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sections to yield probability density functions of the drafts of
ice and of level ice , distributions of keel spac i ngs and drafts ,
and the frequencies and width s of leads . Two distinct types of
ice cover were found . The f i r s t , nearest  the  coast in  the sou th —

and west of the exper imenta l area , cons i s te d  of h e a v i l y r i d ged i c c
w i t h  mean d r a f t s  of up to 5.1 m. The rest of the t rack  ( 1200 km)
consisted of a homogeneous ice cover w i t h  a mean d r a f t  of 3.7 m ,
The percentage of t h i n  ice  v ar i e d  great .1~- be tween s ec t i ons , wi t - L i
a range of O. 1i t o  12.3% for  ice of 0— 1 m dr a f t .~,I eve l ice , w i t h
a loca l g r a d i e n t  of less than I i n  ~cO , made up ~ 6% o f the -

homogeneous cover , w i t h  a prefer red  d r a f t  of 2.7 to 2.9 m . Keel
spacings obeyed a nega t ive  exponent ia l  d i s t r i b u t i o n , w i t h  a
deficit at small spac ings due ~o a keel shadow ing effect and a
surfeit at very large spac ings due to the contribution of
po l ynyas. The draft distribution of keels was also a negative
exponential , differing from the distribution of Hibler et al
(1972), probably because the narrow beam records a complex
s tru c t u r e  for  every keel .  The coasta l ice had a greater
frequency and mean d raf t  of keels.  Maxim u m keel  d r a f t  was

j 31.12 m. The mean separat ion of leads was 212 m , w i t h  a l m o s t  a l l
l eads be i ng less than 50 m in wid th .
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S U M M A R Y

A profile of the ice cover in the southern Beaufort Sea was
obtained by the nuclear submarine USS GURNARD from 7 to 10 April 1976,
using a narrow—beam upward—looking sonar. The 1400 km profile
consisted of three legs , of which the long south—north and east—west
legs intersected near the Caribou camp of the AIDJD~ experiment.
After initial processing at the Arctic Submarine Laboratory, San Diego,
the data were passed via t.he AIDJF~ Office to Scott Polar Research
In stitut e for statistical analysis.

The analysis was carried out over contiguous 50 km sections of
the profi le , and yielded the following significant results:—
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15 i o b a b  t L i t  ~ de ns i t y  f ui n  t t o u t  of  lie ’ iii  aif I • t he ’  pt’e ifi i t ’  w i t s  t oujid t o

OtiS I S t  Of t huree  LII  s I t  net  t vpe s of I (‘I’ t e I w  (‘I’ . i v  pe I , i teare  s I t h e  c-o,t ~
anti e’~ ( end t utg I resni t h e  I 00 in i saint t h nor t h~ it ,‘et o 71

(111)1 ~ it I 1 ~. ‘.° 13 ‘
t- ti ti~~ t s t i’d ot  heat  t I ~ i- i tt ged ice ~ t Li a meuut it u - f t  of  ‘u .2_ Fl .  I ni . ‘1’y iie 2
t’ umpi’ i he ’d t he ’ tutu ,) u sc’ pa r t  of  t h e  pr o I’ t i e ’  I, 1 200 km ) , t uid ~ o ~h loh  II

~ I o t u s i  i a  I I v  t o  be a homogi’nt ’’’us L u - c ’  cot ci ~ t lb  t he’ lo l l  II~~ t t u g I t t  ~i (  v u  btt ( t o u t
a I ccc ’  t Iv ~ f t  -, : — 0—0. 5 us , 1%; 0 • 5— 2 m , I t )  ; 2—Fl in , 7~~~; over ~i us , 1 7 ;
mean it c a  f t  ‘S. 67 in. Tv j ic ‘S s ts  ano t hue’ r sho r t  t t e ’  t i l t  of I t’ttt’ k ~t t t he I iii’
~~ t’~~— t i’m ecu! of liii ’ pro f t  ii ’ (1  5 I t o  I 54 1) 14 ‘ h i t t  72°42 ‘ ~ 

) wit t (‘it ~tg~t I I I
u’ouu~ t st e’el of uust- e’ ht’i.t iv v i  dgt ’ti t ci’ of  mean dc - cu t ’  I .. ~~~~ 6 in. i t te ’

4 pl’oport ton of t h i n  t t t ’  ~~~~~~~ t h e  m o st  v a t - l a b l e  qutu i t I t v  i n  the’ c i t  sIn I c u t  u usn~~,
it at  tu g  it range’ (1 . I— S . 5~ (0— u  • us dv~ it  ) and 0 . 4— 12  • ~~

‘ - (n—i in d c a f  t ) • l i i i -
-.t mttli ui iv. ’  pi’ot sab t  I t  t~ u t t ~— t  t’ i bu t ions  for  t w o  200 km sect  ions  I - t o s s  t og th e
\ I RI t~\ t’ amps he ’  it ’  c u l u - t i  L a  t ed  f o r  app i i  i t i t t on t a t he ’ A l  RI FX mode l

2. 1-i ’v e ’ I t ~ e . l i - c’ ot  Ic ’ ’ s t b ait  I i i i  4(1 1 ot ic I grou t  u e ’ i t t  — • e’ • no, t u s h v
t inilt ’ foc’m e ’et I I  uie ’ — ~ c u l l t  ~uni  no I e’ut w i t  hi ct  t r w  k ee l  b o t t o m s  — was fo it t ud t o  celUi p t  I Si’
5(1 (I f  ( h i t ’  t cc ’ L i t  t h ut ’ t vpe’ 2 c o v e t .  The’ citos I pi’o inebt  e dci i i t of I .‘~ c i cc
h i t5  2. 7—2.5 iii , h 1 th Set ,I I IdOI ~ pe ’iih C i t  2. 11—2. 1 in taut ‘S. 1—1 .2 in. Tb in ice ’
hiat t  c I se ’ itlt .e I 0 .5— 0 • 1) m•

‘S. Ke ’e’ 1 ~p~u togs . th e  c i i  s I n  Isu I ion of ke’e’ I spt~c I i tgs was  t ounel to  olirv a
nega t I vi ’ t ’xp u stt t ’u t Ia 1 eli  s tz ’ i b u t  ion , h I th  uh ’pnrtun. ’s a t  s m a l l  spin’ ings (n¶ de’ I t t -  t I elite’ to  . t  “kt’e’ 1 stuedoh i ug ” e 1’ fec  t , wht ’z’& ’ slut h o w  keel s  t u ne ’  ( ‘Oltc e ’~t i t’d
isv t ie ’ t ghbouc’ I tu g deep k e e l s )  intel at  l a rge  spit e i tu gs  e’xc e’e’d i tug 301) us (a st ir fe ’ u
clue’ t a the ’ pie se ’iu- e of I e’ae is and pa1 yny as

‘t. Ke’ e’ I driet ’ I s .  t he ’ i l l s  t n  bu t  t esci ol t ic - a t  I s  diet , not oI~ey the  the ’ory  of
hI ibte ’t’ e’t ~e L (It)72) h - t i l t - I t  p n e ’u i i c t s  I’(tt) t’xp(—bh ), but c’ttther a s imp ler
i lls  I vi  bu t  ion  of’ f o r m

L’ (h )  t ilt = B e’xp(—bh ) dii

w i t  hi hi , is i ts  InLt ’ iune I cc’s • Ii i  t -Lte ’ t’ ( t s  o n ly  s t i l l s  have be’e ’n fun t iul  t a obey
hi s it’ l i t  I i  nus h I p, inul i t  i s  pos lit L o t  i’d t ha t t h e  cause ’ is  the very n. ,rr ow

bt’,unh te l  t ii a t  t i t t ’  I i’uuu stt~~c e’ t’ , wh i cit e’niib lu ’s  i t  t o  praise’ in to  the  f In c
~ t t -uc l u t e  of it keel and thus pt ’t ’c’t’ive nai l t i pl e ’ se’t ’ondarv “keel  s” hhu ’ i t ’  it
h-i uie’—be’eun sound er sees oal~- it single ’  e’nti t y  . Again  ty pe ’ s I and I have’ he’av it ’i’
r i d g ing t h an  type’ 2. Fat ’  ke’e’ls deeper than (1 us, ty p e  2 let ’  hits  a mew: of
I • 31) ke’e’ I s p an kin w i t  Lu a uteitn ii t’a ft. it t’ 11 . 7~ in; type’s I and 3 bitt ’ e up to
5. 1 ke’e’ i s  pe’v km with a mean dr aft of 12. 1—12.7 us. Maximum ke’e’ 1 d ra f t  was
11 • 12 in, isI lb oitly one ke’t’l over 30 in in drit t’t

5. Lends and pa Iynyas. A 1 e’atl was etef ine’ ut as a co n t i n u o u s  sequence’ of
de’p th p a i n ts  where no pa j ut e’xe e’eqt s I in in  ti r a f t • The’ average spite i ng 01’
Ie’aul &e was 212 in o%’e’r t h e  w h o l e  pz’ofi Ie~, but almost all l eads We’re’ less than
‘SO m in w I d t h u • The mean spacing of len ds over 50 in w i de ’  hate 10. 5 kin , and
of le’iut s over ‘500 us wide ’  was 257 km.
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I t it r cog t he i~~’i’ i ad ~ I es I t )  A p c i I 1 1)71, I hu e nut ’ I e’a t- submit z’ l iii ’
I ~S lL \AILI) ( SS\ — ( c ( 2 ) a i s t  a I ice d it  teaciut pta I L  Ic ’ of 1 t’ngt.h 1 ~iOO km
i t i t t ie ’t  ( l i e ’ I i t ’ i i ( I f I I i ’  I ~“ t , t  I i i  t ( b i i’ t  iii t lie ’ ‘, t i  j~~ i t y of ’  t lie ’ ~

- $ ( . -~u t i c - l u - c ’  I)~ I sit n t i e - -- b u t t  t t t c . i - u n i e ’ r u l ) i n a u i t  t- unp . F i g u t - e’ 1 sh o w s
I lie ’ i- o u r  t o 11 ow c’d t c~ hI - lINAItI )  , C esmp c’ i s i og ti t su t h — u n u 1 1 i  ( 01’Q ) anti
i-a — -

~~ c - I  ( III’S ) I ‘c, — t i l t  C t ’ -c I c  tig c :e ’iu i - t he’ (~a uI boci &~ unp ( C )
(age ’ ( l i e - i  w i t l .  a r onnu c I i  t ig 1 .‘g QI! . ( i i  ‘I !N ’e ld) h a s  eq n i  ppi’d w i  l i i  a
h c gIt — I l c ’ q u e ’u l u -v  , ci a i - r o w — b e a m , e i l ) W t t r ui— l o o k  i iig sot ini ’  c u t s  I t t  11 i’d h~ t lie
At -c I ii Sui t s in i t i -  t n t ’  I i ,lau ’ ie I ot -  , ~‘i i c V  i t t  Unde ’u ’ se’it (‘e ’ntt ’ r , Sat : li i  ego . Thic ’
~,ili i , i t  It’,! t ( ~~ a U t I s t ic i n t o  1 s t g i t i t i ~s!’ o i I ’ ss l c Ig  sy s t e m  t h a t  d i g i t  ,~— e ’ u t
t hi ’ i ,nig. I c e  I he’ i c e ’  e t u d e’ 1 s t  di ’ , stIlt t tact eel t h u  I corn l i i i ’  I ransduce ’ c’
eie’I) i i i  , t u i e t  (liii s ge’u ie ’ t a  l i d  cc d u g  t lal magtic’ I I U t i t }) e ’  CII t c e ’  d r a f t  s w i t h
a h orn i t t i t l ni ’ -~’’ h u t  i o n  at ’ t ) . (5 tic • Mt ’ chi te i i  ~ - t u l l i m i t  a t  i e ~~1s wi  t h in  the
~v ~ (i’m red.ic i i i I ho ’ , ,hs o t i t l e’ acc’et t •uc - i s !  t e e ’  ci lit I t  to + 0.3 us , hit h
it ett’mesii — l i i i  I i ’d &c t .eiida i t t  dcv l o t  1 (111 I n c  smooth i u_ I’ o! O ’0~) m . I) the’i’
d c l  c i  I s cs t’ ( lie ’ ~ o i t , i  1 s~ st em acid of the ’ submit vi ite s depth anui spe’e’et

r c ’rnie i i i  c I , t- ~ i I t ~el . l I t . ’  A ru t ci - Set hima i i  ut’ Icitb e s nato iv tic ci , however ,
y t i t l e s  i’tflit I t ott  ott  t lie “su rftt c e betun eli iun e It ’ t’” (el i iune It’ r of spre ’ad

es f’ u li e’ socia c’ be’ant a I li e ’ — it i face’ , a fum e t I an of bc’amw i d t hi tuui cru i s 1mg
ei e ’pt i i)  ic ud t li t ’ ‘l i s t  ng spi ic  i utg ” ( hon I t ou t  to! eli s I  tutce’ bet wee’ii sUtCt ’ss ive’

sot t i t c i  pu I se’ s , a f e i t i e - I t on es! p ing f t’e ’qe ienc y anti submai liii’ s iwe’d )
Ne c’mte I I ~ I lie p i n g  ~ i~ac i cig w i t s  b et  hi’ c ’cl I . ‘S inte l I . 5 iii , and I lii’ surfac  a
lse ’tun i it c aine’ t i c  o~ c c  itt mo st t h e  w h o l e  t t a ck  w a s  ‘S. 11 ni , imp ly i n g  a v ot’v
nant ’ow l se ’ ,u ni c s f  I t ’  ss t bait b i c i l h i .

h u t  t a I jsrou-c’s s I ucg a I t lie ’ t ape ’ s w i t s  darn’ at- the f ir e  I i c Submarine ’
I aba c-ic (0  I V  l i S t  ug it Un i va t  1105—111 ( 1 compu I e’i’. (‘orre’c I at ! de ’pth data
w c t - c’ me’ n gee! w i t hi p o s i t  i a t tn  I j u t  o nina I ion t o g lvi’ a final tape’ in 1k~l)
fes nti iiet w h u t l i  w a s  t’e,c’ wi i i ’ ile ’d t o  t h e ’  Ah1AI l -~\ P ro ,j e’e- t O f f i c e ’  i i i  S t- a l t  le  f i s t
cu t .  I i s t I n  I tint the’ Al  IkJKX 1)1’ f i cc ’  its t’warded (lie tape ’ t o  I Lie Seat

l~o I a t -  He’ ~ c ’,, i t - li  h i s  t i t e t  t a so t hi a I I lie ’ do t o  t oil 1 ul be’ a d a  1 ~seui u s ing  the ’
su m,’ e c i l e t ’  i t t  int el clef ’ cii i I t o i l s  as t bus si’ e’tn p loved i i i  t LII ’ lUHi lv si S of do to
I c’otn hIMS SOS EltE l G\ ( hadham s I t)77 1, , is; Waelhtam s anti l o w r y , 11)77) , Tb I s
nep a l ’  I g t ~ i’ s l h t . ’  re ’ s t i l t  s of siut hi Htt 01111 1 \ St  S.

2. DATA 15H0(’ESSING

lii. ’ t i n  t i a I proc i’s st  t u g  ~ct the A t e ’  t I t  Sub cnitr I uc’ I also c’it t a r
d c’ It’ t i- el sjsc ui’ u o t is  pt- es I c  I a  p a i n t s  causc ’el by nut 1( 1  p lc  c’ehoes , Ii sit , a t  r
buhb Ic ’  c’ 1 . , and sc - i  l i i i ’  si I e — 10.1) f t  . I so! a t  ~el spiit’ b it s pa tnt s
he’ i ’ c’ I lie n u e g i ’ i i c ’  rt. I e ’e t by I 1iic’ ~ t’ i cit e’nlsus Ia I i  eat . Appe ’nci I ~~ A de’se c i  Isi s
I h i t  s s t i  ~~c’ c s f  ~,i’ .si - .’ s i rig i t t  mu , f e ’  (10 t a t  1 , t t ie I cu d i ut g (-lie ( t i  It ’:’ in lot-
I e i e ’ i t  I I f~ i i sg sp it  t c o c I s  Iso i t t  I s . Flit’ dot  a f t  Ii ’ c t’i’a It ’d a t  S u n  1)i e’ga

e i s O  t 4 1  i i i  of t sc ’t u S  a! “b  i e n ks ” i ’at -hi coa t - i t t n i  ng abesu 1 (so clot -a  I ses tnt s

liii’ is l e , c k s  w e ’ i i’ sc ’ pa c u t  t ’d b~ si ng i t ’  i t  ti c’s wit i (hi et suut i Lv contained t i l l
/ a t i c ’ s , ls tu I wit t i - h a t  t st ’ L I  c~ i ut tnt e’ c-va I s coot  iii ned a p o s i t  i iso Ii x

• e’ , I , ,  I t I t ide ’  ant i I eing t ( t i d e’ i t t  hue’s). These p o s i t  i em t i  xcs thus sp l i t
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( h i t ’  u t _ e t a  f u j i ’  t i t l e s  “ i i i ( e ’ n i , u l ’ - ’’ fc sc ’ W h i t L -h  ( l i e ’  u lj s t i u i t e’ t r i u v c ’l l e d  I s
know it

l’he’ auuu i lvs c s itt Su e i I l  l’e l c c u  He -’.’tei’e - Is l t t s t i t e t l e’ w i t —  i - t c t - t - i u’d
out on t h e ’  ( t i c ~ e ’ r — c  1 ~ ci!’ I ’ iun l sr i t t ge’ I hIM ‘570/ I b’S compet t ci  U sin g  on
A I gus t t s~~~’ j ’ i - i sg t -iem w i t  i tic i s I c s I  e’tl id let  e l c ’ se-r I heel i t t  A pp e ’uctl c ~ it . Fbi ’
pc ’ ogi’ euu t t _

~l i t  i I the ’  c upuc I I u i t ’  in  t i c  “ set ’ t t ou t s ” . Eai’hi se ’e -  ( l o u t  t o n I c i  it t -ui
s u f t i  c t c - c i t  c i i i  e ’ t v a  I ~— t , ,  a,uki’ cup 1( 1 kin of  d,c t it , tua l  s l i d  u st  I ~
e e s t t t L s i I t i i i  I c ’ t  i ’ e c h i  u t  ( hue’  s e c t  nu t’— . I- u g i t i c ’  2 slsc ’~~ the ’  27 s e - c t  con ’—

u u i i - ss i v  i’d ( w i t hi au I S kiti c’ta t — c u t  — I u I c ’ g ,c p tsr e we’ e’n sc’e t i a c t s  12 and 13) uuid
( lit ’ e n  pI’ e ’t - 1 ‘~~‘ l e ~~5 c  I t t i l t s  , unu i  I c ’u i g t  I ts  a r c -  ~ t i c u t  i ti  I ich Ii ’  I

I c i h i  t ~ I . L~ ’ -- t I  t ~~~~~ a t  l i c e ’  a)  kni ~— i ’ e t t e s t i s .

Sc’ c i i c s t i  I t c t  c I t i c l e ’  t u c n g c  t u t c i t  I’ reuc ’  I augh t
km

c c  — —  — ci — —I ~‘— t , c c I s  , 0 ~ s ’ s t . 2’ 1 . - .  1) ’ I , . -s ” sI . ( s ,
I t t u t ~~ ‘~ 5 s~) .2 s~ I ’S I s

I End-’ 7 1 ‘St I  55.2 1’, ’. j S  e S . t )  50.5 1
3 I t i c l s  7 1 55 0 ) 1 .2  l i t  l ’e 2’).’, 50.12

h i d —  71 25 Its . ’. I . ’, l ’ s 55 .5 5 1.01
‘S hid- ’ 72 52 21.2 h is  17 52.5 52.15
Is hcd s ‘5 21) t ) 7 . I I ’ . ’. IS Ott , ) )  9 1 . 0 2

I - t i c l ~ 75 ‘,S I 5 . t )  I ’ , ,  10 1) 2 . .  92. -s ’S
f 5 hiel s 7’e I l i  S’e . 1  I i ’s 22 5’) . ti 9 2 , 1s t

e) Luit— 7’, .5 5(s , ’s I ‘c c  22 I5 ,S 9(1 , 1)2

10) Ends 75 (1$ ( ) ‘ S . ’e Il, 22 15.1) 50.77
I I  i - n e t ’ — I’S 52.2 I ‘.5 ‘.7 2 ’) . ‘. ‘SI !~~
h I  htd~ 7 Y ~ 52 1 I . e  I ’ d -‘.5 I I  .15 92.15
I ’S S l a n t - ’  ‘e ‘S i)  25.5 1,2 10 50. ’e

bud s 7’. 15 !,‘S ,2 I i i  It )  21.5
1-’. F.i~ ls 71 51 OQ .ts L ‘d) 25 IO u . ’. 52.0’.
L ’S End— 75 IS ~e5 .() l I t )  ‘52 I’s . ( )  5l.(sl
lb hctl s 75 0-’. 1) ’ , .2 155 -‘.1 ‘iT. ‘c 92. SQ
17 Eutels 71 ‘sO Le) .2 115 iS 01 .5  51.St)
I S En d -  I ‘.0 !~‘5 ,(~ tSQ !~~t )  !,& ) 5  52.52
It)  bids 72 t I 15.5 I !s l  25 ‘SQ.(s 55.05

1, 20 Ends 72 !~~‘) -s t) .2 i!c2 ‘SOt 00.(s 50.O!&
2 1 Eiii l- c 72 -eS I Q .2 I- s ’s 20 ‘S’S,ts ‘Soul
22 S t a r t s  72 S’S 22 .2  I -Ye -‘iS 11. 2 52 .05

!-~ iut ~— 72 c S  ~ 5 • S I 5(1 II 5 1 .0
21 Knits 72 el  ‘i S . ( )  1.7 5i) 15.0) 92.00

I t t d —  72 sI U’S . ‘s ‘.o) 12 1’S.I 51 .Sb
IS E:c ic is ‘2 SI  25 .5 1 51 (II 11.5 90.01)
20 Ends 72 el ( 11.2  192 ‘55 55.1) 53 . Iu)

27 b id s 71 51 22 .2  I -5!e 1!e 12. ti

Th e’ ice I cia I dt ’1st hi clii I a fc ’ esm t hi’ Arc I u t SuLsmat’ tnt’ l ictusra tory came’
i i i  tin’ fcsc’m ii i’ e ’e I uude 1 L v  ~puit’e ’d ele ’pth pes c u t s , (hi ’  spit e ing 1st’ 1 t ig

unspi’c i tie - cl and v a t - v t  t t g fres m t i t l e ’  i -va1 ( t i  t n t  i’i’i a 1 . For every i n t e rv a l
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l i i i ’  ‘t I get I h c t ’ov ittn ~ t ht e ’u’ e’ ( c i  t o  h ued t uu e , c  I cu Lii t u’  tuc u t i lt ’  c’pu i ~i t u tin I c-tug t hi ”
( i t o I rue’ spite- i tig he’ t w e e’n eli-pt hi 

~~~~~ 
i t t  I , 1s~ cit  V tut i t ig (lii ’ 1 i’ttg t-li of he’

t t t ( e t t , u L ( e _ c l c c u t , u t e el u i s s u t u u t u u t g  a ( ‘i t , ’ ~ i I  ( ‘ t i c  Ic ’ I u’aek bethi ’c’ut h ut’ p i s s i l  t u t u

i t  ~u’s t’o c’ t he ’  lse ’g i t uc i  t ig i tt iu l  enut  at ( l ie ’  c u e’ rva 1 ) b~ (lee ’ uuuuc n b e ’  r at  Ice) iii I 5

i t t  t he’ t i t I et t e l  . I ’lti ’ e’ cni h t u  butt  i u sut  made ’ liv t ’utcht in  I e’z’v,t I c, ( lie ’ esvc ’ nit I I
s t a t  e~~( it- s fes i ’  a 90 kin sec t i o t u  Was t h en ttIw~uvs we’t g hted ts~ the ’ i i it i ’ i- —

pis t 5 t t t u s t t  t e ’i i g ( h , Ses t itic t the ’ t c ’ & c u i h t  t u g  s t i e t c s t t e - ’u ud c ’e u n b i a s c’el u . u t l u
t - ,’ -cpe’ - I ( u s  lu st 1 t u ) t i  I , u l  1 t ’uug t i c .

f lit ’ s t , i t i  si u c-s gi’nu ’r ,it i’d lire ’ e t c - s t - i’ i lsc ’e I inte l l ot  e’z ’pu ’ e’ 0 rei u n  the ’
i’ u’IUil t i t c l i ’u  us f t h u s t i ’peet ’ t , tu tu t he  t u I  I nuc cwr tcu t  I ‘, it i ucs  ,ure ’  ~~tv t ’ i i  i i i

A ppi’tid u ~ ( , t h e  ptesg c .un p t e s u t e i & - c ’ e I  t wei  t 
~~~~~~ 

at’ iset t put f t  Ii ’: —

( , e ) - ,  t i n e ’ h t r u t i t e ’ t  l u s t i n g  c i t  ( l i i ’  ? — t , t t i S t U - s , t e i ( h t  il e t , i t l ’ - es f
( t i c ’ i l i t  e ’ l ’V , t  I ttt~tk i h g  tip (lie’ s-t l u s h  AI)pt’hulI i x U )

h t ) cc f t  I i ’  c c i i i  t a c i i i  iig I h,i ’e ’e ’ t t’ c c ~t t i ’t i t y 11th ) Ic ’ s t e s t  t ’ue e ’ h sac t L o u t

(l u- i’ c i t c i t  c l i  s i l l  bet t u ust i  , I e ’u c - I  u t - u ’  iuid t u  ul gc ’ ) f ram wit  i t - l i
i t t  ‘~ t og c- anu s w i’ve’ ie re seitu - e ’el ec su  ctg ii — e - p t u i ’ a  t i  ~sntsg i ’ tcns . fhte ’se -
itppe’iut i i i  l i i i ’  tsoui~ e s i  t i l e ’  i- e ’ ( s c ) I ’  t

l c gut’t’ I shows a slntu 11 part cii ’ ( t i e  ul e’I c ( I i  cia t o  p Lot t ou t  ecu I
lIi c tw o mess I u s lsv c c i i i  l c’ uu t i t l e ’ s  a ci ’  a It i g lu— fI ’ e’u iue ’ttc ’v ti c i se’ supe’ c’ imposed
oct the ’ suppis s c ’ut [ v smesis t h u  u- c’ ises t ( can t’ Ott I slut’ , anti t lit’ ace-a s t  anti I
sit , ,  i t  ow dep t hi pci i t t  t uce ~eii’t ’  tog w c ( h u t  it t l tu ’ sO r ite tune’ es!’ a pt’ s’ sst ui’e cc i ul ge’
liii’ t ues i ‘-u ’ u s cut cui ocub te ’etlv a fe’it t iut’e’ es f t h e  l’e’coI ’ ui L tig system and , since’
i t  u s  rcu udom , c t dese ’ s cu o t  have’ it se ’u touts c’t’ feet iso ~su’obabi ii Iv
clans it Ce ’ s o h- uli c f t  , c c It hucuigh c I w i l l  j srode c - c’ an iu iu smai otu si y lii gli nuinbe i’
of vi’ c v  smut I L  “ pEe ’ ssture c’ c dgc ~~ n t lit’ st t i t u s  t i c s .  The’ sha l l  ow depth
po t t i t s  ar e’ pi’csbi ibt y t ’ e’ .tl f e a t u r e s , catisc ’d by the ’ vu’c’v narl’esw sonar
bo om p rusb in g  i n t o  f t  sS tu i ’ i’s and ct ’ auuii ’s w i  t h i n  O h ’  Loose block structui’e
us f the ’ r idge’ . The’ e’ffi’ct of these’ po u ci t s may be q u i t e  lni’ge in
c i i u l s i i u g  ~u s i n g l e  ~sre ’ssct c ’ e’ r i d ge’ t o  uu p}st ’ar as unti l I i p le’ r i d ges iii the
s t a t i s t  u t ’ s .

5. L5 HUh1A B 1L~L T Y I) FN SITY OF I(’E DR~WF

3.1. Defici t t i c : ~

The probahit i i t~
- dens it t’~tne’ t ion I’(h) of eli’ut i’t h is defined such

that P(h) dh is ttte’ protsabil itv that it c’iuidom point on the ice underside
has a d ra f t  be ’t we e’ui hi and (h  + d h ) .  P ( h )  sh es t t l d r e a l l y  be express ed in
the fesi’m P ( h , ~~~, t ) si  nec ’ i t  i s  a fun t ’t ton of t ime its well as of p o s i t  ion.

4 Further, although P c u t t i  1st’ st o c h a st  ical l y de’fined at a pa tnt x , an
opera t ion a l  e l e f i n i t i c sn  r equire s  a profile to be taken over a finite length
scale in order to ar c ’ive at  act unbiaseul estimate of P, This  length  s - a l e
must be large e’nu seighi to  g ive a gocsel e ’ s t i m a t o r  of P w h i l e  small enoug h f o r
the d i s t r i b t t t i i s n  not to ch ang e ’  s i g n i f i c a n t l y  w i l h u c i  i t s  compass. he hav e
chosen 50 l~~, but  some’ ann I si- s h ave’ be’eci desiu’ over short  ci’ ( 17  kin ) anul
l onger ( 200 i~ u) L ong t h so a 1 as, whit ’  t’e’ flee as sary ,

P(h) is c’eLated via the menu densit y of the ice to the’ thickness
pre hmbi ii (v de’nsi Iv futic t ton g(h) of Thorndike et al ( l~~75) . g ( h )  is
importan t itS an inpu t parameter to various models of Arctic Ocean ice’
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dyctain cc s u nit thcrmodvn am i c s , These’ m e l  uele the Al 1~J EX mode ’ !
(Coon v t u

~.L 197’. ) , in which an initial i cc ’  th ickness  di str ibcuti oui
dt’vt’lop-. by thc’rmodynanu ie growth and (lc’e - t u y  and i s  cont inuousl y
r e ’d uc -c t r ih e t t i ’el b~ ~~~~~~~~~ r id ge bu i ld ing  and wind—dr iven  d i v e t - g e n c e ;
and the vt sccs u s—p lastic cuntituuum model of Hibler (1977), in wh ich
ui pressure term is  par am eteri sed using the mean ice thicknes s uutd
percentage’ ice (‘over. The most sensitive part of I~(h) is the’ thin
ice eompeineuit , since i t  has bt’c’n shown (Badgicy, L 9ö6; Maykut , 19Th)
th a t most of the heat f l o w  from ocean to atmosphere in the Arctic
occurs  through ice of draft less than 1 in ; t h i s  is  a l s o  the ice
c omponent which  i s  most readils- available for rid ge’ building .

‘5.2. R esu l t s

Fi gure ~. shows P(h) plotted fot’ all 27 sections of thu’ 50 kn
length scale , using a depth increment of it) cm ; the numerical data
on which these plots au’e based are given in Appendix C. The gen era!
nature of all the p lots is similar:— an initial peak, due to tic i ut
ice in leads and pol ynyas; a second , broader peak due mainl y to
undefot’med first— and multi—year ice; and a t a i l  due to i ce  in
rid ges and hummocks. There is some variation from section to

-~~ s ect ion , e s p e c i a l l y  in the extent of thin ice present.

To display these variations more clearly P(h) was integrated
u)Ver four depth intervals , which can be loosel y defined as “thin
ice ” (0—0.5 in); “young ice ” (0.5 — 2 in); “level ice” (2—5 m) and
“rid ged ice ’t (greater than 5 m). The separation of types is not

II perfect — parts of rid ges, for instance, may appear in the “level
ice” category — but the categories are indicative of changes in the
nature of the ice cover. The results are given iii Table 11. The
intervals were chosen so as to give a direct comparison with the
data of Wadh am s (1977b) from the heavily ridged offshore zone to
the north of Greenland and Ellesmere Is land.  Wadhanus foun d that
the “thin ice peak” in his probability density functions usually
occurred at less than 0.5 m draft, hence his choice of intervals ,
but the present results (fig. ‘.) usually show the peak at between
0.5 and i in , presumably because the profiles were done later in the
winter (April compared to October for SOVERE I GN ) so that the ice in
polynyas is, on average, thic!~er. Thus we have also added a 0—1 m
category in Table II to include all of the polynya ice.

The results show a remarkable consistency of ice conditions
over most of the experimental area. The exceptions are:—

(i) the percentage of thin ice , which varies over a wide range
(o .’. to 12.3% for the 0—1 in band) and with no apparent
consistency of trend. The cause is partly statistical —

thin ice is contained in a limited number of polynyas which
are distributed non—uniformly along the submarine track —

and partly real in the sense that thin ice has a transient
existence and is constantly being destroyed by ridge—
building so that changes in the wind field during the 3 days

• of the experiment may cause the thin ice to be radically
redistributed.
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‘Fable I I. Pert’e’uc tuge’s of i it’ cove’I’ i t t  d i  f fe ’r ent  ratugi ’s of drut ’ t

A (~ ) 50 km sect - ion s

- - 0—0.5 (1.3—2 2—5 5 0-- I ~‘kstn~‘ec t ion -
in m in m+ cu t e l i  ,i I I.

1 1.2 11 47 ~u 1  4 .5
2 0.4 15 60 25 0 .8
1 0.3 18 62 20 4 , 3  3,77
!4 0. 1 2 78 20 ( 1.4 *, I ’à
3 1.3 7 7 1 2 1 2. $ 3 .9 2

6 0.7 L’S 73 13 7 ,~4 3, 45
7 0.9 2’S ti’S 13 ‘),  S ‘S. 1’)

8 0.2 It) 78 12 2.0 ‘S. 7
0.1 12 71 17 0 .5  1.61

10 1.2 11 7’. 14 2 .2  3 ,4 7
11 2 .3 L h  73 Ft 4 .8
[2 1.2 9 72 18 1.5 3 .74
h’S 0.5 9 74 17 0.8 ‘3.70
14 0.2 78 16 0 . 7
15 0.3 9 78 13 0.8
16 0.6 9 79 12 1.0 1.18
17 0,8 8 72 It) 3 .1 i.81)

18 1.8 10 66 22 1.9 5.87
19 1.5 10 72 13 5.2 1.62
20 2.7 $ ‘72 18 4.4
2! 2 .7  17 6’. 16 8.2
22 0.3 11 75 1’. 2 .b  ‘3.53
21 0.3 4 76 20 1.1 !u , h 4
24 0.5 18 65 16 12.3 3.63
25 0.5 4 75 21 1.7 ~u. I7
26 0.6 8 63 ‘28 1.0 1c . 5()

• 27 0.8 5 68 27 2 . 5

Mean 0.9 10 71 19 ‘5.’. 1. 8 )

SOVEREI GN 4 .8 4 ‘28 63 6.5 ‘7.22
DRFADNOUGHT ‘2 .7 9 55 ‘5’S 3.5

(b)  17 km sections in offshore zone

1.1 0.2 9 42 ‘.8 0.6
1.2 3.7 14 ‘.7 15 15 .3  4 . 4 5
1.3 0.0 () 53 38 0.! 5.18
2. 1 0.3 13 56 ‘31 o, t)
2 . 2  0.1 18 57 2’. 0.6 I . . I ! ,

2. 1 0.7 11 66 ‘2 1 0.8 !t . 0~ , -

(c) 200 km sections

A 0.6 15 56 2’) 3,2 4.16
B (Caribou n—s) 0.8 11 71 17 3.1 3.tc~• C 1.0 11 74 14 2 . 4
D 0.6 8 76 1(3 1.0 3.~ $
E 1.7 9 72 17 ‘3.1
F (Caribou e—w) 1.6 10 72 17 4 , 1  1.7)
G 0.6 9 68 25 4 , 1)
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(ii) Ridged ice at thie southernmost (and, to a lesser extent, the
westernmost) end of the profile is significantly greater in
quantit y . The percentage of ridged ice is very high in
se’ctiofl 1 and diminishes to a fairly steady “equilibrium
value” by section 3. Clearl y the first 2 sections represent
the “offshore province ” of Weeks et al (1971), a heavily
rid ged e - o a s t a l  pr ov i n c e  where the mean onshore tendenc y of
it- i’ drift Leads to net convergence and r id ge bu i ld ing .  To
.t le’sse’r extent sections 26—27 mark the outer edges of this
province further to the west. Fi gure 1 shows that sections 1
and ‘2 occur over t h e continental slope (the profile itself
cou~~ences at the 101) m depth contour)  and that section 27
ends Ju s t  as t h i s  s lope  is again approached off Point Barrow.
‘lice rema inder of the sect ions are samples of what seems a
very homogeneous ice cover.

F The mesici v a l u e s  over a l l  27 sect ions  are compared in table Ii
with the mean r e s u l t s  fc ’om SOVEREIGN (a 1000 km p r o f i l e  from 81°N 0°W

- 
I t o  84°50’N 70°h ) acid DREADNOUGHT (a 560 km Profile from 85° to 90°N

at ta°E in the ice  of the Trans Polar Drift Stream ; W i l l i a m s et al ,
1975). The best agreement is w i t h  the DREADNOUGHT data , although the
(;URNAIU) data show a somewhat lower mean draft which can be ascribed to
the b eaznwidth of the DREADNOUGHT ’ s echo sou nder. Clearly the ice
encountered by SOVEREIGN was far  more heavi ly  rid ged and thicker than
even the’ heavies t  sec t ion  of GUIINARD .

The 50 km gauge is short- enough to resolve most real variations,
but to invest i gate the rap idl y chang ing ice condi t ions  at the beginning
of the profile (sections 1 and 2) a 17 km gauge was used , i.e. each
section was split into three. The results, in table 11(b), show a
steady decrease in the percentage of ridged ice as the submarine travels
north away from the Alaskan coast. Note the isolated value of 13.3%
for 0—1 m ice’ in section 1.2.

F i n a l ly ,  to obtain very reliable statistics for large trac ts of
the ice cover , the 50 km sections were combined into a 200—km length
gauge as shown in figure 2, lettered A to G (A is 150 km onl y ) .  B
and F are now the appropriate sections for the crossings under Caribou
camp, and have the length scale recoimnended in the AIDJEL model and by

9 Thorndike et al (1975). The results for B and F agree very closely.
- • Again, the 200 km statistics show that the character of the ice is

essentiall y constant over most of the track (B to F), with an increase
in mecu~ draft and percentage of ridged ice at the western end (G) and,
particularly , the southern end (A).

3.3 Statistical reliability

It is clear from table 11(b) that there are progressive changes in
the nature of the ice cover over sections 1 and 2, and that these sections
(and probably 26 and 27) differ in nature from sections 3—25. The
question that remains is whether the variations between sections in 3—25
are statistical artefacts, i.e. due to finite sampling length, or

17
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whethe’i they art’ due to real variations , albeit minor , in the nature
of the jte cover. Our null hypothesis is that the ice cover over a
substantial part of the southern Beaufort Sea (the area sampled by
sections 3—25) is a homogeneous cover in which any given st ati sticul
parameter t ends to the same value everywhere if sampled over a
sufficient length of track.

The question of “sufficient length”is a crucial one . Fur a
given sampling length, some parameters are estimated more accurately
than others. For instance, 50 km of track usually contains enough
ice types to make it a good estimator of mean draft, and most  probably
of percentage ridged ice. It may not be a good estimator , however ,
of thin ice ’ percentage since th i s  ice is contained in a small  number
of pul ynvas which may not happen to fall uniformly within t he  l eng th
gauge’. A longer gauge may be required for  a good estimate of thi s
parameter , and also of such parameters as mean polynya spacing or the
frequency of very deep pressure ridges.

lie can test for the homogeneity of the data using a non—parametric
run test (Bendat and Piersol , 1971). The data is divided into n
sections for which a given statistic S takes values S~ (j=1,n). The
mean value of S is calculated , and each section is classified as (+) or
(—) according as S~ 

,. S or S,~ ~~ . 
‘

~~~. The number of runs of consecutive
(+) or (—) classes in the n sections is found and tested for significance.
An exceptionall y small number of runs signifies a trend or a clustering
in S; an exceptionally large number signifies a factor tending to cause
alternation of high and low S values. The 23 50—km sections (3— 25) we re
tested in this way, and an additional test was afforded by 30 17—km
sections corresponding to sections 3—12 (sections 1—12 were analysed at A

17—km gauge for use in table ii). The mean values of the statistics
• of table II over 3—25 and the results of the test are as fo l lows

(* s ign i f i e s  non—sign i f i cance ) :—

Mean and Test — 50 km Test — 17 kin
standard error n=23 n=30

0—0.5 m percentage cover 1.0 + 0.2 2.5% *

0.5—2 in “ “ 10.3 + 0.9 * *

2—5 in “ “ 72 ± 1 * *
over 5 m “ “ 16.6 + 0.7 * *

0— in “ “ 3.5 ± 0.7 * *
mean draft “ “ 3.67 + 0.06 * *

Only one statistic — the 0—0.5 in percentage cover — was rejected by
this test, at the 25% significance level and for the 50 km sections.
This implies that the thin ice percentage does not come from a homogeneous
population, i.e. that there are significant trends or clusterings in this

18 
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s t a t i s t i c  (whi ch can be seen by in spection of table 1!) suggestive of
a process act ing wi tic a wavelength  much greater  than 50 km and
te nding  to ea~ se large amoun t- s of thin ice over a number of sections
followe (l by small amounts. This process must be the wind stress
f i e l d  w h i c h  cause ’s divt’rge’nci. in one zone of the ice cover and •

c on~- e. t’gt ’nC t’ ci t  ann thec’, on a I eng t hi sea i t~ of hund reds of km.

O t h e r w i s e ’  we can at- c ‘‘pt the ’ hc vp o t ia’s i s tha t the ice d r a f t
distributions ei~~e’r 1151) kin of t r a c k  in tht t ’ southern Beaufort Sea

3—25 ) ~-om:’ from a tcomoge’ne’ous ice u ove’r w i U: constan t- sta t i st i cal
prop er t  t i ’s . The bc’s I val ties to take’ for ’  the’ mean draf t and pe’rcen—
tages ot’ ice in var’ coos depth ranges are gi vc’n above’, together with
th e’ standard err-or. I t c-an be seen that this standard err or is
virtual h~ c onstant for’ each ( ‘lass (except . 0—0.5 m) , imply ing a greater
f rue t jona h e’ V i- ui’  in  I tie t’st inca I c’s of uric oninon icc’ types than in tho s&’
of (‘e,n~~eIn types — a t’e’su l I to be’ e’Xprc te’(l .

3_ 14 Cumu ht t i v i ’  1ti’obabt ii tv

The cumu ha t i ~ e ’ pr obabi I i t y  6 ( h )  i s  d e f i n e d  by

6(h) J P(h) db

I t  i s  used ,IS a ma ,j o r  parameter in  the ’  A1!~JEX model (Coon t’t al , 1974)
where i t  is known as the’ “ i t ’ c’ thickness distribution ”. We have
computed 6(h) for the’ t w i t  20() km se c t  ions B and F which i-ross the
Caribou camp in I he soeith—t :o:- th and east—we’s t direct ions. The results
are shown in fi gure 5.

The t w o  di strib u tio n s d i f f e ’ r sl i g h t ly  but are similar in general
shape. ‘l’he media n depth (6(h) = 0.5)  is reached at 3.2 m and the
graph is p l o t  t ech  as fa r  as 6 ( h )  = 0.99 , w h i c h  is reached at 12.2 in.
G(h) = 0.999 is reached at 16.4 m.

1~~• LEVEL ICE

4.1 Definition

William s et al (1975), in the i r’ analysis of the DREADNOUGHT data,
sought a way of determining tire pre fe rr ed  thickness or thicknesses of
undeformed floes , and the percent-age of the ice cover occupied by
f loes  of t h i s  type’ . Ih- t r i a l  and error  they decided that the best
working definition of “level ice” i s  that  the draft point concerned
should have d r a f t  p o i n t s  4 in to each side  of i t  d i f f e r i n g  in depth by
l ess than 20 cm , i .e .  a local grad i ent of Ie’ss than 1 in 40 measured
on an 8 m gauge l e n g t h  across th e point. On accoun t of the high— 

‘frequency struc ture in the GURNARD pro f i l e  ( f i g. 3) ,  we have relaxed
th i s  d e f i n i t i o n  s l i gh t l y and we d e f i n e  a l t v e l  ice point  as one whose
draft differs from a point 10 m away to either side by less t han 25 cm ,
i .e .  a 1 in  Pt() g rad ien t  i n one d i r e c t i o n  moving away from the point.
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FIGURE 5 (above). Cumulative
Pth)  probability distribution

G(h) of ice draf t for the •
two 200 km sections which
straddle the Caribou camp.

1,5

~~ f FIGURE 7 ( l e f t ) .  Probability
density function P(h) of

,~~~ level ice draf t for whole
• submarine track. Bin size

0.1 in. Dotted lines show
bins between 2 and ~i in draft
after normalisation (see
text).



-‘4 . 2  Ue su lt ”

I- c g e c i c -  ii —.h i cc i .  — j i r oh a b i  1 i I ~ A h C ’ t i I ~ 1 t % t i t i t i  I c c i r c ’~ cit I e’ ve ’ 1 ice dc’af t
a I I 27 ~- -  t c oct at  51) km gauge , ag.c c i t  u s  c ng ~t 10 cm ele ’p t h i n c r e m e n t  . - J

A u ’, “I e’’ e ’ h t e e ” OCCU c r c  ag b ey ond ~clw u I S rn ett ’ ,t f t  tint s  t be oii the’ bottom s
i t t  t’ t e lg t -  , t i td  h iurnncoe - ks  . l’he t n h -  i c ’tu c-s t i c  i t t ’ eIr ’uhzl from t he se  p lo t s
C ‘ ( I I I  (9 c c:  —

( r ) 
~~~~ 

c I c otis e , f  pt- ak or 1,t’,iks , t col t c- at tug p t e ’ f e ’ i i e ’ e I  drafts
ot I i’ve’! t e e ’  c i t  v _ c c c ttg a g e ’ ~ 

( cit ing, I c i ’st  — ‘ c -i t i • seco nd—
\eat , e ’ t i .

( t i ) iuce’ , t i r  ci I’rc I’ t c i t  1 eve’ I ret ’ ;

r i c ) j t c ’  i c  - l i t  a ge’ at  I c c l  a I t c -  i ‘ I ’, C I I~~~ c l ip  i ed h~ ‘‘1 e ’~ ‘- I ~~~~~~~~~~~~

I t i e ’ — ’  c i -  — t c  I I —  a c e -  ga I l ie ’ i’eel t it I a h h e ’  I 11

I I ce ’ ii’ a t c -  lie n ri te ’ t h o d  s of  i -‘t  i mat c ug ( c ) . I u n ’  I s  t o  p l o t  the
p io h cii t I i I ~ d c ’ i t —  c i  I u i u  I t o r t  of  I c ’ve ’ 1 c c c ’  a’, c - I ’  t h e ’  t ,ho le ’  t rac k l eng th
( f t  gr i t - c- 7 ) ;  the’ o t i t e r - c s t e t  Cisc- a r~uiI~ rug t echn  c que en: t h e ’  i n d i v i d u a l
50 km p I N  i t  d e l i -c- i p c e I c ’ r t ( ’ d l  et i~ tt’ Is, Iii tabl e Ill this has bee n
doici’ liv 1 t t r i g  c i t  e c t ’ e h i ’ t -  at ’ t i c  e’~ ei v b u t  w i t  Ii a pr’obabi I t  I v  density
cc l gr  c’ ,e t ei tIt an 0 .5  h u t s  l ice ’ thin Ice ’ pc’~tk if it e’ xcet ’ds 0 .1 .

1 t t t emp t  t I t g  t a a ~c r i  he ’ the pre t’ c’ r’i ’ed lie’!) t it s  at ’ t r ib 1 e I l l  to
u- i ’  c c l  ~ a i’~ t r i g  age ’ . (‘I e’a r I t lie’ 2 . 7 — 2 .  ~ in (‘at egory  i s  t he’ most
1)01)11 1 i i i  eh e ’p I Ic (_ sit ea. it  a ! sic  Ir~ f t  go ii 7) re c l i i  2 . 5 — 2 .  ~ in and 2 .0—2 . 1 in
a s h e ’ —  se’ t’ peak  . 11cr c k I I ’Ve ’ 1 i c e ’  o f  S. I de’p t Ii airel above’ i s con !’ i ne’d
t i e  i’ e’g t l td iii I. he’ t’at ie es I e eri e ! far’ sou t i c o 1 t he pr ’o ft 1 v , t • e’ . the
re ’g t c c c i —  -. c I he ’a ’ , -  c e ’ s t i i  dg iig . hlowe ’vi’i’ , f i gui-c 7, w h i c h i  a t  f i r s t

g i l  rotc f t  c-m s l i ce ’  Ir ~~pet I h e’s is of a di sect ’ t e number of preferred dra f t s ,
iii l u -  t re’qrc i t t -il mi ni i i i  e at ion. Th e’ 10 cm i He- t’i’ment s from which
f t  gure’ 7 con s I r u t - I  e’d a i- c’ d i a l  a ll prc’ ~ e’ Ii  t t. i t  h i equal  probab i lily,
s l t c c c- c i t e  u n i  g i I ra ! rita! t dcc I it t i’om ~rui I)i ego wei c’ quoted in i nt egral
numb ’ is a I d e ’ e - c fee ’ t (0 .  03048 m ) . Th ìu s static- of I tic’ 10 cm increment  s
( ‘( CII I a c i t  f c c ci r such  d e c  i feet Ceflhuj )oiIc’nt I , h i t  c le tr ios I con tain t three. in
t i  gure’ 7 t hoc e- i t ic r e -m e -n t  s wit h: four- component s have been mod i f i e d  ( w i t h
chts he ’ei h i~~ ’ — )  so t i t a t  t i t e ’ i I’ l ) t ’ o ba h i  l i t  I c ’ —  conform w i t h  t h e  inci-ement- s
w h i  c - ic  have’ tti t l ~ I h t t ’ e’e t otii polte t i t s . i t  c-an be si’eit tha t  the 2.4—~ .5 in
pe’ak ieas re’a 11 act , e I i e ’  f a c t  , wit i I c  I lii ’ 2 . 0 — 2 .  1 m , 2 . 7— 2 . 8  m and
5 . 1 — 5 . 2  itt peaks  r e m a i n  as vii i t e l  p&’ t t k s  of p r ob ab i  i t  i v .

(‘im ~~~~‘ — -~~~ ‘ ~ ~~~~ ~~ ~ 2 . 0 — 2 .  1 ~~ ~ .7 — 2 ,  ~ ‘~ an~ ~~~• I — 3 . 2  m
r ep re sen t  , , t he ’ ci t - a f t  s i- i ’m -t ie d b~- fit - st — , second— and m u l t i  —year
unile’formi’d i c e . ’ Ac -o t ’d iug  t o  p r e s e n t  thc ’ rrnod nani ic t h e o r i e s  of ice
growl it in the ’ -‘ re t i e  Ocean , he c auno r . The’ t-e ’ stilt s of Maykut and
1 i c t e - ’ — - t e ’ i n i e ’ t -  ( 1 1 ) 7 1 ) ,  as mettl i f’ i c’d acid tab u lat ed by Thornd i ke i’t al
( 1975)  • sh ow t h a t i c e ’  grow ing f t - u rn  open wit  t i ’  r a t  t he  end of summer
w i l l  i’e’iu-ic it I itichite ss of 1.76 in by A pi -i 1 10 of t h e  f o l  l o w i ng  year - ,
rin d 2.0 !, , 2 • 21 atiel 2. 35 in by A pr t i 1( 1 et I’ i t  s sec oral • t hi i’d and fourth

c - c t -  o f  gt’oie t h .  \ I I  t t ic ’  si’ vi i ! ties , ,tctei the ~- e’ai- I \ dept  ii increment-s
be’ t wc ’c’n them , arc- ic’ s than l i i i ’  l e v e l  i c e ’  viii lie ’ tha t he’ Iicc ~ e’ found .
lice ’ ie l e ’nt  i f i - , e t  jolt c c l  l i - v t ’ ! i c e ’  d r i t f ~ W I t h  ice ’ type t h e r e f o r e  remains
ar c ope’ic qtces I ion.
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‘i’ire value s of mean level ice draft, ic c t ab le  I i i  are r iot  vet’s-
meaningful , because some ice’ from kec’i bottoms appears tic the’
hi stogram s of fi gs. 6 and 7 and biases the mean draft up~ui’ds.
However , the fi gure’ for’ percentage of level ice in table’ i l l  is

‘I s t rongly  i n d i c a t i v e  of the real percentage of undeform.’d ire pi’e’sent
although necessarily an overestim ate because of keel b cc t te m s. A ga tic
we see a low figure for sections 1 and 2 with their heavy  r i d g i n g ;  a
f a i r ly  st eady e q u i l i b r i u m  value for sections 3 to 25 ( w h i c h  passes a
run test for homogeneit y ); and a final decrease of lev e l ir e occurrence
in sections 26 itnii ‘27. ‘Firci t h i n  ice peak , as shown in f i g, 7 and
table 111 , is concentra ted either around 0.2 to 0.1* m or around
0.8 t o  1.1 m, Fig. 7 shows 0.8—0.9 m as the most probable category,
and the di stribution of probabilities in the depth range 0—1.5 m in
fig. 7 is it measure’ of the relative frequencies of polynyas of
vary ing ages.

5. DiSTRIBUTION OF KEEL SPACINGS

5.1 Independent keels

The extent of an independent keel is defined using the criteriot i
- 

I that the troughs on either side of the keel crest (point of maximum
draft) must descend at least half way towards the local level ice
surface , in this case defined arbitraril y as a draft of 2.5 m . This
is analogous to the Rayleigh criterion for resolving spectral lines in
optics and is identical to that used by Wi l l i ams  et al (1975), Wadh ams
( 1976 , l977b ) and Weeks et al (1977 ) for the analysis of submarine and
aircraft profiles (for airborne laser profiles the identification of
the “l ocal level ice surface ” is much easier ). It differs from the
criterion of Hibler et al (1971*), where the troughs must descend a
fixed distance (61 cm for surface ridges) from the peak ; Hibler (1975)
has discussed the effect of this difference in definition on the
resu l t ing distribution.

5.2 Theory of spacings

Hibler et al (1972) showed that if ridges occur at random along
a track the distribution of spacings between rid ges is given by

Pr(x) dx = ~texp (_t.x) dx (2)
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w l t e- i-e ~-e c s t t t c ’  t i c - a u  ccuu nbe’ r of  i ’relg. ’s  per til L I i e’ngt-ti of’ t i , u - k  , i t i c l
I’ ,. ( ~ I clx c t h e  pro l)aI) ii i  ~

- t h a t  t vert Ilia cog I cc ’s he- twe’en x and
(x + dx) in l ength. Mock c’t i i i  ( 1 97 2 )  tc ’~—t e’d t h i s  r e l a t i o n s h i p f o r
sic r’tac o r i dgc’s Its c cig at’r i a l  pho togi -ap lis , and I ound good agi-ec?men t c x  - c - p t

1 1 ) 1 -  a c t  c ’ \ e - e~~~s u i  t i d ges a t sina i 1 splu cicg ~ . (Icc a pu i e- Iv r and om tltc ’oc-v ,
lcow e’vt ’t- , u.. . ‘\p. c- t a d e f i c i t -  c,f r i d g e s  i t t  kee1~ a t  smal l  sp~a ru gs , on
l i t ’ e O t Z l ) t Of  t i c k ’  ~ l I — ~~~l I it ’d “ r i d ge s h a dow i n g ” e f f ec t  (W a dhum s , 1077 11).

O il  u s  h e ’ i - i t t t ’ i ’ k e e l s  have  a f i c i i t ~c s l o p e  an g i t ’ so t ha t  their c - c - i — - I s
( - I t i t i l c i l i e  clo se t t 1i ~cci ,e - . ‘r t -~ur i  m i n i m u m d i s t a n t . ’  x~.1, 1 . Wi t h i n  thi —

d i  t aur t  c’ t he  slut I I I t. c t -  i’i elge ’ Ito I di’ ta-c- ted and the i i  d ge’ — p i c k  i i i g

c - i t  ( c - i - c  cat  Se ’ le’c Is oci 1~ t l i e -  ( I t - c - p c- I -  ridg e . I i  gurc’ 8 i i  lu s  trat.es t l u  i ~ c - f t c a t

f i ,x ’  t w o  k c ’c ’ I s of re’ 1 cc ’  f Ii , h ’  ( h ‘ ~ I i )  cc- l lt t i v e ’  to t lie 1ev o 1 i t - v hot I oft ,
cact i  c - i  .1g.- he’ j u g  of It i al ign t a t  1 ro ~ — - s - e -  I I ( l i i  t. t I - li s l o p . ’  -~ . t ’ i idt c Ito’ - c -

c ir(-ums t a iR - c  
I

-
~ 

- = it c - n t  c~( 1  i t

\ t h e ’ o t e ’t  i - a l  Ir e~c i m c i u i t  of t he  n t o d i f i - a i  ion of (2 )  by (s) iS (I)IlIJ)l (’X ,
1)11 1 liii 11j)}lr-.t\iin a t c- s u i u t  ion is g i v e n  i i i  a pape r  aWa l (lug pub li ca t ion

— I Low t-~ ,,ti (I lu~tc1)i~cnt~ , u n p u l c  I . ) . lire- t i e  t c i  l i t - I i s t hat ( - 1 1 1 5 1 ’  spal- i ngs
and sh~i l  Low x i c i ge -~ t end t o  be ’ lost pte -ti ’t’ eci t ial lv ft-on t i r e  di  s I  t i t i u t i o t i s
cc l  ~P~” t l l ~~ i t I t ( i  d r a f t

5.3 Re st i l I s

I l i e  romp! ‘ e num c ’ i - i c - i l  r - esu I I for  kec? i spacings are g i vc’n in
.‘eppc ’ticI ix I ’ . Tlt c ’ cc-  — at I t s l i r e -  p rese’n  c- d for t ’ i t  cit  of’ I he 50 km sc’c I i o n s ,

c ( it i t  ~oc - ing i n c r e m en t  c l i  2 ) ’  in. Iii st r i lo t  I c oils i c - c’ p i e  Sc’fl t ed  for iii I
-
‘ her  I s  elc’eper ticai r S nt arid for i t t  I k e e l s  drc ’pt ’ r t Itan 9 in, T h i s  i s  be-cau --t’

l~u c e i t t ~ems ( I  c ) 77j ~~) found  t h u  I a nu m ber -  of  ic- c- p f l o e  bot. t ( I R I S  ~tp~ieared in l i t , ’

d i i i  I t range 5 — 9 itt aci d t I i ~t 1 l ic e ’  h t m l- ,’ t i  ( l i i h i - e l  cit-of I d i  s t t ’ i but  i e n
func 1 ion  u.US v o l  id  o n ly  beyond 9 ni. I t  was fc’ l t - ,  t h e r efore , I h a t  by 

-

~k t ug 0 m itS it c - itt ot’i it  more v a l i d  d u  51 r ibu  I i  ott of s p a c i n g s  of “rc’a I”
k c ’t -  1 s c- o il 1.1 he clb ta i ned .  The r e su l t s  f rom A ppendix  ( wet-c added I oge’ titer
to \ I t’id an overa l 1 kc’e 1 spar  i h g  di S t  c ibt i t i ott fot the whole’ profi Ic; (hi s

is slt ou.mi in f t  gure’ 9.

B o t h  distributions (~ 5 in and ~~9 m) show general  agreement w i t h  ( 2 ) ,
w c  Ut the  expected del it - I t at  smal l  spacings. This  d e f i c i t  shows i t s e l f

- F onl y in the spacing range 1) — 40 m , as opposed to the resul ts  of Wadh ant s
( i 9 7 7h , f i g. 4 ) ,  where  (-lie d e f i c i t  ex t ends  i t s  i n f l u e n c e  t o  121) m. T h i s
i s  p robab ly  bec ause ’  of t he  t ransducer  b eamwid th  in the  SOVUIEI GN p i ’ofi Ic- ,
which makes i- i cl ge’s seem broader and Ii- ss s teep  than they reall y are
(h ic dh am s , 1077c- I . l\ t large spice i ngs  f t  g. ‘1 shows a positive dcv iat i oir
f r o m  ( 2 )  , u.ii  i ch m u r s t  be due’ to  an add i tiona l effc-c I upse’ t t  ing the pure’ 1
random di stribution. 1 sugges t  tha t th i s  e f f e c t  is  simply the pre set lee
of l eads  and p o i s r iv a s , wh i -h in te rpose’  occasiona l  smooth s t r e t c h e s  of ice ’
[11 1 (1 the othex ’w i Sc’ random i c e f i e l c i  and thus  gene ra t e  an anomal ou s numbc ’r
c f  l i t  rge ’ keel spin- i ngs

It sh o u l d  be r io ted  (-hat  the’ l i n e ’ s  of bes t  f i t  to  t h e  r e c t i l i n e a r
p a r t s  of f i g .  9 (1(1 not have a g r a d i e ’n t  of — M  . For the  5 in c u t o f f  t l t e
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FIGITRE 8. Illustration of the keel shadowing effec t for two keels of
separation x and relief h ,h’ relative to local leve l ice draft.
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FIGURE 9. Distr ibut ion of keel spacings over whole submarine track. Bin
size 20 m . Resu lts are plotted for keel s deeper than 5 m and 9 m, and a

• strai ght line is fitted to the central porti on of each curve .
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_ ‘ .i)  wit i I c ’ f cc m ’ ‘I in t t t s ~ .9

it - I ) , ( l ic e ’ c-i p~’~
- I s t gm’ ae i c c -c t 1 of miegn I t ud c ’  g r e a ter  t hair ~&

I i , - , - i t  — c -  km . ’ 1 —it ,ti iou. i ng im p  I i i ’  ~ I hut I t itt ’ or i g i t i n t  ° popU I a l l  On ” has
i I - c l U e cal i~ - i c c i e ’  e ’t t t c ’t’  ictg ti c. - s I  , tt  i s i  I c - s .  ‘l i i i  is sec fur 9 iii

b et t 11, 1 l i i i  S mit , ag~c i t i 1 mnp l v  c m cg I i t ~~ t ‘-I mc i s ,e (c c - I t e m ’  i -u t i c  I t t o  ii c-

~~ci -‘  ‘i  Oil t c t t t  it  pO })U l o t  m u  c I  f ‘‘l iii h e ’’ heels .

~ii pet t t I  t i U ,t lsc ’ I c m c ’ s c ’ m c t  a t a in t  l o t  c out o l  sp ite u uc ~~s t I , t i — s m I t e - i l

t e e  ui - c l c ng I o t tic’ dc-p t ii cc  f the ’ clc ’c ’pe ’r - kc ’ c i  of tire ’ pa i l- wh I c i t  dv l i n es
( I c e ’ l ’-~ t itg , t • c’ • a I i t ibU I a ( I o n  ec f x ago i i ts  t ( I t ’ + ~! 5) in f c gct cc’ S
l i i i  t s cut a l t  c’rnp I I n  I r i r c i  t ire bes t  ~i fo r  r i se ’ i i i  (1) . l i t  ~ppomrd i x C
th e ’ t a ini  h i t  i cc i i  c g c i e m c  f i t  i a I I ~17 sec- I io n s and tot’ S iii ~titd 9 in
c -u t  o t t ,  ht ’  h ave ’ t t c k c - m c  ( l i t ’  m e s u  i t s  for t) ~ edi t i t l  I ,uicl l Ilci t I c ’tl I ti -u
t i c  hi it s o t ~ in dept  Ii I i t t -  r e n d - c r  I acid ‘_~i I tic ~— j c u t c -  I iig t ire m - c’ iti c’m r I . l i i i -  c urves

f t  gu m’ c’ I (l~ sicow i t  p t -a k i t  a ~~~i td  t u g  u.h t cli p m ’ I l g i c ’ s s i v c ’  l \  I i t ( t 1 ’ l i S c  t. i Iii
ci e ’pt  i i ,  l i t  i i  g . 11) I hi ’ 11( 1st t i d l i i  dl I~ t in ’ hi ghe ’ 1t,’ , iL I I I  c Ud ’ it - l i l t  I ’  has
lcc v i c  p 1 o t t  i’d ir g u t  t i n s  t t i r e ’  m ’ e’ I e ’vut ir  t d ep t  I t  I, (i ce- hr-av ~ it lack do 1-i ) . amid it -
c c i i  h e’ s eemi  (hit t -he i c i i -  n c’ i t  se u. t t i c  th-p i it m s rocig h I v I i  near’. -‘i I t i r e  of
h i ’— t I i  t lots In’c’n di -awut t h i - oc cg ii th e se  po t i l l s  u . l t t & - h , wlcc’cc app! ted t e l  ( s )
g t v c - s  a \ a I tie of 15.3° icci ’ ~ . (If  cout t ’sc ’ , tict- se curves ~i cicu .  tha t there’

S tic ) OhlC ia lue’ cc  f ii , ci tlrt’ t’w t s t ’  t h e i c  won Id be ’ a sh a r p  spit e i trg i-u ( o f f
hi t  ci w ir i ci t  t io  k c-m I p~ 

r i-s arc’ to be found . Instead , I h ere ’ i s  it range’
e t cu. , a rou ge- u. l i l t - l i  is  spr - ctad ou t  s t  i i  I furt he r’ by the f i t - t I-ha t the
ket’ 1~ ii  i’C’ act t t)d’ 1 ng Pr of i i  ed ()i t- hd)gona liv but t t t  v a r i o u s  ang ie’s of
e ’ n( -o Un t  c r .  ka d it iur i s  (1  t)77c ) tle’al t u. i tic t i i i  s ~~t i t  l i s t  i c - n i  avel ’ ag i r ig

pr o bl  c-rn . Ilr t m - i-a lue of’ 15.5° i s , i l l  Ot l \  c - a s k ’ , Oil unde’ t’e-s t imat  e
hc’c~tcc se’ it r e f e r s  t o  t iii’ peak of each Spite ing di st ri but i on ra tirer than
(C) the ’ spite i ng at w h i t - i t  ke ’c ’ 1 P~ 

i c s  begi ci t o  be’ fomrnd . However it is
irid I cat- i ye’ of’ the vol idi ty of the “keel shadow lu g ” m onc-ept- . A gain ,

~ac1tcam s ( 1  d)7 ’c ) fotcmlel by tic tua ii y me’asu t i  ag tir e ’ slope’s of ke’e Is on sonar ’
pro flit ’ s tha t  the s lope ’  angle el i st r i but i Ott had it  peak i m n the range 

—
Lb—

~
0° hut , when adjust-ed to  take account of angle’ of e’ncouzr (-ei ’ , the

mfle’amn va I tic ’ of ’  -~ c-n ine’ t o  3 2 0 Fl i r t s  our 30 f i gui’e’ doe’s no I appeal’
u u i r c ’~t s o n ab i v  I ore’ ,

b. DIS TR IB (1 r lu N OF I(EEL DRAFTS

I). I ~~~~
The theory of keel  d r a f t- s  w h i c h  has been most  ex t en s i v e ly  t e s t e d

against obst’rvat I on i s tha t of h l i b i  er c t  a t  ( 1  cr2 ) The~’ used a
var iu c t i ntui t e a l eu I ~c t  ion  w h i c h  g ive s  the m c s t  l i k e l y  d i s t r i b u t i on  of
geometricall y congruent ridges that -  w i l l  y i e l d  a given volume of
deformed ice ’ . The’ r e s u l t  i s

l’r(h) cth ~ii exp (~ h~ ) ex p ( — ~ h )  dli (‘i)

wtre’re Pr(h) dh i s  t he  probabi l i t  t ha t  t i re  d r a f t  l ie ’ s he tweemi
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each distribution has been plotted as a heavy black dot. This spacing
increases linearly with keel relief .
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it turd (hr + dir);

h is tire menu draft;

is a low value’ c’utoff below whit- h keels are not
included in  the  s t a t i s ti c s ;

>, is  a purcun e Icr wii i cii i n n s  t be t ie - r i  ved by it c- i - i t t  ion from

= ~ (\1 em’l’c(~~ h0) (5)

This hits be ’e’u~ s h o w u r  t o  g ive’ in be’ t I cr  fit to submnz’imte soflat’
obst’rvit t i mis than an at I c- r iot  ii i-c cli s ty ’  I hu t  i o n  proposed on t’mp i r i c c r !
grounds by l i i  ~t - hok ( 11)75

‘ t hc (1 ‘)

~~ 
h) clii = - -t-,- e’xp (— 1t /a ) tilt (b)

—
w tir ,t !hr ,- - T1~

Ago Un , ( ‘.) i s  modi  f t t - d by the- r i d ge’ sh aei ow ii rg  t ’ffe ’c t. (Lowry and
hadliams , unpub  1 . , but the ’ ncodi fit-at ion h i t s on I ~ a small e’ffec t at the
low—draft cure ! elf tine’ distribution u.-inerc’ it cau se’s a sli ght defici t of’
kee ls ;  this is a mu&-ii loss drastic modific ’tc t ion than t h a t  app l ied  to
the sp ac irn g  d t s t r i b u t i o m r .

Rec- e ’mr t I v  i t  has been found that surfacc’ m’idge sails , to which this
tireor was a I so I lcough I to app l y ,  ac t no I!  ~ o bc’s- a simp ler negative
exponential distr’ibut ion c)f form

l’1,(h) dh = u ~~ (—bit ) dli (7)

u. i tic B , b i ts  poriune ’ t e m s , proi I de’d the soils tire’ i den (il- it’d using the
Ravicigln c- t’ i te ’riocr (Wadhani s , 1q76 ; (,‘ c’e’ks et iii , 1977). H i b l e t  (1975)
showed that  the same data C i t t i  be matte to  f i t  ~~~

‘) or (7) depending  on
whether tire iii b I e’t- ( -  otis tac i t  t rough depth) or Ray l e’ i gir r i d ge—p i c k  i rig
criterion is used.

6.2 Resu l t s

Fi gure’ I i  show s the  d i - ~t r i b u t i o m n  of keel d r a f t s  f o r  a l l  27
sections at 50 km gauge , expressed as keels per 100 km track and using
a I in depth  i in erement .  The f i r s t  b i t t  (2—i m) actuall y -ontains only
keels from 2.5 m to 3 m in d r a f t , s ince  2.5 m is the’ zero datum for the
Rayleigh c-ri ten on. “Keel s” of less than S in d r a f t  can be assumed to
consist mainl y of the’ bottoms of undul cntitrg floes.

The overall data from all 27 sections were collected and are
plotted in f i gure 12 on a semi—log scale f or all keels deeper than

5 m. The resu l t- is an exceptionall y good fit - t o  in strai ght- line , not
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FIGURE 12. Distribution of keel drafts p lotted on a semi—log

scale for data at t~*00 kni, 1
~00 km and 50 km length gauges.
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on ly  for the ov .‘i-a)i eta i a bu t  a 1 so t’o z’ dat  a a t  201) km gauge ( t- • g.
see t i on F , at so shown in  f i g. 12) tuni c-v en 50 km gauge (set-ti on I
f ig .  12) . Th I s sh ow tha t- t he’ ket’ iii ’s ft di s tr I bu I i on oh ,- s the ’
simp ler r e l a t i o nsh i p  (7) i’a t.hei- than t h e  I l ib l e r  r e l a t i o n s h i p (~~~~)

~~h I s I s a mos t unexpec t ed r e su l t  , because (7) Was hi then to thought
to be sa l i d  on 1~ f o r  rid ge sal Is; the SOVEREIGN kt’t’ 1 data , analysed
us ing  the ’ Ray L e i gh c r i t e r i o n , I’ol low (4 )  w i t h  a h igh  degree i t f

exac tites s as do a l l  o the i- pub I I shed sonar profiles. Witdhtuu~-i (1 977b)
sugge’ t e’d t ha t  sat is  may n u t  l o l l  ow ( 4 )  because t .he~’ contain only a
smal l  pl ’opoz’ t i o n  of t in’ mass ol’ a r i d ge and the  it - shape i de t cm ii ned
large ’ lv  b~ ac- c i de ’nt - . Ti l l s  cannot- t’xp lain the pt’t’st’n t e’e’su i t  . he
must c-one I ude’ i -it lit’ i’ tha t kt’t’ i s  in the’ Beau l’or t- Sea have’ a cii fft-re~ii t
nature I t- om those’ LI I  the ’ hii’it s 11111 LIu s i i i , w h i c h  is  t i t i l  ik e  ly  , oi tha t
the apparent  d i  s t n  but  ion of independent keel drafts i s ttt ’pe ’ndt ’nt in
some wa~ on t h e  type ’  t~~f s,’it~~oi’ emplo t’tt .

i~i’o file ’ s ut r i d ge’ sit ii a i’t ’ a I way s  oh t a  i ite’d u s i n g  a laser
pr of i tome’ te’ i- , wh I cli h i t s  a pt’nc i 1 beam ~

- apab Ii ’ of re-c u n i t i n g  much of the
fine s t ruc tu re’  of the’ sit i 1 , i tie I t i d ing  i - rev ices  and t i’oughs betwe’en the —

blocks ( the’ lim it - it t ion he’ I ng the ’ i utegra t ion t h Ut’ UI’ the  laset ’ e l ec t ron ics )
The sonar emp i oycd by GURNAR!) at so had a narrow be’amwi d t h  (it- s precise
characteristics being t ’ L a s s i f i e ’d )  and , i t s  shown il l l’ig . 3, i t  a l so  appears
capab le of’ record ing  f-he fine’ st I’u(~ t dy e ol keel , pr ob ing  in t o c le f  f-s
and hollows be’ I ~ e’ e’n the ’ submerged blocks . l)RFADNOIIGII L’ (Will ium s t ’t a! ,
1975) used a sounelci’ w i  Ui a very wide’ beam, and SOVEREIGN (Wu dham s ,
l977b) had a sounder wit li it w i  de’ beam in the  f o r e — a n d — a f t  p1 ane (17

0
)

and a narrow beam in the’ athwart shi ps plant’ (5 t ) . Wide—be -am sounders
smooth CU I the’ st rue t-ure of a keel s t I  that- i t  is  always perceived as a
sing le wed ge’ ( se’e , t’or exam p le , t i le P t -Of  ii c-s in Wadham s , I Q77c ) , and
even the appl i-i-t tion of rec onstru ction e q u a t i o n s  ( W i l l i a m s et a!, 1975)
crnuio t. regenerat t- t h i s  t’ in &~ s true tune . Now Rib ! c’!’’ 5 theory depends on
the concept of geome’ t-r I c i i i  l y eoflgi’Uen t ri elges, each wi en t I Iv  of the
same shape po~- se’ ss ing mass and poten tial c’nergy which depend only on if-s
depth . A wide—b eam soundei’ forces keels to approxima t-e to t-hi s
conc ept by smoothing ou t- an~- i n c i d e n t a l  s t r u c t u r e  f-hat they may I)Osse’ss
and l eav ing  th em as discrete eriti ties . Thus narrow—beam echo sounders
and Inset’ pr o f i l o me t e-rs produce eni, ’ t ype of’ ice p r o f i l e  w i t - h  r id ge
height  charat ’ tez’ is  t i c s  obey ing ( 7)  , w h i l e ’  wide -—b e am sounders produce
anot~ier type , obeying ( 4 ) .  A iia i ’r ow—be a w sounder , by spl i t t i n g  man y
ridges into multiple “i-idges”, sees a greater ridge frequency than a
wide—beam sounder (e.g. in Wacihiun s , 1977b , the s a i l  frequency is a
mul t i p le of the keel frequency foi’ the same ice ’  cover ) .

A This  hypothes i s  now covers a l l  t’esu l t o  excep t  l t tse ’t -  p r o f i l om e t e r
data reported by Hibler et a! (1Q74), which st ill  obeyed (4) but which
were not analysed on the Raylei gn cr ite’rion . A crucial t e s t  of the’
hypothesis would be to smooth the GURNARI) profile artificiall y by
convolving it with the’ beam pa t-te’rn of a wide—beam e’e’ho sowidet’, and
to observe the e f f e c t on the resulting statistics. Wi’ hope to report
on t h i s  computer  s i m u l a t i o n  in a later publi cation .

I t was shown in  Wttdham s ( L977b) tha t the pai-arne’ters B,b in (7)
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can be’ expressed as simp le functions of h and frt. if (7) is rewri t ten
in the form

n ( h )  dli = B exp (—b h) dh (8)

where n ( h )  i s  the number of keels per km track per metre d r a f t
increment , then

p’~. = f n(ii) dh (9)—‘1 and

h = 
h~~ 

h n(h) dh (10)

A 

o

so that

b = (~ — h0
)”1 (11)

and

B = jtb exp(b  h0 ) (12)

Thu s it -and h are the two parameters of the keel draft  d i s t r i b u t i o n
from which the whole  shape of the distribution can be deduced using (8)
to (12). Table IV shows these parameters tabulated for  a l l  the  50 km
sections , us ing  h0 = 5 m and 9 m so as to be cons i s ten t  wi th  the
st a t i s t i c s  of Wadham s ( 1977b). The results  are also plotted in
f igure  13. The f o l l o w i n g  conclusions can be drawn:—

(a) The major part  of the p ro f i l e  (sect ions 3—25 ) has a rid g ing
dis t r ibut ion  which is very homogeneous and which f a l l s  w i t h i n
narrow l imi t s  of var ia t ion.  These l imi t s  are e x t r e m e ly
narrow fo r h0 = 5 m (5 .4—8.2 forj -c ; 7 .2—7 .8 m for  h) and
somewha t wide r f or h0 = 9 m , probabl y because of th e smal ler
number of keels involved. Mean and standard deviation for
these four parameters are given ; run tests show that we can
accept the hypo thes is  of a homogeneous ice cover wi th respect
to rid ging in tens i ty .

(b) Sections 1-2 and 26—27 fall clearl y outside the range of
variation of the other sections (fi g. 13), indicating much
heavier ridging (greater ,~&) in these parts of the track.
This result agrees with what we have found from the probability

4 density funct ions ;  at these two extremities of the track there
are more pressure ridges per uni t  length , a greater mean keel
draft , a greater mean ice draft and a greater proportion of
deformed ice.

(c) There is no clear positive correlation between j-~ and h,
although the four heavily ridged sections have both a high 1t
and a h igh 1~.
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I t l ~l e I V .  l’ i-e ~— — a i t ’  ml  et ge’ f m’e’eluemie m e’ s tirid mean driil’ t o  lii i’ 50 km S e t - t i  oils

- - Di-a I’ t > 9 mu i)raf I > 9 mu MaximumSet t 1011 
X I I . pet km ‘lt ’aim e ir a f  I No, pe ’i km M c - t ,mi d r a f t  di’aft-  m

I I ’i.77 8.97 9.11 12,15 23.13
2 10.~~ 8.30 5.07 12.20 28.83-s 8 . 1 1  7 . t t )  1.81 11.79 21.04

7.!,! 7.02 i.9 11.75 19.60
5 7,1)2 7.78 1 .9() L i .61 22.05
() 7.57 1.10 12.77 22.65
7 5. 43 () 99 12 .00 20 .54
8 5 . ‘.7 7 .20 0.~)l I 1.84 20.75
9 8 ,17  7 .5t )  I • -~i1 1 1 . 5 1  20.09
10 Li . 40 7.5 1 1.40 Ii., ’. 16.80
i i  0,59 7 .2 (t  I .2g m 11 .29  22 .59
12 7.08 7.09 1.5$ 11 .7 5  23.65

( S h or t  (t .17 7.78 1.00 15.10 31.12)

11 0.00 7.09 1.4~
) 11.8’) 20.97

1’. 6.0~
) 7.08 1.38 12.13 24.93

15 5.40 7.52 0.89 12.11  23.38
16 0.2!. 7.31) 1.1’S 11.25 18.90
17 7.15 7.7’) 1.615 12.3 1 24 .84
18 7. 7 .04 •~~4 , 40 18. 35
I~
) 5.90 7.9’S 1. 1 1  11,95 26.73

20 7.25 7.90 1.38 1 1 .7 1  20.36
21 0.98 7.52 1.95 11.38 19.99
22 5.43 7 .7 1 1.57 11.73 19.06
23 7.01 7.05 1.56 12.04 24.48
24 (‘.30 ~~,4 t )  1.22 12.01 22.01
21 7.82 7.06 1.78 11.72 22.07
20 8.82 8.25 2.05 12.32 29.23
27 8.72 8.14 2.00 12.69 29.14

Mt’rni of mii i ii 6.7 1 7. 55 I .39 11 .71)
group ( 3— 25 ) +0 .20 ±0.03 ±0.00 +0. 07

Mean of Caribou
cross ings  6.65 7.00 1.42 11.88

(‘.—7 , 20—23 )

SOVERF I GN 5 • 08 11 .74 1.74 1 4 • 19 ~ ~~ 
1

PR}~tDNOt16I1T 4 .20 9, 57 2.00 12. 97 30±1

_ 
- - - - 
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- KEELS)’Sm - FIGURE 13. Mean keel
draft plotted against
mean number of keels
per km for keels deeper

than 5 m and 9 m. Each
— point represents a ) -

E 50 km section.
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( d) For h0 = 9 m both  the- freqtn ’m- v aint t he’ mean dra ft are much lower 
~ I

t han those f ound b~ S0V~1tF1GN in I he’ ve’rv he’av i1~ - r i d ged zon e off
not ’ th (‘iz’ e ’enland . t in t v se-c- t iou 1 e’xct ’e ’ds the S0VF~tEIGN data in —

k e e l  f requency, though not i i i  uhe’an eli -a ft. The data compare very
w e l l  w i t h  DREADNOU GHT da t  a f t o r n  t l t i -  c~e’li t-i’a 1 Eura si an Has in:
i i i  though i t may appear f i-oni t alt It ’ 1 \- t h a t. DREADNOUGHT data have a
l ower ~~. and h ig he:- i~, the di ft ’ e’ne’nct’ curt be ascribed to the program
of Wi l l i a m s  et a! (1975) which , by app ly i n g  a harsh version of the
Rayleigh criteri on with sea levt ’ I as the zero datum , lost many
shallow keels from the stati stic -s.

(e) rhe maximum d r a f t -  are’ sui-pi’ising l y Low . On the whole the deepest
keel drafts ai’e found in the four  anomalous sec t ions  ( 1 — 2 , 26—2 7),
but the deepest draft of a l l , 31 ,12 m , in f-act occurred in the- short
18 km poi t ion of t I’th-k tha t was omitted from the 50 km statistics.
The genera l rid ging pr opert ic - s of this portion (t ,ablelV ) are quite
typ ical of the’ se-ti o n s surrounding it , so that the ke’e’l c-an be seen
as an iso late ’cl eve’nt. This is the only keel deeper than 30 m in the
entire ’  1400 km o f pz’ofi Ic , whereas in the SOV~~~EJGN profi Ic- there were
45 keels deeper than 30 m in 190() km of track , 39 of them occurring in
the 1050 km of “offshore tone ” north of Greenland (Wadham s, 1977c).
By a coincidence the deepe st keel in the S0V~~.EIGN p rofile , 43 m, also
occurred as an i sola ted  event i n an othe’rwi se lightl y rid ged sec t ion
of ice cover.

-4

7. LEADS AND POLYNYAS

The p r o b a b i l i t y  d e n s i ty  func t ion  of ice draft gives the best- measure
of the occurrence and thickness  i l i s t r ib u t i o i i  of the thin ice in leads and
polynyas, and i s  especiall y usefu l for app licati on to heat bud get calcula—
tions. However it is important for a variet y of app l i ca t ions  in ice
mechanic s , trafficabi lity ct-c . to Irnow the frequency and width distribution
of l eads encountered by the submarine . Perhaps the most important
application is to submarine operation s themselves — it is desirable to know
the mean spacing of leads that are large enough to permit a submarine to
surface.

A lead was defined as a continuous sequence of depth points in which
no point exceeds I m in draft — thus a polynya broken up by a small floe
of broken ice counts a s two leads. Lead widths were classified in 50 m
increment s and the results calculated for each of the three files making
up the overall track (File I = sections 1—12 ; File 2 = 13—21; File 3 =
22—27). The result s are shown in table V.

On average the aquatic crow has to swim onl y about 200 m between leads —

although i-hi s figure v a r i e s  by a factor of nearly 4 betwee n File 2 and
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Table V (a) Distribution of lead widths : number of leads
encountered per 100 km of track,

Lead w i d t h  mu File 1 File 2 File 3 Overall

0—50 389 257 915 463
50—100 5.6 6,2 4.’. 5.6

100— 150 0.9 1.5 2.8 1.5
150—200 0.5 2 .1  0 ,9 1.1
200—250 0.3 0.2 0.3 0.3
250—300 0.6 0.6 0.6 0.6
300-350 0 0 0 0
390—4 00 0.2 0 0 0.1
400—450 0 0 0 0
450—500 0 0.2 0 0.1

500 0.6 0.4 0 0.4

(b) Mean distance travelled between leads

WidtL m Distance between encounters —

0 212 m
50 10.3 km
100 24.1 km
150 38.4 km
200 67.6 km
500 237 km
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F i l e  3. However , the lead which he reaches is likel y to be very
narrow , and few leads exceeded 50 m in width. The “exceedence’
tabl e” in V(b) shows that a submarine which requires a 200 in lead
for  a safe surfac ing  w i l l  have to travel 68 km to find one. In
fac t a submarine trying to surface usually investigates every lead
wider than about 50 in in case the cross—track dimension is
sufficient to permi t surfacing; 50 in leads occurred every 10 km
in the southern Beaufort Sea during the period of this experiment.

APP1
~
24DIX A. ARCTIC SUBMARINE LABORATORY PROCESSING TEX HNIQUE 

- - - - 
. 

--“

The di gitized magnetic tapes were unpacked and processed by the

Arctic Submarine Laboratory on a IJNIVAC 1108 — 1110 computer system

at the Naval Undersea Center. Time marks were removed , and the-

corrected -data was then merged with position information and converted

to BCD fonnat for transmittal to Project AIDJEX.

After the initial unpacking, spurious profile points resulting from

multiple echoes, fish , air bubbles, etc., were eliminated by two correction

4’ programs. Any points that were deleted were set to —10.0. Multip le

adjacent deleted points were left at this value , but single points were

filled by linear interpolation. These were flagged by adding 200 to the

interpolated value.

The first correction program deleted any points that were greater

t han or equal to 150 feet. At the beginning of a tape, or following

one or more zeros recorded by the system, the program searched for the

first valid data point by computing the absolute difference between

adjacent points (1X 1 — x~.,1I), 
and requiring that the difference be less

than 5.0 feet. For example, if the difference between the first two

points satisfied this criterion, the program assumed that X1 was correct

and used it as its current X. value. If, however, the difference was

greater than 5.0, it deleted X1, made X2 the current X~ value, and
computed a difference (~x2 

— x
3
1). It continued in this manner until it

found a difference that was less than 5.0, at which time it accepted the
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current X~ value as the f i rst  va l id  data point.

After the program chose a valid X. value , i t  c omputed th e  absolute

diff erence’ between adjacent points and compared the differen ce with a

threshold number that  was set to 20.0 fec - t , If the D
1 

difference

(tx — x. 1~) was less than the threshold , the’ progr am accepted X1,~
as a valid p o i n t ,  and used i t  as i t - s  n e x t  X

~ 
v a l u e .  However , if the

di f fer ence  was greater than 20 , i t computed a D ) equal I-n I X . — X .,~~ I,
and , if  ne’ce’ssary , a D3 equal to 1X 1 — X~~3l. The program accepted

X~~1 as a valid p o i n t -  onl y if both D,) an(1 03 
were a l so  greater than the

threshold va lue .  If D was less than 20, X. was delet ed , and X.2 1+1
was se’le’cte’d as the’ next  X . va lue .  If D~ was greater than 20 but

D was less , bo th  X. and X. were del. ’Ie ’d , and X. was chosen as3 c+I  t+2
the’ next X. valu e ’.

Sinc e the system r’e’eorde’d zeros during periods when it - didn ’t

receiv e any data , zero words were no t used to compute the differences.

The program r equi red  tha t if 1)
1 

(
~ X . — X ,,1 ) was greater than the

thresho ld , both  D,) and D
3 

must be grea te r  than 20 or the data were

r e jec t e d .  In the case that D~ was greater than 20 and X ,,2 was zero ,

the’ program dele’te’d X . 1  If D 1 and D
2 

were great-er than 20 , but

X. was zero , both X. and X. were deleted, in ei t he r  case , or if

was zero , the program searched for the next valid value by using

the techni que described above (third paragraph).

In order to maintain continu i ty between data  rec ord s, the program

included the f i r s t  three’ data points from t lii~ succeedi ng record wi th

the current record when it computed tire’ differences.

The second program subtracted a surface off  se- I correct-ion from

each of the p r o f i l e  points • This  cor rec t ion  was determine d from an

analysis  of bo th  analog and di g i t a l  dat-a , rutd is ti sed to  s h i f t  the mean

data points  in areas of open water ’  to re’atl zero. A few poin ts  that were’

already very nre ar zero be’came ne’gal ive.  The o f f si ’t  was u s ua l l y one to

two fee t .
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Tin — program also el iminated  spurious point - s  t h ~ t unight have

been mis se d  by the f i r - s t  program by de le t ing  any p o i n t s  during a

v a r i a b l e  t ime period that exceeded the’ maximum possible  ice ’  dep th

-
‘ 

which was determined by examining the analog records. Poin ts

deleted by thi s program we’re not interpolated and appear as —10.0.

APP~~~DIX B. SPill COMPUTER PROGRAM FOR DATA PROCESSING

The program is wri t ten  in Al gol 68C . I t  consists of three
part s—

(a) the main program , which controls the whole computation ,
reading in data , accumulating s ta t is t ics  and outputting
resul ts ;

(b) a series of statistics procedures for initia lising, updating
and outputting tables , identifying level ice and ridges etc .
Note that two data—structures are defined , MODE TABLE and
MODE TWOWAYTABLE . Each of these structures contains de ta ils
about the classification defining the table , as well as space’
for storing the accumulated frequencies  e tc . ;

(c) various miscellaneou s “u t i l i t y” procedures , whi ch may be
considered as just an extension to the Algol 68C standard
prelude.
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-i ~ APPFM)IX C. FULL NUMI-~UCAL RESULTS

The numerical  r e su l t s  from the foregoing program for

alt 27 s e c t i o n s  are lengthy and have t h e r e f o r e  been published
- separate ly as a Supplement to t h t s  Report - . Readei’s who have

not received a copy of t h i s  Supplement wi th  their Report  may
obtain one by writing to the authors  at- scott Polar Research

Institute , Cambridge CB2 IER, Great B r i t a i n .

r
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