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Surface ID.orphology and backscattering of ice-ridge sails 
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,\ BSTRACT, Th e triang ular sh a p e o r a n ice-ridge sail in th c Ba lti c Sca \I 'a s 
stuciied s tati s ti calh-, Th c dim e nsio ns and o ri e ntati o n o r indi\' idu a l ice blocks liT re 
m eas ured in s(,\Tnl 1 rid ges, ,\11 m eas ure m e nt s II'(, IT ca rri ed o ut ['rom th e sta nclpo int 0 [' 

bac ksc <lttcring rcsearc h , Th e res ults co n(\rm that g i\T n geo llletri cal prope rti es 0 [' th c 
tll'O sid es 0 (' ice rid ges a rc in ge nera l no t cq u a l. :\ slig ht nega ti\ 'C corre la ti o n lI'as I(JLlIl d 
be t\ITc n th e slo pe ang le a nd \I 'idth of' th e sa il. .\ 11 three o ri e nta ti o ns a nd a ll thre(' sizc 
pa ram c tCl's o r ice bl oc ks on bo th sides of th e rid ges s tucli ed can Il(, cO llSiciereci a s 
ll o rInalh ' di s tribut ed, . \ log-no rmal di s tributi o n. hOlI'(' \ 'cr. li ts sli g hth- b et ter th e 
dim e ns io n s o r th e o ri e ntationall ), bes t recta n g ul a r a ppro ximati o ns o r' th e p o h 'go nal 
main lilce ts or !la t ice blocks, The rc is a lm os t n o co rre la ti o n IwtllTe n a m ' t\l 'O o r th ese 
six \'a ri a bles , Onl y th e width a nd le ng th o r th e main-r~l ce t rec ta ng le h a l T a \ 'ag ue 
posi tin' i ntcrd e pcnci e nce , Three-di m e ns io n a l l11 0d ellin g o r ice rid ges is esse nti a I. s i nec 
th e to ta l sid c -rilcc t a rea \ ' is ibl e is t\'pi calh' at leas t as la rge a s I h e to ta lm a in - I;lce t area, 
C a lcul a ted in c id e nce-ang le di stribution s s h o ll' that th l' Ill'Oad di strihution s 0 [' 
o ri ent a ti o n s a nd dim c ns ions m a ke dilk rc nt rid ges a ppea l' \ '\.' I'I simila r o n ra d a r 
Im ages , 

INTRODU CTION 

Ice rid ges com titut e a m a jo r pro blem fo r \I ' int e r shippin g 

in th e Balti c Sea. where onh lirs t- year 10 1l'-sa linit y icc 

OlTlI rs , Th n ' arc lo ng but n a lTO\l' pi cce-\l' isc lin ca r o r 

c lIl'\ 'ilin eal' ) f('allll'es co n s is tin g o r h ro ke n icc pi eces a bOl,(, 

sa il Fi gs I 3 a nd Iw lo \l ' kee l th e \I ';\l (T surlace , 

,\ ccordin g to ,\ l'c hin1('d cs' la ll' thLTe is a co rre la ti o n 

i)(' t \lTen t h e ice m ass a b OlT a nd be lrm til l' \1'<1 ter IClT I. 

Thnd()I'C kll(JII'kd ge a llOut th e sa illl'ill he lp ill es tilll a tin g 

thc ci egrec o f dilli e ult \, in p c n c tl'a tin g th e rid ge, 

Th e sailor Ih e rid ge is th e on'" part dctel ' tallle o n ::\.

o r C - ha nd ra ci a l" , S.\ R s\ 'nthc ti c a pl' rture rad a r images 

are the Ill os t proll1i sin g tuol Ic)!' d Clcct in g rid ged arca s, 

sin ce' th e \ can be o iJt a in cd a lm os t ind e p e nd e nt'" o r 

IITa th e l' conciitions a nd \I' ithout lile need Ic)!' ("\I 'lig hl. 

1': \,(, 11 satellit e S.\Rs l'a n h a\T a reso lu t ion or a [('\1' te ns o f' 

ll1 e t('l'S, Th e hi g h contras t Ilctll'cc n the brokc n ice bloc ks 

in rici ges and th e surrounding ic\T I ice he lps disting ui s h 

s llb-pi xe l- s ize rid g es , In o rd e r to unders ta nd S. \ R 

im aglT\' it is nl,(,CSS;1I' \ to s tud y th e bac ksca tterin g ri 'om 

ice rid ges in relati o n to the s ur!ilce stru c ture , 

I cc rid ges ha n ' I)('c n s tudi ed cx te nsil'(' ly in th e Ba lti c 

Sea rC) r Ill a n >' \ea rs, but c mphasis has b ee n prim a ril y o n 

m ass a nd s tre ngt h Palosu o. 1975; K e in o ne n . 197G , 1977: 

l'-ankaanpiii i. 1988. 1989, 199 1; Le pp iira nt a a nd o th e rs, 

Pn·,cn t address : \ "'1''1' ,\lIt o ll1a t io n. Space T ec hn o logy , 

1',0, Box 1303 1. 020 I,-i· \ '1''1', !-'inland, 

1990: \ 'c it c h a nd o thns. 199 1: I ,c pp iiranta a nd H ;l b la, 

1992: l.c ns u . unpuiJli shed . Th e icc-hloc k a nd sa il- , ha pe 

Il1 CaS UIT lll cnt s made ICl! ' thi s purpose do not in c lud e a ll 

til e param e tc l's need eci Ic) r iJac ksca tt crin g st udil's, [11 

a dditi on. SO Ill C p ropert ies h a l T iJeen ll1eas ure ci th a t 

p rec luci e th e r es ul t, rroll1 I) ;t c ksca ttning cal c ulati o ns 

a lth o ug h th ey a re \T ry good rC) r t il e gc ne ra l s trU l'l ure 

anal ys is o r ic t' rid ges , 

Th e ba c ksc att rred s ig' n a l IS hi g hh' se n s ltll '(' to 

ori e nt ;l tinn or th e ice bl oc ks o r rid g l' sa ils L'l a ll\ ' a nd 

o th ers . 1982 : Fung . 199+ \\ ' h c n m akin g s ta ti s ti ca l 

mode ls rC)1' th e s tru c lure o r' I'ici ,gc ,a il s it is pran ic;t\ to 

approx llllat e th e ice b loc ks \I ' itlt !lat recta n gu la r 

p o lyhedro ll s, \I 'hi c h is ;1 good l's tilll a le cs pcc ia li >' ICl! ' n l'\\ ' 

rid ges I.' igs I ancl 3 , Thi , simplili ca ti on Ill l'a llS thal th e 

s h a pe a nd o ri e nt a ti o n 01' an ice hl ock require o nl >' six 

s ta ti s ti ca l para ll1 c tl'l's: tltr l'e fo r , ize a nci three I()I' 

o ri ent a l ion, 11' g-c ncral po"'hedrons liCIT IlSl'd. o nc lI'o uld 

n eed to kl lO \I' th e dircl'li o n threc <I ng\(', a nd di s tan ce 

I'rom a li xed p o inl to ea c h corn('i' or th e po ly h edron , 

S ta ti s ti cs 1'0 1' tlt e number o r co rn e rs \I 'o uld a lso 1)(' n ced ed , 

T o m easure a s tati s ti ca l'" sufli c ie nt numhn or all tlt ese 

parall1('l cr, is n o l poss ihle in pral'l icl', \l u !'l'O\T r. b ac k

sca lt e ring m oclel s \I 'o uld heco nl(' ll1u c h m o re cOll1pli ca ted. 

and ca lcul a ti o n s m o re tim c-co n s umill g , \I ' ith o ut th l' 

si III plifi ca ti o n a fl() rd ed Il)' rCl'l<l n g' 1l '" r po"lt eci ro ns , Due 

to tlt e o ri entati o n a l sl' ll s iti \ ' it\ , or tlt e racia l' s ig' n a l it is 

l'sse lltial tlt ' lt tIl l' recl a ng lll a r app l'O:-; im a ti o ll o r' th e 

po h W )lIs a lso cl ose h represe llt s th e o ri e ll ta t io ll o r th e 

sid es. lI o t .ius t tlt c arca 01' tlt e po h 'go ll s \Ianllill l' n , 

unpuhlished C ) . The lll caS Ure lll l' nt s repo rl eci ill thi s p <lplT 
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J Ollmal 0/ (; Iaciologr 

Fig. I . . \ ew[),Iormedjillgl'l-rrifled ice ridge ill lite 8r~)' 0/ 
Bolllllia. j;ebmal), 1992. Tlte slwdol(, re/Wi/.I hall' dUllwl1 
il i.1 10 mea.lllrI' Ihe lteigltt 0/ a rir(r!,f Ji'olll a :, illgle laser 
/Jrojllome/er lille. as /Joinled 0111 ~J ' Tllckn alld (;01'o lli 
( 1981 ) . The ice-block /Izicklless i.l aboll/ 0.1111. The 
screu'-likeIorlll 1!/llti.1 ,wil is obl'10lls . 

were a ll made fur the purpose of backsca ttering 
calculations (\Ianninen. 1993, 1994. unpubli shed a ' 
\Ianninen and R antasuo, unpubli shed ). 

All the results presented here ha\ 'e bern obta in ed In 
t\\'o Appli ca ti o n Orientrd Pil o t Projects accepted by 

E.S ;\ : the intern ationa l PI POR (Progra mm e lor Int er
na ti o nal Po la r Ocea ns R esea rch , projeCl and th e Finnish 
project , "Operat ional sea-ice cha rtin g using ERS-I SAR 
im ages" (OSIC I Lepparant<1 and oth r rs, 1992: Gronntll 
and Sein ~i. 1994). 

GENERAL SHAPE OF AN ICE-RIDGE SAIL 

Th e maximum heig ht or ice ridges in pre\'iou s stu dies has 
nU'ied fr o m 0.1 to 3.5 111 ( Pa lusuo. 1974; K ein onen, 1976; 
K ankaanpaa. 1988. 1989. 199 1: Lepp~ira nta and ot hers, 
1990; L c nsu. unpubli shed ) . Th e slope a ng le or the sides o r 
the ridges has \'a ri ed from I to 64 o r 10 to 50 
dependin g on til e definition of th e slo pe a ngle. Like\li se 
the \I ' id th of the sa il has \"aried !i'om I to 34 m depending 
on the definitions used . Th e definition ort he slope a ngle is 
not a l\l'ays gin ' n. but in o ld er Ba lti c Sea m easurements it 
seems to h a\"C been the anglc that subj ec ti\ "C ly bes t fits th e 
ob\"io us pan of the rid ge sa il. and is thus a lso reln 'an t (or 
backsca ttering ca lculations (Pa los uo, 1974). Late r th e 
slope a ngle \\'as de fin ed as th e angle th at together with th e 
rid ge heig ht produces a tri a ngle \\'ith a n area equa l to th e 
cross-sec ti o na l area o r o nc side of th e ridge sa il. which also 
includ es the surroundings or th e olwio us part of th e rid ge 
sail ( Kan kaa np~ia. 199 1) . Therefo re the slope angles of 
the latter definition a re sys tematically lower than rh e 
pre\ 'ious ones . From the point of\' iew o f lJ ae ksea u ering it 
is importa nt to kno\\' the slo pe angle orthe actua l sa il. not 
the slig hth- inclined surroundings. \fo reo \'e r. an a\'C rage 
\',du e that combines th e slope angl e of th ese \\\ '0 pans has 
no relC\'ance for backscattering. Al so, a sing le \'alue for a 
ridge is not sufficient ; kn owledge 01' th e s tati sti cs of slope 
angles is a lso required . Th ereforr th e ge nera l shape of a 
ridge sail has been studi ed more close l\' a nd th e res ults a rc 
prcsc l1 ted here. 

The ge neral ridge-shape data repon ed in this paper 
arc part o rth e li eld ex perim ents carried o ut in the OS IC 
project. The study a rea in the northeas te rn pa rt of th e 
Bay o fBothnia 165" 14.9' N , 2+ 13.9' E) was th e edge of a n 
old. deformecl ice fiel d . The rneasurellle lllS were carried 
out in F e brua ry 1993 (\la nninen, 1993) , The direc ti on o f 
th e ridge \'a ri ed markedly due to its se rpentine sa il (Fig . 

Fig. 2. General ollllille rif an oLd/inger-raJied ice ridge ill Ihe B(~)' 0/ Bolllllia . F'eb rumJ' 1993. The direclioll oJ Ihe lcilld is 
dear[), sem ill lite slruc/ure o/Ihe SII01.t' COl'eI'. Tlt e sha/le 0/ litis sail was sllldied ill de/ail .. -I/so a Ilumber rif ice-block 
orienlalion measuremenls were carried 0111 Oil Ilti:, ridge. 
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· \I allllillell .' Ha/I i( Sea il"l'-ridg!' .l(1i/.1 

Fig . 3. , \ 'el - like rub/J/a/ ia ill lite Se({ of Ho 1/111 la , .\larclt /99-1. T/l c ,1({iI Iteigltl i ,1 rol/glt(J' O . .'J/II. let -/i/od oricl/lalio/l) 

(('!'I'!' al.'l! 1I/1'({.I/lI'I'I/ ill Ilti) killd 0/ io' . 
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Ft~!.!,. -I. /J({r({JIIl'ler" dl'lrriliillg Iltc (,{,O ,I,I- I('('lillll 11/ ({II il"l'

ri{~f.!,1' "ail . . 1// Ilti' j)({)({/lu'II'/',1 ill l'O/l'l'd ( I/O/JI' ({lIg/c e, 
Itcigltl ", widllt 1/' alll/,/ojlc /l'IIgllt if ) (({II Itll l'e dUji'rl'lll 

l'II/Uf,' Oil lit I' leji- alll/ rigltl/{([lId ,lide.l. 

2 , l)llt all alTrag-c \1''1 ' roughly Ilorthca>l or ll()rLh. 
Th e genera l lTOSs-scction of' ,Ill ilT-ridgc sa il can I)e 

defilled h; a sCqUClllT of' sliccs cach compris in g- t\l'O 
,iuilling triang-les. Th e lToss-seCl ion triall ,l!;ic, arc char
acterized usi ng- t he ,lope a IIg-les a nd side d i llll'n siollS 
shim Il in Fi g-u IT cL I Il practice, the most rclial)k rcsu lt is 
ohla ill cd Ill ' Il1casuring , Iopc ang- Ies anci slopc lengths. 

Thcse I\,(,IT nwasured in 102 places at abo ut 2m int (' I'\', Ii s 
a lo ng the rid ge s tudied Fig. 2 .\icasu rcml'n ts \\TIT 
c; IITicd out simpl\' by resting flat rocis on th e outermost 
ice-b lock I'cll!;es on hot h sicks of'the ridg-e. so that on I'isua l 
inspcctio ll the ang-Ie of' th e rod corresponded \\'e ll I\ith the 
Z\1'Cragc sai l , lope. Slopc lengths \lTre !1I casured using- the 
sca le on the rock a lHI slope a ng-Ies \lTrl' obta in ed hI ' 
checking- the inclination of' th e rod using an il lC lin olll C' ln. 
Th e rl'so lnti om o i' th c Ill eaSUITl1lenlS \I'('re O.Olm and I , 
reslx'Ctin'''·. I'o,it i()nin ,g oj' tlte rods \I',IS suIJject il ,(, . Slope 
\I icith a nd l1l'ight \I nl' calculated ac('ordin ,l!; 10 Fi gure ~ 

hI Illultiplying thl' ,.;I()Pl' icngth Il\ ' tilc cos inc an d sinc of' 
the slo Jl l' angle. Til l' resu lt s arc g- ilTIl in Table I anci 
l-'i g-urcs.) 7. 

Fi g-u IT.J 1'1'1,(,:1 1, till' fingl'l'-likc struClUIT Dj' the base o f' 
th e icc- rid ge S< lil. \\ 'hi c h is serpc ntin e in th e ITrLical 
diJ'('Ction. On al 'nagT, the lIat in' surblce a t Ihe Ilas(' of' 
till' rid ge sa il i, sli ,g llll l higlIlT on llIe \\'l', tern than O il til e 
eas tLTn side. TlIi s is natural. sin ce tile I'id ,l!;e IIas I)l'('n 
fiJl'lllcci bl' an OI'C rrici c of't hc \I {', tCl'n ice sheet duc to iI a rd 
lI'('stn ll' lI'ind ,s. '1'11(' al'l'l'agl' II l'ight -cii fl i.' ITIH,(, magnitucie 
is 0. 1 (i 111,11 hi l· h is c lose to tlIe thickncss of' th e icc fl()L's ill 
th e fl at-icc an'a. In g-e llnal. tlI c slope ang-Ie and il'n ,g til do 
not seC ll1 to ohn' log'-normal or nOl'll1al cii stribution 1,(,1'\ 
\1'('11. 011 th e IIl';;tnn sid e these propc rties pa", tlIe tigiItest 
ri sk 1c1'l'1 checked 0.1 () of' log-norlllal distrihution, but 

! f ;! ~~nr"I~",.,.AUII~..di . .J~I~I."UIIIi'" .. "~r~ kl'l 
1! -0.6 -----------------------------

South - north 
<- 200 m-> 

Fig. 5. Ileigltl rltj!erl'll(1' bl'/Zl 'I'('1/ i( 'I'.11 al/d ('(/.\1 ,Iide .I/o/m ({/Oll,!.!, lite ridge direrlioll. Ilt l' di,l/al/u' /;1'1ll'1'('}I ,\lI({(',I .III 'I' 

m//(II/I/,' /., ({bolll 2111 . 
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]oU1II1I1 0/ C'laciologr 

T able I. ."ll'l'rage m/lll's and slandard de1'ialiolls 0./ ice-ridge sail-slope allgle, Imglh, Iteighl alld lcidlh 0/ volh sideJ 0/ 1111' 
sludied ridge alld Ihe heighl dijler!'ll l'e 0/ lite 11( 10 .1 ides. The risk level al l['hich lite /)(trallleLers /w.u Ih e L i/lil:/or.1 lesl /o r 
lIorlllal alld log-lIormal dislrivlIlioll is also gil'eI/ . The lighlesl crilerion checked is 0.10 

11 '1'.1' /1'111 .Iide ( bllIe) 

lenglh angle heighl widlh 

. \ IT rage 2.48 m 30 I . I I m 2 .1 6 m 

St a ndard d e l ' ia ti o ll 0 .8 1 m I L~ 0 0. 32 m 0.90 m 

Ri sk I('\T I fo r 0. 10 0. 10 0 .1 0 

no rm a lit v 

Ri sk le vel (C) I' 10 0 ' -

'"' 
0.10 0 . 10 

no rm a l d istributi o n 

o n th e eas te rn sid e on lY th e s lo p e a ng le is ro u g hlY log

no rmal \I 'ith a ri sk lewl o r O.OI (T a ble I ) . Th e h e ig ht a nd 

he ig ht diffe re n ce a rc norm a ll y di stributed acco rdin g to 

T a ble I. 

The t\\·o tri a ng les or eac h cross-secti o n o f th e rid ge a re 

no t ge n e ra ll y similar (Fig . 6) , o nl y th t' ir sa il he ights 

ha l'in g a cl ea r co rrel a ti on. re th e slo pe a ng les o f b o th sid es 

a re sm a ll e r th a n a bout 50 the re is no o bl' io u s corre la ti on. 

H owelT r. if th e slo pe a ng le o r o nc sid e exceecl s 50 th e 

Q) 
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5 

DlSlem side ( red) II 'eJ /- easl r /'1'.1/ ea.11 

Il'Ilglh angle hetj!,hl 

2. 39 m 30 1.06 III 

0. 8 5 m 15 0. 3+ m 

0 .10 

0 .0 1 0 .0 1 

ll'idlh 

2.08 m 

0 .94 m 

0 .05 

heighl 
diJ/i'rI'llCf 

0 .06 m 

0 .1 9 m 

0 .1 0 

ll/agnilude 
0/ heighl 
diJJerfll Cl' 

0. 16 m 

0 .1 2 m 

o th e r is sm a ll er th a n 50 . sho ll'ing a n ega ti 'T interd e p e n

cl e n ce lI·hell e ither o f' th e sides is I'e r y stee p . Alth o u g h th e 

direct corre lat io n o r th t' two sides is ra th er wea k. th e 

a l 'e r agt' slo pe a ng le is exact ly th e sa m e. 30 , 10 1' b o th sides 

(T a ble I ) . [IT Il th e aw rage slo p e le n g th s of' th e two sicl es 

d o no t ma rk edh' d e l 'ia te It 'o m eac h o th e r. This is no t 

surpri sing , as th e ice blocks o n bo th sides of' th e rid ge a re 

fo rm ed from th e sa m e ice fi e ld a nd ha l'c simil a r piling 

pro pe rti es. 
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Fig . 6. C:orrelaliol/ 0/ .l/o/Ye al/glr.\ , Jlo/Je Il'IIgLIt -l al/d heigltl.1 al/d ll' idlkl oJ bollt Jides ~/ lite sail of lite ridge ea.11 q/ I/tal ill 
Figure 2. 
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.I/(lIlIIi /l f'l/ : Ra/lic Se({ ire-ridgr vliI, 
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West y' 3.875 * 0.984" x 
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East . 
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r = -0.85 
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80 
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Fig , 7, Corri'l(llio/l I!/ I/O/)!' (1I1,!!,/!' , .1/0/)1' /<'IIglh, IIl1d /1I'i,!!,/11 1111(/ i,'idlh 0/ bolh lidl' l o/Ihl' riIZ!.;!' I!/ Figllil' :2, 

Thc s lope angle does not dcpend 'trong l ~ on Ihc othn 

three slope pmametlTs \\ ' idth, height and length h ,g, 

7 , The highest correlation is l)et\\(Tn s lopc \\ idth and 

slope angle , indicating that till' , tcepest s lOpt's t'(lITc,polld 

10 Ihe Ila ITo\\'('sl sa ils, \\ 'hil'h is IllHll'I'stancLJiJlc sincc in 

:\ature the ice-I)lo(' k size h as an upper limit, !-Iowl'\T r. if ' 
the slope angle i, smaller than al)()ul 30 , the \\ idlh is onl~ 

\ 'agueh' ckpelldcnt on it. , \ s the ,;Iopc a ll gle in(Tcas('s , so 

dol'S thc largest poss ibl c s lope height. 

,\l though thl'l'c is \ ' il'lualh· no corre l;ll ion bl't\\TCn Ihc 

hc ig ht difkrclllT oJ'lhe IWO siel l" orthc ridge ancithc slope 

angle, h c ig ht and width, Ihe SI('( 'PCSI slopes slope angle 

>50 ha\'{' a s li g hl IcnclenC\ to occur on the sicic \1 ilh the 

hi ghe r base I i nc, 

ICE BLOCKS 

The icc-block size in rid ges has pl'l' \ 'ious l\ blTl1 estimateel 

n1Oslh· in term s ur a IOllg ,llleI ;1 shoJ'l <I:-;is anci Ihickncss , 

The Illea,urcd Ihicknl'ss ill Ihe Ballic Sl'a ha, \ 'a ri eci I'mlll 

(l,O:) to (l,b n1. the IOIH.\' a:-;is <J\'l'l'agi ng' 0 ,6 0,9 III 
I,- einonl'n , 1~) 77: K ;lnballpiiii, 1988, 199 1: \ ' citch ;\nel 

ot lHTs, I ~) ~) I : Lcppiiranta and [-l abia, 1992; Lensu, 

lInpuhlishcel ' ' 1\ picalh Ihc lon g a:-; is h its 1)l'l' lI 1,5 tinll's 

the shol'l-a:-;i, Ienglh, ,\n other paramcter rcle\ 'allt Ic)r 

l11 a" studies has Iwcn Ih t' ratio 01' a\'lTagc length 10 

thicknl'" or thc icc block, ' ''>Vical \ '; du es ha\'{' hCl'n 2,9.J 
I, b, \\ ' idth, length and area ha\'{' all sl'l' nll'd to ohc\' log

norm a l di<;[riiJlIlioll. Similar icc-block s tuelies ha\'C iJc'('n 

carricd out ill lhl' B(,~llIlc ) rt Sl'a 'J'LIl 'klT ;\nd CO\'(lIli, 

19i1l; San'e1 ali(I l: rcelnkill g, lc)W) 

Since Lill' ('Illphasi, 01' prn'ioLl s iCl'-ricigl' s tuciic's Ita s 

I>Cl'll on Illa ss, tlt l' l':-;aCl , hapC' or ice Illock s has I>l'('n 

ciCllTmincci ollh li 'olll photog raph s, ancl the Ilulllber or 

nl l'<lsurl'd blocks ha s l>eclI quitl' small. ,\I so, tlH' 

IllcaSlllTIlll'1l1 Illl't hoel ha s hl'l'lI sl'lls i t iq' 10 Cll III 1I la ti\ 'c 

error in Ihl' all g le , or the main-filce l corners K allka;\Il

p ii;i, I ~)C) I , 

\icasuJ'{'llll'lll.' or Ihe orielltalioll or ic t' blocks h a\'(' 

https://doi.org/10.3189/S0022143000030604 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030604


] ollm({1 q/ Glariologl' 

bee n \ 'e r:' ra re, and th e o ri entati o n a ll g le 4J in th e pl a ne o f 
th e ice-bl oc k main fa ce t is a l\l'a :'s lac kin g (Kankaanpiiil. 

1991; Carlstro m , unpubli shed ) . ;\l o rCO\ 'C L th e m e th od 
used to d etermine o ri en tat io n, \I,ith strike a nd dip as th e 

p a ra me ters to be m easured , is prone to error \I·h e n th e 

i nclina ti o ll is sm a ll. ,\ Iso, no a lle n ti o n has bee n pa id to 

the peri od ici t y of the HTti ca l- and ho ri zo nta l-o ri e n la ti o n 
Euler a ng les () a nd y o r to th e sy mm e tr \' o f th e 

rec ta ng ul a r polyhedro ns a p prox im a ting th e ice blocks. 

:\egleCl ing thi s effec t crea ted OHT'" la rge s ta nd a rd 
de\'i a ti ons fu r th e o ri e ntati o n a ng les . 

Calculati o n o f o ri e nt a ti o na l stati s ti cs fo r ge ne ra l three

dim e nsio na l o bjec ts ca n be a ccom pli shed usi n g th e 
m c th ods cb -c lo pcd [c) r thi s purpose ;\Jardi a, 1972 L 
Problems a ri se \I,he n th e three-dim ensiona l o bj ects a rc 

sYlllllletri ca l, such as rectangular po lyhedrons. in whi c h 
ca se th eir ori entati o n can no longe r be d escribed with ;1 

sing lc-\'a lued a ng lc tripl e t () , 'P a nd 1/1 ha \ing a pe ri od or 
27f (G o ldstein. 197+ . Due to th e na tn ess or th e ice bl oc ks, 
th e \T rti ca l- a nd ho ri zon ta l-o ri enta ti o n a ng les () a nd 'P 
must be trea tcd toge th er , whereas th e peri od lo r 1/.' ( th e 
orie t1la li o n an g le in th e plallc of thc ma in [~l cC t ) ca n be 

d e te rmin ed sepa rat ely. It is na tural to ass um e that th e 

best sta tisti ca l d escriptio n of th e ho ri zo nt a l and ve rti ca l 
d a ta is o bt a ined \I,hen th e ph ascs a re chose n to th a t th e 

o bta ined d a ta se t cm'e rs as sm a ll an area in th l' ()'P-space 

as poss ibl e. r\ simpl e it era ti\'e a lgorithm has bee n fo und to 
produ ce good res ult s with a ra ther sma ll numbe r of 

itera ti o n cyc les ;\la nnin e n. unpubli shed b l. Th e bes t 

sta ti sti ca l descriptio n fo r ~' is o bta ined \I'hen th e ph ase 

\"du es a rc ch osen so as to minimi ze th e stand a rd 
d e\'i a ti on o r th e d a ta. Indi\'idu a l 4J \ 'a lues a rc d e te r
mined using a n a lgo rithm th a t find s th e o ri ent <1 li o na ll y 

bes t recla ng le a pprox imati o n [() r th e po lygo na l ice- block 

m a in I~lce t s .\l a nnine n, unpublish ed c . 
Thus, ex tensi\,e m cas urem e nt s of ice-bloc k size . sh a pe 

a nd o ri entati o n \I'e re ca rri ed out as pan of th e PIPOR 
and OSIC projects fro m 199 1 to 1 99 c~ . 

fe e bloc ks in rid ges a rc mo re o r Ic-ss !l a t po l: 'hedro ns, 
\I,hose' sha pe can be d escribed \I,ith th e number o f m a in 

face t co rn ers n . di s ta nce' Tj be[\I'een eac h co rner a nd a 

fix ed point o n th e m a in face t, a ng les nj between eac h 1'j 

and a fi xed directio n o n th e l1l a in-f~l ('e t plan e (h e re th e 

dircc ti o n perpe ndi c ul a r to th e cross-sect io n lin l' he t\ITe n 
rh e main-[~lce t a nd th e ho ri zo nt a l pl a ne, thickn ess h j o r 

the ice bloc k b e twee n t\I'O co nsecuti \T corn e rs, a nd 

corres pondin g a ng les (Ji be t\I'een th c ma in-face t pl a nc 

and th e' sid e-facer pl a nes (Fig . 8 ) , The orienta ti o n is 

d efin ed b\' th e three Euler a ng les: \ 'l'r ti ca l ro ta ti o n ()II " 

hori zonta l rota ti o n CPIII a nd ro ta Li o n in th e ma in-[~I (T l 

plane, fo r exa mple a ng le et t bc t\ITC n 7't a nd th e direc ti o n 

pe rpe ndi cul a r to th e cross-secti o n o f the ma in-face t a nd 

th e ho ri w ntal pl a ne (Fig . 9 ) . All th ese pa ram e te rs \IT rC 

m a nua l'" measured in 199 1 a nd 1992. In 1993 a ncl 1994, 
o n I y th e ma i n- faec t o ri elll a li o n \I'as llleas u red , to ge t 

la rger sta tisti cs fo r th e mos t impo rt a nt ori e n ta ti o n a ng les . 
Th e hi g hes t po ints o f th e ice blocks were a lso sUl'\T)'ed ill 

1992 in ord e r to reco nstru ct th e thrcc-dim e n sio na l 

geom e try or th e wh o le meas ured pa rt o r th e ridge . The 
coordin a tes o f th e icl' -block corn e rs ca lcul a ted fro m th ese 

sun'C \'s a nd ice-block measure m l' tl ts a rc g i\T tl in th e 

Appendi x. Due to poo r \ITat he r conditi o ns th e m cas ure

m ent acc uracy was not as good as usual \I' ith thi s 

146 

Ft~[!,. 8. T he dijlance T j belll:een afi\ed /lO/1I1 all Ihe maill 
facel (!/all ice block alld a comer of lite m({ill facel i.1 jh01('1I 
logel /i er ll.'ilh Ihe res/Helil'e allgle (1j belween 1' j alld Ihe 
cros.HecliOIl({11i1l1' of l/i e l'erliwl /)Ialle alld l/ie main/({cel 
l/ial incllldes Ihe jI \ed /JOilll . The Ihicklless hj of Ihe ice 
block ill Ihe middle 0/ a II/aill-./acel edge is demoll.l/raled 
logl'liter lcilh l/ie mrres/Jolldillg allgle Pi bell('eell Ihe maill 
fa (('I alld lhe side face l. T hese 111'0 jJarameler,) are 
llleasllred ({I Ihe illlmllediale /loilll (Ill /i e edge joill illg lite 
romerj 011 eilher side . 

techniqu e. Th e es tim a ted acc uracy fo r th e sun'Cyec\ 

heig h t is ± 0.005 lll , [o r th e an g le ± 2° and fo r the 

Nil 

8 _CP 

, ; , ' ce I m 

N' 
~ N 

> E'=E" 

Fig. 9. Tlte ElIler allglej () alld y ({re .IhOl1'1I res/Jeelive 10 t/ie 
geograjJltiw[ directions E alld ,\ '. l~'n ij lite uOjj -serliollal 
line belleeen Ihe il/aillIacel o/Ihe iU' blork and Ihe IlOri::,olltaL 
/)Iane . . \ 'n iJ Ihe uos,\ -Jeelioilal filiI' belll'l'ell lite maill facel 
alld Ihe l'erli{(ll /)Ialll' . The meajllred hori::,olllal rol({lioll 
allgle 'Pill ij a/jo jltOll'lI . T he jign rom'mlioll Ior e is .\Uch 
Ihal e is lIegative It'hen Ihe (l\is 071 Ihe //laill ./acel lclthh 
d~/illej () /Joillls 1I/)1('(/rds. Hence e = - ()III' For //Iodelling 
/}/{r/)o.I(,,1 'P = 0 eorre,I/Jollds 10 Ihf (lIi.1 /mjJl'lIdiwlar 10 lite 
ri(~[!,e-jai! direclioll . alld 'P illrreaIe.1 rOlllller-c!oek!l·ise. Thus 
'P = 180° - 'Pili - 'PI'III (±3600). where 'P\'I1l denole,) Ihe 
ridge-Jail diralioll . 
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di sta nce ±O,3 m :-Ianninell 1992, 1993, 199-L unpub
li shed <1; J\Iallnin en and R antasuo, unpubli shed ) , 

For ice-block measurement, first the cross-section 

bctllTen the hori zo ntal plane and the ice-block main 
[acet \\ '<lS checked \\'ith a compass haying a bubble, This 

lin e \\'as marked \\'ith a n ink pcn on the ice block, and its 

gcograp hi cal direction lI'as g iyc'n b\' the co mpa ss , Using 
the rig ht-angle o r the dial p la te, the \Trtieal cross-sectioll 

lI'as drall'n on th e ma in facer. The inclinometcr \\'as th cn 
position ed on this line and the inc lination m eas ured, Th e 

point at \\ 'hi c h the ho ri zo ntal and \Trtical lines m et was 

used as th e rerncnee point fc )r th e main-f~lce t shape 
measu rement s, The distancc to cac h corner was m easured 

rrom thi s point using a tape-mcasure, The direct ion 

angles or th ese di sta nces \\TIT c hec ked \\'ith th e dial pl a te, 

the centrc or \\'hi ch \\'as pos itioncd prec isc h ' o n thi s 
refCrencc point. Th l' thickn ess or thc icc hlock was 
checked lI'ith a sca ll'd damp, a nd the angle bctllTcn the 

main and sic\ c racet s lI'ith a ruler and protractOr. These 

tll'O parameters liTre measurcc\ roughh- in th e middle or 

each side or the main-race t poh'go ll. The measuremcnt 
prrcisioll for the \Trtical ro tati o n a ngle elll was ± 0,3 , fo r 

th c hori zo nta I rota tion angle -P", ± 0,1 , fe) r the angles (t ; 

in the main-fa ce t plane ± I, :) , 1'0 1' the radial di stan ce 

J' ; ±O,OO.s rn and fen th e side-f;ltTt ill clin a tion angle 

l i j ± 3 ' Due to the sUl'Llce roughness, n1('a surenwllt 

acc urac > fi)r the thickness ".i is not co nsielered hct lt'!' 
than ± 0 ,0 I Ill, a lthough th e llleaSUITI11C'nt prec ision \I'as 
± O,OOj 111, 

Th e simple m cc halli ca lmcthod of'lllc;] surin g icc-I)lock 

shape and oril'nta ti on presentcc\ here proelu ced data 1'01' 

finelin g rec tan gu lar poh-hedron s length 0, lI'idth b, 
thi ckness /, ). which represe nt the ice hloc ks in the 
o ri ent ational St'nse ill the best possible \1 ' ,1\ ' , Stati s ti ca l 

calc ul a tion or till' hori:l.On tal and I't'!' ti ca l I-: ul er ang les e 
a nd tp lI'a s carried Ollt \I'ith a t\l'o-dimcnsi()nal pitasc
optilllizing m e thod :-I ann inclI , unpuhli shed b, The 

third Euler ang' lc l' and ra tio bl o \lTre Dhtained by 

o ri entat ionally optimizing till' matching or the main Etu' t 

or a n ice hlock lI'ith a rccta ng le :-I an nillen , unpul)li shed 
c ' Th e period fell ' ~'\I ' a s al so chosen so ,b to Illillimize it s 
s tanel ,lrd dn'iation, Th e dim ens ions (l a nd h \lTre 

determincel ';0 that ob equallcel the main f;lcct area, 

Th e icc-block nlCaSUrellll'n ts IITIT ca rri eel o u tin th e 

Ba\' of' Bothnia durillg 1991 93 allCl in th e Sea o(,Botltnia 
In 199~, In Febru<ll'\' 1991 the measurcd ice rid ge 
,65 1 -1. ~)' :'\, 2+ 2 k -I' E lIas n l'\I', a ir tem perature \I'as 

IIT II helow 0 c: ;lIld the icc-block edges \lTre s till sharp 
:-I a nnin cn, 1992, unpubli shed a In :-I a rc h 1992 th e 

rid ge was ncw ly fo rmed Ilh c I)ase lIas slill wet I. hut the 
icc field 65 23,0 ' :\ , 23 3 ~3 E \I'as old anel had bcen 

dcli>r!lled ma n \' ti mcs, The ice-blOCK l'dges \ITn' not as 

sharp as Lil(' plT\'ious \ car Fig, 10: :'IIa llnincn and 
R allta suo, unpubli sheel I , Thi s ridgr I\'as d t' fl )rlllcd aga in 

durin g thl' li c lel expeelition , allel sOl1le parall1cters \lT re 

remeas urec\ arter that. In I'"c brllan' 1993 the stuch area , , 

165 1 -I, ,9 ' ~ , 2 <~ 1:) ,9' 1-:> lI'as a lso a l11an y til11es dell)rl11eel 

old ice field a nd th e rid gc in\Ts ti ga tcd \I'as o ld, The ice 

hl oe ks \lTre alrcach ro uneled h\' changin g lI'('ather 
conditions , Fi g , 2; :'Ilannincn , 1993, In :-I arc h 199 1 
the area urint e rest l62 17,9' :\ ,20 27,1' E was rull ol'net
likc ruhble lI' ith s ha rp-cd ged ice 1)locks ( Fi g , 3: 
.\I allnincn, 199 1 

.I/allllilleJI : BaIlie Sea ice-rirz[!,1' ,will 

F ig , ID, I lIdil'idllal ice b/ock.1 011 b011t sidl':' 0/ the .l/lIdil'd 

ice ridli f ill lite nr~) ' I!/ Bol/lllia , ,\ / ([rei, 1992 ( {'(/.II ,lid/, i.1 
ill ,fiolll ) , Tlte rir~s;e i,l Jair~)' 111'11 ' ( ba,li' lIolji-o;,m l dll' lI 

117 l'a ,l 1/1'1'1111'11 1,1 II 'I' 1'1' slarled ) , 1)111 WO,I jimlll'd .filJIII 0 

cOll.lolidaled ice jli'ld Iltal had d~fiJr/lled II/{/I~)' I illl !':, , TIt {' 
f\ce/)/i()I/{/{~ )' mild will ler had dear~l' a/Jfrll'd Ihe ,l/mc/llri' 

q/lltl'itr' , nll/,I, Iltl' ri(~r;1' (OIl ,Ii.I/i'd 0/ old if I' allhol/glt 1111' 
HliI ,l/rllcllllP ll '([ ,1 1I I'll' , 

The stati sti cs or th e mcasurccl in' -block paral11cters 
I anel pa ral11eters ca lculat cd ri 'o l1l thcl11 a rc g l\T n in 

Tab les 2 and 3, Thc completc e1ata are gil'en l' lsc wherc 
I :-'I anninen, 1993, 199 L unpubli shed a; :-I annincn and 

Rantas uo, unpub li sh eel ' Th t' I.illi efo rs tc, t fi)r normalit y 

and log-normali ty lI'a s uscd as it g i\TS good resu lts fi l l' 
C\,(,II sma ll data se ts 11 ~ 10 Duel c\l'iu , and .\li shra, 
1988 ), 

I t is rcma rK a ble th ;lt th c a\TragT ma gni lllel e o f' the 
\Trtical inclina tion 0,,, anel its stand a rel dn'iation arc 

roughly cqual on both sid e, or the rid gT whell tite number 
ormcasurcdl)locks is ;ti lOlT 20 on eit her , id c, Yet the tll'O 

siel es d ini' r \I hen the orientation or th e main f~l lT t s is 

descr ibeel lI'ilil e a nel ..p Table 3 Th m, the \Trtical 
proccss of' clef i>r!11;l tion afll-rt s hoth s iel es ill ro ug hl y th e 

sal11c \I'al', lI ·hcrcas th e hori l.on tal ro tati o n is diile-re nt. 

,\ ccording to the la rger 1993 ice -hl ock data se t th e re is 
so m e correlation be twcc n th e magnilud c or IilC HTt ical 

inclination or th e ice hl ocb Oil hoth sick, or the ridge 

a long the sail dircction, ,\!tho ll ,gh hlocks e1iredl> filcin ,l!; 
each o ther do no t cOITclat e, the ge n e ral trelld is that b o th 

sicles of' th e rid ge halT roughh- the sa m e , ize or \Trtical 
inc linati on angles in the sa!llC part o r the sail. This is c\'(' n 

l110re o b\ 'ioll s ",h cn th c a\Trage \',liu es or li\T sllcccss i\T 

l11eaSUrenlt'llts a rc exam ill cd I Fi g; , Il l, In thi s case the 
ma gn itudc or \T rti ca l inclin ;ltion of' ice hlock, \I 'as on 

an' ra ge also sonwII'h a t g rea ter than the ;tITragc slope 

angle T a ble 2 ' The p;lckillg dell sil Y o f' till' t\l O sic\es lI 'a s 
all110st equal: 5 1 bloc ks Oil the eas te rn siele corrcs po nel ecl 

to tlt e sal11c rid gc-sa il leng th as 1,9 Oil th e IIl'stnl! siele, 
The nllmber OrCO rlltTS in main I:HT ts is \TI'\ , illlilar ill 

all e<lSl'S, It is a lso proha ble that tlt e ice 1)lorks lI'ith llt c 
SI11 ,tIlest \Trtical illclinatioll iJrca k morc th ;lll once, as thn 

typicall y halT 1110rc main-f;lcet CO rtlns than stc('pl> 

positioned ice blocks, Th e la rges t ice blocks tellel to h ,I\ ,(, 

the ll10st cornns, Trian gles t> picall> kl\T small l11 a in 
I~HT t s, <llId th c ratio or side f~llTt S to main filtTt s is LtrgT r 

than fel l' poll'hed roll s lI'ith ll10re co rncrs, 
Altho ugh the shape of' th e ma in filce l \ 'a ries w ic\eh', 

th c o riclltati oll of side f~lcct s \I ith respect to the main fiKct 
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Table 2. "ll'frage l'allle.1 alld respl'clil'e slandard daialioll.1 oIlhl' I17fa.IIII'('{Il'frliw/-illclillalioll allgle Bill and Ihe lIumber of 
eomen 71 of Ihe lIIailljacels . Ihe allgle belwl'eJI lite maill- alld side:farel Illalle,l (Jj alld ('aleulaled maill- alld side-jaal areas 
jar Ihe measllred ridges alld bOlh Iftl'ir side.l . . -Jlso giNII is Ihe (I1'e1"age ralio of /"1' ({l'l'rage lolal sidej([{'el (lrea 10 Ihe lIIai" 
jacel area, TI <sidl's> /main , bul 10 ill crease reLiabili(r Oll()' blorks It'ilit al leasl Ill'O //Ier/ ,llIml .lidl' Iaa/J are illdllded ill 

mlelllalion of 1"1' m'froge 

/.oealioll ~f /I11,(/.I'ured ridge, Parallleler 130lh .Iides 0/ ridge J " e.llem .,idl' of ridgl' l:·a.llem .,ide i.!f ridge 
ilumbl'/' oj measured blo('k.l 

:ll'l'rage S.D. , ll'l'rage S.D. :ll'l'rage S .D . 

Bay o f' Bo thni a . Fe bruary J 99 J Bill 
Blocks: IV \\' ) + 101E) = 24· 71 

(Ji 
l\ fa ill- race t a rea (m 2 

) 

Sid c-(aec t a rea (m 2 
) 

n <sides> / m a i n 

Bal' or Bo thni a . ,\I a rch 1992 Bill 
Bloc ks: 20(\\' ) + 22 (E) = 42 n 

j3 .I 
.\J a in-(~\ ce t a rea ( m 2

) 

S ide-(i\('el a rea [m 2 

11 <s id es> /ma i n 

PrcI'io us rid gc a rte r a nc\\' Bill 
d efo rm a li o n 

Bay o r BOlhni a, Februa n ' 1993 Bill 
Bloc ks: 73[ \\ ' ) + 73 (E) = 146 11 

Sca of' BOlh ni a . .\I a rch 1 99 ' ~ 0111 

Bloc ks: '1·2 

is a lmos l a h\'ays I'en ' close to o n llOgo na l (T a ble 2 \. 
Th('l'do re, a pprox imalio n o r icc-bloc k po lyg-o ns lI"ith 

rec la ng ula r po lyhedrons is vc ry g-ood if o nl y th e ma in 

f~\ ce ts ca n b c close'" ma tc h ed with rectang les. Since 

lri a ng ul a r fa ce ls sce m lO be ra re, il is usua ll y poss ibl e LO 
find Lt to le ra h lv good rec ta n g u lar a pprox im a ti o n for thc 

m a in ice-bloc k raee ts \la nninc n , unpubli shed c l. 
T a blc 2 indica tes th a t th e m a in race ts o f ice b loc ks do 

nOl a lo ne represe nt I"e l'l' \\'e ll th e \\'hole s url~lce or a ri dge 

sa il. Th e a l 'C rage ra ti o or th e average LO ta l s id e - race l a rea 
lO the m a in-face t a rea , n <sid es> /ma in . is on an' rage 

~3 . 7 J 7.8 48.2 19.2 37.3 14.3 
1,.3 0.9 4. 1 0. 6 4. 6 J .2 

92 .7 6.0 93 .8 6.3 9 1.2 5.6 
0.+76 O. ~ II 0.359 0.2H 0. 64 1 0 . 5 "~ 2 

0.1 34 0.06 1 0. 129 0.045 0.142 0.079 
2.2 2.6 2.6 3.3 1.6 1.1 

+7 .2 23.8 46 .8 22 .1 "~7 .5 25 .8 
L3 1.0 4.5 0.9 "~. O 1.0 

98 . "~ 8. ~ 10 1.0 9.2 95 .8 6.7 
0.2 16 0.:N5 0.2 12 (U 85 0.22 1 0. 298 
0.090 0.0 ~+ 0.099 0.05 1 0.08 1 0.035 
2.5 

"k'i .9 

37 .5 
L3 

30 .9 

1. 7 2.7 1.8 2.3 1. 6 

2 1.8 4·5.7 20 .9 "1·6.2 23.0 

22.5 37.7 22 .3 37 . ~ 22.8 
0.9 4.5 1.1 '~. 2 0. 7 

19.2 

g rea ler th a n 2 1'0 1' b loc ks in the s ludi ed ridges . Only h a ll' 
o r lit e sidc face ts arc I" isiblc to ra d a r a t a gil'C n t im e . but 

th e ir ae ri a l pe rcc ntage is roug hly as large as that o f th e 

m a in (;lce ts. The refo re. il is esse llli a l to use lhree
ciim ensiona l m odel s [o r ice ridgcs. Th e assu mpli o n th a t 

th e m ain face rs a lo n e rep resc nl tit e rid ges IIT II C' ll o ug h is 

no t direc li y j us ti(i ed . 
l\ cco rdin g to T a ble 3. either siel e o r <l n ice ridge ca n be 

d escribed bl" a pprox im at ing ice b locks lI' ith rec la n g- ul a r 

p o l)'hcdro ns \\' i lh n o rm a lh- di slributed Eulcr a ng les a nd 
n o rma l'" di slributeci dim ensio ns. A log-no rm a l di s l ri bu-

--- West - - - - - East I 
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c .... 60 ,--------------~r------------_, 

~ ~ .~ 50 
c 0) en - 40 
=~:il .s. 
uIDUCI) 
:§ ~ g:£ 30 
C\l ID Cl) 0 20 
.52 Cl ID 0. a; C ~ 10 
> C\l 0 L-______________________________________________________ _ ~ 

South - north 

Fig. J I . A l'erage tif/i'zoe cOllseClllire[l' mea.1l1 red l'erliral-illclillal iOIl allgles of 1111' maill j'acets of ice blocks 0 11 bOlh sides d lite 
sllldied ridgl' . alollg Ihe ridge-jail dirl'(lioll ill 1111' B(~l' 0/ 80Ihllia, F e/mUll)' 1993. T lte ia blocks 011 1111' easlem side Iw/'e 
sllijied .lOullw'ards k)' IOII l blocks. 
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· 1/1111111111'11: B ([III( Sea Ice- ridge ,I ([il, 

Table J .. l/ l'allrallll'.1 alld res/Nell l'e ,l /al/(lard dfl'Ialloll.1 II/Ilte CfIIC11laled 1~'IIIl'r allglr',\ e. 'P alld \jJ alld IfIIglit a. lrldllt b 
({lid Iltleklll'jj h o/reelallglllar /){I~)'liedr()II , ' llilll hl'.1 1 rl'/lFl',11'II111i1' orll'lllalloll alld .Ilia/II' lif Ice blorkl 1111 bolh sides (11'1'.11 alld 

NI.II) II/Ihe lIIl'{wlrl'd rlr!!!,I',1 III llil' Bill' 11/ Bol/1ll1a III 1992 1)<-1 alld III llil' Sea I!f /Jol/1ll1a III 11)91. 7 lie dlllll'll .liollll'.I ,1 riJI, 

11'/'1'1 al it'lliri/11i1' /)([rallll'ler 1111/111'.111011 /III ,I.I('{/Ilie l. i/fiej(IF,' If.ll/in lIormoll!)' 1., al.l{} giNII. l 'allle,1 ill bmrke/.I corrl',l/JOlld III 

log-lIorll/al di.llriiJlllioll 

/,oCflllIJII ~/ lIIea,llIlNI rir!!!,f. Parallleler Bolli .Iide" ~. rlrZ!',f J 1'1'.1/1'1'11 ,lIde IllrilZ!!,f Ea" lel'll side of rirz!!,1' 

1/llll1bfl' 1I/IIII'a.l llrerl blllck, 

. l l'ertlge s ./) . Ri.,1. . 11'l'rage s. /) . R i.lk . lrerage s . /) . Ri.lk 

1''l'I'1 11'1'1'1 11'1'£'1 

Ba\' of' BOlhni a. 0 71.3 +6.S 73 .6 +-~ . 3 0.1 0 3.9 + 1.G 0.0:) 
F c brua n ' 199 1 cp 1 1.7 3U5 0. 10 0.1 26.D 0.1 0 3.) .1 35 . 1 0. 10 
B1ocb: \jJ 8G.2 35.+ n. 10 82.9 3 L2 0. 10 88.5 37.3 0. 10 
1+(\\ ' , + 10 1-: = 2·1 (J 111 , 0.8.')2 (1.3 71 0. 10 D.782 0. ~)36 0.1 0 0.9 1·9 O. ~ 12 0. 10 

[0. 10 0.1 0 0. 10 ' 
/) 111 O. V)3 0.257 O. I 0 O. 128 0.1 ~)8 0.10 0 .. )8:) 0.3 10 0.1 0 

[0. 10 (0. 101 (0. 10 ) 
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Fig . 1:2. C:arrellllioll o/Iltl' I'nlical (1 Illld /lIiri :olllal cp l~'lIler IIlIgll'.1 o/Iltl' lI/{/illjf((('I.1 o/Iltl' iCl' Mori ... , 1111 hollt " ide,l III lit!' 

ridge" ,ll lIriil'd ill lit!' BI!)' 0/ B ol/lllia IIlId ill lite S('(( I!l Hulllllill. 
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.l0l/mal (if Clariolog), 
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Fig. J 3. Correlalioll oJ ElIler angles rp al/d \It ill the hori::,olltal and l17({in-j(ICeL /Jlallf oJ the lIIail/ Jarets of the ice blods 011 

both sides of the ridges .>LlIdied in the B (I) ' of HoLhnia . 

tio n co uld equ a ll y II'ell be used fo r th e width a nd length o f 

th e m a in facet, bu t th e dilfe re nce is sma ll , as th e sta nda rd 
dCI'ia ti ol1S are so la rge . H OlVe l 'C r , it should b e no ted th at 

a an d ba re fi c t il'e dim e n sio ns tha t o ptimi ze the 
o ri entat io n a l a p pl"Oxim a ti o n. Th ere fo re, it is ha rdl v 

su rprising th a t the log-no rma l distributi o n fo und to lit 

11"(' 11 th e' commonl y used lo ng a nd sho rt axes is no t 

d istin c tl y bet ter fo r a a nd b th a n th e norm a l di stributi on. 
S urpri sing ly , the <1nTage thi c kn ess of ice bl ocks h does no t 

a h"ays p ass th e test [o r no rm a lity \"C ry well, but thi s is 
p ro ba bl y due to ice bloc ks compri sing se\ 'e ra l ice laye rs. 
The I'(Ttica l Euler angle () o[ th e whole rid ge o l)l'io usly 

de \·ia tes [rom a Gauss ia n d ist ributi o n. Th e typi cal 
\'C rti ca l- inclin a ti on \'a lu e d e finit ely de pends o n th e sid e 

of the r idge, w hi ch is und e rsta nd a ble co n side ring the 

fo rm a ti o n process 0 [' an ice rid ge . Clea rl y th c two sides o f 

a rid ge sho uld be trea ted stat ist ica ll y se pa ra te ly. 

Th e re is \ 'irtu a ll y no co rrela ti on bc tween th c six 
pa ra m e te rs d efinin g size, sh a pe a nd ori enta ti o n of the 

rec ta ng ul a r po lyhed ro ns a pp rox im a ting th e ice bloc ks. 
Onl), th c le ng th u a nd \I'id th b ha \"(' a s lig ht inte r-

1.4 

d c pe nd ence (Figs 12- 14). :\ um e ro us iCt' -block m a In 

face ts ca n bc a pprox im a ted w ith a lmos t squ a re rec t

a ng les . 
D efiniti ons o f the ice- block leng th I a nd widlh b 

m eas ured in th e Bea ufo rt Sca a re no t id enti ca l to those of 

a. a nd b used in thi s pape r (Tu c ke r a nd C OI'o ni , 198 1; 
Sayed a nd Fred c rkin g. 1989 ). H o \\·e \ 'C r. it is in te res tin g to 

nOte th a t th e regression equ a ti o ns fo r th e rela ti o nship of 

dime nsions o b ta in ed in the Bea ufo rt Sca a lso reason a bh

a ppl y to th c d a ta p rese nted h e re . The two equ a tio ns 
fo un d to desc ribc lI'e ll th e rela ti o nship betwee n th e ice

bloc k leng th I a nd thi ckn ess h in th e Beaufo rt Sea a rc 

1= 0 .32 ± 2.328 h a nd I =2.38Vh (Sa \c d a nd Fred er
king . 1989). A \ 'e rage \"du es o f ice-bloc k leng th a. in thi s 

p a per usua lly fa ll be tll'een the "'l lues o b ta ined using th ese 
two equ a ti o ns a nd th e a \'e rage ice- blo(' k thi ckn ess h 
(T a ble 3 ,. Th e li nca r rela ti o nshi p prod uces mos tl y \ 'alues 

c lose r to th c o bse rved ones . Also th e interd epe nd e nce of 
ice-bloc k wid r h b a nd leng th a in th e Ba lti c Sea is 

rcasona bl v cl ose to th a t in th e Bea ufo rt Sea . but th e 

co rrel a ti on coe f1i c ie nt fo r th e' linea r regression is o nl y 0 .45 

1.2 - Sayed and Frederking (1989) 

6 \ . 0 ' I I 
~ . ~. ~ 

• Western side, 1991 

o Eastern side, 1991 
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Fig. 14. Correlation oJ tlte length a alld width b o}' tlte rectangular /JOI)'hedrons orientatinnal0' best a/J/JI'o\illlatillg tlte ice 
blnck) 011 bOlh sides oJ Ihe ridge.s sludied ill the Ba)' oJ Bot/lllia ill 1991 and 1992. 
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,Iir/l/llillm: Nallic Sea iCl'-riIZ!!,1' .I({i/.I 

West East 

F ig, 15, (;l'IIl'ml ,llIlfOCl' ,llmelllle o/Ihl' sllldied iee- lir(!!,l' .\OiI ill 1111' n r!)' o/ 8 olllllia ill 1992 bljoleji'l'sh dl:/iJl'l llalioll o/Ihl' 

ire/il' ld. Th l' dirl'clioll 0/ 1111' olmll'{{liril/ /Joi lll i .1 gil'fll.JiJl' all illl({gl'.I , 

Fi g, I I " \I ost or the large,t dn'iations f'rolll the 

regress IOn lin t' arc causC'd hy tri ,lnglll,lr main f;ttTts a s 

sholl'n e\sclI'lwrc \l an nim' l1. unpuhlished c , 
The icc-block main-bcet area s reported in thi , paper 

liTre calc ulat ed takin g- into atTOunt th e indi\'idual 

polygonal sh apes or t h e icc-bl ock Illain f~ lc ctS, L suall y 

th e lllain-{ ~HTt a rea h as hccll approximated from the 

measured ice-I )lock Icng- th ancl lI·idth , The main-lacet 

area has b een f(llIllcl in th c Beauf()!'t Sea to ciepencl on the 

ice-block thickness , 1'11'0 cq uati ons arc g-i\Tn h \' Tucker 

and GO\ 'o ni 198 1 to d cscribc thi s relatiol1 ship . na mel\' 

A = O,G7cxp (1.8Gh ) and A= 1.4811 2 , The ;I\Trag-e icc

hloc k main-f itcet area s ohsenTd in the Balti c Sea T a ble 

2 J IIT IT fCJLlIld to h e b etllTe n th e cor res p o ndin g \'a lu es 

o btained usin g these t\\ 'O equat io ns anci the em piri ca l 

anTage ice -hl ock thi c kll l'sS \ ',du es T a ble 3 ' Th e 

thi ck ness -squared relatioll s hip pmduces \ ',du es c lost'!' to 

the l'mpirical ones, Th e clata se t of' Tu cker and (;O\ 'oni 

dC\ 'i,ltcd li'olll the square relationship espcc ialh ill IUller 

thickness ca tego ri c" Th e determination of' an ilT-block 

main-littT t area {'rom lll eaS U1TIlle nt ()f' tll c actua l m a in

riHT t po h '.l\'on is certa inl y more prec ise th a ll es timating it 

fi'olll the a ppro xim ,tl e Icn .~t h and \I'idth, Thcre lim', it is 

porl)abk tlt ,l t th e ice- bl oc k main-Elcct area \'alt[('s 

ohtained in the Balti c Sca arc more acc urat e than thO'ie 

o b ta ined in th e Bea ui()rt S ea, Thi s m ay e"p la in \I 'h \ tlt e 

Ba It ic Sea ice mcaSUIT llll' n ts ))("ttCT o!Jn' the pit ys ica I h · 

jus tili ed square la\l titan th e Be,lll lo rt Sea lll caSU IT m cnts 

of'ice blocks of' eqll a l siz e, 

The gc nera l s trlll'Lure of' till' ice rid ge st udied in 1 ~)92 

in shO\I 'n ill Fig ure \.) a s it \I 'a s Iwl(m' f'resit c1c1iJr1natioll or 

tlt c ice licicl. Tit e a\T rage \Trtical in c lin atio n on e ither 

sid e of' tlt e rid ge inlTeasecl sO Ill C'\I'hat upon Il e\\' d eirJl'lna

ti on, , \ Iso tll(' ' llr\T yecl Ilt' ig lt h inlTeasecl in ge IHT,t1 

during' th c dcl(Jrntation process, Thi s is natur;t! a s th e 

pressin g f(l lTC made the rid ge n'IITO\lTl'. ,\ Ithough the 

part orthe sa il llext t() tlte Ill ea sured blocks \\a s de, trO\cd 

cO lllpict e h '. thc citan ge in the Ill easu red p a rt \I 'a, 

nwdnate, Iklilre dcfcll'111ation of' the ic e lil'ld th e 

direction or thc ridge ,a il \\'as :)()O and 182 in oppo ... it e 

directions li'o lll onc point a lo ng tite sa il , com parcd \I ith 

3:~9 a nd 176 ' rcspeCli\'l·h '. af'tCl' dcf(>rlllation , Thus th e 

rid gc rotated horil.ontalh' more or k ss as a so lid Ill ass, 

\I' ith o nl y ,I f('II ' blocks dn' iating di stil lC tl y li 'o m thl' m ,lin 

Irend , Th e g reates t l'hange sccnh to ha\'l' occurrcd {(lI' icc 
bloc ks Il ea l' tite middle h e ig ht o f' Ih c ricl ge sail. 

In 199 ~ litl' ic l' field in thc Se,l of' Bot hllia lI'a s 

ddil rm ed l'\ 'l'1'\'\\'itere in n et- lik e f ~ I S hi o ll, Titere \lTIT 11 0 

ckar lilll' ar ridge sails , cach Ill cs it I)c in g surround ecl b\' 

def(lrmed icc', Thus the orientation of' ice hl ocks \I as 

measuITd \1 ithout a Ill ' a lle mpt to cii s tin g ui sh bet\l'ce n th e 

t\l'O sid es of' th l' sail s, ,\ s Tables 2 and :) SllO\I'. tit e 

o rient a ti on of' icc blocks co uld be described reli ab ly \I 'ith a 

norm a l di stributi o n, 

INCIDENCE-ANGLE DISTRIBUTION OF AN 
ICE-RIDGE SAIL 

,\ radar SCl'S an icc rid ge as a h ea p or di screte sca tterers 

\I ' ith incli \ 'idu al incidcnce angles, \\' it en tite sca ll e lTrs 

herc se parate iCl'-hlock lace ts } a rc smalkr titan th e radar 

image rl'so luti on as is the case Cor ai rborne and satc lli tl' 

S,\R s in thc f) ,t1 ti c Sea .. eac h pixcl i, co rrc la ted to a n 

anTage 0\'('1' ba ckscattnill g coeffic ie llt , co rresponding to 

the indi\ 'idu a l inciciL-nlT allg' lcs, Thus, it i .... esse llti a l 10 

kn()\\ the ()r ien tati o ns of' th e ice hlocks \I 'ith respect to the 

rac!;ll'. Thi s ca ll Ill' stati,t il', llh de~cril1l'd lI' ith incidence

;ln g k di s trihutioJl'-, of' ice rid gcs . \I 'hich It a\'(' b een 

calculatecl fCl! ' m eas url'd rid gcs lI sing a prn' io ll sh 

dC\'('lopcd t h rec-d im l'llSiona I gco lllet ri ca l model lil l' tlte 

~ url~lce la\lT of' th e sa il o f'an icc ridg'c \ \;l1l1linCIl . 1992 1, 
Th e in c id e lllT-ang le distribulioll s of' th e three fillTl !\'pes 

o f' tlt e rcctangu la r polyh edrons approxima tin g th c ice 
hl ocks arc sh O\l' n ill Fi g ure I () {cl r c ither sick of' thc rid ge 

lIlea sured in the Ba \ of' Bot ltni a in 19q2 T a blc 3 : Fi g, 

10 1, Calculation s lITre pnfc)I'lllcd usin g th e racial' 

i nl'idenlT a ll g lc or ERS-I S. \ R 23 

'\atura lh , ill c id e lHT an g les tellcl to iJe la rge r o n th e 

cii sta l titan Oll tlte proximal s ick, , \ Iso. part o r thc distal 

sicic is slta c!ccl. a s Ih e slopl' o r th e sa il is \ ' ('1'\ ' s tcep 

cOlllpa l'nl \1 ith tlte rad ,l r in c id c n cc angle, Ob\' iousl: un 

c illter sick th e cur\'(' is smootlt csl. a s th e racia l' is lookin g 

f'rolll tltc direction of' tlte an'l'a ge IlOril.o llt a l rol<ltioll 

angle or th e icC' -iJl()ck main f;ll'C ts rp , Thne is a c lea r I)(,;tk 

ill the in c icll' ll lT-a ll glc di striiJution or th e mai n facct s close 

to thl' 1' ,lda r in ci d c Ill'l' a ll g le o r 2:-1, Ix'ca ll sc tlte 

orientation-angle distriiJutions a rc so broad, Silllilarh 

t here is a cO ITcs p o ndill g small p e, lk in th e in c id c llc e-<l ll g k 

di , trilHltion s or tlte sick liln' ts I)I! a t ahout 9Cl 23 . since 

the \'Cnica l inclill ;lli o n of' th csc [I('('t s rescmbles that of'the 

main filcl'ts I: ig , I Cl Ikcausl' thl' stat i, ti ca l di s tributions 

or tlte oricnta tioll a ngle, and tlt c dimell sioll s \\Tre so 

broad. tltere is n o major dilliTl'IHT i>c t\\'('c n the t\\'Cl sid es 

or ti t(' rid ge o r the al. imutlt a l-Ll c in g dirl'Clioll s, Tlt e 

a\Trage in c idcnce-angle di s trihutiolls co m l) ining maill 

a nd sick 1;lc(' ts ,\Ild \'a ri o us azilllutllal-Iooking dil'enioll s l 

lilr e itlt er , ick o r the I'id ge sail arc shU\\'ll in Figu re 17, 

, \ Iso rid gl's I\'ith o th er para llll'tLT \ 'a lu es han' produced 

\ 'er\' simil a r ill cidl' IHT-ang ic di s trihuti ons .\ Ianllinl'n. 
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j OllrJIa! of G/aei%gl' 

Main 
facet 

ab 

Side 
facet 
ah 

Side 
facet 
bh 

Proximal side Distal side 

freq . 

freq. freq. 

freq. 

Fig. 16. l lleidmee-allgle dislri/!lIliollJiJr ire-block/acelj ab. ah alld vII Oil eilher jide ~flhe ia rirlp,!' . T he SAR /Jaramelers 
are Ilzoje Ilf HRS-I: ji-eqllell~) ' 5.3 (;1-1.::.. radar illeidmee allgle 23 . T he CltrI'fj hm'e beell {a/cll/a lu/ Jor 'P l'a!lIesji-olll 80 
1080 l('ilh all illcrelllflllo/20 10 .Iliol(' lite mlire a:illllllhrlil'aria/iol7. T he disla! side is shaded ~) ' Ihe sa il whell 'P is 0°. 

1992 ). Thus, rid ges in genera l seem to be \'e r ) simil a r 
(i-om th e point o f' \ 'ie\l' of ra cl a rs . . \Ithough lhc rad ar 
in c id e nce a ng le d omi na tcs th e loca l in cid c ncc-a ng lc 
dislribuli o l1s 0 [' rici ge's, a nd th c az imuth a l-lookin g direc
tion a lso has a c lea r efkCl, these Ica lurcs a re so m cwhat 
simil a r 1'0 1' a ll rid ges a nd do no t d e pencl \ er) mu ch o n th e 
exact geo metrica l shape of' th e rid ges . This res ult is 
suppo rted b\· num ero us calcul at io ns o f' simula ted ricl ges . 

I nc id ence-ang lc clislributi o ns can be uscd to check 
\I'h c th cr th e diO'ra Cl ion dkn o r the specu la I' re fl ectio n is 
larger th a n th c first- o rd er bac ksca t( erin g. F o r [h c 
s pcc ul a I' com ponelll th e ro ll o\\' i ng eq ua t ion \I'as usecl 
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(U la b ) and oth rrs, 1982): 

C 
a ()( 8i ) = -= IRol'.?l cos2 8, ldi hic- (2/,acosIJ,J' 

7r 

(
Sin (h i".Sin 8, cos 'Pi )) 

h,k SIJ1 8i COS 'PI 

(
Sill ( di bill 8i sin 'Pi) ) 2 

dik sin 8i sill 'Pi ' 
i= 1.2.3 (1) 

\I·h e re d1 = d2 = 11 , d;] = It = b. l2 = 1;1 = a. Ra is th e 
Frcs n c l renec ti on coe ffi c iellt 1'0 1' VV or HH polari zation , 
'PI is th e az im u th a l a ng le belll'ecn lh c incomin g rad a r-
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Fig , 17, /lI cideIlCl'-allgle di,l/rilJ/llioll ({1'f}aged O;'{,/, lit!' 

ll'ltol!' /Holi/l/al ({lid di,llal ,lidI', 'I Itf (III/llt/alirl' di,llribll 

lioll '1/llie di,llal ,Iide do l',' 1101 re({clt IIlIi~) ' , a ,l /)(11'1 0/ lite 
di.llal ,lid" is ,Iltllded, call,lillg /10 blld.-,Iwllnillg, 

\I 'a\'(' \Tc tor a nd th e sick I;, a nd (J is the rms heig ht or th e 
s urf~l ce ro ug hn ess, Since st ri c t ca lcul a ti o ll \\'o uld req uire 
illt cgrat ion 0\'('1' hot h y, and 0;, the calcu la ti o ns ha\'(' 
IJl'C n simplifi ed , Sm a ll \',d ues o r 0; do mina te th e spec ul aI' 
co m po ncnt so th a t it s \'a lu c I ~dl s o lT ra pidh' \I 'ith 
inlTC;Js ing () ; ( Fi g, 18 \l orcO\cL th e erli:'C t or y, i, 
sma ll lo r sma ll \'alu cs ore, IFi g, 19 ,TIH,'rl' [()JT, it su llin's 
to ca ieul a tc th e spccu la r compo ncnt using onl \ ' o ne \ 'a luc 
1'0 1' y; , / ero \I'as se leucd f(l r usc in these cait- ul a ti ons, ,\ t 
first, th e \'alu c o r th e spec ula I' COlll pOlll'nt was calc ul ated 
fc)!' e, rrom ze ro to 90 in inC1'l'nH' l11s orO, 1 ,Thcse \ 'a lul's 
\lT IT th en wc ig h tcd \\'i th th e c()rres pond i ng i nc id c ncc
a ngle di st rihutio ns, ice-hloc k f~lcct a reas and sa il slo pl's on 
eac h siel e o r th e ri dge a nd fin a ll \' ad d ed lOgc th er 
\I a nni ncn. 1 9~):2 , For com par ison the firs t-orde r Ilac k

sc att e rin g co mpo nent f( )!' til l' sa lll l' in c id e lHT-a ng le 
d istrih u tion \I'as ca lcul ated us in g a n int egra l cq uat iou 
meth od 11 E'\I ; I: un g, 19tH ' , 

The lirst -o rd cr I E\I hackscattLTi ng compo ne ll t tu rned 
o ut \() he 7 1:2 dB la rgLT tha ll th e spec ul a r com po nclll f() r 
th (' inc idc nce-a ngle di,t ri b uti on ('x; llll in cd , ,\I so in 

0 ,75 
(sinf)"2* (sinf)"2 
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Ft~!!" 18, , ~J)(,(lIllIr rej7{'( lioll III ajilllclioll o/Iomi i'l' rlical 

illcidl'llt't' IIlIgle (}jin "" /lOlar i::.a l iOIl alld ';,3 (; / J: IIlId 1111' 

ril~!!, (' ,l llIdied ill lite JJr~J ' 0/ n ollll/ill ill 1992, 

p r('\ 'ious studies th c spccul a r cO lllpo nent has I)l'l'n Ill o d es t 
.\la n n incn, 199:2 ' f-/ o\lTn't', calc ul a li on or till' spcc ul ar 

cOlll poncn t is l1l1l11 cr ic,dk \T ry d e lll a nd ing, sin ce th e 
functio l1 in qucst io n is so st('('p h- pea ked , O n til e o th c r 
ha nd , thl' inc idl'ncc-a ng lc di stributi o ns o f' th is pa per ha\ 'e 
beC'n calrula tcd \I ith a ra ther CO,l rse incrcme nt 01':2 III 

0, y and v ' Th us, thc a bu ndancc or th l' sll lall cs l loca l 
illc ic\cnL'c angles ca n not he guara n tced \I ith hig h prec is
io n , I t is dill icu lt to l's tilll;ltc hOll' Illu ch th is ruu ld a flC'C t 
calcu lat ioll ort il c 'i l)('cuia r component. hut so fill' lh e first
order b;lcksra ll cr ing ~1'l'IllS tu 1)(' ill o re impo rt 'l nl. Ir thi s is 
till' case, the ridgl's shou ld be \'isihle in S,\/\. im agcs 
Ilasica lh thl' s;tnH' \\ a\ \I ith in a broad fi-cqu CIll'Y b ,lIld, 
/-I ()\ll'\Tr. the situat iol1 i'i cOlllp li ca tccl I): th e cha n,gc in 
t he p roport ions or 'i ll 1'1; 1('(' al1d \ 'o lu n1l' backsC<l ll e ri ng 
with c lI a n,gil tg rrCIJ II CII l':, 

CONCLUSIONS 

T he I '('SUIt, obtail1cd herc cOll fi rm tha t geolllc tri ca l 
pro pLT ti e, or til l' t\l 'O side" or thc Ba lt ic S('a rid ges a rc 
no t ,gcnera l" eqlla l. Th e a\Tra,gc slopl' angit- o r bo th 

5 
" 1 

Fig , 19, F itI' a;.iiilllllllll COII//iollml (Si ll (h,A-sill(); ('os y,)/ h,A-s ill e, cos y ,)- x (Sill (d;A-s ill 0; sitl y,)/ rI,!.-Si ll 0, si ll y, )-

o/Ilte ,1/Je(((/lIr rtj71'rlioll ( Fqlllllioll ( I )) 11,1 ajilllcliollo/lomil'erliwl i/lmll'lIu' (III,!!,I!' () allt! a:illlllllllli illridell((, IIlIgle yjill' 

' -I ' /w/llri :((1 iOIl IIlId 5,3 (; /-/::. ({lid lit" III{(ill jila l I or II/{, /J)'{Jlillllll ,lid" 0/1111 ridp,l' ,lllIdied ill lit!' 81~)' 0/ n ollll/ill ill I'F)2, 
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sid es, hO\l·evc r . scc ms to a pproach th e sa m e \·a lu c 
sta tisti ca ll y with increas ing m eas urc me llt dis ta nce . ,\ 

sli g ht nega ti\ ·e co rrela ti o n b e t \\'een th e slo p e a ng le a nd 

width is typi ca l. The magnitud e of th e \"C rti ca l inclinat ion 

o f ice-block m a in Cacets co rre la ted to SO I11 C exte nt on th e 
t\l·O sides o f a rid ge. 

All three o rient a ti on a ncl a ll thrce size p a r a m e ters of 
ice bloc ks o n bo th sid es o f th e ridges st ucli ed can be 

co nsid ereel as no rm a ll y di s tributcd, a lth o u g h a log
no rm a l di s tributio n fit s sli g hth- bette r th e w id th and 

leng th o f th e fic li H rec ta ng le a pp rox im a ting th e ma in 

ice-bloc k Lace t. There is a llllos t no co rre la ti o n be t IITC' n 
a ny two 0 [" th ese six \·a ria blcs . On ly the w icl th a nd leng th 

o f th e Ill a i n-f~l c e t recta ng le h a lT a \ ·ag u e positi n' 

in lerd epc ncl e nce . Three -cl i Ill c n siona I mocl ell i ng 0 [' ice 

rid ges is esse l1li al. sin cC' the to ta l sid c-face t a rea \ ·isibl e is 
typica ll y a t leas t as large as the LOUt! main-face t a rea . 

The in c ickn ce-a ngic d istributio ns of rid ges ge nera ll y 

lend to be \Try simila r, a lth o ug h th e rid ge p a ra meters 
d iffer. T h is is m a in ly d ue to th e filet th a t Eulcr angles 

d escrib ing th e ice-bloc k o rie nt a li ons tend to h a.\ ·e broad 
di stributi o ns, \I'ith a sta nd a rd d c\· ia ti o ll o f a pprox ima tely 

40 . The firs t-o rd er term or surface bac ksca ll erin g of 

rid ges see m s to be d o min a nt , bu t th e num er ica l 
in acc uracy does not perm it \T ry definit e o pini o ns. 
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