
UNITED STATES DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 

FAST-ICE THICKNESS AND SNOW DEPTH IN RELATION TO OIL 

ENTRAPMENT POTENTIAL, PRUDHOE BAY, ALASKA 

OPEN-FILE REPORT 79-539 

This report is preliminary and has not been edited or reviewed for conformity 

with Geological Survey standards and nomenclature 

Menlo Park, California 





UNITED STATES 
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY 

FAST- ICE THICKNESS AND SNOW DEPTH I N  

RELATION TO OIL ENTRAPMENT POTENTIAL, 

PRUDHOE BAY, ALASKA 

By Peter W. Barnes, Erk Reimnitz, Lawrence J. Toimil, 
and Harry R. H i l l  

Open-File Report 79-539 

Menlo Park, California 
March 1979 





Fast-ice T h i c k n e s s  and  Snow Depth i n  R e l a t i o n  t o  O i l  

Ent rapment  P o t e n t i a l ,  Prudhoe Bay, Alaska  

P e t e r  W. Barnes ,  Erk Re imni t z ,  Lawrence J. Toimi l ,  and  Harry  R. H i l l  

ABSTRACT 

I n  wint .e r ,  t h e  u n d e r s u r f a c e  of t h e  s e a  i c e  o n  s h a l l o w  a rc t i c  s h e l v e s  

ac ts  upon t h e  s e a  bed d i r e c t l y  by c o n t a c t  and  i n d i r e c t l y  by  i n f l u e n c i n g  

c u r r e n t s  and  t u r b u l e n c e .  The u n d e r - i c e  s u r f a c e  would s e r v e  a s  a t r ap  

f o r  p o l l u t a n t s  s u c h  a s  o i l  and g a s  r e l e a s e d  from t h e  sea bed.  A 

knowledge of t h e  morphology o f  t h e  u n d e r s u r f a c e  o f  t h e  ice i s  a  f i r s t  

s t e p  i n  u n d e r s t a n d i n g  t h e  sea-bed i n t e r a c t i o n s  and  i n  e v a l u a t i n g  t he  

q u a n t i t i e s ,  c o n f i g u r a t i o n ,  and  d i s p e r s a l  p a t t e r n s  of s u b - i c e  p o l l u t a n t s .  

I n v e s t i g a t i o n s  show t h i c k e r  s e a - i c e  c o r r e l a t e s  w i t h  a t h i n  snow c o v e r  

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

I n  e a r l y  May, 1978, t h e  r e l a t i o n s h i p s  be tween unde r - i ce  

morphology,  s e a  bed morphology,  t i d a l  c u r r e n t s ,  and  v a r i a t i o n s  i n  snow 

t h i c k n e s s  were s t u d i e d .  A t  t h r e e  s i t es  r e p r e s e n t i n g  t h r e e  d i f f e r e n t  

e n v i r o n m e n t s - - p r o t e c t e d  bay, d e e p ,  open l agoon ,  a n d  nar row t i d a l  

c h a n n e l - - t r e n c h e s  were c u t  t h r o u g h  t h e  ice.  The t r e n c h e s  were p a r a l l e l  

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

t r e n d i n g  snow r i d g e  p a t t e r n .  Snow d e p t h ,  i c e  t h i c k n e s s ,  a n d  ice d r a f t s  

were  measured  and a n  upward -d i r ec t ed  s i d e - s c a n n i n g  s o n a r  was towed t o  

examine t h e  morphology o f  t h e  u n d e r - i c e  s u r f a c e  i n  a n  area 1 0 0  m s q u a r e .  

Snow d e p t h  and i c e  t h i c k n e s s  v a r y  a b o u t  30-40 cm and e x h i b i t  a 

n e g a t i v e  c o r r e l a t i o n - - t h i n  ice c o i n c i d i n g  w i t h  a t h i c k e r  i n s u l a t i n g  snow 

c o v e r .  The a r e a l  snow and  ice morphology p a t t e r n s  r e i n f o r c e d  t h e  

c o r r e l a t i o n .  E l o n g a t e  r i d g e  and t r o u g h  p a t t e r n s  on  t h e  unde r - i ce  



su r f ace  p a r a l l e l  t he  su r f ace  snow r idge  p a t t e r n s  on wavelengths 

3 3  2 t y p i c a l l y  1 0  rn wide, y i e l d i n g  sub-ice voids  of 25 t o  47 x 1 0  m /km 

(600-1 200 b a r r e l s  p e r  a c r e ) .  Diving observa t ions  i n d i c a t e  a smal le r  s e t  

o f  depress ions  5 an o r  Less i n  depth,  o r i en t ed  p a r a l l e l  t o  t he  i c e  

c r y s t a l  f a b r i c ,  and an escape of sub-ice r e l ea sed  a i r  t o  t he  snow-ice 

i n t e r f a c e .  

The r e s u l t s  imply t h a t  t h e r e  is  a seasonal  s t a b i l i t y  t o  the  snow 

r idge  p a t t e r n  and t h a t  o i l  concent ra t ions  under t he  i c e  would be 

ind ica t ed  by s u r f i c i a l  snow morphology i n  t he  f a s t  i c e  zone. Spreading 

d i r e c t i o n s  would be enhanced i n  t he  e longate  dimensions of t h e  under-ice 

r i dges  and t roughs,  t h a t  is, upwind and downwind. In sp r ing ,  gases  w i l l  

leak t o  the  su r f ace .  

INTRODUCTION 

The undersurface of s e a  i c e  on a r c t i c  she lves  i n t e r a c t s  with t h e  

sea  bed d i r e c t l y  and i n d i r e c t l y  by t h e  d i s r u p t i v e  processes  a s soc i a t ed  

with i c e  gouging and by in f luenc ing  c u r r e n t s  and turbulence.  

Furthermore, t h e  under-ice su r f ace  s e r v e s  a s  a t r a p  f o r  f l o a t i n g  

p o l l u t a n t s  r e l ea sed  from t h e  s e a  bed i n  winter .  A knowledge of t h e  

morphology of t he  undersurface of t h e  i c e  i s  a f i r s t  s t e p  i n  

understanding the  sea-bed i n t e r a c t i o n s  and i n  eva lua t ing  t h e  q u a n t i t i e s ,  

conf igura t ion ,  and d i s p e r s a l  p a t t e r n s  of sub-ice p o l l u t a n t s .  

In  t h i s  r e p o r t  we d i s c u s s  t h e  three-dimensional morphology of sea 

i c e  a t  t h r e e  s i t e s  on the  f a s t  i c e  i n  t he  Prudhoe Bay a r e a .  A t  each of 

t he  s i t e s  - pro tec t ed  bay, open lagoon, and t i d a l  channel - snow aep th  

and i c e  t h i ckness  show a negat ive  c o r r e l a t i o n ,  r e f l e c t i n g  t h e  i n s u l a t i o n  

of t he  i c e  by snow and a seasonal  s t a b i l i t y  t o  the  snow r idge  p a t t e r n s  

on the sea- ice sur face .  



Background 

Ice Environment 

The s t u d i e s  which form t h e  b a s i s  o f  t h i s  r e p o r t  were a l l  conducted 

i n  t h e  Eas t - i ce  zone. T h i s  i c e  zone i s  a s e a s o n a l  i c e  f o r m a t i o n  which 

i s  e s s e n t i a l l y  immobile i n  w i n t e r ,  forming an  e x t e n s i o n  o f  t h e  l a n d  

s u r f a c e  (Kovacs and Mellox, 1974, p. 116).  Depending on t h e  snow cover 

and l o c a l  t empera tu re  regime, f  a s t - i c e  growth i s  i n i t i a t e d  i n  September 

o r  October ,  growing a t  a  r a t e  o f  abou t  1  cm per day,  r e a c h i n g  

t h i c k n e s s e s  of 2 m by t h e  end of t h e  growth season  i n  March o r  A p r i l  

(Kovacs and Mel lor ,  i b i d ;  S c h e l l ,  1974, p. 231) .  Seaward e x t e n t  of f a s t  

ice i s  c o n t r o l l e d  by wate r  depth,  t h e  p r o t e c t i o n  a f f o r d e d  i c e  by the 

s h o r e l i n e ,  t h e  t i m e  a v a i l a b l e  f o r  growth o f  t h e  f a s t  ice, and t h e  

magnitude and i n t e n s i t y  o f  pack ice movement on t h e  i n n e r  s h e l f  (Kovacs 

and Mel lor ,  p. 117) .  The c h a r a c t e r  o f  t h e  f a s t  ice i s  a f f e c t e d  by 

a tmospher ic  and oceanographic  c o n d i t i o n s  a t  t h e  t i m e  of f r e e z i n g .  

C u r r e n t s ,  waves, and winds a t  t h e  t ime o f  f r e e z i n g  cause  t h e  i n i t i a l  

f a s t - i c e  s u r f a c e  t o  be rough whereas calm c o n d i t i o n s  d u r i n g  f reeze-up 

cause  a  smooth s u r f a c e  (Kovacs and Mel lor ,  i b i d ) .  E a r l y  w i n t e r  s to rms  

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

n o t  y e t  ach ieved  s u f f i c i e n t  s t r e n g t h  t o  w i t h s t a n d  t h e s e  f o r c e s .  

Snow Cover 

Benson and h i s  coworkers ( 1975, p. 13)  have no ted  t h a t  t h e  snow 

cover  a long  t h e  a r c t i c  c o a s t  o f  Alaska i s  s i m i l a r  t o  t h a t  of Greenland 

and A n t a r c t i c a ,  b e i n g  c h a r a c t e r i z e d  a s  h a r d ,  h i g h  d e n s i t y ,  wind-packed 

snow, o v e r l y i n g  a  low d e n s i t y  snow. These workers a l s o  no te  t h a t  wind 

d r i f t s  a r e  formed i n  response t o  t h e  p r e v a i l i n g  n o r t h e a s t e r l i e s .  I n  t h e  



rall, a t  wind s p e e d s  o f  12  t o  20  m p e r  s econd ,  snow r i d g e s  form a s  

s t a t i o n a r y  f e a t u r e s  p a r a l l e l  t o  p r e v a i l i n g  winds--30 t o  6 0  m l o n g ,  10 t o  

2 0  cm h i g h ,  a n d  6 t o  8 m wide ( K r u c h i n i n ,  1 9 6 2 ) .  Snow r i d g e s  a r e  

s u b s e q u e n t l y  s c o u r e d ,  fo rming  s t e e p - f a c e d  e r o s i o n a l  f e a t u r e s  c a l l e d  

s a s t r u g i  which are  common t h r o u g h  t h e  r e m a i n d e r  o f  t h e  w i n t e r .  Eroded 

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

s h a p e d  p a t c h e s  o f  s o f t  snow a p p r o x i m a t e l y  10 m i n  d i a m e t e r  and 1  0  m 

deep,  o r  snow b a s c h a n s  which move unde r  t h e  i n f l u e n c e  of  t h e  p r e v a i l i n g  

winds  a c r o s s  t h e  more s t a b l e  snow r i d g e s  ( K r u c h i n i n ,  p. 7 8 ) .  I n  t h e  

Canadian  a r c t i c ,  Brown and h i s  a s s o c i a t e s  (1975, p. 7 0 )  n o t e d  t h a t  snow 

r i d g e  p a t t e r n s ,  formed on t h e  f a s t  i ce  i n  f a l l ,  remained i n t a c t  

t h r o u g h o u t  t h e  w i n t e r .  They n o t e d  t h e  a v e r a g e  d e p t h  o f  t h e  snow o n  t h e  

f a s t  ice  by t h e  end  o f  w i n t e r  w a s  a b o u t  2 2  c m ,  w h i l e  a t  Prudhoe Bay t h e  

t u n d r a  snow d e p t h  h a s  been  o b s e r v e d  t o  a v e r a g e  32 cm (Benson and o t h e r s ,  

1975) .  

Oceanography 

The oceanography o f  t h e  f a s t - i c e  zone i n  w i n t e r  i s  a f f e c t e d  by t h e  

f o r m a t i o n  o f  a n  ice  c o v e r  as w e l l  a s  by t h e  p r e s e n c e  of a n  i c e  c o v e r .  

The p r o c e s s  o f  f r e e z i n g  o f  s e a  w a t e r  e x c l u d e s  b r i n e s  s o  t h a t  t h e  ice i s  

o f  a much l o w e r  s a l i n i t y  t h a n  t h e  w a t e r s  from which it i s  formed.  T h i s  

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

bays and lagoons where c i r c u l a t i o n  i s  r e s t r i c t e d  ( S c h e l l ,  1974, p. 240 ;  

Kovacs and  M e l l o r ,  1974, p. 117) .  Va lues  o f  s a l i n i t y  i n  e x c e s s  o f  

50°/oo have been  r e p o r t e d  i n  t h e s e  e n v i r o n m e n t s  ( S c h e l l ,  1974) .  The 

p r e s e n c e  o f  a n  ice c o v e r  dampens waves and removes t h e  i n f l u e n c e  o f  wind 

a s  a c u r r e n t  d r i v i n g  f o r c e .  T i d a l  c u r r e n t s  g e n e r a t e d  by t h e  15-20 rm 

t i d e s  c a n  be i n t e n s i f i e d  i n  i n l e t s  b y  t h e  d e c r e a s e  i n  c r o s s  s e c t i o n a l  

a r e a  due t o  ice growth .  



P r e v i o u s  Work 

The f a c t  t h a t  snow d e p t h  i n f l u e n c e s  ice  t h i c k n e s s  h a s  been  known 

f o r  some t i m e  (Zubov,  1943, p .  220) .  However, t h e  magn i tude  of 

i n f l u e n c e  and t h e  v a r i a b i l i t y ,  have  r e c e i v e d  minimal  a t t e n t i o n .  

Canadian  s t u d i e s  o f  f a s t  ice  have shown t h a t  i ce  t h i c k n e s s  i s  i n v e r s e l y  

r e l a t e d  t o  snow d e p t h  and t h a t  i c e  t h i c k n e s s  v a r i e s  by a b o u t  20% of  t h e  

mean t h i c k n e s s  ( ~ r o w n  and o t h e r s  1975, p .  36 ) .  A 35 cm maximum 

d i f f e r e n c e  i n  f a s t  ice  t h i c k n e s s  a t  t h e  end  of t h e  1974-75 growth s e a s o n  

was n o t e d .  Fu r the rmore  t h e  snow d r i f t  p a t t e r n  remained s t a b l e  a l l  

w i n t e r  once  e s t a b l i s h e d  i n  f a l l .  These o b s e r v a t i o n s  were t h e n  u s e d  t o  

t o  d e v e l o p  h e a t  t r a n s f e r  e q u a t i o n s  f o r  i c e ,  snow, and  o i l  m i x t u r e s  

(Brown and o t h e r s ,  1995, p. 7 4 ) .  

Kovacs ( 1 9 7 7 )  measured  f a s t  i c e  t h i c k n e s s e s  a l o n g  a  l i n e a r  p r o f i l e  

u s i n g  e l e c t r o m a g n e t i c  t e c h n i q u e s  and found v a r i a b i l i t i e s  of 30  cm o r  

a b o u t  25% of  t h e  mean t h i c k n e s s  (Kovacs,  1977, p. 5 4 8 ) ;  b u t  he d i d  n o t  

r e l a t e  t h i s  v a r i a b i l i t y  t o  snow c o v e r .  Kovacs (1977,  p. 549)  c a l c u l a t e d  

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

3  2 i c e  ( above  h i s  o b s e r v e d  mean t h i c k n e s s )  a t  27,500 rn /h . 
Methods 

From 29 A p r i l  t o  15  May, 1978, f i e l d  s t u d i e s  w e r e  u n d e r t a k e n  i n  t h e  

Prudhoe Bay a r e a  u s i n g  a v a r i e t y  o f  t e c h n i q u e s .  A t  e a c h  o f  t h r e e  sites 

a c r o s s  w a s  s t a k e d  o u t  i n  t h e  snow w i t h  one  am p e r p e n d i c u l a r  t o  t h e  

dominan t  t r e n d  o f  s u r f i c i a l  snow r i d g e s .  Each arm w a s  100 m l o n g  and 

i n t e r s e c t e d  t h e  c r o s s  arm a t  5 0  m. A f t e r  t h e  c r o s s  was marked w i t h  

f l a q s  and s t a k e s ,  snow d e p t h s  were measured  a t  5  m i n t e r v a l s .  A e r i a l  

p h o t o g r a p h s  w e r e  t a k e n  from a l t i t u d e s  o f  200 t o  300 rn. S u b s e q u e n t l y  a n  



access r o a d  was plowed t o  e a c h  s i t e  and t h e  sea ice  was c l e a r e d  o f  snow 

f o r  s e v e r a l  meters o n  e i t h e r  s i d e  of t h e  c r o s s .  A mechan ica l  d i t c h i n g  

machine  w a s  t h e n  used  t o  c u t  a 20-an-wide, 100-m-long t r e n c h  t h r o u g h  t h e  

ice a l o n g  a  t r a n s e c t  c o r r e s p o n d i n g  t o  t he  c r o s s  i n i t i a l l y  marked i n  t h e  

2 snow. A 1.5 m b l o c k  o f  i ce  was c u t  by t h e  d i t c h e r  and l i f t e d  o u t  w i t h  

a f o r k  lift t o  form a d i v e  h o l e .  The d i t c h e r  d i d  n o t  remove t h e  b u l k  o f  

t h e  c h i p s  d u r i n g  t r e n c h i n g  s o  t h a t  it was n e c e s s a r y  t o  pe r fo rm t h e  

t e d i o u s  t a s k  o f  "mucking o u t "  t h e  t r e n c h  and d i v e  h o l e .  The c h a r a c t e r  

o f  p r e p a r e d  s i tes i s  shown i n  F i g u r e  1. 

After the s i t e  had been  c l e a r e d ,  a s l e d  was p r o p e l l e d  by hand over 

t h e  t r e n c h .  S e n s o r s  suspended from t h e  s l e d  - which a l s o  c a r r i e d  t h e  

e l e c t r o n i c s  and  r e c o r d e r s - - i n c l u d e d  upward -d i r ec t ed  s i d e - s c a n n i n g  s o n a r ,  

p r e c i s i o n  f a t h o m e t e r ,  p r e s s u r e  t r a n s d u c e r s ,  and  unde rwa te r  t e l e v i s i o n .  

Ice t h i c k n e s s  and  f r e e b o a r d  ( w a t e r  l e v e l  t o  u p p e r  i c e  s u r f a c e )  w e r e  

measured  a t  2-m i n t e r v a l s  a l o n g  t h e  t r e n c h e s .  Sub- ice  t e m p e r a t u r e  and  

s a l i n i t i e s  were  measured  w i t h  a c o n d u c t i v i t y  b r i d g e  which has a  

t e m p e r a t u r e  a c c u r a c y  of  0.5O~ and a s a l i n i t y  a c c u r a c y  o f  0.3O/oo. 

A t i m e  l a p s e  camera was mounted on a s t r u c t u r e  n e a r  t h e  Arco w e s t  

dock .  The camera  v i ew was e a s t w a r d ,  and  e x p o s u r e s  were o b t a i n e d  a t  15 

minu te  nominal  i n t e r v a l s .  Only two d a y s  o f  u s e a b l e  r e c o r d  were 

o b t a i n e d - - p a r t l y  due  t o  camera  f a i l u r e  b u t  p r i m a r i l y  due t o  b lowing snow 

o r  f o g  which o b s c u r e d  t h e  camera  view. 

S i t e  D e s c r i p t i o n s  

Three  d i f f e r i n g  ice  and o c e a n o g r a p h i c  e n v i r o n m e n t s  i n  t h e  f a s t - i c e  

zone  were examined;  one  i n  t h e  s h a l l o w ,  p r o t e c t e d  env i ronmen t  o f  Prudhoe 

Bay; o n e  i n  t h e  d e e p e r ,  open env i ronmen t  o f  S t e f a n s s o n  Sound; and  one i n  

a deep ,  n a r r o w  t i d a l  i n l e t  t o  Simpson Lagoon be tween Egg I s l a n d  and Long 

I s l a n d ,  a s  shown i n  F i g u r e  2. 
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work wa8 completed. Note the alignment o t  
t h e  c ros s  w l t n  t h e  e longate  snow r i dge  
p a t t e r n  ana t n e  dr l t t s  i n  t n e  lee or snow 
p l l e s .  Dl v l e w  along e a s t e r l y  arm or t h e  

cross a t  Slte 1 Showing t n e  c lean  t r e n c h  
ana sea-ice su r f ace .  The l a r g e  i c e  block 
seen  a t  t ne  end or the  t rench  has been 
removed rrm t h e  dlve nole. Note t h e  
v a n a b i l i t y  in Ice t reeboard  along the 
t rench.  c )  Aerial mew ot site 3 showing 
the  o r l e n t a t i o n  and r e l a t i o n  or t n e  s i t e  
t o  tne s p l t  a t  t h e  southern t l p  or Long 
Asland ( s e e  r'lg. 2 ) .  ~ u s t  to t he  r i g h t  bt 
tne people near  tne c e n t e r  or t ne  cross i s  
one or t n e  a v e  n o k s  a t  t h l S  location. 





The Prudhoe Bay s i t e  ( S i t e  1 )  i s  l o c a t e d  i n  a semi-enclosed 

c o a s t a l  embayment. Depths i n  t h e  c e n t r a l  p a r t  o f  t h e  embayment approach 

4 m, a l t h o u g h  t h e  d e e p e s t  channel  connec t ing  t h e  bay wi th  t h e  open ocean 

i s  l e s s  t h a n  2  m deep (Barnes  and o t h e r s , 1 9 7 7 ) .  Bay w a t e r s  a r e  f r e e  t o  

communicate w i t h  t h e  o f f s h o r e  o c e a n i c  environment d u r i n g  t h e  summer, and 

i s  e s s e n t i a l l y  ocean ic  i n  c h a r a c t e r  a t  t h e  t ime of  f reeze-up.  L a t e r a l  

i c e  motion w i t h i n  t h e  bay i s  a lmos t  n o n - e x i s t e n t  once a s o l i d  i c e  canopy 

h a s  formed l a t e  i n  f a l l .  With t h e  fo rmat ion  o f  t h e  i c e  canopy, 

c i r c u l a t i o n  i s  r e s t r i c t e d  s o  t h a t  by t h e  t ime of  o u r  f i e l d  s t u d i e s  i n  

s p r i n g ,  sub- ice  w a t e r s  were l e s s  t h a n  -2Oc i n  t empera tu re  and g r e a t e r  

t h a n  64O/oo i n  s a l i n i t y ,  A t  t h e  t ime of  o u r  f i e l d w o r k  t h e  u n d e r s u r f a c e  

of t h e  i c e  was l e s s  t h a n  2 m from t h e  s e a  bed and the rmal ,  b r i n e  

d r a i n a g e ,  t i d a l  o r  c u r r e n t  i n t e n s i f i c a t i o n  i n f l u e n c e  on t h e  s e a  bed due 

t o  i c e  was thought  t o  be most pronounced. V e r t i c a l  i c e  mot ions  due t o  

t i d a l  i n t e r c h a n g e  through t h e  channel  d u r i n g  w i n t e r ,  a s  proposed by 

Barnes and o t h e r s  (1977, p. 1 2 ) ,  were n o t  observed a t  a nearby i c e  l e v e l  

r e c o r d i n g  s t a t i o n .  I n  summary, t h e  Prudhoe Bay s i t e  was c h a r a c t e r i z e d  

by h i g h  s a l i n i t i e s ,  a  c l o s e  p rox imi ty  of t h e  under- ice  s u r f a c e  t o  t h e  

s e a  bed,  ex t remely  weak sub- ice  c u r r e n t s ,  and an  absence o f  l a r g e  

l a t e r a l  or  v e r t i c a l  motions o f  t h e  i c e  canopy. 

The S te fansson  Sound s i t e  ( S i t e  21, with  wate r  d e p t h s  g r e a t e r  t h a n  

5 m, i s  a  deeper ,  more open environment t h a n  t h e  Prudhoe Bay s i t e .  

I a t e r a l  i c e  motion i n  S t e f a n s s o n  Sound probab ly  o c c u r r e d  d u r i n g  t h e  

e a r l y  w i n t e r  a s  evidenced by t h e  blocky,  i r r e g u l a r ,  and jus taposed  i c e  

p a t c h e s  a long t h e  road plowed t o  t h e  s i t e .  The sub- ice  w a t e r s  a r e  f r e e  

t o  communicate wi th  t h e  ocean throughout  t h e  w i n t e r  and t empera tu res  o f  



- ~ O C  and s a l i n i t i e s  o f  38O/oo were recorded .  I n  s p r i n g ,  1972, we 

measured weak sub- ice  c u r r e n t s  towards  t h e  nor thwes t  a t  2 cm p e r  second 

o r  l e s s  a t  a s t a t i o n  7 km west  o f  S i t e  2. I n  summary, a t  t h i s  s i t e  t h e  

i c e  canopy i s  w e l l  away from t h e  i n f l u e n c e  of t h e  bottom and sub- ice  

w a t e r  i s  calm w i t h  minimal c u r r e n t s .  The L a t e r a l  motion o f  i c e  d u r i n g  

most o f  t h e  i c e  growth season  i s  i n s i g n i f i c a n t ,  be ing  p r o t e c t e d  by t h e  

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

The t h i r d  s i t e ,  between Egg I s l a n d  and Long I s l a n d ,  ( S i t e  3 ) ,  

r e p r e s e n t s  a  narrow, 5-m deep, t i d a l  channel  between a  s h a l l o w  lagoon 

and t h e  more open s h e l f .  I n  s p r i n g ,  1972, we measured t i d a l  c u r r e n t s  o f  

up t o  2 0  cm p e r  second i n  t h i s  channe l  ( F i g .  3 ) .  During t h e  p r e s e n t  

s tudy ,  v e r t i c a l  ice mot ion of up t o  2 0  cm with  t i d a l  p e r i o d  was recorded  

a d j a c e n t  t o  t h i s  s i t e ,  a t t e s t i n g  t o  t h e  i n t e r c h a n g e  o f  lagoon and open 

ocean w a t e r  a r e a s  where sub- ice  c u r r e n t s  a r e  i n t e n s i f i e d  and are known 

to  reduce i c e  t h i c k n e s s  (Zubov, 1943, p. 2 2 2 ) .  Observa t ions  a t  s i t e  3 

i n  s p r i n g  show t h e  i n l e t  t o  have open w a t e r  e a r l i e r  i n  t h e  s p r i n g  t h a n  

e l sewhere  as shown i n  F igure  4. Sub-ice w a t e r s  were observed t o  be 

-1 .6O~ and t o  have a s a l i n i t y  o f  38O/oo, a n  i n c r e a s e  o f  a t  l e a s t  10% 

o v e r  summer s a l i n i t i e s  (Barnes  and o t h e r s ,  1977, p .  A - 9 ) ,  pe rhaps  

r e p r e s e n t i n g  b r i n e  drainage from t h e  ice f r e e z i n g  p r o c e s s  w i t h i n  t h e  

Lagoon a l t h o u g h  t h e s e  v a l u e s  were a l s o  observed a t  S i t e  2. L a t e r a l  i c e  

motion i n  the i n l e t  i s  thought  t o  be minimal a l t h o u g h  s t r e s s e s  a r e  

sugges ted  by i c e  push o n t o  t h e  beach a t  t h e  wes te rn  edge o f  t h e  s i t e ,  

and t h e  numerous c r a c k s  up t o  5 an wide no ted  a t  t h e  snow and i c e  

s u r f a c e .  I n  summary, t h i s  s i t e  i s  one where i c e  growth and sub- ice  

s a l i n i t i e s  c o u l d  be i n f l u e n c e d  by a l a g o o n a l  i c e  canopy, where i c e  

motion was expec ted  t o  be minimal,  and where t h e  e f f e c t s  o f  current were 

expec ted  t o  be pronounced. 





Figure 4. A e r i a l  p h o t o g r a p h  o f  t h e  coast and i n n e r  s h e l f  just west of Prudhoe Bay 
t a k e n  i n  J u n e ,  1974. Ice i s  p r e s e n t  o f f s h o r e  and  i n  t h e  l a k e s .  Note 
t he  open water a t  t h e  t i d a l  i n l e t  (Site 3 )  and  t h e  uniform c h a r a c t e r  of 
t h e  ice n e a r s h o r e  i n  compar ison  t o  f u r t h e r  offshore i n  S t e f a n s s o n  Sound. 



RESULTS 

C o r r e l a t i o n  o f  Snow Depth and I c e  T h i c k n e s s  

R e c o n s t r u c t i o n s  o f  snow d e p t h ,  i ce  t h i c k n e s s ,  and  ice f r e e b o a r d  

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

i l l u s t r a t e  t h e  r e l a t i o n s h i p  o f  snow d e p t h  t o  i c e  t h i c k n e s s .  Thin  i c e ,  

low f r e e b o a r d ,  and  d e e p  snow are  c o n s i s t e n t l y  r e l a t e d ,  b o t h  p a r a l l e l  t o ,  

and  p e r p e n d i c u l a r  t o ,  t h e  snow r i d g e  p a t t e r n  ( F i g u r e  5 and Tab le  I ) .  

Snow d e p t h s  a v e r a g e d  15 t o  2 4  cm b u t  r anged  from 4 c m  t o  48 crn a t  

t h e  t h r e e  s t u d y  s i tes.  S i t e  2 had  on t h e  a v e r a g e  1 0  cm less snow t h a n  

o t h e r  s i t e s .  The a v e r a g e ,  maximum, and  minimum snow d e p t h s  w e r e  s i m i l a r  

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

( T a b l e  I ) . 
I c e  t h i c k n e s s  a t  t h e  t h r e e  s t u d y  s i t es  a v e r a g e d  between 134 cm and 

157 cm b u t  r anged  from 114 cm t o  169 cm. The i c e  was t h i n n e s t  a t  S i t e  1 

but  e s s e n t i a l l y  t h e  same a t  S i t e s  2 and  3 ( T a b l e  I ) .  I n  most  cases t h e  

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

f r e e b o a r d  i s  a s s o c i a t e d  w i t h  t h i n n e r  i c e  and d e e p e r  snow. 

S t a t i s t i c a l  c o n s i d e r a t i o n  s u g g e s t s  t h a t  less r a n g e  i n  b o t h  snow 

d e p t h  and ice t h i c k n e s s  would be o b s e r v e d  a l o n g  t r a n s e c t s  p a r a l l e l  t o  

t h e  snow r i d g e s  t h a n  a t  r i g h t  a n g l e s  a s  f ewer  r i d g e s  and  t r o u g h s  would 

be e n c o u n t e r e d  i n  t h e  sample .  Snow d e p t h  shows t h i s  r e l a t i o n s h i p  o n l y  

a t  S i t e s  1 and  3 ,  a l t h o u g h  i c e  t h i c k n e s s  shows a smaller range p a r a l l e l  

t o  t h e  snow p a t t e r n  o n l y  a t  S i t e s  1 and  2 ;  b u t  i n  b o t h  cases t h e  

d i f f e r e n c e s  a r e  30% o r  l e s s .  

A s  a  tes t  f o r  snow d e p t h - i c e  t h i c k n e s s  c o r r e l a t i o n ,  g r a p h s  were 

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







g a t h e r e d  a t  5 rn i n t e r v a l s .  The d a t a  used  f o r  t h e s e  g r a p h s  were t h e n  

u s e d  t o  d e t e r m i n e  a  c o r r e l a t i o n  c o e f f i c i e n t  be tween i c e  t h i c k n e s s  and  

snow d e p t h  and t h e  b e s t  fit l i n e  f o r  t h e  d a t a  a t  e a c h  s i t e .  A t  a l l  

t h r e e  s i t es  s t u d i e d  t h e r e  was a n e g a t i v e  c o r r e l a t i o n  be tween i c e  

t h i c k n e s s  and  snow d e p t h s  measured  a l o n g  t h e  t r e n c h e s .  The p l o t s  and  t h e  

c o r r e l a t i o n  c o e f f i c i e n t s  show t h a t  a good c o r r e l a t i o n  e x i s t s  a t  S i t e s  1 

and  3 .  The c o r r e l a t i o n  a t  S i t e  2 i s  weaker a s  shown i n  F i q u r e  6. 

Morphologic  Comparison o f  Snow and  Under-ice S u r f a c e  

The r e s u l t s  show a good c o r r e l a t i o n  be tween t h e  morpho log ic  

p a t t e r n s  found on t h e  snow s u r f a c e  and t h e  morpho log ic  p a t t e r n s  found on 

t h e  u n d e r s u r f a c e  of t h e  f a s t  ice.  The q u a l i t y  o f  s i d e - s c a n  r e c o r d s  and 

a e r i a l  pho tog raphy  were s u c h  t h a t  p r e c i s e  c o r r e l a t i o n  f e a t u r e  f o r  

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

The s u r f a c e  o f  t h e  s e a  i c e  i n  t h e  s t u d y  a r e a s  was c o v e r e d  w i t h  

snow i n  t h e  form of r i d g e s  and  t r o u g h s  which were s c o u r e d  and e r o d e d  

fo rming  s a s t r u q i .  The snow r i d g e s  and  s a s t r u g i  showed a n  o r i e n t a t i o n  o f  

70 d e g r e e s .  Snow r i d g e  wave leng th ,  a s  o b s e r v e d  i n  a e r i a l  pho tog raphy ,  

was t y p i c a l l y  1 0  m; a l t h o u g h  v a l u e s  r anged  from 5 rn t o  2 0  rn. The 

c h a r a c t e r  of t h e  snow s u r f a c e ,  a s  o b s e r v e d  from a e r i a l  pho tog raphy ,  i s  

shown i n  F i g u r e  7a  and t h e  i n t e r p r e t e d  r i d g e - c r e s t  p a t t e r n  from t h i s  

pho tog raphy  i s  shown i n  F i q u r e  8 a .  

S ide - scann ing  s o n a r  r e c o r d s  of s u b - i c e  r e f l e c t o r s  showed l i n e a r  

o r i e n t a t i o n  o f  70 d e g r e e s  a l t h o u g h  t h e  v a r i a b i l i t y  w a s  g r e a t e r  t h a n  w i t h  

t h e  snow r i d g e  o r i e n t a t i o n s .  Al though t h e  c r e s t s  were less c l e a r l y  

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

w a v e l e n g t h s  be tween c r e s t s  were t y p i c a l l y  1 0  m and ranged from 5 t o  

18 m - s i m i l a r  t o  t h e  snow s u r f a c e  c h a r a c t e r .  A sonograph  from t e s t  



Figure 6 .  S c a t t e r  p l o t s ,  best line fit and c o r r e l a t i o n  coef f ic ien t s  for ice 
t h i c k n e s s  and snow depth v a l u e s  a t  each of the  t h r e e  s i tes .  



Figure 7a. Aerial photograph of S i t e  2 p r i o r  to  p lowing  and t r e n c h i n g ,  showing the 2 
snow ridge pattern. The 1 0 0  m grid and t h e  cross have been added. 

53 
F l q u r e  7b. Sonograph from t h e  upward-looking s o n a r  a t  Site 2 taken along the 

trench runn lng  p e r p e n d i c u l a r  t o  t h e  snow r i d g e  pattern showing t h e  
reflections from the r i d g e s  on the undersur face  of the ice. 

18 



Figure 8a. Snow ridge p a t t e r n  i n t e r p r e t e d  from t h e  aerial photograph shown i n  
Figure 7a. 
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Figure 8b. Ridge pattern on t h e  undersurface of the ice at Site 2 in terpreted  from 
the sonographs of Figure 7b. 



S i t e  2 showing t h e  r e f l e c t o r s  on  t h e  u n d e r s u r f a c e  o f  t h e  i c e  i s  shown i n  

F igure  7b and t h e  i n t e r p r e t e d  c r e s t  o r i e n t a t i o n  l o c a t i o n  is shown i n  

F igure  8b. 

S t a b i l i t y  of Snow Ridges 

R e p e t i t i v e  su rveys  and t ime l a p s e  photography i n d i c a t e  t h a t  t h e  

b a s i c  r i d g e  and t rough  snow p a t t e r n  i s  s t a b l e .  A t  S i t e s  1  and 3 t h e  

snow d e p t h s  a l o n g  t h e  c r o s s  were remeasured a f t e r  a  n o r t h e a s t e r l y  wind 

r e d i s t r i b u t e d  much snow on t h e  s e a  i c e .  During t h e  i n t e r v a l  between 

t h e s e  measurements wind v e l o c i t i e s  were above 10 m/sec ( 20 k n t s )  and 

g u s t s  i n  e x c e s s  o f  15 m/sec ( 3 0  knts) were recorded  a t  t h e  Deadhorse 

a i r p o r t  f o r  a  p e r i o d  of 1 2  o r  more hours .  Although t h e s e  winds moved 

c o n s i d e r a b l e  snow, t h e  p r o f i l e s  b e f o r e  and a f t e r  t h e  wind e v e n t s  a t  b o t h  

t e s t  s i t e s  were e s s e n t i a l l y  unchanged. Ridges and t r o u g h s  c o i n c i d e d  

before  and a f t e r  t h e  wind e v e n t s .  A d d i t i o n a l l y ,  s imple  downwind 

e x t e n s i o n  o f  snow r i d g e s  was n o t  observed.  The changes  i n  snow dep th  a s  

measured a t  S i t e s  1 and 3 a r e  i l l u s t r a t e d  i n  F igure  9 a l o n g  wi th  t h e  

wind d a t a  which show t h e  wind e v e n t s  between t h e  two surveys .  

The t ime Lapse camera r e c o r d  i l l u s t r a t e d  t r a n s i e n t  snow movement 

e v e n t s  y e t  a l s o  a t t e s t e d  t o  t h e  s t a b i l i t y  of t h e  snow r i d g e s .  On May 

2nd, when wind v e l o c i t i e s  a t  t h e  Deadhorse a i r p o r t  were i n  e x c e s s  of 

1  0 m/sec ( 2 0  k n t s )  , t h e  f i l m  showed snow s p o t s  o f  i r r e g u l a r  o u t l i n e  and 

d r i f t s  w i t h  a ba rchan- l ike  £ o m  m i g r a t i n g  downwind t e m p o r a r i l y  c o v e r i n g  

and uncover ing s t a t i o n a r y  snow r i d g e s .  Between t h e  6 t h  o f  May and t h e  

15th  of May wind speeds  i n  e x c e s s  of 10 m/sec ( 2 0  k n t s )  were recorded  

and a  s i m i l a r  movement o f  snow s p o t s  was observed a l though  t h e  barchan- 

l i k e  forms were l e s s  w e l l  d e v e l o p d ;  r a t h e r ,  r i p p l e - l i k e  f e a t u r e s  

t r a n s v e r s e  t o  t h e  wind were developed. The s a s t r u g i - s c u l p t u r e d  snow 

r i d g e s  r ~ r t a i n e d  e s s e n t i a l l y  unchanged. 
2 0 



SFlOW PROFILE CHANGES 
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Figure  9. W p l i c a t e  snow d e p t h  measurements a t  S i t e s  1 and 3 showing t h e  small 
changes occurr ing  during t w o  wind e v e n t s  w i t h  v e l o c i t i e s  i n  e x c e s s  of 20 
k n o t s .  Wind data from t h e  airport a t  Prudhoe Bay i s  shown i n  t h e  inset. 



Diving Observa t ions  

Diving o b s e r v a t i o n s  on t h e  u n d e r s u r f a c e  o f  t h e  i c e  were 

s u r p r i s i n g l y  s i m i l a r  a t  t h e  t h r e e  d i s t i n c t l y  d i f f e r e n t  environments .  

Observa t ions  were hampered by low l i g h t  l e v e l s  under  t h e  i c e  due t o  t h e  

l a r g e  q u a n t i t y  o f  sed iment  i n c l u d e d  i n  t h e  upper part of t h e  i c e  canopy. 

The broad u n d u l a t i o n s  seen  by s ide -scan  and upward-looking s o n a r  a r e  n o t  

v i s i b l e  t o  t h e  e y e ,  even  w i t h  5-1 0 rn v i s i b i l i t y .  Smal le r  u n d u l a t i o n s ,  

forming 5 t o  8 cm deep d iver -exhaus t  a i r  p o o l s ,  2 t o  6 m i n  d i a m e t e r ,  

were o b s e r v a b l e  o n l y  because o f  t h e  t r a p p e d  a i r .  The s m a l l e s t  a i r  p o o l s  

o u t l i n e d  2 x 10 cm long d e p r e s s i o n s  t h a t  a r e  abou t  0.5 t o  1 cm deep, and 

o r i e n t e d  p a r a l l e l  t o  t h e  i c e  c r y s t a l  f a b r i c .  Under p r o p e r  l i g h t i n g  t h i s  

f a b r i c  was d i s t i n c t ,  and over  d i s t a n c e s  o f  1  t o  3 m, p a r a l l e l .  

Randomly d i s t r i b u t e d  i c e  s t a l a c t i t e s ,  a b o u t  2 m a p a r t ,  and 3 cm t o  

5 0  cm long were t h e  most d i s t i n c t  sub- ice  f e a t u r e s .  These s t a l a c t i t e s  

c o n s i s t  of a v e r y  f r a g i l e  c r y s t a l  m a t r i x .  The l a r g e  o n e s  a p p a r e n t l y  

have hollow c o r e s .  The s t a l a c t i t e s  mark b r i n e  channe l  openings  from 

0.5 cm t o  8 cm i n  d iamete r  ( l a r g e  enough t o  i n s e r t  a l l  f o u r  f i n g e r s  o f  a  

g loved hand) .  One of the s t a l a c t i t e s  ws observed c l o s e l y  was about  

10 cm long and was a c t i v e l y  s p i l l i n g  a  plume of b r i n e ,  10 t o  2 0  an long ,  

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

d r a i n a g e  o f  wa te r  we p l a c e d  on the i c e  s u r f a c e  d u r i n g  trench-making 

a c t i v i t i e s .  Under t h e  p r e v a i l i n g  c o n d i t i o n s  o f  open b r i n e  c h a n n e l s ,  o u r  

b r e a t h  exhaust l eaked  through t h e  f a s t  i c e  ve ry  r a p i d l y  so t h a t  3 m 

d iamete r ,  5-8 cm deep a i r  p o o l s  d i s a p p e a r e d  i n  s e v e r a l  minu tes  whi le  

bubbl i rqwas observed on t h e  i c e  s u r f a c e  a s  t h e  a i r  escaped.  

I n  summary, our  r e s u l t s  show a  s t r o n g  c o r r e l a t i o n  between measured 



I n  summary, o u r  r e s u l t s  show a s t r o n g  c o r r e l a t i o n  be tween measured  

snow d e p t n  and Ice thickness and  a good c o r r e l a t i o n  be tween t h e  

morphology a s  e x p r e s s e d  by t h e  o r i e n t a t i o n  and t h e  wave leng th  o f  snow 

r i d g e s  and  u n d e r - i c e  s u r f a c e  r e l i e f .  The o b s e r v e d  s t a b i l i t y  o f  snow 

r i d g e s  i n d i c a t e s  t h a t  t h e  s u r f a c e  snow p a t t e r n  i s  o f  pr ime i m p o r t a n c e  i n  

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

e n v i r o n m e n t s  o f  t h e  f a s t  ice  i n  t h e  Prudhoe Bay a r e a .  

D I S C U S S I O N  

The c o r r e l a t i o n  and c h a r a c t e r  o f  snow and i c e  r e l i e f  h a s  

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

u n d e r - i c e  o i l  e n t r a p m e n t ,  and  t h e  p h y s i c a l  d i f f e r e n c e s  be tween t h e  

d i f f e r e n t  s i t e s  s t u d i e d .  

If snow r i d g e s  a c t i v e l y  m i g r a t e  d u r i n g  w i n t e r ,  t h e i r  i n s u l a t i n g  

e f f e c t  on  t h e  s e a  ice would be m i t i g a t e d  as t h e y  m i g r a t e d  a c r o s s  t h e  

s u r f a c e ,  t e n d i n g  t o  smooth o u t  h e a t  t r a n s f e r  d i f f e r e n c e s .  Consequen t ly  

d i f f e r e n c e s  i n  i c e  t h i c k n e s s e s  would be less and u n r e l a t e d  t o  snow 

p a t t e r n s .  The c o r r e l a t i o n  between i c e  t h i c k n e s s  and snow d e p t h ,  and  

s i m i l a r i t i e s  be tween s u r f a c e  snow p a t t e r n s  and  u n d e r - i c e  r e l i e f  s u g g e s t  

t h a t  t h e  snow r i d g e  and t r o u g h  c h a r a c t e r  is s t a b l e  t h r o u g h o u t  most  o f  

t h e  w i n t e r .  T h i s  i s  c o n t r a r y  t o  t h e  i n t u i t i v e  o b s e r v a t i o n  t h a t  t h e  

wind- face t ed  s a s t r u g i  and d r i f t i n g  snow i n d i c a t e  t h e s e  bedforms are i n  

c o n s t a n t  m o t i o n  t h r o u g h  t h e  w i n t e r .  I n s t e a d ,  i t  a p p e a r s ,  a s  shown i n  

o u r  t i m e - l a p s e  pho tog raphy ,  t h a t  snow s p o t s  a n d / o r  b a r c h a n s  are  t h e  

mob i l e  m a n i f e s t a t i o n  o f  a s m a l l  segment o f  t h e  snow c o v e r  a t  t i m e s  o f  

wind-dr iven  snow e v e n t s .  Futhermore ,  i t  a p p e a r s  t h a t  t h e  snow i n  

t r a n s i t  d o e s  n o t  a f f e c t  t h e  b a s i c  d i s t r i b u t i o n  of snow r i d g e s  and  

t r o u g h s .  



The snow-ice c o r r e l a t i o n  a l s o  s u g g e s t s  t h a t  t h e  i n t e r m i t t e n t  

p r e s e n c e  and movement of snow p a t c h e s  i s  a p p a r e n t l y  less i m p o r t a n t  i n  

t h e  o v e r a l l  t h e r m a l  regime t h a n  t h e  u n d e r l y i n g  snow r i d q e .  The e f f e c t  

of moving snow p a t c h e s  may b e  t o  i n c r e a s e  t h e  a v e r a g e  i n s u l a t i o n  e f f e c t  

o n  t h e  s e a  ice.  The d a t a  a l s o  s u g g e s t  t h a t  t h e  o r i e n t e d  snow r i d g e s  and  

t r o u g h s  p r o b a b l y  form e a r l y  i n  t h e  ice growth  s e a s o n  t o  a l l o w  s u f f i c i e n t  

t i m e  f o r  development  of  ice  t h i c k n e s s  v a r i a t i o n s .  T h i s  a l s o  s u g g e s t s  

t h a t  n o r t h e a s t e r l y  winds  a r e  p r e v a l e n t  e a r l y  i n  t h e  s e a s o n  and m a i n t a i n  

t h e m s e l v e s  a s  t h e  dominant  f o r c e  t h r o u g h o u t  t h e  w i n t e r  (Aagaa rd ,  1978) .  

A v a r i e t y  o f  winds from o t h e r  d i r e c t i o n s  m i g h t  b e  e x p e c t e d  t o  c o m p l i c a t e  

t h e  snow p a t t e r n  and d i f f u s e  t h e  c o r r e l a t i o n  be tween i c e  t h i c k n e s s  and 

snow d e p t h .  

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

t r o u g h s  o n  t h e  u n d e r s u r f a c e  o f  t h e  f a s t  ice.  An a s s u m p t i o n  had t o  be 

made r e y a r d i n g  t h e  v o i d s  t o  be  c o n s i d e r e d  f o r  t h i s  c a l c u l a t i o n .  A s  o i l  

r e a c h e s  t h e  u n d e r s u r f a c e  o f  t h e  ice it w i l l  s p r e a d  l a t e r a l l y ,  e q u a l i z i n g  

a t  some "dep th"  b e n e a t h  t h e  ice  depend ing  on t h e  e l e v a t i o n  o f  " p a s s e s "  

be tween a d j o i n i n g  r i d g e s  and  t r o u g h s  o n  t h e  u n d e r - i c e  s u r f a c e .  

I n t u i t i v e l y  i t  seemed r e a s o n a b l e  t o  assume t h a t  " p a s s e s "  i n  t h e  under-  

i c e  r i d q e  and t r o u g h  p a t t e r n  would e x i s t  n e a r  t h e  mean d r a f t  computed 

f o r  t h e  i c e .  Thus t h e  v o i d s  d e t e r m i n e d  from our  c a l c u l a t i o n s  a r e  b a s e d  

on t h e  r e l i e f  above t h e  computed mean d r a f t  a t  e a c h  s i t e .  Our 

c a l c u l a t i o n s  d i f f e r  from t h o s e  done by Kovacs ( 1977)  i n  t h a t  we use  t h e  

d r a f t  v a r i a t i o n s  o f  o u r  ice r a t h e r  t h a n  ice t h i c k n e s s  t o  compute v o i d s .  

D r a f t  v a l u e s  t a k e  i n t o  a c c o u n t  t h e  i s o s t a t i c  e f f e c t s  and r e s u l t  i n  l o w e r  

volume c a l c u l a t i o n s .  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  show a 

c o n s i d e r a b l e  d i f f e r e n c e  between t h e  t h r e e  s i t e s  b u t  a l l  s i t e s  have  

3 3  2 v a l u e s  o f  t h e  same o r d e r  o f  maqni tude  ( 2 5  t o  4 7  x 1 0  m /km ) y e t  a r e  



comparable  t o  t h e  v a l u e s  o b t a i n e d  by Kovacs i n  1977 ( T a b l e  I T ) .    his 

s u g g e s t s  t h a t  i n  t h e  f a s t  ice  zones  where ice i s  presumed t o  be  f l a t ,  a 

c o n s i d e r a b l e  volume o f  o i l  c o u l d  be c o n t a i n e d  on  t h e  u n d e r s u r f a c e  o f  t h e  

f a s t  ice  i n  a  r a t h e r  s m a l l  a r e a  ( 6 0 0  t o  1200 b a r r e l s  per a c r e ) .  

Each s i t e  a p p e a r s  t o  be  a unique  p h y s i c a l  env i ronmen t  a s  was 

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

d i s c u s s e d .  S i t e  1 showed a  good c o r r e l a t i o n  be tween snow d e p t h  and i c e  

t h i c k n e s s  and  i s  b e l i e v e d  t o  r e p r e s e n t  t h e  s t a b i l i t y  o f  t h e  i c e  i n  

Prudhoe Bay. However, t h e  a v e r a g e  i c e  t h i c k n e s s  and  computed i c e  

t h i c k n e s s  were t h i n n e r  a t  Prudhoe Bay t h a n  a t  t h e  o t h e r  two s i t e s  by 

a b o u t  2 0  cm ( T a b l e  11), r e f l e c t i n g  t h e  f a c t  t h a t  h i g h  s u b - i c e  s a l i n i t i e s  

r e s u l t e d  i n  l ower  f r e e z i n g  t e m p s r a t u r e s  and a  s l o w e r  r a t e  o f  i c e  growth  

t h a n  a t  t h e  o t h e r  s i tes.  

The a v e r a g e  snow d e p t h  a t  S i t e  1  i s  t h e  same a s  a t  S i t e  3  b u t  

d e e p e r  t h a n  a t  S i t e  2. On t h e  t u n d r a  t h e  a v e r a g e  snow d e p t h  w a s  n o t e d  

by Benson and o t h e r s  ( 1974, p. 2 4 )  t o  be  32 cm. Our s i t es  c l o s e s t  t o  

t h e  t u n d r a ,  S i t e s  1 and  3, show 24 cm a v e r a g e  snow d e p t h  w h i l e  o u r  s i t e  

f u r t h e s t  from s h o r e ,  Site 2, shows o n l y  15 cm o f  snow d e p t h ,  i m p l y i n g  a  

g r a d i e n t  o f  i n c r e a s i n g  snow d e p t h s  i n  an  o n s h o r e  d i r e c t i o n .  T h i s  

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

which t h e  snow i s  a c c u m u l a t i n g .  A t e r r a i n  w i t h  a  g r e a t  d e a l  of r e l i e f  

would n a t u r a l l y  accumula t e  a  g r e a t e r  a v e r a g e  snow d e p t h  due t o  t h e  

p r e s e n c e  of  l a r g e r  t r a p s ,  whereas  a t e r r a i n  o f  low r e l i e f  would p r o v i d e  

l e s s  o b s t r u c t i o n  t o  t h e  f l o w  o f  blown snow. Indeed t h i s  i s  what  we 

o b s e r v e d ,  i n  t h a t  t h e  o b s e r v e d  range  and f r e e b o a r d  i s  l e a s t  a t  o u r  

o f f s h o r e  s i t e ,  b e i n g  a b o u t  10 cm, w h i l e  a t  t h e  i n s h o r e  s i t e s  t h e  r a n g e  

i s  a b o u t  2 0  cm. The r e l i e f  o n  t h e  t u n d r a  i s  e v e n  g r e a t e r  (Benson and 

o t h e r s ,  1975)  . 



TABLE I1 

SITE COMPARISONS 

Observed 
Average 
Freeboard 

Snow Depth 

10 crn 

13 crn 

Ice Thickness 
Correlation 
Coefficient 

Site II 1 -0.73 
Prudhoe Bay 

8 site # 2 -0.50 
Stefansson Sound 

Site # 3 -0.71 
Tidal Inlet 

Kovac s, 197 7 

Sub-ice Water 
Temp. S a l i n i t y  

Ice. Thickness 
Computed for 
'0' Snow depth 

173 cm 

184 cm 

184 cm 

Observed 
Average Ice 
Thickness 

134 cm 

157 cm 

153 cm 

190 crn 

Sub-ice Voids 
W v e  Average 
Draft 

Observed 
Average 
SnowDepth 

24 cm 

15 cm 

24 cm 

a )  measured 15 km to E in Stefansson Sound 



A t  S i t e  2 t h e r e  i s  a weaker  c o r r e l a t i o n  be tween ice t h i c k n e s s  and  

snow d e p t h  as compared w i t h  t h e  o t h e r  two s i t e s .  Fu r the rmore ,  t h i s  s i t e  

h a s  t h e  s m a l l e s t  v a l u e  f o r  s u b - i c e  v o i d s .  W e  s u g g e s t  t h a t  ice  m o t i o n  

p r o b a b l y  o c c u r r e d  h e r e  e a r l y  i n  t h e  ice growth  s e a s o n .  Even a  s m a l l  

r o t a t i o n  c o u l d  c a u s e  snow p a t t e r n s  t o  b e  r e a l i g n e d  and new areas o f  

g r e a t e r  o r  lesser i n s u l a t i o n  t o  d e v e l o p ,  t h u s  m i t i g a t i n g  some o f  t h e  

e a r l y  s e a s o n  t h i c k n e s s  v a r i a t i o n s .  A s  a  r e s u l t ,  l a t e  s e a s o n  

c o r r e l a t i o n s  o f  i c e  t h i c k n e s s  and  snow d e p t h  would n o t  be as w e l l  

d e v l o p d .  

S i t e  3 i s  c h a r a c t e r i z e d  by a  good c o r r e l a t i o n  be tween snow d e p t h  

and i c e  t h i c k n e s s  and  by a n  ex t r eme  v a r i a t i o n  i n  f r e e b o a r d .  The snow 

d e p t h - i c e  t h i c k n e s s  c o r r e l a t i o n  s u g g e s t s  s t r o n g l y  t h a t  c u r r e n t s  a r e  less 

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

snow. I t  i s  i n t e r e s t i n g  t o  n o t e  t h i s  c o n c l u s i o n  i n  l i g h t  o f  t h e  r e c e n t  

work by  Kovacs and o t h e r s  (1978 ) ,  which shows a  s t r o n g  r e l a t i o n s h i p  

be tween i c e  c r y s t a l  o r i e n t a t i o n  and s u b - i c e  c u r r e n t  d i r e c t i o n s .  

E v i d e n t l y  t h e r e  i s  no s t r o n g  c o r r e l a t i o n  be tween ice t h i c k n e s s ,  under-  

i c e  r e l i e f  and  c r y s t a l  o r i e n t a t i o n .  The 3 0  cm r ange  i n  f r e e b o a r d ,  f rom 

2 3  c m  above w a t e r  l e v e l  t o  7 cm below, s u g g e s t s  t h a t  t h e  i c e  i n  t h i s  

t i d a l  i n l e t  may be u n d e r  stress from mot ion  e a r l y  i n  t h e  yrowth  p e r i o d  

o r  from s t r e s s e s  d e v e l o p d  d u r i n g  t h e  growth  o f  t h e  i c e  canopy due t o  

c o n f i n e m e n t  be tween t h e  i s l a n d s .  

The g e o l o g i c  i m p l i c a t i o n s  o f  t h e  s u r f a c e  snow p a t t e r n  and i t s  

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

morphology a r e  minor .  Reimni tz  a n d  o t h e r s  ( 1978) ,  have  d e s c r i b e d  

windblown s e d i m e n t  a c c u m u l a t i o n s  t h a t  o c c u r  only i n  the  upper p a r t s  of 



t h e  snow on t h e  f a s t  ice .  I n  l i g h t  o f  t h e  s t a b i l i t y  o f  t h e  snow r i d g e  

and t r o u g h  topography ,  e o l i a n  m a t e r i a l  would be found o n l y  o n  t h e  upper 

s u r f a c e  of t h e  more s t a b l e  snow r i d g e s  and  a s s o c i a t e d  w i t h  snow s p o t s .  

T o i m i l  and B i m n i t z  ( 19781, show a p a t t e r n  o f  h e r r i n g b o n e  r e f l e c t o r s  on  

s i d e - s c a n n i n g  r e c o r d s  which t h e y  a s c r i b e  t o  h e l i c a l  f l ow.  The 

t r a n s v e r s e  wave leng th  of  t h e s e  f e a t u r e s  i s  a b o u t  1 0  m which c o r r e s p o n d s  

t o  t h e  1 0  m wave leng th  be tween r i d g e s  on  t h e  u n d e r s u r f a c e  o f  t h e  i c e .  

This r i d g e  and t r o u g h  sys t em may be  r e s p o n s i b l e  f o r  t h e  s p a c i n g  and t h e  

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

I m p l i c a t i o n s  f o r  O f f s h o r e  Development 

S e v e r a l  i m p l i c a t i o n s  hecome a p p a r e n t  f o r  ice management i n  a n  

o f f s h o r e  development  s i t u a t i o n .  Ice t h i c k n e s s  c a n  be c o n t r o l l e d  by 

v a r y i n g  snow d e p t h .  Maintenance  o f  a snow-free  r i n g  a round  t h e  

deve lopmen t  s i t e  c o u l d  c a u s e  i c e  t o  grow t h i c k e r  and o b s t r u c t  outward  

f l o w  o f  o i l .  I f  t h e  removed snow were  p i l e d  d e e p e r  on  a n  i n n e r  r i n g ,  

t h e  i c e  would be i n s u l a t e d ,  d e c r e a s i n g  i c e  growth ,  and  c a u s i n g  a n a t u r a l  

r i ng - shaped  p o c k e t  t o  form on  t h e  u n d e r s u r f a c e  o f  t h e  i c e  and f l o a t i n g  

s u b - i c e  o i l  would g a t h e r  i n s i d e  o f  t h e  t h i c k e r  i c e  r i d g e .  

I f  a n  ice s p i l l  o c c u r r e d  i n  a n a t u r a l  snow and ice e n v i r o n m e n t ,  

a c c u m u l a t i o n s  o f  o i l  would be g r e a t  unde r  snow r i d g e s .  A s  t h e s e  r i d g e s  

w i l l  have t h e  t h i n n e s t  i c e  and t h e  g r e a t e s t  a c c u m u l a t i o n  o f  o i l ,  a  

l o g i c a l  app roach  t o  c l e a n - u p  might be  t o  drill h o l e s  i n  t h e  snow r i d g e s .  

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

m i g r a t i o n  would p a r a l l e l  t h e  s u r f a c e  snow-ridge p a t t e r n .  One would not 

e x p c t  a  c i r c u l a r  o i l  s p r e a d  h u t  r a t h e r  a more e l o n g a t e  o i l  s p r e a d  

p a r a l l e l i n g  t h e  s u r f a c e  snow p a t t e r n .  
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