y  o f  Alaska  o r  under  t h e  a u s p i c e s  o f  t h e  U.S. Army Cold 

Regions Research and Eng ineer ing  Labora to ry  (CRREL). T h i s  

work f o c u s s e s  on t h e  c i t y  o f  F a i r b a n k s  and on o t h e r  commu- 

n i t i e s  i n  c e n t r a l  Alaska  where i c e  f o g  i n  w i n t e r  i s  n o t  un- 

common. Recent  Canadian r e s e a r c h  i s  s c a r c e ,  b u t  i n c l u d e s  

a  s t u d y  o f  ice fog  o c c u r r e n c e  a t  A r c t i c  and s u b - A r c t i c  a i r -  

p o r t s  (Lawford e t  a l ,  1 9 7 4 ) ,  and a  d e s i g n  s t u d y  f o r  t h e  

Mackenzie R iver  V a l l e y ,  t o  de te rmine  whether  ice fog  forma- 

t i o n  may i n t e r f e r e  w i t h  human a c t i v i t i e s ,  such  a s  t h e  opera -  

t i o n  o f  c o n s t r u c t i o n  camps (Csanady and Wigley,  1 9 7 3 ) .  

The g u i d e  f o r  Canadian M e t e o r o l o g i c a l  ob- 

s e r v e r s  (MANOBS, 1970) d e f i n e s  i c e  f o g  a s  a  s u s p e n s i o n  o f  

numerous minute  ice c r y s t a l s  i n  t h e  a i r  which l i m i t s  



t h e  v i s i b i l i t y  t o  t e n  k i l o m e t r e s  o r  less. 

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

o c c u r s  i n  s e v e r a l  communities o f  c e n t r a l  Alaska  and a t  

a  number o f  a i r p o r t s  i n  t h e  Canadian A r c t i c  and sub-  

A r c t i c .  On t h e  o t h e r  hand,  unpopu la ted  a r e a s  o f  t h e  

c o n t i n e n t a l  n o r t h ,  where t h e  a i r  i s  d r y ,  e x p e r i e n c e  l i t t l e  

i c e  f o g  (Thompson, 1 9 6 7 ) .  I t s  o c c u r r e n c e  a t  a  m a r i t i m e  

l o c a t i o n  was d e s c r i b e d  by Tarand (1973) : "The f i r s t  

w i n t e r  fog  e v e r  s e e n  a t  Molodezhnaya S t a t i o n  (U.S.S.R. 

b a s e  on A n t a r c t i c a )  was r e c o r d e d  i n  September 1969 a f t e r  

a  n i g h t  o f  c l e a r  wea the r  w i t h  d r a i n a g e  wind and r i m e  

fo rmat ion .  An advancing fog  bank was seen  f a r  o u t  a t  s e a  

around noon. Ice n e e d l e s  f e l l  a t  3:00 p.m., and f o g  was 

t h i c k  on l a n d  by l a t e  a f t e r n o o n  . . ."  
I n  t h e  Canadian s u b - A r c t i c ,  i c e  fog  i s  

normal ly  l i m i t e d  t o  a r e a s  o f  human h a b i t a t i o n .  Occurrences  

a t  Whitehorse ( I v e s  and B e r r y ,  1974)  and Edmonton (Rober t -  

s o n ,  1955;  Hage, 1971) a r e  n o t  uncommon. 

A t  s e t t l e m e n t s  i n  t h e  n o r t h ,  ice fog  

o c c u r s  when t h e  w a t e r  vapour r e l e a s e d  i n t o  t h e  a i r  i s  a l -  

most immedia te ly  condensed and f r o z e n  i n t o  t i n y  ice p a r t i -  

c l e s .  I n  t h e  c i t y  o f  F a i r b a n k s ,  vapour o u t p u t  i s  due t o  

v e h i c l e  and a i r c r a f t  e x h a u s t s ,  f l u e  g a s e s  from power and 

h e a t i n g  p l a n t s  and power p l a n t  c o o l i n g  ponds. A t  E i e l s o n  

A i r  Force Base i n  Alaska ,  au tomobi les  l e f t  i d l i n g  over-  

n i g h t  i n  w i n t e r  make a  s u b s t a n t i a l  c o n t r i b u t i o n  t o  ice 

fog .  A t  t e m p e r a t u r e s  between -50 and - 5 5 ' ~ ~  t h e  proba-  

b i l i t y  o f  i c e  fog  a t  E i e l s o n  ( w i t h  v i s i b i l i t y  less t h a n  

5  km) i s  o v e r  50% (Benson, 1 9 7 0 ) .  



A B r i e f  D e s c r i p t i o n  o f  I c e  Fog 

Benson (1965A) h a s  te rmed i c e  fog  "low 

t e m p e r a t u r e  a i r  p o l l u t i o n " ,  a  somewhat unusua l  c l a s s i f i -  

c a t i o n  f o r  a tmospher ic  w a t e r .  The t e r m  i s  j u s t i f i e d ,  

however, when one c o n s i d e r s  t h e  i r r i t a t i n g  and sometimes 

harmful  e f f e c t s ;  v i s i b i l i t y  may f a l l  t o  less t h a n  t e n  

metres d u r i n g  s e v e r e  i n c i d e n t s ,  and t h e  c o n c e n t r a t i o n s  o f  

p a r t i c u l a t e  and gaseous  p o l l u t a n t s  o f t e n  i n c r e a s e .  

The ground-based i c e  f o g  l a y e r  g e n e r a l l y  

r a n g e s  i n  t h i c k n e s s  from 10 t o  30 m e t r e s ,  w i t h  a  s h a r p l y  

d e f i n e d  upper  boundary. I t s  d e p t h  i n c r e a s e s  a s  t h e  tempe- 

r a t u r e  remains  below - 4 0 ' ~  and it may, on o c c a s i o n ,  r e a c h  

100 m e t r e s  (Csanady and Wigley,  1 9 7 3 ) .  

Dense, b u t  l o c a l i z e d  ice f o g  i n c l u d i n g  

l i q u i d  d r o p l e t s  forms i n  t h e  v i c i n i t y  o f  open w a t e r  ( t h a t  

i s ,  a r t i f i c i a l l y  m a i n t a i n e d  o p e n ) ,  w h i l e  t h i n n e r  wide- 

s p r e a d  fog  i s  a s s o c i a t e d  w i t h  low l e v e l  combust ion s o u r c e s .  

The ice fog  c l o u d  s p r e a d s  w i t h  s u s t a i n e d  low t e m p e r a t u r e s  

and Weller r e p o r t s  an o c c a s i o n  when a  40 k i l o m e t r e  s t r e t c h  

of  t h e  Tanana V a l l e y  i n  Alaska  was f i l l e d  w i t h  fog  a f t e r  

a  week o f  t e m p e r a t u r e s  n e a r  - 4 0 ' ~ .  T h i s  ice fog  c l o u d  may 

a l s o  s p r e a d  by a d v e c t i o n  and t h e  e f f e c t s  o f  g r a v i t y  d r a i n -  

age .  A t  F a i r b a n k s ,  t h e  s p r e a d  by d r a i n a g e  i s  o f  t h e  o r d e r  

o f  one k i l o m e t r e  p e r  day a s  t e m p e r a t u r e s  remain below - 4 0 ' ~  

(Weller, 1969) . 
I c e  f o g  i n c i d e n t s  may l a s t  e i g h t  days  

o r  l o n g e r  (Bowling e t  a l ,  1968) b u t  Kumai (1969) h a s  n o t e d  

t h a t  i n  F a i r b a n k s  60% o f  t h e  c a s e s  a r e  o f  less t h a n  s i x  

h o u r s  d u r a t i o n .  



2 , 3  The Mechanism of  Ice Fog Formation - 

Ice f o g  i s  n o t  t h e  r e s u l t  of a  h i g h  mois- 

t u r e  c o n t e n t  i n  t h e  ambient  a tmosphere ;  r a t h e r ,  i t  i s  a s s o -  

c i a t e d  w i t h  l o c a l  m o i s t u r e  s o u r c e s  such a s  t h e  combust ion 

of  f u e l s  o r  t h e  open w a t e r  a s s o c i a t e d  w i t h  i n d u s t r y  (Ohtake 

and Suchannek, 1970) . A t  t e m p e r a t u r e s  conducive t o  ice 

fo rmat ion  t h e  w a t e r  c o n t e n t  of a i r  a t  s a t u r a t i o n  i s  s m a l l ,  

t h a t  i s ,  approx imate ly  0.000042 l b  H20/lb a i r  a t  - 5 0 ' ~  v e r -  

s u s  0.02 l b  H20/lb a i r  a t  7 5 ' ~ .  I f  an e x c e s s  o f  w a t e r  vap- 

o u r  i s  i n t r o d u c e d ,  c o n d e n s a t i o n  w i l l  r e s u l t  i n  t h e  forma- 

t i o n  o f  w a t e r  d r o p l e t  c l o u d s .  A t  -40' (+ 1 . 5 ' ~ )  , spon ta -  - 
neous f r e e z i n g  f o l l o w s .  When p a r t i c u l a t e  i m p u r i t i e s  o r  

n u c l e i  a r e  p r e s e n t  i n  t h e  a i r ,  t h e  p r o c e s s  may o c c u r  a t  a  

h i g h e r  t e m p e r a t u r e  (Ohtake,  1 9 7 0 ) .  The f o r m a t i o n  o f  ice 

fog  by s u b l i m a t i o n  ( i . e .  by a d i r e c t  phase  change from t h e  

vapour t o  t h e  s o l i d  s t a t e )  i s  a h i g h l y  improbable  e v e n t  a t  

t e m p e r a t u r e s  above - 7 0 ' ~  (N .R .C . ,  1964) . 
Once f r e e z i n g  h a s  been i n i t i a t e d ,  t h e  

p a r t i c l e s  b e g i n  t o  grow a t  t h e  expense  o f  t h e  w a t e r  drop- 

l e t s .  T h i s  can be  unders tood  a s  f o l l o w s .  A i r  t h a t  i s  

s a t u r a t e d  w i t h  r e s p e c t  t o  w a t e r  d r o p l e t s  i s  s u p e r s a t u r a t e d  

w i t h  r e s p e c t  t o  i c e  p a r t i c l e s  ( S e e ,  f o r  example B e r r y  e t  

a l ,  1 9 4 5 ) .  Hence, i f  ice p a r t i c l e s  and w a t e r  d r o p l e t s  co- 

e x i s t ,  t h e r e  w i l l  be a  vapour p r e s s u r e  g r a d i e n t  such  t h a t  

w a t e r  molecu les  w i l l  e v a p o r a t e  from t h e  l i q u i d  d r o p  s u r -  

f a c e s  and condense (and t h e n  immedia te ly  f r e e z e )  on t h e  

p a r t i c l e  s u r f a c e s .  

Water d r o p l e t s  i n  an  ice  fog  c l o u d  a r e  

normal ly  found o n l y  i n  t h e  immediate v i c i n i t y  of  t h e  va- 



pour s o u r c e .  A t  h i g h e r  l e v e l s ,  t h e  ice p a r t i c l e s  can no 

l o n g e r  grow and t h e y  remain suspended by v i r t u e  o f  t h e i r  

low t e r m i n a l  v e l o c i t i e s  (Ohtake,  1 9 7 0 ) .  C l e a r i n g  can re- 

s u l t  from any o r  a  combinat ion  o f  t h e  f o l l o w i n g :  down- 

ward p r e c i p i t a t i o n  o f  p a r t i c l e s ,  c o n d e n s a t i o n  and evapo- 

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

r e g i o n .  

I n  F a i r b a n k s ,  i c e  f o g  o c c u r s  i n i t i a l l y  

i n  h i g h  d e n s i t y  o v e r  i n d u s t r i a l  c o o l i n g  ponds.  L a t e r  it 

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

automobi le  e x h a u s t s  (Ohtake,  1 9 6 7 ) .  Power p l a n t  plumes 

a r e  g e n e r a l l y  e j e c t e d  w i t h  s u f f i c i e n t  buoyancy t o  p e n e t r a t e  

t h e  s u r f a c e  l a y e r  o f  t h e  a tmosphere ,  a l t h o u g h  condensing 

plumes have been obse rved  t o  merge d i r e c t l y  i n t o  an a l -  

r eady  e s t a b l i s h e d  ice f o g  (Weller, 1 9 6 9 ) .  S t a c k  e m i s s i o n s  

i n  g e n e r a l  a r e  n o t  a  ma jo r  c a u s e  of  ice f o g ,  b u t  t h e y  may 

c o n t r i b u t e  t o  an e x i s t i n g  fog  on t h e  ground by p r e c i p i -  

t a t i n g  p a r t i c l e s  i n t o  it (Ohtake,  1969) . 
Rober t s  and Murray (1968) n o t e  t h a t  t h e  

i c e  f o g  c y c l e  i s  d e g e n e r a t i v e ;  c o l d  a i r  which l e a d s  t o  ice 

fog  a l s o  c a u s e s  an  i n c r e a s e  i n  combust ion r a t e s  a s  more 

h e a t i n g  sys tems  come i n t o  o p e r a t i o n .  A s  more vapour and 

n u c l e i  a r e  i n t r o d u c e d  i n t o  t h e  a tmosphere ,  t h e  s i t u a t i o n  

worsens.  

2 . 4  Sources  o f  Mois tu rz  and Nuc le i  

Mois tu re  

The g e n e r a t i o n  of  ice f o g  r e q u i r e s  mois- 

7  



t u r e  sources ,  t h e  most common being coo l ing  ponds, com- 

bus t ion  p roduc t s ,  human and animal r e s p i r a t i o n  and b u i l d -  

i n g s  wi th  mois ture  l e a k s .  I n  Fa i rbanks ,  f i v e  power p l a n t  

coo l ing  ponds c o n s t i t u t e  t h e  l a r g e s t  source  - approxi-  

mately 64% of  t h e  t o t a l ,  o r  2 . 6  m i l l i o n  kilograms of wate r  

pe r  day. The f i v e  ponds cover a  combined a r e a  of 60,000 

square  metres  (Benson, 1970) .  

I c e  fog c louds  genera ted  by even smal l  

combustion sou rces  a r e  l a r g e .  For example, Csanady and 

Wigley (1973) s t a t e  t h a t  a  s i n g l e  i n c i n e r a t o r  o p e r a t i n g  

f o r  two hours  may gene ra t e  a  d i s c - l i k e  c loud of 500 met res  

diameter .  Development of a  surface-based i c e  fog l a y e r ,  

however, i s  l a r g e l y  dependent on low l e v e l  sou rces .  Aut- 

omobile exhaus t s ,  which c o n t r i b u t e  on ly  3% t o  t h e  mois- 

t u r e  i n  Fa i rbanks ,  a r e  second i n  importance on ly  t o  cool-  

i n g  ponds i n  t h e i r  c o n t r i b u t i o n  t o  i c e  fog format ion 

(Weller ,  1969) .  

The l o s s  t o  t h e  atmosphere of wate r  va- 

pour from people  and animals b r e a t h i n g  and p e r s p i r i n g  i s  

n o t  i n s i g n i f i c a n t .  Although human r e s p i r a t i o n  and per-  

s p i r a t i o n  r a t e s  vary wi th  l e v e l  of  a c t i v i t y  and tempera- 

t u r e ,  Benson (1970) e s t i m a t e s  t h e  average l o s s  due t o  each 

t o  be one kilogram of  wate r  pe r  person p e r  day. He a l s o  

c i t e s  r e p o r t s  of  i c e  fog c louds  emanating from ca r ibou  

herds  a t  a i r  t empera tures  below - 4 5 ' ~ .  

Inc lud ing  t h e  l o s s  of mois ture  from 

homes and o t h e r  b u i l d i n g s ,  Benson e s t i m a t e s  t h a t  a  t o t a l  

of fou r  m i l l i o n  kilograms of wate r  a r e  r e l e a s e d  t o  t h e  a t -  

mosphere each day i n  Fairbanks.  



N u c l e i  

The t h r e s h o l d  t e m p e r a t u r e  f o r  t h e  

o c c u r r e n c e  o f  ice f o g  i n c r e a s e s  (and t h e  p r o b a b i l i t y  o f  

o c c u r r e n c e  i n c r e a s e s )  when c o n v e n i e n t  s i t es  f o r  conden- 

s a t i o n  and f r e e z i n g  a r e  a v a i l a b l e .  N u c l e i  (see F i g u r e  1) 

p r o v i d e  such s i t e s .  T y p i c a l l y ,  n u c l e i  r ange  i n  d i a m e t e r  
-6 between 0 . 1  and 1 .0  mic rons  (10 metres) .  Atmospheric  

c o n c e n t r a t i o n s  can be  i n  t h e  o r d e r  o f  100,000 p a r t i c l e s  

p e r  c u b i c  c e n t i m e t r e  i n  urban env i ronments ,  o r  less t h a n  

300 p e r  c c  away from human h a b i t a t i o n  (Kumai, 1969) . 
I n  an  urban a r e a ,  most n u c l e i  a r e  com- 

b u s t i o n  by-produc t s ,  b u t  hygroscop ic  s u b s t a n c e s  and c l a y  

m i n e r a l s  a r e  a l s o  common c o n s t i t u e n t s  (Kumai, 1 9 6 4 ) .  

Major s o u r c e s  o f  n u c l e i  a t  ground l e v e l  may b e  a i r c r a f t  and 

v e h i c l e  e x h a u s t s  a s  s t a c k  e m i s s i o n s  a r e  o f t e n  t o o  h i g h .  

Holty (1971) r e p o r t s  t h a t  d u r i n g  t h e  l a t e  1 9 6 0 ' s  n u c l e i  

c o n c e n t r a t i o n s  have i n c r e a s e d  i n  F a i r b a n k s  w i t h  an i n -  

c r e a s e  i n  v e h i c u l a r  t r a f f i c .  C i n d e r s  and sand used on t h e  

r o a d s  i n  w i n t e r  can r e s u l t  i n  i n c r e a s e d  c o n c e n t r a t i o n s  o f  

suspended p a r t i c u l a t e s  i n  t h e  atmosphere.  

2 . 5  Ice Fog P a r t i c l e s  

Study o f  t h e  i n d i v i d u a l  p a r t i c l e s  i n  an  

ice fog  i s  i m p o r t a n t  a s  it p r o v i d e s  a  b e t t e r  u n d e r s t a n d i n g  

o f  t h e  o r i g i n s  o f  t h e  c l o u d .  The ice p a r t i c l e s  a l s o  de- 

t e r m i n e  t h e  p r o p e r t i e s  o f  t h e  c loud  and govern  i t s  l a r g e  

s c a l e  b e h a v i o u r .  I n i t i a l l y  one must d i s t i n g u i s h  between 

ice c r y s t a l s  i n  g e n e r a l  and ice fog p a r t i c l e s .  



F i g u r e  1 Ice Fog Nucleus (from Kumai, 1964) 



Both o f  t h e  above s p e c i e s  r e p r e s e n t  

i n i t i a l  s t a g e s  of  snow c r y s t a l  fo rmat ion .  I c e  c r y s t a l s  

a r e  g e n e r a l l y  w e l l  formed hexagonal  p l a t e s  o r  columns, 

o f t e n  c a l l e d  "diamond d u s t "  a s  t h e y  t e n d  t o  t w i n k l e  i n  

moonl igh t .  They g e n e r a l l y  form a t  an  a i r  t e m p e r a t u r e  

n e a r  - 2 5 ' ~  and a r i s e  from s low c o o l i n g  ( a  few C e l s i u s  de- 

g r e e s  p e r  day)  of  a t m o s p h e r i c  vapour.  They f r e q u e n t l y  

o c c u r  i n  t h e  upper atmosphere i n  low c o n c e n t r a t i o n  and 

do n o t  a p p r e c i a b l y  a f f e c t  v i s i b i l i t y .  The d i a m e t e r s  o f  

ice c r y s t a l s  range  from 20 t o  300 mic rons  (Kumai and 

R u s s e l ,  1969) . 
Ice f o g ,  on t h e  o t h e r  hand,  i s  made 

up o f  s m a l l e r  p a r t i c l e s  which a r e  s p h e r i c a l  o r  c r y s t a -  

l l i n e .  With a  w a t e r  vapour  s o u r c e  and n u c l e i  p r e s e n t ,  

t h e s e  may form a t  - 2 5 ' ~ ~  b u t  a r e  more l i k e l y  a t  a  temp- 

e r a t u r e  lower  t h a n  - 3 5 ' ~  when c o o l i n g  i s  v e r y  r a p i d  ( i n  

t h e  o r d e r  o f  5O c /second)  (Kumai and R u s s e l ,  1969) . The 

s i z e  and shape  d i s t r i b u t i o n s  o f  t h e  p a r t i c l e s  i n  an ice 

f o g  c l o u d  a r e  c o n t r o l l e d  by t h e  a i r  t e m p e r a t u r e  a t  forma- 

t i o n  (Huffman and Ohtake ,  1971) ,  and t h e  vapour  s o u r c e  

t e m p e r a t u r e  (Ohtake and Huffman, 1 9 6 9 ) .  The p a r t i c l e s  a r e  

g e n e r a l l y  s m a l l e r  t h a n  20 microns  i n  d i a m e t e r  ( W e l l e r ,  

1969) (see F i g u r e  2 ) .  

2 .5.1.  Types o f  Ice Fog P a r t i c l e s  

The t y p e  o f  p a r t i c l e  which dominates  

an  ice f o g  i s  l a r g e l y  a  f u n c t i o n  o f  t h e  a i r  t e m p e r a t u r e  

(Ohtake ,  1 9 7 0 )  A t  t e m p e r a t u r e s  below - 4 0 ' ~ ~  s m a l l  ( 2  

t o  15  mic rons  d i a m e t e r )  s p h e r i c a l  and i r r e g u l a r - s h a p e d  



a .  Ice-fog c r y s t a l s  c o l l e c t e d  a t  - 3 9 ' ~  i n  t h e  c i t y  
of  Fairbanks 

b. I c e  fog c r y s t a l s  co l l ec t ed  a t  a  temperature of 
-41 '~  a t  Fairbanks I n t e r n a t i o n a l  Ai rpor t  during 
take-off of a  jet-powered a i r c r a f t .  

F i g u r e  2 i c t -  I'or r,irt l r l c , .  / r ro r ,  K u T ? J ~ ,  196.5) 



DIAMETER (p) 

Figure 3 Typical  S i ze  D i s t r i b u t i o n  of Ice-Fog C r y s t a l s  i n  Downtown 
Fairbanks,  a t  -36.5 '~ (from Benson, 1970). Peaks A,  B and 
C r ep re sen t  c r y s t a l s  from c a r  exhaus ts ,  open water and hea t ing  
p l a n t s  r e spec t ive ly .  Heights  of t h e  peaks a r e  d i f f e r e n t  from 
p lace  t o  p l ace  owing t o  d i f f e r e n t  moisture and temperature 
condi t ions .  



ice fog p a r t i c l e s ,  which have formed from h o t  combust ion 

e x h a u s t s ,  dominate.  A t  t e m p e r a t u r e s  n e a r  - 3 0 ' ~  o r  warmer, 

i c e  fog  c o n s i s t s  p r i m a r i l y  o f  l a r g e r  ( 5  t o  2 0  mic rons  

d i a m e t e r )  c r y s t a l l i n e  p a r t i c l e s  which a r i s e  from open ~ o n d s  

(Ohtake and Huffman, 1969; P o r t e o u s  and W a l l i s  1 9 7 0 ) .  

The d i f f e r e n t  t y p e s  of p a r t i c l e s  a r e  a p p a r e n t  from F i g u r e  3 

which shows a  t y p i c a l  s i z e  d i s t r i b u t i o n  i n  F a i r b a n k s .  

Wel le r  (1969) h a s  i n d i c a t e d  t h a t  t h e  l a r g e  p a r t i c l e s  more 

f r e q u e n t l y  c o n t a i n  n u c l e i .  

Although t h e s e  r e s u l t s  were d e r i v e d  f o r  

F a i r b a n k s ,  t h e  same p r i n c i p l e s  would l i k e l y  a p p l y  wherever  

a  combinat ion o f  combustion s o u r c e s  and open ponds i n t r o -  

duce l a r g e  amounts of  vapour t o  t h e  a tmosphere .  

2 . 5 . 2 .  C h a r a c t e r i s t i c s  o f  Ice Fog P a r t i c l e s  

Both p a r t i c l e  s i z e  and p a r t i c l e  d e n s i t y  a r e  

f u n c t i o n s  o f  t h e  a i r  t e m p e r a t u r e .  Henmi (1969) h a s  found 

t h a t  t h e  mean d i a m e t e r  of t h e  c r y s t a l l i n e  p a r t i c l e s  w i t h i n  

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

one i m p l i c a t i o n  b e i n g  t h a t  lower  t e m p e r a t u r e s  c a u s e  ice fog  

c r y s t a l s  w i t h  a  lower  s e t t l i n g  ( o r  p r e c i p i t a t i o n )  r a t e .  

There i s  no r e l a t i o n  between p a r t i c l e  s i z e  and t h e  s i z e  of  

t h e  ice fog  n u c l e u s  (Kumai, 1969) . 
Ice fog  d e n s i t y ,  which may range  from t e n s  

t o  hundreds o f  p a r t i c l e s  p e r  c u b i c  c e n t i m e t r e ,  i n c r e a s e s  

e x p o n e n t i a l l y  w i t h  d e c r e a s i n g  t e m p e r a t u r e  (Henmi 1 9 6 9 ) .  

I f  o t h e r  f a c t o r s  ( e . g .  a  wind which may a d v e c t  t h e  f o g ) a r e  

i g n o r e d ,  lower t e m p e r a t u r e s  w i l l  c o n t r i b u t e  t o  d e n s e r  and 



l o n g e r - l a s t i n g  i c e  f o g s .  

The o p t i c a l  p r o p e r t i e s  o f  an i c e  fog  are 

c o n t r o l l e d  by p a r t i c l e  s i z e  and p a r t i c l e  shape .  S m a l l e r  

p a r t i c l e s  reduce  v i s i b i l i t y  t o  a  g r e a t e r  e x t e n t  t h a n  

l a r g e r  ones  (Kumai, 1 9 6 4 ) ;  t h e  s p h e r i c a l  p a r t i c l e s  i m p a r t  

t o  t h e  c l o u d  i t s  t y p i c a l  d u l l - g r e y  appearance  (Wel le r  1969) 

The r a t e  o f  p r e c i p i t a t i o n  o f  t h e  ice f o g  

p a r t i c l e s  i n c r e a s e s  w i t h  p a r t i c l e  s i z e .  I n  F a i r b a n k s ,  

r a t e s  o f  p r e c i p i t a t i o n  d u r i n g  i c e  f o g  i n c i d e n t s  v a r y  be- 

tween 700 and 3000  p a r t i c l e s  p e r  s q u a r e  c e n t i m e t r e  p e r  

minute  (Weller, 1969) . 

2 . 6  The E f f e c t s  o f  Ice FOCI 

2 .6 .1  V i s i b i l i t y  Reduct ion  and R a d i a t i o n  A t t e n u a t i o n  

I n  ice f o g ,  l o c a l  v i s i b i l i t i e s  a r e  o f t e n  

reduced t o  a s  low a s  t e n  metres; a s  a  r e s u l t  c o n s t r u c t i o n  

and o t h e r  i n d u s t r i a l  o p e r a t i o n s  may b e  b r o u g h t  t o  a  h a l t .  

A s  w e l l ,  v e h i c u l a r  t r a f f i c  f low and a i r c r a f t  o p e r a t i o n s  

may be  i n t e r r u p t e d .  An e s t i m a t e  o f  t h e  v i s u a l  r ange  i n  a  

l i q u i d  d r o p l e t  fog  i s  g i v e n  by t h e  e m p i r i c a l  T r a b e r t  formula  

(Csanady and Wigley, 1973) and t h e r e  i s  ev idence  (Ohtake 

and Huffman, 1969) t h a t  t h e  same f o r m u l a t i o n  can  b e  a p p l i e d  

t o  ice f o g s .  

According t o  t h e  T r a b e r t  fo rmula ,  t h e  v i s u a l  

r ange  i s ;  

R = 1 . 3 K d / a  

where K de ends  on t h e  s p r e a d  of  t h e  p a r t i c l e  s i z e  d i s t r i b u -  7 
t i o n  (kg/m ) 

d i s  t h e  mean d i a m e t e r  o f  t h e  p a r t i c l e s  ( m )  and 
3 

o i s  t h e  l i q u i d  w a t e r  c o n t e n t  o f  t h e  c l o u d  (kg/m ) 



Based on e i g h t  ice f o g  o c c u r r e n c e s  i n  

F a i r b a n k s ,  Ohtake and Huffman de te rmined  t h a t  K i s  n e a r l y  
3 

c o n s t a n t  w i t h  a  v a l u e  o f  2000 kg/m . The v i s u a l  r ange  i s  

t h e n  d i r e c t l y  p r o p o r t i o n a l  t o  mean p a r t i c l e  s i z e  and i n -  

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

c loud .  A s  mean p a r t i c l e  d i a m e t e r  may be a s  low a s  4 

mic rons ,  and t h e  l i q u i d  w a t e r  c o n t e n t  a s  h i g h  a s  2  x  
- 4 3 

10 kg/m (Csanady and Wigley,  1 9 7 3 ) ,  t h i s  formula  w i l l  

g e n e r a t e  v i s i b i l i t i e s  a s  low a s  50 m e t r e s .  

A p a r t i c u l a r l y  u p s e t t i n g  a s p e c t  o f  t h e  

v i s i b i l i t y  e f f e c t  i s  d e s c r i b e d  by t h e  t e r m  A r c t i c  Whi teout .  

T h i s  i s  an  a tmospher ic  c o n d i t i o n  i n  which t h e  combined 

e f f e c t  o f  a  h i g h l y  r e f l e c t i v e  snow s u r f a c e  and i c e  fog  can  

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

caused by t h e  a l m o s t  i n f i n i t e  number o f  l i g h t  r e f l e c t i o n s  

between t h e  snow s u r f a c e  and t h e  suspended p a r t i c l e s .  S i n c e  

85% of  each incoming l i g h t  r a y  i s  r e f l e c t e d  and s c a t t e r e d ,  u 

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

may be  d i s o r i e n t a t i o n  and v e r t i g o  ( ~ i c k s ,  1 9 7 2 ) .  I 

The a t t e n u a t i o n  and b a c k s c a t t e r i n g  o f  i n f r a - r e d  

r a d i a t i o n  w i t h i n  b o t h  ice and w a t e r  f o g s  can  c a u s e  e x t i n c t i o n  
.I, 

o f  t h e  i n f r a - r e d  beam i n  a n  a i r c r a f t  o r  o t h e r  gu idance  sys tem 

( N . R . C . ,  1 9 6 4 ) .  U.H.F. s i g n a l  l o s s  due t o  i c e  fog  h a s  been 
(I 

measured by P e r r y  (1974) . 

2.6 .2 .  A i r  P o l l u t i o n  Aspec t s  .~r 

A i r  p o l l u t i o n  and i c e  f o g  a r e  o f t e n  i n t e r r e l a t e d  - 
sufficiently t h a t  Benson (19 70) c o n s i d e r s  ice f o g  mere ly  a n o t h e r  

t y p e  o f  a i r  p o l l u t i o n .  During p e r i o d s  o f  i c e  f o g  t h e  ground l e v e l  
'I 

c o n c e n t r a t i o n s  o f  a l l  gaseous  and p a r t i c u l a t e  p o l l u t a n t s  a r e  

h i g h e r  t h a n  normal.  Lead a e r o s o l s  and carbon monoxide g a s  show 
w 

t h e  l a r g e s t  i n c r e a s e s  i n  F a i r b a n k s  ( H o l t y ,  1973;  Benson, l970)  



though concen t r a t i ons  of  o t h e r  combustjon produc ts  and road 

d u s t  a r e  h ighe r  a s  w e l l .  These i n c r e a s e s  r e s u l t  from t h e  

s t a g n a t i o n  (Sec t ion  2 .7 .1)  which accompanies i c e  fog and 

permi t s  h igh concen t r a t i ons  of  o t h e r  p o l l u t a n t s  (Weller, 

1969) .  Winchester e t  a 1  (1967) r e p o r t  f o r  example, t h a t  

a f t e r  t e n  days of i c e  fog i n  Fa i rbanks ,  t h e  C 0 2  c o n t e n t  of 

t h e  a i r  may exceed 1% by volume. 

I c e  fog may a l s o  c o n t r i b u t e  d i r e c t l y  t o  h ighe r  

p o l l u t i o n  l e v e l s  i n  two ways: ( a )  by prov id ing  an e x t e n s i v e  

s u r f a c e  a r e a  capable  of adsorbing and concen t r a t i ng  p o l l u t a n t s ,  

and ( b )  by promoting c e r t a i n  harmful chemical  r e a c t i o n s  

(Benson, 1 9 7 0 ) .  

A d s o r p t i o n  

Assuming t h a t  an i c e  fog c loud c o n s i s t s  of  

s p h e r i c a l  p a r t i c l e s ,  each of 1 0  microns d i ame te r ,  i n  a  

concen t r a t i on  of 500 p a r t i c l e s  p e r  c c ,  an adso rp t ion  s u r f a c e  
2 3 

of about 1500 cm p e r  m of a i r  i s  a v a i l a b l e .  (The s u r f a c e  

provided by non-spher ica l  p a r t i c l e s  would be g r e a t e r ) .  

P a r t i c u l a t e  p o l l u t a n t s  g a t h e r  on t h e  i c e  p a r t i c l e s  which 

become l o c a l  concen t r a t i on  p o i n t s  f o r  p a r t i c u l a t e s .  

A s  i c e  fog p a r t i c l e s  p r e c i p i t a t e  o u t  of  t h e  a i r ,  t hey  t a k e  

p a r t i c u l a t e s  wi th  them, and c l eanse  t h e  a i r .  However, o t h e r  

p a r t i c l e s  evapora t ing  nea r  t h e  t o p  of t h e  i c e  fog l a y e r  drop 

p a r t i c u l a t e  m a t t e r  back i n t o  it and i n c r e a s e  p a r t i c u l a t e  

concen t r a t i ons  w i t h i n  t h e  l a y e r  (Benson, l970) .  



Reaction wi th  SO2 

The ox ida t ion  of su lphur  d iox ide  i n  a i r  produces 

sulphur  t r i o x i d e ,  a l b e i t  a t  a  slow r a t e .  Sulphur t r i o x i d e  

has a  s t rong  tendency t o  combine wi th  atmospheric wate r  and 

form s u l p h u r i c  a c i d  (Andrews and Kokes, 1965) . The tendency 
0 t o  form a c i d  i n c r e a s e s  a t  t empera tures  below 0 C .  That  t h e  

r e a c t i o n  occurs  on d r o p l e t s  of wate r  fog was shown by Coste 

and C o u r t i e r  (1936) i n  a  s tudy  of London a i r .  Acid format ion 

on t h e  s u r f a c e  of  i c e  fog p a r t i c l e s  was d i scussed  by Benson 

(1970) . Sulphur ic  a c i d  d r o p l e t s  i n  t h e  a i r  may cause  human 

and animal c a r d i a c  and r e s p i r a t o r y  problems (Sim and P a t t l e ,  

1957; Treon e t  a l l  1950) o r  s k i n ,  eye and n a s a l  i r r i t a t i o n  

(U.S. Govt., 1970) .  They may i n j u r e  vege ta t i on  (Middleton 

e t  a l l  1958) o r  cause co r ros ion  of m a t e r i a l s  (Yocurn and 

McCaldin, 1968) .  In  a d d i t i o n ,  t h e  reduced vapour p r e s s u r e  

over  t h e s e  d r o p l e t s  ( r e l a t i v e  t o  wate r  d r o p l e t s )  can l e a d  

t o  a  more s u s t a i n e d  fog (Benson, 1970) .  

I c e  fog cond i t i ons  a r e  a s s o c i a t e d  wi th  very 

s t rong  i n v e r s i o n s  of  temperature .  Under t h e s e  c o n d i t i o n s  

t h e  v e r t i c a l  d i f f u s i o n  i s  s o  slow t h a t  t h e  plume from t h e  

183 m.  Syncrude s t a c k  w i l l  be embedded i n  t h e  i n v e r s i o n  

l a y e r  and w i l l  no t  mix t o  ground l e v e l .  Because of  t h e  

temperature  i n c r e a s e  through t h e  i n v e r s i o n  it i s  n o t  l i k e l y  

t h a t  t h e  fog would extend t o  1 0 0  met res  above ground l e v e l .  

A s  d i s cus sed  above, i c e  fog may cause  an in -  

c r e a s e  i n  t h e  l e v e l s  of a tmospher ic  p o l l u t a n t s .  But t h e  

r eve r se  e f f e c t  i s  a l s o  t r u e ,  t h a t  i s ,  p o l l u t a n t s  cause  an 

inc rease  of i c e  fog.  A s  p a r t i c u l a t e  ( n u c l e i )  concen t r a t i ons  



i n c r e a s e ,  i c e  fog becomes more common. For example, i n  

t h e  e a r l y  1950 ' s  i c e  fog i n  Fairbanks on ly  occur red  a t  

temperatures  of  - 4 0 ' ~  o r  lower,  whi le  more r e c e n t l y  it 

has  occur red  nea r  - 3 0 ' ~ .  The change i s  due t o  an in -  

c r e a s e  i n  t h e  number of v e h i c l e s ,  i n d u s t r i a l  p l a n t s  and 

o t h e r  combustion sources  (Pearson and Smith, 1975) .  

Environmental Cont ro l s  and I c e  Fog P r e d i c t i o n  

The occurrence of  i c e  fog depends on urban,  

me teo ro log ica l ,  geographica l  and d i u r n a l  f a c t o r s .  The 

urban f a c t o r s  were d i scussed  i n  Sec t ion  2 . 4  i n  terms of  t h e  

wate r  vapour and n u c l e i  con ten t  of t h e  atmosphere. The 

remaining c o n t r o l s ,  as determined from r e s e a r c h  i n  Alaska,  

and i n  t h e  Canadian A r c t i c  and sub-Arct ic ,  a r e  d i scus sed  

below. 

2.7.1 I c e  Fog a t    air banks 

Fairbanks,  Alaska exper iences  i c e  fog dur ing  

15 t o  2 0  days of  each w i n t e r .  Being t h e  on ly  s i z e a b l e  c i t y  

i n  t h e  North American sub-Arct ic ,  and posses s ing  a  s t a t e  

u n i v e r s i t y ,  it i s  i d e a l  f o r  i c e  fog r e s e a r c h ;  t h e  environ-  

mental  c o n t r o l s  on i c e  fog i n  Fairbanks a r e  t h u s  w e l l  known. 

The c i t y  i s  s i t u a t e d  i n  a  b a s i n  surrounded 

on t h r e e  s i d e s  by h i l l s  which r i s e  500 t o  6 0 0  met res  above 

t h e  f l o o r .  This  topography r e t a r d s  v e n t i l a t i o n ,  and c r e a t e s  

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

c i t i e s  (Hol ty ,  1973) .  



Atmospheric  s t r a t i f i c a t i o n  ( o r  t h e  o r g a n i -  

z a t i o n  o f  t h e  atmosphere i n t o  d i s c r e t e  h o r i z o n t a l  l a y e r s ,  

accompanied by l i t t l e  v e r t i c a l  motion of  a i r )  i s  e v i d e n t  

d u r i n g  t h e  e n t i r e  y e a r ,  b u t  i s  e x a g g e r a t e d  i n  w i n t e r  by 

t h e  s t a b l e  c h a r a c t e r i s t i c s  of t h e  c o l d  c o n t i n e n t a l  a i r  

which c o v e r s  c e n t r a l  Alaska .  S t e e p  i n v e r s i o n s  (where a i r  

t e m p e r a t u r e  a t  t h e  ground i s  lower t h a n  a t  h i g h e r  e l e v a -  

t i o n s )  a r e  c h a r a c t e r i s t i c  o f  t h e  s t r a t i f i e d  w i n t e r  a i r .  

I t  i s  n o t  u n u s u a l ,  f o r  example, f o r  t h e  s u r f a c e  tempera- 

t u r e  t o  d rop  t o  - 3 0 ' ~  w h i l e ,  a  hundred metres above t h e  

s u r f a c e ,  t h e  t e m p e r a t u r e  i s  - 1 5 ' ~  (Hol ty ,  1 9 7 3 ) .  

The development o f  such pronounced s t r a t i -  

f i c a t i o n  i s  a  consequence o f  ( a )  t h e  semi-permanent noctu-  

r n a l  c o n d i t i o n  of  w i n t e r  c o n t r i b u t i n g  t o  a  n e t  upward r a -  

d i a t i o n  f l u x  ( i . e .  a  n e t  l o s s  o f  h e a t  from t h e  g r o u n d ) ,  

and ( b )  t h e  r e s t r i c t e d  wind f low i n  t h e  b a s i n ,  o f t e n  less 

t h a n  two metres p e r  second (Benson, 1965A). The r e s u l t  o f  

such s t r a t i f i c a t i o n  i s  t h a t  w a t e r  vapour and n u c l e i  a r e  

c o n t a i n e d  w i t h i n  a s h a l l o w  l a y e r  n e a r  t h e  ground.  A t  tempe- 

r a t u r e s  n e a r  -40°c,  when winds a r e  calm, i c e  f o g  i s  a lmos t  

unavoidable  w i t h i n  t h i s  l a y e r  (Weller, 1 9 6 9 ) .  

Loca l  r a d i a t i v e  c o o l i n g  o f  t h e  ground s u r -  

f a c e  c o n t r i b u t e s  t o  t h e  s t e e p  i n v e r s i o n s  and low tempera-  

t u r e s  n e a r  t h e  ground;  it i s  n o t ,  however, t h e  major  meteo- 

r o l o g i c a l  c o n t r o l  on i c e  f o g  o c c u r r e n c e .  I c e  fog  i s  more 

c l o s e l y  l i n k e d  t o  c o l d  a i r  a d v e c t i o n  o v e r  t h e  r e g i o n  ( a s  may 

be  de termined from upper  l e v e l  wea the r  c h a r t s )  (Bowling 

e t  a l ,  1 9 6 8 ) .  Csanady and Wigley (1973) a g r e e  t h a t  c o l d  a i r  



advect ion a l o f t  i s  t h e  s i n g l e  most important  meteoro- 

l o g i c a l  f a c t o r  i n  i c e  fog p r e d i c t i o n .  

The work of  Bowling e t  a 1  has  determined 

t h a t  i c e  fog i n  Fairbanks i s  almost  i n v a r i a b l y  accompanied 

by a  d e f i n i t e  sequence of weather even t s .  I t  i s  preceded 

by c loud cover and r e l a t i v e l y  low p re s su re .  A High ( o r  

h igh p re s su re  a r e a )  approaches,  s k i e s  c l e a r  and s u r f a c e  

tempera tures  drop whi le  t h e  s t r e n g t h  of  t h e  i n v e r s i o n  i n -  

c r e a s e s .  The i c e  fog phase may l a s t  up t o  two weeks. The 

approach of  a new Low, wi th  c loud cover ,  and a  t empera ture  

i n c r e a s e ,  s i g n a l s  t h e  end of  t h e  even t  (Bowling e t  a l ,  1968) .  

2.7.2. I c e  Fog a t  Canadian A r c t i c  and Sub-Arctic A i r p o r t s  

The i c e  fog s t u d i e s  by Lawford e t  a 1  (1974) 

cover twenty y e a r s  of weather obse rva t ions  a t  n i n e  no r the rn  

a i r p o r t s .  I t  should be kep t  i n  mind t h a t  i n  t h i s  work, t h e  

p r e d i c t e d  event  was i c e  fog occurrence a t  a  p o i n t  ( i . e .  t h e  

a i r p o r t )  which was removed from t h e  wate r  vapour and n u c l e i  

sources  ( i n  t h e  t o w n s i t e ) .  To some e x t e n t ,  t h e n ,  t h e  r e -  

s u l t s  r e f l e c t  on t h e  behaviour  of  advected i c e  fog.  

The au tho r s  recognize  t h a t  s u b j e c t i v i t y  

e x i s t s  i n  t h e  r e p o r t i n g  of i c e  fog and v i s i b i l i t i e s ,  p a r t i -  

c u l a r l y  i n  t h e  dark hours .  E r r o r s  in t roduced  by t h i s  t ype  

of s u b j e c t i v i t y  would be most s e r i o u s  a t  l o c a t i o n s  where 

i c e  fog occurrence i s  r a r e .  Despi te  t h e s e  d i f f i c u l t i e s ,  

t h e  fol lowing r e s u l t s  were ob ta ined .  



Temperature 

The t h r e s h o l d  temperature  f o r  i c e  fog forma- I 

t i o n  i s  unique t o  each s t a t i o n .  I t  v a r i e s  wi th  t h e  nearby 

popula t ion ,  and wi th  wind speed and wind d i r e c t i o n .  The 
II: 

temperature  dependence of i c e  fog i s  g r e a t e s t  where t h e  popu- 

l a t i o n  i s  l a r g e  due t o  t h e  i nc reased  amounts of n u c l e i  and 
I, 

water  vapour r e l e a s e d  a t  lower temperatures .  A t  s i x  s t a t i o n s  

( o u t  of  n i n e ) ,  t h e  r e l a t i v e  frequency of i c e  fog occur rences  

i nc reased  r a p i d l y  a s  temperature  decreased from - 3 7 ' ~  t o  - 4 3 ' ~ .  I) 

Wind Di rec t ion  

Csanady and Wigley (1973) have no ted  t h a t  i c e  
..) 

fog plumes which form over  A r c t i c  s e t t l e m e n t s  are e longa ted  

i n  t h e  d i r e c t i o n  of  t h e  wind. Not unexpectedly,  t h e n ,  t h e  
I) 

h i g h e s t  p r o b a b i l i t y  of i c e  fog normally occurred when t h e  

wind blew from t h e  mois ture  source  toward t h e  a i r p o r t .  The 

fog o f t e n  d r i f t e d  a long t h e  l eng th  o f  a  v a l l e y .  'II 

Wind Speed - I 
O l i v e r  and O l i v e r  (1949) have a s s o c i a t e d  i c e  

m a  

fogs  wi th  calm o r  l i g h t  winds; such i s  t h e  ca se  i n  Fairbanks.  

The wind speed dependence, however, v a r i e s  wi th  a s p e c t  r e -  
I) 

l a t i v e  t o  t h e  vapour and n u c l e i  sou rces .  A t  f ou r  s t a t i o n s ,  

i c e  fog occurred most f r e q u e n t l y  wi th  calm o r  l i g h t  winds 

whi le  a t  t h r e e  o t h e r s ,  it was most o f t e n  a s s o c i a t e d  wi th  1 

wind speeds g r e a t e r  than 6 m / s .  These d i f f e r e n c e s  a r e  due i n  

p a r t  t o  varying d i s t a n c e s  from t h e  sources  of vapour. For II 



example, ice f o g s  a t  R e s o l u t e  Bay, a s s o c i a t e d  w i t h  winds 

i n  e x c e s s  of 9 m / s ,  were p o s s i b l y  g e n e r a t e d  o v e r  open 

l e a d s  i n  t h e  ocean i c e  c o v e r ;  t h u s  s t r o n g  winds w e r e  re- 

q u i r e d  t o  a d v e c t  them t o  R e s o l u t e .  

A t  some s t a t i o n s ,  t h e  maximum r e l a t i v e  

f requency  o f  ice fog  o c c u r r e d  a t  a  h i g h e r  t e m p e r a t u r e  when 

t h e  wind was l i g h t  r a t h e r  t h a n  when i t w a s  calm. Lawford 

e t  a 1  s u g g e s t  t h a t  t h e  l i g h t  wind may g e n e r a t e  s u f f i c i e n t  

mechanica l  t u r b u l e n c e  t o  a l l o w  i c e  fog  p a r t i c l e s ,  which 

would o t h e r w i s e  have p r e c i p i t a t e d  o u t ,  t o  remain i n  sus -  

pens ion .  

D i u r n a l  V a r i a t i o n  

G e n e r a l l y ,  ice fog  was most f r e q u e n t  i n  t h e  
0 l a t e  morning. A r i s e  i n  s u r f a c e  t e m p e r a t u r e  o f  2 C  a t  noon,  

o r  s h o r t l y  t h e r e a f t e r ,  produced s u f f i c i e n t  t h e r m a l  t u r b u l e n c e  

t o  mix and d i s p e r s e  t h e  fog .  A t  F o r t  Smith ,  t h e  peak h o u r s  

f o r  ice f o g  w e r e  0700 and 1000 LST; ice  f o g  was l e a s t  f r e -  

q u e n t  between 1800 and 2200 LST.  his c y c l e  may, however,  

s imply  r e f l e c t  a i r c r a f t  a c t i v i t y  i n  t h e  a r e a .  

Annual V a r i a t i o n  

A t  a i r p o r t s  s o u t h  o f  t h e  A r c t i c  C i r c l e  ice 

fog  was most f r e q u e n t  i n  t h e  month o f  J a n u a r y .  I t s  f r e -  

quency was p o s i t i v e l y  c o r r e l a t e d  t o  t h e  amount o f  a i r c r a f t  

a c t i v i t y ,  and n e g a t i v e l y  c o r r e l a t e d  t o  t h e  v a l u e  of t h e  mean 

monthly t e m p e r a t u r e .  



2.8 ~ r t i f i c i a l  Methods of Modi f ica t ion  and D i s s i p a t i o n  

Sax e t  a 1  (1974) have s t a t e d  t h a t ,  t o  d a t e ,  

t h e r e  has no t  been any r e a l  p rog res s  a t  a l l e v i a t i n g  i c e  fog 

once it has  formed. Most s u c c e s s f u l  methods of i c e  fog 

modi f ica t ion  have been aimed a t  reducing t h e  f l u x  of vapour 

t o  t h e  atmosphere and prevent ing  i c e  fog occur rence ,  r a t h e r  

t han  a t  d i s s i p a t i n g  t h e  f u l l y  formed cloud.  Under c e r t a i n  

meteoro log ica l  c o n d i t i o n s ,  however, some success  a t  l o c a l  

d i s s i p a t i o n  has  been achieved.  

2 .8 .1  Prevent ion of  Vapour Escape 

Reducing t h e  Area of  Open Water Sur faces  

The s imp les t  method f o r  reducing t h e  a r e a  of 

open ponds may be t o  a l low them t o  f r e e z e  over .  Taylor  and 

Church (1966) d e s c r i b e  a  p a r t i a l l y  s u c c e s s f u l  e f f o r t  a t  

E ie l son  A.F .B .  where h o t  ( 6 0 ' ~ )  coo l ing  wate r  from steam 

t u r b i n e s  was al lowed t o  c o l l e c t  i n  a  deep t r e n c h  r a t h e r  t han  

r e t u r n  t o  t h e  pond. Due t o  a  l a c k  of w a t e r  t o  r e p l e n i s h  t h e  

supply,  however, on ly  h a l f  t h e  pond was e v e n t u a l l y  al lowed 

t o  f r e e z e  over .  

The Fairbanks Municipal U t i l i t i e s  System 

was redesigned s o  t h a t  coo l ing  wa te r ,  p r ev ious ly  d i scharged  

a t  t h e  s u r f a c e ,  would i n s t e a d  be d i scharged  c l o s e  t o  t h e  

r i v e r  bed. The i c e  cover over  t h e  r i v e r  could t h u s  be main- 

t a i n e d  (Weller ,  1969) . Benson (1970) has  f u r t h e r  proposed 

t h a t  t h e  warm water  be passed through p i p e s ,  wi th  coo l ing  

f i n s  i n  c o n t a c t  wi th  t h e  a i r ,  be fo re  it i s  d ischarged .  



A second method of  p r e v e n t i n g  vapour es- 

cape i s  t h e  u s e  of l i q u i d  s u r f a c e  c o v e r s .  T e s t s  on a  s m a l l  

i n s u l a t e d  t a n k  u s i n g  impermeable,  p o l y e t h y l e n e  s h e e t i n g  

(Behlke and McDougall, 1973) i n c l u d e d  t h e  measurement o f  

e v a p o r a t i o n  r a t e s  and energy  l o s s e s  from b o t h  open and 

covered  w a t e r  s u r f a c e s .  I n  t h e  c o n c l u s i o n s  t o  t h e  s t u d y ,  

t h e  a u t h o r s  wro te :  "from a  h e a t  t r a n s f e r  v iewpoin t  . . . 
p o l y e t h y l e n e  s h e e t i n g  i s  an  e f f e c t i v e  w a t e r  s u r f a c e  c o v e r  

t h a t  can ,  w i t h  l i t t l e  d e c r e a s e  i n  ene rgy  l o s s ,  v i r t u a l l y  

e l i m i n a t e  e v a p o r a t i o n  from c o o l i n g  ponds and t h u s  reduce  a  

l a r g e  p o r t i o n  o f  ice fog" .  Exper imenta t ion  w i t h  t h i n  chemi- 

c a l  f i l m s  (Weller, 1969) proved less s u c c e s s f u l .  These 

f i l m s  i n c l u d e d  c e t y l  a l c o h o l ,  C H 3 ( C H 2 ) 1 4 C H O H ,  a  s u s p e n s i o n  

of t h e  same i n  w a t e r ,  and a  s o l u t i o n  i n  pe t ro leum e t h e r .  

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

w a t e r  s u r f a c e .  

Weller i n d i c a t e s  t h a t  t h e  s u p p r e s s i o n  of  

e v a p o r a t i o n  can g e n e r a l l y  n o t  b e  used on a  l a r g e  s c a l e ,  from 

thermodynamic c o n s i d e r a t i o n s  o f  t h e  c o o l i n g  p r o c e s s .  H e  

c i t e s , a n  a l t e r n a t e  t e c h n i q u e  v i z .  t h e  c o l l e c t i o n  o f  ice 

p a r t i c l e s  c l o s e  t o  t h e  pond s u r f a c e  by m e t a l  n e t s  and f e n c e s  

( W e l l e r ,  1 9 6 9 ) .  

Reduction o f  Vapour Output  from Combustion Sources  

Var ious  t e c h n i q u e s  have been advanced f o r  

s c r u b b i n g  t h e  vapour o u t  o f  combust ion e m i s s i o n s  ( P o r t e o u s  

and W a l l i s ,  1970; Kumai, 1 9 6 9 ) .  T a y l o r  and Church (1966) 

have d e s c r i b e d  a  h e a t  exchange sys tem which i s  des igned  t o  

condense w a t e r  vapour o u t  o f  f l u e  g a s  b e f o r e  it i s  r e l e a s e d  



t o  t h e  a i r .  However, n e i t h e r  t h i s  system nor  an e t h y l e n e  w 

g l y c o l  dehumic i f ie r  have been s u c c e s s f u l  a t  t h e  E ie l son  

A.F.B. power p l a n t  s t a c k  where t hey  have been a p p l i e d .  
I 

Vapour removal by use of  p re -d r i ed  c o a l  i s  suggested by 

t h e  au tho r s .  
.I 

I n  o r d e r  t o  reduce t h e  vapour c o n t e n t  i n  

t h e  exhaus t s  of i n t e r n a l  combustion eng ines ,  t h e  Nat iona l  

Research Council has  designed and b u i l t  a  suppressor  which L 

has  proved e f f e c t i v e  up t o  normal engine speeds  ( N . R . C . ,  1964) .  

The complete e l i m i n a t i o n  of  automobile i c e  fog c o n t r a i l s ,  ~m 

however, has  n o t  been p o s s i b l e  (Murcray, 1969) .  

m 

2 . 8 . 2  Attempts a t  I c e  Fog D i s s i p a t i o n  

m 
Once t h e  i c e  fog has  f u l l y  formed, removal 

of t h e  suspended p a r t i c l e s  i s  d i f f i c u l t .  Sov ie t  s c i e n t i s t s  

have experimented wi th  l a s e r s ;  however, t h e s e  a r e  i n s u f f i c i e n t  

a s  broad s c a l e  producers  of h e a t  energy (Sax e t  a l ,  1976) .  

Two o t h e r  approaches t h a t  have shown p o s i t i v e  r e s u l t s ,  though 

on a smal l  s c a l e ,  a r e  desc r ibed  below. 

Mixins of  t h e  A i r  

I f  t h e  i c e  fog l a y e r  i s  mixed wi th  t h e  warmer, 

d r i e r  a i r  above it, i c e  fog c r y s t a l s  may be evapora ted ,  

t h u s  r e s u l t i n g  i n  d i s s i p a t i o n  of  t h e  c loud.  Mixing produced 

by h e l i c o p t e r  downwash has  been found t o  produce c l e a r i n g s  

i n  i c e  fog l a r g e  enough t o  a l low noninstrumented a i r c r a f t  

ope ra t ions  "under c e r t a i n  l i m i t e d  meteoro log ica l  cond i t i ons"  



(Hicks and Kumai, 1 9 7 1 ) .  These cond i t i ons  were: a  d i s s i -  

p a t i n g  i c e  fog ,  and a  fog i n  t h e  process  of  format ion.  

Fu r the r  r e sea rch  on t h i s  t echnique  i s  r e q u i r e d  t o  determine 

a l l  of  t h e  meteoro log ica l  cond i t i ons ,  and t o  a s s e s s  t h e  

e f f e c t  t h a t  t h e  a d d i t i o n  of w a t e r  from t h e  h e l i c o p t e r  f u e l  

may have. There i s  some i n d i c a t i o n  t h a t  t h i s  a d d i t i o n a l  

wate r  may a l s o  c o n t r i b u t e  t o  c l e a r i n g  by caus ing  an i n c r e a s e  

i n  p a r t i c l e  s i z e  and consequent p a r t i c l e  p r e c i p i t a t i o n .  

Mixing of  t h e  i c e  fog l a y e r  may a l s o  be i n -  

duced as a r e s u l t  of thermal  tu rbu lence  gene ra t ed  by a  

combination of  h e a t  sources  a t  t h e  ground. This  approach 

has  been suggested by Csanady a.nd Wigley (1973) .  

E l e c t r o s t a t i c  P r e c i p i t a t i o n  - 

This t echnique  of i c e  fog d i s s i p a t i o n  i s  

based on t h e  observa t ion  t h a t  i c e  fog p a r t i c l e s  e i t h e r  posses s  

a  d i p o l e  moment o r  it can be induced when they  a r e  p l aced  i n  

a  non-uniform e l e c t r i c  f i e l d .  Within such a  f i e l d ,  i c e  fog 

p a r t i c l e s  w i l l  be p r e f e r e n t i a l l y  depos i t ed  on t h e  p o s i t i v e  

e l e c t r o d e  of  an e l e c t r o s t a t i c  p r e c i p i t a t o r .  This  can be  

expla ined  by t h e  Weyl model of  i c e  c r y s t a l s  which proposes 

t h a t  t h e  d i p o l e  n a t u r e  of  t h e  p a r t i c l e  i s  such t h a t  i t s  ex- 

treme o u t e r  l a y e r  c a r r i e s  a  nega t ive  charge (Ohtake and 

Suchannek, 1970) . 
E l e c t r o s t a t i c  p r e c i p i t a t i o n  of  i c e  fog on a  

smal l  s c a l e  has  i n d i c a t e d  encouraging c o l l e c t i o n  r a t e s  

(Rober ts  and Murray, 1968) .  Weller  (1969) has  suggested t h a t  

by op t imiz ing  i t s  des ign  and i n c r e a s i n g  t h e  p o t e n t i a l  d i f f e -  

rence between e l e c t r o d e s ,  t h e  p r e c i p i t a t o r  could be a p p l i e d  



s u c c e s s f u l l y  a t  a i r p o r t  runways and o v e r  c o o l i n g  ponds. 

2 .8 .3  The "Bes t "  Approach 

The r e d u c t i o n  of  ice  fog  f requency  can b e s t  

be  ach ieved  by a  d e c r e a s e  i n  low l e v e l  vapour and n u c l e i  

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

t h e  h i g h e s t  p o s s i b l e  l e v e l )  combined w i t h  an e f f e c t i v e  re- 

moval system. Benson s t r o n g l y  u r g e s  t h e  use  o f  m e t a l  t u b e s  

w i t h  f i n s  t o  r educe  t h e  t e m p e r a t u r e  o f  d i s c h a r g e d  w a t e r s .  

Ice fog o v e r  pond d i s c h a r g e  p o i n t s  c o u l d  be  c o n t r o l l e d  by 

t h e  use  o f  a  l o c a l  a r rangement  f o r  e l e c t r o s t a t i c  p r e c i p i -  

t a t i o n  (Benson, 1970) . 

3.0 LOW TEMPERATURE WATER FOG 

3 .1  N a t u r a l  FOCI 

The a d d i t i o n  o f  l a r g e  amounts o f  w a t e r  va- 

pour t o  t h e  a i r  may, i n  a d d i t i o n  t o  c a u s i n g  f o g ,  s e r v e  t o  

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

quency (Vogel and Huff ,  1 9 7 5 ) .  The major  t y p e  o f  n a t u r a l  

fog  t h a t  may o c c u r  a t  Mi ldred  Lake i n  w i n t e r  i s  r a d i a t i o n  

fog .  

R a d i a t i o n  fog  r e s u l t s  from n o c t u r n a l  c o o l i n g  

o f  r e l a t i v e l y  w i n d l e s s  a i r  o v e r  l a n d  ( P e t t e r s s e n ,  1 9 5 6 ) .  

A s  t h e  ou tgo ing  r a d i a t i o n  a t  t h e  ground exceeds  t h e  incoming 

radiation, t e m p e r a t u r e  a t  and n e a r  t h e  ground b e g i n s  t o  f a l l ,  



causing a  temperature  i n v e r s i o n  ( i n c r e a s e  of  temperature  

wi th  h e i g h t ) .  While t h e  a i r  c o o l s ,  t h e  r e l a t i v e  humidity 

i n c r e a s e s ;  a t  some va lue ,  depending on t h e  number and compo- 

s i t i o n  of  condensation n u c l e i ,  t h e  vapour condenses i n t o  

wate r  d r o p l e t s  causing fog.  A f t e r  s u n r i s e ,  t h e  i n v e r s i o n  

o f t e n  breaks  up and t h e  fog beg ins  t o  d i s s o l v e .  

The occurrence of r a d i a t i o n  fog depends on 

t h e  r e l a t i v e  humidity of t h e  a i r ,  a  q u a n t i t y  which i s  l i k e l y  

t o  i n c r e a s e  a s  a d d i t i o n a l  vapour sources  a r e  c r e a t e d  i n  t h e  

v i c i n i t y  of Mildred Lake. I f  t h e  mois ture- laden a i r  i s  ad- 

vec ted  some d i s t a n c e  downwind, t h e  p o s s i b i l i t y  may e x i s t  f o r  

r a d i a t i o n  fog a t  d i s t a n c e s  f a r  removed from t h e  vapour sour-  

ces .  

Steam Fog 

This i s  t h e  type  of fog which i s  expected t o  

form over  t h e  open p o r t i o n s  of t h e  t a i l i n g s  pond i n  w i n t e r .  

Also termed a r c t i c  s e a  smoke, it forms when co ld  a i r  f lows 

over  a  warmer water  s u r f a c e .  The fog r e s u l t s  from thermal  

t u rbu lence  which causes  mixing of t h e  mois t  a i r  nea r  t h e  

s u r f a c e  of t h e  pond wi th  a i r  a t  h ighe r  e l e v a t i o n s .  T y p i c a l l y ,  

t h e  fog i s  shal low;  it resembles i r r e g u l a r  t u f t s  of w h i r l i n g  

smoke which d i s i n t e g r a t e  a t  some s h o r t  d i s t a n c e  above t h e  

s u r f a c e .  I f  an e l e v a t e d  inve r s ion  e x i s t s ,  steam i n  t h e  

t u r b u l e n t  l a y e r  below it may become extremely dense.  

The c o n t r o l s  on t h e  produc t ion  of steam over  

a  wate r  s u r f a c e  a r e  s u b j e c t  t o  some cont roversy .  Jacobs 

(1954) c la ims  t h a t  s teaming never occurs  i n  t h e  Gulf of S t .  

Lawrence when t h e  a i r  i s  l e s s  than 9  C O  c o l d e r  than  t h e  



w a t e r .  However, Saunders  (1964) h a s  obse rved  d i f f e r e n c e s  

n e a r  14c0 i n  t h e  absence  o f  s t eaming .  A major  f a c t o r  i n  

de te rmin ing  t h i s  t h r e s h o l d  v a l u e  i s  t h e  r e l a t i v e  humid i ty  

which depends i n  p a r t  on t h e  wind f o r c e .  Gordon (1952) 

de termined t h a t  r e l a t i v e  humid i ty  t e n d s  t o  be  h i g h e r  w i t h  

s t r o n g  winds t h a n  w i t h  l i g h t .  

A t h e o r e t i c a l  d e t e r m i n a t i o n  o f  whether  o r  

n o t  s teaming w i l l  o c c u r  h a s  been accompl ished and e x p e r i -  
0 

m e n t a l l y  v e r i f i e d  by Saunders .  F r e s h  w a t e r  a t  0 C r e q u i r e s  

a i r - w a t e r  t e m p e r a t u r e  d i f f e r e n c e s  o f  7c0 and 16c0  f o r  t h e  

two c a s e s  c i t e d  above,  r e s p e c t i v e l y .  The t e m p e r a t u r e  d i f f e -  

r e n c e s  r e q u i r e d  f o r  s teaming i n c r e a s e  by 15  t o  20% i f  t h e  

w a t e r  t e m p e r a t u r e  i s  i n c r e a s e d  t o  30°c  (Saunders ,  1 9 6 4 ) .  

3 .3  Fog Over Snow S u r f a c e s  

0 
I n  t h e  t e m p e r a t u r e  r a n g e  0 C t o  - 2 5 ' ~ ~  f o g  

i s  r a r e l y  obse rved  o v e r  snow s u r f a c e s .  T h i s  phenomenon h a s  

been e x p l a i n e d  by P e t t e r s s e n  (1956) a s  t h e  r e s u l t  o f  t h e  

d i f f e r e n c e  i n  s a t u r a t i o n  vapour p r e s s u r e  o v e r  ice  (or snow) 

and w a t e r  and t h e  consequent  " d r y i n g  o u t "  o f  w a t e r  f o g s  o v e r  

a  snow s u r f a c e .  (See a l s o  S e c t i o n  2 . 3 ) .  Another  d i s s i p a t i n g  

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

O l i v e r  and O l i v e r  ( 1 9 4 9 ) ,  i s  t h e  f a c t  t h a t  t h e  snow s u r f a c e ,  

t rees ,  b u i l d i n g s ,  w i r e s ,  e t c .  are a l l  b e t t e r  r a d i a t o r s  t h a n  

a i r ,  and t h u s  become c o l d e r ,  a l l o w i n g  r a p i d  f r o s t  d e p o s i t s  

and d r y i n g  o f  t h e  a i r .  

A t  some t e m p e r a t u r e  between - 2 5 ' ~  and -40°c ,  



depending on l o c a l  f a c t o r s ,  t h e  frequency of fog aga in  

beg ins  t o  i n c r e a s e ,  t h i s  being l a r g e l y  due t o  t h e  occur- 

r ance  of i c e  fog. Figure  4 shows t h i s  e f f e c t  a t  F a i r -  

banks between 1 9 4 2  and 1947 where t h e  c r i t i c a l  temperature  
0 

was about  -35 C. A fog frequency curve s i m i l a r  t o  F igure  

4 has  been de r ived  f o r  Edmonton by Hage (1971) .  

3.4 E f f e c t s  of  Water Fog 

The v i s i b i l i t y  e f f e c t s  of  wate r  d r o p l e t  fog 

a r e  n o t  d i s s i m i l a r  t o  t hose  of i c e  fog.  Determination of  

t h e  v i s u a l  range u t i l i z e s  t h e  T r a b e r t  formula (Sec t ion  2 .6 .1 ) ;  

mean d r o p l e t  d iameters  t y p i c a l l y  vary  between 5  and 30 microns 
3 

and l i q u i d  wate r  con ten t  ranges  between . 0 2  and 0 . 2  g/m 

(Malone, 1951) . 
The r e a c t i o n  of water  d r o p l e t s  i n  t h e  a i r  

wi th  su lphur  d iox ide  t o  form a  s u l p h u r i c  a c i d  m i s t  has  been 

mentioned (Sec t ion  2 . 6 . 2 . ) .  The combination of  fog wi th  

s e v e r a l  i m p u r i t i e s  i n  t h e  a i r  t o  form "London Smog" has  been 

desc r ibed  by Meetham (1955) f o r  t h e  ep isode  of December, 

1952. Excerp ts  from h i s  account  of  t h i s  extreme case  fol low.  
2 

"The fog over  London covered 1 2 0 0  km and 

extended t o  a  h e i g h t  of 150m; t h e  temperature  a t  t h e  ground 
0 

was nea r  OC . In f o u r  days t h e r e  was l e s s  t han  one complete 

a i r  exchange i n  t h e  reg ion .  During t h i s  t ime ,  t h e  atmos- 
8 

phere conta ined  (from mass balance c a l c u l a t i o n s )  1 .8  x  1 0  
8 

kg of  l i q u i d  water  and 6.8 x  1 0  kg of wate r  vapour;  wate r  

vapour was supp l i ed  almost  e n t i r e l y  from t h e  evapora t ion  of  
8 

water  on t h e  ground a t  t h e  r a t e  of 7.3 x  1 0  kg pe r  day. 
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F i g u r e  4 Number of Hours of Fog For Various Temperatures at 
Fairbanks, Alaska 1942-1947 Inc lus ive  (from Oliver  
and Oliver, 1949) .  



Sulphur  d i o x i d e  e n t e r e d  t h e  a i r  a t  
6 

a  r a t e  o f  1 . 8  x 10  kg p e r  day and l e f t  it (on w a t e r  

d r o p l e t s )  a t  t h e  same r a t e ,  m a i n t a i n i n g  a  b a l a n c e  o f  
5 

3 . 4  x 10  kg. Large amounts o f  many gaseous  and p a r t i -  

c u l a t e  by-products  o f  combustion w e r e  p r e s e n t ,  b u t  medi- 

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

p e r i o d  t o  s u l p h u r i c  a c i d  above any o t h e r  cause" (Meetham, 

1 9 5 5 ) .  

3 .5  Fog P r e d i c t i o n  

The fo rmat ion  and d i s s o l u t i o n  of  f o g  

depends on a  l a r g e  number o f  l o c a l  f a c t o r s  such  a s  mois- 

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

o f  t h e  s o i l ,  snow c o v e r ,  topography and l o c a l  b r e e z e s  

( P e t t e r s s e n ,  1 9 5 6 ) .  The p h y s i c a l  p r o c e s s e s  which p ro -  

duce f o g  a r e  s t r o n g l y  i n f l u e n c e d  by t h e  t u r b u l e n t  t r a n -  

s f e r s  of  h e a t  and m o i s t u r e  i n  t h e  v e r t i c a l .  I n  fog  p r e -  

d i c t i o n  schemes t h e s e  p r o c e s s e s  have been d e s c r i b e d  o n l y  

by e m p i r i c a l  methods. I t  i s  e v i d e n t ,  t h e n ,  t h a t  a scheme 

f o r  p r e d i c t i n g  f o g s  can  be  de te rmined  o n l y  from o n s i t e  

o b s e r v a t i o n s  and measurements.  S e v e r a l  p r e d i c t i o n  schemes 

which have been de te rmined  f o r  s p e c i f i c  l o c a t i o n s  a r e  d i s -  

c u s s e d  by P e t t e r s s e n  ( 1 9 5 6 ) .  

3.6 Water Foa Seedina  

The i n t r o d u c t i o n  o f  d r y  ice c r y s t a l s  

i n t o  a  w a t e r  d r o p l e t  fog  a t  low t e m p e r a t u r e s  r e s u l t s  i n  

t h e  growth o f  t h e  c r y s t a l s  a t  t h e  expense  of  t h e  w a t e r  



d r o p l e t s  ( s e c t i o n  2 . 3 ) .  I c e  c r y s t a l s  grow t o  a  s i z e  

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

t a t e  a s  snow. Ai rborne  s e e d i n g ,  which h a s  r e s u l t e d  i n  

c l e a r i n g  a f t e r  one hour  o r  less,  h a s  become a  r o u t i n e  

o p e r a t i o n  a t  Elmendorf A.F.B., Alaska  ( W i s e ,  1 9 7 5 ) .  

Another  s e e d i n g  method f o r  c l e a r i n g  

o f  c o l d  fog  c o n s i s t s  o f  s p r a y i n g  l i q u i d  propane i n t o  

t h e  fog  i n  o r d e r  t o  g e n e r a t e  i c e  c r y s t a l s .  The sys tem 

h a s  s e v e r a l  advan tages  o v e r  t h e  a i r b o r n e  sys tem,  i n -  

c l u d i n g  reduced c o s t  and a  lower r e a c t i o n  t i m e  f o r  i n i -  

t i a t i n g  c l e a r i n g  a c t i o n s  ( W i s e ,  1975) . 

4.0 SITE RECONNAISSANCE 

4 . 1  D e s c r i p t i o n  of S i t e  V i s i t  

A t r i p  t o  Mildred  Lake was under taken  

on March 3 ,  1976 when m e t e o r o l o g i c a l  c o n d i t i o n s  appeared  

conducive t o  i c e  fog  fo rmat ion .  The wea the r  c h a r t s  i n -  

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

A l b e r t a .  Winds w e r e  v e r y  l i g h t  and d a i l y  minimum tempe- 

r a t u r e s  were i n  t h e  m i d - t h i r t i e s  below z e r o  ( C e l s i u s )  . 
With s i m i l a r  t e m p e r a t u r e s  i n  t h e  w i n t e r  o f  1974/75, a  MEP 

crew engaged i n  m e t e o r o l o g i c a l  s t u d i e s  n e a r  Mi ld red  Lake, 

had watched i c e  fog  c r y s t a l s  form i n  t h e i r  e x h a l e d  b r e a t h .  

Consequent ly ,  w i t h  t h e  aim o f  o b s e r v i n g  and pho tograph ing  

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

a t  Mildred  Lake. 

S e v e r a l  i n s t a n c e s  o f  w a t e r  f o g  w e r e  ob- 

s e r v e d  e n r o u t e .  Fog f i l l e d  t h e  g u l l y  n e a r  t h e  Ca lga ry  A i r -  

p o r t ,  l i k e l y  a r a d i a t i o n  fog .  (See  S e c t i o n  3 .1 )  . A t  



Edmonton, s team fog ( S e c t i o n  3.2) covered open p o r t i o n s  

o f  t h e  North Saskatchewan River  and r o s e  t o  abou t  t e n  

metres above t h e  s u r f a c e .  From t h e  a i r ,  a  c l oud  seemed 

t o  cover  t h e  e n t i r e  c i t y .  T h i s  p o l l u t e d  l a y e r  which 

commonly forms over  Edmonton, ha s  been obse rved  t o  con- 

t a i n  ice fog i n  w i n t e r  (Hage, 1971) . 
On a r r i v a l  a t  F o r t  McMurray, t h e  wea ther  

was c l e a r  and c o l d  ( - 3 2 ' ~ ) .  About t e n  k i l o m e t r e s  n o r t h  

o f  F o r t  McMurray, and ex t end ing  a s  f a r  a s  t h e  G.C.O.S. 

p l a n t  (40 km n o r t h  o f  F o r t  McMurray), t h e  Athabasca River  

was f i l l e d  w i t h  fog which r o s e  t o  an average  h e i g h t  of  

30 metres, and o c c a s i o n a l l y  r e s t r i c t e d  v i s i b i l i t y  t o  0 . 5  

km. By e a r l y  a f t e r n o o n ,  t h e  fog was d i s s i p a t e d  (See 

F i g u r e s  5 and 6 ) .  Note t h a t  t h e  fog d r i f t e d  up - r i ve r  due 

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

system. Tha t  i s ,  a  down-river d r a inage  f low was n o t  p r e s e n t .  

On March 4 ,  e a r l y  morning t empe ra tu r e s  

w e r e  - 3 4 ' ~ ~  s k i e s  w e r e  c l e a r ,  and a g a i n  fog  f i l l e d  t h e  

v a l l e y  ( F i g u r e  7 ) .  A t o u r  o f  t h e  G.C.O.S. p l a n t  s i t e  re- 

vea l ed  i t s  cause .  Vapour plumes from t h e  v a r i o u s  emi s s ion  

s o u r c e s  w e r e  d r i f t i n g  a long  t h e  v a l l e y  i n  a  nor thward 

d i r e c t i o n  (F igu re  8 ) .  The s u l p h u r  p l a n t  plume, a t  a  

h i g h e r  e l e v a t i o n ,  was observed t o  move i n  rough ly  t h e  

o p p o s i t e  d i r e c t i o n ,  b u t  it l a t e r  combined w i t h  t h e  o t h e r  

plumes t o  s u s t a i n  t h e  ground-based v a l l e y  fog  f o r  a  

d i s t a n c e  of  s e v e r a l  k i l o m e t r e s .  

Close  i n s p e c t i o n  o f  t h e  v a r i o u s  vapour 

s o u r c e s  a t  t h e  G.C.O.S. p l a n t  i n d i c a t e d  t h a t  t h e  t a i l i n g s  

and o t h e r  open ponds d i d  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  

t h e  v a l l e y  f o g ,  though t h e y  d i d  cause  dense  l o c a l i z e d  

fogs  ( F i g u r e  9 ) .  For example, t h e  v i s i b i l i t y  was less 



F igu re  5. Fog Along t h e  Athabasca R i v e r  Val l e y  ( ~ o r t h  o f  t h e  
G.C.O.S. P l a n t )  a t  mid-morning. 







than  f i v e  m e t r e s  on t h e  road s e p a r a t i n g  t h e  o u t f a l l  

and f r e s h  wate r  ponds. The l o c a l i z e d  fogs  were l i m i t e d  

t o  t h e  v i c i n i t y  of t h e  pond and were l e s s  t han  t e n  met res  

deep. I c e  fog c r y s t a l s  were no t  observed i n  any of  t h e  

vapour emiss ions .  

The t a i l i n g s  pond, which covers  4 0 0  

a c r e s ,  was capped by a c r u s t  of i c e  except  a t  t h e  h o t  

t a i l i n g s  d i scha rge  p o i n t s  where vapour c louds  ro se  from 

t h e  s u r f a c e  and extended 30 t o  50 met res  downwind. The 

i c e  cover  develops when a i r  temperatures  remain below 

- 3 0 ' ~  f o r  a few days o r  when produc t ion  s t o p s  ( L i t t l e ,  

1976) .  

A s  t h e  r e g i o n a l  weather maps i n d i c a t e d  

a warming t r e n d ,  t h e  s tudy  was concluded on t h e  a f t e r -  

noon of March 4 .  

4 . 2  Summarv of S i t e  V i s i t  

A co ld  wate r  d r o p l e t  fog which a r o s e  

a s  a r e s u l t  of  G.C.O.S. emiss ions  and extended some k i l o -  

met res  down v a l l e y ,  was observed on March 3 and 4 ,  1976. 

During t h i s  pe r iod ,  t h e  winds were l i g h t ,  minimum tempera- 

t u r e s  dipped i n t o  t h e  m i d - t h i r t i e s  below zero C e l s i u s ,  and 

a temperature  i nve r s ion  ( i n c r e a s e  of t empera ture  wi th  

h e i g h t )  extended from t h e  ground t o  h e i g h t  of 300 met res .  

Weather maps showed a r i d g e  ( o r  l i n e  of  h igh p r e s s u r e )  

s t r e t c h i n g  a c r o s s  no r the rn  Alber ta .  

The sou rces  of t h e  fog were t h e  va r ious  

emiss ions  of t h e  G.C.O.S. ope ra t ion .  Local ,  b u t  dense 

fogs  appeared around t h e  open water  ponds. No i c e  fog 

c r y s t a l s  were observed v i s u a l l y  though they  may have 



Figure  8. Vapour Plumes Causing Low Level  Fog i n  t he  E a r l y  Morning. 
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F igu re  9. Steaming Over An Open Water Pond. 
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o c c u r r e d .  The r e l a t i v e l y  h i g h  s o l a r  a n g l e  o f  March 

c o n t r i b u t e d  t o  a r a p i d  d i s s i p a t i o n  o f  t h e  fog  and i n -  

h i b i t e d  i c e  fog  fo rmat ion .  The o c c u r r e n c e  o f  f o g  

a s s o c i a t e d  w i t h  l o c a l  e m i s s i o n  s o u r c e s  i n d i c a t e s  a r e a l  

p o s s i b i l i t y  o f  ice f o g  p a r t i c u l a r l y  when vapour and 

n u c l e i  c o n c e n t r a t i o n s  i n c r e a s e .  The p o t e n t i a l  w i l l  be  

h i g h e s t  d u r i n g  t h e  mid-winter  months. 

The o c c u r r e n c e  of fog  a l o n g  t h e  

Athabasca V a l l e y  i n  t h e  v i c i n i t y  o f  Mildred  Lake h a s  

been r e p o r t e d  a s  a common w i n t e r  o c c u r r e n c e  by s e v e r a l  

a r e a  r e s i d e n t s .  Ice fog  c r y s t a l s ,  on t h e  o t h e r  hand,  

have r a r e l y  been obse rved  e x c e p t  i n  s m a l l  p a t c h e s  ( e . g .  

from a i r c r a f t  e x h a u s t ) .  



5.0 SOME PRELIMINARY CALCULATIONS 

5.1  Vapour - from Open Water 

There i s  l i t t l e  mention i n  t h e  

l i t e r a t u r e  of  open water  evapora t ion  r a t e s  dur ing  t h e  

w i n t e r  months, when n a t u r a l  wate rs  a r e  f rozen  ove r ;  it 

appears  t h a t  knowledge i n  t h i s  a r e a  i s  l ack ing .  Pre-  

s en t ed  below, however, a r e  two " b a l l  park"  e s t i m a t e s  

f o r  t h e  amount of vapour t h a t  might be  r e l e a s e d  from 

t h e  Syncrude t a i l i n g s  pond a t  i t s  maximum e x t e n t ,  du r ing  

t h e  c o l d e s t  days of w i n t e r .  The purpose of t h i s  a n a l y s i s  

i s  no t  t o  o b t a i n  p r e c i s e  evapora t ion  r a t e s  b u t  r a t h e r  t o  

acqu i r e  a  q u a l i t a t i v e  f e e l  f o r  t h e  p o t e n t i a l  wate r  vapour 

ou tpu t  a t  Mildred Lake compared t o  o t h e r  a r e a s ,  where t h e  

e x t e n t  of i c e  fog i s  known. 

Equation (1) i s  a  semi-empir ical  r e l a t i o n  

f o r  t h e  f l u x  of wate r  vapour from one h o r i z o n t a l  s u r f a c e  

t o  another  (Thornthwaite and Holzman, 1942; Gray, 1970) .  

E i s  t h e  r a t e  of evapora t ion  (kg/m2s) 

p  i s  t h e  a i r  d e n s i t y  (kg/m 

q 1  i s  t h e  s p e c i f i c  humidity a t  s u r f a c e  1 

q2 i s  t h e  s p e c i f i c  humidity a t  s u r f a c e  2 

U1 is  t h e  h o r i z o n t a l  - 1 wind speed a long 

s u r f a c e  1 ( m s  ) 



u2  i s  t h e  h o r i z o n t a l  wind s p e e d  a l o n g  
-1 

s u r f a c e  ( m s  ) 

k  i s  Karman's c o n s t a n t  and  i s  a p p r o x i -  

m a t e l y  e q u a l  t o  0 .4  

T h i s  r e l a t i o n  a p p l i e s  unde r  c o n d i t i o n s  o f  

n e u t r a l  s t a b i l i t y  ( i - e .  when a i r  t e m p e r a t u r e  c o o l s  w i t h  

h e i g h t  a t  t h e  ra te  o f  0 . 9 8 ' ~  p e r  100 m ) .  I t  c a n  b e  used  

unde r  o t h e r  c o n d i t i o n s  if e r r o r s  up t o  20% can  b e  t o l e r a t e d  

( T h o r n t h w a i t e  and  Holzman, 1942)  . 
A t  a n  a i r  t e m p e r a t u r e  of - 4 0 ' ~  and  p r e s s u r e  

o f  950 m i l l i b a r s :  
3 

p  = 1 . 4  kg/m ( B e r r y  e t  a l ,  1945)  

assume : 

t h e r e  f o r e  , 

z l  = l m ;  z 2  = 10m 
- 5 

q l  - 1 3  x  10  ( s a t u r a t e d  a i r )  ; - 
q2 = 0 ,  ( d r y  a i r )  

( u 2  - u l )  = 1 . 4  m / s  - ( u s i n g  u l  ,= 2 m / s  

and a l o g a r i t h m i c  v e l o c i t y  p r o f i l e  o v e r  

t h e  pond (Munn, 1955)  . 

- 2 
- 0 . 7  kg H 2 0  p e r  m p e r  day 

T h i s  i s  p r o b a b l y  an  uppe r  l i m i t  a s  b o t h  

d i f f e r e n c e s  i n  t h e  numera to r  o f  (1) a r e  e s t i m a t e d  h i g h .  

The Syncrude  t a i l i n g s  pond w i l l ,  a t  



7 2 
maximum e x t e n t ,  cover  2 . 3  x  10 m s o  t h a t  t h e  t o t a l  

amount o f  vapour e s c a p i n g  from t h e  pond, a c c o r d i n g  t o  
7 

t h e  assumpt ions  made above,  would be  1.6 x  10 kg H20 

p e r  day. 

A second e s t i m a t e  may be  b a s e d  on t h e  

a n n u a l  e v a p o r a t i o n  r a t e  o f  .48 m/yr obse rved  a t  F o r t  

McMurray A i r p o r t .  

3 
m 365 days  

7 
= 3.0  x  10 kg H 2 0  p e r  day.  

T h i s  a n a l y s i s  n e g l e c t s  t h e  e f f e c t s  o f  an  

o i l y  f i l m  t h a t  may cover  t h e  s u r f a c e  and r e t a r d  e v a p o r a t i o n .  

On t h e  o t h e r  hand,  t h e  e v a p o r a t i o n  r a t e  i n  w i n t e r  s h o u l d  b e  

g r e a t e r  t h a n  t h e  annua l  a v e r a g e  r a t e  s i n c e  t h e  a i r - w a t e r  

t e m p e r a t u r e  d i f f e r e n c e  i s  a  maximum ( P h i l l i p s  and McCulloch, 

1 9 7 2 ) .  

Noting t h a t  b o t h  e s t i m a t e s  a r e  o f  t h e  

same o r d e r  o f  magnitude w e  may t e n t a t i v e l y  conc lude  t h a t  

on t h e  c o l d e s t  days  o f  w i n t e r ,  a  comple te ly  open pond o f  
7 2 7 

s u r f a c e  a r e a  2 .3  x 10 m , might  p r e s e n t  up t o  3  x 10  kg 

of  w a t e r  vapour  t o  t h e  a tmosphere .  

5.2 Vapour from Other  Sources  

By adding t h e  c o o l i n g  tower  l o s s e s  ( a n n u a l  
7 

average  1 .2  x  10 kg/day) and t h e r m a l  l o s s e s  from t h e  h o t  
7 7 

t a i l i n g s  s t r e a m  ( 0 . 8  x  10 kg/day) a  t o t a l  o f  5.0 x  10  kg 

H20 p e r  day w i l l  be  t h e  maximum o u t p u t  a s  a n  a n n u a l  a v e r a g e .  



T h i s  i s  a  f a c t o r  of  t e n  h i g h e r  t h a n  t h e  w a t e r  o u t p u t  II 

from t h e  c i t y  o f  Fa i rbanks  a s  e s t i m a t e d  by Benson (1970) . 
(See S e c t i o n  2 .4 .1 )  . 

I 

5 . 3  T i m e  (and H e i g h t )  Dependence o f  Vapour Temperature 
.II 

Above Open Water 

From measurements above open ponds ,  t h e  I 

t e m p e r a t u r e  p r o f i l e  obeys t h e  f o l l o w i n g  f u n c t i o n :  

II. 

where 

and 

(Huffman and Ohtake,  1971) - 
T i s  t h e  vapour t e m p e r a t u r e  a t  h e i g h t  x  ( O C )  

Ti i s  t h e  i n i t i a l  vapour t e m p e r a t u r e  ( O C )  

T i s  t h e  ambient  t e m p e r a t u r e  ( O C )  I 
0 

x i s  t h e  h e i g h t  above t h e  pond ( m )  
-1 a  i s  a  c o n s t a n t  (m ) m 

And s i n c e  t h e  t u r b u l e n t  u p d r a f t  v e l o c i t y  
I 

o f  t h e  vapour ( d x / d t )  can  b e  e x p r e s s e d  a s  a  f u n c t i o n  o f  t h e  

h e i g h t  above t h e  pond a s  f o l l o w s :  

where v  i s  t h e  i n i t i a l  v e l o c i t y  o f  t h e  vapour 
0 

and b  i s  a  c o n s t a n t  f o r  a  p a r t i c u l a r  s o u r c e ,  

II 

w e  may i n t e g r a t e  ( 3 )  and s u b s t i t u t e  i n  ( 2 )  t o  g e t :  



Above open wa te r ,  t h e  va lues  e m p i r i c a l l y  

determined by Huffman and Ohtake (1971) were: 

-2  -1 
a = 5 x 1 0  m 

b  = 66.7 m 
-1 v  = 0.2 m s e c  ( c o n s t a n t  f o r  s e v e r a l  

0 

met re s )  

0 By assuming T = - 40  C ,  one can d e r i v e  
0 

t h e  t ime dependence of t h e  temperature  of  an e lementa l  

volume of  vapour. (See Figure  1 0 ) .  S ince  t h e  v e l o c i t y  i s  

r e l a t i v e l y  c o n s t a n t  up t o  s e v e r a l  me t r e s ,  t h e  a b s c i s s a  can 

a l s o  be i n t e r p r e t e d  a s  a  h e i g h t  above t h e  pond s u r f a c e .  

Apart from he lp ing  t o  unders tand t h e  mecha- 

nism of fog format ion,  t h i s  curve a l s o  p r e d i c t s  t h e  probable  

upper boundary of i c e  fog.  A t  2 0  met res  above t h e  s u r f a c e ,  

t h e  temperature  of  t h e  vapour i s  c l o s e  t o  t h e  environmental  

t empera ture ;  t hus  t h e  d i l u t i o n  of t h e  vapour i s  high and 

t h e  a i r  i s  no t  l i k e l y  t o  be s a t u r a t e d  wi th  vapour. I c e  

fog might no t  be expected t o  extend beyond t h i s  l e v e l .  

5.4 S i z e  D i s t r i b u t i o n  of  I c e  Fog P a r t i c l e s  Above Open Water 

From t h e o r e t i c a l  c o n s i d e r a t i o n s  of  t h e  

d i f f u s i o n  growth r a t e ,  t h e  s i z e  of t h e  i c e  fog p a r t i c l e s  

can be der ived .  The technique  of Rooth (1957) was used 
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by Huffman and Ohtake (1971) t o  s o l v e  numer i ca l l y  f o r  

t h e  s i z e  d i s t r i b u t i o n  of  t h e  p a r t i c l e s  i n  a  c l oud  which 

ha s  formed due t o  t h e  c o o l i n g  r a t e s  o f  F igu re  10 .  Th i s  

d i s t r i b u t i o n ,  shown i n  F i g u r e  11, compares f avou rab ly  

w i t h  obse rved  s i z e  d i s t r i b u t i o n  o f  i c e  fog  p a r t i c l e s  i n  

t h e  v i c i n i t y  o f  open ponds. The model p r e d i c t s  a  s h i f t  

i n  s i z e  d i s t r i b u t i o n  towards  s m a l l e r  d i a m e t e r s  a s  t h e  

t empe ra tu r e  d e c r e a s e s  (approx imate ly  1 micron d i ame te r  

p e r  10 c ' ) .  The model h a s  a l s o  demonst ra ted  t h a t  t h e  

wa t e r  vapour ,  and n o t  t h e  n u c l e i ,  a r e  o f  pr imary impor tance  

i n  t h e  fo rmat ion  o f  i c e  fog .  

5 . 5  Mass Budget o f  Ice Fog 

The mass budget  o f  a  sys tem p rov ide s  a  

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

i n c r e a s e  o r  dec r ea se  t h e  t o t a l  mass o f  t h e  sys tem.  The 

mass budget  e q u a t i o n  developed by Benson (1970) can p re -  

d i c t  t h e  growth and d i s s i p a t i o n  r a t e s  o f  i c e  fog  c louds  

a s  w e l l  a s  t h e  a r e a  covered by i c e  fog when e q u i l i b r i u m  

e x i s t s .  The e q u a t i o n  t a k e s  t h e  form: 

where 

1 = r a t e  o f  wa t e r  vapour i n p u t  t o  t h e  atmosphere (kg ~ ~ 0 / d a y )  
2 

p  = p r e c i p i t a t i o n  r a t e  o f  i c e  fog p a r t i c l e s  (kg ~ ~ 0 / m  day)  
2 

q  = e v a p o r a t i o n  r a t e  a t  ice fog  p a r t i c l e s  (kg ~ ~ 0 / m  day)  
2 

AB = a r e a  o f  bottom o f  ice fog  c loud  (m 
2 

AT = a r e a  o f  t o p  o f  i c e  fog  c loud  (m ) 
'3 - 

r = d e n s i t y  o f  i c e  fog  p a r t i c l e s  i n  t h e  a i r  (kg  H20/m ) 
3 

dv  = r a t e  o f  change o f  c l oud  volume w i t h  t i m e  (m /day) - 
d t  
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A s  an example of  t h e  u s e  o f  t h i s  

e q u a t i o n ,  a l l o w  t h e  t e m p e r a t u r e  t o  i n c r e a s e ;  t h u s ,  q  
dv  

i n c r e a s e s ,  and t o  keep 1 c o n s t a n t ,  must b e  less t h a n  

z e r o ,  i . e .  t h e  volume d e c r e a s e s  and d i s s i p a t i o n  i s  p r e -  

d i c t e d .  O r ,  an  e q u i l i b r i u m  s t a t e  may e x i s t  where 1, p 
dv 

and q remain r e l a t i v e l y  c o n s t a n t  and where e q u a l s  

z e r o .  The volume w i l l  remain c o n s t a n t  u n t i l  a  change 

o c c u r s  i n  one o r  more o f  l , p  o r  q .  

A s  a n o t h e r  example, t h e  r a t e  o f  evapo- 

r a t i o n  a t  t h e  t o p  o f  t h e  i c e  fog  c l o u d  can  b e  de termined 

from knowledge of  t h e  remaining p a r a m e t e r s ,  i . e .  

6 
1 = 4100 x 10 g H20/day ( e s t i m a t e  by Benson) 

2 
p  = 4 3  g H20/m day (based  on t h e  number 

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

on microscope s l i d e s )  

(Kumai and R u s s e l ,  

1 9 6 9 )  
3 

r = . 2 1  g/m ( f rom measurefient)  
7 2 

AB = AT = A = 5 x 10 m (from o b s e r v a t i o n )  

dz = c l o u d  t h i c k e n i n g  r a t e  = 1 dv = 3m/day - - 
d t  

A d t  

( o b s e r v a t i o n )  

The e v a p o r a t i o n  r a t e ,  q ,  c a n  now b e  com- 
2 

p u t e d  t o  be  38 g H20/m day.  

A comprehensive s t u d y  o f  ice fog must en-  

t a i l  a  d e t e r m i n a t i o n  o f  t h e  mass budge t ;  a t  Mi ld red  Lake some 

o f  t h e  p a r a m e t e r s  may be  approximated  and o t h e r s  de te rmined  from 

o b s e r v a t i o n  and measurement.  



5 . 6  Ice Fog D r i f t  - 

D i f f u s i o n  r a t e s  and t h e  mechanisms i n -  

volved i n  t h e  s p r e a d i n g  o f  i c e  f o g s  o r i g i n a t i n g  o v e r  open ponds 

a r e  n o t  w e l l  unders tood .  The o b s e r v a t i o n  o f  Lawford e t  a 1  

( 1 9 7 4 ) ,  t h a t  t h e  c l o u d  i s  e l o n g a t e d  i n  t h e  d i r e c t i o n  o f  t h e  mean 

wind, s u g g e s t s  t r e a t i n g  t h e  pond by t h e  c l a s s i c  d i f f u s i o n  

e q u a t i o n s  a s  an  a r e a  e m i s s i o n  s o u r c e .  I n  F i g u r e  12 a (=$ 
YO 

pond r a d i u s )  i s  t a k e n  a s  t h e  i n i t i a l  c rosswind  s t a n d a r d  de- 

v i a t i o n  o f  c l o u d  d e n s i t y ;  it i s  i n  e f f e c t  - + one s t a n d a r d  de- 

v i a t i o n  o f  a  normal d e n s i t y  d i s t r i b u t i o n  c e n t r e d  on p o i n t  C 

( F i g u r e  1 3 ) .  A v i r t u a l  e m i s s i o n  s o u r c e  i s  p l a c e d  a t  a  d i s -  

t a n c e  X co r respond ing  t o  t h e  v a l u e  o f  a i n  e m p i r i c a l l y  
Y YO 

e s t a b l i s h e d  d i f f u s i o n  c u r v e s  ( T u r n e r ,  1 9 6 9 ) .  X w i l l  v a r y  w i t h  
Y 

a tmospher ic  s t a b i l i t y ;  under  s t a b l e  c o n d i t i o n s ,  it i s  a p p r o x i -  

ma te ly  100 km. Cloud d e n s i t y  a t  any downwind p o i n t  may t h e n  

be e s t i m a t e d  a s  a  f u n c t i o n  o f  t h e  d e n s i t y  a t  p o i n t  C by means 

o f  t h e  d i f f u s i o n  e q u a t i o n s  f o r  p o i n t  s o u r c e s  ( T u r n e r ,  1 9 6 9 ) .  

The b a s i c  shor tcoming o f  t h e  f o r e g o i n g  

t e c h n i q u e  i s  t h a t  t h e  complex p r o c e s s e s  o f  c l o u d  growth and 

d i s s i p a t i o n  a s  d e s c r i b e d  by t h e  mass budge t  e q u a t i o n  ( S e c t i o n  

5 .5 )  a r e  n o t  t a k e n  i n t o  accoun t .  
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I Figure 12 Diffusion of Ice Fog Cloud a s  a n  Area Source (see Section 

53 5 . 6 )  



Figure 13 Assumed Density Distribution of Ice Fog Cloud (see 
Section 5.6). 
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6.0 IMPLICATIONS TO MILDRED LAKE 

6 . 1  Ice Fog a t  Mildred  Lake 

An i n c r e a s e d  p o t e n t i a l  w i l l  e x i s t  f o r  

w i n t e r  f o g s  a t  Mi ld red  Lake due t o  i n c r e a s e d  m o i s t u r e  r e -  

l e a s e d  t o  t h e  atmosphere and i n c r e a s e d  n u c l e i  c o n c e n t r a t i o n s .  

The p r o j e c t e d  o u t p u t  o f  w a t e r  vapour t o  t h e  a tmosphere  from 

t h e  Syncrude complex i s  s i g n i f i c a n t  compared t o  t h a t  a t  o t h e r  

n o r t h e r n  l o c a t i o n s  where i c e  f o g  h a s  been e x p e r i e n c e d .  How- 

e v e r ,  t h e  c o n c e n t r a t i o n  and t y p e s  o f  n u c l e i  t h a t  may b e  p r e s e n t  

have n o t  been de te rmined .  

The p r o b a b i l i t y  o f  e x t e n s i v e  i c e  f o g ,  

however, does  n o t  appear  l a r g e .  For  one t h i n g  t h e  topography 

o f  t h e  Mildred  Lake a r e a  i s  n o t  n e a r l y  a s  conducive  t o  such 

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

c i t y  of  F a i r b a n k s ,  Alaska .  Secondly ,  t h e  number o f  days  w i t h  

s u s t a i n e d  t e m p e r a t u r e s  below - 4 0 ' ~  i s  f a r  fewer t h a n  a t  A r c t i c  

s e t t l e m e n t s  where l a r g e  ice fog  c l o u d s  commonly o c c u r .  

For  example,  a t  F o r t  McMurray A i r p o r t ,  

40 m i l e s  s o u t h  o f  Mildred  Lake, t e m p e r a t u r e s  below - 4 0 ' ~  w e r e  

obse rved  f o r  o n l y  0.4 p e r  c e n t  o f  t h e  h o u r s  d u r i n g  t h e  months 

November th rough  March f o r  t h e  p e r i o d  1964-1975. 

Although t h e  f requency  o f  e x t e n s i v e  ice 

fog  may n o t  be  h i g h ,  t h e r e  i s  a  l i k e l i h o o d  o f  l o c a l i z e d  ice 

f o g s  ( e g .  w i t h i n  t h e  t a i l i n g s  pond and mining p i t  e x c a v a t i o n s )  

i n  combinat ion  w i t h  widespread w a t e r  fog  t h r o u g h o u t  t h e  a r e a .  

O n s i t e  s t u d i e s  a r e  r e q u i r e d  t o  o b t a i n  an  u n d e r s t a n d i n g  o f  t h e  

p o t e n t i a l  f r equency  and d u r a t i o n  of  t h e s e  phenomena. 



6.2 Ice Fog P r e d i c t i o n  a t  Mi ld red  Lake - 

The m e t e o r o l o g i c a l  c o n t r o l s  on i c e  

fog  v a r y  from one l o c a t i o n  t o  a n o t h e r .  The development  

of  p r e d i c t i v e  t e c h n i q u e s ,  then ,  s h o u l d  be  based i f  p o s s i b l e  

on o n s i t e  o b s e r v a t i o n s  and measurements by a t r a i n e d  ob- 

s e r v e r .  De te rmina t ion  o f  t h e  l o c a l  c o n t r o l s  would r e q u i r e :  

1. Dai ly  r e c o r d s  o f  f o g  i n  t h e  v i c i n i t y  o f  Mi ld red  Lake 

n o t i n g  t h e  t y p e ,  i n t e n s i t y  ( i . e .  v i s i b i l i t y ) ,  a r e a l  

e x t e n t ,  a p p a r e n t  s o u r c e s  and t o p o g r a p h i c  v a r i a t i o n s .  

2. Moni tor ing  o f  t h e  d i u r n a l  v a r i a t i o n  o f  f o g  i n  t e r m s  o f  

d r i f t ,  growth o r  d i s s i p a t i o n ,  t h i c k e n i n g  o r  t h i n n i n g .  

3 .  Concurrent  r e c o r d s  of  t e m p e r a t u r e ,  humid i ty ,  wind,  

wea the r  and sky c o n d i t i o n  a c r o s s  t h e  a r e a .  Minisonde 

r e l e a s e s  t o  de te rmine  t e m p e r a t u r e  and wind p r o f i l e s  

a s s o c i a t e d  w i t h  fog .  

4 .  E x t e n t  and behav iour  of  open w a t e r s .  

Local  and l a r g e  s c a l e  c o n t r o l s  on b o t h  

ice and w a t e r  d r o p l e t  fog  c o u l d  b e  de te rmined  by c o r r e -  

l a t i n g  fog  o b s e r v a t i o n s  w i t h  m e t e o r o l o g i c a l  and e m i s s i o n  

d a t a .  

A proposed p r e d i c t i o n  scheme f o r  F a i r -  

banks r e l a t e s  ice  fog  o c c u r r e n c e  t o  a  s i n g l e  s y n o p t i c  

(Large  s c a l e  w e a t h e r )  f e a t u r e :  a  n o r t h e r l y  component to  

t h e  500 m i l l i b a r  f low o v e r  c e n t r a l  Alaska  (Ohtake and 

Suchannek, 1 9 7 0 ) .  A s i m i l a r  s y n o p t i c  dependence may e x i s t  



f o r  Mildred Lake a s  w e l l .  

I n t e r a c t i o n  w i t h  P o l l u t a n t s  

The s t a b l e  a tmospher ic  c o n d i t i o n s  which 

occu r  w i t h  low t empe ra tu r e  fog  a r e  a l s o  conducive  t o  poor 

a i r  q u a l i t y ,  b u t  it i s  impor t an t  t o  n o t e  t h a t  i n c r e a s e s  i n  

p o l l u t a n t  c o n c e n t r a t i o n s  du r ing  p e r i o d s  o f  fog a r e  a s so -  

c i a t e d  w i t h  low l e v e l  s o u r c e s  o f  emiss ion  such  a s  v e h i c u l a r  

t r a f f i c  o r  space  h e a t i n g .  

Ice fogs  a r e  a s s o c i a t e d  w i t h  ex t remely  

s t a b l e  a tmospheres .  Under t h e s e  c o n d i t i o n s ,  t h e  v e r t i c a l  

d i f f u s i o n  o f  e l e v a t e d  plumes i s  very  s low.  A s  a r e s u l t ,  

t h e  e f f l u e n t s  from a t a l l  chimney such a s  t h e  183 m e t r e  

Syncrude s t a c k  would be embedded i n  t h e  s t a b l e  a i r  f a r  

above t h e  fog l a y e r .  

A ground-based ice fog  l a y e r  g e n e r a l l y  

ranges  i n  t h i c k n e s s  from 10-30 me t r e s  w i t h  a s h a r p l y  de- 

f i n e d  upper boundary,  i t s  dep th  i n c r e a s e s  a s  t h e  tempera- 

t u r e  remains  below - 4 0 ' ~  and it may on occa s ion  r each  

100 m e t r e s  (Csanady and Wigley, 1973 ) .  Hence, it i s  i m -  

p robab l e  t h a t  e l e v a t e d  plume and fog w i l l  mix. 
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