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Internal and basal ice changes near the grounding line 
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. \ BSTR . \ CT, I':\' idcncc of' ('han~in g iJasal anci inlcrnal icc propcrtics Ileal' lhe 
gTounciing lillc 11 as cic r i\'('ci li'olll airiJorne raci io-ccho-so lllld er oh'C IYaliom (ll h e icc 
s li ecl aroundlhc SOl' R oncianc \I ounlain,s, ,\ll larct ica. From lhl' lrailing ligllre of' lhl' 
IJOII OIlI- t'l' lw signa l, lhl' rOllgh n ess (JI' t h e ice hOltolll Il('ar llie g ro uncli ng line Ilas 
ini(-rrccl, R l'sulls s lwII lli al thc sJlccular componcnt, of' ,calllTing' bcg ill 10 appcar on 
lhc in'-shc lrsidc or the groullci ing lill t', l.' urtlinll1orc. douIJit--lript'cllOt·s lICIT o ilsc rn'ci 
Wilh a Slroll ,g scat lerillg ill tilt' slie lf' area, allci the ir \)oundal'\ or tHTlI ITCnl'l' II<IS ITry 
l'lose to llie grounciing line. Thi , i, c\' ici clll'l' (Jrinlcranioll iletllec n icc anci ,ca Il'aler a l 
llie hotllllll or lhe ice shc lr \ \ 'l' a lso l';.,alllilleci th e ()(TU ITl'nCT or inlel'llal lal (Tecl 
cc lH les, In III os I or tlie a rea a r(Jlllld lhe 1l10Ulllaills, inlerllal cc h ocs IITrc OhS;'I'\Tci 
cO lllin uous", hut llH'l ' II'(' re nOl I(H llld ;11 or close to lhe ice slwll: Ti ll' IJoundal'\' 
I)(, l lll'(:'n th~' ,q) Jl c,lral;(,(, ,lllci disappt'ar,IIll'(' or inlcrll,d-!aln ('('Iwcs is distincl. <tncl 
OlTllrs 2() :W km inlallci f'roll1 the ,grou nciin g'linc, Th esl' res ul ls sll g'g'esl I hal SfllllC llI a jor 
c h allgT Illal OlTur in till' inlerna l icc on lhl' in land ,i(ic or tll(' ,groullc lin g line, 

INTRODUCTION 

\i oSl 01' lhc ,\nt a rl'l ic coast i, C()\TITd III icc shckt's 

cOlllpr isillg' ailolll 11 () 11 or lilt' l(llal arC;1 or ,\n larnica, I n 

lhe trallsilional a r l'a Il l'tll,(,C' 11 an ice , ll c lf';l ll d a ll icc , hc('1. 

ch<lnges or ire propertl a lT expl'!'ll'C1 10 OtTU r ill the 

IJOl lOlll ;Ind illllTll<d ilT, Th c groll lldin g' lill t' is cldillccl as 

l h e IJoulldal'\ al II hi cil llie icc iJOlllllll ril,lIIgc's rOlltacl 

i'rolll rock 10 'l'<I II all'r. allci il di\ ide, lh e ice ~hc' lrrrolll lhe 

ice , ll lTI. CIi,lllges in lile ic'('-IJOllolll propl'l'll occu r al llie 

gro ulldill g lill l' IlCcllIse or lhe intl'l'al'l ioll I)('llle('n ice <l lId 

SC<l 1l',iler , .\ CC llr;ll(, cielermillalioll or lh e gToullClin ,g- lill t, 

pos ili OIl is 11('('l'SS;]1'\ nOl Oil" IClr preciil'lill,!!,' likc,," IC '('

s h el'! alld icc-she ll' responSl'S 10 ch;lng(', in cl ill1 alC, IJUl 

also Ic)!' ulldnst<llldillg illllTn ;d ice plll sics in thi s 

lramilioll,d area , . \iriJol'llc radar Oilsl')'\ 'alioll, a s IITII ,IS 

iJei ng a u,l'IiJi 11 a~ 10 c,a lllill c' the icc-holl()11I lU pogr ;l

pill , ca ll a lso 1)(' u seci l() ciiagllo'l' Jlh~ s ic 'al prope rties oi' 

lh e icc slH,(, 1. T o cic- l(TllliIl C' tll(' pmilioll or l h(' grollllding 

lill e. 1l11' lh ods usillg' a I' aciio-ech() souncll'l' 1i;1\'(' I)('cll u seci, 

lil r l'''lll1plt-, a hHlroslalic-iJalalll,(, equalioll u,ing sUrl~ll,(, 

ami h Oll OIll lopogr'lph\, ;lIllp lilUcie c ll an ,gc' orthe iJ ollolll 

cc h o ,J<lco lJcl allCl ol h cr" I q~n " and ll1ea surin ,g I il l' r aci io 

~c;\l ll'l'illg sl rellglh al lhl' bOllOIll oi' t h e itT \'i shi() '1I1t 1 

L' r ,ilsub, 19q1 , I I ()\1,(,ITr, caicu l,ll ioll oi' lhe scal lnillg 

stl'l'ngl h is easih- a lkl'll'cI 1)\ OlhlT parall1c'tlTs, e,pl'l'iall~ 

Il' hal \',Iiucs in lilc' icc are used lilr lhl' ,Illcllllal io ll 

cocllil'il'lll. a lit I ciala inclllding ll1<1n\ sp ik es, \ \ 'c' prc 

I'ious l\' I'eported an a l,gor ilhlll 1(11' inl l'l' rill g cicpcncien('(' or 
~('a llcrillg al lilc iJollOlll or lhl' in' Oil lhl' <l1I ,git- or 

incicielHT, Prclilllin<ll'\ I'l'SUlts ol'l lii s ,lll ah'sis siloll('d lhal 
, , 

slll(HIlh iJollllnl li 'a llllT' II erc ()iJs('l'I'l'ci in lhe in '-s ll l' II ' 

an'<I LII' rroll1 the ,grounci in g' linc L'ral,uk,1 ;Incl olill'l's, 

IlHE) . Thi s papn s h ml" llial lhe illcicic-n('(' -an g k 

depe llcl cnl'l' or '(';]lle l'i ll~ (,(H'llic icnl s at lilc hOllOIll 

Illeasureci iJI raciio-ccho sOllllding cO lllirms lkll lhe 

POSilioll 01 ' lill' gJ'()llllci in ,g lill t' can 1)(' delerlllineci h\' 
ell'lt'nillg el ilkn'n l cicgrt'l" or hOllOIll roughlll'SS, Thi s 

Illl'lhod co nlplt-ll1 C' nl S Ill(' Ill elhoci of' cielccting elilkl'l'ncc's 

in the ,callning '-l IT IH!,'tll ('all,>cd h\ dilll')'cn l under" in ,!!,' 

lllal('J'i ,ds, 

SOllll' Ilo rk b;lSeci on in'-core S<l lllpic- ~ prm ' id c d 

I'aluabic- inlill'lllalioll Oil \'C'r l ic;d cha llge, in ill I l'I'll a I 

SlrU l'l urc sllrli as lh ree so ul '('es oi' I ill' illtlTIl ,d Illass or tilt' 

ire s iI('ll': til(' <ltTunlllial ioll or snO\l' ill lhis a l,(,'1. ire i'l'Om 

lhe lIpsllTalll ic(' sheel. a nci li 'oz(' n sea 1I<. IC')' \\ 'a ka h <llll<l 

alld Bu clcl , I ~)7(): Onll'l' a nd ol lins, I C)C)2 ,\ II 'icil'!' 

'>1 11 '1'('1 ' Is n('('(', .,; lrl 10 ulld crsland h 011 lile interna l 

slrUl'l urc oi' l li e ice s h e ll' II ill I}(' nlllciili eci anci till' 

<lIn<llllics <11 lhe ll':ln,ilioll,d n 'gion Il ea l' lh e grounel in g 

lilll', SC<lllcrillg cil'lt'l'ICci bl' a radio-echo so ullcil'l' can he 
Llsed to e:-;;llllinl' inlcl'Il,lI ice SlrUl'lure. I II Ill ost ;I IT, IS 01' 

lhe ice , II('CI. illllTn<ll lallT ('('hoes lh a l inclicale lhc 

illl(,J'Ilal s ll'ati~rapll\ 01' the icc shcel <l IT oIJsCl'n'cI by 
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J ourl/ol oJ (;Ioti%i!,V 

radi o-ccho so unding. \" e a n a lyzcd th e occ urre n cc of these 
inrcrn a l la yer ec hoes a nd found th a t th e a rcas where thc y 

a rc absent a re concentra ted a t or close to th e icc shf lf. 

RADIO-ECHO-SOUNDER OBSERVATION 

The Sor R o nd a ne ).I o unta ins a re loca ted at a bo ut 20 
30 E, 7 [- 73 S in cas t Ant a rcti ca. Th e rc is a n ice shdf 

a bout 100 km north of th e So r R o nd a n e :"lo unt a ins. 

,,-he re<.(s th e so uth ern sick o r th e mo unt a ins is a bo ut 

2000 m a b O\T sea le\-et; thu s th e altitud e o r th c 
mountainous ice shec t a lo n g a north south lin e cha ngcs 

by a bo ut 2000 m. Fig ure 1 is a m a p 0 (" th e topograph y o r 

this a rea with th e fli g ht lincs ta kcll ("or a irbo rn e radi o
cc h o -so undin g m eas urc lll c nt. Obse ry a ti o n ,,-ith a 

17CJ:"1 H z a irbo rn e rad io-ec ho so under was carr ied o ut 

in th e a ustra l summ er o f 1986 by th e 27 th J a pa nese 

Antarcti c R esearch Expediti o n (J\RE.-27 ) . Spec ili ca ti o ns 

o f th e ra dar a re shOlI"l1 in T a ble I. Th c reso luti o n or th e 
rad ar can be cha ngcd b y c hoosing fro lll three dilferen t 

pul se \\-iciths. a nd mos t o f th e o bs(' \'\ 'a ti o ns usecl a 250 ns 
pulse (2 1 III reso lu tio n in ice 1. The ra d a r \\-as a ble to 

m eas ure ice up to 2500 1ll thick. Dig it a l d a ta \\-e IT 

acc umu lated \\'ith a n on-board 0. 25 in (0. 63 Clll ) casse tte 
record e r , a lo ng \\-ith th e a irc raft nc\\-iga ti o n d a ta: Om ega 

a nd GPS ( pos iti o n ) . r a di o and press ure a ltim e te r 

a ltitud e ' a nd gy rosco p e (a lti tud e) . ,\ m o re deta iled 
d esc ripti o n or th e rad a r s\-s te m IS gwe n b y Cra tsuk a a nd 

o thers ( 1989 1. 

BOTTOM SCATTERING CHARACTERISTICS 

BottOlD scattering characteristics in the ice shelf 

Th e bo ttolll fi:'a tures 0 (" ice sh eh-es a rf \T ry impo rta nt [o r 
und e rsta nding th e ma ss I)a lance of ice sh ee ts (Th omas, 

1979) beca use ice a nd sea \\'a ter interact a t th e ice-shelf 

T ab/e I . SjJeciji'caliol/j Ii/ [he radio-echo jOllllder 

Tra nsmitte r 

Antenna 

Freq uency 
Pea k p OIn T 

Pul se \\-idth 

PRF 

Sensi ti \' itv 
:\oise fi g ure 

179 :"lH z 
I k \ , . 

60 , 250 / 1000 ns 
1kHz 

II 0 dBm 

IdB 

T ype 3 e1em c n t Y agi 

Gain 8. 15 dBi 
Bea III \\-id t h 70 

R eso lutio n in Ice 5/2 1/8+ III 

bo t tom \ !\lo rgan , 1972 I . In p a rti c ul a r, th e ro ug h ness of 

th e ice-she l I' bot to m is a n inci ica tio n of th e in tc raClion 

be t\\ct' n ice a nd sea wa ler. :\Tea l ( 1979 ) il1\-cs t iga lcd the 

smoothn ess o f th e bottom of th e R oss Ice Shell' using a n 
·'ES .\l reco rding" o f rad io-ec h o sounding. Oth e r r esea rch 

in\cs tiga tin g bo tt o m fea tures o f ice sheh-es b y ra di o-ec ho 
so unding has a lso bee n rep o n ed Sh a b taie a nci o th ers, 

1987; J enkins and D oak e, 199 1) . Th ese repo rts di scuss th e 

lIulerlioll wefficielll from bo rtom ec hoes. G t' n e ra ll y, the 
S(({llerillg COluflCielll, \\-hi ch is d e fin ed in rada r equ a tions 

(f .g . U a by a nd o th t' rs, 1982 ) , is used ("o r di sc uss ing th e 

pro pt' rti es o C th e ta rget pl a ne. Th e sca tterin g coe ffi cient 
d escribes th e e llt-cts of bo th b o unclan' ro ug hness a nd 

difrerences in th e m edium belo \\- th e ice, and is d e pe nd ent 
0 11 th e inc ide n ce angle. If th e ta rge t pla ne is \ -c r y smoo th 

compa ra ble to th e racl a r \\ ·<J \T lcng th. th e sca tte ring will 

be spec ular a nd th e incide nec-a ng le depend e n ce will be 

rest riCled in th e sma ll inc id e n ce-a ngle ra nge . I n th e 

ext remc caSf o r a smooth s url~\ ce, th e rejleclioll co~[/ici('J/1 

ca kul a tf'c1 in til l' equati oll in , fo r exa mpl e. Sh a bta ie a nd 

o th ers \ 1987 ) is a pproxim a tel y th e sa me o nc defin ed ill 
pl a ne-\\'a\T th eor\". a nd ind e p e nd ent of the ra d a r pu lse 

Fig. I . SlII/acf lojJograjJhj' alldjZlj;hl lines 0./ radio-ed/o-.IO/lIldillg obselToliolls aroulld Ihe Sor Ronrialle .IJollnlail/s . 
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\I·id th . Th e Fra unhokr c rit erio ll shml n Ix ' lo\l is a ll10 re 

qu a llti la tilT in d icaLO r or s p cc ui:Jr sca tt c rin g Ll a h l' a nd 

ot hers, 1982 

A 
..J1t < ---

32 cos () 
(1 ) 

\I'he re e is th e in cide n ce a n g le, A is th l' \I <l\-c leng Lh. a ll d 

t:. h is th c root-m ca n-squ a r e he ig ht d('\· ia li o n . . \ ssum illg a 

179 .\II-Tz rreqlll' nc\'. th e Ille-all ro ug h ness I ',d uc or th e 

F ra unhokr criterio n is less th a ll abo ut .J CIll in the nad ir 

di rection . . -\ s a la rge r d n ' ia ti o n o r..J 1! is poss ible ill th e 

a rea illulllin ated by the sa m e pul se- ra ng e ,~a l ( ', i t is be tt e r 

to use sca lt n in g coe ffi c ie n ts dc lin cd i'ro lll a ra cl a r 

eq uat io n ra th er than a s re n eCl ion c()c llj c i (' nt ~,-

\\' he n th e rad a r SI's tC Ill h ,1s a II·id e a nt enna -I )('a lll 

pa t te rn rat h er than a p ul se-ill um in ated a rea . th c cc ho 

sh ape f()!, lll ed hy th e sca ttering sig n a l is stron g'iI 

ci c pc nclent 0 11 the in c id e n ce a ng le . The in c id ence a ng le 

can be calc ul a lcd fro m th e dcl al ' time. a ncl th e sca tler ill g 

coe llic ic n t can be in llTrccl usin g an ap propri a te radar 

equation . I n the ca se- o r a n ice sheel. th c rac\;lI ' cqu a li o n 

shou ld incl ud e the effect o r re li 'an io n a t th e a ir / ice 

ill terL lce. Lratsu Ka a llCl o thers 19B1) p roposed a rad a r 

equal io ll w hi c h sat is fi es th e a bolT co nd iti on s. a s fc) lI o\l's: 

P, = (2) 

H ere . (T" is th e sCl lt cri Il g codli c ient o r th e i Il cicle l1tT allg le 

a t th e iu'-s h eet bo tto m. n is th e re li'a ctin' ind ex . ::; is th e 

ice thi ckn ess, and ()1 is t h e rcrractin' a ngle equ al to the 

in ci d e nce ang'le a t the bo tton l . wh ich th ro u g h Sn ell ' , la\l 

is rC\;lled to () I, tl 1(' a ng le or in c idc ncc o n th e SUrl;ICl' . \\·c 

def i ne ~ a s ~ = cos ()1 / cos (1 1. 

In ad diti on. these g eolllc tri cal param e te rs , llU ul d he 

reLlted to th e Clelal time t a, fi) lI oll s: 

[{ 1/ ::; 
cI = --+--. 

cos () I cos () ~ 
(3) 

O t her p a ra lll t'tn, a re ci t' li lH'd as fc) II Il\\'s: ~ i, rccc il 'Cd 

pOll ('1': P, is t r ,I JI ' Jllitteci power: c: is anle n na peak ga in ; 

I (OI ) is ll o rl1l ,t1i t: eci a nt e nn ,1 p ,l tt nn ; A is 11 ,JITkn g t h 

= 1.()7 m ; T is p ul se \\·idlh: c i, li g h t spced : b is 

pe nc tra t io n dep tit : J[ i, a irpl anl' altit uclt-: L is sl , tcm luss . 

L' rat s u ka ,Inci o th ers 1990 re ported t h e inc ide ncc

angle de pemicn ce or scatt e rin g ('()(' lli c ic Jlls a lo ll g a fl igh t 

lin e in th e iIT-sit e ll ' ,IITa a nd co ncluded th a l spec ul a I' 

sca tt n in g. inkrred b~ t it e in c ide ncc-a ng-ie d epe nci ence o r 

th e sca tt er in g codlicil' nl. iIlClT,hl" lI'i th d is l ,IIllT li'om tit e 

g ro undin g linc. I lerl', \I l' eX ;lllI il l(' d ilTcn' IHTs in th e 

stn oot hn ess or a g ro un d e ci ice h o t tom a nd ,I fl oat ing ice 

I)() it o ln \'lTI ' c lose 10 th e g rou nd in g lin e. 

Bottom s c a tte ring characte ris tics nea r the g round

ing line 

. \ tl' nt a ti lT gro undi ng lin c is s h ll\\ n as th e cl a s hed lill c in 

I: ig ure l . Thi s lin e II' <l S c1 c t ('l' min eci by compa rin g lit e icc
bottolll lo p ograp lll m ea s u rccl b \ a so u n ci ('\' a ll d ca l

cu la tl'C1 b ) t h e hlTlrosta ti c cqu a ti o n : 

h = O.12·ll r/ ( -l) 

L 'rallllk([ ([I/(Iolhen : Ire C/WII,!!,I'. I ji-IJIII radio- I'rho IOll/ldill,!!, 

\I herc d is l il e inll- rrcci icc tit ickncss and" is th e Illca su red 

c ll'l 'a t io n o f' Ih e icc surf:ICT a b OlT sca I ('IT I :'\i shi o a nd 

L ra tsu ka, I CJ9 1 Scaltf' l' ing c()c lli c ic nt s tha t a rc \\' i thin 

I km or thi , tcn tatin' g ro ulldin g line o n the inl a n d and 

in'-shc lf' sid es arc pl o tt ed in Fi g ure 2. Th ese pl o ts a rc 

d cri\'cd fi 'om Equ a ti o ns 21 a nd , 3 . usin g th e cia ta from 

th c i\-I. -2 , -11 , -1 2 a nd-1 3 fl ig htl in esshml'\1 in Fi g urc I . 

. \ s Figure 2 s il o\l's , th c sC<ll ter ing ll-at m es f'I' UJII lil t' illl alld

ice sid e a nd rrolll thc ice-sit el r fl oa ting -ice sidc arc 

tl 'pi ca l" ciifkrcl1 t. In th c incickncc-an g ic range of' 10 

20 . scat tn in g codlicicn ts or icc fi 'om th e in la nd sick a rc 

,) IOclB gr ca ter th a n t il ose orl lo'lt in g icc . In thi s a n a h-sis. 

\IT d id no t calc ul a te t h e scat te ri n g coc \li c ic Jil s a t 

inc ide nce a n g'lcs 0[' less t h an 10 beclu , e t hcn thl ' 

sca t tering sig n als a rrin' ci at t h e recc il'lT s ill1l t1 tanco us l ~. 

T hc I'a lll (,s ort it e scat tn ing cot'llicients arc s('ns it il'(' to the 

,It tc nu a ti o n codli c ic llls ,tn d t h ese a rc a ss um e ci to he 

co nSla nt in cic pth. :\ishi o ,Inci LratslI Ka I~) ~) I d iscu ,,(' ci 

th e re la ti o nship b e tll('cn th e g r() lI ndin~ li n e Ll nd the 

' l', lt ler ing rodli c ie n ts a t th e Il adi r inc ic\eI1(T ()"(O): Ill ea n 

I',du c at in c ide n ce a ng les uro 10 or tlH'i (T-she ll' hottom 

a long a fli g ht lill t.' 1.\ -1 3 usill g l ~ qu , lli ()l1 s 2 a n d 3 

'l'h ('\ ' showcd tklt ()"(O) o rfl oa till g' ice is a l)o u l 10 20dB 

hi g her tha n tha t or in land in'. T hi s ci ifk lTI1lT m ,l; hc 

('au sed lll a in ll bl the cii lll ' J'{ ' IHTs in nl nli ,l : roc k o r \I·at e r. 

Th e posit ion or the grou n d i ll g linc d e ter mi n ed bl 
LfJu a t io l1 ~ , agrecd lI·i th 1II ,I t dncrlll ilH'd 1)1' I'ad ;l l' 

an ,lh-sis to lI' ithill ,I kll kil o l11 c tlTs. Bascd on thi s. liT 

,'0.0 r ---
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~ 
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.~ 
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F ig . 2. I lI cid l'llcl' - lIl1gll' r/I'/)ell r/I'IIcie.1 (1/ Ico l ln ill,!!. 

cUI:)}/ul'II l.1 11 (' 01' ,!!,Fo llll riill,!!, li ll l' 111'1l'Flllilll'd /{.Iill,!!, / ';1/11 11 -

l ioll .1 ( :2 j olld ( .'1 j . l /J!)I'I /)11/11'1 ( (f j lll ll l/llllri:!'1 Ih l' dolo 

./iOIllIl ~Im l' / k m illlll lld o/lhl' gro {{{{ dill,!!, /ill I' . 1.00l 'I' r /illllcl 

( b) .IIIIII/I/({ri:::t',1 Ihe dllla ji-olll a:"oll l' I kill Oil Ihl' ire- .lhl'l/ 

,l id!' of Ihe ,!!, rolllldillg /ill 1' . 
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] Ollrl/O/ 11/ (;/aciolllgr 

sugges tcci th a t sca lt ering codlic ic llts a rc a guod ind icalO r 
o r the pos iti o n o r th e g roundin g lin e, I-I O\lT \'cr, th e 

d is tribu t ion o r sca lt ering codlicie nts a long a fl ig ht li ne 

inc lud es ma n \' spi kes , \\'hi ch a re ca useci p ri ma ril y b y n ror 
in th e in k' rred a ltcnuati on coef1ic ic nt. Fig ure:2 co n firms 

th at ciil1l' rcnces in th c icc bo ttOlll c~ i st no t o nk in terms or 
th e co ntras tin g ma teria l IJUt a lso in te rms or ro ug hn ess, 

Info rm at ion li'um scatte rin g in th e nad ir dircl't iu n a"(O) 
a nd th e in cidence a ngle depcndc n ce rT"(e) is compic m en
ta n ' , Com b ining Ihi s a nd our p rese nt resu lt s sho\\' n in 

fi g ure :2 sugges ts a \T ry stee p depe nci cll cc or th c th e 

scattering codli eie nt o n th e incid e n ce a ng le in th e ra nge 
o 20 ' Th ese res ults suggest tha t a bo unda r\' or s tro ng ly 

spec ul a I' scaltering e~ i s ts \-er)' close to th e g rou ndin g line, 

Double-trip echoes 

On th e ice shelf: d o u ble-t rip sca lt e rin g ec hoes \lT re orten 

ObSCI'\Td, Do u ble-t r ip ec hoes occu r \I' he n th e pu lse 

re fl ens t\l' ice rrOlll th e ice \I'a ter il1l e ri~\ cc a nd o ncc fi 'om 

th e ice /a ir in te riillT , Do uble- trip ech ocs a re ind ica t i\'(' or 
re la ti n' h ' 10 \1 ' pO\l'C r loss du e to a tte nu a ti on in the icc 

a nd /or spcc ul a r sca t ter ing , ,\ s sho\\' n in Fig ure 3, do ub k 

trip cc hoes a rc o bs('('\'l'ci on k o n th e ice-shell' a rea, a nd 
th e ir a p pea ra nce beg'ill'i a t the gro un d ing lill e in so m c 

o bse lya ti o ns, Th o ug h the bottoll1 pa n or th e icc shell' 
co nsists o r sa lin c ice \\'hi ch a ttcnu a tes rad io \I'<1\TS, rada r 

rdkct io ns a re s tro nger th ne , This s tro ng signa l a ppea rs 
to be d ue to specu la I' s{'a lt e rin g , T h l'se rcs ult s arc 

co nsistl' nt with l'ra t'iuka and ot hc rs 1990 a nd .\' ish io 

a nd Lr<Lts uka 1991, 

OCCURRENCE OF INTERNAL-LAYERED 
ECHOES 

A dilTerc n tia l lil tered '!. scope (DF'!. ) is \e ry userul [(J(' 

s tud ying th e layered ec hocs within intern a l ice , Th e D I!'!. 

1S0E 20
0
E 

image is p roducrcl usin g th e fi rs t c1cr i\ 'a ti \'(: 01' th c r('ce iH'c1 

pU\lT r aga inst th e \'(' rti ca l d ista nce , 111 a b o ut 70'Yo or o ur 

o ilsc lYa ti o ll s. interna l la\T rs arc d etected using DFZ 
imagcs, Thi s filtc r p rocess cica rh sh o \l's the peaks o r 

cc hoes a ll d red uces th e \I" id (' ch nam ic ra nge or a rad a r 
signa l to a limiteci ckn am ic ra nge f()) ' d ispl a\, ,\ s suc ll. 

th cse fil tering cfl'cl'ls emph as ize th e leading r cl g'C o r 

ec hoes. bu t thc s tre ng th of' an im age is no lo nge r 
proporti ona l to thc sca ltering stre ng' t11 , I t is im po rt a nt 

to take the,e fi lter ef1(:Cls in to acco unt \I h e n disc ussing the 

occ urre n ce or int ern a l-I ayet' ec hoes d e tected by UFZ , , 

i m ages, T o a \ 'o id CO il ru s io n du e to t(,(, 1ll i no logy , lIT c1di ne 
th e " in te rn a l la\'(' r" as a ph ys ica l la\"er o f' ice, th e 

" inte r na l ec ho" as til e ec ho signa l fi 'om interna l ice , th e 

" layered ec ho" and "i n tcrna l-I ayered ec ho" as 1<1\'ered 

c ha ractCJ' isti cs in thc in te rn a l cc ho, a nd th e "DFZ image " 

as tli e diflt'renti a l lilt ered imagc IJe t\l'('en th e i ('e - s url~\ ce 

cc ho a nd th c ice-botto lTl ec ho , \\ 'c h a\'(' to dist ing ui sh 

st ri n l)' I)Ct\lTCIl th e layered cc ho a nd th e layerecl pa ttern 

\\ hi c h is SllO\I n b \' OFI':, beca use in sO lll e cases the la\'(' red , , 

pa lt CJ' n sho\l'n res ults li'o m a mixture 0[' in terna l ice a nd 
sur!;,\ce I(: a turcs th a t o ri g inatc in th e same ra nge gates 
o\\'in g-" to th e \\ 'ide bea m a nt enn ,1 o f' til e ra d a r sys tcm, 

Classification of DFZ iInages 

T o a \'o id iJeing mi sled \)\" inst rum e n ta l di sturba nces, 

filt e r in g clTec ts or co ni'u sing SU rl ~\lT ec ho es, \IT class ified 

th e DFZ imagcs in to fCHlr ca tcgo ri es acco rdi ng to th eir 

layered pa llern . ec ho s t rengt h and ot her c ha racterist ics , 
T ype ,\ is ass igned \\' h e n t\'pica l layer ec hoes ('x ist. ,\ s 
ShO\\'I1 in Figure +a, the laye r pa t te rn is co n tinu o Ll s a nd 

th c ec h oes occu r a t reg ul ar illl<T\'a ls, T y pc B is ass igned in 

a less t\ 'p ied case, th ough inte rn a l ec hoes ca n b e 

dis tin g ui shed rrolll ot h er ec hoes as sh O\\'I1 in Figu re ~ b , 

T hi s case in cl lldc's ec hoes \I'h ic h a rc n o t a h\'a ys m ultipk
ia\'C red or q rat ifiec\, but oh\ 'io Ll sh- ha\'(' intcrn a l ca uses, 

.\ n c~a lllpl e or ty pe C is sil cmn in l.' i?; u IT 'tc \I 'herc it is 

2S
0

E 

I 73°s 

I 

2P.OO--j 
! 

Fig, 3, ."J/!jJearallCl' C!l double-ll"ijJ a/fOe,l: thick lille,l illdimte O(ClII"I"I'III'I' fllld duratioll ~/ l!tl' double-friji echoes a/ollg tlte 
.flight lille, 
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ciillicult to di , tillgui , h the echo(', l'< lu s(' ci Il\ \'ariou, /iIClor, 

suc h as SlIrC1C(' tOI'()grilph; or rock., Oil thl' SUr/ il<T, 

I III a ges ;tll(-nl 'ci h\ ill s trullH' lltal Pl'OiJll ' llh lill' aliI reasoll 

are cia" i1i( 'd ill t\ pI' D, IlI st rulllclltal prolJil'ms (HTUrreci 

\I hell Ih e icc sh ('('t 11 ilS lOO sha ll o\l 10 diqillguish till ' 

surl ;II'(' l'(' ho , \I he ll the illl ilgT Ilih O/)LlilI Cd Ilith it GO lI S 

pulse 1I idlh II hiI'll i, lOO , ho\'[ to c1i g iti £l', II hell thc 

ilirnali Ila, cha ng ill g din'niolL o r 1I hen thl' ail'lTil/'t 

itititUlic slICldelll; 1' ll illl gTCI. Fill a l" , II e cielill(' illlil g l's 

II here th(' pillllTII is ralldom all d 11 0 apparellt la ; ('ring 

oi ists ilS t\ pe E '1'(' Fi g, Id ' 

, \ /'tlT rou gh sUl'\l'y ill g usillg 0111; thl' illlilgl' Pilttcrll, 

lIT cx;tlllilll'd dilll'ITIl(,('s ill PltiS(' Il' icith and ccho strell g th 

l)('tll('L' 1l il ll (,; Itl 'go rics l',(Tp t t\ 'I)(' I) , \\ '(' lilllllci, li ll ' 

l'" a III pie, thill Slroll g su r/i\('(' lTh()(', sOIlH,tim ('s (,\'('('(' ci the 

illl('l'll ill-la\('l'ed si,g nal /eH'1 illlll pn'\'Cllt 11lL' illt('l'Il 111 

lit\'C rill g l'l'lllll appearing ill the DF;: illl ilge, Thi , killci 01 ' 

D I: ;: illlage \\ils rl'c lass ilicd as t\ 'pl' I) , Thc chall ge li 'O lll 

t\ pc , \ or H to I\'pe E is HT\ sudcicll alld the , ig' lIa l IC\TI 

I)('('olllcs 11 ('ak('\' , , \ /'t('l' detailed eXil lllillatioll 01' thl' l'ellO 

strcngth o/'t;lJ(' E, 11O\l c\'(' r. thi s does 1I0tllll'illl th ilt IlO 

sca ttnillg ex istcd ill til l' illt LT ll a l icc, iJIII O il" that al1\ 

la; lTI'd or st rul'lurl'l l patt('l'lI s \lCIT llot o lls('J'\'Cd, 1 t llla y 

1)(' pu ,s iIJil' to ciete('[ la ; CIT(/ cc hoes 11 ilh dil1 i 'l'('llt 

ill strullH'llt' thil t lN' dilli-rellt I'ildio liTCJul'ncie, 0 1' iI 

lin('\' reso lution, Tit e rl', ult ~ li 'o lll ;i1011 g thl' Ili g' llI line, illT 

plottl'C1 accordillg' to th e all()\ ,(, c la ss ilicalioll on the 

topol!;l'aphic 11Iilp , hO\1 11 ill Fig ure.l , 

Occurrence of layered echo 

Frolll I.' ig'ure 5, \1 (' ca ll ~ce thil t eXI'l'pt li) r til l' alTa~ II hcre 

therc \I'as ill l illSt I'l l 1ll l' 11 ta l typl' I) or SUrCI{ 'C-ll-iltIIIT 

di s turhallcc Iyl'c c: proiJil'Ill, int l' l'Ilal l'chocs li lT 

CO lltiIlUOU, " Olh(T\'Cd ill 1l10, t o/' lit !' an' ll. HO \IC\'l' r. Ill) 

Lt\{'ITd C('hOI" il lT Oh,S('\" \TcI ;I t ()r IIC il 1' thl' ilT sitell'. 

H a rri sO ll 197:) report ecl that thl' ll pP('ilr il lllT ol ' inlcl'llal

\;I\{'ITcI cc lwI" \lil, \'cr\' rarc ill th l' Ro" lee Sitl'll'rl'gioll _ 

iJut he (,ollcludcci th a t thi s \1 ilS du l' to a radar prohil'Ill , 

I-l Oll (' \ '('\" , 110 , nious ill s t rUIll( 'nl a l pl"ohlclll O(,(,IIITl'd 

durin g our o iJs('I'I'ation of' th e icc , it e lL TIll' tramitioll 

f'rolll thl' prese nce of' illtcrnal /;1\ ('l' , to their ah,cncc is 

\Tl'\ ckar alollg' it topogTaphic cOl1tour line of' a lJOut 

GOO Ill, 1I hicit is a lJ{)ut :20 :1 () Kill inland I'mm the 

,~ro ul1din g linl' , 

Internal ccllOe, abo /; li l('(1 tu appcilr \I h en' Ili g itl lill('s 

\I'('re pLTpclldiculilr to thl' inli: rreci l1oll'l inl'. i()r eXillllpk, 

a round :2 I E, 71 HJ'S , it l' C _ Fig, ,J ilnd around '2'2 E, 
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72 2.)' S ,site f. Fig, 5 ) , .\n te nn as of the rada r system 

IITIT insta ll ed under th e lI' ings of th e a irplane. and th e 

elec tri c-fi e ld direction lI'as along the direction of Illl' 
a irpl a ne head ing. That is. the alllen na polarization of the 
radar II'as in th e same direc tion as th e fli g ht line. 

DISCUSSION 

The hou nd ary betllTc n th e appe:\ra nce a nd th e a bsence 
or layered echoes is a hout 20-:-lO km inl a nd fi'om the 

gr0l1l1d ing line, Clearly th e a hse nce o r int e rn a l layers is 

not ca used hy the influence or sea water, a nd II'C ha\'(' 
elim in ated the possibilit y or an instrumental prol)lcm, 

I t is interesting that layers at a ll clepths di sappear a t 
the same point. J[' sepa rat io n or th e inte rn a l laye rs is 

sma ll er than th e racia l' reso lution, Il'hi c h depends on th e 

pulsc a nd Ill'a m II'iclths, ne ig h bo rin g pcaks Il'ill be fusecl. 

This is p lausible if a tClIClenCl tOll'ards narroll'e r 
separat ion is uhscJ'\'Cd. H OII,(,ITr, I\T did no t find such a 

te11c1e nc\' . Obsen'a ti on using differcnt radi o fiTquc ncies 
l11a)' shO\l' a dilfcrclll bou ndary. hut th e interna l ice 

c ha nge I\'hi ch ca uses the a bse nce of laye red cc hoC's ma y 

occur a t a point in the inland ice sh ee t f ~H from th e 
groundi ng line. Fujita and ;'\[ae [ 1994 proposed tha t th e 

int e rn a l la\Tred ec hoes are causccl by a \ 'C rti ca l change in 

the Ltbric pallern or ac idit y. Th ey es tim a te th a t 

se<lt tcri ng due to f;\ bri c-patteJ'll chan gc is large !' than 
th at due to ac idit y c hange a t a fi'cC]ucn c), or 179 ;'[Hz, 

Th e interna l-la yer echoes seem likely to disappear nea r 

the groundi ng linc due to deformat io n or the fabric. 
DcfcJ rm a ti on or th e fabric can a lso occ ur inl a nd li'om th e 

gro llnding lin e clue to oth er st ro ng lorces suc h as tid es. 

I nternal ice change a lso causes a po lari za ti on effect, as 
discussed in cletail in the next sub-sec tion. \\'ooclrurr a nd 

Doak ( 1979 ) sholl'ed that the polarization of' racli o ec hoes 

rro m the icc'-shelf bottom c hanged bet\\'ecn inland a nd 

fl oa tin g ice becall se ora dilTe- rent propagation e ffec t. They 
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suggest that thi s dilTe-rence I\'as caused by the e ffec t or 
tid a l stra in o n crys tal orie n ta tioll. HOI\'e\-c r , th e ice 

thi ckness at the grou ndin g lin e is less than 1000 m in our 
case, much sma ll e r than the distance fi 'o lll the g rounding 

lin e to the b o ulld a n ' li ne where th e ec hoes SLO p 

appea rin g. Therefo re, th e diffe re nce is dillicuit to exp lain 
b\' ticla I fo rce . 

I t sho uld b e noted tha t ot he r raci a l' obse n 'a tions o r a 
10ll'cr li'C'quency in the ice she lf' re port ed th e exis tencc or 

int el'llal layers (Jacobel a nd Bindsc hadlc r, 1993 ) , ,\I so. it 

is ciillicult to exp la in th e iso la ted ini erna l laye r at ahout 
22 E, 75 S in our data [site (g . Fig. 5 ' 

Polarization problem 

The region a lo ng th e line from 26 E, 71 20' S to 28 E. 
70 50' S aro und mark d l. Fi g . 5 ) may a lso be exp la ined 
by th e polarization clTrel. 

\\'e a lreacl \' suggested in th e last paragraph of the 

pre\'io us sec tion th at the int e rn a l-laye r di sappearance 
relatcs to th e a ng le betll'ee n th e ice- fl oll' di r'Cct iOIl and 

polarization of' th e radar anten n a. Fujita a nd ~l ae ( 1993 
repo rtecl that th e illlern a l signa l s treng th d e p e lld ed on the 
a nten na o ri entat ion. \I'hen using a 179 ~IHz g round

based rad io -echo sounde r. Further ana lys is b y .\I aeno 

a nd o th e rs (ill prC'ss ) found th at th e attenuation in icc 

dependcd O il th e a ntenn a direction , a nd th e a nt C'n na 
c1irCl'fion of maximum attelluation lI'as a lo ng th c floll' 

direct io n. Th e abo\T tl\'O rcsults I\'e re o btained b\' 

ex perim cnts in \\'hich co-po la ri zed an tcn nas \\'cre rot ated 
at the sa m e spo t. I n our case, th e tenclency o r th c cc ho 

st rength is s imil ar to the a bO\T results, but is not as clea r, 

sin ce 11'(' did Il o t cO l1tro l th e antenna ori ent at io n at the 

sa mc point. Controllcd expe rim ents a rc n ecessa ry to 
co nfirm th e re lat ions hip betl\'C'en th e a ppea rance or 

I,we reel Slru ct ure in th e raci a l' signa l ancl a ntenna 
direction . i\ theoretical a pproach may pro\' id e useru l 

ideas . Some models are proposed to ill\'es tiga te d epo lar-

https://doi.org/10.3189/S0022143000030562 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030562


il.<l ti o n IJ) int c l"ll a l ict' la\l'l's \\ 'ood rull' and Uoak , 1979; 
Liu a nd o th c rs. 199 ~ I . H OII el'r r , thel ' h aY(' no IT'>u lt s o n 

Liw int e rn a l lan'l"s a ppearan ce. 

CONCLUSION 

\\'c c:>;a ll1in cdlh e b asa l c h a raCln isti cs n eal' th e g ro undin g 

lin e u Sin g r ~ldi o - ec h o - so ullciin g' da ta . Th e scalte rin g 

codli c ic nt ,> o r the n a di r d ircnion c h a n ged II·hen IT r y 

c lose to th e g roulldin g lin e , th e pos iti o n o r II'hi ch lIT h a c! 

plTI' io u s ly d e tCl" min ed iJ ) 11I'd n Jsta li c IJa la ncT . Th c 

dill l'l'e ll Ce in sca lterin g s tren gt li 11 as d u e to th c dilk rc nl 

m a te r ia l hcloll lh c ice ;1 1lC1 c li a nges In th e l)()tLO m 

ro ug hn ess, I II thi s papn, a ck a r di ffe re ncc ill th e 

Sll1 oo tiJ-\;Olt ulll !Ca tul"!"s lI'as d e tcctcd a IC'II kilo !l1ClcTS 

li 'o m the g ro undin g lin e usin g rad io -cc llO-so undin g d a ta 

to ;ln a " ' I.C t he in c id c n ce -a ngle d c p en d c ll ce 0 1' th e 

sca tt ering codlic icnl. T hi s slll oot hn ess th a t begill s a t th c 

g ro un d in g lill c S(,C III S lO bc' ca used \; ) th e e lkct or sea 

lI a tlT under til l' ice sli ce l. The a ppea ra n ce of'double-trip 

ec h o cs s upp o rt s lhi s b e li ef". Dc tec till g dil k rc nces In 

bo ttolll ro ug li ness cO lllpl e m cnt s d e tect in g c!i ll'en 'lllTs in 

th e sca tt n in ,g strc n g th d uc to diffe r c nt under il-ill g 

m ate ri a ls. T o ci atc, a combi nat io n or th cse Ill c th od s 

a ll O\I's u s to c\et lTm il lC th e pos iti o ll 0 1' th c gro unci ill g lin c 

to 11 ithi n ; 1 Il-II kil o ll1 c tlTs, O n th e o th l' r hand, tli c 

a hsc llc es o r the int l' l'Il a l lanT liC IT I(Hlnd in t he iCT sh e ll ' 

a bo ut 20 30 km inl<illd li 'o!l1 th e gro unding lin e thro ug h 

thc c lass ili ca ti o n o f' tile I)FZ image a cco rci ing to th c 

a p peara n ce' cha ral'ler ist ic;, o J'th l' int c rn a l lal(T <I ncil'c it o 

strc ng th . Thi s Ell'l suggcs ts lit c intcrn ;Ii c h a ll gT I()!wa rcl 

ice s itell ' occ ur at titi s p oi lll. ,\ no tit e r di sa ppea rallce \\ 'as 

I(Hlnd lI ·itnc th e a lll cnll a po la ri l.a ti o ll is pnpcn ci in ti a r to 

t it e ice- floll direct io ll , This po l' lr il.a ti o n p ro b le m shou lcl 

Ilc th eo lT ti c;dll a llcl l'x pcrin H' lll a lll exa min eci in d c ta il. 

Furth n inlTs ti ,ga ti o n is IIl'Ce"a rY to ex p lai ll the abolT 

res ult s a nd th e lll ec h a n islll o l'l he inl C!' ll a l lalTL 
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