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AIDJEX problems and a source of information pertinent t o  a l l  
AIDJEX participants. Issues--nwnbered, dated, and sometimes 
subtitled--contain technical materia 2 close Zy related t o  AIDJEX, 
informal reports on theoretical and f i e l d  work, translations 
of relevant s c i e n t i f i c  reports, and discussions of interim 
AIDJEX results.  

The f i r s t  part of Bulletin No. 27 covers several subjects, among 
them the AIDJEXmodel and the goals for  remote sensing during 
the main experiment. 
on page 117) i s  devoted t o  the AIDJEX lead experiment of Zast 
spring. 

The second half of the Bulletin (starting 

We are indebted t o  - The Australian Student, voZ. 9 ( 3 ) ,  A p r i l  1973, 
fo r  the folZowing succint description of AIDJEX, passed on t o  us 
t h i s  s m e r  by Gunter WelZer: 

American sc i en t i s t s  are descending i n t o  a hole cut i n  an 
i c e  f loe  about 270 miles north-west of Cape Barrow, a t  the 
northern t i p  o f  Alaska. The i c e  f l oe ,  three-quarters of a 
miZe long, half a mile wide and nine f e e t  deep, i s  being 
studied as part of an intensive research in to  Arctic Ocean 
icebergs and the i r  e f f e c t  on world climatic conditions. 
The project,  called the Arctic Ice Dynamics Joint Experi- 
ment (AIDJEX),  w i l l  be conducted i n  stages u n t i l  1976. 

We share D r .  WeZZer's apprehension, expressed i n  an attached note: 
"Just hope that not a12 of the American sc i en t i s t s  are descending 
in to  that dreadful hole." 

Any correspondence concerning the Bulletin should be addressed t o  
Alma Johnson, Editor 
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4059 RooseveZt Way N.E. 
SeattZe, Washington 98105 



THE USE OF SATELLITE PHOTOGRAPHS TO G I V E  
THE MOVEMENT AND DEFORMATION OF SEA I C E  
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ABSTRACT 

A prel iminary study of ERTS-A 1973 photography of t he  
AIDJEX area has been made t o  test the  hypothesis t h a t  t h e  pack 
ice can be modeled as a continuum and t o  examine t h e  spat ia l  
s c a l e s  involved, I n  a l l  t h r e e  cases  examined t h e r e  w a s  a spa t i a l  
v a r i a t i o n  of ice ve loc i ty  on a scale of some 500 kw, with smaller- 
s c a l e  v a r i a t i o n s  of smaller amplitude superimposed. The la rge-  
s c a l e  v e l o c i t y  va r i ed  from about 8 lan day” t o  zero,  while t h e  
small-scale v a r i a t i o n s  were about 0.3 km day”. 
ca lcu la ted  from t h e  la rge-sca le  ve loc i ty  var ied  from 2.5% day” 
t o  zero. 
gauge. l eng th  has on measured s t r a i n  rates. Our prel iminary 
r e s u l t s  suggest t h a t  a gauge length  of 50 la may g ive  a s t r a i n  
rate d i f f e r i n g  from the  reg iona l  average by about 1% day’l; f o r  
a gau.ge length  of 100 km the  corresponding f i g u r e  w a s  0.4% day” 
f o r  a l l  t h r e e  cases examined. 

Our measurements support  t h e  adoption of a continuum model 
f o r  t h e  pack ice and suggest that measurements adequate f o r  t h e  
purposes of the  AIDJEX model w i l l  be r e a d i l y  obta inable  during 
spr ing  1975 from ERTS-B p i c t u r e s ,  provided of course t h a t  t he  
satell i te is  operat ing.  Comparison with t h e  model during the  
Main Experiment may be done with s t r a i n  rate and with ve loc i ty .  
The s t r a i n  rate may be obtained by superimposing successive 
ERTS p i c t u r e s  of the  same ice fea tu res .  The displacement of ice 
f e a t u r e s  over an i n t e r v a l  of a few days may a l s o  be measured 
s a t i s f a c t o r i l y ,  p a r t i c u l a r l y  when the  information from ERTS is  
combined wi th  t h a t  from the  manned camps and the  d a t a  buoys. 
This  can be done without t hese  s t a t i o n s  being v i s i b l e  on the  
Photographs. 

on displacement t o  check t h e  model could be obtained from a i r c r a f t  

The s t r a i n  rate 

From the  photographs one can assess what e f f e c t  t he  

I f  ERTS-B is not  opera t ing  i t  i s  suggested t h a t  information 
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photographs, using t h e  navigation system of t h e  a i r c r a f t  t o  
determine the  geographical pos i t i on  of t he  ice  f ea tu res .  
A l t e rna t ive ly ,  a new method of stereophotogrammetry without 
use of ground con t ro l  is suggested. 

1. INTRODUCTION 

Movement and deformation s t u d i e s  of sea ice  using the  photographs 

taken by t h e  f i r s t  Earth Resources Technology S a t e l l i t e  (ERTS-A) have 

already been made by Crowder e t  a l .  [1974], Hibler e t  a l .  [ i n  p r e s s ] ,  Shapiro and 

Burns [ i n  p re s s ] ,  and Barnes and Bowley [19741. This r epor t  descr ibes  some 

exploratory work on a set of 1973 ERTS photographs d i r ec t ed  s p e c i f i c a l l y  

t o  t h e  needs of the AIDJEX modeling group. We wanted t o  f ind out how much 

information about i c e  movement and deformation use fu l  t o  the modeling group 

t h i s  set of photographs contains ,  and t o  f ind  the bes t  way of ex t r ac t ing  it .  

I f  the second satell i te,  ERTS-B, w e r e  t o  be launched before the Main Experi- 

ment i n  1975, o r  i f  ERTS-A were s t i l l  operating, w e  should then know i n  

advance how use fu l  i t  w a s  l i k e l y  t o  be i n  checking the predict ions of the 

AIDJEX model about the movement and deformation of t h e  sea i c e .  But, whether 

o r  not ERTS-B is  launched i n  t i m e ,  w e  wanted t o  use the ERTS-A photographs 

t o  test the  working hypothesis of t he  AIDJEX modeling group that on some 

scale o r  scales the ice could be modeled as a continuum (see Rothrock [ i n  

p re s s ]  and Nye [1974] f o r  statements of t h i s  hypothesis).  

The general  conclusion from our l imi t ed  study i s  t h a t  the continuum 

hypothesis is  a sound one. 

rate deduced from t h e  changing d i s t ance  between two points  f ixed  i n  the  ice 

w i l l  depend on the  exact l oca t ion  of t he  points  and on t h e i r  d i s t ance  a p a r t  

[Nye, 19731. I f  t h e  gauge length is small, t he  r e s u l t  w i l l  depend s t rong ly  

on its exact pos i t i on ;  we  must choose the  gauge length long enough t o  reduce 

t h i s  source of scatter, but  a t  t h e  same t i m e  not make i t  so long t h a t  we  

average out s i g n i f i c a n t  d e t a i l  i n  t he  s p a t i a l  v a r i a t i o n  of the s t r a i n .  

Hibler e t  a l .  [1973] have concluded from point-to-point d i s t ance  measurements, 

made with a laser-beam instrument,  t h a t  t he  scatter due t o  inhomogeneities 

i n  t h e  ice w i l l  decrease as Z-’, where 2 i s  the gauge length.  

we  present some preliminary r e s u l t s  from the  ERTS p i c t u r e s  on t h i s  matter of 

The next question is  one of s ca l e .  The s t r a i n  

I n  sec t ion  4 
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s e l e c t i n g  t h e  b e s t  gauge length ;  t he  ERTS p i c t u r e s  are i d e a l l y  s u i t e d  t o  

s tudying t h e  ques t ion ,  f o r  they conta in  a l l  t h e  spa t ia l  d e t a i l  t h a t  is 

needed a 

2. THE PHOTOGRAPHS AND THEIR ACCURACY 

About 750 ERTS-A p i c t u r e s  had been obtained by the  AIDJEX Data Bank 

from t h e  EROS Data Center covering the  per iod  from 6 March t o  28 September 

1973 and t h e  area between l a t i t u d e  69ON and 81°N and between longi tude  

125OW and 176OW (which inc ludes  the  region of the  Main Experiment). 

o rder  s p e c i f i e d  t h a t  t he  p i c t u r e s  should conta in  no more than  30% cloud 

cover. The ERTS Data User's Handbook [1972] desc r ibes  the  ERTS system and 

what i t  produces; a use fu l  s h o r t  summary is given by Swithinbank [1973]. 

The p i c t u r e s  we used were "bulk imagery, MSS Band 5." The image is  obtained 

by a scanning device t h a t  uses  an  o s c i l l a t i n g  mir ror  and i s  thus  e s s e n t i a l l y  

a s i n g l e  continuous s t r i p .  This is  later c u t  i n t o  frames. Before photo- 

graphic  p r i n t i n g  t h e  data are cor rec ted  t o  remove many sources  of d i s t o r t i o n ,  

such as th.e tilt of t he  sa te l l i t e  and the movement of t he  scanning platform. 

A s a  r e s u l t ,  each photogrpah is  a map on a s c a l e  of 1:1,000,000 with  very 

l i t t l e  d i s t o r t i o n .  

The 

The accuracy of this map can be s p e c i f i e d  i n  va r ious  ways. By super- 

imposing an ERTS p o s i t i v e  t ransparency upon a 1:1,000,000 map of t he  Puget 

Sound area! (northwest U.S.A.) i n  the  p o s i t i o n  of b e s t  f i t ,  John Sherman 

(personal  communication) f i n d s  an e r r o r  i n  p o s i t i o n  of only 70 m (0.07 mm 

on t h e  photograph), which i s  about t he  r e so lv ing  power of t h e  system. 

Table F.1-6 of t he  ERTS Data User's Handbook estimates a " r e g i s t r a t i o n  

accuracy,"' which is not  q u i t e  t h e  same th ing ,  of 159 m. However, both a r e  

q u i t e  d i f f e r e n t  from t h e  p o s i t i o n a l  mapping accuracy, which is a measure of 

t he  accuracy of t he  l a t i t u d e  and longi tude  of a poin t .  The l a t i t u d e  and 

longi tude  of t h e  format cen te r  are p r in t ed  a t  t h e  edge of t h e  photograph. 

The Handbook (Table F.l-6) estimates p o s i t i o n a l  mapping accuracy as 757 m 
f o r  paper p r i n t s ;  an inaccuracy of 1 km is o f t e n  found i n  p r a c t i c e  (Nugent, 
personal  c.ommunication), and i n  one case  an  e r r o r  of 8 ka w a s  found. W e  f i n d  

t h a t ,  if w e  r e g i s t e r  t w o  success ive  frames by the  d e t a i l  they have i n  common 
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( the  opera t ion  of t h e  scanner means t h a t  t h i s  is a c t u a l l y  the  same da ta ,  

bu t  presumably cor rec ted  s l i g h t l y  d i f f e r e n t l y  f o r  each frame), the l a t i t u d e  

and longi tude  t i c k s  on t h e  edges of t h e  two photographs d i s a g r e e  t y p i c a l l y  

by 2 km. 

whether t o  use the  inner  o r  t he  ou te r  end, is  i n  doubt. There is a l s o  doubt 

as t o  how t o  draw t h e  l a t i t u d e  l i n e s ,  which a r e  not iceably  curved i n  t h e s e  

high l a t i t u d e s . )  Cartographers overcome these  d i f f i c u l t i e s  by using ground 

con t ro l .  W e  cannot do t h i s ,  un le s s  by chance a s t r i p  of usable  photographs 

c rosses  a c o a s t l i n e .  

t o  a r o t a t i o n  of the  whole s t r i p  about t h e  i n t e r s e c t i o n  of the s t r i p  wi th  

the  coas t  line. 

(The exact i n t e r p r e t a t i o n  of t h e  l a t i t u d e  and longi tude  t i c k s ,  

Even then t h e r e  would be a cumulative e r r o r  corresponding 

The impl i ca t ion  of a l l  t h i s  f o r  our problem i s  t h a t  we can expect t o  

be a b l e  t o  measure t h e  displacement of i c e  f e a t u r e s  t o  wi th in  about 1 o r  2 km. 

On t h e  o t h e r  hand, w e  could expect t o  measure a reZative displacement between 

two i c e  f e a t u r e s  on the  same photograph of 100 t o  200 m. Then a s t r a i n  of 

1% would be j u s t  d e t e c t a b l e  with a gauge l eng th  of 10 km. 

l eng th  of 100 km w e  could expect t o  measure s t r a i n  with an e r r o r  of 0.1% 

strain.  

With a gauge 

These accurac ies  depend upon being a b l e  t o  i d e n t i f y  t h e  same c lear -cu t  

f e a t u r e  a t  d i f f e r e n t  t i m e s .  This is  poss ib l e  i n  p r a c t i c e  over a period of 

a few days. Over a longer  per iod ,  say ,  1 8  days, a f e a t u r e  may remain 

i d e n t i f i a b l e  bu t  may change i n  d e t a i l .  Thus, i f  one sets out  t o  measure 

s t r a i n  rate, the  e f f e c t  of lengthening the  period of observa t ion  is  t h a t  

a t  f i r s t  one ga ins  i n  p rec i s ion ,  because the  s t r a i n  t o  be measured inc reases ,  

but later one may l o s e  p rec i s ion  because the  f e a t u r e s  become less d i s t i n c t .  

3 .  MEASUREMENTS OF DISPLACEMENT AND STRAIN 

The AIDJEX D a t a  Bank has l i s t e d  its holdings of ERTS photographs, 

i den t i fy ing  each p i c t u r e  by l a t i t u d e  and longi tude  of t he  format center and 

by t i m e  [Stateman, 19741. A casua l  search  with the  he lp  of t h i s  l i s t i n g  

y ie lded  two p i c t u r e s ,  dated 7 May and 24 May 1973, which are reproduced 

he re  as Figures  l a  and l b .  The same i c e  f e a t u r e s ,  such a s  the  f l o e  marked i?, 

can be seen i n  both. The correspondence is much more r e a d i l y  seen when two 
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Fig. la.  Arc t ic  sea ice  (78'N, 126OW) on 7 May 
1973. ERTS photo no. E-1288-21151-5. 

t 

Fig. l b .  Approximately t h e  same area as Fig.  l a ,  
on 24 May 1973. ERTS photo no. E-1305-21092-5. 



p o s i t i v e  t r anspa renc ie s  are superimposed. 

made from t h e  paper o r i g i n a l s  using the  AIDJEX o f f i c e  photocopier.  

t h i s  machine i s  not designed t o  reproduce h a l f t o n e s  w e l l  and the  process  

g ives  a s i z e  change of some 0.7%, it enabled us  t o  have usab le  t ransparenc ies  

a t  once. It would, of course,  have been b e t t e r  t o  work on proper h a l f t o n e  

t ransparenc ies  had they been ava i l ab le .  

Transparencies  were t h e r e f o r e  

Although 

A l l  t he  work reported here  was 

done wi th  t ransparenc ies  produced from t h e  o f f i c e  photocopier.  

By drawing l a t i t u d e  and longi tude  l i n e s  on each p i c t u r e  and super- 

imposing them, displacements could be r e a d i l y  measured. They are t y p i c a l l y  

about 20 mm on the  p i c t u r e s ,  which corresponds t o  20 km, i n  a southwester ly  

d i r e c t i o n .  

r o t a t e d  clockwise through 4" (0.2' day-'), i t s  long a x i s  has extended by 4% 

(0.2% day''), and i t s  s h o r t  axis has remained about t h e  same leng th  (+2%, 

o r  +0.1% day"). The l a r g e  f l o e  &, which is 80 km long, has r o t a t e d  clock- 

w i s e  through t h e  same ang le  and t h e r e  are v i s i b l e  changes a t  i ts  edges, but  

i t  shows no measurable o v e r a l l  d i s t o r t i o n  (+2%, o r  20.1% day-'). 

The corresponding mean v e l o c i t y  is 1 km day-'. The f l o e  P has 

Figure 2 shows the  r e l a t i v e  motion of e i g h t  po in t s  i n  the  i c e  t h a t  
/ are v i s i b l e  i n  t h e  two p i c t u r e s .  They are jo ined  ( i n  a r b i t r a r y  p a i r s )  by 

s t r a i g h t  l i n e s .  The e i g h t  po in t s  f o r  7 May ( jo ined  by s o l i d  l i n e s )  are 

superimposed on the  corresponding e igh t  po in t s  f o r  24 May ( joined by broken 

l i n e s )  by making p o i n t s  0 on f l o e s  P coinc ide  ( t h i s  r e q u i r e s  a displacement 

of 1 5  km) and then r o t a t i n g  the  po in t s  f o r  24 May r i g i d l y  about 0 by 2.5" 

counterclockwise.  

is a measure of t he  s t r a i n .  One can see t h a t  t h e r e  has been an extension 

north-south of some 6% i n  1 7  days (0.4% day"). E a s t - w e s t  t h e r e  has been 

a compression ranging from 8% (0.5% day-') a t  the south  end of t he  f i g u r e  

t o  zero a t  the  n o r t h  end. 

The l a c k  of r e g i s t e r  that remains, as seen i n  Figure 2,  

The f a c t  t h a t  a f l o e  as l a r g e  as Q w a s  behaving r i g i d l y ,  w i th in  our 

l i m i t s  of accuracy, suggested t h a t  we should s tudy the  v a r i a t i o n  of d i sp lace-  

ments over l a r g e r  d i s t ances  than 100 krn. For t h i s  purpose f i v e  successive 

ERTS frames for 21 March 1973 w e r e  joined toge ther  so that t h e  overlapping 

ice d e t a i l  w a s  i n  r e g i s t e r .  

corresponding s t r i p  f o r  23 March 1973. W e  t r i e d  t o  make the  l a t i t u d e  and 

longi tude  :Lines co inc ide  f o r  both s t r i p s ;  i t  w a s  poss ib l e  t o  do t h i s  t o  

wi th in  about 2 km along t h e  whole length .  An z axis, 500 km long,  w a s  

The s t r i p  so formed w a s  superimposed on a 
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drawn down the center of t h e  overlap region and $he displacements over two 

days of ice  po in t s  o r i g i n a l l y  on the x axis could then be measured. 

0 50 100 km 
, I  

Fig. 2. Drawn from Figures l a  and l b  t o  show the d i s t o r t i o n  
of t he  ice  over a 17-day period. 

I n  Figure 3a the  x-component of displacement, u ,  is  p lo t t ed  a g a i n s t x .  

The most not iceable  f e a t u r e  of t hese  two s t r i p s  w a s  a series of zigzagging 

leads,  each a few kilometers wide, spaced a t  d i s t ances  of from 10  t o  60 km; 

the edges of t hese  l eads  provided near ly  a l l  t h e  measurement points .  

some cases measurable movement, widening (W) or  narrowing (N), took p l ace  

on them; t h e  u:x graph is  nearly ver t ical  a t  these  places.  On other  segments 
of t he  measurement l i n e  s t r a i n  occurred without any a c t i v e  l eads  o r  r idges  

being v i s i b l e .  Figure 3a shows a general  trend (broken l i n e )  of u increasing 

with x, t h a t  is, s t r e t ch ing ;  u changes from -9.6 km (-4.8 km day-’) t o  zero 

over a d i s t a n c e  of 500 km, while the s t r e t ch ing  rate increases  from 0.0% 

day-’ a t  t he  l e f t  (SW) t o  1.9% day-’ a t  the r i g h t  (NE). 

I n  

Superimposed on t h i s  
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general  t r end  t h e r e  are s p a t i a l  f l u c t u a t i o n s  of u which g ive  rise t o  a mean 

abso lu te  dev ia t ion  from t h e  broken l i n e  of 0.43 km (0 .22  km day-l). 

i s  a measure of t h e  d i f f e r e n c e  between t h e  a c t u a l  displacement ( o r  v e l o c i t y )  

of a p o i n t  and t h e  smoothed displacement ( o r  v e l o c i t y )  curve represented by 

t h e  broken l i n e .  Thus, on t h e  l e f t ,  t he  small-scale v a r i a t i o n s  i n  v e l o c i t y  

are 4.5% of t h e  t o t a l  v e l o c i t y .  

This 

We then moved t h e  x a x i s  p a r a l l e l  t o  i t s e l f  by 45 km t o  t h e  sou theas t  

and, as expected, w e  found a second u:x  graph (Fig.  3b) which w a s  s i m i l a r  

i n  general  f e a t u r e s  t o  t h e  f i r s t  one. The displacements i n  Figure 3b are 

c o n s i s t e n t l y  l a r g e r  than i n  Figure 3a, and t h e  smoothed s t r a i n  rate a t  t h e  

right-hand end i s  2.7% day'l. The mean abso lu te  dev ia t ion  i n  Figure 3b of 

t h e  observed displacements from t h e  smoothed curve i s  0.84 km (0 .42  km day'l) . 
Thus, a t  t h e  left-hand end of t h e  curve t h e  small-scale v a r i a t i o n s  i n  v e l o c i t y  

are 6.8% of t h e  t o t a l  ve loc i ty .  

The apparent s i z e  of t h e  f l o e s  is  considerably l a r g e r  from March t o  

May than i n  J u l y  and August. Because a smaller f l o e  s i z e  would presumably 

be more favorable  t o  a continuum model, w e  t r i e d  t o  f i n d  usable p a i r s  of 

photographs taken i n  t h e  summer. None w a s  found f o r  August o r  Ju ly ,  because 

of clouds. June gave two corresponding s t r i p s  (14 and 16 June 1973), and 

the  r e s u l t i n g  displacement measurements are shown i n  Figure 3c. The general  

t r end  is he re  adequately represented by a s t r a i g h t  l i n e  ( t h e  broken l i n e ) .  

A s  a measure of t h e  s p a t i a l  s c a l e  of t h i s  general  t r end  w e  no te  t h a t  i f  t h e  

t r end  continued t h e  displacement would f a l l  t o  zero a f t e r  900 km. The mean 

abso lu te  dev ia t ion  of t h e  measured p o i n t s  from t h i s  l i n e  i s  0.57 km 

(0.29 km day-l) . 
of the  t o t a l .  

Thus t h e  small-scale v a r i a t i o n s  i n  v e l o c i t y  are about 4% 

The discussion i n  s e c t i o n  2 suggests  t h a t  t he  relat ive  displacements 

between neighboring p o i n t s  i n  Figures 3a, 3b, and 3c could be made accurate  

t o  wi th in  about 0 . 1  o r  0.2 km. The p resen t  measurements are no t  q u i t e  as 

good as t h i s ,  bu t  w e  are s u r e  t h a t  t h e  dev ia t ions  of our measured po in t s  

from smoot'h curves r e f l e c t  real  inhomogeneities i n  t h e  s t r a i n  of t h e  i c e :  

9 



they are not simply e r r o r s  of measurement. However, t he  unce r t a in t i e s  i n  

l a t i t u d e  and longitude introduce a systematic e r r o r  of some 2 km i n  t he  

displacements. 

0. 

h -  

Y 
E -  
U 
3 -  

Fig. 3a. The v a r i a t i o n  of u ,  t he  z-component of displacement, 
with d i s t a n c e  x along a l i n e .  Period 21-23 March 1’973. From 
ERTS photos no. E-1241-21571-5 

64- 5 
62-5 
55-5 
53-5 

E-1243-22084-5 
81-5 
75-5 
7 2-5 
70-5 

- 
- 
- 

Fig. 3b. The same as Fig. 3a, but t he  z-axis has been moved 
45 km t o  the southeast .  



Fig. 3c. As f o r  Fig. 3a,  but f o r  a d i f f e r e n t  area later i n  t h e  
year  (14-16 June 1973). From ERTS photos no. E-1326-21273-5 

70-5 
64-5 

E-13 28-21383-5 
81-5 
74-5 

4. THE EFFECT OF GAUGE LENGTH 

W e  used Figures  3a,  3b, and 3c t o  answer the  quest ion:  i f  s t r a i n  r a t e  

averaged over two days were measured between two s p e c i f i c  po in t s  separated 

by a d i s t a n c e  2, how c l o s e  would the  r e s u l t  be t o  the  smoothed s t r a i n  rate 

represented by the broken curve? This is  r e l a t e d  t o  the  i n t e r p r e t a t i o n  of 

point-to-point s t r a i n  measurements on the  i c e  su r face  such as those of 

Hibler  e t  al. [1973] and t o  the  quest ions about t h e  d e f i n i t i o n  of s t r a i n  

rate r a i s e d  by Nye [19731. 

We chose the  poin t  P i n  Figure 3a, where the  smoothed s t r a i n  rate i s  

1.7% day", and w e  s e l ec t ed  a c e r t a i n  va lue  of 2; then,  by lay ing  down the  

gauge l eng th  i n  n d i f f e r e n t  pos i t i ons  i n  the neighborhood of P we made 

n d i f f e r e n t  measurements of t h e  s t r a i n  rate 5 (n w a s  about l o ) .  

measurements n a t u r a l l y  are s c a t t e r e d  around a value c l o s e  t o  the  smoothed 

The ind iv idua l  

value;  they are a l l  p lo t t ed  i n  Figure 4a a t  the  se l ec t ed  va lue  of 2. Then 

2 w a s  changed and t h e  procedure w a s  repeated. 

scatter of t h e  ind iv idua l  measurements decreases as 2 i nc reases ,  as expected; 

thus  a gauge l eng th  of 10  km gives a s t r a i n  rate of 1.6 * 1.2% day-' 

Figure 4a shows t h a t  t h e  

while  
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a gauge l eng th  of 50 km gives  1.6 2 0.4% day-'. Further  i n c r e a s e  of t he  

gauge length  does no t  i n  t h i s  case reduce the  s c a t t e r  apprec iab ly ,  

genera l ,  i t  would be expected t o  do so u n t i l  t he  gauge l eng ths  began t o  

sample p a r t s  of t h e  curve where the  smoothed s t r a i n  r a t e  w a s  appreciably 

d i f f e r e n t  . 

I n  

1 1.  I 1 I I I I 1 I 
50 100 01 

I (  k m )  

Fig. 4a. From Fig. 3a, showing the  r e s u l t  of measuring s t r a i n  rate 6 
with  increas ing  gauge l eng th  2. 
measurements; t he  open c i r c l e s  show the  mean va lues ;  t h e  c rosses  
show the  spread def ined by the  mean abso lu te  dev ia t ion .  

The d o t s  show the  ind iv idua l  

Figure 4b corresponds t o  Figure 3b. A t  t he  s e l e c t e d  poin t  P t he  s t r a i n  

For 2 = 10 km one f i n d s  rate measured from the  smoothed curve is  2.5% day". 

6 = 2.7 f 2.8% day-'; f o r  2 = 50 km, & = 2.4 t 1.4% day"; and f o r  2 = 100 km, 

= 2.4 k 0.4% day-'. Thus, i n  t h i s  case, a gauge l eng th  of 100 km is 

needed if the  la rge-sca le  s t r a i n  rate is t o  be measured wi th  an accuracy of 

0.4% day". 

Figure 4c corresponds t o  Figure 3c. S ince  t h e  smoothed curve i n  

Figure 3c i s  a s t r a i g h t  l i n e  t h e r e  is  no se l ec t ed  poin t  P ;  a l l  p o i n t s  have 

the  same smoothed s t r a i n  rate, which is  1.07% day-'. For 2 = 10 km one f i n d s  

1 2  
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Fig. 4b,  The same, from Fig. 3b. 
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-2 - I t  

Fig. 4c .  The same, from Fig. 3c .  
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= 0.7 2 1.4% day-’; f o r  = 50 km, = 0.9 k 1.0% day”; and f o r  = 100 km, 

= 1.1 ?r 0.4% day-’. It is i n t e r e s t i n g  t h a t ,  i n  s p i t e  of t h e  apparent 

smaller s i z e  of t h e  f l o e s  i n  t h i s  case, the  scatter of the  s t r a i n - r a t e  

measurements is much t h e  same as before.  

shown i n  Figures  4a, 4b, and 4c may be compared with t h e  Z 
suggested by Hibler  e t  a l .  [1973], 

The dependence of scatter on 2 
-% dependence 

5. HOW MUCH MOVEMENT INFORMATION DO THE ERTS PICTURES CONTAIN? 

L e t  u s  suppose t h a t  E.RTS-B is  launched i n  time, and l e t  u s  suppose 

t h a t  it produces t h e  same number of u sab le  p i c t u r e s  f o r  1975 t h a t  ERTS-A 

produced f o r  1973. How much u s e f u l  information on displacement, v e l o c i t y ,  

and deformation would then be a v a i l a b l e  t o  test t h e  AIDJEX model during t h e  

Main Experiment? 

given by the  1973 p i c t u r e s  i n  the  Data Bank (which were a l r eady  s e l e c t e d  

t o  have nominally 30% or  less of cloud cover).  

approximately equivalent  t o  the one wi th in  the  p ro jec t ed  ou te r  r i n g  of 

d a t a  buoys. 

To answer t h i s  quest ion we  have examined the  coverage 

W e  considered only a region 

There are 199 p a i r s  of p i c t u r e s  which show accep tab le  overlap ( t h i s  

is defined so  t h a t  t h e  cen te r  of one p i c t u r e  is wi th in  100 km of t h e  c e n t e r  

of t he  other--the p i c t u r e s  are 180 lun X 180 lun) and which are separated by 

one t o  f i v e  days. 

v e l o c i t y  deduced f o r  t h e  i n t e r v a l  may no t  be too f a r  from the a c t u a l  v e l o c i t i e s  

during the  i n t e r v a l .  

We chose a maximum of f i v e  days s o  t h a t  t h e  average 

The d i s t r i b u t i o n  of t he  p a i r s  by month i s  as follows: 

March 
A p r i l  

June 
J u l y  
August 
September 

To ta l  

f i Y  

76 
62 
42 
15 

4 
0 
0 

199 
- 

Thus, assuming some corresponding f e a u r e s  can be identified--which is  a 

reasonable  assumption--displacement, and hence v e l o c i t y ,  could be measured 

on each of t hese  199 p a i r s .  
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It might be an advantage t o  have the v e l o c i t y  measurements of a number 

of p o i n t s  a l l  a t  t h e  same t i m e .  

a ccep tab le  overlap,  a r e  separated by one t o  f i v e  days,  and whose i n t e r v a l  

i nc ludes  the day 21 A p r i l  1973. 

21 p a i r s  f o r  21 March 1973, 12 p a i r s  f o r  25 May 1973, 11 p a i r s  f o r  5 May 1973, 

and 10 p a i r s  f o r  6 Apr i l  1973. 

There are 22 p a i r s  of p i c t u r e s  which show 

The same condi t ions are s a t i s f i e d  by 

One might t r y  t o  fol low t h e  same p o i n t  on the ice f o r  a long t i m e .  

L e t  us suppose t h a t  a f e a t u r e  w i l l  always be  recognizable  a f t e r  an i n t e r v a l  

of 18 days. S t a r t i n g  with a c e r t a i n  l a t i t u d e  and longi tude,  w e  a sk  whether 

there i s  a series of p i c t u r e s ,  each wi th  t h i s  geographical po in t  no t  more 

than 100 lan from i t s  c e n t e r ,  a t  i n t e r v a l s  of never more than 18 days. For 

25 d i f f e r e n t  s t a r t i n g  po in t s  t he  l eng ths ,  i n  days,  of the longes t  sequences 

of t h i s  s o r t  were as follows: 

LONGITUDE (degrees west) 

m 
a, 
a, 
bi 
M 
a, 

‘F) 
W 

The number 25 w a s  chosen because roughly 25 ERTS p i c t u r e s  would be needed t o  

cover the  AIDJEX area. A given l a t i t u d e  and long i tude  is  not  t h e  same as 

a given ice  feature-but t h e  lengths  of t h e  sequences should be much t h e  

same f o r  t h e  two cases. 
i 

These numbers g i v e  some idea  of t h e  coverage t h a t  might be expected 

between March and August 1975 i f  ERTS-B i s  launched i n  time. 
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6. ICE DEFORMATION FROM ERTS PICTURES DURING THE MAIN EXPERIMENT 

The work descr ibed w a s  a prel iminary s tudy.  The measurements should 

be repeated more c a r e f u l l y ,  using proper p o s i t i v e  t ransparenc ies  i n s t e a d  of 

makeshift  t ransparenc ies  from the  o f f i c e  photocopier,  t o  see whether t h e  

p i c t u r e s  s e l e c t e d  f o r  measurement were properly r ep resen ta t ive ;  but  probably 

the  r e s u l t  w i l l  have the  same genera l  cha rac t e r .  

s tud ied  t h e r e  is a l a rge - sca l e  s p a t i a l  v a r i a t i o n  of i c e  v e l o c i t y  on a s c a l e  

of many hundreds of ki lometers ;  smal le r -sca le  v a r i a t i o n s  of v e l o c i t y  are 

superimposed on t h i s ,  bu t  t h e i r  amplitude is not  enough t o  obscure the  la rge-  

s c a l e  t rend.  

i s  j u s t i f i e d .  

I n  the  t h r e e  examples 

We conclude from t h i s  t h a t  t h e  adopt ion of a continuum model 

L e t  u s  assume now t h a t  t h i s  r e s u l t ,  obtained from the  t h r e e  examples 

s tud ied  from 1973, i s  indeed genera l  and l e t  us  see what t h e  impl ica t ions  

may be f o r  t he  use  of ERTS photographs t o  g ive  deformation during the  Main 

Experiment i n  1975. I f  t he  weather i n  1975 fol lows the  same p a t t e r n  as i n  

1973, t he  amount of cloud-free coverage w i l l  be good f o r  March, Apr i l ,  and 

May: February may a l s o  come i n t o  t h i s  category,  but w e  have not  seen  p i c t u r e s  

f o r  February. June w i l l  be poss ib l e  ( see ,  f o r  example, Fig. 3 c ) ,  bu t  J u l y ,  

August, and September w i l l  be very unfavorable.  

During the  per iod of good coverage one could t r y  t o  measure t h e  s t r a i n  

over i n t e r v a l s  of from one t o  f i v e  days by simply superimposing p i c t u r e s  

and measuring s t r a i n  on gauge l eng ths  of 50 t o  100 km. 

n o t i c e  t h a t  t h i s  w i l l  g ive  a two-dimensional averaging of t he  s t r a i n ;  i t  

would be l i k e  averaging no t  only over t he  one-dimensional d i s t r i b u t i o n  i n  

Figure 3a, but  over many s i m i l a r  d i s t r i b u t i o n s  such as Figures  3a and 3b. 

I n  o the r  words, the  two-dimensional averaging w i l l  he lp  t o  minimize the  

d i s c o n t i n u i t i e s  a r i s i n g  from wide leads .  

It is important t o  

I n  add i t ion  t o  observing s t r a i n  i n  t h i s  way and comparing with t h e  

p red ic t ions  of t he  AIDJEX model, one might t r y  t o  observe displacement.  

The d i f f i c u l t y  he re  is  the  1-2 km unce r t a in ty  i n  how t o  superimpose the  

p i c t u r e s ,  which arises from the  unce r t a in ty  of l a t i t u d e  and longi tude.  

The e r r o r  i n  jo in ing  p i c t u r e s  toge ther  on the  same s t r i p  is  r e l a t i v e l y  s m a l l ,  

and t h e r e f o r e  t h i s  displacement e r r o r  is systematic  over t he  whole s t r i p ,  
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i n  t he  sense t h a t  t he  displacement components u and v have an e r r o r  t h a t  

v a r i e s  l i n e a r l y  over t he  f i e l d .  

There are two*ways i n  which t h i s  e r r o r  may be wholly o r  p a r t l y  removed. 

The f i r s t  is  the  obvious one, t h a t  i f  t he  s t r i p  con ta ins  v i s i b l e  land 

f e a t u r e s  t h e s e  can be used t o  c o r r e c t  t he  apparent displacements;  but 

unfor tuna te ly  land w i l l  only r a r e l y  be seen on the  usable  s t r i p s .  

second way makes use  of the  AIDJEX manned camps and the  d a t a  buoys, which 

we s h a l l  c a l l  prime po in t s ;  s t r i p s  w i l l  not  i n f r equen t ly  inc lude  one o r  more 

of these.  The pos i t i ons  of p r ime  po in t s  w i l l  be known by independent means 

probably t o  b e t t e r  than 0.1 km. However, t o  make use  of t h e  information 

f o r  our purpose i t  is not necessary t o  i d e n t i f y  the  exact  p o s i t i o n  of a 

prime poin t  on the  ERTS photograph; no ground marking of t h e  prime poin ts  

is  needed i n  t h i s  app l i ca t ion .  

t e l l  us i ts  displacement,  and so we know t h a t  some po in t  on t h e  ERTS image 

wi th in  a 2 km square  has t h a t  displacement.  We can now assume t h a t  t he  

n e a r e s t  i d e n t i f i a b l e  i c e  f e a t u r e  (say, w i th in  a few ki lometers)  has t h a t  

same disp.lacement. This t e l l s  us  how we must superimpose the  two success ive  

ERTS images a t  t h a t  po in t ,  and so  removes the  sys temat ic  e r r o r  i n  d isp lace-  

ment a t  t h a t  po in t .  The method works because, a l though 2 km is  an uncomfortably 

l a r g e  e r r o r  i n  displacement u(x ,g)  or U ( z , y ) ,  i t  is  of l i t t l e  importance as 

an e r r o r  i n  the  p o s i t i o n  (x,y) where the  displacement is measured. 

The 

The changing p o s i t i o n  d a t a  from a prime po in t  

I n  a s t r i p  l i k e  that of Figure 3a t h e r e  w i l l  be a sys temat ic  e r r o r  i n  

displacement of some 2 km, which f o r  u i s  uniform along x and f o r  v is  l i n e a r  

i n  x. I f  t h e  s t r i p  contained a prime poin t ,  t he  sys temat ic  e r r o r  i n  u would 

become e f f e c t i v e l y  zero ( t h a t  is, about t h e  same as t h e  0 .1  lan random e r r o r ) ,  

but  t h e r e  would s t i l l  remain a sys temat ic  e r r o r  i n  V which inc reases  l i n e a r l y  

with x as one leaves  the  p r ime  poin t .  I f  t he  s t r i p  conta ins  two prime p o i n t s  

(perhaps a manned camp and a d a t a  buoy), t he  displacement would be t i e d  down 

a t  two po in t s  and the  systematic  e r r o r s  i n  both u and v would become ef fec-  

t i v e l y  zero. 

For accura te  values  of t he  d e r i v a t i v e  &/ax no prime po in t s  are needed, 

but  t o  ob ta in  av/ax f r e e  from systematic  e r r o r  two prime po in t s  are requi red .  
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I f  i t  proves poss ib l e  t o  ob ta in  s t ra in  by two-dimensional averaging 

over p a i r s  of s i n g l e  photographs, t h i s  w i l l  be a g r e a t  advantage, because 

p a i r s  of s t r i p s  of u sab le  photographs, showing the  necessary overlap and 

separated by the  r e q u i s i t e  t i m e  i n t e r v a l ,  w i l l  be rarer. However, i t  is  

p o s s i b l e  t h a t  a t  c e r t a i n  t i m e s  t h e  required averaging d i s t a n c e  w i l l  be so 

l a r g e  t h a t  s t r i p s  m u s t  be used. I n  t h i s  case a poss ib l e  method would be 

simply t o  measure t h e  ice  v e l o c i t y  a t  a few po in t s  i n  each 100 km x 100 km 

square,  taking t h e  view t h a t  t he  d e t a i l s  of t he  v e l o c i t y  v a r i a t i o n s  w i t h i n  

a square are no t  r e a l l y  r e l e v a n t  t o  t h e  AIDJEX model, and t h a t  t h e  amplitude 

of t h e  small-scale v e l o c i t y  v a r i a t i o n s  i s  small enough f o r  a measurement a t  

a s i n g l e  po in t  t o  be reasonably r ep resen ta t ive .  For example, t h e  broken 

curve i n  Figure 3a could b e  reasonably w e l l  determined by measuring f i v e  

po in t s  spaced a t  100 km i n t e r v a l s .  (A l t e rna t ive ly ,  t h e  average displacement 

over a 100 km square could be  obtained d i r e c t l y  by making a b e s t  f i t  v i s u a l l y  

over t h e  a rea . )  This method would enable  one t o  f i n d  the  l a rge - sca l e  au/ax 
without s i g n i f i c a n t  systematic  e r r o r .  However, i f  t he  displacement component 

2, a t  one end of a 500 km l i n e  is  sys t ema t i ca l ly  wrong by 2 km, relative t o  

t h e  displacement a t  the  other  end, t h e  e r r o r  i n  avlax is 0.4%. Thus, 

without prime p o i n t s ,  a large-scale  value of b/az of 2% day-’ could be 

measured t o  10% accuracy over a two-day i n t e r v a l ,  t o  5% accuracy over a 

four-day i n t e r v a l ,  and so  on. The use of two prime po in t s  would remove t h e s e  

systematic  e r r o r s  i n  au/ax. 

The o the r  disadvantage of using s t r i p s ,  besides  t h e i r  relative r a r i t y ,  

is  that they do not  g ive  any improvement on information about y d e r i v a t i v e s .  

This  r e s t r i c t i o n  arises because t h e  ERTS o r b i t  which gives  t h e  s t r i p s  of 

photography always runs from NE t o  SW. 

t he  o r b i t  which runs from SE t o  NW, which is not  normally used f o r  gather ing 

p i c t u r e s  because i t  occupies t h e  da rk  f a c e  of t he  Earth.  However, i n  summer 

i n  t h e  Arctic t h i s  p a r t  of t he  o r b i t  i s  i n  day l igh t  and could, i n  theory,  

g i v e  very u s e f u l  a d d i t i o n a l  coverage f o r  t h e  AIDJEX Main Experiment. 

p i c t u r e s  could be t ransmit ted from i t  they would double t h e  coverage, and, 

i n  p a r t i c u l a r ,  they would provide s t r i p s  p a r a l l e l  t o  Oy which would enable  

t h e  d e r i v a t i v e s  au/ay and au/ay to be obtained j u s t  as  w e l l  as aulax and 

There is, however, another p a r t  of 

I f  

aulax. 
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7. AIRCRAFT PHOTOGRAPHS AS AN ALTERNATIVE TO ERTS 

Should ERTS-B n o t  be  a v a i l a b l e  during the  Main Experiment, i t  i s  worth 

cons ider ing  whether photographs from a high-f lying a i r c r a f t ,  pos i t ioned  by 

i n e r t i a l  naviga t ion ,  might be  used t o  provide e s s e n t i a l l y  similar information. 

I f  t h e  f l i g h t s  were arranged so t h a t  they always passed over a manned s t a t i o n  

o r  d a t a  buoy whose p o s i t i o n  is  known, the  e r r o r  i n  p o s i t i o n  on the  rest of 

a s t r a i g h t  f l i g h t  pa th  could probably be reduced t o  much less than 2 lan. 
Thus, a photograph from a n  a l t i t u d e  of 20 km, with the  a i r c r a f t  held reasonably 

ho r i zon ta l ,  could be used t o  f i x  the  p o s i t i o n  of an ice f e a t u r e  t o  the  necessary 

accuracy. When the  f l i g h t  w a s  repeated a few days later, over t h e  same s t a t i o n  

o r  buoy, over lap  between the  success ive  s t r i p s  of p i c t u r e s  would be assured.  

A more e l a b o r a t e  method that would g ive  g r e a t e r  accuracy i n  s t r a i n  

measurements would be t o  use  

h e r e  d i f f e r s  from the  conventional one i n  the  important r e spec t  that i t '  

measures s t r a i n  without making any use  of ground con t ro l .  It goes as fol lows.  

The a i r c r a f t  t akes  one p i c t u r e  from po in t  P and another a l i t t l e  later from 

poin t  P', with s u f f i c i e n t  over lap  between the  p i c t u r e s  t h a t  they may be used 

as a s t e r e o  p a i r .  Although the  exac t  a t t i t u d e  of t he  camera ( p i t c h ,  r o l l ,  

and yaw angle)  a t  P and a t  P' is  unknown, and although the  a l t i t u d e  may be 

d i f f e r e n t  a t  P and P ' ,  when the  r e s u l t i n g  p i c t u r e s  are placed i n  a s tandard 

s t e reo -p lo t t i ng  machine and r o t a t e d  r e l a t i v e  t o  one' another t h e r e  is  only 

one r e l a t i v e  o r i e n t a t i o n  of t h e  two p i c t u r e s  t h a t  w i l l  g ive  s t e r e o  recon- 

s t r u c t i o n  of t h e  scene, namely, t he  r e l a t i v e  o r i e n t a t i o n  they had when they 

were taken; a t  any o the r  r e l a t i v e  o r i e n t a t i o n  the  two views w i l l  no t  fuse .  

( I t  i s  i n t e r e s t i n g  t o  no te  t h a t  t h i s  theorem is  t r u e  i n  t h r e e  dimensions, 

bu t  no t  i n  two.) 

of t he  ice pack. It w i l l  be  e s s e n t i a l l y  a plane,  because t h a t  is  t h e  na tu re  

of t he  scene, but  a t i l t e d  plane. 

horizontal.,  we now r o t a t e  t he  two photographs toge ther  u n t i l  t he  recons t ruc ted  

scene is hor i zon ta l .  

aerial  photogrammetry. The method we propose 

A t  t h i s  s t a g e  w e  see i n  the  s t e r e o - p l o t t e r  a t i l t e d  view 

Since w e  know t h a t  t he  p lane  is  i n  f a c t  

A map can now be made of t he  i c e  d e t a i l ,  bu t  i t  w i l l  have no North 

po in te r  and no scale. 

On the  o the r  hand, we must know the. scale, and t h i s  i s  the  c r u c i a l  po in t .  

The North po in te r  is not  e s s e n t i a l  f o r  our purpose. 
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Since t h e r e  w i l l  normally be no ground con t ro l  (which is the  usua l  way of 

ob ta in ing  the  s c a l e )  w e  must measure some length .  

of t he  a i r c r a f t  a t  P o r  P', o r  i t  could be the  length  P P ' .  

i f  w e  wish t h e  s c a l e  of t he  map t o  be accu ra t e  t o  0.1% we must measure 

whatever l eng th  i s  chosen t o  t h i s  same accuracy. A i r c r a f t  altimeters are 

not  u sua l ly  designed t o  be accura te  t o  0.1% a t  he ights  of 10  or  20 km. 

The l eng th  PPI could be der ived from the  t r u e  ground speed of t he  a i r c r a f t  

toge ther  wi th  t h e  t i m e  i n t e r v a l  between the  p i c t u r e s ,  bu t  i t  might be more 

accu ra t e  t o  ob ta in  i t  from the  i n e r t i a l  naviga t ion  system of the  a i r c r a f t .  

The l eng th  P P ' ,  toge ther  w i th  the  c a l i b r a t i o n  cons tan t  of t he  s t e r e o p l o t t e r ,  

f i x e s  the  s c a l e  of t he  map. 

This  could be the  a l t i t u d e  

I n  e i t h e r  case 

A few days later a s i m i l a r  f l i g h t  l i n e  i s  flown t o  pas s  over t h e  same 

i c e  f e a t u r e s .  A second s t e reo -pa i r  i s  taken i n  t h e  same way and a map is 

produced on t h e  same scale as before .  The s t r a i n  of t he  ice i n  the time 

i n t e r v a l  between the  two f l i g h t s  is then deduced, t o  an  accuracy of about 

0.1% s t r a i n ,  by superimposing the  two maps. 

The r o t a t i o n  w i l l  no t  be known un le s s  both maps ca r ry  North po in te r s .  

The azimuth of PP'on the  two occasions could probably be obtained t o  t h e  

necessary accuracy of 0.001 r a d i a n  by again making use  of t he  i n e r t i a l  

naviga t ion  system of t h e  a i r c r a f t .  

8. CONCLUSION 

Thus, i n  summary, our measurements on the  ERTS 1973 photographs support  

t he  adopt ion of a continuum model f o r  t he  pack i c e ,  and they suggest  t h a t  

v e l o c i t y  o r  s t r a i n - r a t e  measurements adequate f o r  t he  purposes of t h e  AIDJEX 
model w i l l  be r e a d i l y  obta inable  during spr ing  1975 from ERTS-B p i c t u r e s ,  

provided of couse t h a t  t h e  satel l i te  i s  operat ing.  I f  i t  is  not ,  i t  may be 

p o s s i b l e  t o  ob ta in  i c e  v e l o c i t y  and s t r a i n  rate from a i r c r a f t  photographs, 

e i t h e r  by loca t ing  geographical ly  the  same i c e  f e a t u r e  a t  i n t e r v a l s  of a few 

days, o r  by using our suggested s t e r e o p h o t o g r a m e t r i c  scheme without ground 

cont r  01. 
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INTRODUCTION 

The remote sensing program associated wi th  t h e  main AIDJEX experiment 

has t h r e e  purposes : 

1. Col l ec t ion  of t h e  d a t a  t h a t  are required f o r  t h e  operat ion of t he  

AIDJEX ice dynamics model. 

2 .  Co l l ec t ion  of b a s i c  remote sensing documentation of t he  AIDJEX study 

area. 

now envisioned, i t  would serve as the  b a s i s  f o r  an expanded a n a l y s i s  incor- 

po ra t ing  f a c t o r s  t h a t  are neglected a t  p re sen t ;  a t  t he  very least ,  i t  would 

se rve  as valuable  documentation of t h e  i ce  under study.)  

(Although t h i s  information i s  not  required f o r  t h e  AIDJEX model as 

3. Operation of remote sensing experiments t h a t ,  although no t  immediately 

r e l a t e d  t o  AIDJEX, use AIDJEX as a v e h i c l e  t o  expand our general  knowledge 

of remote sensing techniques as appl ied t o  t h e  s tudy of sea i c e .  

The d i f f i c u l t i e s  i n  formulating an optimum AIDJEX remote sensing program 

l i e  i n  obtaining a l l  t he  r e q u i s i t e  d a t a  f o r  purpose 1 while  a t  t h e  same 

t i m e  obtaining the b e s t  compromise program r e l a t i n g  t o  purposes 2 and 3.  

Purpose 3 is p a r t i c u l a r l y  important i n  t h a t  organizat ions such as NASA and 
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t h e  Canadian Centre f o r  Remote Sensing must j u s t i f y  t h e i r  p a r t i c i p a t i o n  i n  t h e  

proposed f i e l d  experiment p r imar i ly  on the  s t r e n g t h  of t h e i r  i n t e r n a l  instrument 

development programs r a t h e r  than t h e i r  d i r e c t  con t r ibu t ions  t o  t h e  purposes of 

AIDJEX. 

I n  t h i s  document w e  d i scuss  only the  f i r s t  purpose: t h a t  of ob ta in ing  the 

remote sensing d a t a  requis i te  t o  t h e  operat ion of t h e  AIDJEX model. Within t h i s  

l i m i t ,  w e  examine t h e  kinds of d a t a  needed, t h e  quest ion of t h e  b e s t  sensors  f o r  

p a r t i c u l a r  requirements, ground t r u t h ,  t h e  frequency and types of missions,  and 

d a t a  ana lys i s .  This r epor t  w i l l  s e r v e  as the  f i r s t  s t e p  i n  the  formulation of 

an overall.  A I D J E X  remote sensing plan.  

REQUIREMENTS FOR THE MODEL 

The independent determination of the i c e  thickness dis tr ibut ion by using remote 
sensing techniques i s  of parmount importance t o  the successful operation of 
the AIDJEX model and i s  the foremost probZem that  must be faced i n  deveZoping 
an AIDJEX remote sensing program. 

The p resen t  A I D J E X  i c e  dynamics model has been w e l l  described [Coon e t  a l . ,  

19741. It models pack ice  by an e l a s t i c - p l a s t i c  c o n s t i t u t i v e  l a w  which u t i l i z e s  

an ice  thickness  d i s t r i b u t i o n  as a s t a t e  paraineter. I n  t h i s  sense t h e  i c e  

thickness  d i s t r i b u t i o n ,  G ,  r e f e r s  t o  t h e  f r a c t i o n a l  area of i ce  th inne r  than a 

given thickness .  A s  such, G s e rves  as a paraiieter from which both t h e  e l a s t i c  

behavior ( e l a s t i c  moduli) and the p l a s t i c  behavior ( s i z e  and shape of t h e  y i e l d  

surfac&) can be determined. The ice  thickness  d i s t r i b u t i o n  a l s o  c o n t r o l s  t h e  

thermal coupling between t h e  ocean and t h e  atmosphere, and a knowledge of i t s  

value p e r n i t s  a determination of t he  mass balance.  However, i n  t h i s  r e p o r t  w e  

w i l l  concentrate  p r imar i ly  on the  r e l a t i o n s h i p  of G t o  t h e  mechanical response 

of pack ice. 

The i c e  thickness  d i s t r i b u t i o n  i s  con t ro l l ed  by two processes:  t h e  thermal 

growth and a b l a t i o n  of i ce  of a l l  thicknesses  (growth rates are much higher  f o r  

t h inne r  i c e ) ;  and t h e  mechanical r e d i s t r i b u t i o n  of ice by t h e  opening of l eads  

( c r e a t i o n  of open water) and t h e  formation of r idges .  The r idges  are composed 

of t h e  th inne r  ice  t h a t  forms i n  frozen l e a d s .  Thin ice  i s  t h e  ice  most changed 
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by thermal and mechanical e f f e c t s ,  and i t  is  a l s o  t h e  p a r t  of t he  i c e  thickness  

d i s t r i b u t i o n  t h a t  is  most c l o s e l y  r e l a t e d  t o  t h e  p l a s t i c  response ( y i e l d  stress 

f o r  t h e  i c e ) .  

The d i f f e r e n t i a l  equation f o r  G can be dr iven by t h e  mechanical s t r a i n  

rates f o r  the area being considered and by the  thermal condi t ions (tempera- 

t u r e  f i e l d )  and energy f l u x e s  t h a t  c o n t r o l  i c e  growth and a b l a t i o n .  Therefore,  

t h i s  equat ion serves as a subniodel i n  t h e  A I D J E X  p l an  and can be t e s t e d  

sepa ra t e ly  i f  t he  deformations of an area can be measured a t  t h e  same t i m e  

t h a t  t h e  i ce  thickness  d i s t r i b u t i o n  i s  being measured. Below we suggest t h a t  

w i th in  t h e  t r i a n g u l a r  a r r a y  of manned camps of t h e  AIDJEX main experiment 

such experiments should be  run t o  test t h e  i c e  thickness  d i s t r i b u t i o n  equat ion 

s e p a r a t e l y  from t h e  o the r  components of t he  general  AIDJEX model. 

Another view of t he  i c e  thickness  d i s t r i b u t i o n  equation i s  as one member 

of t he  gene ra l  equat ions;  he re  the  i c e  thickness  d i s t r i b u t i o n  i s  required as 

an i n i t i a l  condi t ion f o r  a l l  elements of t he  AIDJEX ocean ( t h e  area i n s i d e  

t h e  r i n g  of buoys) t o  provide s o l u t i o n s  t o  t h e  var ious d i f f e r e n t i a l  equations.  

Also, i f  t h e  G component of t he  general  equations is  t o  be checked i n  gene ra l ,  

then o the r  readings ( a t  o the r  times) of t h e  ice  thickness  d i s t r i b u t i o n  must 

be  noted throughout t h e  A I D J E X  ocean. This is  t h e  o the r  p o r t i o n  of t h e  i ce  

thickness  d i s t r i b u t i o n  experiment t h a t  w i l l  be  considered below. 

The second requirement for remote sensing data arises from the need for 

expanded s train infomation throughout the AIDJEX ocean. 

The c o l l e c t i o n  of s t r a i n  information is  one of t h e  main purposes of 

AIDJEX. These d a t a  w i l l  come p r imar i ly  from determining the  re la t ive motions 

of t h e  four  manned s t a t i o n s  and d a t a  buoys. However, i t  is highly d e s i r a b l e  

t o  be  a b l e  t o  expand t h i s  s t r a i n  network during two o r  t h r e e  r e p r e s e n t a t i v e  

per iods by determining the  motion of a l a r g e  number of i d e n t i f i a b l e  p o i n t s  

both wi th in  t h e  100 km manned t r i a n g l e  and throughout t h e  AIDJEX ocean. 

Because of t h e  l a r g e  s i z e  of t h e  area of i n t e r e s t  and t h e  p r o h i b i t i v e  c o s t  

of obtaining t h i s  information from a d d i t i o n a l  d a t a  buoys, t h i s  is  an i d e a l  

area t o  u t i l i z e  remote sensing techniques,  including satell i te-  and a i r c r a f t -  

borne photography. 
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Configuration of t h e  A I D J E X  main experiment. 
represented by c rosses ,  manned s t a t i o n s  by c i r c l e d  dots .  
The A I D J E X  ocean i s  t h e  area wi th in  t h e  r ing  of buoys. 

Data buoys are 
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The a n a l y s i s  of t h i s  photogrammetrically determined s t r a i n  information 

w i l l  permit AIDJEX t o  r e so lve  conclusively t h e  scale, i f  any, upon which a r c t i c  

pack ice  can be nodeled as a continuum. It i s  q u i t e  poss ib l e  t h a t  t h i s  scale 

changes with weather condi t ions and t h e  t i m e  of year.  Because t h i s  experiment 

r equ i r e s  t h e  sensing of s t r a i n s  on many s c a l e s ,  photogrammetric d a t a  are i d e a l ,  

s i n c e  such d a t a  permit one t o  measure s t r a i n  on many scales. The f l u c t u a t i o n s  

i n  t h e  v e l o c i t y  f i e l d  due t o  both t h e  d i s c r e t e  na tu re  of pack i c e  and the  pre- 

sumed random na tu re  of small-scale i n t e r f l o e  movements w i l l  a l s o  be both 

observable and of i n t e r e s t .  

I n  add i t ion ,  t h e  d e t a i l e d  s t r a i n  information w i l l  al low s t u d i e s  t o  be 

made of t h e  response of t h e  pack as a funct ion of ice  morphology. I t  i s  t o  be 

expected t h a t  t h e  i ce  thickness  d i s t r i b u t i o n  w i l l  show s i g n i f i c a n t  v a r i a t i o n s  

ac ross  t h e  AIDJEX ocean and perhaps even wi th in  the  100 km manned t r i a n g l e .  

These v a r i a t i o n s  i n  G should lead t o  d i f f e r e n t  responses i n  t h e  ice motion. 

Using t h e  con t ro l l ed  sequen t i a l  imagery t h a t  w i l l  be obtained f o r  t h e  s t r a i n  

s tudy,  t h e  deformation rates i n  regions of d i f f e r i n g  G can a c t u a l l y  be measured 

and compared wi th  t h e  response predicted by t h e  A I D J E X  model. 

va luab le  i n s i g h t  i n t o  t h e  s e n s i t i v i t y  of t h e  model. 

This w i l l  provide 

F i n a l l y ,  t h e  photographic coverage r e s u l t i n g  from t h e  expanded s t r a i n  

s tudy w i l l  make a major con t r ibu t ion  t o  t h e  second purpose of t h e  AIDJEX remote 

sensing program mentioned i n  t h e  in t roduc t ion :  

n a t u r e  of t h e  i ce  under study. I n  r ecen t  experiments, e s p e c i a l l y  i n  t h e  Arctic,  

i t  has been found t h a t  o f t en  the  l a c k  of complete and c a r e f u l l y  con t ro l l ed  

photographic coverage of the area under s tudy seve re ly  l i m i t s  t h e  u t i l i t y  of 

t h e  acquired experimental da t a .  This is p a r t i c u l a r l y  t r u e  i n  i n v e s t i g a t i o n s  

t h a t  extend beyond the  scope of t he  o r i g i n a l l y  envisioned uses of t h e  d a t a .  

Considering t h e  complexities of t he  problem t h a t  AIDJEX proposes t o  r e so lve ,  

one can be  c e r t a i n  t h a t  such extensions w i l l  occur. 

i t  w i l l  c a r e f u l l y  document t h e  

The Zast remote sensing requirement i s  the attainment of a quantitative %escrip- 
t i on  of the roughness of both top and bottom surfaces of  sea i c e  during several 
d<fferent times of the year. 

Again because of t h e  l a r g e  areas of ice  involved, information on s u r f a c e  

The reason f o r  wanting such roughness can be  obtained only by remote sensing. 
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d a t a  i s  simple. The wind stress i s  t h e  main f o r c e  d r i v i n g  t h e  d r i f t  of t he  

ice ,  and t h e  water stress acts as a drag. To be a b l e  t o  estimate e i t h e r  of 

t h e s e  q u a n t i t i e s  w i th  confidence,  one must be  a b l e  t o  determine t h e  average 

drag c o e f f i c i e n t s  of both upper and lower s u r f a c e s  of t h e  i c e .  Present  

research i n d i c a t e s  t h a t  t h i s  can be done given adequate p r o f i l e  d a t a .  The 

stresses ca lcu la t ed  i n  t h i s  manner can then be  compared with stresses cal- 

cu la t ed  by bulk boundary l a y e r  methods. For i n s t a n c e ,  i f  v a r i a b l e  deformation 

i s  observed wi th in  the  AIDJEX a r r a y ,  i t  could be produced by v a r i a t i o n s  i n  

t h e  wind v e l o c i t y  f i e l d ,  v a r i a t i o n s  i n  G (p r imar i ly  caused by changes i n  

t h e  t h i n  po r t ions  o f  t h e  ice  cover) ,  o r  v a r i a t i o n s  i n  the  s u r f a c e  roughness 

(p r imar i ly  caused by changes i n  t h e  t h i c k  p a r t  of t h e  cover) .  

t o  s e p a r a t e  these  e f f e c t s  i s  highly d e s i r a b l e .  

To be  a b l e  

The b e s t  method f o r  ob ta in ing  the  roughness of t h e  upper s u r f a c e  

u t i l i z e s  an a i rbo rne  laser. The lower s u r f a c e ,  on the  o the r  hand, could 

b e s t  be s tud ied  with an upward-looking sonar  system based on a nuclear  

submarine. Because t h e  chances of obtaining submarine observations appear 

t o  be s m a l l ,  bottom roughness w i l l  probably have t o  be estimated from the 

laser p r o f i l e  of t h e  upper su r face .  These roughness measurements are no t  

only important i n  t h e i r  own r i g h t ,  but  they a l s o  provide valuable  information 

on the  na tu re  of t he  i c e  thickness  d i s t r i b u t i o n .  

I n  summary, w e  b e l i e v e  t h a t  t h e  remote sensing programs t h a t  are abso- 

l u t e l y  required f o r  t h e  proper operat ion of t h e  AIDJEX model are those t h a t  

relate t o  (1) spec i fy ing  the  ice  thickness  d i s t r i b u t i o n ,  (2) e s t a b l i s h i n g  

d e t a i l e d  s t r a i n  a r r ays  wi th in  t h e  AIDJEX ocean f o r  r e p r e s e n t a t i v e  per iods 

of tine, and (3) determining the  top and bottom roughness of t h e  i c e  pack. 

Checking t h e  Model 

It should be noted t h a t  t h e  v e r i f i c a t i o n  of t he  AIDJEX model w i l l  be 

accomplished by model c a l c u l a t i o n s  involving t h e  ice  enclosed by t h e  r ing  

of unmanned d a t a  buoys i n  t h e  main AIDJEX experiment. The observed d r i f t  

of t he  manned s t a t i o n s  can s e r v e  as a check on the  motion and s t r a i n  of one 

element of t h i s  ca l cu la t ion .  
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A similar c a l c u l a t i o n  can be accomplished by using t h e  o u t e r  po r t ion  

of t h e  buoy r i n g  and t h e  Alaskan and Canadian c o a s t s  as d e f i n i n g  an area 

of i n t e r e s t .  

i n t e r n a l  t o  t h e  area of i n t e r e s t .  But what is more important is t h a t  t h i s  

kind of c a l c u l a t i o n  w i l l  involve a po r t ion  of t h e  shear  zone. Therefore,  

it w i l l  a l low t h e  model t o  be checked a g a i n s t  va r ious  boundary condi t ions 

as they appear during the  year ;  f o r  example, s p e c i f i e d  displacement condi- 

t i o n s  i n  t h e  winter  when t h e  ice extends a l l  t h e  way t o  shore and stress- 

f r e e  condi t ions i n  t h e  summer when t h e  ice  pack has receded from t h e  shore.  

Since no deformation d a t a  w i l l  be taken d i r e c t l y  i n  the  shear  zone as p a r t  

of AIDJEX, any remote-sensed d a t a  t h a t  can be taken t o  help d e f i n e  t h e  

deformation i n  t h i s  region w i l l  be a g r e a t  help t o  t h e  modelers. 

t r ack ing  t h e  ice edge during t h e  summer months can be u s e f u l  i n  t h e  model 

i n  two ways: (1) t he  l o c a t i o n  of t h e  boundary can then be spec i f i ed  as . 
a func t ion  of t i m e  and serve as input  t o  the  model; and (2) a more sophis- 

t i c a t e d  check on t h e  model can be attempted by using t h e  model t o  p r e d i c t  

t he  l o c a t i o n  of t h e  ice  edge. 

not  r e q u i r e  new remote sensing techniques.  It w i l l ,  however, r e q u i r e  some 

thought as t o  the  optimum scheduling of sensors  and t h e  designat ion of 

f l i g h t  paths.  

I n  t h i s  case, several of t he  buoys i n  t h e  buoy r i n g  w i l l  be 

Also, 

To accomplish t h e  above w i l l  f o r t u n a t e l y  

I C E  THICKNESS DISTRIBUTION 

For i ce  thickness  d i s t r i b u t i o n  measurements w e  must be a b l e  t o  measure-- 

from e i t h e r  l i n e  t r a c k  o r  s t r i p  imagery--the percentage of t he  l i n e  o r  area 

t h a t  is covered by a given thickness  of ice. A t  t h e  least t h e  imagery 

should r e s o l v e  ice  th i ckness  i n  t h e  ranges of open water (o r  "no ice"), 

0-20 cm, 20-100 cm, and above 100 cm (with t h e  last category a l s o  showing 

the  amount of heavi ly  ridged i c e ) .  Higher thickness  r e s o l u t i o n  is, of course,  

highly d e s i r a b l e .  The s i z e  r e s o l u t i o n  should be 10 m; t h a t  is, a l l  elements 

g r e a t e r  than 1 0  m i n  width must be dis t inguished.  

of t h e  thickness  c l a s s e s  mentioned above v a r i e s  with the season. I n  the  

late f a l l ,  w in te r ,  and e a r l y  sp r ing ,  t h e  t h i n  ice and open water ca t egor i e s  

are most important because of t h e i r  pronounced e f f e c t  on t h e  p l a s t i c  behavior 

The relative importance 
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of t h e  ice. I n  t h e  la te  s p r i n g ,  summer, and e a r l y  f a l l ,  t h e  most important 

category t o  be  d i s t ingu i shed  is simply open water. A s  w i l l  be seen below, 

t h e s e  d i f f e r e n c e s  i n  t h e  re la t ive importance have a major i n f luence  on t h e  

choice of t h e  optimum sensor o r  sensors  f o r  a given t i m e  of year ,  

The choice of a sensor is a l s o  r e l a t e d  t o  cloud and l i g h t  condi t ions 

throughout t h e  year .  

sp r ing ,  when t h i n  ice  and open water must b e  sensed, d i c t a t e s  t h e  choice of 

a sensor  t h a t  can i d e n t i f y  t h i n  ice  and open w a t e r  without v i s u a l  l i g h t ,  

e.g., an I R  sensor.  However, i n  t h e  la te  sp r ing ,  summer, and e a r l y  f a l l ,  

t h e  cloud cover i n  t h e  Arctic i s  heavy, and a sensor  should be a h l e  t o  

p e n e t r a t e  t h e  clouds. Here, t h e  b e s t  s enso r s  may be microwave and r a d a r ,  

and it is extremely important t h a t  they sense open water, i f  not  i ce  

ca t egor i e s .  

The l a c k  of l i g h t  i n  l a t e  f a l l ,  w in te r ,  and e a r l y  

A. Sensor Package 

It should be  r e a l i z e d  t h a t  t h e r e  is a t  p re sen t  no ope ra t iona l  remote 

sensing system t h a t  is  capable of d i r e c t l y  obtaining the  th i ckness  of sea 

ice from an aircraft .  Therefore,  although considerable  progress  had been 

made r e c e n t l y  on t h i s  problem [Adey et  a l . ,  1972; Adey and Reed, 1973; 

Campbell and Orange, 19741, i t  i s  necessary f o r  planning purposes t o  assume 

t h a t  i ce  thickness  estimates during AIDJEX w i l l  have t o  be made by i n d i r e c t  

methods. I n  view of t h i s ,  t h e  sensors  of p o t e n t i a l  i n t e r e s t  are v i s u a l  l i g h t  

photography, I R  imagery, microwave radiometry,  SLAR, and sonar and laser 

p r o f i l e s  . 

1. Spring-summer-early f a l l  

A s  w e  mentioned, during sp r ing ,  summer, and e a r l y  f a l l  i t  i s  necessary 

t o  have a sensor  t h a t  ope ra t e s  through t h e  clouds and provides good areal 

e s t ima tes  of t h e  re la t ive amounts of i ce  and open w a t e r .  

be d e s i r a b l e  t o  be a b l e  t o  d i f f e r e n t i a t e  s e v e r a l  classes of ice  thickness .  

The reason t h i s  is no t  mandatory i s  t h a t  t h e  v a s t  ma jo r i ty  of t h inne r  ice  

w i l l  have melted completely i n  the  e a r l y  summer l eav ing  only mult iyear  i c e  

It would, of course,  
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and open water. Microwave radiometry,  SLAR, and r ada r  scat terometry have 

t h e  c a p a b i l i t y  of f u l f i l l i n g  t h e s e  requirements. 

Ice and water are e a s i l y  d i f f e r e n t i a t e d  i n  microwave imagery such as 

t h a t  obtained by NASA during t h e  sp r ing  1972 AIDJEX program, 

p o s s i b l e  t o  d i f f e r e n t i a t e  f i r s t - y e a r  from multiyear ice.  

d i s t i n c t i o n  can be made during t h e  s u m e r  m e l t  period as w e l l  is no t  y e t  

known; i f  i t  can, i t  w i l l  be a u s e f u l  bonus. Microwave systems now i n  use  

a l s o  have t h e  advantage of imaging a wide expanse of sea ice  on a given 

pass. 

are NASA and the  U. S. Coast Guard. 

It i s  a l s o  

Whether t h i s  

The groups wi th  a s u i t a b l e  microwave system and a i r c r a f t  c a p a b i l i t y  

SLAR systems such as t h e  APS-94 X-band system a l s o  g ive  good estimates 

of t h e  amount of open water. 

smoothness of a water s u r f a c e  as opposed t o  t h e  roughness of an i ce  surface.  

Again i t  should be  p o s s i b l e  t o  ob ta in  some information on t h e  amount of newly 

formed ice i n  f rozen l eads ,  because new ice can usua l ly  be d i s t ingu i shed  

from open water. 

(50 km) on each pass.  

imagery t h a t  can be c o r r e l a t e d  with t h e  SLAR imagery so t h a t  any quest ions 

i n  t h e  i n t e r p r e t a t i o n  of t h e  SLAR can be resolved (at present  most SLAR 

f l i g h t s  have been made under f a l l  o r  w in te r  condi t ions) .  Organizations 

possessing s u i t a b l e  SLAR systems are t h e  U.  S. Geological Survey and t h e  

Canadian Armed Forces. 

SLAR d i s t i n g u i s h e s  water from ice  by the  

SLAR has t h e  advantage of imaging a wide swath of sea ice 

It would be d e s i r a b l e  t o  have some l i m i t e d  photographic 

Another u s e f u l  sensor f o r  summer condi t ions i s  t h e  r ada r  scat terometer .  

Recent f i e l d  tests [Texas A h M, 19731 i n d i c a t e  t h a t  all-weather scat terometry 

systems are capable of d i f f e r e n t i a t i n g  between open water, f i r s t - y e a r  ice,  

and mult iyear  ice. The p r i n c i p a l  drawback t o  the  system now being used is  

t h a t  i t  samples only a narrow s t r i p  (3" beam width).  

photography would be  almost mandatory as an i n t e r p r e t a t i v e  a i d .  

s tandard photography should be obtained whenever p o s s i b l e  as an i n t e r p r e t a t i v e  

a i d  t o  analyzing almost a l l  o the r  imagery. 

i n t e r e s t  is operated by t h e  Remote Sensing Center of Texas A and M Universi ty .  

Again, some aerial  

I n  f a c t ,  

The scat terometer  system of 

I n  summary, f o r  t he  late spring-summer-early f a l l  t i m e  period microwave 

imagery would appear t o  be t h e  p r e f e r a b l e  system, although SLAR a l s o  seems 
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q u i t e  a t t r a c t i v e .  

narrowness of i ts  area qamples, but i t  would neve r the l e s s  be a u s e f u l  

a d d i t  ion. 

Radan sca t te rometry  is of less i n t e r e s t  because of t he  

2. Late f a l l - r i n t e r - e a r l y  s p r i n g  

Late fa l l -win ter -ear ly  sp r ing  is  the  time period f o r  which t h e  de t e r -  

mination of t h e  i c e  thiqkness  d i s t r i b u t i o n  G is e s s e n t i a l .  The d i f f i c u l t i e s  

are caused by t h e  f a c t  cha t  open water as w e l l  as a t  l e a s t  t h r e e  ranges of 

ice th ickness  must be d i f f e r e n t i a t e d  (0-20 cm, 20-100 cm, > 100 cm) and t h a t  

i t  is dark  much of t h e  tlime. I n  genera l ,  however, t h e  weather can be expected 

t o  be c l e a r .  

Severa l  systems should be he lp fu l  i n  determining G. The most important 

of t h e s e  seems t o  be a bhermal I R  t h a t  has a f ixed  dynamic c a l i b r a t i o n .  

Inasmuch as such I R  sysoems g ive  a d i r e c t  determinat ion of t he  temperature 

of t he  upper i c e  o r  snow su r face ,  i t  is poss ib l e ,  i n  p r i n c i p l e ,  t o  d i r e c t l y  

c a l c u l a t e  t he  ice th ickqess  d i s t r i b u t i o n  from the  imagery. 

however, t h i s  is  not  poqsible  because of varying amounts of snow on the  

s u r f a c e  of t h e  sea i c e .  Therefore ,  t h e  gray s c a l e  on the  I R  image only 

, 

I 

I n  p r a c t i c e ,  
I 

corresponds t o  a r e l a t i v e  th ickness  sca l e .  

program t h a t  measures i d e  th ickness  i n  a number of i d e n t i f i a b l e  l o c a t i o n s ,  

i t  should be poss ib l e  ti c a l i b r a t e  t h e  gray s c a l e  so t h a t  i t  becomes a thick-  

ness  s c a l e ,  because althlough snow cover is  not  a unique func t ion  of i c e  

th i ckness ,  equiva len t  ic le  th icknesses  w i l l  have equiva len t  snow covers i n  

a given area of t he  Arctl ic Ocean. 

sea i c e  i s  i d e n t i f i e d ,  i~t  should be easy t o  c a l c u l a t e  t h e  ice th icknesses  

a t  later t i m e s  from simple empir ica l  equat ions and near-surface meteorological  

information.  

With a simple "ground t r u t h "  
I 

Once t h e  th ickness  of a uniform area of 

Organizat ions haviing s u i t a b l e  I R  equipment are NASA and the  U. S. 

Geological Survey. The NASA equipment is  mounted i n  a Convair 990 t h a t  i s  

capable of long-range h iph -a l t i t ude  f l i g h t s  over t h e  whole AIDJEX ocean. 

The USGS equipment, on the  o the r  hand, i s  mounted i n  a Beaver t h a t  can f l y  

low-level d e t a i l e d  surveps wi th in  t h e  manned t r i a n g l e  of s t a t i o n s .  

t he  Beaver could be base@ at  t h e  main manned s t a t i o n  f o r  s h o r t  per iods  of t i m e .  

I 

Presumably 
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The Beaver as p resen t ly  configured does not  have photographic c a p a b i l i t y .  

This is unfortunate  because s tandard aer ia l  photography i s  t h e  next  most 

u s e f u l  method of es t imat ing ice th i ckness  ( l i g h t  pe rmi t t i ng ) ,  For t h i n  sea 

ice the gray scale on t h e  photograph can be used t o  estimate ice  thickness ,  

This is p a r t i c u l a r l y  t r u e  i f  areas of known thickness  are p resen t  i n  t h e  

photograph. For t h i c k e r  i c e  (> 40 cm), t h e  snow d r i f t  p a t t e r n s  can be used 

t o  i d e n t i f y  ice of s imilar  thickness ,  while  mult iyear  i ce  (> 2 m) i s  u s u a l l y  

ind ica t ed  by i ts  c h a r a c t e r i s t i c  r o l l i n g  s u r f a c e  topography. Another advantage 

of photography is  t h a t ,  w i th  t h e  exception of t h e  Beaver, a l l  t he  remote 

sensing a i r c r a f t  involved i n  A I D J E X  are capable of ob ta in ing  it. 

A t h i r d  u s e f u l  i npu t  t o  es t imat ing G can be provided by laser profilom- 

e t r y .  A laser ranger  when flown i n  a low-flying a i r c r a f t  (< 1000 m) can 

ob ta in  h igh ly  d e t a i l e d  p r o f i l e s  of t h e  upper s u r f a c e  of t he  i ce  (o r  snow). 

The measurement e r r o r  even i n  rough p r o f i l e s  is  bel ieved t o  be less than 

1 0  cm. By s u i t a b l e  f i l t e r i n g  procedures [Hibler ,  19721 t h e  a i r c r a f t  motion 

can be removed from t h e  p r o f i l e ,  leaving an accu ra t e  r e p r e s e n t a t i o n  of t h e  

s u r f a c e  topography of t h e  ice. 

ence levels (open w a t e r  can be i d e n t i f i e d  unambiguously by measuring t h e  

s t r e n g t h  of t h e  laser r e t u r n ) ,  accu ra t e  running estimates can be made of 

t he  freeboard of t h e  ice. I n  undeformed ice  t h e  freeboard p l u s  t h e  d e n s i t y  

provide t h e  ice thickness .  I n  mult iyear  ice areas, p r e d i c t i v e  methods using 

a v a r i a b l e  i ce  d e n s i t y  s p e c i f i e d  by t h e  freeboard combined with a 10  m "wide" 

l i n e a r  f i l t e r  are e f f e c t i v e .  Recent s t u d i e s  [Ackley e t  a l . ,  19741 i n d i c a t e  

t h a t  t h e  e r r o r  i n  predicted ice  thicknesses  obtained by using t h e  l a t te r  

method is  only 10% g r e a t e r  than t h e  e r r o r  obtained by d i r e c t  su r f ace  measure- 

ments. The problem with laser prof i lometry is  t h a t  only a p r o f i l e  is sampled. 

Nevertheless t he  th i ckness  estimates on undeformed i ce  areas are capable 

of being extended l a t e r a l l y  by c o r r e l a t i o n s  using e i t h e r  thermal I R  o r  

standard photography. Airborne laser c a p a b i l i t y  is now a v a i l a b l e  i n  t h e  

NAVOCEANO, NASA, and Canadian Ice Reconnaissance a i r c r a f t .  

By using open water areas as frequent  r e fe r -  

It would be d e s i r a b l e  t o  be a b l e  t o  d i r e c t l y  determine t h e  bottom 

p r o f i l e  of t h e  ice. This  can be done by using a n  upward-looking sonar 

system based on a nuclear  submarine [Lyon, 1963; Swithinbank, 19721. Such 

a submarine would have e s s e n t i a l l y  unlimited range, would be capable of 
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opera t ions  during any t i m e  of yea r ,  and could move with ease over any pre- 

s c r ibed  t r a c k  n o r t h  of t h e  edge of t he  c o n t i n e n t a l  s h e l f .  

i f  p a s t  experience is  any guide,  t he  chance of obtaining a nuclear  submarine 

t o  t ake  t h e  required sonar d a t a ,  even during one t i m e  of t h e  year--much less 

t h r e e  o r  four  times--is small, so  t h a t  a t  present  w e  must assume t h a t  sonar 

d a t a  w i l l  not  be a v a i l a b l e .  

Unfortunately,  

It i s  a l s o  d e s i r a b l e  t o  have microwave and SLAR d a t a  from f l i g h t s  made 

during t h e  late f a l l ,  w in te r ,  and e a r l y  spr ing:  

provide va luab le  large-scale  information on the  d i s t r i b u t i o n  of open water, 

f i r s t - y e a r  and mult iyear  ice [Campbell et  al., 19731 while  t he  SLAR r e s u l t s  

would al low s t u d i e s  of t h e  r idg ing  p a t t e r n s .  However, n e i t h e r  of t h e s e  two 

senso r s  can be considered of p r i n c i p a l  importance i n  t h e  determinat ion of G 

during t h l s  period. 

microwave images would 

I n  summary, t h e  I R  f l i g h t s  are  c l e a r l y  the  most important f o r  determining 

G during t h e  l a te  fal l -winter-ear ly  sp r ing  

t h a t  t h e  IR information be supplemented by laser p r o f i l e s  and, when l i g h t  

permits ,  by aerial  photography. 

per iod,  and i t  is  h igh ly  d e s i r a b l e  

B. Ground T r u t h  

The ground t r u t h  measurements needed f o r  t he  i ce  thickness  d i s t r i b u t i o n  

s t u d i e s  are q u i t e  simple. 

from open water t o  ice  of roughly 1 m th i ckness ,  must be measured, presumably 

by d r i l l i n g ,  a t  several l o c a t i o n s  t h a t  can be i d e n t i f i e d  e a s i l y  i n  t h e  imagery. 

The remote sensing f l i g h t s  would then be s u r e  t o  cover each of t he  c a l i b r a t e d  

areas, and the  c a l i b r a t i o n  a s soc ia t ed  with t h e  areas near t he  manned camps 

( i . e . >  va r ious  gray l e v e l s  on photography o r  on IR) would be extrapolated 

t o  t h e  rest  of t h e  AIDJEX ocean. 

AIDJEX a i r c r a f t  and on-si te  personnel.  

checks on t h e s e  c o r r e l a t i o n s  a t  sites d i s t a n t  from ground control. 

The th i ckness  of a number of i c e  c a t e g o r i e s ,  ranging 

The ground t r u t h  could be conducted using 

Laser p r o f i l e s  can a l s o  be used as 
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C. Remote Sensing Missions Related t o  the  I c e  Thickness D i s t r i b u t i o n  

It would be d e s i r a b l e  t o  have continuous monitoring of G throughout t h e  

ent i re  AIDJEX ocean. Since such d a t a  a c q u i s i t i o n  and reduct ion is  c l e a r l y  

impossible,  remote sensing f l i g h t s  are suggested that cover ice  condi t ions 

during l a t e  f a l l  (freeze-up),  w in te r  (maximum rate of i ce  growth), e a r l y  

sp r ing  (maximum ice th i ckness ) ,  la te  spr ing ( t h a w )  and summer ( m e l t )  

Within each set  of f l i g h t s  two types of missions should be c a r r i e d  out .  

I n  one, t h e  area wi th in  t h e  manned a r r a y  i s  sampled t o  check t h e  submodel 

of t h e  ice th i ckness  d i s t r i b u t i o n .  The d i f f e r e n t i a l  equations a s soc ia t ed  

with t h e s e  c a l c u l a t i o n s  are t i m e  dependent; t h e r e f o r e ,  i f  the model is  t o  

be both i n i t i a t e d  and t e s t e d ,  an i n i t i a l  condi t ion and a t  least one subsequent 

t i m e  check on t h e  ice  thickness  d i s t r i b u t i o n  are required.  Thus, a minimum 

d a t a  set should inc lude  two d i f f e r e n t  determinations ( i n  time) of t he  i ce  

th i ckness  d i s t r i b u t i o n  wi th in  t h e  manned area. To be real is t ic ,  however, 

a minimum of t h r e e  determinat ions,  separated from each o the r  by a few days,  

are d e s i r a b l e .  

poss ib l e .  

Coverage of t h e  manned a r r a y  should be as complete as 

The o the r  type of mission involves  more broad-scale sampling ac ross  

the AIDJEX ocean t o  provide d a t a  f o r  t h e  general  model. It is  important t o  

g e t  s e v e r a l  d a t a  sets-- three o r  four--for each season i n  order  t o  i n i t i a t e  

and check the  c a l c u l a t i o n s  of t h e  time-dependent d i f f e r e n t i a l  equations.  

Because w e  cannot poss ib ly  g e t  complete coverage of t h e  AIDJEX ocean i n  

t h e s e  experiments, s p e c i f i c  sampling plans w i l l  have t o  be developed that 

o b t a i n  maximum u t i l i z a t i o n  of both t h e  platform and t h e  sensor.  

Table 1 p r e s e n t s  a "schedule" of a i r c r a f t  f o r  t h e  AIDJEX remote sensing 

missions.  The only purpose of t h i s  t a b l e  i s  t o  i l l u s t r a t e  t h e  problems t h a t  

must be worked ou t  t o  develop an adequate schedule. 

t h e  f i r s t  sensor f o r  a given a i r c r a f t  i s  t h e  most important. There is  no 

s i g n i f i c a n c e  t o  t h e  l i s t i n g  sequence of a i r c r a f t .  

outer r e f e r s  t o  f l i g h t s  ac ross  t h e  e n t i r e  area encompassed by t h e  o u t e r  r i n g  

of d a t a  buoys ( t h e  AIDJEX ocean), while  inner r e f e r s  only t o  t h e  area circum- 

scr ibed by t h e  manned s t a t i o n s .  I n  developing a f i n a l  plan,  considerable  

thought w i l l  have t o  be given t o  juggl ing a v a i l a b i l i t y  of a i r c r a f t  aga ins t  

t h e  time a s p e c i f i c  sensor  is needed. 

I n  t h e  sensor l i s t i n g s  

Under "Study Area," 
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TABLE I: "SCHEDULE" OF AIIXJEX REMOTE SENSING FLIGHTS RELATING 
TO THE ICE THICKNESS DISTRIBUTION AND SImFACE ROUGHNESS DETERMINATIONS 

Number of Base of Time of Opera t ing  A i  rc.-aft Main s e n s o r s  Study area or era? ion  azency o p e r a t i o n s  f li gh t s 

early % E A  990 19, photo,  laser out.er and i n n e r  FA I 5 

l J S 2  Beaver I3 i n n e r  Ice c w p  5 
1 i A ' ; X G l I G  p- 3 Lase r ,  photo o u t e r  BRW 2 

CCHS c-47 Sca t t e romete r ,  photo i n n e r  Y E v *  3 

L::D Argus SLAR, I R  o u t e r  and i n n e r  Y E V  2 
!:CAR E l e c t  ra Meteo ro log ica l  s e n s o r s  out,er and i n n e r  FA1 5 
::#%SA U-2 Photo i n n e r  FA1 5 

hIL2M H e l i c o p t e r  Microwave, i n n e r  Ice camp 10+ 

s p r i n g  microwave 

microwave, IR 

radiometer  radar 

:ace 
s p r i n g  

D(jE E l e c t r a  Laser, photo 
Lloh awk SLAR, photo 

H e l i c o p t e r  Microwave, 
lj3';S 

n 1 " JL.< 
i r T r  *-. 

r ad iomete r  r a d a r  

i n n e r  
i n n e r  
i n n e r  

YEV 
BRW 

Ice camp 

2 
2 

1 o+ 

s u:x.er 'n.. 990 I.licrowave, photo o u t e r  FA1 5 
Mohawk SLAR, photo o u t e r  BRW 4 

D:iD Argus SLAR, Fhoto o u t e r  YEV 2 
AIIjJW H e l i c o p t e r  Microwave, i n n e r  Ice camp 6 

!'a: 1 II.ACA 990 I R ,  photo,  laser o u t e r  and i n n e r  FA1 5 

c 3RS c-47 Sca t t e romete r  , photo o u t e r  and i n n e r  Y EV 3 

!:C&q E l e c t r a  Meteo ro log ica l  s e n s o r s  o u t e r  and i n n e r  FA1 5 
11,!-:;< :?si110 p-3 Laser, photo o u t e r  FA1 2 
;!A31 u-2 Photo i n n e r  FA1 5 

Beaver I R  i n n e r  Ice  cam^ 5 
fi  IXiiX Heli c op'. er Microwave, i n n e r  I re  camp 10+ 

1' n -A 
. - ( . p  l,., J 3  

r ad iomete r  r a d a r  
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microwave 

It-'-,S 

radiometer  rauar 

w i r: :. -. r 910 I R ,  laser, microwave o u t e r  and i n n e r  FA I 
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Ikhawk :;LM i n n e r  BH;I 

f i e l i c o p t e r  i4izrouave, i m e r  I c e  car:.r 
Arylls Si?&, I P  o u t e r  and i n n e r  Y EV 

rmfi or r t - t ,  r , * ( i ~ ,  

5 
5 
5 

1 o+ 
7 
L 

*Inuvik 



D. Data Reduction 

The AIDJEX modeling group has considered t h e  general  problem of 

measuring t h e  ice th i ckness  d i s t r i b u t i o n  from several types of two-dimensional 

imagery (p r imar i ly  NASA aerial photography), i n  s p e c i f i c ,  t h e  use of l i n e  

d a t a  o r  s t r i p  d a t a  i n  evaluat ing t h e  i ce  th i ckness  d i s t r i b u t i o n .  Although 

t h e  d i scuss ion  of d a t a  r educ t ion  i n  t h i s  s e c t i o n  c e n t e r s  around t h e  use of 

v i s u a l  l i g h t  photography, i t  is  clear t h a t  t h e  d i scuss ion  could apply 

equa l ly  w e l l  t o  any sensor.  The idea is  t o  sense  t h e  amount of area covered 

by a given shade of gray and re la te  t h a t  shade of gray t o  a given ice  thick-  

ness.  

Such problems have been at tacked previously i n  several ways. 

p o s s i b l e  t o  d i g i t i z e  each two-dimensional image and do computer a n a l y s i s  of 

the d i g i t i z e d  image, but t h i s  method i s  too c o s t l y  f o r  a production ope ra t ion  

i n  AIDJEX. Other techniques involve human i n t e r p r e t a t i o n  i n  some form. The 

most d i r e c t  form i s  t h a t  of a c t u a l l y  t r a c i n g  around a given area of gray 

level t o  determine i t s  area. This might be done wi th  a simple hand planimeter 

o r  with a pencil-following d i g i t i z e r  i n  conjunction wi th  a minicomputer. 

The second of t h e s e  a l t e r n a t i v e s  is  very d e s i r a b l e ,  i n  t h a t  a hard copy of 

t he  area t r aced  can be obtained. The e r r o r s  a s soc ia t ed  with t h i s  d a t a  

r educ t ion  have two sources:  t h e  a b i l i t y  (or i n a b i l i t y )  of a person to trace 

a given area, and t h e  problem of i n t e r p r e t i n g  gray levels. 

amount of t h e  1972 NASA d a t a  has been processed i n  t h i s  manner, but i t  i s  a 

s low,  c o s t l y  process t h a t  is  hardly i d e a l  f o r  processing the  extensive d a t a  

from t h e  main experiment. 

It is 

A considerable  

Other automated methods involving human i n t e r p r e t a t i o n  have been 

examined by Heiberg and B e l l  (personal communication). These methods use  

equipment on which t h e  c o n t r a s t  ( e i t h e r  gray level o r  f a l s e  c o l o r )  i n  a n  

image can be  ad jus t ed  so t h a t  d e s i r a b l e  f e a t u r e s  are of a given gray level 

o r  co lo r .  Then t h e  amount of t h a t  area i s  automatical ly  ca l cu la t ed .  Such 

a method does have t h e  advantage of human i n t e r v e n t i o n ;  t h a t  i s ,  one can 

make adjustments f o r  such th ings  as cloud cover by a d j u s t i n g  t h e  color  o r  

gray level on each frame. However, t h e r e  are real disadvantages (with,  f o r  

example, t h e  1972 NASA photography) because of t h e  ha lo  e f f e c t ,  i . e . ,  t h e  changing 

va lue  of gray with d i s t a n c e  from t h e  cen te r  of t h e  photograph. Similar  problems 
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are encountered i n  SLAR imagery. 

l e v e l s  be taken c a r e  of by proper 

It is important t h a t  t hese  varying gray 

l enses  and processing. 

I n  t h e  1975-76 experiment, as much information must be co l lec ted  as 

poss ib l e  i n  a way t h a t  f a c i l i t a t e s  automatic processing. 

a d d i t i o n a l  thought should be given t o  t h i s  problem. It is, however, our 

impression t h a t  completely automatic processing methods w i l l  not  be adequate 

f o r  our d a t a  a n a l y s i s  purposes. 

Considerable 

When we r e f e r  i n  t h i s  paper t o  the  ice th ickness  d i s t r i b u t i o n  a t  var ious 

elements i n  t h e  AIDJEX ocean, w e  are assuming t h a t  we can sample p a r t  o f ,  

say,  a 100 lan2 element and adequately estimate t h e  i c e  th ickness  d i s t r i b u t i o n  

without a c t u a l l y  measuring a l l  t h e  ice of a given th ickness  i n  the  e n t i r e  

element. Nor do w e  want t o  have t o  measure the  i c e  th ickness  d i s t r i b u t i o n  

i n  every 100 km element; we want t o  measure i t  i n  a few and ex t r apo la t e  

between elements. 

cedures and ex t r apo la t ion  techniques.  For example, we  are studying da ta  

obtained from a s m a l l  number of s t r i p s  i n  a 100 km element (covering only 

a f r a c t i o n  of t he  a c t u a l  a rea)  and t r y i n g  t o  relate these  values  t o  those 

f o r  t h e  ent i re  100 km element. Also, work is being done i n  inves t iga t ing  

the  sampling e r r o r s  involved i n  u t i l i z i n g  l i n e  da t a  t o  c a l c u l a t e  t h e  i c e  

thickness  d i s t r i b u t i o n  i n  a 100 lun element. 

Work i s  now underway t o  eva lua te  d i f f e r e n t  sampling pro- 

I n  connection with these  sampling problems, t he re  is a c r i t i c a l  quest ion 

of how accura t e ly  w e  must know the  i c e  thickness  d i s t r i b u t i o n  i n  the  f i r s t  

place.  To t h i s  end, parameter s t u d i e s  are underway on the  AIDJEX model t h a t  

involve varying the  ice thickness  d i s t r i b u t i o n  and seeing how i t  a f f e c t s  

t he  a c t u a l  deformation and subsequent ice th ickness  values  t h a t  are given 

by the model. One problem wi th  t h e  i c e  thickness  measurement is  t h a t  t he re  

are t h r e e  kinds of e r r o r s :  (1) t h e  e r r o r  i n  t h e  a c t u a l  measurement of the  

amount of area assoc ia ted  with a given i c e  th ickness  (gray s c a l e  on t h e  

image); (2) t h e  e r r o r  assoc ia ted  wi th  judging how t h i c k  t h e  ice corresponding 

t o  that gray s c a l e  a c t u a l l y  is; and (3)  t he  e r r o r  caused by the  l imi ted  
r e so lu t ion  of t h e  sensor .  

Once t h e  d a t a  reduct ion  problems have been solved and parameter s t u d i e s  

completed, t e n t a t i v e  f l i g h t  programs f o r  the  remote sensing f l i g h t s  can be 
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worked out .  

adequate t i m e  f o r  d i scuss ion  wi th  t h e  remote sensing groups t h a t  w i l l  be  

involved 

This should be completed by August 1974 s o  t h a t  t h e r e  is 

STRAIN 

There are two types of s t r a i n  s t u d i e s  t h a t  should be  c a r r i e d  out  t o  

supplement t h e  s t r a i n  measurements t h a t  w i l l  be  obtained from t h e  d a t a  buoys 

and the  manned a r r ay .  They d i f f e r  

p r imar i ly  i n  t h e  scales and t h e  r e s o l u t i o n  of t h e  imagery, and i n  t h e  c o n t r o l  

t h a t  t h e  experimenter has over t h e  t i m e  t h a t  t he  d a t a  is  obtained. 

The purposes of both s t u d i e s  are similar. 

A. Studies by Satellite Imagery 

The most important satell i te i n  t h i s  regard i s  ERTS. It images an 

160 x 160 km area on a given photograph ( a c t u a l l y  the  imagery i s  obtained 

as a continuous s t r i p )  with very l i t t l e  d i s t o r t i o n .  High c o n t r a s t  l i n e a r  

f e a t u r e s  having widths of roughly 30 m are c l e a r l y  v i s i b l e  i n  t h e  imagery. 

Unce r t a in t i e s  i n  the sa te l l i t e  o r b i t  w i l l  cause e r r o r s  of about 2 km i n  t h e  

measurement of t h e  displacement of observable i ce  f e a t u r e s .  On t h e  o the r  

hand, relative displacements of between 100 and 200 m should be  observable.  

Therefore,  a 1% s t r a i n  can be de t ec t ed  with a gauge l eng th  of 10  km while 

a gauge l e n g t h  of 100 km is required f o r  s t r a i n  of 0.1%. 

depend upon being a b l e  t o  i d e n t i f y  t h e  same f e a t u r e  a t  d i f f e r e n t  times. 

Nye and Thomas [1974]] have found t h a t  by lengthening t h e  period of observa- 

t i o n  one a t  f i r s t  gains  i n  p rec i s ion  as t h e  s t r a i n  inc reases ,  but  then one 
l o s e s  p r e c i s i o n  as t h e  i d e n t i f y i n g  f e a t u r e s  become less d i s t i n c t .  

These accuracies  

Several  highly u s e f u l  s t r a i n  s t u d i e s  t h a t  apply i n d i r e c t l y  t o  AIDJEX have 

a l r eady  been made using ERTS imagery (Crowder e t  a l . ,  1973; Hibler  e t  a l . ,  i n  

p re s s ;  Shapiro and Burns, i n  p r e s s ;  Nye and Thomas, 19741. A complete set of 

deformation parameters can be ca l cu la t ed  from observat ions of t h e  r e l a t i v e  ice  

motions. I n  a d d i t i o n ,  information can be obtained on t h e  homogeneity of t h e  

deformation, on t h e  a n g u l a r i t y  and s i z e  d i s t r i b u t i o n  of i n t e r a c t i n g  f l o e s ,  
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and an t h e  o r i e n t a t i o n ,  spacing,  dens i ty ,  width d i s t r i b u t i o n ,  and branching 

angles  of observable  l e a d s  and polynyas. 

There are problems with the  ERTS system: imagery is not  obtained during 

cloudy o r  dark  per iods ;  many small l e a d s  cannot be seen  on the  photos; and, 

a t  the  l a t i t u d e s  where AIDJEX w i l l  opera te ,  imagery is p resen t ly  a v a i l a b l e  

only f o r  a 4 4 a y  period (one image per  day) followed by a 14-day d a t a  gap 

before  t h e  satell i te returns.  This last problem may have a so lu t ion .  During 

an  a r c t i c  summer of continuous d a y l i g h t ,  t he  sa te l l i t e  can ob ta in  t w o  images 

per day in s t ead  of one. 

on" t h e  sa te l l i t e  are those  necessary f o r  photography over a land sur face ;  

s i n c e  sea ice provides  a highly r e f l e c t i v e  su r face  separa ted  by dark a r e a s  

( leads)  of high c o n t r a s t ,  adequate photography is  poss ib l e  with very low 

l i g h t  l e v e l s .  

Moreover, t he  l i g h t  condi t ions  requi red  f o r  ' ' turning 

Requests should be made t o  NASA so t h a t  t h e  above f a c t s  are used i n  

implementing an expanded ERTS d a t a  c o l l e c t i o n  a c t i v i t y  i n  t h e  Arc t i c  while  

the AIDJEX p r o j e c t  is  i n  the  f i e l d .  A sys temat ic  e f f o r t  should be made t o  

ob ta in  and t o  ana lyze  a l l  ERTS imagery that is  a v a i l a b l e  from the  area where 

AIDJEX w i l l  opera te .  

tine" ERTS imagery during t h e  period t h a t  t he  f i e l d  experiment is a c t i v e .  

The a n a l y s i s  of t h e s e  d a t a  w i l l  provide a va luable  background aga ins t  which 

t o  s tudy the  d e t a i l e d  motions of t he  AIDJEX a r r ay .  

Arrangements should a l s o  be made t o  obta in  "near r e a l  

The above s t u d i e s  should a l s o  u t i l i z e  imagery from N O M  2 and N O M  3 

and the  Defense Meteorological S a t e l l i t e  Program (DMSP). These satel l i tes  

add broad-scale information on the  movement of t he  pack throughout most of 

t h e  Arc t i c  Basin [Ackley and Hib ler ,  i n  press ;  S t r e t e n ,  19741, and they 

image the  Arctic on a much more f requent  and r egu la r  b a s i s  than does the  

ERTS satel l i te .  The main f e a t u r e s  t h a t  can r e a d i l y  be observed v i a  the  

NQAA and DmSP imagery are t h e  lead  p a t t e r n s .  Therefore ,  t he  images can 

se rve  as u s e f u l  checks of t h e  p red ic t ions  of t h e  AIDJEX model about t h e  

d i r e c t i o n  of l eads .  

By combining t h e  r e s u l t s  of t h e  NOAA 2 and NOAA 3 ,  DMSP, and ERTS 

systems wi th  the  r e s u l t s  of t h e  manned s t r a i n  a r r a y ,  A I D J E X  has the  c a p a b i l i t y  

of looking a t  sea ice on a v a r i e t y  of s c a l e s .  The ana lys i s  should prove 
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va luab le  i n  checking t h e  p red ic t ions  of t h e  A I D J E X  model. The d a t a  are 

a v a i l a b l e  a t  l i t t l e  cost .  

a n a l y s i s  of t h e  imagery, which i s  time-consuming and r e q u i r e s  manpower. 

The only problem is  arranging support  f o r  t h e  

B. Studies Using High-Elevat ion A i r c r a f t  

To supplement t h e  s a t e l l i t e  program, i t  is  d e s i r a b l e  t o  perform an 

a d d i t i o n a l  photogrammetric experiment over t h e  area of t h e  AIDJEX a r r ay .  

The experiment would u t i l i z e  e i t h e r  U-2 o r  RB-57 a i r c r a f t ,  which f l y  a t  

60,000-70,000 f e e t .  

o r  three-week per iods.  The f i r s t  would be i n  l a te  February o r  e a r l y  March 

when t h e  i ce  has reached i ts  maximum e x t e n t ,  and t h e  second would t a k e  p l a c e  

i n  la te  May o r  e a r l y  June when t h e  pack starts t o  loosen up. 

f i v e  f l i g h t s  would be made i n  each per iod,  with t h e  exact  timing of t he  

f l i g h t s  depending on t h e  weather and t h e  observed i ce  deformation. 

mission would c o n s i s t  of t h r e e  s t r a i g h t - l i n e  pas ses  over t h e  AIDJEX manned 

a r r a y  wi th  each pass  containing t h e  main camp and one of t he  smaller s t a t i o n s .  

Since t h e  ground width of t h e  photo-track is roughly 30 km, t hese  t h r e e  

f l i g h t  l i n e s  image e s s e n t i a l l y  t h e  complete 100 km t r i a n g l e .  

overlap,  i t  w i l l  t a k e  from e igh t  t o  t e n  photographs t o  cover each f l i g h t  l i n e .  

F l i g h t s  would b e  made i n  1975 during two s e p a r a t e  two- 

Approximately 

Each 

Assuming 60% 

To c o n t r o l  t h e  photographs made i n  such f l i g h t s ,  l a r g e  i d e n t i f i a b l e  

t a r g e t s  w i l l  be placed on t h e  ice a t  some d i s t a n c e  (15-20 km) from the  main 

camp and the d i s t a n c e s  between t h e  camp and t h e  t a r g e t s  measured by a laser 

ranger during t h e  o v e r f l i g h t s .  It is  a l s o  p o s s i b l e  t h a t  a s h o r t e r  i d e n t i -  

f i a b l e  d i s t a n c e  can be  measured i n  t h e  v i c i n i t y  of t h e  satell i te camps. 

Leveling c o n t r o l  on t h e  photographs w i l l  be obtained by using sea l e v e l  

( i n  l eads )  as a r e fe rence  level. Then, s t a r t i n g  w i t h  t h e  c a l i b r a t i o n  d i s t a n c e s  

i n  t h e  photograph containing t h e  main camp, pho to t r i angu la t ion  procedures w i l l  

b e u s e d t o  prepare an accu ra t e  (0.1%) s t r i p  photomap. Selected c l e a r l y  i d e n t i -  

f i a b l e  ice f e a t u r e s  (such as lead edges and bends i n  p re s su re  r i d g e s )  w i l l  

be used as br idging po in t s .  When t h e  l i n e s  between t h e  same s t a t i o n s  are 

flown again,  t h e  changes i n  l eng th  between po in t s  i d e n t i f i a b l e  on both s t r i p  

maps can then be used t o  s tudy t h e  na tu re  of t he  pack ice  v e l o c i t y  f i e l d .  
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The prime purpose of t h i s  experiment is t o  provide information on the  

d e t a i l e d  behavior of t h e  pack as a func t ion  of ice morphology. The va r i a -  

t i ons  i n  t h e  i c e  th ickness  d i s t r i b u t i o n  G over the  100 km t r i a n g l e  should 

lead  t o  d i f f e r e n t  responses i n  the  ice motion. Also, i t  is wi th in  the  100 km 

t r i a n g l e  t h a t  t h e  v a r i a t i o n s  i n  G should be bes t  spec i f i ed .  Using t h e  con- 

t r o l l e d  mosaics, t he  deformation rates i n  reg ions  of d i f f e r e n t  G can be 

measured. 

by var ious  deformation models i n  order  t o  compare the  s e n s i t i v i t y  of the  

models wi th  t h e  a c t u a l  local ice response. 

t he  examination of s p a t i a l  s c a l i n g  e f f e c t s  down t o  q u i t e  s m a l l  scales and 

w i l l  permit a much more d e t a i l e d  examination of t h e  d i s t r i b u t i o n  of l eads  

and f l o e s  than i s  poss ib l e  with satel l i te  imagery. I n  f a c t ,  a comparison 

between t h e  U-2 imagery and t h e  ERTS imagery w i l l  provide i n t e r e s t i n g  informa- 

t i o n  on the  degree t o  which ERTS underestimates the  amount of t h i n  i c e  i n  a 

'g iven area. 

These a c t u a l  rates are then compared wi th  the  responses pred ic ted  

The experiment w i l l  a l s o  permit 

The U-2 experiment o f f e r s  s e v e r a l  advantages t o  the  c o l l e c t i o n  of s t r a in  

da ta .  The t i m e  of the  f l i g h t s  can be spec i f i ed  by the  experimenter i n  order  

t o  ob ta in  maximum information about t he  i c e  motion. Its imagery has a very 

high r e so lu t ion :  o b j e c t s  2 m i n  length  can be i d e n t i f i e d .  And during each 

experiment t h e  laser measurements around the main AIDJEX camp w i l l  be made 

as f r equen t ly  as condi t ions permit;  during some per iods ,  t a r g e t  determina- 

t i o n s  w i l l  be made on a continuous bas i s .  These measurements w i l l  provide 

AIDJEX--at no e x t r a  cost--with two b r i e f  per iods  of high-frequency deformation 

d a t a  t h a t  would otherwise be missing completely from the  measurement program. 

F ina l ly ,  the  con t ro l l ed  photogrammetric experiment w i th in  the 100 km 

t r i a n g l e  w i l l  provide a c a l i b r a t i o n  aga ins t  which t o  test a photogrammetric 

way to ob ta in  s t r a i n  (Nye, personal  communication) without ground cont ro l .  

This technique should be poss ib l e  i f  e i t h e r  a i r c r a f t  e l eva t ion  o r  t he  d i s t ance  

between success ive  photographs is known "exactly." I f  the  RB-57, which has 

an i n e r t i a l  guidance system, i s  used f o r  t h e  f l i g h t s ,  i t  may be poss ib l e  t o  

i m p l e m e n t  t h i s  approach. I f  success fu l ,  t h i s  technique would al low photo- 

grammetric s t r a i n  experiments t o  be performed anywhere over t h e  polar  pack 

i c e ,  independent of t h e  a v a i l a b i l i t y  of ground c a l i b r a t i o n .  
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SURFACE ROUGHNESS 

The reasons,  as w e l l  as t h e  methods, f o r  ob ta in ing  roughness p r o f i l e s  

of t h e  top and bottom su r faces  of sea i ce  have a l r eady  been discussed. A s  

w e  noted, t h e  b a s i c  d a t a  required f o r  t h i s  program would be c o l l e c t e d  because 

of t h e i r  u se fu lness  i n  es t imat ing t h e  i c e  thickness  d i s t r i b u t i o n  even if 

roughness were no t  of i n t e r e s t .  

nes s  d a t a  and make t h e  necessary est imat ions of s u r f a c e  drag c o e f f i c i e n t s  

u s ing  the  methods discussed by Banke and Smith [1973] and Hibler and Mock 

[1973]. The software packages required f o r  t h i s  a n a l y s i s  have been developed 

and are a v a i l a b l e  a t  CRREL and NAVOCEANO. 

support  f o r  t h e  a n a l y s i s .  

Then i t  remains only t o  analyze t h e  rough- 

The only problem is  ob ta in ing  

It should be noted t h a t  even when the  laser (and sonar?) d a t a  are 

analyzed and converted i n t o  s u i t a b l e  drag c o e f f i c i e n t s ,  i t  w i l l  be worthwhile 

t o  work out t he  b e s t  way of c a l c u l a t i n g  the  r e g i o n a l  averages required i n  

t h e  modeling e f f o r t s .  Quite probably t h i s  w i l l  be done by f i r s t  making a 

c o r r e l a t i o n  between ice type, drag c o e f f i c i e n t ,  and t h e  t i m e  of year and then 

producing a weighted average based on the  re la t ive proport ions of ice types 

i n  the  study area. Fortunately t h e  d a t a  required t o  produce t h e s e  averages 

w i l l  be  c o l l e c t e d  by o the r  p a r t s  of t h e  remote sensing program. 

CONCLUSION 

I n  t h i s  document we have attempted t o  p re sen t  t h e  requirements of t he  

AIDJEX remote sensing program as it  relates t o  developing a n  improved numerical 

model of t h e  d r i f t  and deformation of sea ice.  This r e p o r t  w i l l  serve as 

p a r t  of t h e  input  (which w i l l  a l s o  include t h e  a v a i l a b i l i t y  of sensor systems 

and platforms,  as w e l l  as t h e  p a r t i c u l a r  r e sea rch  i n t e r e s t s  of t he  p a r t i c i -  

pa t ing  organizat ions)  t h a t  is  necessary t o  formulate an o v e r a l l  AIDJEX remote 

sensing plan.  

AIDJEX Committee i n  October 1974. 

W e  expect t o  p re sen t  t h e  f i n a l  ve r s ion  of t h i s  p l an  t o  t h e  
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ELASTLC STRAIN I N  THE AIDJEX SEA I C E  MODEL 

Robert S. P r i t cha rd  
AIDJEX 

ABSTRACT 

The ALDJEX sea ice model 2 s  extended by a c a r e f u l  cons idera t ion  
of t h e  deformation measured ‘relative t o  a r e fe rence  conf igura- 
t i o n  which changes according t o  t h e  p l a s t i c  flow. 
laakezr t h e  s t r a i n  more meaningful than i t  w a s  previously.  
kinematic r e l a t i o n s  proper ly  al low both f i n i t e  s t r e t c h  and 
r o t a t i o n .  The r e s u l t i n g  kinematic  r e l a t l o n  r e f l e c t s  t he  f e e l i n g  
that sea i c e  response is independent of any f ixed  r e fe rence  
conf igura t ion .  This formulat ion has been achieved by wr i t i ng  
an incremental  kinematic r e l a t i o n  using the  Finger deformation 
tensor. 
e l a s t i c  s t r a i n  i s  s m a l l ,  as with  sea i c e .  
and y i e l d  c r i t e r i o n  as w e l l  as the  p l a s t i c  flow r u l e  remain 
unchanged from those p resen t ly  i n  use.  
by maximizing t h e  rate a t  which p l a s t i c  work is  done. This 
approach u n i f i e s  t he  development and a l s o  he lps  u s  t o  s tudy the  
material i n s t a b i l i t i e s  t h a t  occur when t h e  material so f t ens .  
The material model s a t i s f i e s  t he  p r i n c i p l e  of material frame 
indi f fe rence .  
t i o n  h i s t o r i e s  and the  response i s  s a t i s f a c t o r y .  I n  many cases  
t h e  stress h i s t o r y  is ind i s t ingu i shab le  from t h a t  of t h e  
previously used e l a s t i c - o r - p l a s t i c  model. 

This  approach 
The 

A s p e c i a l  relation i s  presented f o r  t he  case  when 
The elastic response 

The flow r u l e  i s  der ived 

The model has been subjec ted  t o  known deforma- 

INTRODUCTION 

The AIDJEX Modeling Group has developed a mathematical model t o  desc r ibe  

the  motion of a r c t i c  sea ice on l eng th  s c a l e s  of 100 h [Coon e t  a l . ,  19741. 

Our choice of an e l a s t i c - p l a s t i c  r ep resen ta t ion  w a s  j u s t i f i e d  by consider ing 

t h e  microscale processes  t h a t  occur on smaller l eng th  sca l e s .  Here, w e  t ake  

f o r  granted t h e  phys ica l  j u s t i f i c a t i o n  of an e l a s t i c - p l a s t i c  response and 

This  work w a s  funded by Nat ional  Science Foundation Grant OPP71-04031 
t o  t h e  Univers i ty  of Washington t o  support  t h e  Arc t i c  Sea I c e  Study, 
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concern ourselves  with improving t h e  model s o  t h a t  i t  works i n  more gene ra l  

deformations . 
The shortcoming of t he  material model presented i n  Coon e t  a l .  [1974] 

i s  i n  the  k h e m a t i c s .  The elastic s t r a i n  w a s  not  defined i n  terms of t h e  

motions, and t h e  assumed form does no t  provide a n  elastic response t h a t  is  

i n v a r i a n t  under r o t a t i o n  of t h e  material. Furthermore, t h e  simpler elastic- 

o r - p l a s t i c  model used f o r  a c t u a l  c a l c u l a t i o n s  does no t  provide a continuous 

stress h i s t o r y  f o r  a given continuous s t r a i n  rate h i s t o r y .  I n  one- o r  two- 

dimensional dynamic problems t h e s e  d i s c o n t i n u i t i e s  are u n s a t i s f a c t o r y .  

Upon de r iv ing  t h e  kinematics,  w e  f i n d  i t  necessary and d e s i r a b l e  t o  present  

t he  e n t i r e  mechanical response. This  allows us  t o  apply a u n i f i e d  approach 

t o  t h e  d e r i v a t i o n  and t o  determine what p a r t s  of t he  model may be general ized.  

material 

surf  ace, 

Then t h e  

F i n a l l y ,  

h i s t o r y .  

s t r e n g t h  

I n  t h e  following sec t ions  we d i s c u s s  o the r  p l a s t i c i t y  r e p r e s e n t a t i o n s  

and then use  them t o  improve t h e  AIDJEX model. The c r u c i a l  development is 

i n  the  kinematic r e l a t i o n s .  However, a l l  elements of the e l a s t i c - p l a s t i c  

response are presented: kinematics,  e las t ic  response and y i e l d  

and t h e  flow r u l e .  These t o p i c s  are considered i n  sepa ra t e  s ec t ions .  

kinematics are s impl i f i ed  by assuming small elastic strains. 

t h e  model is  t e s t e d  by sub jec t ing  i t  t o  a prescr ibed deformation 

Resu l t s  of t h e s e  c a l c u l a t i o n s  are presented in t h e  form of y i e l d  

and stress p a t h  h i s t o r i e s .  

BACKGROUND 

The l i t e r a t u r e  is r i c h  with e l a s t i c - p l a s t i c  c o n s t i t u t i v e  l a w s ,  Our 

kinematic r e l a t i o n s  depend on t h e  work of L e e  [1969, 19711, Herrmann [1969], 

Haddow and Hrudey [1971], Wang [1973], and Hahn [1974]. In those works, 

elastic s t r a i n  w a s  introduced in terms of deformation relative t o  a moving 

r e fe rence  configurat ion.  To accomplish t h i s  d e r i v a t i o n  w e  r e q u i r e  three 

conf igu ra t ions  (Fig. 1): 

t i o n  occupied by t h e  body a t  each t i m e  - I', and an intermediate  r e fe rence  

configurat ion I' 
elastic response follows t h e  work of Naghdi and Trapp [1974]. Deformation 

between t h e  instantaneous configurat ion and the  elastic unload configurat ion 

a f ixed  r e fe rence  configurat ion &, t h e  configura- 

t h a t  changes i n  t i m e  according t o  t h e  p l a s t i c  flow. The 
- P  
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Fig. 1. Rela t ionship  between t h r e e  conf igura t ions  de f in ing  s t r a i n .  

provides  the  s t r a i n  measure inf luenc ing  t h e  e l a s t i c  response. The y i e l d  

su r face  depends on one parameter as i n  many o the r  geologic  materials, but  

t he  parameter is d i f f e r e n t  from those  used f o r  s o i l s  o r  rocks [Nelson, 

Baron, and Sandler ,  19711. As a r e s u l t ,  t h e  material may e i t h e r  harden o r  

s o f t e n  and i s  uns t ab le  i n  t h e  sense  of Drucker [1950]. Such materials are 

discussed by Palmer,  Maier, and Drucker [1967]. The gene ra l  e l a s t i c - p l a s t i c  

model of Green and Naghdi [1965} and l i m i t a t i o n s  imposed by Green and Naghdi 

[1971] are also use fu l .  W e  a t tempt  t o  take  t h e  b e s t  p a r t s  of these  models 

and combine them i n t o  a sea i c e  model. 

W e  are i n t e r e s t e d  i n  p red ic t ing  t h e  motion of sea ice t h a t  is  constrained 

t o  l i e  on t h e  s u r f a c e  of t h e  ocean. 

t i m e  rate of change of p o s i t i o n  x = x ( X , t >  on t h e  sea su r face ,  where x and 

t i n d i c a t e  the  p a r t i c l e  x at  t i m e  t and 

Thus p a r t i c l e  v e l o c i t y  u ( x , t )  is t h e  
5 -  

.., 

= 3. The v e l o c i t y  g rad ien t  

= 32/35 is a second-order tensor  with four  components i n  the  two-dimensional 
t problems. 

- W = 1/2($ - ct). 
re fe rence  conf igura t ion  

t h e  r e fe rence  conf igura t ion  is the  a c t u a l  conf igura t ion  a t  the  i n i t i a l  time 

The s t r e t c h i n g  is obtained as Q = 1/2(L + L ) and the  s p i n  as ..,.., 

W e  i d e n t i f y  material p a r t i c l e s  X by p o s i t i o n  i n  the  

= $ (X) , again  a two-dimensional space. General ly ,  
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of i n t e r e s t .  

= r ( X , t ) ,  “.., t he  p o s i t i o n  a t  t i m e  t occupied by p a r t i c l e  X which occupies 

The deformation from the  r e fe rence  conf igura t ion  is  K, where 

p o s i t i o n  X “ i n  t h e  r e fe rence  conf igura t ion .  

The deformation g rad ien t  ( s ee  Figure 1 f o r  t he  geometric i n t e r p r e t a t i o n )  

provides  the  information necessary t o  measure both s t r a i n  and r o t a t i o n .  

t he  po la r  decomposition theorem [Truesde l l  and Toupin, 19601 
By 

F = RU = VR ” “- -5 

where R i s  t h e  r o t a t i o n  t enso r ,  U is  the  r i g h t  s t r e t c h  t enso r ,  and V is the  

l e f t  s t r e t c h  tensor .  The material rate of change of E i s  a func t ion  of t h e  

v e l o c i t y  g rad ien t  

.-d .., .., 

We may now in t roduce  a completely analogous set of q u a n t i t i e s  r e l a t e d  

t o  the  moving r e fe rence  conf igura t ion ,  c a l l e d  t h e  e l a s t i c  unload configura- 

t i o n ,  ind ica ted  he re  by L’ - = r p ( Z , t ) .  

g rad ien t  F 

v e l o c i t y  f i e l d  v 

p l a s t i c  s t r e t c h i n g  D = 1/2(L + L ) and s p i n  Fp = 1/2(GP - Gp). 

of each of t h e s e  q u a n t i t i e s  is clear because each is defined i n  a manner 

completely analogous t o  those introduced i n  the  deformation from the  f i x e d  

r e fe rence  t o  t h e  f i n a l  conf igura t ion .  

S p e c i f i c a l l y ,  w e  have a deformation 

= ar/aX, which decomposes i n t o  F = R U = V R , and a p l a s t i c  
“P - -- “P --P“P “P-P 

with v e l o c i t y  grad ien t  L = au / a ~ ,  which decomposes i n t o  
t “P “P -- “P t The meaning 

“P “P “P 

We now in t roduce  t h e  deformation from the  e las t ic  unload conf igura t ion  

t o  the  f i n a l  conf igura t ion  

The elastic deformation gradien t  Fe “ i s  a measure of change between these  

two conf igura t ions  
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The t h r e e  d i f f e r e n t  deformation g rad ien t s  F ,  F and F a r e  r e l a t e d  by .., -p' -e 

KINEMATICS USEFUL TO THE SEA ICE MODEL 

I n  the previous paragraphs,  we have discussed s e v e r a l  deformation 

measures. Two of t h e s e  w e r e  def ined  with r e spec t  t o  an a r b i t r a r y ,  bu t  

f i xed ,  r e fe rence  conf igura t ion  and t h e  t h i r d  with r e s p e c t  t o  a moving 

r e fe rence  conf igura t ion .  Components of each measure may be i n t e r p r e t e d  

i n  terms of phys i ca l ly  meaningful and measurable q u a n t i t i e s .  

According t o  P r i t cha rd  [1974], most i n v e s t i g a t o r s  f e e l  t h a t  sea  i c e  

has no p re fe r r ed  conf igura t ions  and thus  no r e fe rence  conf igura t ion  t h a t  

arises n a t u r a l l y .  This f a c t  l e a d s  us  t o  formulate  the  material response 

independently of any f ixed  r e fe rence  conf igura t ion .  

I n  the  mechanical c o n s t i t u t i v e  l a w ,  t he  material p r o p e r t i e s  and t h e  

y i e l d  s u r f a c e  are assumed t o  depend on the  h i s t o r y  only through the  i c e  

th ickness  d i s t r i b u t i o n  a t  t h e  present  t i m e ,  Even a t  t he  microscale  l e v e l ,  

i t  is seen  t h a t  any p re fe r r ed  conf igura t ion  i s  " forgot ten  by the  material" 

whenever a lead  or r i d g e  is formed. 

c o n s t i t u t i v e  l a w ,  t h e  absence of a p re fe r r ed  conf igura t ion  i s  evidenced by 

t h e  f a c t  that s t r a i n  rate, no t  strain,  in f luences  t h e  stress state. 

I n  the  mathematical d e s c r i p t i o n  of t h e  

We want a formulat ion of incremental  kinematics involving our phys i ca l ly  

i n t e r p r e t a b l e  v a r i a b l e s ,  ce, ;Er, and perhaps L . 
grad ien t  is not  measured r e l a t i v e  t o  a f i x e d  conf igura t ion ,  and we cannot 

au tomat ica l ly  in t roduce  a l l  the  previous v a r i a b l e s ;  i n s t ead ,  we must ca l -  

c u l a t e  them by i n f e r r i n g  t h e i r  r e l a t i o n s h i p  from previously der ived variables. 

For ins tance ,  t h e  material time rate of change of te is pe and i s  obtained 

from 

The e l a s t i c  deformation 
-P 

. 
F = F F  + F F  
Y -e-p -e-p 

S u b s t i t u t i n g  f o r  p and f o r  i n  an  analogous manner, w e  f i n d  t,hat 
"P 
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We could use  t h i s  equat ion t o  determine F 

mined. A s  many authors  have shown, a degree of unce r t a in ty  e x i s t s  i n  t h e  

deformation decomposition, t h a t  is, i n  deciding how much of the  r o t a t i o n  

t o  c a l l  elastic and how much t o  call  p l a s t i c .  And once t h e  dec is ion  is  made, 

another  quest ion arises: how do we eva lua te  the  e f f e c t  of t h a t  apportionment 

on the  p l a s t i c  v e l o c i t y  grad ien t  L 

excepk t h a t  L cannot be de t e r -  
-e’ -P 

so  t h a t  w e  can evaluate  F ? -P -e 

We circumvent t h i s  d i f f i c u l t y  by introducing t h e  Finger deformation 

tensor  [Truesde l l  and Toupin, 19601: 

B = F F t  -e -e-e 

which, by t h e  polar  decomposition theorem, is a l s o  

B = V 2  -e -e 

Taking t h e  material ra te  of change of B and s u b s t i t u t i n g  t h e  expression -e 
f o r  F g ives  -e 

The most important f e a t u r e  i n  t h i s  equation is t h a t  t h e  p l a s t i c  sp in  does 

not  have t o  be known t o  determine B . This  f a c t  w i l l  a l low us  t o  make an  

assumption about t h e  decomposition of e i n t o  

determine the  e f f e c t  of t h a t  assumption on W . The f i n a l  form of the  kine- 

mat ic  equation contains  t h e  elastic r o t a t i o n  e 
be s a t i s f a c t o r y  on d e r i v a t i o n  of t h e  flow r u l e .  

-e 
and R without having t o  P -e 

-P 
but  t h i s  w i l l  be seen t o  e’ 

I n  most e l a s t i c - p l a s t i c  material models used t o  desc r ibe  response of 

metals the  p l a s t i c  d i l a t a t i o n ,  tr D is assumed zero. This  assumption is  

not made f o r  sea i c e .  The bas i c  reason is t h a t  sea ice is a two-dimensional 

material and t h e  d i l a t a t i o n  is a measure of area change, r a t h e r  than  volume 

change as i n  a three-dimensional material. 

because our use  of t he  d i r e c t  no ta t ion  hides  t h e  dimensional i ty  of t he  problem. 

W e  a l s o  poin t  out  t h a t  i n  t h i s  sense the  c l a s s i c a l  p l a s t i c i t y  models must 

be general ized t o  desc r ibe  sea ice. 

-P ’ 

This note of caut ion is  included 
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MATERIAL RESPONSE RELATIVE TO CHANGING REFERENCE COKFIGURATION 

Material response is assumed t o  be  elastic re la t ive t o  the  changing 

re ference  configurat ion.  

t o  l ie  wi th in  t h e  y i e l d  sur face .  

e t  al .  E19741 i s  

S t r e s s  states are l imi t ed  by t h e  y i e l d  c o n s t r a i n t  

The e l a s t i c  response proposed by Coon 

and t h e  y i e l d  c o n s t r a i n t  is  

The stress g i n  t h i s  two-dimensional theory is a c t u a l l y  the  stress r e s u l t a n t .  

It is the  d i f f e r e n c e  between the  i n t e g r a l  of t h e  Cauchy stress through the  

th ickness  of t h e  ice and t h e  hydros t a t i c  load appl ied by the  water i n  which 

i t  f l o a t s .  The i n v a r i a n t s  are 

where 

I , =  tr u 

II' = tr g'g' 

- 

The elastic moduli depend on the  instantaneous thickness  d i s t r i b u t i o n  through 

the  mean th ickness  h. 
dependent on G. 

As s t a t e d  previously,  p* is the  y i e l d  s t r eng th ,  a l s o  

The elastic s t r a i n  e, is chosen t o  be t h e  extension 

g = v - 1  -e - 
a quan t i ty  which may be  determined from t h e  kinematic r e l a t i o n s  derived 

earlier i n  t h i s  paper. 

Both t h e  elastic response and the  y i e l d  c o n s t r a i n t  s a t i s f y  the  prin- 

c i p l e  of material frame ind i f f e rence  [Truesdel l  and Noll ,  19651 and conse- 

quent ly  must be i so t rop ic .  Therefore ,  t h e  chosen response is  the  most 
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genera l  form acceptable .  

deformation and t h e  instantaneous th ickness  d i s t r i b u t i o n  t o  a f f e c t  t he  

elastic response,  I n  a genera l  nonl inear  e l a s t i c  response,  t h e  elastic 

moduli may depend on I and II'. 

T h i s  could be general ized by allowing t h e  p l a s t i c  

PLASTIC WORK AND THE FLOW RULE 

The flow r u l e  i s  der ived by maximizing t h e  rate a t  which p l a s t i c  work 

i s  d i s s ipa t ed .  This approach has been used by Drucker [1950] and by H i l l  

[1950, 19581. 

ness  of s o l u t i o n  as wi th  s t a b l e  material [Drucker, 1955; Palmer, Maier, 

and Drucker, 19671, i t  does provide a un i f i ed  approach. 

Although i t  does not  provide a means of demonstrating unique- 

The stress power is (assuming a symmetric stress tensor )  

I n  terms of our kinematic q u a n t i t i e s ,  t h i s  may be w r i t t e n  

w = tr o ( i  F -1  + F L F -'I - -e-e -e-p-e 

Ve a n t i c i p a t e  s impl i f i ca t ions  and decompose i n t o  e l a s t i c  p a r t  we and p las t ic  

p a r t  w 
P 

= t r g ; ~ - 1  -e-e We 

w = t r o E g C - '  
P e p e  

The p l a s t i c  working ( r a t e  a t  which p l a s t i c  work i s  done) i s  w r i t t e n  

t w = t r R e  - -e V " C ~ V R L  - -e-e-p 
P 

Eigenvectors of 

i s o t r o p i c .  

and t h i s  s i m p l i f i e s  t h e  p l a s t i c  working t o  

and ye are coincident  because t h e  e l a s t i c  response is 

Therefore,  t he  product 9 ye is  commutative [Wilkinson, 19651 
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which is independent of t h e  rate of e l a s t i c  deformation. 

stress is  symmetric, and we f i n d  t h a t  t h e  r o t a t e d  stress Ret - - 0 R -e is symmetric. 

Thus, only t h e  p l a s t i c  s t r e t c h i n g  con t r ibu te s  t o  the  p l a s t i c  working: 

Since gt = 2, t he  

w = t r ~ e t g ~  - -e D -p 
P 

The flow r u l e  r e s u l t s  from maximizing w 

s u b j e c t  t o  t h e  y i e l d  c o n s t r a i n t .  

materials is given by Palmer,  Maier, and Drucker [1967]. 

normal flow is 

f o r  a given deformation 
P 

A thorough development f o r  uns t ab le  

The appropr i a t e  

where 1 is  a p o s i t i v e  scalar m u l t i p l i e r .  

has  been assumed t o  be convex and t o  inc lude  t h e  o r i g i n .  W e  have not  y e t  

considered r e l ax ing  t h i s  l i m i t a t i o n .  

For the  p re sen t ,  t he  y i e l d  su r face  

W e  po in t  ou t  t h a t  t h e  stress response i n  t h e  present  e l a s t i c - p l a s t i c  

material is  unaffected by t h e  a r b i t r a r y  choice of R . This is c o n s i s t e n t  

wi th  the  r e s t r i c t i o n  imposed by Naghdi and Trapp [1974] t h a t  t h e  r o t a t i o n  

decomposition have no in f luence  on t h e  response.  

-e 

APPROXIMATION FOR SMALL ELASTIC STRAIN 

We now seek  t o  approximate t h i s  model f o r  t he  case  when elastic s t r a i n  

- e is s m a l l .  

i n  which case  elastic s t r a i n s  are thought t o  be of t h e  order  of 0.1 percent .  

We p o i n t  ou t  t h a t  t h e  elastic response i n  t h i s  a p p l i c a t i o n  is assumed t o  

be l i n e a r ,  wi th  e l a s t i c  cons tan ts  given by 

This  is  important f o r  a p p l i c a t i o n  of t h i s  model t o  sea i c e ,  

M, = l o 6  h 

Units  of M, and M2 are i n  newtons per  meter and those  of % are i n  meters. 

Furthermore, fo r  n o t a t i o n a l  convenience w e  l e t c  

not a f f e c t  t he  stress response.  

= ,1 s i n c e  the  choice does e 
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The three kinematic equations are combined to give one differential 
equation in the elastic strain 

(1 + e); + i(1 + e) = L(l + e)2 + (1 + e)2Lt - 2(1 + e)D (1 + e) - - - P “  - “ ..,- “ -  .., “ U  - - - -  
A systematic approximation technique begins with replacing e by E$ for a 

small constant E. 

approximations : 

.., 

Then by collecting like powers of E, we find consistent 

E2(Le‘ + e2Lt - 2eD e )  
““P- ..,a “.., 

The lowest-order approximation is obtained by neglecting terms of order E 

and to give 

D = D  “ 
“P 

During plastic flow this is the kinematic relation used in the elastic-or- 
plastic AIDJEX ice model [Coon et al., 19743. 

The next order of approximation is obtained by neglecting terms of 
order E‘ while retaining terms of order E. We find 

E: = D - D + E[(L - D >e + e(L - D ltl - -P - -P- “ -  “P 

However, - D = D - D + W and we have already shown that D - D is of 
order E when deriving the lowest-order approximation. 
and Ee,(Q - D ) are actually of order E2 and may be neglected. 

result is 

-P “ “P - - “P 
The terms &(e - ep)e 

The final 
“P 

We now return to the original notation and replace E$ by e, to obtain the 
following kinematic relation 

= D - D + (We - $,w> 
” “P -- 

The combination of three terms containing strain may be called the 
co-rotational strain rate E 
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Such a d e f i n i t i o n  is o f t e n  made f o r  stress [Truesdel l  and Noll ,  19651. The 

important f e a t u r e  of e_ i s  t h a t  it is  an ob jec t ive  tensor  i n  t h a t  i t  t rans-  

forms according t o  t h e  l a w  of second-order t enso r s  during a change of 

r e fe rence  frame. We do no t  use  t h i s  f a c t ,  but  it is comforting t o  f ind  t h a t  

our kinematic  r e l a t i o n  f o r  t h e  s m a l l  e l a s t i c  s t r a i n  approximation s a t i s f i e s  

all t he  d e s i r e d  invar iance  p rope r t i e s .  

0 

SAMPLE RESPONSE 

A l l  elements of t h e  material response have been presented. We now 

show how t h e  model behaves by subjec t ing  i t  to  a spec i f i ed  deformation 

h i s t o r y  [Coon and P r i t cha rd ,  19741- 

and the prescr ibed s t r e t c h i n g  Q is  un iax ia l ,  

Assume that t h e r e  is no sp in  (,W = 0) .., 

I f  w e  sub jec t  t h e  body t o  a period of cont rac t ion  (d < 0) followed by a 

period of extension (d > 0 ) ,  t h e  f e a t u r e s  of loading and unloading accompanied 

by e i t h e r  hardening o r  sof ten ing  are observed. 

consequence. 

The magnitude of d is of no 

I f  affects only t h e  dura t ion  of t he  experiment. 

I n i t i a l l y  t h e  material i s  assumed t o  be stress f r e e  and the  th ickness  

d i s t r i b u t i o n  is uniform up t o  a thickness  of 10 m. 

th ickness  category from 0 t o  1 0  m covers t he  same area. 

This  means t h a t  each 

During t h e  test we assume that thickness  growth rates correspond t o  Jan. 1 

condi t ions [Coon e t  a l . ,  19741. The y i e l d  curve chosen f o r  t h i s  work i s  

the  polynomial form 

1 4 = 11' - $ P ( 1  + -) 
2P * I 5 0  
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Fig. 2. S t r e s s  pa th  during u n i a x i a l  con t r ac t ion  and extension. 

which is shown i n  Figure 2 p l o t t e d  i n  normalized p r i n c i p a l  stress space. 

This type of p l o t  remains unchanged f o r  t h i s  y i e l d  curve even though p* 
changes. 

and by t h e  A I D J E X  modeling group i n  sea ice  dynamics ca l cu la t ions .  

Figure 2 w e  may draw v e c t o r s  i n d i c a t i n g  d i r e c t i o n  of both t h e  s t r e t c h i n g  

and t h e  p l a s t i c  s t r e t c h i n g .  

Figure 3 ,  which g ives  t h e  normalized s t r e s s - s t r a i n  response f o r  t h i s  u n i a x i a l  

s t r a i n  h i s t o r y .  

This func t iona l  form has been used r e c e n t l y  by Rothrock [1974] 

I n  

Before discussing t h e  stress pa th ,  we introduce 

With Figures  2 and 3 w e  can accu ra t e ly  desc r ibe  t h e  stress 

response. 

d i c t a t e d  by t h e  r a t i o  of M2/M, of the  form 

The p a t h  from po in t  1 t o  p o i n t  2 is elastic, with t h e  s l o p e  

A t  po in t  2 response becomes e l a s t i c - p l a s t i c .  

po in t  i n  t h e  o1 d i r e c t i o n .  The p l a s t i c  s t r e t c h i n g  D becomes non-zero 

along t h e  p a t h  from p o i n t  2 t o  3.  

p a r t i c u l a r  point .  

The s t r e t c h i n g  vec to r  continues t o  

-“P 
It is  normal t o  the  y i e l d  curve a t  each 

When po in t  3 i s  reached, a l l  s t r e t c h i n g  i s  p l a s t i c  

= D), and t h i s  stress state is maintained as long as con t r ac t ion  continues.  Qp .., 

56 



STRAIN (PERCENT) 

Fig. 3 .  Normalized s t r e s s - s t r a i n  curves. 

I n  Figure 3 t h i s  is shown by the  ho r i zon ta l  l i n e  from poin t  3 t o  3' .  

extension begins ,  t h e  unloading occurs from poin t  3 (or 3 ' ,  depending on 

t h e  period of con t r ac t ion ) .  The unloading from poin t  3 t o  4 is elastic. 

I n  Figure 3 t h i s  s l o p e  i s  independent of t h e  du ra t ion  a t  point  3.  This 

is  n o t  s t r i c t l y  t r u e ,  because x is  modified by p l a s t i c  flow d i f f e r e n t l y  

from p * .  
on t h e  one curve by normalizing wi th  r e spec t  t o  p * ,  some d i f f e r e n c e s  may 

occur on unloading. 

thermodynamic e f f e c t s  can change the  th ickness  d i s t r i b u t i o n  and t h e r e  i s  

no r e d i s t r i b u t i o n  between ice ca t egor i e s .  The f i n a l  unload from poin t  4 
t o  5 c l o s e s  t h e  stress cycle .  

shown as before .  I f  t he  extension continued, t he  stress would s t a y  a t  zero 

When 

Thus, even though both hardening and sof ten ing  cases  may be shown 

We po in t  ou t  t h a t  when the  body i s  e l a s t i c ,  only 

The state is e l a s t i c - p l a s t i c ,  with D and D 
-P .., 

and a l l  s t r e t c h i n g  would b e  p l a s t i c .  

could a l s o  be completed. 

chosen because t h e  r e s u l t s  then appear i d e n t i c a l  t o  i d e a l l y  p las t ic  r e s u l t s  

By t h i s  process  the s t r a i n  cyc le  

The normalized forms of t hese  p l o t s  have been 

I n  Figure 4 w e  present  t h e  y i e l d  s t r e n g t h  h i s t o r y .  The s t r e n g t h  

inc reases  by approximately 200 percent  during the  con t r ac t ion  o f , 5  percent .  
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It then  decreases  t o  less than t h e  i n i t i a l  value when t h e  body is extended 

by 10 percent .  

d i s t o r t e d  t o  show t h e  unload from p o i n t  3 ' .  

W e  no te  t h a t  t h e  s t r a i n  scale on Figure 3 has been g r o s s l y  

A t  s t r a i n  rates a c t u a l l y  used, 

t h e  experiment du ra t ion  i s  30 days. During t h i s  t i m e  t h e  y i e l d  s t r e n g t h  is 

a l s o  increased by t h e  thermal e f f e c t  of t h e  growth of ice. 

shows t h e  e f f e c t s  of both thermal and mechanical i npu t .  

The y i e l d  s t r e n g t h  

Since hardening occurs when con t r ac t ion  takes  p l ace ,  behavior is  s t a b l e  

during con t r ac t ion .  

behavior is  unstable .  I n  normalized stress space,  t h e  y i e l d  s u r f a c e  is  

constant .  Hence w e  may use  t h e  r e s u l t  from i d e a l  p l a s t i c i t y  [Palmer, Maier, 

and Drucker , 19671 t h a t  

However, on expansion p* drops and along pa th  4-5 t h e  

n 
w -I 

>- 

TIME AT CONSTANT STRETCHING MAGNITUDE 
(DIMENSIONLESS) 

Fig. 4 .  Yield s t r e n g t h  h i s t o r y .  
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This  r e s u l t  depends on t h e  y i e l d  s u r f a c e  being cons tan t  when expressed 

normalized stress space. I f  w e  look a t  material s t a b i l i t y  i n  terms of 

tr 5 D , t hen  - “P 

t r $ e  = 
P 

and t h e  s i g n  of ;* c o n t r o l s  s t a b i l i t y  

t h e  p l a s t i c  working are non-negative. 

i n  

of t he  material because both p* and 

Thus, sof ten ing  causes an  i n s t a b i l i t y ,  

whether from thermodynamic o r  from mechanical causes. This  is t r u e  r ega rd le s s  

of both the  y i e l d  s u r f a c e  shape and the  stress state a t  which flow occurs. 

This response is expected and a n t i c i p a t e d  under many condi t ions ,  bu t  i t  is  

the  kind of behavior t h a t  must be s tud ied  wi th  care .  

CONCLUSIONS 

The mechanical c o n s t i t u t i v e  l a w  overcomes t h e  ob jec t ions  t o  the  

e l a s t i c - o r - p l a s t i c  model of Coon e t  a l .  [1974], 

t o  e1ast:Lc s t r a i n  and responds c o r r e c t l y  under f i n i t e  r o t a t i o n s .  

I t  g ives  phys ica l  meaning 

W e  have expressed t h e  c o n s t i t u t i v e  l a w  i n  terms of the  v e l o c i t y  

g rad ien t ,  t h e  kinematic quan t i ty  t h a t  has meaning t o  sea i c e  s p e c i a l i s t s .  

The model is cons i s t en t  wi th  the  continuum mechanics models. It 

s a t i s f i e s  a l l  invar iance  requirements.  

The model i s  l imi t ed  t o  those materials t h a t  have i s o t r o p i c  e l a s t i c  

response and i s o t r o p i c  y i e l d  func t ions .  

Although t h e  material model is two-dimensional and der ived s p e c i f i c a l l y  

f o r  sea i c e ,  i t  has a broader app l i ca t ion  than t h a t .  

deformation and f i n i t e  p las t ic  d i l a t a t i o n  w e  have developed a model more 

genera l  than o t h e r s  i n  the  l i t e r a t u r e .  

By including f i n i t e  

The incremental  formulat ion is  use fu l  i n  computer programs t h a t  so lve  

dynamic problems such as wave propagation o r  shock mechanics. Kinematic 

r e l a t i o n s  t ake  t h e  form of an a d d i t i o n a l  conservat ion l a w ,  t h e  conservat ion 

of space ( compa t ib i l i t y ) .  
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The response t o  t h e  u n i a x i a l  s t r a i n  shows the  des i r ed  stresses. We 

must p o i n t  out  t h a t  geophysical materials do not  a l low labora tory  t e s t i n g  

of specimens. Therefore ,  i t  is  d i f f i c u l t  t o  choose between c o n s t i t u t i v e  

l a w s  and t o  judge how good one is. The only test i s  t o  ob ta in  s o l u t i o n s  t o  

t h e  f u l l  f i e l d  equat ions under condi t ions  t h a t  can be checked by experiment. 

The AIDJEX Main Experiment w i l l  occur from March 1975 t o  June 1976. 

t he  experiment enough d a t a  w i l l  be taken t o  a l low us  t o  determine how good 

t h e  material model is. 

During 

Future work inc ludes  modifying the  flow r u l e ,  t he  y i e l d  c o n s t r a i n t ,  

and perhaps the  e l a s t i c  response. 

arguments t o  inc lude  t h e  e l a s t i c  strain energy and sources  due t o  growth and 

a b l a t i o n  of s u r f a c e  i c e .  

behavior ( r idges  and l e a d s  may not  be i s o t r o p i c a l l y  o r i e n t e d ) ,  and the  

material response might need t o  depend on p l a s t i c  deformation as i n  the  more 

genera l  theory of Green and Naghdi [1965]. 

It is necessary t o  extend the  ene rge t i c s  

Better models might need t o  a l low a n i s o t r o p i c  

ACKNOWLEDGMENT 

The author  thanks the  AIDJEX s t a f f ,  e s p e c i a l l y  o ther  members of the  

ice modeling group, f o r  cooperat ion during t h e  course of t h i s  work. 

REFERENCES 

Coon, M. D . ,  G. A. Maykut, R. S. P r i t c h a r d ,  D. A. Rothrock, and A. S, 
Thorndike. 1974. Modeling the  pack i c e  as an e l a s t i c - p l a s t i c  
material. AIDJEX Bulletin No. 24, Univ. of Washington, Seattle, 
pp. 1-106. 

Coon, M. D., and R. S. Pr i tchard .  1974. Applicat ion of an e l a s t i c - p l a s t i c  
model of a r c t i c  pack ice. 
Sea Coastal and Shelf Research, January 1974, Sun Francisco, California, 
Arc t i c  I n s t i t u t e  of North America, Washington, D . C .  ( i n  p re s s ) .  

Proceedings of the Symposiwn on Beaufort 

Drucker, D. C. 1950. Some impl ica t ions  of work hardening and i d e a l  
p l a s t i c i t y .  Quart. A p p l .  Math, 7 ( 4 ) ,  411-418. 

Drucker, D. C. 1955. On uniqueness i n  t h e  theory of p l a s t i c i t y .  Quart. 
AppZ. Math., 14(1 ) ,  35-42. 

60 



Green, A, E., and P. M. Naghdi. 1965. A gene ra l  theory of e l a s t i c - p l a s t i c  
.continuum. Arch. RatZ. Mech. Anal., 18; 251-281. 

Green, A. E., and P. M. Naghdi. 1971. Some remarks on e l a s t i c - p l a s t i c  
deformation at f i n i t e  s t r a i n .  
Science, 29, 1219-1229. 

InternutionaZ Jowraal of  Engineering 

Haddow, J. B., and T. M. Hrudey. 1971. The y i e l d  condi t ion and flow r u l e  
f o r  a metal subjected to  f i n i t e  elastic volume change. 
AppZied Mechanics, 38, 708-712. 

Journal of  

Hahn, H. T. 1974. A f ini te-deformation theory of p l a s t i c i t y .  IntemationaZ 
Joww~zZ of Solids S t m t u r e s ,  10, 111-121. 

Herrmann, W. 1969. Nonlinear stress waves i n  metals. I n  Wave Propagation 
i n  Solids,  ed. J. Miklowitz, ASME, 129-183. 

B i l l ,  R. 1950. Plas t i c i t y .  London: Oxford Universi ty  Press .  

H i l l ,  R. 1958. A general  theory of uniqueness and s t a b i l i t y  i n  elastic- 
Journal of the Mechanics and Physics of Solids,  6 ,  p l a s t i c  theory.  

23 6- 24 9. 

Lee ,  E. H. 1969. E l a s t i c - p l a s t i c  deformation a t  f i n i t e  s t ra ins .  Journal 
o f  Applied Mechanics, 36 ,  1-6. 

Lee, E. H. 1971. Plastic-wave propagation a n a l y s i s  and e l a s t i c - p l a s t i c  
theory a t  f i n i t e  deformation. 
Properties of Solids, ed. J. J. Burke and V. Weiss. Syracuse, N.Y.: 
Syracuse Universi ty  P res s ,  pp. 3-19. 

I n  Shock Waves and the Mechanical 

Naghdi, P. M., and J. A. Trapp. 1974. On f i n i t e  e l a s t i c - p l a s t i c  deformation 
of metals. Transactions ASME, 254-260. 

Nelson, I., M. L. Baron, and I. Sandler. 1971. Mathematical models f o r  
I n  Shock Waves geo log ica l  materials f o r  wave-propagation s t u d i e s .  

and the Mechanical Properties of Solids,  ed. J. J. Burke and V. Weiss. 
Syracuse, N.Y.: Syracuse Universi ty  Press ,  pp.289-351. 

Palmer, A. C. ,  G. Maier, and D. C. Drucker. 1967. Normality r e l a t i o n s  and 
convexity of y i e l d  s u r f a c e s  f o r  uns t ab le  materials on s t r u c t u r a l  
elements. Journal of Applied Mechanics, 34, 464-470. 

P r i t c h a r d ,  R. S .  1974. What? S t r a i n ?  What s t r a i n ?  AIDJEX Bul le t in  No. 26, 
Univ. of Washington, S e a t t l e ,  Wash., pp. 59-74. 

Rothrock, D. A. 1974. The e n e r g e t i c s  of p l a s t i c  deformation i n  pack ice. 
I n  th i s  Bu l l e t in .  Also submitted t o  t h e  Journa l  of Applied Mechanics. 

61 



Truesdell.,  C. A . ,  and W. Noll .  1965. The nonl inear  f i e l d  t h e o r i e s  of 
mechanics. Encyclopedia of Physics, 11113, ed. S . Flugge Berl in  : 
Spr inger-Verlag. 

T ruesde l l ,  C. A . ,  and R. Toupin. 1960. The classical  f i e l d  t h e o r i e s  of 
mechanics. Encyclopedia of Physics, IIIll, ed. S .  Flugge. Berl in:  
Springer-Verlag. 

Wang, Y. S. 1973. A s i m p l i f i e d  theory of t h e  c o n s t i t u t i v e  equat ions of 
metal p l a s t i c i t y  a t  f i n i t e  deformation. 
40, 941-947. 

Journal of AppZied Mechanics, 

Wilkinson, J. H. 1965. The Algebraic Eigenvalue Problem. London: Oxford 
Un ive r s i ty  Press .  

6 2  



THE ENERGETICS OF PLASTIC DEFORMATION IN PACK ICE 

D. A. Rothrock 
AIDJEX 

ABSTRACT 

A la rge-sca le  area of pack ice conta ins  ice of var ious  thick-  
nesses  from zero t o  many meters. Such an area can be modeled 
as an element of a p l a s t i c  continuum. 
t h i n  ice is r idged i n t o  th i cke r  i c e  i n  a way that depends 
on the  strain rate and the  instantaneous th ickness  d i s t r i b u t i o n .  
By equating t h e  p l a s t i c  work t o  the  production of g r a v i t a t i o n a l  
p o t e n t i a l  energy and t h e  f r i c t i o n a l  d i s s i p a t i o n  i n  t h i s  r i dg ing  
process ,  w e  relate the  s i z e  of t h e  y i e l d  curve t o  t h e  th ickness  
d t s t r i b u t i o n  and f ind  a c o n s t r a i n t  on the  shape of t h e  curve. 
The compressive s t r e n g t h  p* evaluated i n  t h i s  way is  more than 
an order  of magnitude smaller than the  loads  required e i t h e r  
t o  crush o r  t o  buckle t h e  ice. 

As t h e  area deforms, 

INTRODUCTION 

Pack ice is  an aggregate of many p ieces  of f l o a t i n g  ice shee ts .  

In significant deformation, t hese  p i eces  over r ide  one another,  breaking 

off blocks and forming long sinuous p i l e s  of rubble ,  ca l l ed  pressure  r idges ,  

both above t h e  ice,where they become the  dominant f e a t u r e s ,  and beneath 

t h e  ice p ro jec t ing  down i n t o  t h e  ocean. 

p rope r t i e s  of such an aggregate of f l o e s  has been a recognized g l a c i o l o g i c a l  

problem f o r  more than two decades. 

a viscous material [Campbell, 19651, an incompressible,  i n v i s c i d  f l u i d  

[Rothrock, 19731, and a cav i t a t ing  f l u i d  [Nikiforov et al.,  1967; Doronin, 

19701. The f i r s t  theory of pack i c e  as a p l a s t i c  material was  presented 

by Coon [1972], who l ikened t h e  ice i n  shear  t o  a granular  material. To 

c a l c u l a t e  a maximum compressive load p * ,  Coon proposed two con t ro l l i ng  

mechanisms: breaking of pieces  i n  bending by r a f t i n g  o r  r idg ing ,  and t h e  

The desc r ip t ion  of the  mechanical 

Pack i c e  has  been modeled va r ious ly  as 
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buckling of t h e s e  p i eces  under t h e  h o r i z o n t a l  load. Calculated from t h e s e  

mechanisms, p* depended on t h e  thickness  of ice involved. Thus, Coon 

presented a family of y i e l d  s u r f a c e s  f o r  d i f f e r e n t  ice  thicknesses .  

I n  a c l o s e r  examination of p re s su re  r idg ing ,  Parmerter and Coon [1973] 

developed a kinematic model i n  which they r e t a i n e d  Coon's mechanism of 

breaking i n  bending. 

i n  t h e  h o r i z o n t a l  plane were considered e x p l i c i t l y .  They deduced t h e  

h o r i z o n t a l  stress by equating t h e  work of t h i s  stress t o  the inc rease  i n  

p o t e n t i a l  energy i n  the  r idge.  

on the  p a r t i c u l a r  t h i ckness  of ice being r idged,  although i n  a more 

complicated way. 

The buckling w a s  not  modeled; i n  f a c t ,  no stresses 

As i n  Coon's theory,  t h i s  stress depended 

It is our purpose h e r e  t o  gene ra l i ze  t h e  ene rge t i c s  arguments of 

Parmerter and Coon t o  t h e  case of rea l  pack ice  i n  which ice  of many 

d i f f e r e n t  thicknesses  r i d g e s  simultaneously. 

thickness  d i s t r i b u t i o n  of a large-scale  element of pack i c e ,  using the 

governing equation f o r  t h i s  d i s t r i b u t i o n  introduced by Thorndike and Maykut 

[1973]. 

s i n k s  i n  terms of t h e  thickness  d i s t r i b u t i o n :  t he  generat ion of (gravi ta-  

t i o n a l )  p o t e n t i a l  energy and t h e  f r i c t i o n a l  l o s s e s  i n  the  rubble  p i l e  of a 

r idge.  We neg lec t  two o the r  known energy s inks .  The f i r s t  of these,  t h e  

l o s s  due t o  f r a c t u r e  of t he  ice shee t  i n t o  blocks as r idging proceeds, w a s  

shown by Parmerter and Coon t o  be neg l ig ib l e .  

l o s s  i n  shear ing between f l o e s ;  w e  have no estimate of i ts  magnitude, but 

To do s o ,  w e  r e f e r  t o  the  

After  de f in ing  the  p l a s t i c  work, w e  w i l l  formulate two energy 

The second is the  f r i c t i o n a l  

i t  is  probably no g r e a t e r  than t h e  s i n k s  w e  are including.  

THE PLASTICITY 

The elements of p l a s t i c i t y  theory which we r e q u i r e  he re  are (1) a y i e l d  

c r i t e r i o n ,  F ( 2 )  = 0, t o  determine whether p l a s t i c  behavior can occur,  and 

(2) a flow r u l e ,  t o  relate the  p l a s t i c  s t r a i n  rate iP t o  t h e  stress 9. 
should be emphasized t h a t ,  i n  our two-dimensional problem, what we cal l  

stress has the dimensions of f o r c e  per  u n i t  l eng th  and is the  d i f f e r e n c e  

between t h e  i n t e g r a l  of t he  Cauchy stress through t h e  thickness  of t h e  i ce  

It 
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and t h e  hydros t a t i c  load appl ied by the  water i n  which t h e  ice  f l o a t s  

[Nye, 1973; Coon e t  al., 19741. 

For an i s o t r o p i c  material, t h e  o r i e n t a t i o n  of the  p r i n c i p a l  axes of 

stress cannot a f f e c t  t he  response,  so t h e  y i e l d  c r i t e r i o n  can be taken t o  

depend on the  p r i n c i p a l  stresses a1 and a,. 

i n v a r i a n t s  uI and (J 

p r i n c i p a l  values  

It is  convenient t o  de f ine  

i n  terms of t h e  stress tensor  and i n  terms of I1 

aI = negat ive pressure  = %(al + a,) = %aii (1) 

and 

51 = maximum shear  stress = %(-al + a,) = f &war. - (2) 

The stress dev ia to r  is denoted by 9 ' :  

The a 
r o t a t i o n  and a sca l ing .  

and def ines  a y i e l d  curve i n  the  (a 
F = 0 denotes  a family of y i e l d  curves t h a t  depend on one parameter, t h e  

and aII axes are obtained from t h e  CT, and (5, axes by a 45-degree I 
The y i e l d  c r i t e r i o n  is  w r i t t e n  as F(UI, uI1) I O  

aII) p lane  (Fig. 1 ) .  Actual ly ,  I' 

Fig. 1. The y i e l d  curve F = 0 i n  the  (a , oII) plane.  The stress 
on the  material must l i e  wi th in  o r  on t h i s  curve. 
flow r u l e  r equ i r e s  that the  p l a s t i c  s t r a i n  rate be narmal t o  
t h e  y i e l d  curve. 

The p l a s t i c  
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compressive y i e l d  s t r e n g t h  p * ,  which is determined by the  th ickness  d i s t r i b u -  

t i o n  i n  a manner we w i l l  show. For our present  purposes,  w e  need not  

concern ourse lves  e i t h e r  w i th  the  s t r a i n  rate decomposition or wi th  t h e  

material behavior when t h e  stress l ies s t r i c t l y  wi th in  the  y i e l d  curve. 

(The decomposition and the  e l a s t i c  behavior assumed i n  Coon e t  a l .  [1974] 

w i l l  do.) 

To write t h e  f l o w  r u l e ,  i t  i s  convenient t o  de f ine  t h e  s t r a i n  r a t e  

i n v a r i a n t s  6 ;  ( t h e  divergence of v e l o c i t y  o r  i!.) and 6 
fZ(-det 5 
use  t h e  modulus of t h e  s t r a i n  rate 16'1 , defined as [ ( E  
t he  angle  8,  def ined as tan-' (ifI/E: ) . 

(equal t o  
7.2 I1 

' P I  G 
) 2  where ip' is the  s t r a i n  rate d e v i a t o r ) .  We w i l l  subsequently 

)2 + (i I I1 ) '1% and 

We use the  assoc ia ted  flow ru l e  

, k = I, I1 
"k F=O 

(4) 

which states t h a t  t he  p l a s t i c  s t r a i n  rate is normal t o  the  y i e l d  curve 

(Fig. 1) but  is  of unspec i f ied  magnitude. Both t h i s  flow r u l e  and the  

convexity of t he  y i e l d  curve fol low from Drucker's pos tu l a t e ,  which app l i e s  

whether t h e  material is hardening o r  weakening [Drucker, 1950; Palmer e t  a l . ,  

19671. As w i l l  be  shown below, our material does both. 

Because of t h e  alignment of p r i n c i p a l  axes of stress and s t r a i n  rate, 
- P  t he  p l a s t i c  work 0 i j ~ i j  can be w r i t t e n  as 0 i p  + 0 k p  

hypothesis  made here  and by Parmerter and Coon [1973] i s  t h a t  t h i s  work can 

be equated t o  t h e  known s i n k s  of energy i n  the  r idg ing  process;  t h a t  is, 

The c e n t r a l  I 1  I1 11' 

) (5) 
R a t e  of f r i c t i o n a l  
energy l o s s  
p e r  u n i t  area 

Rate of p o t e n t i a l  ' *  + GI+;I = ( energy production 
per  u n i t  area '1% 

I n  what fol lows,  w e  eva lua te  these  two energy s inks  i n  terms of the  th ickness  

d i s t r i b u t i o n .  

p* and examine how i t  changes as the  i c e  deforms. 

Then, from a more e x p l i c i t  form of equat ion 5 ,  w e  can de f ine  
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THE THICKNESS DISTRIBUTION 

Suppose t h e  f r a c t i o n  of an area covered by ice of thickness  between 

h and h 4- dh is g(h)dh. 
s a t i s f y  t h e  balance equation 

Then, t h e  th ickness  d i s t r i b u t i o n  g(h , s , t )  must 

where D I D t  is  the  material de r iva t ive ;  and d i v ,  2, and x .., are t h e  divergence, 

v e l o c i t y ,  and p o s i t i o n  i n  the  two hor i zon ta l  dimensions [Thorndike and 

Maykut, 1973; Coon e t  al., 1974; Rothrock, 19741. 

is the  rate of acc re t ion  (dhldt)  by thermodynamic processes  and is considered 

t o  be a given ex te rna l  parameter. 

r ep resen t s  changes i n  open water and t ransformations from ice of one th ickness  

to ice oE another by r idg ing .  

The quant i ty  f ( h , s , t )  

The r e d i s t r i b u t i o n  func t ion ,  JI(h;s , t )  

When a f i n i t e  f r a c t i o n  of area g(h )dh  is  

covered by ice of a s i n g l e  th ickness  h ,  (dh is  ze ro ) ,  g ( h )  is a d e l t a  func t ion  

of t he  appropr ia te  magnitude a t  h = h,.  
f o r  t h e  area of ice i n  each th ickness  band (h, h + d h ) .  

Equation 6 is a balance equat ion 

The r e d i s t r i b u t i o n  func t ion  as w r i t t e n  by Rothrock [1974] 

is  l i n e a r  i n  t h e  s t r a i n  rate. The d e l t a  func t ion  r ep resen t s  a source of 

open water (ice of zero th ickness)  t h a t  i s  produced by the  sepa ra t ion  of 

f l o e s  and the  exposure of t h e  sea su r face  t o  the  atmosphere. The r idg ing  

mode ur r ep resen t s  t h e  conversion of t h i n  ice i n t o  th i cke r  ice by r idg ing  

and so is  t y p i c a l l y  nega t ive  f o r  some s m a l l  values  of h and p o s i t i v e  f o r  

l a r g e r  va lues  of h (Fig. 2) .  S p e c i f i c a l l y ,  i t  has the  form 

where a(h) is t h e  d i s t r i b u t i o n  of t h i n  i c e  l o s t  during r idg ing ,  n(h) i s  the  

d i s t r i b u t i o n  of t h i c k  (ridged) ice produced, and N(-) denotes n(h)dh. 
The dependence of a(h )  and n(h )  on g ( h )  w i l l  be made e x p l i c i t  below when 

stme examples are given. 

bD 

0 

The opening c o e f f i c i e n t  a0 s p e c i f i e s  how much 
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Fig. 2. The r idg ing  mode wr(h). It is  the  d i f f e r e n c e  between the  
area of t h i c k  i c e  being c rea t ed ,  n ( h ) ,  and t h e  a r e a  being anni- 
h i l a t e d ,  a ( h ) .  I n  a p a r t i c u l a r  r i dge ,  t h e  t h i n  ice represented  
by the  column on t h e  l e f t  is converted i n t o  a smaller area of 
t h i cke r  ice (volume being conserved) represented by the  second 
column. 

opening is occurr ing;  i t  should equal  un i ty  i n  pure divergence (8 = 0) and 

zero i n  pure convergence (8 = IT). 

determines the  amount of r idg ing;  a, equals  zero when 8 is  zero and u n i t y  

when 8 i s  IT. Because w i s  normalized (I wrdh = -l), t he  conservat ion of 

t o t a l  area ( j m g ( h ) d h  = 1 )  provides  t h a t  

S imi l a r ly ,  t h e  r idg ing  c o e f f i c i e n t  a, 

a, 

r 0 

0 

Thus, given wry I) is determined t o  wi th in  one func t ion ,  say,  a r ( 8 ) .  

of t h e  material i so t ropy ,  both a, and a, are even func t ions  of 8 ,  and need 

be def ined  only i n  the  range [O,IT] .  

Because 

The th ickness  d i s t r i b u t i o n  equat ion 6 can thus  be w r i t t e n  as 

where t h e  l a s t  term accounts f o r  t he  product ion of r idged i c e ,  t he  preceding 

t e r m  accounts  f o r  t he  loss  by r idg ing  of t h i n  ice, and the  t e r m  i n  a, accounts 

f o r  open water production. 



POTENTIAL ENERGY 

To quant i fy  t h e  production of g r a v i t a t i o n a l  p o t e n t i a l  energy by t h e  

r idg ing  process ,  w e  begin by def in ing  t h e  p o t e n t i a l  energy relative t o  the  

sea sur face .  

board h", giv ing  a t o t a l  th ickness  h = h' + h". 
coordinate  measured as p o s i t i v e  upward from t h e  sea su r face ,  the  p o t e n t i a l  

energy of the  ice per u n i t  area is  defined as 

Suppose a f l o a t i n g  block of ice has  a d r a f t  h' and a f ree-  

I f  z i s  t h e  vertical 

where 9 is t h e  acce le ra t ion  of g r a v i t y ,  and t h e  dens i ty  of ice p 

assumed constant .  

area i s  equal t o  t h e  p o t e n t i a l  energy of t h e  water i n  i ts  d isp laced  state 

(zero) less the  p o t e n t i a l  energy of its undisplaced state; thus ,  w e  have 

is i c e  
The p o t e n t i a l  energy P of t h e  displaced water per u n i t  

W 

where t h e  dens i ty  of displaced water pw is assumed constant .  

energy of t h e  ice-water system per u n i t  area i s  equal  t o  t h e  sum of t h e  

energy of the  ice and t h e  energy required t o  d i sp l ace  the  water 

The p o t e n t i a l  

- 
'ice* where Ap = pw 

P can b e  w r i t t e n  as t h e  sum of an i s o s t a t i c  term and a term involving 

t h e  depar ture  from i s o s t a s y  

where p^ is piceAp/pw, and hpice/pw i s  t h e  va lue  h' would have i f  t h e  ice 

were l o c a l l y  i s o s t a t i c .  

wi th  more information about t h e  ice than is contained i n  the  thickness  

The depar ture  from i s o s t a s y  can be r e t a ined  only 
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d i s t r i b u t i o n ,  and w e  w i l l  neg lec t  t h i s  term i n  what fol lows.  However, t he  

r a t i o  of t h e  n o n i s o s t a t i c  energy t o  t h e  i s o s t a t i c  energy 

is  not  n e c e s s a r i l y  s m a l l ,  because of t h e  s m a l l  f a c t o r  Ap i n  the  denominator. 

We can t ake  pw t o  be 1.0 X l o 3  kg m-3, pice t o  be 0.9 X l o 3  kg m-', and 

t h e r e f o r e  Ap is 0.1 X lo3  kg m-3. 

balance,  f o r  example--that is, i f  t he  quan t i ty  i n  parentheses  i n  (15) were 

0.2--this r a t i o  (15) would be about 0.4. 

I f  t h e  i c e  were 20% out  of i s o s t a t i c  

We w i l l  d i g r e s s  b r i e f l y  t o  examine the  p a r t i t i o n  of p o t e n t i a l  energy, 

and t o  see t h a t  t he  bui ld ing  of a r idge  r equ i r e s  energy not  so much t o  p i l e  

up ice as t o  d i s p l a c e  water as i t  " p i l e s  down" i c e .  I n  the  i s o s t a t i c  case, 

h' and h" are equal  t o  hpice/pW and hAp/pw. 

+ Ap)/Ap, and Pw/P equals  pice/Ap. (-Pice 
energy P of t h e  f l o a t i n g  i c e  system, t h e  ice i t s e l f  has a p o t e n t i a l  energy 

Then, Pice/P is equal  t o  

For every u n i t  of p o t e n t i a l  

P of -8 u n i t s ,  i t s  cen te r  of mass being w e l l  below the  water su r face ,  i c e  
and the  d isp laced  water has a p o t e n t i a l  energy P 
view, the  f i r s t  t e r m  on the  right-hand s i d e  of equat ion 13 is i d e n t i f i e d  

as the  energy Prr s to red  i n  the  ice above the  water su r face ,  and t h e  second 

t e r m  as the energy P '  requi red  t o  submerge the  remainder of t he  i c e .  

P"/P and P'/P are equal t o  Ap/pw (about 0.1) and pice/pw (about 0.9). 

t he  p o t e n t i a l  energy of t he  above-water por t ion  of t he  i c e  is  f a i r l y  s m a l l :  

most of t he  p o t e n t i a l  energy is produced by forc ing  down the  underwater 

po r t ion  of t h e  ice. This  energy of t he  underwater i c e  i s  s t i l l  given by 

the  d i f f e r e n c e  of two l a r g e  terms: 

water and the  energy obtained by lowering t h e  i c e  i n t o  its submerged pos i t i on .  

of +9 u n i t s .  I n  another 
W 

Thus, 

t he  energy requi red  t o  d i s p l a c e  the  

A macroscale area of sea i c e ,  with i t s  many i c e  th icknesses ,  has an 

i s o s t a t i c  p o t e n t i a l  energy per  u n i t  area of 

p = c P /m h2g(h)dh  , (16) 
0 

where 2 % i s $ .  I f  p^ and $ are not  func t ions  of space 5 o r  t i m e  t, t he  
P 
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balance equat ion f o r  P is  

- - P d i v c  - h2 a (fg)dh + cp /m h 2 $ d h  (17) 

0 
eP /m ah 

RP 
Dt 
- -  

0 

Each term on the  right-hand s i d e  r ep resen t s  a p a r t i c u l a r  e f f e c t .  

term measures the  concentrat ion o r  d i l u t i o n  of P by divergence. 

term desc r ibes  t h e  rate of change of p o t e n t i a l  energy caused by melting o r  

f r eez ing  of ice--a purely thermodynamic source.  The l a s t  term rep resen t s  

changes of the  p o t e n t i a l  energy by mechanical processes  t h a t  p i l e  t h i n  ice 

i n t o  t h i c k  i c e ,  and is the re fo re  t h e  more e x p l i c i t  form w e  sought f o r  the  

f i r s t  term on the  right-hand s i d e  of equation 5 .  By s u b s t i t u t i n g  

expression 7 f o r  $, we can w r i t e  t h i s  t e r m  i n  the form 

The f i r s t  

The second 

where p* is  defined as 
P 

0 

and gives  t h a t  p a r t  of t h e  t o t a l  compressive s t r e n g t h  p* contr ibuted by 

p o t e n t i a l  energy formation. Now w e  w i l l  de r ive  the  expression f o r  t h e  last 

term i n  (5) before  assembling t h a t  equation and examining i t s  consequences. 

FRICTIONAL LOSSES 

The rate of f r i c t i o n a l  energy loss per  u n i t  area--the last term i n  

(5)--can be w r i t t e n  as 

F r i c t i o n a l  energy Rate of area l o s t  
i n  r idg ing  
per u n i t  area l o s t  

per  u n i t  area ) d h  (20 
per  u n i t  i c e  thickness  0 

The second f a c t o r  i n  (20) i s  

There is  no c l ea rcu t  way t o  

simply t h e  next- to- las t  term i n  equat ion 10. 

eva lua te  t h e  f r i c t i o n a l  energy loss i n  r idg ing  
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per  u n i t  area l o s t  ( t h e  f i r s t  f a c t o r  i n  equat ion 20). 

assumption used by Parmerter and Coon [1973] t h a t ,  as shown i n  Figure 3 ,  

t he  i c e  shee t  of th ickness  h,  on the  l e f t  is  pushed i n t o  t h e  rubble  p i l e  

and emerges on the  r i g h t  as ice of th ickness  h,. 
t o  be due t o  the  s l i d i n g  of t h e  p i l e s  along the  i c e  shee t  f o r  t h e  f u l l  

l eng th  of t he  t r i a n g u l a r  p i l e s .  

t he  t h i n  i c e  shee t  is being broken and p i l e d  up while  it is wi th in  these  

p i l e s .  

on o the r  blocks wi th in  the  p i l e ,  and the  argument i s  t h a t  t h i s  i dea l i zed  

p i c t u r e  should provide a reasonable  es t imate  of t he  f r i c t i o n a l  l o s ses .  

We w i l l  use  the  

The f r i c t i o n  is assumed 

This i s  somewhat s e l f - con t r ad ic to ry ,  s i n c e  

But w e  do not  know how t o  es t imate  t h e  l o s s e s  from blocks rubbing 

!// ./’/ I 1 I 
I 

----- I 
I \ 

/ 

Fig. 3. A view from t h e  s i d e  and somewhat above an idea l i zed  
p res su re  r idge .  
are composed of blocks broken from the  shee t  of t h i n  ice (h , )  
as it is  pushed i n t o  the  r idge  by f o r c e  A.  

The t r i a n g u l a r  p i l e s  and the  t h i c k  i c e  (h,) 

The f r i c t i o n a l  energy l o s s  per u n i t  area loss i s  simply t h e  f r i c t i o n a l  

f o r c e  per  u n i t  l eng th  of r idge .  This can be seen from Figure 3: t h e  area 

of t h i n  i c e  l o s t  i s  L e d ,  and the  work done is A - d ,  so the  work per  u n i t  area 

l o s t  is Ad/(Ld), or A I L .  Assuming Coulomb f r i c t i o n ,  t h i s  f o r c e  per  u n i t  

l eng th  i s  given by a c o e f f i c i e n t  of f r i c t i o n  p t i m e s  t he  normal f o r c e  per  

u n i t  l eng th  between each p i l e  and t h e  shee t .  This normal fo rce  i s  simply 
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t h e  product of t he  weight dens i ty  t i m e s  t he  c ross -sec t iona l  area of the  p i l e .  

A s  before ,  w e  use a supe r sc r ip t  

su r f ace ,  and a ' to r e f e r  t o  those below t h e  sea sur face .  A l l  geometr ical  

q u a n t i t i e s  are defined i n  Figure 4. 

I' t o  r e f e r  t o  q u a n t i t i e s  above t h e  sea 

The f r i c t i o n a l  f o r c e  per  u n i t  l ength  i s  

@ o'+ plAp$ (H ' )2  
2 tan+ '' 2tan$ ' P"Pice 

I f  t h e  c o e f f i c i e n t s  1.1'' and p' are about equal ,  t he  second t e r m  i n  the  

bracket  is only about 0.1 and can be neglected;  t h i s  is because H"/H' is  
approximately equal t o  Ap/pice by hydros ta t ics .  We do n o t ,  however, know 

what va lues  of p' and 1.1'' are co r rec t .  Zubov [1943] gives  c o e f f i c i e n t s  of 

f r i c t i o n  between ice and steel t h a t  vary from 0.03 t o  0.50 ( k i n e t i c  f r i c t i o n  

between dry  sea i c e  and s t e e l ) .  

unpainted steel l i e  between 0.10 and 0.40. 
Values f o r  w e t  i c e  on both painted and 

Fig. 4. Another cross s e c t i o n  of a pressure  r idge.  

Those experiments involved contac t  between two f l a t  sur faces .  I n  t h e  

rubble  p i l e  of a r idge ,  t h e  f r i c t i o n  is more probably due t o  corners  and 

edges of blocks digging i n t o  sur faces .  In  these  circumstances,  w e  can a t  
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presen t  only guess a t  t he  appropr i a t e  c o e f f i c i e n t  of f r i c t i o n .  We cannot 

say whether 1-1' o r  1.1" is  t h e  l a r g e r :  w e  might argue t h a t  s i n c e  t h e  under-ice 

p i l e  is l u b r i c a t e d ,  1.1' is  less than p"; o r  w e  might argue t h a t  s i n c e  the  

bottom of t h e  i ce  shee t  is  near  t h e  f r eez ing  po in t  and the re fo re  s o f t e r ,  

t h e  scouring e f f e c t  would be g r e a t e r  t h e r e ,  making p' g r e a t e r  than 1.1". 

Here, we w i l l  asume p' = p" 

(21) by uni ty .  

0.1 t o  0.4, and approximate the  bracket i n  

We want now t o  e l imina te  H' from (21) i n  favor  of h,  and h,. From 

Figure 1 w e  see t h a t  H' = h; - h:. 
is  only approximately s a t i s f i e d )  

Assuming t h e  i s o s t a t i c  r e l a t i o n  (which 

, f o r  h = h , ,  h ,  h h' 
P W  Pice 
- = -  

and t h e  r idg ing  l a w  h, = k h , ,  w e  have 

The number k could be a funct ion of h , ,  but w e  w i l l  assume i t  t o  be a 

constant .  Combining (21) and (231 ,  t h e  f o r c e  per u n i t  l eng th  can be 

w r i t t e n  as 

where 

The q u a n t i t i e s  h., i n  ( 2 4 )  and h i n  a ( h )  are t h e  same: 

being ridged. 

t hen  t akes  the  form 

the thickness  of i ce  

The rate of f r i c t i o n a l  energy l o s s  i n  r idg ing  per u n i t  area 

where p* is defined 
f 

as 
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and r ep resen t s  t h a t  p a r t  of t h e  compressive s t r e n g t h  p* caused by f r i c t i o n a l  

l o s s e s  i n  r idg ing .  

THE ENERGY EQUATION 

The energy equation (5) can now be w r i t t e n  as 

where the  right-hand s i d e  contains  both the  rate of p o t e n t i a l  energy 

production and t h e  f r i c t i o n a l  energy l o s s  combined i n  t h e  f a c t o r  p* which 

w e  de f ine  as p* + p * .  
P f  

We can immediately e s t a b l i s h  the  poin ts  where t h e  y i e l d  curve i n t e r -  

sects t h e  aI-axis. The curve is symmetric about t he  (J -axis  s ince  i t  is  

A t  aII = 0, 9 must t ake  t h e  values  zero and ?r. an  even func t ion  of 0 

Equation 28 and t h e  condi t ions ~ ~ ( 0 )  = 0 and ar(rr) = 1 show t h a t  aI(9=O) 

takes  the  va lue  zero and (JI(9=n) takes  the  va lue  -p*. 

I 

I1 * 

The y i e l d  func t ion  s a t i s f y i n g  equat ion 28 i s  of t h e  form F(aI/p*, a 

hence, t he  shape of t h e  y i e l d  curve is determined by a,@) and i s  independent 

of p * .  This r e l a t i o n  is b e s t  seen by def in ing  nondimensional stresses 

x 
the  curve q = q ( X ) .  

is  given by tan9 = - (dq/dX)- ' .  

/p*); I1 

= oI/p* and 11 = aII/p* and regarding the  y i e l d  c r i t e r i o n  F(X,rl) = 0 as  

The angle  9 (between t h e  x-axis  and t h e  curve ' s  normal) 

Equation 28 can then be r e w r i t t e n  as 

which is a lgebra ic  i n  t h e  r idg ing  c o e f f i c i e n t  a, and d i f f e r e n t i a l  i n  t h e  

y i e l d  func t ion  F s i n c e  0 is known i n  terms of t he  grad ien t  of F .  This  is  

C l a i r a u t ' s  equation; i t  has a s t r a i g h t  l i n e  s o l u t i o n  f o r  each value of 9 

with s lope  (-tang)'' and q- in te rcept  a r / s in9 .  This equation a l s o  has 
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a s i n g u l a r  s o l u t i o n  cons i s t ing  of t h e  envelope of t h e s e  s t r a i g h t  l i n e s ,  

and i t  is t h i s  s o l u t i o n  which w e  r equ i r e  f o r  a y i e l d  curve (see Figure 5). 

Thus, t h e r e  is a d i r e c t  c o r r e l a t i o n  between a,(€)) and t h e  s ingu la r  s o l u t i o n  

(TI = q ( X )  o r  F = 0). I f  a r ( 6 ) ,  and t h e r e f o r e  a family of s t r a i g h t  l i n e s ,  

i s  given, t h e r e  e x i s t s  a unique envelope. On the  o the r  hand, i f  t h e  y i e l d  

curve is given, i t  has only one set  of tangent l i n e s  which determine ccr(6). 

Fig. 5. The set of tangents  s p e c i f i e d  by equation 29. Their  
envelope is t h e  y i e l d  curve. 

The r e s t r i c t i o n s  t h a t  t h e  y i e l d  func t ion  depends on only one parameter 

p* and t h a t  t h i s  parameter does no t  a f f e c t  the shape of t h e  y i e l d  curve are 

no t  gene ra l  r e s t r i c t i o n s ;  they are consequences of t he  assumed form of t h e  

r e d i s t r i b u t i o n  func t ion  and of t h e  assumed energy r e l a t i o n .  

Neither t he  shape of t he  y i e l d  curve nor a,@) can be s a i d  t o  be known. 

Our procedure is  t o  deduce what w e  can about t h e  y i e l d  curve from our physical  

p i c t u r e  of pack ice  and then t o  c a l c u l a t e  a,. 
y i e l d  curve is symmetrical about t h e  CJ -axis and passes  through t h e  po in t s  

(0,O) and (-p*,O).  Randomly o r i en ted  cracks should preclude t ens ion  i n  any 

d i r e c t i o n ,  and so t h e  y i e l d  curve should be confined t o  t h e  quadrant i n  

W e  have a s se r t ed  t h a t  t h e  

I 

Figure 1 i n  which the  p r i n c i p a l  stresses C J ~  and O2 are negative.  

t h e s e  general  c o n s t r a i n t s ,  any y i e l d  curve is phys ica l ly  acceptable .  

A general  property of y i e l d  curves of t h i s  type i s  t h a t  shear  stress can 

Within 

only be applied i f  p re s su re  is  appl ied simultaneously--a property w e l l  

documented i n  some granular  materials. A s u i t a b l e  y i e l d  curve is given by 
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- -  %I - -%(l+2r 
P" P* 

which i s  i l l u s t r a t e d  i n  Figure 6 along wi th  i t s  a,@). 

shapes and ar's are given by Rothrock [19741. 

Other p o s s i b l e  

Fig. 6 .  The y i e l d  curve s a t i s f y i n g  equat ion 30 and 
i t s  as soc ia t ed  ar (e).  

Several  genera l  r e l a t i o n s  can be s t a t e d  between the  shape of t h e  

y i e l d  curve and the  p rope r t i e s  of a r (B) .  It he lps  t o  a s s o c i a t e  wi th  each 

po in t  on the  y i e l d  curve a va lue  of 8 (many values  a t  corners)  and thus  a 

va lue  of a,. 
of t he  (oI, oII) plane and on s t r a i g h t - l i n e  segments of the  y i e l d  curve 

through t h e  o r i g i n ,  (2) t h a t  a r ( e )  is  a continuous,  single-valued func t ion  

f o r  any c losed ,  convex y i e l d  curve, and (3) that d i s c o n t i n u i t i e s  i n  da,ld8 

correspond t o  s t r a i g h t - l i n e  segments of t h e  y i e l d  curve [Rothrock, 19741. 

A necessary condi t ion  on a r ( e )  f o r  t he  y i e l d  curve t o  be convex i s  

Three of t hese  r e l a t i o n s  are (1) t h a t  a, i s  zero a t  the  o r i g i n  

This can be shown by denoting dq/dX by p (which equals  - c tne ) ,  and d i f f e ren -  

t i a t i n g  (29) wi th  r e spec t  t o  X t o  ob ta in  
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Convexity i m p l i e s  d2n/dX2 = dp/dX 5 0 ,  o r  dxldp  5 0. But dX/dp is simply 

Inequa l i ty  (31) fol lows.  

THE COMPRESSIVE STRENGTH p* 

There are s e v e r a l  po in t s  t o  be madme about p * .  What is  the  r e l a t i v e  

s i z e  of p* and p*? 
vary and cause hardening o r  weakening of t he  material? 

w e  assume a l i n e a r  r idg ing  l a w  ( k  = cons tan t ) .  

a ( h / k )  / k 2 ,  N(w) equals  l / k  ( s ince ,  by d e f i n i t i o n  [Rothrock, 19741, 

j w a ( h ) d h  = l), and Imh2n(h )dh  is  equal t o  klooh2a(h)dh.  

How l a r g e  is p* and how is  i t  ca l cu la t ed?  How does i t  
P f 

I n  a l l  t h a t  fo l lows ,  

Then, n(h )  is equal  t o  

Hence, p* i s  
0 a 0 

p* = pp* + pf" = kcp (1 + 3) /m h2a(h )dh  
0 

The r a t i o  p*/p*  is  simply c f / [ e p ( k  - I)] or  
f P  

(34) 

Taking 1.1' = 0.1, tan$' = 0.8, and k = 5,  w e  f i n d  p* /p*  is  about 0.45. 

Increas ing  1.1' t o  0.4 g ives  a r a t i o  of 1.8. 

production and f r i c t i o n a l  work are about t he  same magnitude, 

f P  
Thus, t he  p o t e n t i a l  energy 

To c a l c u l a t e  p * ,  w e  need t o  know how a ( h )  depends on g ( h )  . Following 

Rothrock [1974], w e  assume 

a ( h )  = b(G(h) )  g ( h )  (36) 

where G(h) = /ohg(<)d< is  t h e  cumulative th ickness  d i s t r i b u t i o n  (0 5 G 5 1 ) .  
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For s i m p l i c i t y ,  we w i l l  t ake  

(The va lue  1 / G *  ensures  t h a t  l m a ( h ) d h  = 1.) 

a ( h ) ,  t he  amount of ice of each th ickness  being r idged,  is  given by t h e  

amount of i c e  present  (9 ) .  weighted by a f a c t o r  b which is  zero f o r  G > G*. 

This  means t h a t  only t h e  th innes t  G*th f r a c t i o n  of t h e  ice cover is sub jec t  

t o  r idg ing .  (A reasonable  va lue  of G* i s  0.15.) As an example, suppose 

t h e  i c e  th inner  than  h* ( 5  G’-l(G*)) 

Thus, equation 36 states t h a t  
0 

i s  uniformly d i s t r i b u t e d  so  t h a t  

G* 
h* G = - - h  g = -  G* and h* 

i n  [O,h*l. Then 

e 

(0.1) and a t y p i c a l  h‘; of 1 m,  we f i nd  p* t o  have a value of 1.08 x l o 3  N m- l .  

aoh2a(h)dh is found t o  be (-h*)2/3. For 8 = 10 m sec-* 
0 

is  0.45 x l o 3  kg m-’ sec-2. Using the  smaller c o e f f i c i e n t  of f r i c t i o n  
P 

Since p* depends on a ( h ) ,  which i n  t u r n  depends on g ( h ) ,  the  s t r eng th  

of t he  material w i l l  change as g ( h )  changes. 

deformation and thermodynamics can cause g ( h )  t o  change. Melting and 

divergence weaken the ice; f r eez ing  and convergence s t rengthen  it. Examples 

of t he  response of a s i n g l e  element of pack ice dr iven by a 40-day sequence 

of abserved s t r a i n  rates are discussed i n  Coon e t  a l .  [1974] and Coon and 

Equation 6 states t h a t  both 

P r i t cha rd  [in p r e s s ] ,  where i t  is shown t h a t ,  wi th in  per iods of s e v e r a l  

days under winter  thermodynamics, t he  i c e  cover w i l l  a l t e r n a t e l y  weaken 

and harden as the  i c e  d iverges  and converges. 

What i s  s i g n i f i c a n t  about t h e  formalism presented here  is t h a t  i t  

p r e d i c t s  a compressive s t r e n g t h  p* very much smaller than might be estimated 

by o ther  means. 

t h e  ice i t s e l f  be crushed, t he  necessary load p* 
crushing s t r e n g t h  of sea i c e  o 

i f  w e  treat t h e  ice as a semi- inf in i te  beam on an e l a s t i c  foundation 

[Parmerter,  19741, w e  f i nd  it w i l l  buckle a t  a load p* of 

For example, i f  t h e  deformation of pack ice required t h a t  

would be ocrh, where t h e  

is about 4 x lo5 N m-’ [Coon, 19721. O r ,  
cr 

c r  

b 
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where Young's modulus E is  about 3 X l o 8  N m-2 and Poisson 's  r a t i o  v i s  

about 0.3. Table 1 shows how s m a l l  p* i s  compared t o  p* and p*. The 

omnipresence of p re s su re  r idges  i n  t h e  ice cover is due p r e c i s e l y  t o  the  

smallness of p * ;  t h e  mechanism of r idg ing  occurs a t  the  lowest levels of 

stress. 

cr b 

TABLE 1 

VARIOUS COMPRESSIVE STRENGTHS IN UNITS OF i o 3  N m-' 
FOR THREE THICKNESSES, I N  UNITS OF m 

T r  pb* h o r  h* P* 

0.1 40 17 0.01 

0.5 200 185 0.27 

1.0 524 1.08 

The va lues  of p* given here are supported by another  cons idera t ion .  

From the  momentum equat ion [Coon e t  a l . ,  19741, w e  know t h a t  a stress g rad ien t  

of magnitude p * / L ,  where L is the  t y p i c a l  l eng th  s c a l e  (here  about lo6 m), 

must approximately balance the  stress T appl ied t o  the  upper su r face  of t he  

i c e  by the  wind. I f  the  dimensionless 

number p * l ( ~ L )  i s  s m a l l  compared with un i ty ,  the f low should be p l a s t i c  

almost everywhere. I f  t h a t  number is l a r g e ,  p l a s t i c  flow could only be 

forced i n  extension.  

p*l(-cL)--about hence, t he  flow should usua l ly  be p l a s t i c .  And, 

indeed, r i dg ing  is observed a l l  over the arctic ice cover ,  and r idg ing  i n  

t h i s  model is synonymous wi th  p l a s t i c  flow. 

A moderate value of '1: i s  0.1 N m'2. 

The va lue  p* l o 3  N m-l g ives  a smal l  va lue  of 
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CONCLUSION 

From a cons ide ra t ion  of t h e  energy d i s s i p a t e d  i n  p re s su re  r i d g e  forma- 

t i o n ,  we  have proposed c o n s t i t u t i v e  equat ions f o r  t h e  p l a s t i c  deformation 

of pack ice. 

developed by Parmerter and Coon [1973], p a r t l y  on a set of assumptions wi th in  

t h e  r e d i s t r i b u t i o n  func t ion  Q about t he  dependence of r idg ing  on s t r a i n  rate 

and on th ickness  [Rothrock, 19741, and p a r t l y  on some s imple ideas  from 

p l a s t i c i t y .  

The theory i s  b u i l t  p a r t l y  on a mechanical p i c t u r e  of r idg ing  

The l i m i t a t i o n s  of t h e  theory are not  c l e a r  a t  p re sen t ,  b u t  t h e  

numerous assumptions, a l l  of which need f u r t h e r  cons idera t ion ,  are evident .  

There are known mechanisms of f l o e  i n t e r a c t i o n  which have been excluded from 

cons idera t ion  here:  f r i c t i o n  i n  shear  between f l o e s ,  t h e  formation of shear 

r idges ,  and r a f t i n g  (overr iding)  of f l o e s .  There are f a c t o r s  in f luenc ing  

t h e  (pressure)  r idg ing  process  which have been ignored o r  crudely approxi- 

mated: n o n i s o s t a t i c  p o t e n t i a l  energy, vo ids  i n  newly formed r i d g e s ,  and 

the  c o e f f i c i e n t  of f r i c t i o n  and, i n  f a c t ,  t h e  whole phenomenon of f r i c t i o n  

i n  a rubble  p i l e  whose t y p i c a l  s i z e  is  only s e v e r a l  times t h a t  of t he  

blocks which form i t .  The pack i c e  may, i n  r e a l i t y ,  choose t o  obey o ther  

than t h e  normal flow r u l e  assumed here .  

t e n s i l e  stress a t  times when cracks hea l  s u f f i c i e n t l y  (by f r eez ing ) .  

I so t ropy  may no t  be a j u s t i f i a b l e  approximation. 

The i c e  cover may have s i g n i f i c a n t  

There are t h e s e  and undoubtedly o ther  assumptions which must be 

sc ru t in i zed .  I n  t h e  process ,  t h i s  theory may be  found s e r i o u s l y  d e f i c i e n t .  

But i t  has t h e  advantage over a l l  t h e  ad hoc models l i s t e d  i n  the  introduc- 
t i o n  t h a t  i t s  assumptions are e x p l i c i t :  t he  small-scale  process  thought 

t o  c o n t r o l  the  deformation of la rge-sca le  areas has been i d e n t i f i e d ,  

i d e a l i z e d ,  and parameterized i n t o  a p l a s t i c  c o n s t i t u t i v e  equation. 
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COMPARISON OF SHEAR STRESS' CALCULATIONS BETWEEN TWO PROFILE METHODS 
USING SOME DRAG-PLATE MEASUREMENTS 

by 

Chi-Hai Ling 
U. S. GeoZogieaZ Survey 

Tacoma, Washington 9841 6 

When one uses  s e v e r a l  v e l o c i t y  p r o f i l e s  t o  f i n d  a s i n g l e  va lue  f o r  

t h e  roughness parameter z o  of a su r face ,  t he  confidence i n t e r v a l  narrows 

considerably and the  va lues  of t h e  f r i c t i o n  v e l o c i t y  seem more cons i s t en t  

with real measurements than when z o  is  allowed t o  vary f o r  each p r o f i l e  

[Ling and Un te r s t e ine r ,  19741. But how good is the  boundary stress so  

ca l cu la t ed  when compared with d i r e c t  stress measurements as determined 

from a drag  p l a t e ?  

To answer t h i s  quest ion,  we took the  drag-plate  measurements made on 

the  Great P l a i n s  of Kansas by a group from UCLA [Let tau and Davidson, 1957, 

pp. 400-552; f o r  a desc r ip t ion  of t h e  s i te ,  see pp. 377-3831 and compared 

them wi th  the  f r i c t i o n  v e l o c i t y ,  u*, determined by the  p r o f i l e  methods wi th  

v a r i a b l e  z o  and wi th  a s i n g l e  va lue  of z o .  

1953, t h e  UCLA group made 35 drag-plate  measurements a t  the  surface* and 

94 v e l o c i t y  p r o f i l e s  a t  0.5, 1, 2, 4.15, and 8 m. Of those p r o f i l e s ,  6 were 

judged t o  be nonlogarithmic and 2 devia ted  widely from t h e  wind d i r e c t i o n  

of t he  o the r s ;  t hese  8 were discarded and the  remaining 86 p r o f i l e s  were 

grouped by s u r f a c e  wind d i r e c t i o n :  

Between 1 August and 8 September 

1. 128"-157' from n o r t h  (8 p r o f i l e s )  

2. 159"-190° from n o r t h  (59 p r o f i l e s )  

3. 191"-213" from nor th  (19 p r o f i l e s )  

The 8 m d a t a  were then  de le ted  from the  p r o f i l e s  because they devia ted  from 

*Johns Hopkins Universi ty  a l s o  measured boundary stress wi th  a drag 
p l a t e  during the  same p r o j e c t ,  but  t he  measurements from UCLA are considered 
t o  be  more accu ra t e  [Vehrencamp, 19531. 
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t h e  logari thmic p r o f i l e .  The roughness parameters (2,) and t h e  f r i c t i o n  

v e l o c i t y  (u,) were then ca l cu la t ed  by both the  conventional and t h e  Ling 

and Unters te iner  method-which f o r  b rev i ty  w e  r e f e r  t o  here  as t h e  L&U 
method. The r e s u l t s  are compared below. 

The logari thmic r e l a t i o n s h i p  

is  used i n  both methods, r ega rd le s s  of whether t he  atmospheric condi t ion is 

n e u t r a l  o r  not .  (The logari thmic na tu re  of t he  p r o f i l e s  i n d i c a t e s  a n e u t r a l  

l apse  rate, however.) Here u is  the  ve loc i ty  parallel t o  t h e  su r face ,  u* 

t h e  f r i c t i o n  v e l o c i t y ,  k t he  von Karman cons tan t ,  z t he  d i s t a n c e  from t h e  

sur face ,  d t h e  displacement he ight  [Let tau,  

parameter. 

The value of d is  set equal  t o  zero.  

f o r  each wind d i r e c t i o n  group by minimizing 

M N  
1 1 ( A / B  - C ) *  

j=1 

19571, and z o  the  roughness 

I n  t h e  L&U method, z o  is  found 

t h e  quan t i ty  

where 

A =  

B =  

C =  

M =  

I v =  

N 

N 

1.n ( z .  . / z o )  
$3 

number of p r o f i l e s  i n  a group 

number of measurements i n  a p r o f i l e  

The f r i c t i o n  ve loc i ty  is found by using 

N 
where  F = k 1 uij I n  ( z .  . /z,) 

i=1 Z J  

u* = F / G  
j 

N 

85 



4’ 
The boundary shear stress is  T = puJr2, where p is t h e  dens i ty  of a i r .  

t h e  t h r e e  wind d i r e c t i o n  groups, z o  is  2.59 cm f o r  t h e  f i r s t  group, 1.02 c m  

f o r  t he  second, and 1.54 cm f o r  t h e  t h i r d .  

For 

One might say t h a t  t h e  roughness 

0.5- 

0.4- 

0.3 - 

0.2 - 

0.1 - 

parameter i s  not  very s e n s i t i v e  t o  t h e  wind d i r e c t i o n  i n  t h i s  case.  

Since the  v a l u e  of k i n  t h e  atmosphere has no t  been f i rmly  e s t ab l i shed ,  

a number of k va lues  have been used t o  compare va lues  of ca l cu la t ed  shear 

stress f romthe  p r o f i l e  methods with t h e  drag-plate measurements. A p l o t  

of average dev ia t ion  Da ver sus  k is  shown i n  Figure 1; it is  def ined as 

fol lows : 

35 
Da = - l c  

35 

where T 

stress measured from t h e  drag p l a t e .  

is  the  stress ca lcu la t ed  from the  p r o f i l e  method and T, i s  t h e  P 

Da 
Conventional // 

L 8 U ‘Method 

Fig. 1. Average dev ia t ion  of boundary stress Da v e r s u s  
von Karman constant  k .  
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For the  LbU method, a k va lue  of 0.33 g ives  a b e s t  f i t  (or minimum 

average dev ia t ion )  with Da = 12.8%, while  f o r  t h e  conventional method t h e  

b e s t  f i t  va lue  of k is  0.32 with Da = 21.2%. k 5 0.41 the  L&U 

method always g ives  a smaller Da and t h e r e f o r e  a b e t t e r  agreement w i t h  t h e .  

drag-plate  measurements. Businger et al .  [1971] found k t o  be equal  t o  0.35. 

When t h i s  va lue  i s  used, t h e  corresponding Da w i l l  be  15.2% f o r  t h e  L&U 

method and 27.0% f o r  t h e  conventional method. 

deviat ion.  

of ui agrees  b e t t e r  w i t h  t h e  drag-plate measurements. 

f i t  va lues  of boundary stress from c a l c u l a t i o n  as w e l l  as values  of measured 

stress. 

conventional method agreed b e t t e r  i n  11 cases. 

For 0.30 

Figure 2 shows t h e  p e r c e n t i l e  

It confirms t h e  f a c t  t h a t  t h e  L&U method of p r o f i l e  determinat ion 

Table 1 shows best 

Of 35 cases, t h e  L&U method agreed b e t t e r  i n  24 cases, while  t h e  

0.7 'I 

0.6 - 

0.5 - 

0.4 - 
D 

0.3 - 

a2- 

x 

X 

x 

x x  
X 

9 

x x x  

7 x x x x x x  
x x x x  f 3 e o o o  

Convent iona I e 

I 

0 IO 20 30 40 50 €0 70 80 90 100 

Percent i I e 

Fig. 2. Deviation i n  terms of p e r c e n t i l e .  
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TABLE 1 

COMPARISON OF BOUNDARY STRESS OBTAINED BY CONVENTIONAL METHOD 
AND L&U METHOD ( u n i t s  i n  dyn/cm ) 

Conventional L&U Method 
wi th  k = 0.32 Drag P l a t e  with IC = 0.33 Case 

1 0.4888 0.34 0.3492 vf 
2 0.4541 0.38 0.4286 v 
3 0.5737 0.40 0.3348 v 
4 0.3371 0.43 0.3616 v 
5 0.6315 0.49 0.5582 v 

6 0.7824 0.49 0.5013 v 
7 0.6172 0.49 0.3862 v 
8 0.5803 0.65 0.6075 v 
9 0.8084 0.66 0.6314 v 

10  0.7381 v 0.69 0.7394 

11 0.8068 v 0.71 0.8172 
1 2  0.6307 0.71 0.7567 v 
13 0.6917 v 0.73 0.5823 
14 0.7341 0.97 0.9171 v 

1.0619 0.97 1.0550 v 15 
16 1.0646 v 1.03 1.1512 
1 7  1.1250 v 1.13 1.0279 

19 0.8275 1.16 0.9153 v 

2 1  0.9431 1.25 1.2929 v 
22 1.2020 v 1.26 1.3416 
23 1.2915 v 1.28 1.1618 

1.3442 1.30 1.3106 v 24 
25 1.4701 v 1.38 1.6106 

26 1.0970 1.51 1.3189 v 
27 1.2816 1.52 1.5412 v 
28 1.4707 v 1.55 1.3423 

1.2555 1.58 1.4271 v 29 
30 0.8298 1.74 0.9533 v 

1.3215 1.80 1.7294 v 31 
0.5764 1 .91  1.4143 v 32 

33 1.1879 1.95 1.3068 v 
2.0298 2.72 3.0209 v 34 
2.1057 2.95 2.3539 v 35 

18 1.1022 v 1.14 1.0021 

20 1.0901 v 1.22 1.4873 1 

f (v) means b e t t e r  agreement wi th  t h e  drag-plate measurement. 
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HYDROSTATIC LEVELING ON FLOATING I C E  

by 
J. R. Weber 

Earth Physics Branch 

Ottawa, Canada 
Department of Energy, Mines and Resources 

ABSTRACT 

Hydrostat ic  levels i n s t a l l e d  on f l o a t i n g  ice 
tilt are a f f e c t e d  by ver t ica l  and h o r i z o n t a l  
t he  ice platform,  temperature changes of t he  
temperature and s a l i n i t y  changes of t h e  w e l l  
p r e s su re  g r a d i e n t s ,  d i f f e r e n t i a l  f low of t he  

t o  measure ocean 
a c c e l e r a t i o n s  of 
l e v e l  f l u i d  ? 

water, atmospheric 
water below the  

w e l l s ,  and t h e  C o r i o l i s  f o r c e  ( i c e  v e l o c i t y ) .  Some e r r o r s  
r e s u l t i n g  from t h e s e  e f f e c t s  can be corrected o r ,  i f  they are 
s m a l l  enough, neglected.  I n  order  t o  achieve a t i l t -measuring 
s e n s i t i v i t y  of t 1 . 6  r ad ians  t h e  d r i f t  v e l o c i t y  must be 
known t o  k 1 . 1  cm/sec and t h e  ho r i zon ta l  a c c e l e r a t i o n  t o  
k1.6 - cm/sec2. 

THE HYDROSTATIC LEVEL 

Hydrostat ic  levels were used f o r  measuring ocean tilt  i n  1969 near 

t he  North Po le  [Weber and L i l l e s t r a n d ,  19711, i n  1970 i n  the Gulf of S t .  

Lawrence [Johannessen e t  a l . ,  19703, and i n  1972 during the  A I D J E X  p i l o t  

s tudy i n  t h e  Beaufort Sea [Weber, 19721. The instrumentat ion has been 

improved considerably s i n c e  then, and automated f o r  u se  during the  AIDJEX 

main experiment i n  1975-76. 

The p r i n c i p l e  of h y d r o s t a t i c  l e v e l i n g  is  shown schematically i n  Figure 1. 

Two open r e s e r v o i r s  (pots  A and B) are connected by a tube of l eng th  S, 

system is 

has a constant  

form p a r t  of 

and t h e  system is  f i l l e d  wi th  a low-viscosity f l u i d .  I f  t he  

immobile and under equal atmospheric p re s su re  a t  A and B and 

f l u i d  dens i ty  throughout? t h e  f l u i d  su r faces  i n  t h e  two po t s  

Contr ibut ion No. Earth Physics Branch: 539 
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t h e  same e q u i p o t e n t i a l  s u r f a c e  t h a t  is independent of t h e  tube configurat ion 

between A and B. Since mean sea level i s  an e q u i p o t e n t i a l  su r f ace ,  t h e  

d i s t a n c e  between it and t h e  f l u i d  su r faces  i n  t h e  p o t s  (Ah, o r  Ah,) i s  

constant  provided t h e  p o t s  are a t  sea level o r  very c l o s e  t o  i t .  

s ta t ic  l e v e l  w i l l  t h e r e f o r e  measure t h e  tilt of t h e  ocean re la t ive t o  mean 

sea level  o r  t o  t h e  geoid. 

The hydro- 

The tilt i s  (Ah, - Ah,)/S (see Fig. 1). 

POT A POT B 
EQ U I P OTENTl A L S UR FA C E -.-.-.-.-.-. 

h2 

\-------s- 

Fig. 1. P r i n c i p l e  of measuring ocean tilt by h y d r o s t a t i c  
l eve l ing .  The e q u i p o t e n t i a l  s u r f a c e  is  p a r a l l e l  t o  the 
mean sea level. 

An instrument i n s t a l l e d  on a d r i f t i n g  f l o e  t o  measure ocean t i l t  i s  

a f f e c t e d  by a number of i n t e r n a l  and e x t e r n a l  f a c t o r s :  

zon ta l  acce le ra t ions ,  temperature changes i n  the  f l u i d ,  temperature and 

s a l i n i t y  changes i n  t h e  w e l l  water, atmospheric p re s su re  g rad ien t s ,  d i f f e r -  

e n t i a l  flow, and t h e  C o r i o l i s  fo rce .  Since t h e  only reference levels are 

f l u i d  s u r f a c e s ,  t he  system (1) i s  independent of t h e  movement of t h e  i n s t r u -  

ment support  r e l a t i v e  t o  t h e  i c e ,  (2)  i s  independent of t h e  v e r t i c a l  movement 

of t h e  i ce  relat ive t o  t h e  f l u i d  ocean su r face ,  (3)  measures abso lu te  t i l t ,  

and ( 4 )  lends i t s e l f  r e a d i l y  t o  automatic recording. On t h e  o the r  hand, 

e r r o r s  are introduced by temperature changes wi th in  t h e  f l u i d ,  s a l i n i t y  

changes i n  t h e  ocean w a t e r ,  and atmospheric p re s su re  gradients .  These 

e r r o r s  can, however, be minimized o r  corrected by proper system design. 

v e r t i c a l  and’hori- 

The l e v e l i n g  system we used is  shown i n  Figure 2. Two PVC pipes ,  each 

3 m long, are f rozen  i n t o  t h e  ice  t o  form two w e l l s  whose water is  heated 

92 



Fig. 2. Schematic diagram of t h e  h y d r o s t a t i c  level used f o r  
measuring ocean tilt  from a f l o e .  The l e v e l  d i f f e r e n c e s  
between two l e v e l  p l a t e s  and t h e  f l u i d  su r faces  fl, fP, w l ,  
and w p  are measured with meters from which t h e  f l u i d  l e v e l  
d i f f e r e n c e s  Ah, and Ah, are determined. 
(Ah, - A h , ) / S .  

The tilt  i s  

e l e c t r i c a l l y  t o  prevent f r eez ing .  Two po t s  are r i g i d l y  bol ted t o  the  pipes  

and connected by a ho r i zon ta l  Tygon tube, and the  system i s  f i l l e d  with a 

low-viscosity s i l i c o n e  f l u i d .  In developing t h i s  system w e  attempted t o  

keep t h e  measurements of t h e  l e v e l  d i f f e r e n c e ,  Ah, - Ah,,  wi th in  a to l e rance  

of 50.002 c m ,  r e s u l t i n g  i n  a s e n s i t i v i t y  of k1.6 X r ad ians ,  w i th  a 

level l eng th  of 120 m. 

DYNAMIC RESPONSE 

To understand t h e  e f f e c t s  of a c c e l e r a t i o n s  on t h e  h y d r o s t a t i c  level 

w e  must f i r s t  s tudy t h e  dynamic response of t h e  system. 

The two p o t s  of t h e  h y d r o s t a t i c  level,  shown i n  Figure 3 ,  are of t h e  

same s i z e .  The cross-sect ional  areas of t h e  po t s  and of t he  tube are A and 

a ,  and t h e  l eng th  of t h e  tube i s  S. A t  rest t h e  l eng th  of t h e  f l u i d  column 

in t h e  po t s  is  h , .  
the  l eng th  ,h, from t h e  equi l ibr ium level. 

Scheel,  1956, Eaton, 1959; Eto, 19661 t h a t  t he  d i f f e r e n t i a l  equation of 

motion is  

Assume t h a t  t h e  f l u i d  level is i n i t i a l l y  displaced by 

It can be shown [Egedal, 1937; 
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A 

Fig. 3 .  Schematic diagram of h y d r o s t a t i c  l e v e l  with cross- 
s e c t i o n a l  areas of t h e  po t s ,  A ,  and of the tube,  at  When 
displaced by t h e  d i s t a n c e  h ,  t h e  f l u i d  su r faces  r e t u r n  t o  
t h e i r  equi l ibr ium level. Fluid displacement takes  p l ace  
when an a c c e l e r a t i o n  w a c t s  upon t h e  level; and V ,  are 
t h e  f l u i d  v e l o c i t i e s  i n  the  po t s  and i n  the  tube,  r e spec t ive ly .  

where h is  t h e  displacement of t h e  f l u i d  levels from the  equi l ibr ium l e v e l ,  

6 = 4?~v/a, u2 = 2ga/SA, v is  t h e  kinematic v i s c o s i t y  of t he  f l u i d ,  and g is 

t h e  g r a v i t a t i o n a l  acce le ra t ion .  The equation has t h r e e  s o l u t i o n s  depending 

on whether u2 i s  g r e a t e r  than, equal  t o ,  o r  less than 6'. 

( i )  w2 > 62 (underdamped system): 

where 1-1, = 

$, = arc t a n  1.1,/6 

( i i )  u2 = Ci2 ( c r i t i c a l l y  damped system): 

- 6 t  h = h , ( l  + 6 t ) e  

(iii) u2 < 6' (overdamped system): 

- 6 t  e s i n  h(1.1,t + $,) 1 
h~ s i n  h q 2  h =  

where 1.1, = 

(3) 

( 4 )  

1 + 1-I2/6 
I n  q 2  = arc tanh - - - 6 - 2 1 - 1.12/6 

p2 
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These t h r e e  modes are i l l u s t r a t e d  i n  Figure 4, where t h e  dynamic response 
has been ca l cu la t ed  of a 120 m level of given pot dimensions, f i l l e d  with 

a s i l i c o n e  f l u i d  and operated a t  -2O'C. 

diameter. The t h r e e  modes of damping are: 

diameter,  c r i t i c a l l y  damped f o r  1/2" diameter,  and overdamped f o r  1/4" 

diameter.  

The only v a r i a b l e  is t h e  tube 

underdamped f o r  1" and 2" 

t 
See. 

v 
-1.0 

Pig. 4. Dynamic response of a h y d r o s t a t i c  level of 120 m length 
with pot  diameters of 4.64 c m  and f i l l e d  with a f l u i d  of 1.10 
cen t i s tokes  v i s c o s i t y ,  ca l cu la t ed  f o r  fou r  tube diameters.  
The system is  overdamped f o r  a 1/4-inch tube,  c r i t i c a l l y  
damped f o r  a 1/2-inch tube,  and underdamped f o r  l- inch and 
2-inch tubes. 

The pack ice is  set i n  motion by winds and water cu r ren t s  t h a t  cause 

wave motions (vertical  acce le ra t ions  a s soc ia t ed  with wave motions) and i n  

ice d r i f t  (ho r i zon ta l  a c c e l e r a t i o n s  a s soc ia t ed  with wind) ; we have t o  s tudy 

ver t ical  and h o r i z o n t a l  motion sepa ra t e ly .  The period of t h e  ocean waves 
ranges from about 5 t o  100 seconds with amplitudes of up t o  a few t e n s  of 

m i l l i m e t e r s  and acce le ra t ions  of a few m i l l i g a l s .  

l e v e l i n g  system is underdamped wi th  a resonance frequency t h a t  l ies wi th in  

the  frequency of t h e  ocean waves, i t  w i l l  o s c i l l a t e  continuously.  The ice  

d r i f t  is  e i t h e r  divergent  o r  convergent. 

If the  h y d r o s t a t i c  

I f  t h e  d r i f t  i s  d ive rgen t ,  
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h o r i z o n t a l  a c c e l e r a t i o n s  w i l l  be more o r  less  continuous; i f  t h e  d r i f t  is 

convergent, i n t e r n a l  ice p res su re  w i l l  bu i ld  up u n t i l  t h e  ice  breaks 

r e s u l t i n g  i n  sudden ho r i zon ta l  acce le ra t ions .  

damped, sudden h o r i z o n t a l  acce le ra t ions  o r  sudden atmospheric p re s su re  

changes (associated with wind gus t s )  w i l l  induce new d i s tu rbances  before  t h e  

old ones have d i ed  ou t  and t h e  system w i l l  never come t o  rest. 

t h e r e f o r e  choose t h e  design parameters so  t h a t  t h e  system is nea r ly  

c r i t i c a l l y  damped. 

I f  t he  system is much over- 

We must 

DESIGN PARAMETERS 

The s e n s i t i v i t y  of t h e  system i s  given by the  r a t i o  of the smallest 

f l u i d  l e v e l  d i f f e r e n c e s  Ah t h a t  can be measured 

The movement of t h e  water level i n  t h e  w e l l  l i m i t s  Ah. 

calm condi t ions t h e  level he igh t s  w ,  and w ,  (Fig. 2) can be measured t o  an 

accuracy of about 20.8 x I f  w e  assume t h a t  each l e v e l  he igh t  w l ,  

w 2 ,  f, , f, can be measured t o  an accuracy of 1.0 x 

of t h e  q u a n t i t y  Ah = Ah, - Ah, w i l l  be  22.0 x 

is l i m i t e d  by economic considerat ions only. 

of t h e  system w i l l  be 21.6 X radians.  

and t h e  l e v e l  l eng th  5. 

Under p e r f e c t l y  

cm. 

c m ,  then t h e  accuracy 

c m .  The l e v e l  l eng th  S 

With 5' = 120 m, t h e  s e n s i t i v i t y  

. We designed t h e  system f o r  an operat ing temperature of -2OOC. C r i t i c a l  

damping s p e c i f i e s  t h a t  w2 = 62,  o r  by s u b s t i t u t i n g  t h e  system parameters with 

w and 6 (eq. l ) ,  

2 9 a =  16.rr2v2 
SA a2 ( 5 )  

By rep lac ing  t h e  cross-sect ional  areas, a and A ,  of t h e  pipes with t h e i r  

diameters,  d and D, and by s u b s t i t u t i n g  t h e  numerical value g = 983 c m  sec-2, 

t h e  following equation is obtained : 

d 6  - = 0.1302 V 2  025 
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It is d e s i r a b l e  t h a t  (1) S be l a r g e ,  f o r  increased s e n s i t i v i t y ,  

(2) d be small, f o r  economy and easier handling of t he  tubing i n  low tempera- 

t u r e ,  and (3) D be l a r g e ,  t o  accommodate f l o a t s  f o r  automatic recording and 

t o  reduce the  e f f e c t  of c a p i l l a r i t y  and t h e  s t i c k i n g  of t he  f l u i d  column on 

the  pot  w a l l s  due t o  d i r t .  

v i s c o s i t y  is s m a l l .  

ties: small c o e f f i c i e n t  of thermal expansion ( t o  minimize temperature 

e f f e c t s ) ;  a s p e c i f i c  g r a v i t y  t h a t  i s  e i t h e r  very  h igh  ( i n s e n s i t i v e  t o  atmos- 

phe r i c  p re s su re  changes) o r  about 1 ( e f f e c t s  of atmospheric pressure  g rad ien t s  

w i l l  be compensated i n  t h e  we l l s ) ;  low f r eez ing  temperature;  and low solu- 

b i l i t y  t o  a i r  ( t o  minimize t h e  danger of formation of air  locks) .  Two f l u i d s  

were considered: mercury, and Dow Corning 210 f l u i d  0.65 cen t i s tokes ,  a low- 

v i s c o s i t y  s i l i c o n e  f l u i d .  

c o e f f i c i e n t  of thermal expansion f o r  t h e  two f l u i d s  a t  -2OOC and O°C. 

l i s t e d  f u r  comparison are t h e  corresponding p rope r t i e s  of water a t  20°'C, 

s i n c e  water has been used i n  hydros t a t i c  l eve l ing  f o r  geodet ic  purposes 

[Waalewfjn, 19641. 

Dow Corning 21.0 f l u i d  as a func t ion  of temperature.  

Therefore ,  a f l u i d  must be chosen whose kinematic 

I n  add i t ion ,  t he  f l u i d  should have t h e  following proper- 

Table 1 lists s p e c i f i c  g r a v i t y ,  v i s c o s i t y ,  and 

Also 

Figure 5 shows t h e  kinematic v i s c o s i t y  of mercury and 

KlNEM,ATlC VISCOSITY VS. TEMPERATURE 
0.C 210 

FLU10 
STOKES 
(em' s") 

- 

I I 1 1 I 

MERCURY 

STOKES 
(cm' s-') 

0.2 x IO" 

0.15 

0.10 

0.08 

0.06 

-50 -40 -30 -20 -I 0 -0 I0.C 

Fig. 5. Kinematic v i s c o s i t y  versus  temperature curves f o r  
mercury and f o r  Dow Corning 210 f l u i d  0.65 c s .  
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TABLE 1 

PHYSICAL PROPERTIES 
LEVELS, COMPARED WITH THOSE OF WATER AT +2OoC 

(AT -20°C AND 0°C) OF TWO FLUIDS USED I N  HYDROSTATIC 

Temp. Dow Corning 
Prop er t y O C  210 f l u i d  Mercury Water 

S p e c i f i c  g r a v i t y  
(g 

-20 0.810 13.645 
0 0.789 13.595 

+20 0.9982 

- 20 0.89 X 1.855 X 

- 20 1.10 X 0.136 X lo-' 
+20 1.006 X 

0 0.85 x 0.124 x 
Kinematic v i s c o s i t y  

(Stokes, cm2  sec-'1 

0 1.34 X 1.814 X 2.07 X 
Coef f i c i en t  of thermal 

expansion (oc--~ 

Table 2 compares t h e  physical  p r o p e r t i e s  of two 120 m levels, both of 

which a t  

90 sec. 

h = h ,  t o  decay t o  1/1000 of i t s  o r i g i n a l  va lue ,  according t o  eq. 3.) One 

has a tube diameter of 0.635 c m  (1/4") and a p o t  diameter of 2.0 c m  and i s  

f i l l e d  with mercury; t h e  o the r  has tube and pot  diameters of 1.27 cm (1/2") 

and 4.64 cm,  r e s p e c t i v e l y ,  and is f i l l e d  with s i l i c o n e  f l u i d .  Table 2 a l s o  

lists the  period of resonance a t  0°C when t h e  systems are underdamped, t he  

temperature d i f f e r e n c e s  between t h e  p o t s  and the  temperature g rad ien t s  i n  

the  po t s  corresponding t o  e r r o r  displacements of 1 X cm of t h e  f l u i d  

-20°C are c r i t i c a l l y  damped and have a response t i m e  of about 

(The response t i m e  is  t h e  t i m e  i t  t akes  f o r  an i n i t i a l  displacement 

levels and the  displacement caused by atmospheric p re s su re  g r a d i e n t s  of 

30 pbar/km. It can be seen t h a t  t h e  mercury l e v e l  is  less s e n s i t i v e  t o  

temperature and atmospheric pressure changes. 

The dec i s ion  t o  use  s i l i c o n e  r a t h e r  than mercury as t h e  f l u i d  w a s  made 

mainly because the  s i l i c o n e  l e v e l  has a l a r g e r  pot  diameter and because 

mercury when exposed t o  a i r  forms a su r face  scum t h a t  introduces a d d i t i o n a l  

complications.  

from t h e  b e t t e r  physical  c h a r a c t e r i s t i c s  of mercury as i l l u s t r a t e d  i n  

Tables 1 and 2.0 

These two disadvantages seem t o  outweigh the  b e n e f i t s  derived 
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TABLE 2 

COMPARISON OF TWO HYDROSTATIC LEVELS, ONE FILLED WITH MERCURY, 
ONE WITH SILICONE FLUID 

Length of tube: 120 m 
Maximum al lowable uncorrected displacement of f l u i d  column 

+2 x 10'~ cm 
S e n s i t i v i t y :  k1.6 x r ad ians  

i n  pot:  

Descr ipt ion 

Dow Corning 
210 s i l i c o n e  

Mercury f l u i d  

I n s i d e  diameter of tube 

I n s i d e  diameter of pot  

Height of f l u i d  column i n  pot 

Freezing temperature of f l u i d  

Response t i m e  h = 

Period of resonance a t  O°C 

Maximum allowable temperature 
d i f f e r e n c e  between po t s  

Maximum al lowable temperature 
g rad ien t  i n  pot 

Displacement of f l u i d  i n  pot  column 
caused by atmospheric p re s su re  
g rad ien t  of 30 ubar/km 

h, a t  - 2 0 " ~  

0.476 cm 

2.0 cm 

12.0 cm 

-39OC 

96 sec 

155 sec 

+0.45'C 

0.07 O C/cm 

0.27 X cm 

1 . 2 7  cm 

4.64 cm 

12.0 cm 

-6OOC 

85 s e c  

87 sec 

+O.O6OC 

0. O l 0 C / c m  

4.5 x cm 

EFFECT OF EXTERNAL DISTURBANCES 

The d i f f e r e n c e ,  o r  t h e  change i n  d i f f e r e n c e ,  between t h e  f l u i d  s u r f a c e  

of t h e  h y d r o s t a t i c  l e v e l  and t h e  s u r f a c e  of t h e  ocean water i s  measured 

e i t h e r  by touching t h e  f l u i d  su r faces  with t h e  pointed s t a i n l e s s  steel rod 

of a dep th  micrometer o r  by sensing t h e  displacement of f l o a t s  e l e c t r o n i c a l l y  

by means of displacement t ransducers .  Level measurements w i th  depth microme- 

ters can be repeated t o  a n  accuracy of a few microns, and displacement 

t ransducers  can measure displacements t o  a high accuracy with a r e s o l u t i o n  

t h a t  is  e s s e n t i a l l y  i n f i n i t e .  Therefore,  t h e  s e n s i t i v i t y  of t he  instrument 

is  l imi t ed  no t  by t h e  accuracy with which l e v e l  d i f f e r e n c e s  of t he  f l u i d  

can be sensed, bu t  by t h e  movement of t h e  water s u r f a c e s  i n  t h e  w e l l s  and 
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by e x t e r n a l  d i s tu rbances  such as temperature changes, atmospheric p re s su re  

changes, and ice movements. 

t h e  r e s u l t i n g  f l u i d  level displacement does not  exceed k1.0 X l oe3  cm; they 

must be corrected i f  they are g r e a t e r .  

These e x t e r n a l  e f f e c t s  can be neglected i f  

We s h a l l  now i n v e s t i g a t e  t h e s e  e f f e c t s  i n  d e t a i l .  I n  p a r t i c u l a r ,  where 

the  e x t e r n a l  dis turbances are manifested by an e r r o r  displacement of t h e  

f l u i d  levels, w e  s h a l l  determine t h e  maximum value of t h e s e  d i s tu rbances  

be fo re  co r rec t ions  have t o  be appl ied.  

( i )  V e r t i c a l  a c c e l e r a t i o n s  

The per iod of ocean waves i n  pack ice  ranges from 5 t o  100 sec [Hunkins, 

A t  temperatures above -2OOC t h e  system i s  underdamped and may r e sona te  19621. 

i f  t he  resonance frequency is i n  t h e  5-100 s e c  range. Indeed, when ope ra t ing  

under summer condi t ions a t  O°C when t h e  tube is  submerged i n  s l u s h ,  t h e  

period of resonance is  87 sec (Table 2 ) .  

be doubled, thus inc reas ing  t h e  s e n s i t i v i t y  by a f a c t o r  of two. 

I n  t h i s  case t h e  tube l eng th  can 

( i i )  Temperature changes i n  t h e  f l u i d  

Consider t h e  h y d r o s t a t i c  level of Figure 6 ( s o l i d  l i n e s ) .  I f  t he  

f l u i d  is  s t a t i o n a r y ,  then 

p l  + p,  h ,  g = p 2  + p, h ,  g = const .  

where p i s  t h e  atmospheric p re s su re  and p is t h e  f l u i d  dens i ty .  I f  we 

assume t h a t  t h e  dens i ty  i s  temperature-dependent, p = p(lT), then t h e  d i s -  

placement of t h e  f l u i d  column i n  po t  B y  Ah, due t o  t h e  temperature change, 

AT, is  

Ah = h,  - h ,  = ~1 h, AT 

where a i s  the  c o e f f i c i e n t  of thermal expansion of t h e  f l u i d .  

The temperature d i f f e r e n c e  between the  two po t s  can be measured, but  

we do no t  know, nor do w e  have a way t o  measure, t h e  average temperature 

d i f f e r e n c e  of t he  f l u i d  between descending and ascending tubes.  It i s  

t h e r e f o r e  important t o  keep t h e  tube as h o r i z o n t a l  as poss ib l e .  This 

requirement is i l l u s t r a t e d  i n  Figure 6 (broken l i n e ) .  I f  t h e  tube i s  con- 

ducted over several obs t ac l e s  such as ice  bumps o r  p re s su re  r idges ,  and i f  
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SOLAR 
RADIATION 

Fig. 6 .  The e f f e c t  of undulation of t h e  tube of h y d r o s t a t i c  
level is cumulative. I f  s o l a r  r a d i a t i o n  causes d i f f e r e n t i a l  
heat ing of t h e  f l u i d  of 0.loC between t h e  two s i d e s  of an 
o b s t a c l e ,  t h e  sum of a l l  t h e  he igh t s  of t h e  obs t ac l e s  
h + h + h may not exceed 7.5 cm. a b c  

s o l a r  r a d i a t i o n  causes more h e a t  absorpt ion on one s i d e  of t h e  obs t ac l e s  

than on t h e  other  s i d e ,  r e s u l t i n g  i n  d i f f e r e n t i a l  expansion of t h e  f l u i d ,  

then t h e  t o t a l  e r r o r  introduced, A??,, w i l l  be cumulative: 

(7) Ah = a ATAB(hA - hB) - a (ha  ATa + hb ATb + * * * I  - \ - 4 

Ah*  ah^^ 
where ha, hb, etc. ,  are t h e  h e i g h t s  of t h e  obs t ac l e s  and AT,, ATb, etc. ,  

are t h e  average temperature d i f f e rences  between t h e  two s i d e s  of t h e  obs t ac l e s .  

The f i r s t  term, Ahm, r e p r e s e n t s  t h e  e r r o r  introduced by the  temperature 

d i f f e r e n c e  AT between t h e  f l u i d s  i n  t h e  two pots .  To determine t h e  va lue  

of AhAB t o  b e t t e r  than kO.01 mm t h e  temperature d i f f e r e n c e  of t h e  f l u i d  

between the two p o t s  must be  e i t h e r  measured o r  con t ro l l ed  t o  b e t t e r  than 

k0.06°C. With the rmis to r s  t h e  temperature can e a s i l y  be measured o r  con- 

t r o l l e d  wi th  a n  accuracy of +O.0loC. But care must be taken t h a t  the p o t s  

are w e l l  i n s u l a t e d  and have a l a r g e  hea t  capaci ty  r e l a t i v e  t o  t h e  f l u i d  i n  

o rde r  t o  avoid temperature g rad ien t s  i n  the f l u i d  g r e a t e r  than +O.0loC/cm. 

AB 

The second term, Ah*, r e p r e s e n t s  t h e  e r r o r  introduced by d i f f e r e n t i a l  

h e a t  absorpt ion as t h e  tube c ros ses  the  obs t ac l e s .  Since t h e  values  of t h e  

AT'S are unknown, t h e  value of Ah* i s  unknown. 

minimized by minimizing t h e  undulat ions of t h e  tube,  and Ah* becomes zero 

Fortunately Ah* can be 
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when t h e  tube  is  p e r f e c t l y  ho r i zon ta l .  We may now ask:  what is  t h e  maximum 

value of t h e  sum of a l l  t h e  ver t ical  displacements hs = ha + hb + . . . t h a t  

can be t o l e r a t e d  f o r  each degree of temperature d i f f e r e n c e  AT i n  order  t h a t  

Ah* < cm? 

From t h e  second term of equation 7 i t  fol lows t h a t  

Ah = - a @(ha + 12, + ... ) = - a hS AT 

This means t h a t  i f  t h e  temperature d i f f e r e n c e  AT between t h e  ascending and t h e  

descending s i d e  of each bump is  0.loC, t h e  sum of the  he igh t s  of a l l  t h e  

bumps may n o t  exceed 7.5 cm! 

h y d r o s t a t i c  l e v e l s  on a very f l a t  f l o e  of winter  i c e  and t o  cover t h e  tubes 

w i t h  snow t o  minimize any e f f e c t s  of d i f f e r e n t i a l  h e a t  absorpt ion.  

It is t h e r e f o r e  important t o  i n s t a l l  t he  

( i i i )  Temperature and s a l i n i t y  changes of t h e  w e l l  water 

Both temperature and s a l i n i t y  changes of t h e  w e l l  w a t e r  a f f e c t  t he  

l eng th  of t h e  water column i n  t h e  w e l l .  

two c h a r a c t e r i s t i c s  of t h e  A r c t i c  Ocean s u r f a c e  water are g r e a t l y  i n  our 

favor .  One is  t h a t  i t s  c o e f f i c i e n t  of thermal expansion is  nea r ly  zero,  

so t h a t  w e  can s a f e l y  neg lec t  e f f e c t s  of s l i g h t  temperature changes., The 

o the r  c h a r a c t e r i s t i c  i s  t h a t  temperature and s a l i n i t y  are nea r ly  constant  

i n  t h e  top 50 m y  changing less than f0.02°C and 20.02 O/oo.  

Fortunately,  under winter condi t ions,  

( i v )  Atmospheric p re s su re  g rad ien t s  

An atmospheric p re s su re  g rad ien t  along t h e  h y d r o s t a t i c  level a c t s  on 

t h e  s u r f a c e  of t h e  h y d r o s t a t i c  f l u i d  i n  the  po t s  of t h e  level and on the  

s u r f a c e  of t h e  water i n  t h e  w e l l s .  I f  t h e  h y d r o s t a t i c  f l u i d  and t h e  water 

i n  the w e l l s  were of t h e  same d e n s i t y ,  t h e  displacement due t o  t h e  pressure 

g rad ien t  would be t h e  same i n  t h e  po t s  and i n  the  w e l l s  and t h e  p re s su re  

gradient  would not  a f f e c t  t h e  tilt  measurement. 

two l i q u i d s  are no t  exac t ly  t h e  same, an uncompensated n e t  displacement 

remains : 

Because t h e  d e n s i t i e s  of t he  

PF where Ap is  t h e  p re s su re  d i f f e r e n c e  between t h e  two ends of t h e  level,  

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

water. 

i s  t h e  dens i ty  of t h e  w e l l  W 
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In t h e  high arct ic  l a t i t u d e s  during Apr i l  no atmospheric p re s su re  

g rad ien t s  i n  excess of 30 Ybar/km would be expected t o  p e r s i s t  f o r  any 

l eng th  of t i m e  (George G i l b e r t ,  Defence Research Board, O t t a w a ,  personal  

communications). For a 120 m level t h i s  corresponds t o  a m a x i m u m  p re s su re  

d i f f e r e n c e  Ap = 3 . 6  l-lbar. 

with the  d e n s i t y  va lues  p 

expected displacement Ah of 0.001 cm. 

a p p l i c a t i o n  atmospheric p re s su re  g rad ien t s  can be  neglected.  

S u b s t i t u t i n g  t h i s  value i n t o  equation 8 together  

= 0.79 g/cm3 and p F W = 1.024 g/cm3 gives  a maximum 

This means t h a t  i n  our p a r t i c u l a r  

(v) D i f f e r e n t i a l  flow 

The water flowing a t  speed 2, p a s t  t h e  bottom end of t he  w e l l s  (Fig. 2) 

reduces t h e  water p res su re  and causes a decrease of t h e  w a t e r  column h=v2/2g, 

according t o  Bernou l l i ' s  equation. 

column w i l l  thus  be caused by a cu r ren t  of 1.4 cm sec-l, o r  50 m per  hour. 

This e f f e c t  introduces a s i g n i f i c a n t  e r r o r  whenever t h e  d i f f e r e n t i a l  flow 

of w a t e r  between t h e  ends of t h e  h y d r o s t a t i c  level  exceeds 50 m pe r  hour. 

It i s  t h e r e f o r e  important t o  avoid the  e f f e c t  of l o c a l  turbulence by l o c a t i n g  

t h e  end of t h e  level a t  some d i s t a n c e  from any p res su re  r idge .  

A decrease of 0.001 cm i n  t h e  water 

( v i )  Horizontal  a c c e l e r a t i o n s  

Any t i l tmeter ,  whether i t  be of t h e  h y d r o s t a t i c ,  s p i r i t  level, o r  

pendulum type, is a f f e c t e d  by h o r i z o n t a l  acce le ra t ions .  

of a c c e l e r a t i o n s  t o  be considered. The f i r s t  i s  of s h o r t  du ra t ion  and occurs 

during convergent flow when mounting i n t e r n a l  ice p res su re  causes the ice  

t o  break. A s  a r e s u l t  t h e  f l u i d  levels i n  t h e  po t s  are displaced and t h e  

dis turbance is  manifested as a t r a n s i e n t  displacement of t h e  f l u i d  levels. 

It is  important t h a t  t h e s e  t r a n s i e n t s  be short- l ived so t h a t  they have d i s -  

appeared beEore new t r a n s i e n t s  are generated. The t r a n s i e n t s  are s h o r t e s t  

when t h e  system is  c r i t i c a l l y  damped (Fig,  4) .  A measure of t h e i r  du ra t ion  

There are two modes 

i s  t h e  response t i m e ,  which w e  

i n i t i a l  displacement h = h,  t o  

t h e  response t i m e  of our l e v e l  

The second mode concerns 

d r iven  f l o e s .  Assume t h a t  t h e  

de f ine  as being t h e  t i m e  i t  t akes  f o r  an 

decay t o  h = h, X 

i s  85 sec.  

Table 2 shows t h a t  

s teady a c c e l e r a t i o n s  as experienced by wind- 

level  i s  being exposed t o  a constant  accelera-  

t i o n  i3 = dv,/dt i n  t h e  d i r e c t i o n  of its a x i s  (Fig. 3). Since v,A = v 2 a ,  
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where v l  and v 2  are t h e  v e l o c i t i e s  of t h e  f l u i d  i n  the pots  and i n  t h e  

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

i n  t h e  po t s  is dv, /d t  = ( a / A ) w .  

d i f f e r e n t i a l  equation of motion of t h e  f l u i d  l e v e l s :  

I 

Hence, from equation 1 we  ob ta in  the  

a i. + 26% + W 2 h  = w 

The s o l u t i o n  f o r  c r i t i c a l  damping ( S 2  = w2) i s  

o r ,  by s u b s t i t u t i n g  u2 = 2 g a / S A ,  and by expressing h ( t ) / S  by the  apparent 

tilt, a ( t ) ,  

From t h e s e  equations i t  fol lows t h a t  a displacenent  of 0.001 c m  i n  t h e  f l u i d  

levels w i l l  be caused by a constant  a c c e l e r a t i o n  of w = 1.55 X 

o r  20 m hr-', and a n  a c c e l e r a t i o n  of 290 m hr-2 w i l l  cause an apparent tilt 

of 5 X radians.  During P r o j e c t  North Pole--1969, when the  f i n e  s t ruc -  

t u r e  of t h e  i c e  movement w a s  s tud ied  by ranging from a c o u s t i c  transponders 

on the  ocean f l o o r ,  acce le ra t ions  of up t o  s e v e r a l  hundred meters per  hour 

were found t o  be common. Therefore,  measuring ocean tilt t o  an accuracy of 

b e t t e r  than, say, r ad ians  r e q u i r e s  p r e c i s e  information on t h e  ice  

movement. 

-2 cm sec , 

( v i i )  The C o r i o l i s  f o r c e  

A s  t h e  h y d r o s t a t i c  level travels wi th  t h e  f l o e  a t  v e l o c i t y  v ,  i t  i s  

a f f e c t e d  by t h e  C o r i o l i s  f o r c e  (Fig. 7 ) .  The vec to r  of the C o r i o l i s  

a c c e l e r a t i o n  is $ = 2(& X 3) , where w' i s  t h e  angular v d o c i t y  of t h e  e a r t h ' s  

r o t a t i o n .  

fo rce .  Its magnitude i s  e = 2~ w s i n @ ,  where $I is  t h e  geographical l a t i t u d e .  

The C o r i o l i s  f o r c e ,  which is d i r e c t e d  90" t o  t h e  r i g h t  of t he  v e l o c i t y  

v e c t o r ,  d e f l e c t s  t h e  pot  s u r f a c e s  by t h e  amounts h,/2 and -he /2  r e l a t i v e  t o  

t h e  e q u i p o t e n t i a l  surface.  The tilt of t h e  level due t o  t h e  C o r i o l i s  f o r c e  

i s  

We need only consider t h e  h o r i z o n t a l  component of t he  C o r i o l i s  
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SEA SURFACE 

Fig. 7.  E f f e c t  of t h e  C o r i o l i s  fo rce .  A l e v e l  moving with the  
ang le  6 t o  t h e  v e l o c i t y  vec to r  v is de f l ec t ed  by t h e  amount 
h,lS = (2uwsin@/  ) cos  6 ,  where w i s  the e a r t h ' s  angular 
v e l o c i t y  and @ is  the  l a t i t u d e .  

where 6 i s  the  ang le  between t h e  level a x i s  and t h e  v e l o c i t y  vec to r .  

observed tilt  i s  a, = (h: - h i ) / S ,  and t h e  t r u e  tilt (as measured re la t ive 

t o  t h e  e q u i p o t e n t i a l  su r f ace )  i s  

The 

h,' - h i  + h, - - h ,  - h2 
S S 

a =  t 

o r  

(13) 
2Uwsin@ cos6 

S a = a,+ t 

I f  t h e  ice moves a t  t h e  same v e l o c i t y  as t h e  water, then t h e  ocean 

tilt is e n t i r e l y  due t o  t h e  C o r i o l i s  f o r c e  and w e  would observe no tilt ,  

because 

2U w s i n @  a =  
t 9 
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The v e l o c i t y  t h a t  produces an apparent tilt equal  t o  t h e  s e n s i t i v i t y  of 

t h e  l e v e l  (1.6 X loe7 r ad ians )  is, i n  t h e  po la r  r eg ion ,  V = 1.1 cm/sec, o r  

40 m/hr. By comparison, t h e  accuracy with which t h e  r e l a t i v e  v e l o c i t y  can 

be determined, f o r  i n s t ance ,  by T r a n s i t  sa te l l i te  navigat ion is of t h e  order  

of k2 cm/sec averaged over two o r  t h r e e  observat ions pe r  hour. 

and similar r a d i o  nav iga t iona l  a i d s  t h e  accuracy is of t h e  o rde r  of 

50.5 cm/sec, and by ranging from sonar transponders on t h e  ocean f l o o r  t h e  

corresponding value is of t h e  order  of k O . l  cm/sec. 

u s e  of t h e  p o t e n t i a l  accuracy of t h e  h y d r o s t a t i c  l e v e l i n g  system, p r e c i s e  

r a d i o  nav iga t iona l  a i d s  or sonar ranging methods must be used i n  determining 

t h e  d r i f t  ve loc i ty .  

For Decca 

Therefore,  t o  make f u l l  
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ICE ISLAND REPORT 

by 
Pat Martin and Alan Thorndike 

AIDJEX 

The Canadian Po la r  Cont inental  Shelf P r o j e c t  n o t i f i e d  t h e  ATDJEX Of f i ce  

i n  A p r i l  1974 t h a t  a l a r g e  ice  i s l a n d  w a s  l oca t ed  about 160 lan nor th  of t he  

MacKenzie River d e l t a .  The U.S. Of f i ce  of Naval Research expressed i n t e r e s t  

i n  t h e  ice i s l a n d  as a p o s s i b l e  s i t e  f o r  a r e sea rch  s t a t i o n  t o  r e p l a c e  the  

one on T-3, and as a p o s s i b l e  l o g i s t i c s  base f o r  A I D J E X  operat ions i n  

1975-76. 

t racked by t h e  I n t e r r o g a t i o n ,  Recording, and Location System (IRLS) of 

Nimbus D, and NASA agreed t o  ope ra t e  t h e  system through autumn 1974 f o r  

t h i s  purpose. 

The AIDJEX Of f i ce  o f f e red  t o  p l ace  a buoy on t h e  ice i s l a n d  t o  be 

An extensive search t o  f i n d  t h e  i s l a n d  again w a s  begun i n  l a te  Apri l .  

By t h e  t i m e  t h e  ice  i s l a n d  w a s  s ighted again,  two Canadian groups, PCSP and 

t h e  Canadian Defence Reconnaissance Group, and t h r e e  U.S. groups, the U.S. 

Navy F l e e t  Weather F a c i l i t y  Ice Observing Group, t h e  Naval Oceanographic 

O f f i c e  Birdseye mission, and t h e  Naval Arctic Research Laboratory, had flown 

a t  least 1 5  missions i n  t h e  search area. A s  a r u l e ,  t h e  v i s i b i l i t y  on t h e s e  

f l i g h t s  w a s  poor, a f fo rd ing  only a patchy view of t h e  ice  from high a l t i t u d e  

and a much reduced f i e l d  of view from low a l t i t u d e .  F l e e t  Weather r e loca ted  

the ice  i s l a n d  on 14 June a t  71°31'N, 135'45'W and reported two p ieces  s ighted.  

PCSP made t h r e e  f l i g h t s  during t h e  week of 1 7  June from t h e  base a t  Tuktoyaktuk, 

but  w e r e  unable t o  f i n d  the  ice i s l a n d  due t o  poor v i s i b i l i t y  and l a c k  of 

p r e c i s e  a i r c r a f t  navigation. 

A Decca r a d i o  pos i t i on ing  network w a s  scheduled t o  go i n t o  s e r v i c e  f o r  

PCSP on 1 J u l y ,  bu t  p l ans  w e r e  made t o  g e t  t h e  t r ansmi t t i ng  s t a t i o n s  on the  

air  immediately a f t e r  t h e  ope ra t ing  crews w e r e  on s t a t i o n .  Good s i g n a l s  

w e r e  a v a i l a b l e  from a l l  s t a t i o n s  on 23 June, and p l ans  were made t o  sea rch  

f o r  t h e  i s l a n d  on 24 June with a Twin Otter a i r c r a f t  on lease t o  t h e  Canadian 
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Beaufort  Sea P ro jec t .  

last  repor ted  p o s i t i o n  w a s  made based on t h e  l o c a l  winds i n  Tuktoyaktuk. 

The ind ica t ed  d r i f t  was t o  the  west-southwest about 60 ki lometers ,  and 

An estimate of t h e  d r i f t  of t h e  ice i s l a n d  s i n c e  t h e  

search  p a t t e r n s  were chosen f o r  both good and poor v i s i b i l i t y  based on the  

est imated d r i f t .  

The weather f o r  t h e  search  f l i g h t  w a s  good, wi th  only s m a l l ,  t h i n  

patches of l o w  clouds. 

i s l and  p o s i t i o n  was  f r ac tu red  and loose ,  bu t  without any ex tens ive  open water. 

The p i l o t  f o r  t he  f l i g h t  was Don Korody. Frank MacLean, chief  of Decca 

opera t ions ,  w a s  along t o  monitor Decca performance. Bob Grauman represented  

the  Canadian Atmospheric Environment Serv ice  and the  Beaufort Sea P ro jec t .  

P a t  Martin, P h i l  Taylor ,  and Alan Thorndike, a l l  from AIDJEX, were on board 

t o  assist i n  t h e  naviga t ion  and search.  

The sea ice on t h e  course t o  the  last repor ted  i c e  

The primary naviga t ion  a i d  f o r  th is  f l i g h t ,  and a l l  later f l i g h t s ,  

was  Decca. Frequent readings were taken t o  ensure t h a t  e r r o r s  d i d  not  occur 

i n  the  lane counts  due t o  b r i e f  i n t e r r u p t i o n s  i n  t h e  r ad io  s i g n a l s .  

one such i n t e r r u p t i o n  occurred during any f l i g h t ,  and t h a t  w a s  on a r e t u r n  

t o  Tuktoyaktuk, which requi red  no p r e c i s e  p o s i t i o n  re ference .  

performance of t he  Decca system d e s p i t e  t he  rush  t o  g e t  iinto opera t ion  was 

a major f a c t o r  i n  t h e  success  of t h e  opera t ion .  

Only 

The exce l l en t  

Pos i t i on  f i x e s  were a l s o  obtained from bearing measurements t o  s e v e r a l  

r a d i o  naviga t ion  beacons on shore  as a backup f o r  Decca. 

t o  be good t o  wi th in  a f e w  m i l e s  except  f o r  occasional  e a s i l y  recognized 

e r r o r s .  

These f i x e s  appeared 

Because of t he  good weather and exce l l en t  v i s i b i l i t y  t h e  search  was 

flown a t  4500 meters a l t i t u d e ,  The i c e  i s l a n d  w a s  found 50 ki lometers  from 

the  previous p o s i t i o n  on t h e  f i rs t  search  l eg .  

t he  ice i s l a n d ,  e s p e c i a l l y  m e l t  ponds, blended wi th  the  surrounding sea ice 

t o  a s u r p r i s i n g  degree, and t h e  a c t u a l  s igh t ing  w a s  made d i r e c t l y  over t he  

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

Weather were t h e  r e s u l t  of one end of t h e  i s l a n d  having broken loose s i n c e  

Apr i l .  

smaller p iece  had s h i f t e d  a few hundred meters and ro t a t ed  s l i g h t l y  and w a s  

The su r face  condi t ions  on 

The two p ieces  repor ted  by F l e e t  

The two p ieces  were st i l l  i n  con tac t  a t  one po in t ,  a l though the  
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surrounded by open water .  A t h i r d  p i ece  of g l a c i e r  i c e ,  about 700 meters 

long and 70 meters wide, w a s  found about two mi les  southeas t  of t he  i s l a n d ,  

probably broken from t h e  smaller p i ece  s i n c e  Apr i l .  

P i c t u r e s  were taken from high a l t i t u d e  and comple t e . c i r cu i t s  were 

flown around t h e  i s l a n d s  a t  both high and low a l t i t u d e .  

f r e e  of o the r  a c t i v e  f r a c t u r e s  and were i n  no apparent danger of f u r t h e r  

breakup. 

be only a meter o r  so.  

photos were s igh ted  i n  a heavi ly  hummocked area on t h e  south  s i d e  of the 

l a r g e r  piece.  Eight f u e l  drums were spo t t ed  i n  a c e n t r a l  area of t h e  l a r g e r  

piece.  A VHF beacon w a s  dropped near  t h e  drums as a homing a i d ,  but t he  

range of t h i s  u n i t  turned out  t o  be too  s h o r t  t o  be of any value.  

w a s  made t o  land and t h e  p lane  re turned  t o  Tuktoyaktuk. 

The i s l a n d s  were 

The freeboard of t he  i s l a n d s  ad jacent  t o  open water appeared t o  

Some s m a l l  p i l e s  of rocks not  seen i n  t h e  Apr i l  

No a t tempt  

A t o t a l  of t h r e e  f l i g h t s  were made t o  t h e  ice i s l a n d  on 25 and 26 June 

i n  a B e l l  205 h e l i c o p t e r  p i l o t e d  by Ed Porcho t h a t  w a s  a t  the  d i s p o s a l  of 

PCSP i n  Tuktoyaktuk. The f l y i n g  t i m e  t o  t h e  i s l a n d s  from Tuk w a s  about two 

hours. The passengers on the  f i r s t  he l i cop te r  f l i g h t  were Frank Hunt, 

F i e ld  Manager f o r  PCSP, Bob Grauman of AES, and P a t  Martin and Alan Thorndike 

of AIDJEX. 

s t a t i o n  with magnetic t ape  recording and satel l i te  d a t a  r e l a y  v i a  ERTS, 

The o b j e c t i v e s  were t o  i n s t a l l  an experimental  automatic  weather 

which i n s t a l l a t i o n  would provide va luable  experience t o  the  AES-Beaufort Sea 

instrument  development program, t o  perform a prel iminary survey of t h e  

dimensions and freeboard of t he  larger i s l a n d ,  and t o  recover  f u e l  drums 

and rock samples t o  a i d  i n  t h e  proper i d e n t i f i c a t i o n  of t he  i s l and .  Hunt 

and Grauman made the  i n s t a l l a t i o n  immediately ad jacent  t o  the  f u e l  drums 

near  t h e  cen te r  of t h e  widest  p a r t  of t h e  l a r g e r  i s l a n d ,  and dug ou t  t he  

drums. Two w e r e  re turned  t o  Tuk. Martin and Thorndike co l l ec t ed  samples 

of rock, d u s t ,  and snow, measured t h e  i s l a n d ' s  f reeboard along t h e  edge t h a t  

had r e c e n t l y  opened, and d id  the survey. A long, narrow, r e f rozen  crack 

w a s  seen  near  t h e  south  edge of t h e  i s l and .  

Upon arrival back i n  Tuktoyaktuk, Frank Hunt i n v i t e d  Warren Denner, 

Di rec tor  of t h e  Naval Arc t i c  Research Laboratory i n  Barrow, A l a s k a ,  and 

Richard Dickerson, Chief P i l o t  of NARL, t o  i n spec t  t he  i s l a n d s  on a f l i g h t  

t he  next  day. The i n v i t a t i o n  w a s  accepted and p lans  were made t o  depar t  
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f o r  t he  ice i s l and  s h o r t l y  a f t e r  t he  arr ival  of t he  v i s i t a r s  from NARL on 

t h e  26th. 

t he  f i r s t  IRLS buoy and i n v e s t i g a t e  t h e  long crack and hummocked area along 

the  south s ide .  The passengers were Pa t  Martin,  P h i l  Taylor ,  and Alan 

Thorndike, who i n s t a l l e d  t h e  IRLS buoy near t h e  drums and AES automatic 

s t a t i o n  and d r i l l e d  holes  through the  ice of t he  hummocked a rea  and t h e  

re f rozen  crack. 

The second f l i g h t  departed t h e  evening of the  25th t o  i n s t a l l  

The passengers f o r  t h e  f i n a l  f l i g h t  on t h e  26th were Warren Denner 

and Richard Dickerson of NARL, Frank Hunt of PCSP, and Pa t  Martin,  P h i l  

Taylor,  and Alan Thorndike of AIDJEX. The ob jec t ives  were t o  i n s t a l l  a 

backup IRLS s t a t i o n  on t h e  second-largest  ice i s l and  fragment, t o  f a m i l i a r i z e  

Denner and Dickerson wi th  the  i s l a n d s ,  and t o  d r i l l  through the sea i c e  on 

the  northwest corner of t h e  l a r g e r  piece.  Unfortunately,  t he  v i s i b i l i t y  a t  

t h e  i s l a n d s  w a s  no b e t t e r  than a few hundred meters, which made i t  impossible 

t o  g e t  a complete view of t h e  i s l a n d s ,  bu t  t h e  genera l  s i z e  and su r face  

f e a t u r e s  were apparent ,  and t h e  buoy i n s t a l l a t i o n  and d r i l l i n g  were success- 

f u l l y  completed. It  w a s  necessary t o  t ake  on f u e l  a t  t h e  Decca s t a t i o n  

loca ted  on Hooper's I s l and  on both the  outbound and inbound l e g s  due t o  t h e  

a d d i t i o n a l  load and maneuvers i n  f l i g h t  on t h i s  t r i p .  

of what appeared t o  be g l a c i e r  ice w e r e  seen wi th in  a few m i l e s  of one 

another a t  7 1 ° N ,  138OW on these  t r i p s .  

long. One w a s  about one ha l f  a kilometer wide and the  o ther  w a s  much narrower. 

Some t h i c k  blocks of sea i c e  had r a f t e d  onto t h e  su r face  of the l a r g e r  p i ece  

and a fragment had broken off across  t h e  e n t i r e  width of one end. 

Two add i t iona l  p ieces  

Both pieces w e r e  about one kilometer 

DISCUSSION 

Ice Morpholow 

Measurements of t he  p r i n c i p a l  dimensions of t h e  l a r g e r  i s l and  were 

made by theodo l i t e  survey, freeboard measurement, and d r i l l i n g .  Five f l a g s  

w e r e  set out  on prominent pressure  r i d g e s  along the  perimeter of the  l a r g e s t  

p iece  of i c e ,  and t h e s e  were surveyed from t h e  buoy i n s t a l l a t i o n  near t he  

cen te r  of t h e  i s land .  Two 90 m base l i n e s  w e r e  l a i d  out .  The angles  t o  

111 



t h e  f i v e  t a r g e t s  were measured with an o p t i c a l  t heodo l i t e .  

t h e  t r i a n g u l a t i o n ,  t abu la t ed  i n  Table 1, were i n t e r n a l l y  c o n s i s t e n t  t o  

about 1%. I n  t h e  d i r e c t i o n  of t h e  l i n e a t i o n s ,  t h e  i s l and  is about 7 krn 

long; i t s  width perpendicular t o  t h e  l i n e a t i o n s  is  about 3 km. 

The r e s u l t s  of 

TABLE 1 

COORDINATES OF SURVEY TARGETS 

Target y [ml  
~~~~ 

A 3700 -1100 

B 4100 730 

C 100 1700 

D -2900 -670 

E 330 -1600 

A ske tch  has been prepared based on t h e s e  measurements and obl ique 

aerial photographs taken i n  Apr i l  and June, and d e t a i l s  of t h e  ice  i s l a n d  

s u r f a c e  f e a t u r e s  have been added from d i r e c t  observat ions (Fig. 1 ) .  A s l i g h t  

i nden ta t ion  on t h e  northwest s h o r e l i n e  of t h e  l a r g e r  p i e c e  holds  a narrow 

embayment of f l a t  sea i ce  which is about 1 km i n  l eng th  and 2 m t h i c k  

(x = -0.8 km, y = 1.2 km). This ice might be s u i t a b l e  as an unprepared 

landing s i te .  Access t o  the  ice i s l and  i s  not obstructed by a p res su re  

r idge.  

Another embayment near t h e  middle of t h e  sou theas t  s i d e  of t h e  i s l a n d  

i s  q u i t e  d i f f e r e n t  from t h e  f i r s t  (x = 1.5 km, y = -1.5 km). 

on i ts  s u r f a c e  are about 1.5 m high and the  appearance is d i s t i n c t l y  

d i f f e r e n t  from t h e  adjacent  ice  i s l a n d ,  t h e  border between the  c o n t r a s t i n g  

s u r f a c e s  being marked by a n  i n t e r m i t t e n t  r i d g e  0.5 m high. The only rocks 

found on t h e  i s l a n d  were on t h i s  p i ece ,  including one boulder 0.5 m i n  

diameter.  The rocks were a l l  angular  and unsorted.  Because of t h e  unusual 

appearance of t h i s  area a h o l e  w a s  d r i l l e d  through t h e  ice i n  a level s p o t  

t o  determine t h e  thickness ,  9 m. The w e t t e r  ice and saltier taste which 

is common i n  t h e  i ce  f l a k e s  from near  t h e  bottom of holes  d r i l l e d  through 

sea ice were absent  i n  t h i s  hole.  

The hummocks 

It may be  t h a t  t h e  hummock f i e l d  can be 
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explained by t h e  v a r i a t i o n s  i n  s u r f a c e  melting due t o  t h e  presence of t h e  

rocks themselves, o r  t o  condi t ions which may have p reva i l ed  a t  t h e  t i m e  the 

rocks were o r i g i n a l l y  deposi ted on t h e  ice.  The small r i d g e  a t  t h e  contact  

with the  less d i s tu rbed  po r t ion  of t h e  ice  i s l a n d  might be  explained by a 

l a r g e  f o r c e  app l i ed  t o  t h e  hummock f i e l d .  

A long r e f rozen  f r a c t u r e  i n  t h e  ice i s l a n d  begins near t h i s  hummock 

f i e l d  (3: = 2.5 km, y = -1.5 km) and runs along and ac ross  l i n e a t i o n s  over 

several ki lometers  on t h e  l a r g e  end of t h e  bigger piece.  I n  some p laces  

t h e  width is  c l e a r l y  seen t o  be about 30 m,  wi th d i s t i n c t l y  p a r a l l e l  edges 

and a f a i n t l y  v i s i b l e  medial crack. The thickness  of t he  ice i n  t h i s  f r ac -  

t u r e  w a s  found, by d r i l l i n g ,  t o  be about 4 m,  which e f f o r t  w a s  i n t e r r u p t e d  

by s e v e r a l  t h i n  and d i s t i n c t l y  harder l a y e r s .  The spacing of t h e s e  l a y e r s  

about a meter a p a r t  permits t h e  con jec tu re  t h a t  they may be annual growth 

f e a t u r e s  i n  t h e  ice, perhaps f r e s h  ice formed from water trapped under t h e  

sea ice i n  t h e  crack each summer. The medial crack w a s  only about 30 c m  

wide and t h e  ice  w a s  1 5  cm below t h e  l e v e l  of t he  t h i c k e r  sea ice. There 

were no clear s i g n s  of r e c e n t  motion along t h e  crack. I n  f a c t ,  i t  w a s  not 

obvious where t h e  o the r  end of t he  crack i n t e r s e c t e d  wi th  t h e  edge of t h e  

i s l and .  Near-vertical photographs suggest t h a t  t h e r e  may b e  some r e l a t i o n -  

sh ip  between t h e  l o c a t i o n  of t h e  crack and marked d i f f e r e n c e s  i n  t h e  s u r f a c e  

f e a t u r e s  of t he  ice  i s l a n d .  I f  t h e  i s l a n d  were t o  p a r t  along t h e  most 

p l a i n l y  v i s i b l e  po r t ion  of t h e  crack,  t h e  e f f e c t  would be t o  make t h e  width 

of the l a r g e r  p i e c e  more nea r ly  uniform. 

The only o t h e r  f r a c t u r e s  not iced were s h o r t  and very narrow, along t h e  

l i n e a t i o n s  nea res t  and p a r a l l e l  t o  t h e  ice  i s l a n d  edge. It i s  p o s s i b l e  t h a t ,  

as t h e  ice i s l and  t h i n s ,  t h e  l i n e a t i o n s ,  which are i n  f a c t  depressions a few 

f e e t  deep, become weak s p o t s  along which the  ice f r a c t u r e s .  Such a hypothesis 

would exp la in  the  s t rong ly  r ec t angu la r  shape of t he  smaller ice  i s l a n d  frag- 

ments s een  on t h i s  t r i p .  

Thickness 

The two l a r g e  p i eces  of i ce  had separated q u i t e  r e c e n t l y ,  leaving a 

c l ean  break along which freeboard measurements w e r e  e a s i l y  made. Since t h e  
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f r a c t u r e  runs  normal t o  t h e  l i n e a t i o n s ,  t h e  f reeboard v a r i e s  widely from 

troughs t o  r idges .  

had a c t i v e  dra inage  streams i n  them. 

i n  the  t rough must have been very  near sea l e v e l ,  bu t ,  because of t h e  t h i c k  

f i l l i n g  of s l u s h ,  no measurements w e r e  made. Freeboard along t h e  r idges  

ranged from j u s t  over 1 meter t o  j u s t  over 2 meters. I n  p l aces  i t  was  

poss ib l e  t o  s t e p  over t o  a nearby p i ece  of ice and look back through the  

l ead  t o  see t h e  i c e  i s l a n d ' s  edge. 

v e r t i c a l  and went ou t  of s i g h t  (es t imated 1 0  m). 

rounding o r  taper ing  of t he  ice i s l a n d ' s  s u r f a c e  near t h i s  f r a c t u r e .  

conclude then t h a t  t he  mean freeboard is i n  t h e  neighborhood of 1.5 m and 

the  t o t a l  th ickness  about 15  m [Crary, 19541. It would be i n t e r e s t i n g  t o  

have more information on the  r e l a t i o n s h i p  of th ickness  t o  s u r f a c e  topography. 

The troughs were f i l l e d  with snow and s l u s h  and gene ra l ly  

The ice su r face  a t  the  lowest po in t s  

The edge appeared very smooth and 

There w a s  no apparent 

We 

, The terrestrial o r i g i n  of t h e  ice i s l and  w a s  evident  i n  t h e  concentra- 

t i o n s  of d u s t  over  most of the s u r f a c e  and i n  the presence of s e v e r a l  rock 

p i l e s  i n  the  hummocked a rea .  

f r e s h  su r faces  were common, suggest ing reduct ion  of larger p i eces  by freeze-  

thaw ac t ion .  The d u s t  w a s  found concentrated a t  t h e  snow-ice i n t e r f a c e  and 

along exposures a t  c rack  and dra inage  f e a t u r e s .  

concentrated t o  the ex ten t  t h a t  c y l i n d r i c a l  ho les  a f e w  inches i n  diameter 

were being melted s e v e r a l  inches i n t o  the  i c e .  

rocks were recovered f o r  ana lys i s  and p o s s i b l e  i d e n t i f i c a t i o n  of t he  source 

area. 

Most of t h e  rocks were sharp ly  angular ,  and 

I n  p l aces  t h e  dus t  had 

Samples of t he  dus t  and 

Fuel Drums 

The f u e l  drums found on the  l a r g e r  ice i s l and  fragments were empty 

and p a r t i a l l y  rus t ed .  

markings f o r  automotive gas da ted  1957. 

i nves t iga t ed .  From the  evidence gathered t o  d a t e ,  i t  is not  un l ike ly  t h a t  

t h e  ice i s l a n d  calved of f  t h e  Ward Hunt ice she l f  along the  nor thern  coas t  

of E l l e s m e r e  I s l and  i n  1967. 

f e a t u r e s  of t he  i s l and  from photographs of t h e  ice she l f  of that t i m e .  

They were pa in ted  drab  brown and c a r r i e d  U . S .  m i l i t a r y  

The h i s t o r y  of t h e s e  drums is  being 

It may be poss ib l e  t o  i d e n t i f y  t h e  s u r f a c e  
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Automatic S t a t  ions  

The one IRLS buoy wi th  the  conf igura t ion  proven i n  the  successfu l  

opera t ion  of t h e  IRLS a r r a y  following AIDJEX i n  1972 has communicated 

success fu l ly  wi th  Nimbus D. 

nor t h e  backup IRLS i n s t a l l a t i o n  has communicated success fu l ly  with t h e i r  

r e s p e c t i v e  satel l i tes  t o  date .  The AES d a t a  recording experiment is  presumed 

t o  be working. 

IRLS buoy f o r  one o r b i t  each day. 

of i t s  p o s i t i o n  on 26 June i n  e a r l y  September, when westward d r i f t  resumed, 

following t h e  seasonal  p a t t e r n  common i n  t h i s  area a t  t h i s  t i m e  of year .  

The pos i t i on  of t h e  i s l a n d  on 29 September w a s  7Z020'N, 146°02'W. 

i s l a n d  fol lows the  d r i f t  of o ther  t racked f l o e s  and i s l a n d s ,  i t  w i l l  be 

no r th  of Point  Barrow by la te  winter ,  and northwest of Point  Barrow i n  t h e  

summer of 1975. Because i t  is  r e l a t i v e l y  t h i n ,  i t  seems un l ike ly  that the  

ice i s land  w i l l  run aground along t h i s  t r ack .  

Unfortunately ne i the r  t h e  AES-ERTS d a t a  r e l a y  

Pos i t i on  and engineering da ta  are being received from t h e  

The i c e  i s l and  w a s  wi th in  30 ki lometers  

If the  

SUMMARY 

An extens ive  search  i n  poor v i s i b i l i t y  f i n a l l y  r ees t ab l i shed  the  

p o s i t i o n  of t h e  i c e  i s l a n d  repor ted  by PCSP. 

e f f o r t ,  and t h e  r e l o c a t i o n  of t h e  ice i s l a n d  by F l e e t  Weather was a s i g n a l  

accomplishment. 

deployment of t racking  and homing devices  a t  t h e  earliest moment. Following 

r e l o c a t i o n  several v i s i t s  were made t o  the  i c e  i s land  t o  deploy instrumenta- 

t i o n  and t o  i n v e s t i g a t e  the  i s l and .  The r e s u l t s  of t h i s  i nves t iga t ion  are 

t h a t  t h e  i c e  i s l a n d ' s  o r i g i n  can probabiy be determined, and that t h e  

morphology of t he  i c e  i s l a n d s  i s  such t h a t  they would be s u i t a b l e  f o r  

research  s t a t i o n s .  

and it should be poss ib l e  t o  r e v i s i t  t h e  i s l and  eas i ly .  

This search  phase w a s  a major 

I n  the  f u t u r e ,  such searches would be g r e a t l y  eased by the  

The t racking by NASA is proceeding on a d a i l y  b a s i s ,  
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REPORTS FROM THE P R I N C I P A L  INVESTIGATORS 
A I D J E X  LEAD EXPERIMENT 

In March and Apr i l  1974, s c i e n t i f i c  r e sea rch  groups from t h r e e  univers i -  

ties p a r t i c i p a t e d  i n  a lead experiment on t h e  sea ice  nor th  of Po in t  Barrow. 

The experiment, a p a r t  of AIDJEX,  w a s  designed t o  gather  information about 

t h e  i n t e r a c t i o n  between t h e  ocean and t h e  atmosphere through open and f r eez ing  

l e a d s  as w e l l  as t o  test equipment t h a t  w i l l  be used i n  t h e  main AIDJEX yea r ,  

1975-76. 

The r e p o r t s  t h a t  follow desc r ibe  t h e  ac t iv i t ies  of some of the s t u d i e s  

c a r r i e d  out  as p a r t  of o r  i n  conjunction with t h e  lead experiment. The f i r s t  

two r e p o r t s ,  by Kelley and by Smith, were submitted soon a f t e r  the invest iga-  

t i o n  w a s  concluded and are more n a r r a t i v e  and preliminary than the  Geophysical 

I n s t i t u t e  papers. 

To o r i e n t  t h e  r eade r ,  we  are r epea t ing  here--in s l i g h t l y  shortened 

form--the l o g i s t i c s  coord ina to r ' s  j o u r n a l  t h a t  appeared i n  B u l l e t i n  26. 

[For a more complete account, see A. Heiberg, AIDJEX Lead Experiment, sp r ing  

1974, f i e l d  operat ions r e p o r t ,  AIDJEX Bulletin No. 25 (September 1974), 

p. 23-31.] 

23 February - 3 March. Preparat ion f o r  a r t i f i c i a l  lead experiment on Elson 
Lagoon proceeding without d i f f i c u l t i e s .  
due t o  la te  a r r i v a l  of instrumentat ion.  Deployment t o  lagoon scheduled 
f o r  4 March. Aerial reconnaissance 1 March over ice  no r th  Barrow encour- 
aging. 
a n t i c i p a t e d  around 11 March. 

Program t h r e e  days behind schedule 

Several  good l e a d s  observed 1 0  m i l e s  out.  Deployment t o  ice  

4 March. Experimental pond f o r  a r t i f i c i a l  lead l a i d  out on Elson Lagoon 
4 m i l e s  no r theas t  of camp. OSU and UW h u t s  l i f t e d  t o  s i te  by h e l i c o p t e r .  

5 March. Instruments set up a t  pond by OSU and UW. Smith's group assembling 
instrumentat ion i n  preparat ion f o r  deployment t o  ice next week. 
UW trouble-shooting sensor i n s t a l l a t i o n  a t  lagoon. 

OSU and 
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6 March. Aerial reconnaissance t o  ice. Conditions cont inue favorable .  UA 
ready f o r  deployment t o  lagoon. OSU and UW s t i l l  trouble-shooting, 

7 March. UA set up a t  lagoon. A r t i f i c i a l  l ead  s t i l l  d ry ,  awaiting s o l u t i o n  
t o  OSU and UW inst rumentat ion problem. 
c u i t r y  i n  progress.  

Modification t o  e l e c t r o n i c s  cir-  
Aerial reconnaissance continues.  

8 March. OSU and UW equipment ope ra t iona l ,  pond t o  be flooded and a r t i f i c i a l  
lead experiment t o  commence tomorrow. Deployment t o  ice scheduled f o r  
middle of next  week. 

9 March. Small pond e s t a b l i s h e d  on lagoon f o r  UA research.  Ten m ( r ad ius )  
pond f o r  OSU and UW f i l l e d  with water a t  noon and s teady flow es t ab l i shed .  
Wind d i r e c t i o n  s h i f t e d  and made e x i s t i n g  pond unsu i t ab le .  
enclosure l a i d  out .  Hel icopter  on ice reconnaissance,  I c e  th i ckness  t e s t e d  
ad jacen t  t o  leads.  

New 1 0  m 

1 0  March. Smith's group assembling and i n s t a l l i n g  equipment i n  h u t s .  

11 March. New 1 0  m pond f o r  OSU and UW f i l l e d  wi th  water and good d a t a  are 
c o l l e c t e d  through t h e  night .  
pond. 

UA s t i l l  having pumping problems i n  s m a l l  
Holmgren c o l l e c t i n g  d a t a  over l a r g e  pond. 

1 2  March. OSU, UW, and Holmgren f i n i s h  work a t  second pond i n  e a r l y  morning. 
Wind d i r e c t i o n  changes aga in  and equipment is moved back t o  f i r s t  pond, 
where t h e  experiment g e t s  going by e a r l y  afternoon. 

13 March. Reconnaissance t o  i c e  i n  R4D. UA experiment running a t  lagoon. 
OSU and UW f i n i s h  a t  lagoon i n  l a te  afternoon. 
p i l o t  and Coast Guard r a d i o  p repa ra t ion  f o r  Friday deployment. 

Brief ing by h e l i c o p t e r  

14 March. Helo h u t s  moved back from lagoon and a l l  bui ldings t e s t - l i f t e d  by 
h e l i c o p t e r .  
Late evening, t h e  oceanographic team develops computer problems and 
deployment is  postponed till 16 March. 

Two Cessnas loaded and readied f o r  next  day 's  deployment. 

15 March. Computer problems solved, everybody ready, manifests  made up f o r  
7 h e l i c o p t e r  f l i g h t s  and 6 Cessna f l i g h t s ,  

16  March. F i n a l  b r i e f i n g  a t  7:30. Cessnas with Paulson, Smith, Toovak, 
and Lee  o f f  a t  9:20. 
of Barrow. 

No s u i t a b l e  l e a d s  spo t t ed  by 1 1 : O O  w i t h i n  25 m i l e s  

17 March. Cessna sea rch  f o r  l ead  unsuccessful.  I f  no l ead  is found tomorrow, 
oceanographic group w i l l  be deployed t o  a f l o e  t o  check out  equipment. 

18 March. N o  lead by 12:30. Smith's group deployed t o  f l o e  1 7  m i l e s  nor th  
of Barrow. Problems wi th  powerheads and auger f o r  d r i l l i n g  holes  causes 
delay i n  deployment, b u t  by 7:OO p.m. Camp 1 is i n  operat ion,  occupied 
by f i v e  oceanographers and one n a t i v e  support  a s s i s t a n t .  
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1 9  March. Cessnas f i n d  l ead  a t  1 1 : O O  and set down 20 m i l e s  n o r t h  of Barrow. 
The l ead  is about 50 m wide and one m i l e  long. UW, OSU, and UA programs 
deployed and i n  ope ra t ion  a t  Camp 2 by 4:OO p.m. Smith is  a t  Camp 1 
checking out h i s  instrumentation. Weather calm, -30°F. 

20 March. Hel icopter  f l i g h t  t o  both camps t o  f i x  r a d i o s  and supply Smith 
with spares .  
L a t e  evening wind opens t h e  lead again,  

A t  camp 2,  measurement continuing over t h i n  i c e  c r u s t .  

21 March. Experiment a t  camps 1 and 2 completed. A t  3:OO p.m. everything 
is l i f t e d  back t o  NARL. 

22, 23 March. I n v e s t i g a t o r s  checking and overhauling instrumentat ion i n  
p repa ra t ion  f o r  next  deployment, scheduled f o r  24 March. 

24 March. Cessnas o f f  a t  9:15, one with Paulson, Smith, and Toovak, t h e  
o the r  with camp gear  and Smith's d r i l l i n g  equipment. 
is a 24-mile s e c t o r  no r th  of NARL. 
one Cessna l o s e s  a l t e r n a t o r  and mission is c a l l e d  o f f .  

Target s ea rch  area 
By 10:30 no s u i t a b l e  lead is found; 

25 March. Cessnas off a t  8:45. Same configurat ion as yesterday.  Cessnas 
r e p o r t  lead 18 m i l e s  no r th  of Barrow at  1 O : O O .  By 4:OO p.m., s i x  h e l i -  
copter  and seven Cessna f l i g h t s  have s h u t t l e d  everything t o  t h e  ice except 
t h e  UA generator  and backup suppl ies .  OSU and UW set up and running by 
1:OO.  Five bu i ld ings  and 17 people on t h e  ice, including a r ad io  r e p a i r  
man and a n a t i v e  support  person. A t  4:OO t h e  camp r a d i o s  f o r  h e l i c o p t e r  
a s s i s t a n c e .  The lead i s  c los ing ,  t h e  ice is  r idg ing  and th rea t en ing  t h e  
downwind bui ldings.  The he l i cop te r  is on i t s  way t o  r e l o c a t e  bu i ld ings  
and start evacuating. The A i r  Force is  asked t o  assist i n  evacuting the  
camps i f  necessary,  bu t  t h ings  q u i e t  down and only t h e  downwind s i d e  is  
evacuated. By 7:OO p.m. t h e  l a s t  f l i g h t  t o  t h e  ice c a r r i e d  UA generator  
i n  a s l i n g .  Components of t h e  generator  tear o f f  i n  f l i g h t  and UA c r e w ,  
being without power, r e t u r n  t o  NARL. Three hu t s ,  seven people l e f t  on 
t h e  upwind s i d e .  Smith and Badgley c o l l e c t i n g  d a t a  through t h e  night .  

26 March. UA h e l o  h u t  evacuated. S c i e n t i f i c  programs terminated on t h e  ice  
at  noon. 
t h e  ice terminated, Holmgren s t i l l  involved. 

Everything is back on t h e  beach by 2:OO. Kelley 's  program on 

27. 28. 29 March. Daily searches produce no leads.  

30 March. Search i n  t h e  morning and af ternoon produces no lead.  S t i l l  no 
change i n  weather. Winds out  of no r theas t  a t  10 knots. 
worked out :  I f  no l e a d  by next week, OSU and UW w i l l  go back t o  t h e  lagoon 
f o r  a 20-m a r t i f i c i a l  l ead  experiment, and Smith w i l l  be deployed t o  a f l o e  
t o  t a k e  STD and c u r r e n t  da t a .  
A pond enclosure is  constructed on t h e  lagoon. 

Contingency p l a n  

Ohtake from UA f l i e s  ice c r y s t a l  sampler. 

31 March. No change i n  weather, search produces no l eads .  Ohtake f l i e s  
c r y s t a l  sampler. 
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1 A p r i l .  No weather change and no lead discovered i n  the  morning. Ohtake 
f l i e s  c r y s t a l  sampler. TJW and OSU hu t s  moved t o  lagoon. 

2 A p r i l .  No l eads  i n  t h e  morning, Weather s t a b l e .  Smith is deployed t o  a 
UW and OSU i n  operat ion a t  t h e  20-m pond on t h e  
Holmgren f l i e s  c r y s t a l  sampler i n  t h e  morning 
OSU and UW c o l l e c t i n g  d a t a  through t h e  n igh t .  

f l o e  24 m i l e s  from Barrow, 
lagoon by e a r l y  af ternoon.  
and terminates  h i s  program. 

3 A p r i l .  Twenty-meter pond frozen over and t h e  program on the  lagoon termi- 
nated by noon. Smith c o l l e c t s  STD and c u r r e n t  d a t a  on t h e  f l o e  down t o  
t h e  bottom (100 m). UW and OSU c a l i b r a t i n g  i n  t h e  afternoon. 

4 A p r i l .  N o  leads.  The RF 2200 r a d i o  i n  Smith's camp ope ra t e s  s a t i s f a c t o r i l y  
wi th  double antenna, frequency 4625. 

5 A p r i l .  N o  leads.  Smith moved back t o  NARL. Paulson, Smith g i v e  seminar 
on lead experiment i n  t h e  NARL lounge. 

6 A p r i l .  No weather change. Search i n  t h e  morning produces no l ead .  

7 A p r i l .  Wind p i cks  up, 20 knots a t  90 degrees.  Search i n  t h e  morning 
i n d i c a t e s  t h a t  t h e  ice is  moving; no acceptable  l e a d s ,  however. 

8 A p r i l .  Big l ead  (300 m) discovered a t  018' and 28 m i l e s .  Too wide f o r  
OSU and UW, who terminate t h e i r  program and start  packing. 
deployed and i n  operat ion by 5:OO. 

Smith's group 

10 A p r i l .  Smith's group evacuated a f t e r  a success fu l  experiment a t  t he  l ead .  
The Lead Experiment i s  terminated. Scheduled departure  from Barrow . 
12 Apri l .  
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EFFECT OF OPEN LEADS OW THE EXCHANGE OF COa BETKEN THE ATNOSPHERE 
AND SURFACE SEA MATER 

by 
John J. Kelley 

I n s t i t u t e  of Marine Science 
University of Alaska, Fairbanks, AZaska 99701 * 

BACKGROUND 

The inf luence  of carbon dioxide on the  g loba l  hea t  balance of t he  ear th-  

From atmosphere system has caused increas ing  concern over t h e  last decade. 

observat ions i t  may be general ized:  

1. Before 1970, CO, w a s  increas ing  at  a rate of approximately 0.7 ppm 

per year  (0.2 percent ) .  

1 .0  ppm per  year.  

Recent da t a  show t h a t  t h i s  rate is now more than  

2. The rate of increase is  probably due t o  the  combustion of f o s s i l  

f u e l s ,  and t h e  amount of combustion is r i s i n g  s t e a d i l y .  

3 .  The annual average concentrat ion mixing r a t i o  of CO, i n  t h e  Arctic 

is 1 ppm higher than i n  t h e  Antarc t ic .  

4 .  There i s  a d i s t i n c t  seasonal  o s c i l l a t i o n  of CO, concentrat ion.  

The amplitude a t  the  su r face  i s  about 12 ppm i n  the  Arc t i c  and about 1 ppm 

i n  t h e  An ta rc t i c ,  and it decreases with increas ing  a l t i t u d e  above t h e  ground. 

5. The sea water under t h e  ice-covered a r c t i c  seas (Beaufort ,  Chukchi) 

i s  genera l ly  supersaturated i n  CO, with respec t  Eo air  except when l o c a l  

phytoplankton blooms occur. 

6 .  Subpolar seas t h a t  have d i s t i n c t  i ce- f ree  per iods  and are c lose  

t o  land (Barents,  Kara, Bering) show equi l ibr ium CO, concentrat ions varying 

from 100 ppm t o  more than 500 ppm. 

t o  the  e f f e c t s  of plankton blooms and influx of CO, from l a r g e  r i v e r s .  

These wide v a r i a t i o n s  are a t t r i b u t e d  

Carbon d ioxide  may be a use fu l  t r a c e r  f o r  e luc ida t ing  and quant i fying 

v e r t i c a l  and hor i zon ta l  mixing phenomena i n  t h e  oceans of t he  world. Although 

*Temporarily wi th  the  Off ice  of Polar  Programs, National Science Foundation. 
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t h e r e  is now a d a t a  base f o r  t he  equi l ibr ium p a r t i a l  p re s su re  of CO, i n  

s u r f a c e  water of s e v e r a l  areas of t h e  a r c t i c  and s u b a r c t i c  seas, t h e r e  is 

s t i l l  not  much information on seasonal  changes and even less on PCO, 

( p a r t i a l  p re s su re  of CO, i n  water)  i n  open l e a d s  and i n  the  seasonal  i c e  

margin waters of t he  Beaufort  and Chukchi seas. 

The AIDJEX lead experiment off  t h e  coas t  of Barrow i n  spr ing  1974 

provided an opportuni ty  t o  eva lua te  t h e  equi l ibr ium p a r t i a l  p re s su re  of CO, 

and t h e  exchange of CO, between the  a i r  and the  sea. 

AIDJEX-supported h e l i c o p t e r ,  NARL a i r c r a f t ,  and a modular labora tory  i t  was 

poss ib l e  t o  l o c a t e  these  experiments quickly a t  newly opened l eads .  

i c e  condi t ions were less than favorable ,  w e  f e e l  t h a t  t he  q u a l i t y  of t h e  

d a t a  we obtained is  high enough t o  a l low some i n i t i a l  p red ic t ions .  

With the  a i d  of an 

Although 

PARTIAL PRESSURE OF CO, I N  WATER 

Measurement of PCO, assumes t h a t  Henry's Law app l i e s :  t h e  concent ra t ion  

of t he  gas d isso lved  i n  a l i q u i d  w i l l  be d i r e c t l y  p ropor t iona l  t o  the  p re s su re  

of t he  gas  i n  equi l ibr ium with t h e  l i q u i d .  This  may be  expressed f o r  CO, as 

where XCO, is  the  mole f r a c t i o n  of CO,, which may be expressed as the  volume 

mixing r a t i o  i n  ppm, and P is the  barometric pressure .  Thus, a t  1 atmos- 

phere pressure ,  a concent ra t ion  g rad ien t  of 1 ppm across  t h e  air-water 

i n t e r r a c e  is numerically equiva len t  t o  a par t ia l  p re s su re  gr-adient of 

1 microatmosphere. 

t 

PCO, a t  t h e  sea water su r face  of a r t i f i c i a l  and n a t u r a l  open l eads  

w a s  determined by measuring t h e  CO, concent ra t ion  of a i r  i n  equi l ibr ium wi th  

the  w a t e r  by i n f r a r e d  spectrometry.  

chamber i n  which air w a s  cycled i n  a closed system ( 1  t o  1.5 liters per 

minute) from t h e  e q u i l i b r a t o r  t o  t h e  gas analyzer  and back t o  the  chamber, 

where i t  w a s  r e l eased  t o  a f r i t  j u s t  below t h e  water sur face .  

ambient air and r e fe rence  gas p o r t i o n  of t he  cyc le ,  t he  chamber w a s  f lushed 

The e q u i l i b r a t o r  cons is ted  of a f l o a t i n g  

During t h e  
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with air .  

Concentration of CO, were converted t o  s tandard pressure  and repor ted  i n  

p a r t s  per  m i l l i o n  by volume (ppm/v) on a d ry  a i r  b a s i s .  

p ressure  g rad ien t s  across  t h e  air-water i n t e r f a c e  are ca l cu la t ed  so t h a t  a 

p o s i t i v e  number i n d i c a t e s  that t h e  water is supersa tura ted  wi th  r e spec t  t o  

air (PCO, - pCO,, where pC0, is t h e  p a r t i a l  p re s su re  of CO, i n  the a i r ) .  

Water vapor w a s  removed from t h e  a i r  stream p r i o r  t o  ana lys i s .  

CO, p a r t i a l  

Prel iminary eva lua t ion  of t h e  d a t a  shows t h a t  t he  sea water i n  the  

n a t u r a l  l e a d  approximately 26 km nor th  of Barrow (19 March) w a s  super- 

s a t u r a t e d  i n  CO, w i th  r e spec t  t o  air:  

than the  concentrat ion of CO, i n  a i r ,  which w a s  333 ppm. 

PCO, a t  t h e  NCEL test  s i te  on ocean i c e  approximated those of t he  n a t u r a l  

l ead ;  but  t h e  d a t a  from t h e  Elson Lagoon a r t i f i c i a l  lead were considerably 

d i f f e r e n t ,  varying from 70 t o  100 ppm more than the  ambient a i r ,  wi th  one 

24-hour per iod showing a s t rong  d i u r n a l  t rend .  

t h e  l e v e l  of PCO, w a s  25 ppm more 

The va lues  f o r  

Elson Lagoon i s  an ex tens ive  area of shallow water ( l e s s  than 2 m 

deep under the  a r t i f ic ia l  l ead  s i t e )  with few deep channels,  and t h e r e  is 

probably very l i t t l e  i n t e r a c t i o n  wi th  t h e  sea. Where the  s a l i n i t y  of t he  

s u r f a c e  water i n  the  n a t u r a l  l ead  va r i ed  between 32.14 ppt  and 32.16 p p t ,  

t h e  s a l i n i t y  of t h e  w a t e r  pumped from beneath the  i c e  on Elson Lagoon 

exceeded 42 ppt  (42.414 ppt  on 13 March). 

c o r r e l a t i o n  between the  lagoon and t h e  sea water, bu t  we performed the  

CO, ana lyses  t o  observe poss ib l e  consequences of changes i n  water chemistry 

on the  l o c a l  b io t a .  

We had not expected any c l o s e  

RATE OF EXCHANGE 

To estimate the  amount of CO, t r a n s f e r r e d  t o  o r  from the  atmosphere 

when open water is  exposed t o  the  a i r ,  w e  measured the  rate of exchange of 

CO, across the  air-sea boundary. 

approximates a f r e e  o r  d i f f u s i o n a l  exchange rate as opposed t o  a f o r c e  or  

t u rbu len t  rate. Therefore ,  our measurements would represent  t he  minimum 

f l u x  of CO 

d i r e c t  wind stress on t h e  water su r face ,  some wave a c t i o n  w a s  noted i n  t h e  

Our method, which uses  a f l o a t i n g  chamber, 

through the water sur face .  Although t h e  chamber prevented 
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chamber, so  t h a t  t h e  measured evasion r a t i o s  probably l i e  somewhere between 

f r e e  and forced ra te  values .  We evaluated t h e  GO, rate c o e f f i c i e n t  a: 

where ci = CO, r a t e  coef ,  mg cm-2 atmos-’ min-’ 

d&/dt  = t i m e  rate of change of GO, i n  chamber, mg min-’ 

AP = PCO, (water) - pC0, (chamber). 

We were a b l e  t o  measure t h e  rate of exchange of CO, once across  an 

open lead  on t h e  s e a  ice and once a t  t h e  a r t i f i c i a l  l ead  on Elson Lagoon. 

These d a t a  are now being evaluated. 
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OCEANOGRAPHIC INVESTIGATIONS DURING THE AIDJEX LEAD EXPERIMENT 

J.  Dungan Smith 
Department of Oceanography 

University of Washington, SeattZe, Wash. 98195 

The oceanographic component of t he  AIDJEX Lead Experiment w a s  designed 

t o  provide information on the  mechanical and thermodynamic processes  a c t i v e  

i n  t h e  mixed l a y e r  of t h e  Arctic Ocean t h a t  are d i r e c t l y  a t t r i b u t a b l e  t o  

t h e  presence of open leads .  

t o  l a r g e  f l o e s  of sea i c e ,  t he  second and f o u r t h  t o  l eads .  

and atmospheric experiments were t o  have been performed simultaneously on 

both edges of l eads  a t  t h e  same l o c a t i o n s  so t h a t  hea t  and s a l t  f l u x  ca lcu la-  

t i o n s  could be compared and subs id ia ry  t a s k s  shared by both p r o j e c t s  [Paulson 

and Smith, 19741. 

because of t h e  l ack  of si tes s u i t a b l e  t o  both groups, the f a c t  t h a t  both 

r e sea rch  groups were working i n  t h e  same genera l  area a t  t he  same time makes 

j o i n t  u se  of t h e  two d a t a  sets f e a s i b l e .  

based upon r e s u l t s  from t h e  a r t i f i c i a l  l ead  experiment c a r r i e d  out  i n  e a r l y  

Apr i l  permit h e a t  f l u x  estimates t o  be made from resu l t s  of t he  l as t  and 

most f r u i t f u l  oceanographic experiment, on 8-10 A p r i l .  

Four deployments were made, t he  f i r s t  and t h i r d  

The oceanographic. 

Although t h i s  p lan  f o r  j o i n t  work could not  be followed 

For example, p r e d i c t i v e  t h e o r i e s  

F i r s t  Deployment 

The f i r s t  oceanographic deployment , t o  check the  instruments  and 

determine t h e  gene ra l  dens i ty  and v e l o c i t y  s t r u c t u r e  over t he  Continental  

Shelf  no r th  of Poin t  Barrow, w a s  made on 18 March t o  a f l o e  s e v e r a l  hundred 

meters i n  diameter and 1 . 8  m t h i c k ,  set t i g h t l y  i n  th inner  and more f r ac tu red  

ice. 

i c e  auger. 

We quickly  began t o  cu t  instrument ho le s  through the  i c e  wi th  a 40 cm 

Both t h e  auger and i ts  subsequent replacement broke down while 

we  w e r e  c u t t i n g  the  second hole .  

temporar i ly  by rep lac ing  i ts  r i v e t s  with b o l t s  and bending the  two outmost 

c u t t e r  t e e t h  wi th  v i s e  g r i p s  t o  r e a d j u s t  t h e  p i t c h ,  and t h e  holes  w e r e  

We w e r e  f i n a l l y  a b l e  t o  r e p a i r  it 
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completed and t h e  hu t s  set i n  place.  

Toovak w a s  found t o  be f a r  super ior  t o  ou r s ,  and w e  used it i n  later deploy- 

ments. 

making a 1 m hole  through i c e  ranging from 1 .5  t o  2 m i n  th ickness  is a 

d i f f i c u l t  t a s k  and takes  a t  least fou r  man-hours. 

The ice c h i s e l  belonging t o  Kenny 

But even wi th  a properly working ice auger and Toovak's ice c h i s e l ,  
0 

Although no leads  were seen i n  t h e  immediate v i c i n i t y  of t he  

camp when it w a s  e s t ab l i shed ,  t h e  surrounding i c e  loosened up considerably 

during t h e  f i r s t  n ight .  

propagated through the  i c e  of t h e  camp and went d i r e c t l y  between the  sk ids  

of a hut  and under t h e  generator  t e n t .  

bu i ld ing  d i d  not  have t o  be moved u n t i l  later i n  the  day. 

s e v e r a l  l a r g e  cracks,  from 1 0  t o  80 cm wide, propagated through t h e  i c e  shee t  

on which the  camp w a s  s i t u a t e d .  

surging i n  t h e  instrument holes  and v i b r a t i o n  of t he  i c e  s h e e t ,  a s i t u a t i o n  

q u i t e  similar t o  one observed at Camp 200 i n  1970 [Coachman and Smith, 19701. 

A t  about 0600 h r  on t h e  second morning, a crack 

Fortunately i t  d i d  not  open and the  

That af ternoon 

These ice motions were accompanied by 

Two animals v i s i t e d  t h e  camp during t h e  three-day experiment. One, 

a s m a l l  po la r  bear ,  a r r ived  on t h e  f i r s t  day while  t h e  i c e  auger w a s  being 

repa i red  and t h e  camp had been q u i e t  f o r  some t i m e .  

r i n g  seal, came up through t h e  l a r g e  instrument hole ,  s a w  us ,  and dove, t o  

reappear a few minutes later i n  the  40 c m  ho le  i n  t h e  o ther  hut.  

The o t h e r ,  a l a r g e  

The day a f t e r  w e  es tab l i shed  our f i r s t  camp, the  atmospheric group 

occupied a lead  s i t e  t h a t  would have been s u i t a b l e  t o  both groups. Since 

w e  had had such d i f f i c u l t y  cu t t i ng  holes  on t h e  previous day and the  equip- 

ment check-out w a s  s t i l l  incomplete, w e  decided t o  remain a t  the  f i r s t  camp 

r a t h e r  than move t o  t h e  lead  loca t ion .  A t  t h i s  t i m e  we thought t h e r e  would 

be s u f f i c i e n t  opportuni ty  f o r  j o i n t  work i n  t h e  next  t h r e e  weeks. The choice 

t o  remain a t  t h e  f i r s t  camp w a s  a good one, as the  f l o e s  i n  t h e  v i c i n i t y  of 

t he  lead si te had d r i f t e d  i n t o  an  undes i rab le  conf igura t ion  by the  t i m e  t h e  

oceanographic camp could have been disassembled, moved, and r ees t ab l i shed .  

Second Deployment 

The second deployment w a s  accomplished according t o  p lan  by both the  

oceanographic and the  atmospheric groups. The experimental  site w a s  an 
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excellent one and t h e  c a p s  were assembled smoothly. 

had been cor rec ted  a t  Poin t  Barrow between deployments by adding a support  

t o  t h e  c u t t i n g  t ee th .  Unfortunately t h i s  camp was  short- l ived and oceano- 

graphic  measurements were not  obtained a t  both upwind and downwind loca t ions ;  

The i c e  auger problem 

t h e  downwind s i te  became p a r t  of a p res su re  r i d g e  before  t h e  f i r s t  CTD 

lowering. Although t h e  upwind camp w a s  not  abandoned u n t i l  t he  following 

day, t h e  cu r ren t  meter mast remained unassembled because of the  h u t ' s  

uncer ta in  f a t e .  Extremely i n t e r e s t i n g  dens i ty  s t r u c t u r e  w a s  observed a t  

t h i s  s i te.  

Third Deployment 

After  r e tu rn ing  t o  Point  Barrow on the  a f te rnoon of 26 March, several 

minor r e p a i r s  were made and t h e  two s h o r t  cu r ren t  meter masts were merged 

i n t o  one long one. 

f i v e  days, w e  f i n a l l y  decided t o  deploy both hu t s  t o  a mult iyear  f l o e  on 

2 Apr i l .  

from what w e  expected t o  f i n d ,  i n  t h a t  t h e r e  w a s  no pronounced su r face  mixed 

l aye r .  The t h i r d  experiment w a s  planned 'as  a r epea t  of the  f i r s t  under more 

favorable  conditions--namely, a complete absence of leads  wi th in  seve ra l  

t ens  of ki lometers  of t h e  camp. The equipment w a s  operat ing properly and 

t h e  r e s u l t s  of t h i s  deployment were exce l l en t .  

Af te r  search ing  without success  f o r  l eads  f o r  t h e  next  

A t  t h e  f irst  two camps t h e  dens i ty  p r o f i l e  had d i f f e r e d  considerably 

Fourth Dep l o m e n t  

The search  f o r  l e a d s  continued without success u n t i l  7 Apri l ,  when 

t h e  wind speed f i n a l l y  began t o  inc rease  again.  A few leads  were found 

t h a t  day, but  none w a s  s u i t a b l e  as an experiment s i te .  The las t  search  

l eads  w a s  planned f o r  8 A p r i l ,  and w e  decided t o  deploy no matter what w a s  

ava i l ab le .  Af te r  an ex tens ive  search ,  an acceptable  f rozen  lead  w a s  

located.  

water. 
than  across  i t ,  and t h e  areas of open water were geometr ical ly  complicated. 

Nevertheless ,  camps were e s t ab l i shed  and da ta  were being recorded by 

2200 hours. Current and dens i ty  da t a  w e r e  co l l ec t ed  u n t i l  the  af ternoon of 

It had good polar  ice on each s i d e  and s e v e r a l  areas of Dpen 

Unfortunately t h e  wind was blowing d i r e c t l y  down t h e  lead  r a t h e r  
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10 Apr i l ,  when the  camp w a s  evacuated. 

t he  open water, and they very l i k e l y  inves t iga t ed  the  shiny cu r ren t  meter 

masts; f o r  l a c k  of any o the r  explanat ion w e  a t t r i b u t e  d e s t r u c t i o n  of one 

cu r ren t  meter t r i p l e t  t o  t h e i r  c u r i o s i t y .  

S e a l s  w e r e  o f t e n  seen playing i n  

PRELIMINARY RESULTS 

Typical  p r o f i l e s  of temperature and sigma-t f o r  t he  last t h r e e  oceano- 

graphic  deployments--designated as ALEX (2), ( 3 ) ,  and (4)--are shown i n  

Figure 1. I n  Figures  2 and 3, examples of measured cu r ren t  p r o f i l e s  from 

the  t h i r d  and f o u r t h  experiments are given. Because of t he  wind d i r e c t i o n  

and lead  geometry, both camps during t h e  last experiment produced r e s u l t s  

c h a r a c t e r i s t i c  of downwind sites, so t h a t  t h e  dens i ty  p r o f i l e  i n  Figure 1 

from ALEX (4) appears  t o  be t y p i c a l  of ambient condi t ions i n  mid-April. 

I I 

Fig. 1. Typical  temperature and d e n s i t y  p r o f i l e s  from var ious  
deployments during ALEX. 
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The long per iods  during which no l eads  could be found were a l s o  t i m e s  
of low wind speed; thus ,  t h e  i n t e r v a l  between ALEX (2) and ALEX (4) w a s  one 

of qu iescent  meteorological condi t ions.  The d a t a  i n d i c a t e  t h a t  t h e  mixed 

l a y e r  became more s t rong ly  s t r a t i f i e d  with t i m e  during t h i s  q u i e t  per iod,  

and t h e  t o t a l  fresh-water content  on t h e  she l f  appears t o  have increased.  

Although s p a t i a l  and temporal coverage is not  s u f f i c i e n t  t o  s u b s t a n t i a t e  

t h i s  susp ic ion ,  t h e  mean p r o f i l e  taken a t  ALEX (4) is sugges t ive  of southern 

Beaufort Sea condi t ions,  and the  temporal change of she l f  water character-  

i s t ics  shown i n  Figure 1 appears t o  be due t o  decreased mixing of she l f -  

generated b r ines  wi th  Beaufort Sea water being advected i n t o  t h a t  region 

from the  east. 

Ca l ib ra t ion  of t h e  CTD w a s  checked by comparing the  measured-temperature 

p r o f i l e s  i n  the  mixed l aye r  wi th  freezing-temperature p r o f i l e s  ca lcu la ted  

f o r  t h a t  region using the  equation of Fuj ino et al. [1974]. 

is  accura te  t o  about 1 mi l l ideg ree  and 0.02 O / O O .  Examination of randomly 

chosen p r o f i l e s  taken during t h e  l a s t  t h r e e  deployments confirmed t h a t  t he  

conduct ivi ty  c e l l  worked properly and maintained an accuracy i n  excess of 

t h e  0.02 O/oo required f o r  the  experiment. 

examined t o  d a t e  show agreement between the  measured temperature and t h e  

f r eez ing  temperature ( a t  zero pressure)  t o  b e t t e r  than 5 mi l l idegrees  through- 

out  t h e  e n t i r e  water column, a r e s u l t  t h a t  demonstrates a su r face  o r i g i n ,  

although not  necessa r i ly  a l o c a l  one, f o r  t he  she l f  water. 

during ALEX (2) show p a r t i c u l a r l y  c l o s e  agreement i n  t h i s  regard.  

temperature p r o f i l e s  f o r  &EX (3) and ALEX ( 4 )  have weak thermoclines i n  

t h e  v i c i n i t y  of t h e  ha loc l ines ,  ones produced by the  s a l i n i t y  dependence 

of t h e  f r eez ing  temperature. Because t h e  records have not  y e t  been cor rec ted  

f o r  t he  d i f f e r i n g  time cons tan ts  of t h e  temperature and conduct iv i ty  sensors ,  

they have not  been examined i n  d e t a i l  f o r  micros t ruc ture ;  however, weak 

layer ing  can be seen on t h e  ha loc l ine  i n  some of the  s a l i n i t y  p r o f i l e s .  

This procedure 

I n  addi t ion ,  many of t h e  p r o f i l e s  

P r o f i l e s  taken 

The 

Data from ALEX (3) and ALEX (4) as w e l l  as occasional  p r o f i l e s  from 

ALEX (2) i n d i c a t e  a mixed l aye r  depth on the  order  of 16 m with a sharp 
pycnocline extending t o  25 m. 

i n  t he  mixed l aye r  wi th  a v e l o c i t y  maximum ranging between 5 and 8 cm/sec 

w a s  observed. 

A t  t h e  former l o c a t i o n  a jet  centered deeply 

The core of t he  j e t  w a s  at 1 5  m when the  camp w a s  f i r s t  
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es t ab l i shed ,  but i t  r o s e  t o  12 m during t h e  f i r s t  day. 

p r o f i l e  f o r  this f e a t u r e  is  shown i n  Figure 2. 

a t  ALEX ( 4 ) .  
the  i c e  and ranged between 3 and 12 cm/sec, t h e  high va lues  occurr ing i n  

t h e  late evening when t h e  winds picked up and t h e  l o w  va lues  occurr ing i n  

mid-day when t h e  wind speed w a s  lower. 

A t y p i c a l  v e l o c i t y  

A shallower j e t  w a s  found 

I n  t h i s  case t h e  v e l o c i t y  maximum w a s  less than 0.5 m beneath 

Diurnal v a r i a t i o n s  i n  i n s o l a t i o n  

a l s o  may have been a f a c t o r  i n  t h i s  d a i l y  v e l o c i t y  cycle ,  and proper separa- 

t i o n  of t h e s e  e f f e c t s  w i l l  be p o s s i b l e  as r e s u l t s  from t h e  a r t i f i c i a l  lead 

experiment become ava i l ab le .  Even under maximum flow condi t ions,  measurable 

v e l o c i t i e s  occurred only i n  a zone 5 m th i ck .  The j e t s  a t  ALEX ( 4 )  were 

o r i en ted  d i r e c t l y  toward an area of open water about 200 m away and suppl ied 

f l u i d  to  t h e  s u r f a c e  of t h a t  "pond," replacing material l o s t  t o  t he  b r i n e  

plume beneath. Lead-driven convection of t h i s  gene ra l  type has been observed 

previously by Smith [19731, and is described by Smith [ i n  p re s s ] .  Jets of 

t he  type found a t  ALEX (3 ) ,  a l s o  discussed i n  those r e p o r t s ,  are man i fe s t a t ions  
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Fig. 2. Velocity and sigma-t p r o f i l e s  from ALEX ( 3 ) .  
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if b r i n e  plumes incapable  of pene t r a t ing  t h e  pycnocline; t he re fo re ,  they 

run  out  along t h e  base of t he  mixed l aye r .  The source of the plume found 

dur ing  our  t h i r d  deployment w a s  not  i n  the  immediate area of the  camp and 

could no t  be loca t ed  p rec i se ly ;  however, t h e  flow w a s  from 125" t r u e  no r th ,  

making t h e  shore lead  a poss ib l e  source.  

i n v e s t i g a t i o n  i n d i c a t e  t h a t  such flows can be observed several t e n s  of 

k i lometers  away from t h e i r  source.  

P r o f i l e s  such as those  shown i n  Figures  2 and 3 vary considerably 

Data from t h e  1972 AIDJEX 

wi th  t i m e ;  neve r the l e s s ,  an  at tempt  w a s  made t o  c a l c u l a t e  l o c a l  Richardson 

numbers. For ALEX (3) d a t a  t h e  r e s u l t s  based upon 40-minute averages,  such 

as graphed i n  the  two f i g u r e s ,  ranged from 1 t o  10  except i n  the  reg ion  

only a few meters beneath the  i c e .  

a few minutes w e r e  used, l o c a l  shea r s  increased and were s u f f i c i e n t  t o  

b r ing  t h e  Richardson number below i ts  c r i t i c a l  va lue  of 1 /4 ,  i nd ica t ing  

the  importance of temporal v a r i a t i o n s  i n  p r o f i l e  shape. S imi la r  r e s u l t s  

However, when d a t a  averaged over only 

at SPEED (cm /set) 
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Fig. 3 .  Veloci ty  and sigma-t p r o f i l e s  from ALEX ( 4 ) .  
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w e r e  obtained from the  ALEX'(4) d a t a ;  thus ,  i t  appears  t h a t  wall-generated 

eddies  are s u f f i c i e n t  t o  maintain shear  tu rbulence  only i n  the  upper few 

meters of t he  flow. 

t h e  edges of t h e  j e t  when t h e  f low becomes more uniform i n  t h e  i n t e r i o r  and 

In  the  deeper l a y e r s ,  shear  i n s t a b i l i t i e s  arise a t  

less so a t  t h e  ex t r emi t i e s .  Less  heavi ly  f i l t e r e d  p r o f i l e s  of t he  lat ter 

type are similar i n  cha rac t e r  t o  t h e  more s t r u c t u r e d  40-minute average d a t a  

shown i n  Figures  2 and 3. 

Navigation of t he  ice camps w a s  accomplished through r ada r  pos i t i on ing  

of a i r c r a f t  j u s t  p r i o r  t o  landing a t  the  sites. 

s u f f i c i e n t l y  accura te  t o  provide usable  d r i f t  rate c a l c u l a t i o n s ,  but  i t  is  

s u i t a b l e  t o  make i c e  d r i f t  speeds i n  excess of 1 .0  cm/sec (approximately 

1.0 km/day) extremely un l ike ly ,  precluding the  p o s s i b i l i t y  of s h i f t i n g  the 

zero r e fe rence  s i g n i f i c a n t l y  . 

This  technique is  no t  

Unlike t h e  events  previously repor ted  by Smith [1973], t h e  jets shown 

i n  Figures 2 and 3 p e r s i s t e d  f o r  s e v e r a l  days i n  an approximate s teady  state 

r e s u l t i n g  i n  t h e i r  modif icat ion by the  Cor io l i s  e f f e c t .  I n  t h a t  r e p o r t ,  

Smith envisioned the  deeper tu rbu len t  je ts  as expanding u n t i l  t he  c r i t i c a l  

Richardson number w a s  a t t a i n e d  a t  t h e i r  edge and then flowing i n  an 

e s s e n t i a l l y  i n v i s c i d  manner. Under these  condi t ions  the  C o r i o l i s  e f f e c t  

would cause the  j e t  t o  r o t a t e  t o  the  r i g h t  u n t i l  i t  w a s  flowing more o r  

less paral le l  t o  the  lead in s t ead  of normal t o  it. However, t he  p re s su re  

grad ien t  would have t o  inc rease  with d i s t ance  down the  l ead  t o  accommodate 

the  increas ing  m a s s  f l u x  and cause the  flow t o  acce le ra t e .  

More d e t a i l e d  information about lead-driven flow w i l l  become a v a i l a b l e  

as a n a l y s i s  of t he  ALEX d a t a  proceeds. However, due t o  a s c a r c i t y  of 

s u i t a b l e  experimental  sites, the  u l t ima te  goa l  of t he  p r o j e c t  w a s  not  

accomplished and probably w i l l  no t  be u n t i l  a new experiment is  s taged  

from a sea i c e  camp. The presence of land t o  t h e  sou theas t ,  t h e  shallow 

w a t e r  and shore lead on the  inner  s h e l f ,  and the  l imi t ed  h e l i c o p t e r  range 

a l l  combined t o  reduce d r a s t i c a l l y  t h e  area i n  which l e a d s  could be occupied. 

I n  add i t ion ,  t h e  p o s s i b i l i t y  t h a t  a camp might d r i f t  out  of he l i cop te r  range 

prevented us  from using lead  sites i n  the  northwest s e c t o r .  With a base on 

sea i c e ,  d r i f t  would be more or  less the  same at  the  c e n t r a l  and lead  camps 
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and so would g r e a t l y  reduce t h e  danger of d r i f t i n g  out  of h e l i c o p t e r  range,  

as w e l l  as provide a fu l l - range ,  360°, area i n  which t o  search.  

The mechanical and thermodynamic processes  a s soc ia t ed  wi th  lead  con- 

vec t ion  have not  y e t  been f u l l y  e luc ida ted  and, a l though the  AIDJEX l ead  

experiment has s u b s t a n t i a l l y  increased our knowledge i n  t h i s  area, the  lead  

experiment as o r i g i n a l l y  planned I s  still requi red .  

endeavor has shown t h a t  such an i n v e s t i g a t i o n  would be f e a s i b l e  from a 

sea ice camp wi th  p re sen t ly  a v a i l a b l e  l o g i s t i c a l  and oceanographic techniques.  

The spr ing  1974 
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TURBIDITY IN THE ARCTIC ATMOSPHERE 

B. Holmgren*, G. Shaw, and G. Weller 
Geophysical In s t i t u t e ,  University of Alaska 

Fairbanks, Alaska 99701 

ABSTRACT 

Pyrhel iometr ic  and photometric measurements during the AIDJEX 
p i l o t  s t u d i e s  i n  A p r i l  1972 and March 1974 show ugexpectedly 
high values  of t h e  t u r b i d i t y  as expressed by the  AngstriSm 
t u r b i d i t y  c o e f f i c i e n t  8 .  
e x t i n c t i o n  c o e f f i c i e n t  measured by a i rbo rne  photometers i n d i c a t e  
a peak i n  t h e  e x t i n c t i o n  c o e f f i c i e n t  i n  the lower troposphere 
(300 m) i n  sp r ing ;  t h i s  i s  a t t r i b u t e d  t o  ice  c r y s t a l  ae roso l s ,  
and t h e  a e r o s o l  production i s  explained i n  r e l a t i o n  t o  open 
l eads  and moisture entrainment i n t o  t h e  boundary l aye r .  A second- 
a r y  peak a t  about 2 lan height  is considered t o  be a semi-permanent 
haze l a y e r ,  poss ib ly  of man-made o r i g i n ,  which is  advected i n t o  
t h e  Arctic Basin. 

Vertical p r o f i l e s  of the o p t i c a l  

INTRODUCTION 

For t h e  pas t  few yea r s ,  t h e  Geophysical I n s t i t u t e  a t  t h e  Universi ty  of 

Alaska has conducted s t u d i e s  of r a d i a t i o n  f l u x e s  over a rc t ic  su r faces  aimed 

a t  determining t h e  phys ica l  c h a r a c t e r i s t i c s  of pack ice,  clouds,  and ae roso l s  

as they a f f e c t  t h e  a rc t ic  r a d i a t i o n  regime. 

t h e  1972 AIDJEX p i l o t  s tudy,  pyrhel iometr ic  measurements showed t h a t  t h e  

t o t a l  t u r b i d i t y  of t h e  atmosphere w a s  higher  than expected. 

used f o r  t h e  t u r b i d i t y  determinations i s  an o ld  one, introduced by Angstrom 

[l929, 19301 as a means of s epa ra t ing  t h e  e f f e c t s  of t he  e x t i n c t i o n  by ae roso l s  

and w a t e r  vapor i n  t h e  atmosphere. It does so by t h e  use of cut-off f i l t e r s  

t h a t  d i v i d e  t h e  t o t a l  s o l a r  i n t e n s i t y  i n t o  sepa ra t e  bands. 

I n  one of t h e s e  s t u d i e s  during 

The technique 
0 

*Now a t  Meteorologiska I n s t i t u t i o n e n ,  Observatorieparken, Uppsala, Sweden. 
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To determine t h e  e f f e c t s  of l e a d s  i n  producing ice c r y s t a l  ae roso l s ,  

t he  t r a n s p o r t  o f  t h e s e  ae roso l s  throughout and above t h e  boundary l a y e r ,  

and t h e  e f f e c t  of a e r o s o l s  on atmospheric t ransmission,  t h e  Geophysical 

Ins t i tu te  continued its i n v e s t i g a t i o n  during t h e  AIDJEX lead experiment with 

a study of t h e  boundary l a y e r  s t r u c t u r e  as monitored by a f a i r l y  r ecen t  t o a l ,  

the sodar ( acous t i c  radar)  [McAllister, 19681. To br idge the  gaps between 

seemingly d i s p a r a t e  measurements, ver t ical  p r o f i l e s  of ae roso l s  w e r e  obtained 

wi th  an a i rbo rne  sun photometer, s i z e  and concentrat ion of ice  c r y s t a l s  by 

sampling a t  t h e  su r face ,  and temperature and humidity p r o f i l e s  from twice- 

d a i l y  radiosoundings a t  Barrow. 

INSTRUMENTS AND OBSERVATIONS 

The sodar measurements and most of t he  pyrhel iometr ic  and a e r o s o l  

measurements were made a t  t h e  N O M  Observatory near t h e  Naval Arctic Research 

Laboratory four m i l e s  from Barrow. The sodar system and t h e  main r e s u l t s  of 

t h e  sodar soundings have been described elsewhere i n  t h i s  Bu l l e t in  [Holmgren 

and Spears,  19741. The determination of t h e  Angstr'dm t u r b i d i t y  c o e f f i c i e n t  

w a s  made using a Linke-Feussner actinometer with a qua r t z  f i l t e r  and Schot t  

co lo r  bandpass f i l t e r s  OG1 and RG2 with upper c u t o f f s  a t  X = 0.525 and 0.630 pm, 

r e spec t ive ly ,  and lower c u t o f f s  a t  2.8 pm. 

recorded on a p o r t a b l e  bat tery-dr iven recorder  t h a t  w a s  checked a g a i n s t  a 

p rec i s ion  mV-meter  t h r e e  t i m e s  during t h e  observation 

0 

The actinometer outputs  were 

period of one month. 

Only t h e  f a c t o r y  c a l i b r a t i o n  was available f o r  t he  actinometer i t s e l f ;  

howevtk, t he  r e s u l t i n g  @-values were checked by simultaneous measurements 

with a m u l t i f i l t e r ,  monochromatic sun photometer [Shaw, Reagan, and Herman, 

19731. 
0 

Figure 1 shows a comparison between t h e  A n g s t r h  t u r b i d i t y  c o e f f i c i e n t  8 ,  
as determined from t h e  Linke-Feussner measurements, and t h e  a e r o s o l  o p t i c a l  

depth -rM, derived with t h e  multichannel sun photometer evaluated a t  X = 1 pm 

(-rM is  numerically equal  t o  f3 a t  a wavelength of 1 pm). 

between the  two values  i s  reasonably good--for t he  most p a r t  w i th in  t e n  

percent--in s p i t e  of t h e  s e n s i t i v i t y  of t h e  der ived values  of f3 t o  many 

s u b t l e  measurement and instrument e r r o r s  [Shaw, 19741. The r a t h e r  good 

The agreement 
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Fig. 1. Comparison between ingstr'cim t u r b i d i t y  c o e f f i c i e n t  B, 
as determined from actinometer measurements, and t h e  ae roso l  
o p t i c a l  depth derived from multi-wavelength photometer measure- 
ments a t  1 pm. 

agreement between two types of instruments g ives  confidence i n  t h e  tech- 

niques used f o r  a n a l y s i s  and se rves  as a check aga ins t  unsuspected e r r o r s  

t h a t  can e a s i l y  crop up i n  p rec i s ion  r a d i a t i o n  measurements. 

I n  a d d i t i o n  t o  ground-level measurements of t o t a l  v e r t i c a l l y  i n t e g r a t e d  

o p t i c a l  depth,  w e  a l s o  der ived t h e  v e r t i c a l  d i s t r i b u t i o n  of t h e  volume ext inc-  

This  was done by measuring the  change i n  d i r e c t  t i o n  c o e f f i c i e n t ,  B 
s o l a r  r a d i a t i o n  a t  va r ious  a l t i t u d e s  with a n  a i r b o r n e  sun photometer. 

instrument employed two narrow-band o p t i c a l  f i l t e r s  l oca t ed  a t  mean wave- 

l eng ths  of 0.55 v m  and 0.85 pm. 

p r o f i l e  of volume e x t i n c t i o n  c o e f f i c i e n t  i n  t h e  midv i s ib l e  and near i n f r a red .  

ext 
The 

Thus i t  w a s  poss ib l e  t o  d e r i v e  the ver t ical  

RESULTS OF PYRHELIOMETRIC MEASUREMENTS 

0 

Daily values  of t h e  AngstrGm t u r b i d i t y  c o e f f i c i e n t  are p l o t t e d  i n  

Figure 2,  while  t h e  i n t e n s i t i e s  of t o t a l  d i r e c t  s o l a r  r a d i a t i o n  are p l o t t e d  

i n  Figure 3 .  A s t e r i s k s  i n  Figure 2 i n d i c a t e  days when ice  c r y s t a l s  w e r e  

13 7 



OGI = 91 - 
RG2=78 

5 io 15 20 25 1 
April May 1972 
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Fig,  2. Daily va lues  of t he  Angstrzm t u r b i d i t y  c o e f f i c i e n t  B .  
Aster i sks  i n d i c a t e  days when ice  c r y s t a l s  were v i s i b l e .  

v i s i b l e .  The incidence of v i s i b l e  ice  c r y s t a l s  and high t u r b i d i t y  va lues  

(low s o l a r  i n t e n s i t i e s )  are  s t rong ly  co r re l a t ed  i n  Figure 2, although the  

c o r r e l a t i o n  is by no means invar iab le .  

The day-to-day v a r i a t i o n s  i n  t h e  1974 Barrow d a t a  (lower p a r t  of 

Fig.  2) must no t  be taken too s t r i c t l y ,  s i n c e  t h e  d a i l y  values  are based 

on only one o r ,  a t  t h e  most, two determinat ions of 8,  usua l ly  around noon. 

Sudden short-period changes i n  su r face  v i s i b i l i t y  were noted a few t i m e s  

t o  cause l a r g e  v a r i a t i o n s  of t h e  B-values. 

based as they are on e i g h t  o r  n ine  measurements per  day on the  average, 

should ensure more r e l i a b l e  d a i l y  means. In  t h e  1972 d a t a  t h e r e  w a s  a 

tendency f o r  t h e  maximum B-values t o  appear i n  t h e  forenoon. 

The d a i l y  values  of Apr i l  1972, 

The v a r i a t i o n  of atmospheric t u r b i d i t y  wi th  t i m e  is  even more sharp ly  

r e f l e c t e d  i n  t h e  v a r i a t i o n s  t h a t  were observed i n  circumsolar sky br ightness .  
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Fig. 3 .  I n t e n s i t y  of t h e  d i r e c t  s o l a r  r a d i a t i o n  as a func t ion  
of airmass a t  Barrow during March 1974 and a t  t h e  A I D J E X  
camp, 75"N, 160'W, i n  Apr i l  1972. OG1 A RG2. 

This  i s  because t h e  b r igh tness  of t h e  sky near t h e  sun is  more o r  less 

d i r e c t l y  r e l a t e d  t o  enhanced forward-scattering o r  d i f f r a c t i o n  of sun l igh t  

by t h e  ice  c r y s t a l s .  

The curves i n  Fig. 4 show circumsolar sky b r igh tness  a t  mean angular 

d i s t a n c e s  from t h e  sun of 1 . 2 "  (upper curve) and 6.2' (lower curve) through- 

ou t  the day on 26 March 1974. Calculat ions of sky i n t e n s i t y  f o r  a pure 

molecular (Rayleigh-scattering) atmosphere, including e f f e c t s  from m u l t i p l e  

s c a t t e r i n g  and r e f l e c t e d  d i f f u s e  r a d i a t i o n  from t h e  su r face ,  f a l l  numerically 

about one o rde r  of magnitude below t h e  lower curve shown i n  Figure 4. That 

is  t o  say, t h e  sky b r igh tness  a t  6.2O from the  sun is  enhanced by about a 

f a c t o r  of t e n  over what it would be i n  an abso lu te ly  pure atmosphere. The 

au reo le  "brightening" is even more marked a t  1.2" from the  sun (upper curve 

i n  Fig. 4 ) .  

Of s p e c i a l  i n t e r e s t  is  t h e  l a r g e  temporal v a r i a t i o n  i n  circumsolar sky 
br igh tness ,  which i n c i d e n t a l l y  f l u c t u a t e d  from minute t o  minute i n  response 

t o  t h e  tu rbu len t  motions i n  t h e  f i e l d ,  bu t  i s  shown g r e a t l y  smoothed. A t  
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Fig. 4. Circumsolar sky b r igh tness ,  TU/I?~, evaluated a t  angular 
d i s t a n c e s  of 1.2" and 6.2" from t h e  sun throughout t h e  course 
of a day a t  Barrow. 

1030 AST a "diamond dust" d i sp l ay  of ice c r y s t a l s  w a s  noted. 

t r a t i o n  of ice c r y s t a l s  increased i n  t h e  morning, t h e  sky b r igh tness  increased 

accordingly,  u n t i l  f i n a l l y  a t  about 1200 AST t h e  d i sp lay  w a s  s u f f i c i e n t l y  

w e l l  developed t o  cause v i s i b l e  o p t i c a l  phenomena, including a 22" and 45" 

circumsolar ha lo  and t h e  start of a circumzenithal arc. 

c r y s t a l  p r e c i p i t a t i o n  then subsided throughout t h e  af ternoon w i t h  an a t t endan t  

decrease i n  circumsolar sky br ightness;  t h i s  w a s  e s p e c i a l l y  pronounced a t  

small angular d i s t a n c e s  from the  sun. F i n a l l y ,  i n  l a te  af ternoon t h e  sky 

b r igh tness  once again s t a r t e d  t o  inc rease ,  i n d i c a t i n g  another buildup i n  

ice c r y s t a l  p r e c i p i t a t i o n .  A similar "reverse" p a t t e r n  w a s  noted i n  the  

t o t a l  o p t i c a l  depth, although it  w a s  not  nea r ly  s o  dramatic o r  on s o  l a r g e  

a scale as the v a r i a t i o n s  i n  sky br ightness .  

A s  the concen- 

Apparently t h e  ice 

On t h e  average, t h e  observed @-values are probably too  high t o  be 

ignored i n  r a d i a t i v e  budget c a l c u l a t i o n s  of t h e  arct ic  atmosphere. 

[1971] found @-values of about 0.030 on Devon I s l and  i n  t h e  Canadian Archi- 

pelago i n  May 1962. 

Holmgren 

The 6-values a t  Barrow and over t h e  pack ice are general ly  
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more than twice as high as might be  expected from those previous s t u d i e s  

i n  t h e  po la r  regions.  

The v i s u a l  observat ions i n d i c a t e  t h a t  several atmospheric processes  

are involved t h a t  exp la in  t h e  high t u r b i d i t y  a t  Barrow. 

of t h e s e  are discussed below: 

The most apparent 

1. It is  o f t e n  d i f f i c u l t  t o  d i s t i n g u i s h  between cloud-free and cloudy 

when high tenuous c i r r u s  l a y e r s  are present  t h a t  are very d i f f i -  condi t ions 

c u l t  t o  see. 

on 3 ,  4, and 9 March. 

W e  t h i n k  t h a t  very t h i n  c i r r u s  may have influenced t h e  readings 

2. For s e v e r a l  days at the  beginning of our observat ion period the  

winds w e r e  southwesterly,  t h e  observat ion s i t e  w a s  on the  lee s i d e  of Barrow, 

and t h e  a i r  temperature ranged from - 3 5 O C  t o  -45OC. 

frequent ly .  Although i t  w a s  d i f f i c u l t  t o  d i s t i n g u i s h  t h e  ice  fog produced 

by t h e  v i l l a g e  i n  the lower l a y e r s  from t h e  ice fog formed over open l e a d s  

Ice fogs  occurred 

w e s t  of Barrow, t h e i r  combined e f f e c t  d e f i n i t e l y  influenced t h e  haziness  

and @-values measured on 3 ,  4, and 5 March. A similar but  weaker e f f e c t  

w a s  noted on 6 and 7 March. A s  t o  t h e  rest  of t h e  d a t a ,  t he  in f luence  of 

Barrow is, i n  a l l  l i ke l ihood ,  n e g l i g i b l e ,  s i n c e  t h e  p reva i l i ng  winds w e r e  

n o r t h e a s t e r l y  during t h e  remainder of t h e  observat ion period. 

During numerous f l i g h t s  over t h e  pack ice  nor th  and northwest of 3. 

Barrow i n  sea rch  of s u i t a b l e  l e a d s  f o r  t h e  Lead Experiment, w e  encountered 

pronounced haze l a y e r s  i n  t h e  lower troposphere t h a t  occasional ly  reduced 

h o r i z o n t a l  v i s i b i l i t y  t o  only a few m i l e s .  

f i n e  weather towards t h e  end of March, t h e  haziness  looked l i k e  something 

Espec ia l ly  during a s p e l l  of 

one might encounter over b ig  metropol i tan areas i n  the south.  

p r o f i l e  i n  Figure 5, which w a s  der ived from measurements from a i r c r a f t  of 

t he  d i r e c t  s o l a r  r a d i a t i o n  a t  two wavelengths, confirms t h e s e  v i s u a l  observa- 

t i o n s ;  i t  shows a broad haze l a y e r  a t  about 1600 m a l t i t u d e .  

could sometimes be t r aced  at higher e l eva t ion ,  but  they did no t  seem t o  be 

s i g n i f i c a n t  during t h i s  observat ion period. 

similar t o  ou r s  have been discussed by Mi tche l l  [1956]. 

The ver t ical  

Haze l a y e r s  

Observations of haze l a y e r s  
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Fig. 5. V e r t i c a l  p r o f i l e s  of ae roso l  (Mie) e x t i n c t i o n  coe f f i -  
c i e n t s  and temperature.  

Rela t ion  Between Turbid i ty  and Mixing Layer Phenomena 

The v i s u a l  observat ions i n d i c a t e  t h a t  t h e  h ighes t  t u r b i d i t y  values  

were obtained when t h e r e  was an inc rease  of ae roso l s  i n  the  lower troposphere.  

A b r i e f  mention of t h e  c h a r a c t e r i s t i c s  of t he  boundary l aye r  s t r u c t u r e  as 

observed from t h e  sodar soundings and the  rou t ine  radiosoundings may there-  

f o r e  be appropr ia te  a t  t h i s  po in t .  
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I n  March 1974, t h e r e  w a s ,  on t h e  average, an inversion of 12OC from 

t h e  s u r f a c e  up t o  an a l t i t u d e  of 1200 m,  which w a s  t h e  average e l eva t ion  

f o r  t h e  m a x i m u m  temperatures as determined from a l l  62 radiosoundings. 

sodar r eco rds  showed, most of t h e  t i m e ,  two b a s i c  types of atmospheric echoes 

wi th in  t h e  probing range (about 25-650 m above t h e  s u r f a c e ) ,  I n  t h e  lowest 

l a y e r  t h e r e  w a s  t y p i c a l l y  a d i f f u s e  backsca t t e r ing  l a y e r  i n  condi t ions with 

moderate t o  s t rong  winds [see Holmgren and Spears,  t h i s  B u l l e t i n ] .  This 

backsca t t e r ing  l a y e r  corresponds t o  a forced mixing boundary l aye r  t h a t  w a s  

f i r s t  i nves t iga t ed  i n  d e t a i l  i n  t h e  po la r  regions by Sverdrup [1933]. 

t h e  upper p a r t  of the mixing l a y e r  t h e r e  i s  an accentuated echo of t he  band 

type,  which may or may not  be a s soc ia t ed  with a sharper  capping inve r s ion  

than is  apparent from t h e  balloon-borne radiosonde. A t  higher e l eva t ions ,  

t h e r e  are i n t e r m i t t e n t  m u l t i p l e  band echoes, i n d i c a t i v e  of wind shear ings 

and turbulence confined t o  t h i n  s h e e t s  between l a y e r s  of l i t t l e  o r  no 

turbulence.  The i n d i c a t i o n s  are t h a t  t h e  exchange c o e f f i c i e n t s  and t h e  

tu rbu len t  f l u x e s  of s e n s i b l e  hea t ,  water vapor, and a e r o s o l s  are gene ra l ly  

a n  order  of magnitude less wi th in  t h i s  s t a b l e  regime than within t h e  mixing 

l a y e r .  The ver t ica l  f l u x e s  of momentum may, on the  other  hand, be a s soc ia t ed  

with i n t e r n a l  waves propagating wi th in  t h e  upper s t a b l e  l aye r  and thus go on 

i n  s p i t e  of t he  l a c k  of t u rbu len t  eddies.  

The 

A t  

Almost a l l  of t h e  62 radiosoundings i n  March showed markedly lower 

mixing r a t i o s  a t  t h e  su r face  than a t  a few hundred meters above t h e  surface.  

The maximum mixing r a t i o  w a s ,  on the average, found a t  an e l eva t ion  of 860 m. 

The average mixing r a t i o  a t  t h e  s u r f a c e  w a s  0.33 g/kg and the  average maximum 

r a t i o  w a s  0.86 g/kg. 

less continuous s i n k  f o r  water vapor a t  t h i s  t i m e  of year.  This i s  confirmed 

by energy balance observat ions reported by Weller and Holmgren [ i n  p r e s s ] .  

Also, t h e  r e l a t i v e  humidity with r e spec t  t o  water w a s  lower a t  t h e  s u r f a c e  

than a s h o r t  d i s t a n c e  above it i n  a l l  but  a few soundings. A t  t he  su r face ,  

t he  humidity w a s  t y p i c a l l y  a t  o r  j u s t  above the  ice s a t u r a t i o n  po in t ,  which 

seems t o  be i n  accordance with t h e  d e t a i l e d  humidity measurements made by 

Malmgren [1926] over t h e  pack ice. 

t i o n  with s t r o n g  inve r s ions ,  t h e  re la t ive humidity increased t o  values  of 

about 100% over a l a y e r  t h a t  va r i ed  from a few meters t o  several hundred 

The cold snow s u r f a c e  obviously serves as a more o r  

Above t h e  su r face ,  e s p e c i a l l y  i n  connec- 
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meters. 

doubt, consider ing t h a t  t h e  radiosonde rises r a p i d l y  through a s t rong  inver- 

s i o n  which might induce riming on t h e  carbon h y g r i s t o r .  

by Ohtake [1970] i n  similar s t rong inve r s ions  suggest t h a t  an accuracy t o  

wi th in  5% may be expected. 

The phys ica l  r e a l i t y  of t h e  high re la t ive humidi t ies  may be i n  

However, observat ions 

Except f o r  open and f r eez ing  l eads ,  t h e r e  are no major atmospheric 

moisture  sources wi th in  t h e  Arctic Basin during t h i s  time of year .  The 

c l o s e s t  o u t s i d e  source area, and probably t h e  most important one f o r  t h e  

Barrow region, is  t h e  open seas southwest of Alaska. 

the humidity p r o f i l e s  show maximum mixing r a t i o s  a t  e l eva t ions  t h a t  appear 

remarkably low, although i t  must be r e c a l l e d  t h a t  t h e r e  i s  a gene ra l  subsid- 

ence i n  t h e  lower troposphere over t h e  Arctic a t  t h i s  t i m e  of t he  yea r .  

Sample statist ics of t h e  humidity p r o f i l e  d a t a  show t h a t  50% of a l l  maximum 

mixing r a t i o s  are found below t h e  600 m l e v e l .  During t h e  period 26 March- 

During some per iods 

1 Apr i l ,  which was character ized by s teady winds out  of t he  no r theas t  s e c t o r  

and a pronounced haze l aye r  roughly a thousand meters t h i c k  i n  t h e  lower 

troposphere,  the average height  of t h e  maximum mixing r a t i o  w a s  500 m above 

t h e  su r face .  

I n  the  low p a r t  of t h e  haze l a y e r s ,  probably a t  t he  top  of o r  j u s t  I 

above the mixing l a y e r ,  t h e  r e l a t i v e  humidity w a s  at  o r  c l o s e  t o  100%; 

humidity i n  the  upper p a r t  of t h e  haze l a y e r ,  however, w a s  occasional ly  as  

low as about 50%. 

h e l i c o p t e r  f l i g h t s  and t h e  radiosoundings shows t h a t  humidity values  above 

70%-80% w e r e  a s soc ia t ed  with m a x i m u m  haziness.  This suggests  t h a t  the hazi-  

nes s  w a s  caused p a r t l y  by water vapor depos i t s  on hygroscopic nuc le i .  I n  

the upper p a r t  of t h e  haze l a y e r s ,  where radiosoundings showed t h e  relative 

humidities t o  be lower, a brownish-yellow t i n g e  could sometimes be e a s i l y  

detected.  Ice c r y s t a l s  were occasional ly  observed, e i t h e r  d i r e c t l y  i n  t h e  

lowest l a y e r s  o r  i n d i r e c t l y  by a lower sun p i l l a r ,  This la t ter  phenomenon 

w a s  u s u a l l y  seen only as a b r i g h t  spo t ,  i n d i c a t i n g  t h a t  n o t i c e a b l e  concentra- 

A comparison between t h e  v i s u a l  observat ions made during 

t i o n s  of i c e  c r y s t a l s  were probably confined t o  t h e  mixing l a y e r  ( see  below). 

When ice c r y s t a l  p r e c i p i t a t i o n  occurred, v i s i b i l i t y  i n  t h e  s u r f a c e  

l a y e r  was  t y p i c a l l y  reduced t o  a few kilometers.  Without ice c r y s t a l  
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p r e c i p i t a t i o n  and without high d r i f t i n g  snow, v i s i b i l i t y  improved t o  15-20 

ki lometers  o r  b e t t e r .  

l a y e r  w e r e  obviously most influenced by the  ice c r y s t a l s .  

v a r i a t i o n s  of t h e  mixing l a y e r  depth,  as obtained from t h e  sodar record,  

with t h e  v a r i a t i o n s  of t h e  concentrat ions of i c e  c r y s t a l s  i t  w a s  found 

[Ohtake and Holmgren, 19741 t h a t  t h e  ice  c r y s t a l  p r e c i p i t a t i o n  occurred 

p r imar i ly  when t h e  mixing l a y e r  w a s  i n  an expanding phase. 

mixing l a y e r  expanded during t h e  morning hours i n  connection with inc reas ing  

windspeed and inc reas ing  temperature i n  t h e  s u r f a c e  l a y e r ,  i .e . ,  when t h e  

s t a b i l i t y  wi th in  t h e  mixing l a y e r  decreased because of t he  inc reas ing  incoming 

s o l a r  r a d i a t i o n .  

windspeeds of 5-6 m sec-’ a t  t h e  3 . 5  m l e v e l ,  the  mixing l aye r  expanded on 

t h e  average from 140 m t o  185 m between 0900 and 1600 ADT. 

The t u r b i d i t y  and s c a t t e r i n g  condi t ions i n  t h e  lowest 

By comparing the  

Generally,  t h e  

On 15 s e l e c t e d  days with s teady wind condi t ions and average 

With t h e  mixing l a y e r  i n  t h e  expanding phase, warm,  humid, s t a b l e  a i r  

is entrained i n t o  the  cold tu rbu len t  mixing l a y e r ,  probably mostly ac ross  a 

sharp inve r s ion  [Sverdrup, 19333. This mixing ac ross  t h e  i n t e r f a c e  may cause 

a s l i g h t  supe r sa tu ra t ion  with r e spec t  t o  water and may activate i c e  nuc le i ;  

o r  a l t e r n a t i v e l y ,  t i n y  ice c r y s t a l s  may grow t o  l a r g e r  ones i n  the upper p a r t  

of t h e  mixing l a y e r .  During t h e  evening the  mixing l aye r  depth decreases  i n  

connection with decaying turbulence a t  t he  upper p a r t  of t he  mixing l a y e r  

as ind ica t ed  by t h e  formation of band echoes on the  a c o u s t i c  records.  

entrainment of warm humid a i r  s t o p s  and s o  does the i c e  c r y s t a l  p r e c i p i t a t i o n ,  

i n d i c a t i n g  t h a t  the concept of two widely d i f f e r e n t  turbulence regimes i s  

e s s e n t i a l l y  co r rec t .  

The 

DISCUSSION 

The observat ions show t h a t  t h e  concentrat ions and t h e  types of a e r o s o l s  

w i t h i n  t h e  mixing l a y e r  are gene ra l ly  markedly d i f f e r e n t  from t h e  a e r o s o l s  

above t h e  mixing l a y e r  and t h a t  t h e  v e r t i c a l  ae roso l  d i s t r i b u t i o n  is  c r i t i -  

c a l l y  dependent on t h e  v e r t i c a l  temperature and humidity and wind v a r i a t i o n s .  

One n a t u r a l  ques t ion  t h a t  arises concerning the  haze l a y e r s  is  whether t h e  

open o r  f r eez ing  l e a d s  are e s s e n t i a l  f o r  t h e  high relative and abso lu te  

humidi t ies  observed a t  lower elevat ions.  One o b j e c t i v e  of t h e  sodar measurements 
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w a s ,  i f  poss ib l e ,  t o  i n v e s t i g a t e  t h e  in f luence  of open l e a d s  on t h e  boundary 

l a y e r  s t r u c t u r e .  

operated on t h e  tundra a t  t h e  N O M  Observatory r a t h e r  t han  on t h e  pack ice. 

The minimum d i s t a n c e  from t h e  observatory t o  any open l ead  w a s  s e v e r a l  

ki lometers .  

cha rac t e r  of t h e  mixing l a y e r  once.or  t w i c e ,  t h e  r e s u l t s  were not  conclusive 

[Holmgren and Spears,  t h i s  B u l l e t i n ] .  

For l o g i s t i c s  reasons t h e  sodar i n  the  p re sen t  s tudy w a s  

Although wide l e a d s  may have had a n  e f f e c t  on the  depth and 

I f  water vapor from t h e  l eads  can escape via convection i n t o  the  s t a b l e  

l a y e r s  above t h e  mixing l a y e r ,  one might expect t h a t  t h e  r e s idence  t i m e s  f o r  

water vapor i n  the  atmosphere may inc rease  d r a s t i c a l l y .  

t r a n s p o r t  from a lead i n t o  t h e  atmosphere is  l imi t ed  t o  the  mixing l a y e r ,  

most of t h e  moisture w i l l  be removed r e l a t i v e l y  quickly by condensation a t  

t h e  cold snow s u r f a c e  and b,y ice c r y s t a l  p r e c i p i t a t i o n ;  i . e . ,  t he  e f f e c t  

of t he  l ead  w i l l  be mostly l o c a l .  Such d i r e c t  e f f e c t s  on t h e  a e r o s o l s  i n  

the mixing l a y e r  were observed several t i m e s  ou t  on t h e  pack ice as w e l l  

as on the  coas t  a t  Barrow. 

the e f f e c t s  of increased humidi t ies  on ae roso l s  may be no t i ceab le  over much 

wider areas and may possibly inc rease  the  haziness  and i n d i r e c t l y  cause i c e  

c r y s t a l  p r e c i p i t a t i o n  f a r  away from t h e  l eads ,  f o r  i n s t ance ,  by entrainment 

i n t o  t h e  mixing l a y e r  e 

I f  t he  moisture 

I f  water vapor i s  trapped above t h e  mixing l aye r  

NOM-3 sa t e l l i t e  imagery from 25 March t o  1 Apr i l  shows several major 

open and f r eez ing  l e a d s  s e v e r a l  kilometers wide s t r e t c h i n g  f o r  hundreds of 

ki lometers  northward from Barrow i n  a crescent-shaped p a t t e r n .  Leads of 

t h i s  s i z e ,  e s p e c i a l l y  when t h e  a i r  t r a v e r s e s  s e v e r a l  of them, modify the  

mixing l a y e r  considerably.  Apart from being a source of moisture,  the l e a d s ,  

i n  f r e e z i n g ,  may c o n t r i b u t e  t o  ae roso l  production by r e l eas ing  sea sa l t  

d r o p l e t s  o r  p a r t i c l e s  i n t o  t h e  a i r  by convection and wind ac t ion .  After t h e  

i n i t i a l  f r eez ing ,  b r i n e  is forced t o  t h e  su r face ,  probably by p res su re  

bui lding up i n  the  b r i n e  pockets. The b r i n e  causes sa l t  f lowers  t o  grow on 

the  ice by riming. P a r t  of t h e  b r i n e  may be c a r r i e d  d i r e c t l y  i n t o  t h e  a i r  

as d r o p l e t s  o r ,  a l t e r n a t i v e l y ,  t he  c r y s t a l s  might be c a r r i e d  i n t o  t h e  a i r  

by the  wind ac t ion .  Also, af ter  freeze-up, t he  s u r f a c e  on the  l ead  is 

considerably warmer  than t h e  pack i c e  [see Holmgren and Weller, t h i s  B u l l e t i n ]  

and convection may be induced f o r  several days. 

t he  l eads  a f t e r  freeze-up. 

We o f t e n  s a w  a haze over 
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There i s  no doubt t h a t  l eads  cont r ibu ted  t o  t h e  high t u r b i d i t y  va lues  

during t h e  25 March-1 Apr i l  per iod;  t h e  lower peak i n  the  e x t i n c t i o n  coe f f i -  

c i e n t  shown i n  Figure 5 i s  probably e n t i r e l y  due t o  i c e  c r y s t a l s .  

t h e  upper peak probably has  a d i f f e r e n t  o r ig in .  

However, 

We do not  p re sen t ly  know 

the  o r i g i n  of t h i s  haze l a y e r ,  which could be observed ho r i zon ta l ly  from an 

a i r c r a f t  f l y i n g  a t  about t h a t  a l t i t u d e  (1.6 lun) and had a yel lowish appearance 

reminiscent  of pol lu ted  air  over i n d u s t r i a l  areas. 

The e f f e c t  of t h e  haziness  on t h e  energy budget cannot be neglected.  

The l aye r  of maximum haziness  o f t e n  coincides  wi th  the  maximum temperature 

and maximum abso lu te  and r e l a t i v e  humidi t ies ;  t he  haze l aye r  w i l l  t he re fo re  

cause an increased emission towards the  su r face  and out i n t o  space. On the  

o ther  hand, t h e  e x t i n c t i o n  of t he  s o l a r  r a d i a t i o n  wi th in  the  haze l a y e r  

might a l s o  inc rease  because of some absorpt ion by dus t  ( ind ica ted  by t h e  

co lor  of t he  haze l a y e r )  and because of a somewhat increased water vapor 

absorpt ion i n  the  s c a t t e r i n g  l a y e r .  The n e t  e f f e c t  of t he  haze l a y e r  is 

the re fo re  not  obvious a t  t h e  present  t i m e .  

Turb id i ty  v a r i a t i o n s  i n  the  Arc t i c  thus  cannot be ascr ibed  t o  any one 

f ac to r .  Further  s t u d i e s  involving the  techniques mentioned here ,  conventional 

pyrheliometry,  sample c o l l e c t i o n  and a n a l y s i s  of t he  chemical composition 

of t he  ae roso l s ,  photometric determinat ions of v e r t i c a l  aerosol  p r o f i l e s ,  

a n a l y s i s  of t he  ae roso l  s i z e  d i s t r i b u t i o n ,  and sa te l l i t e  imagery, are 

obviously needed before  a proper assessment can be made of t he  r o l e  of 

ae roso l s  i n  t h e  Arc t i c  energy budget. 
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LOCAL RADIATION FLUXES OVER OPEN AND FREEZING LEADS 
I N  THE POLAR PACK I C E  

by 
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ABSTRACT 

Radiat ion f l u x e s  w e r e  measured over open and f r eez ing  l e a d s  i n  
t h e  po la r  pack ice off Po in t  Barrow, Alaska, during the  AIDJEX 
l e a d  experiment i n  March, 1974. When t h e  l e a d s  f r e e z e ,  t he  albedo 
inc reases  r a p i d l y  because of i n t e r n a l  r e f l e c t i o n s  caused by a i r  
bubbles, b r i n e  pockets,  and i n t e r f a c e s  between i c e  p l a t e l e t s .  
R i m e  f lowers  on t h e  s u r f a c e  a l s o  inc rease  t h e  albedo and lower 
the  r a d i a t i v e  s u r f a c e  temperature (-15OC) compared wi th  t h e  
undisturbed new ice on t h e  l ead  (-12.6OC) and t h e  adjacent  pack 
ice  (-26.4"C). During t h e  f r e e z i n g  process ,  s u r f a c e  temperatures 
of t h e  lead drop slowly, however, so  t h a t  no sharp changes of 
t h e  long-wave r a d i a t i o n  balance occur.  Ice deformation and 
r a f t i n g ,  on t h e  o t h e r  hand, change t h e  thickness  of t h e  new i c e  
and may a f f e c t  t h e  long-wave r a d i a t i o n  considerably.  Typical ly ,  
n e t  outgoing long-wave f l u x e s  f o r  clear s k i e s  and moderate winds 
are of t h e  o rde r  of 100-150 m i l l i c a l  cm" min-l, compared with 
50 mi l l ica l  cm-2 min-' over t h e  adjacent  pack ice. Ice c r y s t a l s  
and water vapor produced by t h e  l e a d s  cause a f l u x  divergence 
of t h e  long-wave r a d i a t i o n  but do no t  g r e a t l y  a f f e c t  t he  sho r t -  
wave r a d i a t i o n  balance.  Computed r a d i a t i o n  balances are 
-146 cal cm" over t h e  open water s u r f a c e  of t h e  l ead ,  and 
-160 cal  cm-' €or  t h e  f rozen  lead a day later. 

INTRODUCTION 

During the  AIDJEX lead experiment from February t o  A p r i l  1974, t h e  

Geophysical I n s t i t u t e  of t h e  Universi ty  of Alaska c a r r i e d  out  a program of 

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

i ts  study of t h e  e f f e c t  of l e a d s  i n  producing a e r o s o l s  and i n  inf luencing 

the  r a d i a t i o n  climate of t h e  A r c t i c  atmosphere. 

w a s  t o  i n v e s t i g a t e  t h e  connection between t h e  opening of l e a d s  and t h e  

*Now a t  Meteorologiska I n s t i t u t i o n e n ,  Observatorieparken, Uppsala, Sweden. 

One o b j e c t i v e  of t h e  study 
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formation of t h e  ex tens ive  and d i s t i n c t  haze l a y e r s  o f t e n  seen i n  t h e  f i r s t  

kilometer of t h e  atmosphere over pack ice and ad jacen t  land areas. 

This  paper is Foncerned wi th  l o c a l  modif icat ions imposed by 

l e a d s  on t h e  r e g i o n a l  r a d i a t i o n  climate. 

t u r b i d i t y ,  ice c r y s t a l  ae roso l s ,  etc. ,  t h a t  are more r e p r e s e n t a t i v e  of 

r eg iona l  a e r o s o l  and r a d i a t i o n  condi t ions are discussed elsewhere i n  t h i s  

B u l l e t i n ,  as are t h e i r  r e l a t i o n  t o  atmospheric t u rbu len t  s t r u c t u r e s  as 

observed by a n  acous t i c  sounder. 

Measurements of atmospheric 

OBSERVATIONS AND INSTRUMENTS 

Radiation w a s  measured i n t e r m i t t e n t l y  during a 5- t o  6-day period over 

two a r t i f i c i a l  ponds made on t h e  smooth s h o r e f a s t  i ce  of Elson Lagoon, 

northwest of t h e  Naval A r c t i c  Research Laboratory, and during a 30-hour 

period a t  a n a t u r a l  l ead  20 km nor th  of Barrow. 

two sets of hemispheric r a d i a t i o n  sensors ,  each set  comprising two Eppley 

p rec i s ion  pyranometers f o r  short-wave incoming and r e f l e c t e d  r a d i a t i o n  and 

one F r i t s chen  all-wave n e t  radiometer which w e r e  mounted on a h o r i z o n t a l  

boom t h a t  could be r o t a t e d  around a ver t ical  pos t  d r i l l e d  i n t o  the  ice. 

One set  of s enso r s  w a s  swung t o  a p o s i t i o n  about 1.5 m above t h e  s u r f a c e  of 

t h e  l ead  ( t h e  pyranometers a t  about 2 m from t h e  l ead  edge, t h e  n e t  radiometer 

about 0.5 m beyond t h a t ,  a t  t h e  end of t he  boom); t h e  o the r  set w a s  mounted 

over t h e  snow-covered pack ice  w i t h i n  a few t e n s  of meters from t h e  lead.  

Sensor output w a s  recorded on a multichannel potentiometer.  

The instrumentat ion included 

A Barnes PRT-5 thermal radiometer with a f i e l d  of view of Z 0 ,  a band- 

pas s  f i l t e r  t r ansmi t t i ng  r a d i a t i o n  between 8 and 14  pm, and a low temperature 

range t h a t  allowed determination of r a d i a t i o n  i n t e n s i t i e s  corresponding t o  

-6O"C, w a s  used t o  determine c h a r a c t e r i s t i c  v a r i a t i o n s  of emissions of t h e  

water and i ce  su r faces .  Because of t he  low air  temperatures,  both t h e  sensor 

head and t h e  r eco rde r  w e r e  l i n e d  with i n s u l a t i n g  material i n  outdoor opera- 

t i ons .  Except f o r  a few hours of recording,  t h e  emission values  were read 

v i s u a l l y  from t h e  meter scale of t h e  instrument.  
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The Eppley and F r i t s chen  radiometers were each c a l i b r a t e d  a few times 

f o r  short-wave f l u x e s  a g a i n s t  a Linke-Feussner actinometer by screening t h e  

receiver s u r f a c e s  from d i r e c t  s o l a r  r a d i a t i o n  [ L i l j e q u i s t ,  19561. These 

comparisons gave c a l i b r a t i o n  cons t an t s  f o r  t he  n e t  radiometers t h a t  d i f f e r e d  

less  than one percent  from those recommended by t h e  manufacturers. 

corresponding d i f f e r e n c e  f o r  t h e  pyranometer w a s  of t h e  o rde r  of a few per- 

cent.  

horizon. From previous i n v e s t i g a t i o n s  of similar instruments [ L i l j e q u i s t ,  

1956; Ambach, 19631, i t  is apparent t h a t  t h e  c a l i b r a t i o n  f a c t o r  f o r  low 

s o l a r  e l e v a t i o n s  is  gene ra l ly  not  a constant .  

i n  t h e  va lues  measured with hemispheric radiometers during t h e  l ead  experi-  

ment occurred a t  s o l a r  e l eva t ions  below about 5'-10'. This e f f e c t  i n  the  

n e t  radiometers w a s  probably caused p a r t l y  by screening of t he  d i r e c t  s o l a r  

r a d i a t i o n  by t h e  r i m  around t h e  r ece iv ing  upper su r face .  W e  w i l l  t h e r e f o r e  

p r imar i ly  d i s c u s s  n e t  radiometer d a t a  that r ep resen t  d i f f u s e  r a d i a t i o n  f i e l d s ,  

i .e.,  e i t h e r  t h e  long-wave f l u x e s  a t  n igh t  o r  t h e  all-wave f l u x e s  on overcast  

The 

The c a l i b r a t i o n s  represented s o l a r  e l eva t ions  about 20" above t h e  

We found t h a t  d i sc repanc ie s  

days. 

are no t included . 
Albedo va lues  f o r  s o l a r  e l eva t ions  less than 5" above t h e  horizon 

To prevent riming on t h e  hemispheres, t h e  n e t  radiometers were equipped 

with s tandard hea t ing  r i n g s  and the  short-wave sensors  w e r e  equipped with 

a w a r m - a i r  blower system. These precaut ions were usua l ly  adequate except 

during t h e  most severe riming condi t ions a t  t h e  open l eads ,  when v i r t u a l l y  

nothing could prevent f r o s t  from forming on t h e  instruments w i t h i n  

minutes a f t e r  t h e i r  exposure t o  t h e  a i r .  

a few 

A few t i m e s  w e  no t i ced  s a l t  d e p o s i t s  on the  hemispheres. This suggests  

a t r a n s p o r t  of s a l t  s o l u t i o n  d r o p l e t s  i n t o  the  a i r  v i a  splashing waves and 

wind. 

c a r r i e d  by t h e  wind i n t o  t h e  a i r  when b r i n e  trapped w i t h i n  pockets i n  the  

ice  is  forced t o  the  su r face .  The s a l t  d e p o s i t s  on the  hemisphfere w e r e  

removed wi th  d i s t i l l e d  water. 

Af t e r  freeze-up, i t  is p o s s i b l e  t h a t  s a l t  s o l u t i o n  d r o p l e t s  are 

Low s o l a r  e l eva t ions  caused problems r e l a t e d  t o  shadows cast by t h e  

s u r f a c e  r e l i e f .  Over water su r faces ,  t he  specular  r e f l e c t i o n  of t h e  d i r e c t  

s o l a r  r a d i a t i o n  w a s  sometimes n o t  included i n  t h e  recorded output  because 

151 



of t o o  s h o r t  s t r e t c h e s  of water towards t h e  azimuth of t h e  sun. Ambiguous 

d a t a  caused by t h e  f a c t o r s  mentioned above are not  included i n  t h i s  presen- 

t a t i o n .  

EXPERIMENTAL RESULTS 

Shor t-wave Fluxes 

The incoming and r e f l e c t e d  s o l a r  r a d i a t i o n  and the n e t  r a d i a t i o n  were 

recorded over l e a d s  and pack ice  during about f i v e  days divided i n t o  a few 

s h o r t e r  periods.  Obviously t h e  measurements are of l i t t l e  i n t e r e s t  from a 

c l ima to log ica l  po in t  of view. I n  order  t o  g ive  a background t o  t h e  measure- 

ments over t h e  l eads ,  a few comments are made on the r a d i a t i o n  climate using 

t h e  more extensive r a d i a t i o n  observat ions made during the  AIDJEX experiments 

i n  Apr i l  1972. Actinometric measurements with Schot t  co lo r  f i l t e r s  O G 1  and 

RG2 r e s u l t e d  i n  a n  average value of t h e  A n g s t r h  t u r b i d i t y  c o e f f i c i e n t  f3 of 

0.085 during A p r i l  and a value of 0.065 f o r  March. These values  are from 

two t o  t h r e e  times as high as what might be expected from previous t u r b i d i t y  

measurements a t  sea level  i n  p o l a r  regions [ L i l j e q u i s t ,  1956; Dahlgren, 

personal  communication]. Although p a r t  of t he  decrease i n  d i r e c t  s o l a r  

r a d i a t i o n  is o f f s e t  by increased sky r a d i a t i o n ,  t he  ae roso l s  have an in f luence  

on both t h e  short-wave and t h e  long-wave r a d i a t i o n  cl imate  t h a t  cannot be  

neglected.  

0 

I n  Figure 1 are shown t h e  v a r i a t i o n s  of t h e  short-wave and long-wave 

r a d i a t i o n  components during AIDJEX i n  A p r i l  1972. 

t h e  incoming and outgoing long-wave f l u x e s  were measured with Eppley preci-  

s i o n  long-wave pyranometers. 

have, i n  connection with new measuring series and c a l i b r a t i o n s ,  come t o  

r e a l i z e  t h a t  t h e  Eppley long-wave pyranometers are sub jec t  t o  s e r i o u s  e r r o r s  

e s p e c i a l l y  a f t e r  prolonged use. 

w e r e  new and w e  expect t h a t  t h e  long-wave d a t a  should g ive  a t  least  the  

It should be  remarked t h a t  

Since t h e  evaluat ion of t h e  lat ter d a t a ,  w e  

The instruments used during AIDJEX 1972 

broad f e a t u r e s  of t h e  v a r i a t i o n s ,  s i n c e  numerous intercomparisons and 

c a l i b r a t i o n s  were made a g a i n s t  t h e  Barnes PRT-5 thermal radiometer.  A 

few no te s  may be made on t h e  given da ta :  
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Fig. 1. Daily r a d i a t i o n  d a t a ,  AIDJEX, Apr i l  1972, 

1. The n e t  all-wave r a d i a t i o n  goes from negat ive  t o  p o s i t i v e  d a i l y  

va lues  on t h e  average. During c l e a r  sky condi t ions the  r a d i a t i o n  

balance is  negat ive  o r  approximately zero a t  the  end of Apr i l ,  

whi le  t h e  balance is indica ted  t o  be p o s i t i v e  wi th  an overcas t  

sky throughout t he  per iod.  

2. During the  cloudy period f r o m  12 A p r i l  through 1 7  Apr i l  t he  albedo 

of t h e  snow is  notab ly  high. This  f e a t u r e  i s  probably r e l a t e d  

pr imar i ly  t o  mul t ip l e  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  clouds [ L i l j  e q u i s t  , 19561 . The incoming s o l a r  r a d i a t i o n  
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3.  

4. 

5. 

6. 

becomes enriched i n  v i s i b l e  r a d i a t i o n ,  which has a higher  r e f l e c -  

t i v i t y  than  t h e  near- infrared r a d i a t i o n .  New snow deposi ted during 

t h i s  period may a l s o  have had an e f f e c t  on the  i n c r e a s e  of t h e  

albedo. A similar inc rease  of t h e  albedo w a s  no t  observed during 

t h e  measurements when the  s o l a r  e l eva t ions  were considerably 

lower, i n  March 1974. 

The incoming s o l a r  r a d i a t i o n  does not  decrease much when a cloud 

cover forms over an extensive snowfield. During the  s i x  days 

with ove rcas t  sky o r  varying cloud condi t ions i n  t h e  middle of 

A p r i l ,  t h e  average decrease of t h e  incoming r a d i a t i o n  because of 

t h e  clouds i s  only about 15%. 

short-wave r a d i a t i o n  decreases  s u b s t a n t i a l l y  because of t h e  i n c r e a s e  

of t h e  albedo. 

During t h e  same days t h e r e  is a marked inc rease  i n  t h e  incoming 

and on t h e  average a s m a l l  i nc rease  i n  the  outgoing long-wave 

r a d i a t i o n ,  r e s u l t i n g  i n  a marked decrease of t he  long-wave 

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

The n e t  long-wave and the  n e t  short-wave r a d i a t i o n  balances are 

negat ively co r re l a t ed .  The v a r i a t i o n s  of t h e  n e t  long-wave 

r a d i a t i o n  are t h e  g r e a t e r  and t h e r e f o r e  dominate the v a r i a t i o n s  

of t h e  all-wave r a d i a t i o n  balance. 

The atmospheric t r ansmiss iv i ty  appears t o  be  comparable t o  va lues  

obtained from r a d i a t i o n  measurements taken over s e v e r a l  yea r s  a t  

Barrow [Maykut and Church, 19731. By comparison, t h e s e  va lues  are 

about 10% lower than those observed a t  t h e  c o a s t a l  f r i n g e  of 

An ta rc t i ca  [ L i l j e q u i s t ,  19561. 

On t h e  other  hand, t he  &sorbed 

The albedo is one of t h e  most cr i t ical  f a c t o r s  i n  the  r a d i a t i o n  budget 

f o r  pack ice  as w e l l  as f o r  leads.  I n  Table 1 a summary of albedo values  

is given based on half-hourly r eco rds  of t h e  short-wave f l u x e s  during t h e  

lead experiment i n  March 1974. 

ice f a l l  wi th in  the  range of 76%-90% as shown i n  Figure 1. 

The albedo values  of t h e  snow-covered pack 

The albedo va lues  

of ponds wi th  water depths  of 10-30 cm appear t o  be dependent on t h e  cloud 

condi t ions.  The albedo of t h e  ponds is  p a r t l y  due t o  the  w a t e r  s u r f a c e  

r e f l e c t i v i t y  as described t o  a s u f f i c i e n t  degree of accuracy by t h e  Fresnel  
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TABLE 1 

ALBEDO MEASUREMENTS DURING AIDJEX LEAD EXPERIMENT 

T i m e  Albedo 
Day A.D.T. % Surf ace Types Clouds 

03/09 
03/09 

03/10 
03 / 10 

03 /11 

03/11 

03/11 
. 03/12 

03/12 
P 03/12 
cn 
cn 

03/12 
03 / 13 
03/13 
03/14 

03/14 

03 / 20 

03/20 

12-17 
14-17 

9-17 
9-17 

9-1730 

9-1430 

16-1730 
8-1730 
8-11 
1130-1730 

11-1830 
11-13 
14-1830 
12-18 

12-18 

10-1530 

10- 15 30 

84 
59-70 

82 
64 

76 

64 

40 
80 
37 
43 

84 
33* 
53 
81 

53 

81 

67 

Wind-packed snow on smooth sea ice. 
Sea ice  s u r f a c e  a f t e r  removal of water 
i n  a pond. 
Wind-packed snow on smooth sea ice. 
Refrozen i c e  s u r f a c e  wi th  a 0.5 mm l a y e r  
of snow. 
Wind-packed snow, s l i g h t l y  d i s tu rbed  by 
ac t iv i t ies  r e l a t e d  t o  cons t ruc t ion  of a 
new pack. 
Refrozen ice s u r f a c e  wi th  a 0.5 mm l a y e r  
of snow. 
About 30 cm of water above sea ice. 
Wind-packed snow over sea ice. 
About 30 cm of water above sea ice. 
Thin new ice on a pond. A w a t e r  l a y e r  i s  
found between t h e  s u r f a c e  ice and t h e  pack 
ice. 
Wind-packed snow with a r i m e  l aye r  on top. 
About 1 5  cm of water on top of sea ice.  
About 1 5  cm of water on top of sea ice.  
Wind-packed snow with rimed upper l aye r .  

Refrozen pond with about 10 c m  of new ice 
above a t h i n  b r i n e  l a y e r  between t h e  new 
ice  and the  pack ice. 
Wind-packed snow with knobby s u r f a c e  on 
pack ice. 
Refrozen n a t u r a l  lead ice th i ckness  8-10 cm. 
F r o s t  c r y s t a l s  cover s u r f a c e  t o  30%. 

Variable  
Variable  

Sc Ac C i  10/10 
Sc Ac C i  10/10 

A s  C i  10/10 

C i  10/10 

A s  10/10 

A s  10/10 
S t  A s  C s  10/10 

St As cs 10/10 

S t  1/10 - horizon 
S t  1/10 - horizon 
S t  1/10 - horizon 

P a l e  sunshine 

P a l e  sunshine 

cs 10/10 

cs 10/10 

Clear 

Clear 

*Specular r e f l e c t i o n  of t h e  d i r e c t  s o l a r  r a d i a t i o n  is not  included. 



l a w ,  and p a r t l y  due t o  t h e  r e t u r n s  from below t h e  water s u r f a c e  which are 

governed 

values  of t h e  a r t i f i c i a l  ponds appear t o  be a t  t h e  upper range of v a l u e s  

obtained f o r  m e l t w a t e r  ponds i n  summer. Because of t h e  cold content  of t h e  

pack ice, f r eez ing  probably occurred a t  t h e  bottom of the  a r t i f i c i a l  ponds, 

whereas i n  summer melting gene ra l ly  occurs a t  t h e  ice/water i n t e r f a c e .  

by t h e  absorpt ion i n  t h e  water and t h e  pack ice. The albedo 

With a dense ove rcas t ,  t h e  short-wave r a d i a t i o n  over an ex tens ive  

snowfield is  p r a c t i c a l l y  i s o t r o p i c  [ L i l j e q u i s t ,  19561. The ca l cu la t ed  va lue  

f o r  t h e  albedo of a water su r face  i s  then 6%-7% [Lauscher, 19521. To g e t  

t h e  albedo on clear days, t h e  Fresnel  r e f l e c t i o n  must be ca l cu la t ed  sepa- 

r a t e l y  f o r  t h e  d i r e c t  and t h e  d i f f u s e  r a d i a t i o n .  We d id  not c o l l e c t  any 

v a l i d  albedo measurements over open sea water. When w e  a r r i v e d  a t  t h e  

lead on the  af ternoon of 1 9  March, t h e  s o l a r  e l eva t ion  w a s  a l r eady  low and 

shadows cast by t h e  pack ice  edge precluded usab le  measurements. 

an idea of t h e  range of albedos t o  be expected, however, w e  c i t e  some 

measurements by Ter-Markariantz [1959] as given by Kondratyev [1965]: 

7% f o r  a 10/10 cloud cover and 20% f o r  clear s k i e s ,  r e p r e s e n t a t i v e  of pure 

sea water a t  a l a t i t u d e  of 70°N i n  March. 

To g ive  

Af t e r  freeze-up, t h e  albedo of n a t u r a l  l e a d s  and ponds inc reases  

r a p i d l y  because of i n t e r n a l  r e f l e c t i o n s  caused by a i r  bubbles, b r i n e  pockets,  

i n t e r f a c e s  between ice  p l a t e l e t s ,  etc.  Within an hour o r  s o  a f t e r  freeze- 

up during cold weather, r i m e  f lowers  s tar t  t o  grow on top of t he  new ice. 

Measurements of s a l t  concentrat ions i n  t h e  e a r l y  growth s t a g e s  of t h e s e  

c r y s t a l s  show va lues  s imi l a r  t o  those found f o r  sea water, with t h e  concen- 

t r a t i o n  decreasing g radua l ly  as t h e  s i z e  and number of c r y s t a l s  i n c r e a s e  

on t h e  young ice. The r ap id  growth of t he  r i m e  f lowers is  l i k e l y  t o  be 

r e l a t e d  t o  evaporation from the  r e l a t i v e l y  w a r m  ice su r face ,  and perhaps 

a l s o  t o  a r e l a t i v e l y  l o w  s a t u r a t i o n  vapor p re s su re  over t he  b r i n e  i n  t h e  

d i f f u s i o n  l a y e r  above t h e  ice  c r y s t a l s .  The growth of t he  f r o s t  f lowers  

by condensation w a s  a l s o  ind ica t ed  by a higher  rate of growth i n  t h e  d i r ec -  

t i o n  towards t h e  wind. On f l o e s  a few weeks old c l o s e  t o  t h e  shore l ead  

a t  Barrow, w e  found t h a t  t h e  r i m e  f lowers  under f avorab le  condi t ions could 

grow t o  a continuous ca rpe t  a few cent imeters  t h i ck .  The v i s u a l  observat ions 

ind ica t ed  t h a t  t h e  albedo then approached t h a t  of t he  windpacked snow. 
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As t o  t h e  albedo measurements on 20 March (Table l ) ,  t h e  albedo under t h e  

r a d i a t i o n  s tand might have been s l i g h t l y  higher than t h e  average albedo over 

t h e  lead.  Even so ,  t h e  rime f lowers  on top of t he  young sea ice  are c l e a r l y  

important i n  the  energy budget of t he  l e a d s  during t h e  la te  winter  and e a r l y  

sp r ing  per iod,  e s p e c i a l l y  s i n c e  t h e  amounts of p r e c i p i t a t i o n  during t h i s  

per iod are low. During AIDJEX i n  August 1972 albedo measurements of t h e  

pack ice by a i r c ra f t -bo rne  senso r s  gave va lues  only a few percent lower f o r  

f rozen  l e a d s  than for pack ice  [Weller e t  a l . ,  19721. 

Long-wave Fluxes and t h e  N e t  Radiat ion 

Typical  v a r i a t i o n s  of t h e  n e t  r a d i a t i o n  over t h e  pack ice and over l e a d s  

i n  cloudy and c loudf ree  condi t ions are shown i n  Figures  2, 3 ,  and 4. The 

d i u r n a l  v a r i a t i o n  of t h e  n e t  r a d i a t i o n  over open and f r eez ing  l e a d s  is  

obviously much higher  than over pack ice  because of t h e  lower albedo of 

t h e  leads.  However, because of t h e  inaccuracy of t h e  n e t  radiometers a t  

t I \ 

t open woter 4 freezing starts 

Moreh IS, 1974 March 14 

Fig. 2. N e t  r a d i a t i o n  over open w a t e r  and annual sea ice  
under cloud-free cond i t ions ,  March 1974, Barrow, Alaska. 
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Fig. 3.  N e t  r a d i a t i o n  over open water and annual sea  i c e ,  
under ove rcas t  condi t ions ,  March 1974, Barrow, Alaska. 

low s o l a r  e l eva t ions ,  a d e t a i l e d  examination w i l l  no t  be made of t hese  

d i u r n a l  v a r i a t i o n s .  We w i l l  i n s t ead  examine the  long-wave f l u x e s  wi th  t h e  

sun below the  horizon. A t  n ight  t he  curves of n e t  r a d i a t i o n  gene ra l ly  run  

p a r a l l e l  to each o t h e r  except f o r  minor dev ia t ions .  When the  cloud condi- 

t i o n s  are changing, t h e s e  dev ia t ions  may occas iona l ly  be due t o  the  t i m e  

d i f f e r e n c e  between t h e  recording of two channels,  which amounted t o  about 

one minute. A f e w  t i m e s ,  smoke from t h e  genera tor  might have d r i f t e d  over 

and inf luenced one of thedradiometers only. 

When a lead  f r e e z e s ,  t h e  su r face  temperature  of t he  new i c e  drops 

slowly (Fig. 4) and no sharp  change occurs i n  t h e  long-wave r a d i a t i o n  

balance. The most abrupt  changes i n  outgoing long-wave r a d i a t i o n  are 

as soc ia t ed  wi th  deformational  changes i n  t h e  l ead .  On 20 March the  n e t  
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Fig. 4 .  N e t  r a d i a t i o n  (N) and s u r f a c e  temperature (T) over 
a lead and pack ice  o f f  Barrow, Alaska. 

r a d i a t i o n  balance over the lead v a r i e d  markedly because of r a f t i n g  and t h e  

formation of open w a t e r  s t r e t c h e s  i n  t h e  new ice. 

record s t o p s ,  t h e  r a d i a t i o n  equipment had t o  be dismantled quickly because 

f l o e s  had pushed over t h e  pack i ce  edge c l o s e  t o  the  r a d i a t i o n  s tand.  

A t  midnight, when our 

Figures 2-4 summarize t h e  n e t  long-wave f l u x e s  observed over t h e  pack 

These va lues  r e f e r  t o  t h e  1.5 m l e v e l  and ice  and over t h e  l e a d s  o r  ponds. 

do n o t  n e c e s s a r i l y  r ep resen t  t h e  s u r f a c e  f l u x e s  discussed below. 

over t h e  pack ice  are i n  gene ra l  agreement wi th  previous measurements of 

long-wave f l u x e s  during s t rong  inversions i n  t h e  po la r  regions.  Typ ica l ly ,  

t h e  n e t  outgoing r a d i a t i o n  f o r  clear s k i e s  and moderate winds i s  of t h e  

order  of 50 millical/cm2 min. 

between about 100 and 150 m i l l i c a l / c m 2  min as measured a t  t h e  1.5 m level. 

Under cloudy condi t ions (Fig. 3) n e t  l o s s e s  are smaller, The e f f e c t  of a 

t h i n ,  low cloud cover can b e  seen between 2100 and 2400 hours on 1 2  March 

(Fig. 3) .  These measurements w e r e  obtained when t h e  wind had changed d i r e c t i o n  

The values  

The corresponding va lues  over t he  l eads  vary 
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and a low s t r a t u s  deck had formed, probably d r i f t i n g  i n  over t h e  lagoon 

from an ex tens ive  lead a few ki lometers  away. Most of t he  t i m e  t he  fog plumes 

over t h e  s m a l l  l e a d s  o r  ponds under i n v e s t i g a t i o n  were of r a t h e r  moderate 

dens i ty  and ver t ica l  e x t e n t ,  e s p e c i a l l y  when t h e  a i r  temperatures increased 

towards t h e  end of March. 

On s e v e r a l  occasions,  i n t e n s i t i e s  of t h e  s u r f a c e  emission were deter-  

mined below both net radiometers by means of t h e  Barnes thermal radiometer.  

These measurements make i t  p o s s i b l e  t o  c a l c u l a t e  poss ib l e  divergences of 

the long-wave f l u x e s  i n  t h e  low l a y e r  over  t he  l e a d s ,  assuming t h a t  no f l u x  

divergence takes  p l a c e  over t h e  snow-covered pack ice  where the  temperature 

g r a d i e n t s  are r e l a t i v e l y  s m a l l .  

I n  Table 2 t h e  r e s u l t  of t h e s e  comparisons i s  shown. Except f o r  a 

few cases during daytime condi t ions,  t h e  ca l cu la t ed  long-wave atmospheric 

r a d i a t i o n  is higher  over t h e  l e a d s  than over t h e  adjacent  i c e .  The measure- 

ments of t h e  n e t  r a d i a t i o n  f l u x e s  over t h e  l e a d s  from 9 March through 14 March 

r ep resen t  condi t ions downwind of open water o r  f r eez ing  l ead  s t r e t c h e s  of 

about 10-20 m. The measurements on 19 and 20 March r ep resen t  condi t ions 

on t h e  upwind s i d e  of t h e  lead.  

t he  close-by edge of t h e  pack ice  o r  of t he  snow s u r f a c e  next  t o  t h e  l ead  

on the outgoing r a d i a t i o n  i n d i c a t e s  a n e g l i g i b l e  e f f e c t  e s p e c i a l l y  i f  one 

considers  t h a t  t h e  f i e l d  of view of t h e  lower r ece iv ing  s u r f a c e  of t h e  n e t  

radiometer i s  screened by a r i m .  I n  t h e  experiments on 19-21 March, t he  

p o s i t i o n s  of t h e  n e t  radiometers w e r e  changed from t h e  previous experiments. 

Discrepancies i n  t h e  instrument c a l i b r a t i o n s ,  t h e r e f o r e ,  probably d i d  no t  

cause t h e  observed divergence. 

A c a l c u l a t i o n  of t h e  p o s s i b l e  in f luence  of 

It appears l i k e l y  t h a t  t h e  d i f f e r e n c e  between t h e  RA values  is  mainly 

due t o  f l u x  divergence below the  radiometers ,  considering t h e  s h o r t  d i s t a n c e  

between them. A rough estimate of t h e  divergence of t h e  r a d i a t i o n  f l u x e s  

due t o  w a t e r  vapor and carbon d iox ide  may be made f o r  t h e  condi t ions on the 

upwind s i d e  of t h e  l ead ,  using t h e  assumption t h a t  t h e r e  is  an isothermal  

s a t u r a t e d  l a y e r  a t  a i r  temperature under the  radiometer.  

v i t i e s  by Elsasser and Culbertson [1960] f o r  va r ious  temperatures,  i.t appears 

t h a t  less than 25% of t h e  observed f l u x  divergence may be explained by t h e  

Using s l a b  e m i s s i -  
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TABLE 2 

RADIATION FLUXES OVER LEADS m PACK ICE (mil l ical /cm2 min) 

1 Bi 1 B2 I B  +) i.1 
'1 '2 s, abs  s2 abs ("C) ("C) AT (zen i th )  e l  e2 'A1 RA2 ARA Surface Clouds Dav Time  

03/09 1230 

1600 
03/11 2030 
03/12 1030 

1630 
2030 

03/13 1500 

03/14 1430 
1930 

I--' 
CR 
P 

-35 -27 

-75 -26 
-79 -3 

14 34 

1 9  -21 
-51 -26 

36 2 

38 -8 
-68 -38 

03/19 1940- -145 -60 

03/19 2130 -126 -49 
03/20 0030 -134 -54 

0630 -137 -68 

187 

63 
0 

84 

129 
0 

164 

151 
0 
0 

0 
0 
0 

Mean : 

48 -3.1 -30.9 27 

37 -12.1 -29.5 1 7  
0 -1.6 -19.6 18 -36.2 

31  -1.1 -14.6 13 -15.1 

37 -5.9 -15.4 1 0  

59 - 2 . 1  -22.8 21 
0 -7.6 -18.6 11 -22.7 

65 -13.5 -20.3 7 
0 -13.9 -22.6 9 -55.2 
0 -3.9 -25.9 22 

0 -46 -27.2 23 
0 -7.6 -29.5 22 
0 -11.1 -31.5 20 - 

1 7  
Mean (n ight  only,  Sabs = 0):  18 

421 281 199 206 -7 

378 287 240 224 16 
431 336 352 333 19 
433 363 363 366 -3 

415 359 305 301 4 
40.5 342 354 316 38 
427 319 299 262 37 

370 333 257 260 -3 
368 320 300 282 18 
427 304 282 244 38 

423 298 297 249 48 
405 257 2 7 1  233 38 
384 277 247 209 38 

22 

- 
34 

Water 

Ice 
Water 
Water 

Ice 
Ice 
Water 

Ice 
Ice 
Skim 
ice  
Ice 
Ice 
Ice 

Clear s k i e s ,  
l i g h t  ice 
c r y s t a l  p rec ip .  
C i  10/10 
As 10/10 
As 10/10 
l i g h t  snowfa l l  
C i  10/10 
St 10/10 l i g h t  
S t  1 /10  smoke-- 
genera tor  over 
radiometer N, 
A s  C s  10/10 

C s  5/10 
cs 10/10 

C s  3/10 l i g h t  
Clear 
Clear 

Subscr ipt  1 = l eads  
Subscr ipt  2 = pack ice  

N = n e t  all-wave f l u x  

'abs 
ImB = s u r f a c e  r a d i a t i o n  temperature 

e = emit ted long-wave f l u x  
RA = atmospheric long-wave f l u x  = absorbed short-wave f l u x  

+ 0.985 6 TB4 0.965 (t) e = 6TB4 except f o r  a water su r face ,  when el  = - 0.980 *Bi 1 



absorpt ion and emission by water vapor and carbon dioxide.  It seems there-  

f o r e  l i k e l y  t h a t  water d r o p l e t s  o r  ice  c r y s t a l s  c o n t r i b u t e  t o  t h e  main p a r t  

of t he  observed f l u x  divergence. It should be remarked t h a t  a haze,  

although mostly t h i n ,  could occas iona l ly  be observed over t h e  l e a d s ,  even 

a f t e r  freeze-up. 

We have no t  y e t  examined temperature o r  humidity d a t a  over t h e  l eads .  

We w i l l ,  however, d i s c u s s  o t h e r  observat ions t h a t  have a bearing on t h e  

long-wave r a d i a t i o n  f i e l d  over  a l ead .  

temperatures,  f r o s t  f lowers  develop on t h e  ice.  

t o  t h e  a i r ,  t h e  temperature of  t h e  f lowers  w i l l  gene ra l ly  be lower than t h e  

underlying s u r f a c e  of new ice. 

measurements w i t h  the  Barnes radiometer gave a r a d i a t i v e  temperature of 

-12.6OC over  t h e  ice  s u r f a c e ,  -15.6OC over t h e  f r o s t  f lowers ,  and -26.4"C 

over the adjacent  pack ice. 

v a r i a t i o n s  of t he  s u r f a c e  temperature,  with a p o s i t i v e  temperature g rad ien t  

from t h e  pack i c e  edge towards t h e  middle of t h e  l ead .  The temperature of 

the young ice  1.5 m from t h e  lead edge w a s  -13.3"C; a t  4 m i t  w a s  -12.6OC; 

and 7 m from t h e  edge t h e  temperature w a s  -12.1OC. The va lues  given i n  

Table 2 are gene ra l ly  an average of several temperature readings of t he  

s u r f a c e  under the radiometers.  

normal t o  the  ice s u r f a c e  thus  gene ra l ly  increased towards the  cen te r  of t h e  

l ead ,  where t h e  freeze-up occurred la te r  than along the  edges. However, 

t h e  r a d i a t i o n  i n t e n s i t y  measured f r o m a p o i n t  a t  t h e  s i d e  of t he  l ead  showed 

decreasing values as the  sensor  head w a s  being pointed a t  inc reas ing ly  

obl ique angles  towards t h e  ice  su r face .  A t  least p a r t  of t h i s  anisotropy 

i n  the r a d i a t i o n  f i e l d  w a s  probably due t o  a n  i n c r e a s e  i n  t o t a l  s u r f a c e  area 

of t h e  f r o s t  f lowers  i n  t h e  f i e l d  of view of the  sensor level as t h e  zen i th  

d i s t a n c e  increased.  

Short ly  a f t e r  freeze-up a t  low ai r  

Because of t h e i r  exposure 

For in s t ance ,  on 20 March a t  1650 A.D.T., 

On t h e  same occasion t h e r e  were a l s o  h o r i z o n t a l  

The temperature as measured by the  emission 

Measurements by t h e  Barnes radiometer of t h e  s u r f a c e  emission of open 

sea w a t e r  v a r i e d  somewhat from t i m e  t o  t i m e  depending on such experimental 

condi t ions as clouds. The measurements c l e a r l y  showed t h a t  t he  emission 

i n t e n s i t y  of t h e  water s u r f a c e  decreased with increasing z e n i t h  d i s t ance ;  

i .e.,  the w a t e r  s u r f a c e  cannot be  regarded as a p e r f e c t  black body. 

t i m e s  t h e  i n t e n s i t y  of t h e  s u r f a c e  emission w a s  measured normal t o  t h e  s u r f a c e  

A few 
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(e,,) and a t  a z e n i t h  d i s t a n c e  of 45' (e4,)  with t h e  sensor head a t  a he igh t  

of about 1 m above t h e  su r face ,  Under clear sky condi t ions,  when t h e  

r e f l e c t e d  sky r a d i a t i o n  wi th in  t h e  i n t e r v a l  8-14 pm can be  expected t o  be 

s m a l l ,  the r a t i o  e , / e , ,  w a s  found t o  be  0.985 on one occasion and 0.978 on 

another.  Their  average va lue  of 0.982 is  considerably lower than t h e  theo- 

re t ical  va lue  of 0.995 t h a t  may be  ca l cu la t ed  f o r  water as a d i e l e c t r i c  

medium wi th  high a b s o r p t i v i t y  by applying Kirchhoff ' s  and F r e s n e l ' s  l a w s  

and with a r e f r a c t i v e  index of 1.33 f o r  t h e  8-14 pm i n t e r v a l  [Kondratyev, 

19651. The low va lue  of t h e  r a t i o  of t h e  emissivities is  again i n d i c a t i v e  

of a f l u x  divergence t h a t  might have been caused mainly by supercooled 

water d r o p l e t s  i n  t h e  pa th  between t h e  water and t h e  r a d i a t i o n  sensor .  Fog 

plumes could gene ra l ly  be  recognized c l e a r l y  over t h e  open water s u r f a c e s  

(and o f t e n  during t h e  f irst  s t a g e s  of t h e  f r eez ing  of t h e  l e a d s ) .  

For a very a c c u r a t e  estimate of t h e  r a d i a t i o n  balance of water s u r f a c e s  

i t  i s  necessary t o  t a k e  i n t o  account the dev ia t ions  from black body r a d i a t o r s .  

The emiss iv i ty  f o r  a plane w a t e r  s u r f a c e  has  been both t h e o r e t i c a l l y  and 

p r a c t i c a l l y  demonstrated t o  be c l o s e  t o  0.965 [Kondratyev, 19651. For an 

open l ead  s u r f a c e ,  gene ra l ly  wi th  s m a l l  waves and r i p p l e s ,  a n  e f f e c t i v e  

emis s iv i ty  of 0.97 may perhaps be an appropr i a t e  value.  This va lue  should 

a l s o  be  r e p r e s e n t a t i v e  f o r  t h e  e f f e c t i v e  a b s o r p t i v i t y  with a d i f f u s e  long- 

wave r a d i a t i o n  f i e l d  i n  connection with low ove rcas t  s k i e s .  

wave r a d i a t i o n  under clear s k i e s ,  however, t h e  e f f e c t i v e  a b s o r p t i v i t y  of 

t h e  w a t e r  s u r f a c e  should be lower, p a r t l y  because t h e  r e f r a c t i v e  index has 

a minimum i n  t h e  atmospheric "window" region 8-14 pm, where t h e  incoming 

r a d i a t i o n  i n t e n s i t y  is low, and p a r t l y  because t h e  i n t e n s i t y  of t h e  atmos- 

phe r i c  r a d i a t i o n  inc reases  wtih inc reas ing  z e n i t h  d i s t a n c e  a t  the  same t i m e  

as t h e  r e f l e c t i v i t y  of t h e  w a t e r  s u r f a c e  inc reases .  The t o t a l  e f f e c t  of 

t h e s e  two f a c t o r s  may be ca l cu la t ed .  A rough estimate i n d i c a t e s  t h a t  t h e  

e f f e c t i v e  a b s o r p t i v i t y  of t h e  w a t e r  s u r f a c e  is  a f e w  percent  lower than 

the e f f e c t i v e  emis s iv i ty  under clear sky condi t ions.  

pe rcen t  may, however, be  a minor concern i n  c a l c u l a t i o n s  of t h e  long-wave 

r a d i a t i o n  energy budget of l e a d s ,  consider ing t h e  much l a r g e r  e f f e c t s  of 

erroneous estimates of t h e  albedo of f r eez ing  l eads ,  t he  s u r f a c e  temperature 

changes, and t h e  magnitude of t h e  incoming long-wave f luxes .  

For incoming long- 

A d i f f e r e n c e  of a few 
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DISCUSSION 

Our observat ions of l e a d s  i n  t h e  v i c i n i t y  of Barrow i n d i c a t e  t h a t ,  i n  

condi t ions w i t h  l i g h t  t o  mpderate winds, t he  formation of skim i c e  and p a r t i a l  

freeze-up start very soon a f t e r  t h e  open water is exposed t o  the  cold a i r ;  

the l e a d s  u s u a l l y  f r o z e  over w i th in  a day o r  less except f o r  occasional  holes  

kept open by seals. I n  winter  and t h e  e a r l y  p a r t  of t he  l i g h t  season, t h e  

long-wave l o s s e s  of t h e  l e a d s  dominate t h e  short-wave gains .  Because of t h e  

r e l a t i v e l y  h igh  s u r f a c e  temperature of t he  young ice ,  t h e  rate of long-wave 

heat  l o s s e s  is  considerable  i n  t h e  few days a f t e r  freeze-up, even i f  no 

breakup of t h e  young ice  takes  place.  On t h e  o the r  hand, because of a r ap id  

i n c r e a s e  i n  t h e  albedo, t h e  absorbed short-wave r a d i a t i o n  a l s o  decreases  

r ap id ly .  By March, t h e  d a i l y  n e t  l o s s e s  of r a d i a t i o n  may be h ighes t  following 

t h e  freeze-up. For i n s t a n c e ,  i f  w e  c a l c u l a t e  a r a d i a t i o n  budget f o r  t h e  

n a t u r a l  l ead  v i s i t e d  on 19-21 March using (a) t h e  measured albedo va lues ,  

(b) t h e  incoming s o l a r  r a d i a t i o n  and t h e  s u r f a c e  temperatures of t h e  undis- 

turbed ice on t h e  day a f t e r  freeze-up, (c )  an est imated albedo of t h e  open 

water of 20%, (d) a sea water temperature of - 1 . 8 O C ,  and (3) t h e  measured 

incoming long-wave r a d i a t i o n  f l u x e s  a t  n i g h t ,  w e  a r r i v e  a t  a n e t  d a i l y  

r a d i a t i o n  of -146 cal/cm2 f o r  t he  open l e a d  and -160 cal/cm2 f o r  t h e  f rozen  

l ead  one day later. 

There are s e v e r a l  phys i ca l  parameters of the l e a d s  and t h e i r  environ- 

ment t h a t  must b e  known before  r e l i a b l e  estimates of t h e i r  r a d i a t i o n  budget 

can be made. The most important seem t o  be: 

1. The v a r i a t i o n s  of t h e  s u r f a c e  temperatures a f t e r  freeze-up, 

including changes imposed by r a f t i n g  and r idg ing  of the young ice. 

2. The v a r i a t i o n s  of s u r f a c e  albedo a f t e r  freeze-up, including 

t h e  e f f e c t  of f r o s t  f lowers.  

3.  The formation of s t r a t u s  and fog plumes over t he  l eads .  

A l l  t h e s e  c h a r a c t e r i s t i c s  may be  assumed t o  vary i n  a complicated 

manner i n  r e l a t i o n  t o  air temperature,  wind speed, humidity, air  s t r a t i f i -  

c a t i o n ,  s i z e  of t h e  l e a d s ,  etc. A s  regards t h e  r e l a t i v e l y  s m a l l  l e a d s  

less than 100 m wide observed i n  t h e  Barrow area, t h e  fog plumes were 
gene ra l ly  q u i t e  r e a d i l y  v i s i b l e ,  bu t  only a t  low levels when a i r  temperatures 
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were around -2OOC t o  - 3 O O C .  The e f f e c t  of t h e s e  shallow plumes on t h e  

incoming short-wave and long-wave r a d i a t i o n  w a s  probably q u i t e  s m a l l  and 

could not  be  de t ec t ed  w i t h i n  t h e  accuracy of our instruments.  On t h e  o t h e r  

hand, shallow plumes o r  haze l a y e r s  seemed t o  cause a no t i ceab le  divergence 

of t h e  outgoing long-wave r a d i a t i o n  above t h e  open and f r eez ing  leads.  

Over and ad jacen t  t o  ex tens ive  l eads ,  s t r a t u s  l a y e r s  were o f t e n  observed. 

When t h e s e  s t r a t u s  l a y e r s  d r i f t e d  i n  over t h e  measuring s i te ,  t h e  e f f e c t  on 

the incoming long-wave f l u x e s  and the short-wave f l u x e s  w a s  more marked. 

Depending on t h e  season, t h e  n e t  r a d i a t i o n  of t h e  l e a d s  may then increase 

o r  decrease.  The n a t u r a l  s easona l  v a r i a t i o n s  of t h e  phys ica l  c h a r a c t e r i s t i c s  

of l e a d s  are a l s o  considerable .  It is  t h e r e f o r e  suggested t h a t  systematic  

observat ions using a i r c r a f t  and sa te l l i t e  d a t a  should be  used t o  record 

t y p i c a l  cloud condi t ions over l e a d s ,  and t o  deduce t y p i c a l  s u r f a c e  albedos 

and temperatures i n  o rde r  t o  provide the  d a t a  needed f o r  estimates of t h e  

t o t a l  e f f e c t s  of l e a d s  on t h e  Arctic r a d i a t i o n  budget i n  a l l  seasons. 
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SODAR INVESTIGATION OF THE EFFECT OF OPEN LEADS ON THE 
BOUNDARY LAYER STRUCTURE OVER THE ARCTIC BASIN 

Bjorn Holmgren* and Linda Spears 
Geophysical Ins t i tu te ,  University of A las ka 

Fairbanks, Alaska 99701 

ABSTRACT 

During t h e  AIDJEX Lead Experiment i n  February-April 1974, a 
v e r t i c a l l y  poin t ing  sodar  (Sound Detecting and Ranging) w a s  
operated continuously a t  Barrow, A l a s k a ,  f o r  one month. S t ab le  
condi t ions  preva i led  p r a c t i c a l l y  a l l  t h e  time. 
flow types were recognized. One was  charac te r ized  by a d i f f u s e  
backsca t te r  over a depth ranging from t h e  lowest probing height  
of 25 m up t o  e leva t ions  of 400-500 m. 
l a y e r ,  which o f t e n  but not  always had a sharp upper boundary, 
apparent ly  corresponds t o  t h e  forced mixing boundary l aye r  
f i r s t  inves t iga ted  i n  d e t a i l  by Sverdrup. The o ther  turbulence 
regime, represent ing  condi t ions of a higher  o v e r a l l  s t a b i l i t y ,  
w a s  charac te r ized  by quasi-horizontal  mu l t ip l e  echo bands of 
varying thickness .  
deep l aye r  i n t o  band echoes w a s  o f t e n  gradual.  A few t i m e s  the  
acous t i c  record ind ica ted  t r a n s i t i o n s  of t h e  boundary s t r u c t u r e  
t h a t  might have been r e l a t e d  t o  open l eads  on the  upwind s i d e  
of t h e  antenna. Two such cases are b r i e f l y  discussed here.  

Two d i s t i n c t  

This  d i f f u s e  backsca t te r ing  

The t r a n s i t i o n  from a d i f f u s e  backsca t te r ing  

INTRODUCTION 

Open and f reez ing  l eads  and polynyas wi th in  t h e  polar  pack ice 

release as y e t  unknown q u a n t i t i e s  of hea t  and moisture i n t o  the  atmosphere 

i n  winter .  Nei ther  is i t  known what effect t h e  l eads  have on t h e  v e r t i c a l  

temperature and humidity p r o f i l e s  i n  t h e  lower troposphere away from the  

leads .  

[Koerner, 19731 showed t h a t  20% of t h e  t o t a l  production of new i c e  i n  the  

inner  pack i c e  reg ion  i s  related t o  t h e  f reez ing  of leads.  Much of t he  t h i n  

new i c e  i s  subsequently p i l ed  i n t o  r idges  and humocks. 

*Now a t  Meteorologiska I n s t i t u t i o n e n ,  Observatorieparken, Uppsala, Sweden 

The d a t a  from t h e  B r i t i s h  Trans-Arctic Expedition i n  1968-1969 
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The o b j e c t i v e  of t he  AIDJEX lead  experiment a t  Barrow i n  February- 

Apr i l  1974 was t o  determine the  e f f e c t s  of open and f r eez ing  l e a d s  on t h e  

atmosphere and t h e  ocean. 

experiment, a v e r t i c a l l y  pbin t ing  sodar ( acous t i c  r ada r )  w a s  operated at 

Barrow (Fig. 1 ) .  A continuous record w a s  c o l l e c t e d  dur ing  t h e  e n t i r e  month 

of March 1974. Two cases  of marked changes i n  the  boundary l a y e r  s t r u c t u r e  

are discussed b r i e f l y  i n  r e l a t i o n  t o  t h e  poss ib l e  in f luence  of open l eads .  

The r e s u l t s  are somewhat ambiguous, p a r t l y  because of t he  l a r g e  d i s t a n c e  

t o  the  l eads  from t h e  observa t ion  s i te ,  but  it may s t i l l  be of i n t e r e s t  t o  

A s  an independent s tudy ,  bu t  r e l a t e d  t o  t h i s  

consider  t he  a c o u s t i c  soundings as a technique f o r  observing the  in f luence  

of open l e a d s  on t h e  boundary l aye r  s t r u c t u r e .  

-71.30’ 1;7* 

0 15 KM 
0 ‘p 5 10 MI 

Fig. 1. Location map of t h e  experiment sites, P t .  Barrow, Alaska. 
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SITE AND INSTRUMENTS 

The area surrounding t h e  sodar s i te  i s  q u i t e  f l a t  and, during t h e  

experiment, snow-covered f o r  hundreds of ki lometers  i n  a l l  d i r ec t ions .  The 

tundra su r face  is genera l ly  smooth with a su r face  roughness parameter of 

about 0.03 cm [Weller and Holmgren, i n  press ] .  This  va lue  is  of t h e  same 

order  as t h a t  found over ex tens ive  snow f i e l d s  [ L i l j e q u i s t ,  19561. The 

roughness of pack i c e  may at t i m e s  be much higher ,  because of t he  numerous 

p r e s s u r e  r idges  and hummocks. During the  spr ing  of 1974, the  sho re fa s t  i c e  

along the  coas t  w e s t  of Barrow w a s  badly broken i n t o  densely packed ice 

blocks of t he  s i z e  of several meters. The corresponding z o  values  w e r e  

probably of t h e  order  of several cent imeters  at  least. 

The sodar system (Fig. 2) w a s  developed by the  Nat ional  Oceanic and 

Atmospheric Administration Wave Propagation Laboratory i n  Boulder, Colorado. 

A similar system has  been descr ibed elsewhere [Simmons, Wescott, and H a l l ,  

19711. 

v e r t i c a l  scanning range w a s  about 650 m. 

pu l se  a t  a frequency of 3150 Hz w a s  t ransmi t ted  a t  a pulse  rate of 4.16 

seconds. 

The echoes were recorded on a wet-paper f a c s i m i l e  machine. The 

Most of t h e  t i m e  a 30 msec sound- 

No s p e c i a l  problems were encountered i n  regard t o  t h e  cold weather o r  

snow condi t ions.  The antenna housing, l i n e d  by a sound-absorbing cuff t o  

suppress the  s i d e  lobes ,  w a s  ha l f  buried i n  a snow d r i f t .  Dr i f t i ng  snow i s  

common i n  t h i s  area, but  t he  i n t e n s i t y  w a s  low f o r  most of the  experimental 

period. The a c t u a l  snow p r e c i p i t a t i o n  is  genera l ly  neg l ig ib l e  during t h i s  

t i m e  of t h e  year .  The s m a l l  amounts of snow t h a t  d id  c o l l e c t  i n  t h e  dish-  

shaped antenna could e a s i l y  be swept  out with a broom. 

s i t u a t i o n s  wi th  heavy d r i f t i n g ,  we put a l i d  on top of t he  antenna house 

and waited f o r  b e t t e r  weather. 

Once o r  t w i c e ,  i n  

No no t i ceab le  wind no i se  w a s  encountered. However, i n  s i t u a t i o n s  

wi th  wind speeds higher  than 6-7 m/sec as measured at t h e  3.5 m l e v e l ,  many 

echoes corresponding t o  t h e  upper p a r t  of t h e  record w e r e  probably missed 

because of decreasing antenna e f f i c i e n c y  as t h e  angle  of a r r i v a l  increases  

( see  below). 

169 



COLLEGE ECHO SOUNIYR 
MONO-STATIC M O M  AMCHOIC SmELO R2 METERS mGHl 

A 

TEC LANSMG TYPE zsOr..loo WATT ORlVER 

LO METER otsn 

AAPLFEO 

AMPL IFIER 
3Tl iACO'M 36 

GAIN CONTROL 
VOLTAGE. 

ry)O WATTS RMS z 1521 W E R S  W CABLE 

OMRALL SVSlEM GAIN. 
WITH VARIABLC GAIN AMP AT 
UNlTV, IS 8008 IlRANSOUER 
TO WAVE ANALYZER) 

LOG 

t OIffERENllAL W E R  AMPLlfJER 

*CROWN' MIL AMPLIFIER 
GAlEO 

INlEGRATOR 

A ' RECEIVER 

AMpLifEo MP Ecno TONE ENABLE 
m s r  

Y 

c. 

DIGITAL SOLIO-STATE 
a m - S T A T E  TlMlNG RECEIVER s " - s r A w  mAffSM'T 

TRANSMIT GAT.! - RECEIVER GENERATOR 
GATE 'ORANUZ' TR$zfTT CONTROL GA TE 

M L  206 LOGIC 

coNrRLy ' 

59m W l E  GAEO M E W  
BCO M'NS 

WAMANALYZER , 
moL 3 5 9 0 ~  SVSlRON - OONNER 

fyoo1FzIb) _--_____________ 
TRACKING 

AUDIO 
OSClL L A TOR 

- WThVUOUS TONE tS1NGL.F TONE BETWEEN IKHZ AN0 5 KMJ 

Fig. 2. Schematic diagram of a c o u s t i c  sounder. 

When a n  acous t i c  antenna is used both as t r a n s m i t t e r  and r ece ive r ,  

t he  backsca t te red  a c o u s t i c  power is  supposedly r e l a t e d  t o  t h e  small-scale 

temperature f l u c t u a t i o n s  only. Assuming a Kolmogorov spectrum f o r  t h e  wind 

and temperature f l u c t u a t i o n s ,  t h e  backsca t te r ing  i s  dominated by f l u c t u a t i o n s  

on a s p a t i a l  scale given by one-half t he  acous t i c  wave length.  

scatter a t  180° is  r e l a t e d  only t o  temperature f l u c t u a t i o n s .  The atmospheric 

echoes i n  s t a b l e  s t r a t i f i c a t i o n s  w i l l  gene ra l ly  i n d i c a t e  a region of enhanced 

turbulence.  

L i t t l e  [1969] and Ot t e r s t en ,  Hardy, and L i t t l e  [1973]. 

The back- 

For an  account of t h e  backsca t te r ing  theory ,  see, f o r  example, 
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GENERAL CHARACTERISTICS OF THE ACOUSTIC RECORDS 

The a c o u s t i c  record of Figure 3 shows d i f f u s e  backsca t te r  from the  

lowest probing range of 25 m up t o  about 200 m with a marked upper boundary. 

I n  a l l  l ike l ihood t h i s  backsca t te r ing  l aye r  corresponds t o  the  forced mixing 

boundary l a y e r  as f i r s t  i nves t iga t ed  i n  d e t a i l  i n  t h e  Arctic by Sverdrup 

[1933]. A t  Barrow, well-defined mixing l a y e r s  appeared about 60% of t h e  

t o t a l  per iod ,  mostly i n  s i t u a t i o n s  with moderate t o  s t rong  winds. 

a d i u r n a l  v a r i a t i o n  i n  t h e  depth of t h e  mixing layer  and a l s o  i n  the  s t r e n g t h  

of t h e  backsca t te r ing  echoes because of t he  d i u r n a l  changes of t he  s t a b i l i t y .  

Except f o r  a few periods assoc ia ted  with cold a i r  advection o r  clouding over,  

t he  twice-daily r o u t i n e  radiosoundings a t  t h e  Barrow Vi l l age  as w e l l  as the  

acous t i c  records  ind ica ted  a stable s t r a t i f i c a t i o n  throughout t h e  recording 

period. The condi t ions  i n  t h e  lowest few meters above t h e  su r face  might 

have been smewhat more va r i ab le .  

There was 

Above t h e  mixing l a y e r ,  t h e r e  were gene ra l ly  i n t e r m i t t e n t  band echoes 

(Fig. 3) .  In  condi t ions  wi th  l i g h t  winds, t h e  band echoes were genera l ly  

s t ronger  and more f requent  than i n  condi t ions wi th  s t rong  winds, when the  

upper echoes tended t o  disappear i n  s p i t e  of t he  f a c t  t h a t  s t rong  invers ions  

w e r e  more o r  less always present  above t h e  mixing layer .  It i s  suggested 

t h a t  many echoes w e r e  then missed because t h e  recept ion  worsened as increas ing  

winds caused t h e  angle  of a r r i v a l  t o  widen [Mahoney, M c A l l i s t e r ,  and Po l l a rd ,  

19731. The band echoes are probably assoc ia ted  with windshearings i n  l a y e r s  

of high o v e r a l l  s t a b i l i t y  [Gossard, Jensen, and Richter ,  1971; Bean, 1972; 

Metcalf and A t l a s ,  19731. 

Figure 4 shows a flow regime which on t h e  acous t i c  record i s  charac- 

t e r i z e d  by wavy, quasi-horizontal  backsca t te r ing  bands, i nd ica t ing  t h a t  t he  

turbulence is mainly confined t o  t h i n  shee t s .  

are obviously r e l a t e d  t o  t h e  s inuso ida l  g r a v i t y  waves propagating i n  the  

s t a b l e  l aye r s .  

not  appear continuously on t h i s  record ,  as i t  does on many o ther  records i n  
s i t u a t i o n s  with l i g h t  winds and a su r face  inversion.  However, t h e r e  are 

ind ica t ions  t h a t  a mixing l a y e r  may have ex i s t ed  most of t h e  t i m e ,  but wi th  

t h e  upper boundary below t h e  lower probing range of t h e  sodar.  

The s u r f a c e  wind f l u c t u a t i o n s  

A d i f f u s e  backsca t te r ing  reg ion  i n  the  sur face  l a y e r  does 

Previous 
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measurements of wind and temperature p r o f i l e s  including temporal temperature 

f l u c t u a t i o n s  over a f l a t  snow s u r f a c e  [Holmgren, 19711 ind ica t ed  t h a t  t h e  

top of t h e  mixing l a y e r  could descend below t h e  1 m l e v e l  o r  lower when t h e r e  

were l i g h t  winds and s t r o n g  inversions.  

The depth of t h e  mixing l a y e r ,  as deduced from t h e  sodar  records,  

general ly  increased with inc reas ing  winds. However, t h e  wind speed alone 

w a s  not  a very good p r e d i c t o r  of t h e  depth of t h e  mixing l aye r .  

EFFECTS OF OPEN AND FREEZING LEADS 

When l eads  open i n  t h e  pack ice, t h e  s u r f a c e  temperature a t  t h e  lead 

a d j u s t s  quickly t o  - 1 . 8 " C .  

and t h e  t r a n s f e r  of s e n s i b l e  hea t  and water vapor from t h e  l ead  i n t o  t h e  

atmosphere induces changes i n  t h e  boundary l a y e r  s t r u c t u r e .  

a lead general ly  opens between t h e  s h o r e f a s t  i c e  and t h e  moving pack i c e  

when t h e  winds have an o f f shore  component. The s h o r e f a s t  i c e  extended about 

1.5 km o f f shore  i n  s p r i n g  1974.  The ice  on Elson Lagoon (Fig.  l ) ,  east of 

t h e  s p i t ,  w a s  very smooth. This i c e  does not  open even with very s t r o n g  

winds; t he re fo re ,  t h e  e f f e c t s  of l eads  on t h e  boundary l a y e r  s t r u c t u r e  can 

be expected t o  be recorded b e s t  by t h e  sodar  with onshore winds from t h e  

w e s t  o r  northwest. 

I n  cold weather, convection starts over t h e  l e a d  

West of Barrow, 

Figures 5 and 6 are sodar  records made during a change of wind d i r e c t i o n .  

The 12 March d a t a  i n  Figure 5 w e r e  co l l ec t ed  when t h e  wind w a s  changing from 

270" t o  320' (north = 360"). A s t r a t u s  cover formed and a complete reorgani- 

z a t i o n  of t h e  boundary l a y e r  took p l a c e  during t h e  observat ion per iod.  

Although t h e  cloud amounts given i n  Figure 5 w e r e  a c t u a l l y  measured a t  t h e  

v i l l a g e  of Barrow, independent observations a t  a temporary l o c a t i o n  on 

Elson Lagoon showed similar cloud condi t ions the re .  A t  2120 ADT a s t r a t u s  

cover w a s  recorded, and a t  2220 ADT t h e r e  w a s  a clear sky overhead a t  t h e  

lagoon. 

a t  t h e  top of t h e  s t r a t u s  l aye r .  Below t h i s  l i f t e d  echo t h e r e  i s  most 

l i k e l y  a tu rbu len t  l aye r ,  but  s i n c e  only very f a i n t  echoes appear, t h e  

l a p s e  rate is  probably near-adiabat ic .  

The l i f t e d  echo i n  Figure 5 is  probably a s soc ia t ed  with an inve r s ion  

The depth of t h e  mixing l a y e r  i nc reases  
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Fig. 3. Typical acoustic record, 7 March 1 9 7 4 ,  showing distinct upper boundary of 
mixing layer and intermittent band echoes above. 
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Fig. 4 .  Acoustic record, 12 March 1 9 7 4 ,  showing gravity waves. 



Fig. 5. Acoustic record, 12 March 1974, showing the effects of cloud formation 
and dissipation. 
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Fig. 6 .  Acoustic record, 19 March 1974, showing the effect of changes in wind 
direction. 



from about 100 m a t  t h e  start  of t h e  record t o  a maximum of 250 m and then 

back again t o  about 100 m. Both a t  t h e  start  and a t  t h e  end of t h e  per iod 

t h e  mixing l a y e r s  are of t h e  forced type. 

The sodar  record f o r  19 March i n  Figure 6 shows f i r s t  a mixing l a y e r  

100 m deep and a backsca t t e r ing  band t h a t  starts t o  rise s h o r t l y  be fo re  

2000 ADT. A sudden expansion of t he  dark backsca t t e r ing  s u r f a c e  l a y e r  occurs 

a f t e r  2200 ADT t o  a maximum depth of about 300 m. A s  t h e  upper echoes gradu- 

a l l y  weaken a t  the  end of t h e  record,  a s u r f a c e  mixing l a y e r  100 m deep again 

becomes t h e  most prominent f e a t u r e .  During t h e  windsh i f t  t h e  a i r  i n  t h e  

l a y e r  between 100 and 300 m becomes uns t ab le ,  as found by comparing t h e  

sounding shown i n  Figure 6 wi th  t h e  Barrow radiosoundings made 12 hours before  

and 12 hours a f t e r  t h a t  per iod.  

Figure 7 shows a photo from a time-lapse sequence of t h e  screen of a 

3 c m  r ada r  s i t u a t e d  on t h e  shore c l o s e  t o  NARI, (Fig.  1 ) .  This r ada r  i s  used 

by t h e  Ice Research Group, Universi ty  of Alaska, f o r  d e t e c t i n g  ice  movements 

w i t h i n  a 3-mile radius .  The r ada r  d a t a  are shown he re  t o  suggest t h a t  a com- 

b i n a t i o n  of r ada r  and sodar  might be s u i t a b l e  f o r  f u t u r e  s t u d i e s  of t h e  e f f e c t  

of leads.  The r ada r  echoes are caused by r e f l e c t i o n s  from such p r o j e c t i o n s  as 

p res su re  r i d g e s ,  hummocks, and ice  blocks.  An open water s u r f a c e  o r  new t h i n  

ice  does n o t  send back an echo. Because of t h e  screening e f f e c t ,  wide areas 

behind high p res su re  r idges  are f r e e  of echoes, so t h a t  one cannot gene ra l ly  

d i s t i n g u i s h  between a l ead  and pack i c e  from a s i n g l e  r ada r  frame. However, 

by time-lapse photography i c e  movements can be recognized, and sometimes the 

e x t e n t  of l eads  can be i n f e r r e d  from t h e  i c e  movements. 

The lead ou t l ined  i n  Figure 7 ,  which w a s  observed by r ada r  t o  open on 

10 March, w a s  s u r e l y  a t  least p a r t l y  ice  covered by 12  March. The acous t i c  

records i n d i c a t e  t h a t  t h i s  p a r t i c u l a r  lead probably had l i t t l e  in f luence  on 

t h e  changes i n  t h e  boundary l a y e r  a t  t h e  sodar  s i t e ,  s i n c e  t h e  maximum 

e l e v a t i o n  of t h e  mixing l a y e r  occurred when t h e  winds were from a s e c t i o n  

w e l l  no r th  of t h e  l ead  as seen from t h e  sodar  s i t e .  However, during t h e  

10-12 March per iod,  a wide continuous lead could be seen on N O M  sa te l l i t e  

images t o  s t r e t c h  w e s t  and no r th  of Barrow f o r  hundreds of ki lometers  along 

t h e  c o a s t ,  but  f a r t h e r  out.  The formation of s t r a t u s  clouds and t h e  changes 

i n  t h e  boundary l a y e r  s t r u c t u r e  might t h e r e f o r e  have been a s soc ia t ed  with 

t h i s  l a r g e  l ead  r a t h e r  than with t h e  one noted i n  Figure 7 .  
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Fig. 7.  Photograph from a time-lapse sequence of t h e  3 cm r ada r  
screen nea r  NARL. 
r ada r  site. 

A l a r g e  lead can be seen t o  t h e  w e s t  of t h e  

An experiment involving measurements of t u rbu len t  f l uxes  and r a d i a t i o n  

a t  and over a s m a l l  lead w a s  being performed about 25 km n o r t h  of Barrow on 

t h e  same n igh t  t h a t  t h e  sodar  record i n  Figure 6 w a s  made (19 March). 

of t h e  d i s t ance ,  t h a t  p a r t i c u l a r  lead would have had no no t i ceab le  e f f e c t  on 
Because 
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t h e  sodar  record. 

s e v e r a l  wide f r eez ing  leads  and polynyas during t h i s  per iod;  bu t  s i n c e  no 

open lead  could be  recognized wi th in  t h e  range of t h e  r ada r ,  w e  conclude t h a t  

t h e r e  were, a t  the  most, only s m a l l  areas of open water. 

In t h e  pack i c e  no r th  and northwest of Barrow t h e r e  w e r e  

DISCUSSION 

It may seem tempting, w i th  r e fe rence  t o  Figures  5 and 6 ,  t o  i n t e r p r e t  

the deepening of t h e  mixing l a y e r s  as a r e s u l t  of convection over leads .  

This would then involve  entrainment of t h e  warm a i r  from above the  s u r f a c e  

l a y e r  i n t o  t h e  mixing l aye r .  However, t he  weather d a t a  given i n  those  

f i g u r e s  show t h a t  t h e  s u r f a c e  temperature is  a c t u a l l y  decreasing during the  

c r i t i c a l  per iod.  

of warm a i r  i n t o  the  mixing l a y e r ,  t h e  hea t  t r a n s f e r  from the  l ead  should 

a l s o  tend t o  increase the  temperature. The expansion of t h e  mixing l a y e r  

might t h e r e f o r e  i n  this case  be p a r t l y ,  o r  perhaps e n t i r e l y ,  due t o  o t h e r  

e f f e c t s ,  such as low-level convergence induced a t  the  t r a n s i t i o n  between 

the  comparatively smooth, moving pack ice and t h e  rough 1 .5  km wide zone 

Apart from t h e  warming t o  be expected by the  entrainment 

of s h o r e f a s t  i c e .  

lowest few hundred meters involved. 

might have been due mainly t o  a low-level cold f r o n t .  

seen on t h e  s u r f a c e  weather maps, bu t  they do not  inc lude  enough weather 

d a t a  from the  Arc t i c  Ocean t o  be considered r e l i a b l e  on t h i s  po in t .  

our sodar d a t a  thus do not  a l low any safe conclusions about t he  e f f e c t  of 

open and f r eez ing  l e a d s  on t h e  boundary l aye r  s t r u c t u r e  i n  these  p a r t i c u l a r  

cases, i t  seems p l a u s i b l e  t h a t  such in f luences  can be monitored, given a 

s u i t a b l e  p o s i t i o n  of t he  acous t i c  sounder i n  r e l a t i o n  t o  the  l ead .  

There may a l s o  have been changes of t he  a i r  m a s s  i n  t h e  

The weather changes on 19-20 March 

No such passage w a s  

Although 

In a l l  seasons t h e  hea t  and moisture  t r a n s f e r s  w i th in  t h e  lower tropo- 

sphere in t h e  Arc t i c  Basin a r e  c l o s e l y  r e l a t e d  t o  what happens over t h e  leads .  

The  l e a d s  a l s o  have an e f f e c t  on t h e  a e r o s o l s  and t h e  r a d i a t i o n  climate. 
During numerous f l i g h t s  over t h e  Barrow area we observed t h a t  t h e  haz iness  

and t h e  h o r i z o n t a l  v i s i b i l i t i e s  i n  the  lower t roposphere could f r equen t ly  

be compared t o  condi t ions  over b ig  met ropol i tan  areas i n  the  south. 
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Our prel iminary a n a l y s i s  of pyrhel iometr ic  measurements i n d i c a t e s  t h a t  

t he  high t u r b i d i t y  va lues  are c r i t i c a l l y  dependent on the  v e r t i c a l  humidity 

d i s t r i b u t i o n .  

t r a n s f e r  of moisture  t o  thd  su r face  e i t h e r  by ice c r y s t a l  p r e c i p i t a t i o n  or 

by condensation a t  t h e  cold snow sur face .  

mixing l aye r  t h e  res idence  t i m e  f o r  water vapor can be expected t o  be many 

times higher i f  no p r e c i p i t a t i o n  occurs.  

i s  whether moisture  from t h e  l eads  can be t ranspor ted  up above the  mixing 

layer .  Accounts of t h e  acous t i c  soundings and t h e i r  r e l a t i o n s h i p s  wi th  t h e  

r a d i a t i o n  measurements, humidity p r o f i l e s ,  and temperature p r o f i l e s  w i l l  be 

given elsewhere i n  t h i s  Bu l l e t in .  

Within the  mixing l a y e r  t h e r e  is  genera l ly  an e f f e c t i v e  

I n  t h e  s t a b l e  l a y e r s  above t h e  

One c r u c i a l  quest ion i n  t h i s  context  
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