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ABSTRACT. The a ppeara n ce of doubl e-ridge features o n visible image ry of th e 
ice di vides of Antarctic ice rises has often been noted but, large ly due to a lac k of 
adeq ua te ground truth , th eir origins have rem a in ed en igma ti c . ' Ve present seve ra l 
examples of ice rises and oth er iso lated ice-OOl'v ce lllres that a pparentl y show d o ubl e 
rid ges . vV e investiga te one of th ese in particul a r: Fl etcher Pro montor y, Anta rc ti ca . A 
di gita l-eleva tion model (DEM) of the summit regio n is der ived fro m surface pro fi les 
obtained using th e Global Positioning Sys tem (GPS) and thi s is correlated 'with 
La ndsa t MSS sa tcllite imagery. Prec ise reg istra ti o n is ac hi e\'ed by co rrela ting im age
brightness values with surface slope calcul a ted a long the d irec tion o f the Sun az im uth 
in th e image. Us ing a simple bi-directional re la tion , th e DEM d a ta a re used to m odel 
the Landsa t im age . We th erefore d emonstrate that the doub le rid ge is a produ c t o f a 
subtl e concavity pa ra ll el to the rid ge and is unlikel y to be d epe nd e nt on other factO rs. 
This concavity is not predi c ted b y stead y-sta te m od els ofi ee di vid es a nd so we sugges t 
th a t the ridge m ay not be in a steady-sta te but responding to changes in rh e 
g laciologieal boundary conditions. We spec ul a te that thi s ma v be a n indication o f 
ongoing mig ration of the ice divide. 

INTRODUCTION 
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I n th e remote po la r reg io ns, sa tellite im age ry has 
provided a n invalua ble so urce of d a ta for m a pping a nd 
g laciological in te rpretation. Hig h-reso lu ti on vi si b le imag
ery d epicts m a ny glaciologieal features suc h as reli ct 
Oow li nes, c revasses, grounding lines, ice streams, ice 
rumples and ice rises tha t help us und ersta nd th e la rge
sca le Oow of th e ice shee t (Vaug ha n a nd Doake, 1992 ) bu t 
o ur understanding of th e processes of im age fo rm ation is 
fa r from com ple te. 

Embedd ed within large-sca le Oow of th e ice sheet a re 
other Oow centres produc ing their own ra di a l Oow 
patterns. A common example of this behav iour occu rs 
where a fl oa tin g ice shelf se para tes to fl ow round a 
g rounded sect ion , thus formin g a n ice ri se wh ich 
ge nera tes its own independ ent fl ow pattern . Th e fl ow is 
dynam icall y separa ted from th e general Oow, o ften by a 
zo ne of crevass i ng (H a ll a nd M a rti nec, 1985 ). Disti nct by 
d efinition but sim il a r in glacio logica l style a re peni nsul as, 
connec ted to th e ma in ice shee t by onl y na rrow isthmuses 
bu 1 otherwi se su rround ed b y open sea. Th ese a re a lso 
effectively iso la led from the m a in Oow and gene ra te th eir 
own rad ia l fl ow regim e. There a re othe r exa mpl es of 
iso la ted radia l Oows with in th e g ro unded ice shee l that do 
not fall eas il y in to either d efiniti o n; one such is Fl etcher 
P romontory (Fig. I ). th e prim a ry subj ec l of this stud y. 
Although F le tcher PromontOry is not entirely surro unded 
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Fig . I. Localion diagram and nam/Jles ~f ire rises ([nd 
peninsulas in one sec/or Qf Alllarc/iea . Berkller IsLand (l ite 
Largesl) is a/J/Jroximate/y 360 km b), 140 km and rises 10 

over 70011/ above the surroundillg ice shelf; ill (ol1/rasl . 
GijJjJs Ice Rise meaS1lres less Ihan 15 km by 10 km wilh ils 
summit 25011/ above the ice shelf 
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b y ice shelf, a nd so is not stric tl y a n ice ri se, it is iso la ted 
from th e ice streams a round it , giving good reason lO 

consider it as g laciologica ll y simil a r. The sam e a rg um ent 

a ppli es fo r Fle tcher Promon LO ry's neighbour, K ea ley Ice 
Ri se , 

I sola ted fl o ll' sys tems of a ll types a re o f p a rti cul a r 

g laciologica l int e res t beca use th ey offer simple co nditi ons 

fo r stud ying th e mec ha ni sm s of ice defo rm a ti o n g i\ 'ing 
sm a ll-sca le a nd morc q uickl y e\'o h'ing a n a logues of 
comple tc ice sh ee rs, 

Satellite im age ry commo nl y sh ows dist inct lin ea r ri dges 

within th ese iso la red radi a l fl ow s, indica tin g the ice di vid es 
( th e " wa tershed s" in ice fl ow) , M a rtin (1976) inves ti ga ted 

wha t a ppea red to be anoma lo us ridges on sa tellite image ry 

a nd conclud ed th a r th ese w e re not produced by ice 

d eformat ion but by an unus ua l acc umul a tio n process 
across th e ice di\'id e, i\ l a rtin a nd Sa nd erson ( 1980) 
continued thi s work using g ro und truth from Gipps Ice 

Ri se, Allla rc tica , Surface surveys sho\\'ed th a t th e crest 

\\'as, in fac t, m a rgina ll y fl a tter tha n th e simple th eo ry 

suggcs ted a nd did not show the ri dges th a t th ey had 

interpreted from th e imager y , M a rtin and Sa nd erson 
sugges ted th a t th e appa rcn t ridge in th e im age r y was th e 

result of difTr rent properti es o f th e surface snow across th e 

ridge ra th er th a n simpl y a res ult o f th e topogr a ph y, In 
pa rticul a r, th e\' suspec ted a ch a nge in crys ta l o ri enta ti on, 

Sadl y, di g it a l im age-processin g tec hniques we re not 
<l \'a il a bl e to t-1 a rtin and Sa nd e rson a nd so th ey m ad e no 

direc t com pa rison betwce n th e m eas ured topogr a ph y and 

th e im age rep resenta rion; the ir conclusions \\'e re b ased on 

\'isua l inspec ti o n ofpholOgra phica ll y reprodu ced images, a 
necessa ril y inexac t meth od, 

Lucchitta a nd oth ers ( 198 7) no ted th a t o n sa tellite 

image n ' of a few ice-ri se c res ts a second ridge runnin g 

ro ug hly pa ra ll e l to the firs t ca n be obse n 'ed , T hree 

exa mples a rc shown in Fig ure 2 , T \\'o pi eces o f e\ 'id ence 
indica te th at th e d oub le ri dges a r c no t a rtifac ts ofim aging 

but res ult fro m unusua l co nditi o ns on th e sn o w surface , 

Fi J'st, it \\'a5 no ted by Lucc h i lla a nd oth e rs ( 198 7) th a t 

th e d ouble rid ges a rc long-li\ 'ed, a ppea ring o\ 'er the sa lll e 
ice rises in d ifTc rent yea rs, Seco ndl y. dou bl e rid ges haw 

bee n see n in images co ll ec ted b y a va ri e ty o f se nsors : 
L andsat .YIS S, L a ndsa t Tyl and SPOT. A sun'ey of 

L a ndsa t im age ry has shown d o ubl e rid ges ove r Ill any 
o th er loca l di\ 'id es (e,g, Latad y I sla nd , Spaa tz I s la nd and 
L ydd an Ice Rise ) , whil e oth er diyides sho\ \' o nl y a singlc
ri dge fea ture (e ,g, Sky tra in I ce Ri se, Beet hoven P eninsu
la, H enry I ce Ri se and Berkn er I sla nd ), It is the orig in 0 (' 

th ese doub le rid ges th a l is th e subj ec t orthe present stud y, 

REFLECTIVE PROPERTIES OF SNOW 

Visible im age ry conta ins two signa ls rela ting to ihe 
surface: (i) spect ra l-refl ec ti v it y \ 'a ri a ti o ns r e la ted to 

intri ns ic p ro perti es 0(' th e m a teria ls within th e scene, 

and (ii ) va ri a ti o ns d ue to th e ro pograp hy (Eliaso n and 

o th ers, 198 1) , O n r th e rela ti\'e ly homogen eo us snol\' 

cover of Anta rc ti ca, a lbed o can b e rela ti vely co n sta nt and 
\'a ri a ii ons in im age brightn ess a rc o ften prima ril y due to 

slope, Th e ice di v ides lI'e a re cons idering ge n e r a ll y have 
surface slopes less than 20 Since L a ndsat imager y is no t 

no rm a ll y co ll ec ted at S un eleva ti ons of less th a n 10 
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Fig, 2, FlOlIZjJies a/imagel)' silOlcillg doubLe-ridgeJealllres 
Ol'e/' ice riJes , Ceneral ice-J7ow direclions are illdicaled b), 
Large arrows , ( I>alldsal imagel)' rejJroduced b)' (ourlesy 0/ 
I~'OSA T.) a, Sub -sceJl£' o/ Landsal AI SS image 0/ Ko!)] 
h e Rise Oaih / row 208/ JJ8. 4 Febl'lwl)I 1974) , T he 
image has been j;roc("lsed 10 show jJrillci/Jai com/Jollen/ J Ja r 
the 4 .If SS bands and {'on/ras/ siretcited by his/ogram 
equaliz:.alioll , 

a b o \'C th e horizonta l (C ,S, Geologica l Sun'ey, 1979) , it is 
c lea r the expressio n of th ese ice d iyi des in th e im agery 

d oes not resu l t fr om d irec t sh a d ow ing , R at he r , th e 

topogra ph y is expressed by th e p rocess of shadin g a nd is 

gove rn ed by th e bi-direc ti o n a l r e fl ec ta nce fun c ti o n 

( \V a rren , 1982; D owd eswe ll a nd t-lclnt yre, 1987; 
V a ug ha n and o thers, 1988 ), Th e exac t ex pressio n o r th e 
d o uble-ri dge fea tures will. thus, be d e pend en l on the S un 

az imu th a nd to a lesse r ex tenl th e S un c1e\'a ti on, \Vith a n 
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(;OOdl('ill alld I 'allg/I([I/: TO/Jogra/Jhic origill fOI double-ridge fealules ill .-Jlllarclica 

Fig. 2b . Sub-scene q/ L([II r/.w I T. \/ I/I/([/',I' 0/ "'('(/II~)' fee Ri,11' (/)(1 lit I roll ' 215/ / 15, 30 }OIlIlIlIJ 1981) ) . Tltis ,I/I!; - ,ll'fIle has 
been /)/lOlogra/Jltical(J' re/Jlor/lIl'er/./i'olll /he ol'l~!!,ill(/I /)/lOlo,!!,ra/)ltic /)I'or/I/I'/ sl/jJjJlil'd ~)' L:'OS. 17, 

und ersta ndin g o r th e photdllletric runctiun o r the S llrf ~IIT . 

a derinllion or th e to pog ra ph>' ( rrOm a sing le illl age ) b ) a 

process knoll'n as "phoLOclinolllctry" or "shape fi 'o lll 

shadin g" sho uld 1)(:' possible (C:asassa . 1990 ) ; C:oo per 

( 199+) has sho\I'11 that o nc a lgo rithm . a t least. can be 
success rul und e r ce rt a in circumstan ces , 

T o make the \)es t o r th ese m e th ods. a kn oll' ledge o r the 

b i-dirccti o nal re fl ec ta nce fimrtion or th e snoll' s urfilCe, or 

s urf~l ce - e le\ ' ation data fo r control. is req uired, I t h as been 
o bse rn,d th aL a lbedo decreases lI'ith increas ing so lar 

ele\'a ti on (Choudhury and C:hang. 1981 .\t hi g h Sun 

ele\ 'a tion. sn oll' te nds to act as a diflllsc rdlector. nca rl\' 
La mberti a n, but at lOll' ele\ 'ations sholl's spec ul a r c ha r

acteri sti cs (C:houdhury and C:hang, 198 1) where the 

d o min a nt clllergent a ng le is c losl' to the ill c idenL a ngle, 

1\11 th e images consid ercd in thi s s tud y liTre taken lI'ith a 
Sun cle\ 'ation or betwce n 10 and 20 . h igher d el'a ti o ns 

gC ll erall>' causing instrulll c nt sa tura ti on o\'C' r snoll' 

( I) oll'dcslI'e ll and " l cIntyre, 19H7 ), T aking these ractors 

toge th er. th e n ad ir \ 'ielling Lalld sa t sa tcllit es, th e lOll' Sun 
cic'\'a tion a nd th e su rra cc slo pes oraround 2 , th e specu lar 

compo nent or the re flecti on lI'ill be insig nifi ca nt in the 

di scuss io n be low, 

THE STUDY AREA 

F!etcher Promontory is loca ted at approximatcly 77 '~5' S, 

83 \\' Fig , I , It is an a rea or g rou nd ed ice O\"(' r 200 km 

long \I'ith its crest 750 m a bO\T sea !e\TI. o r iJetll'Ct'n 300 

and 500 III abO\'(' th e surroundin g ice s tream ancl ice shelf', 

Fletc he r Promontory is bou nded Iw L\I'O g laciers, Ca rl so n 

In let to the northeas t a nd Rut/o rd Ice Stream to th e 
so uth\l'('sl. Both co ntribute to th e drainage or the " 'cs t 

,\n wrnic ice shee t in to th e Ron nc Ice Shell' Fig, 2c ) , 
Flctc hlT Prom o nto r y has its own \I'e ll-dc\'C lopcd rad ia l
[l Oll' s\'s telll and a s ing le mcasu rcment or \"(' Ioc it )" c losc to 

th e sUlllmi t sholl'ed a 11 011' rat e of' less than 30 111 \'('a r I, 

Surn'\'s or the sUlllmit a rea \lTrC perf() rm ed in the 

austral SUIlllllers or 1985 86 an d 1992 93, In 1992 93, 
data \I'('re co llec ted in fou r squares O\'('r th c crest or 

J.'lc:tcher Promo lltory ( J.'i g, 2c ), ,\ GPS recc il'l'i' mount ed 

o n a SI1()\\'mo bil c co llec ted kincmatic G PS data , II'hich 

liTre processed to g ilT lo ng itude. latituci e and clc\'a ti o n, 

Th c rciatil'(' preci sio n o r profile data co llect cd b y th e 

method was liJund to he approx illlate ly ± 8 CIll I \ ' a ug h
,In , 1994 ), Pro jec tin g the GPS d ata o n to a Lambe rt 

C:onrormal Conic map pro jcct ion, di s tan ces betwec n data 

po il1ls could I){' computed and. sin ce th e stuch' a rea is 
small. errors assoc iated lI'ith th e projectio n arc insig ni f

ica nt. D ata fill' threc tracks perpenci icu la r to th e ice di\ 'id e 

arc shown in Fig ure 3, 

BefcJI'e a na lys ing th e proliles sholl' n in Figure 3 in 

d e ta il. it is worth co nsid e ring th elll in simple tcrm s, Th e 
positi o n of' th e crest is not ce ntral in eac h or th c profiles, 

indi ca tin g that the g rid was no t cxacth' a li gneci \I 'ith th e 
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Sun Illumination 
Carlson Inlet ~ ~ 

Fletcher Promontory 

~ 
North • ----------------------~~----~-----------

20 km 

Fig. 2c . Sub -scene Landsal AISS image of Fleli:/zer PrOI7l01l/01)1 showillg double ridge and localion oJ GPS tracks (palh l row 
2251117,3 Feblllal)l 1974 . geocoded and TejJ1"Ojecled 10 Lambert COll ic COIuorl71al b)1 B . k. Lacchil/a oJ the U. S. Geological 
SUTVe)l) . 

cres t. This, a t leas t in pa rL, res ults from th e lo\\" slopes 
nea r the crcs t , th a t make the pos ition of thc cres t difficul t 
to loca te from the ground . A no th er noti cea ble fea ture of 
the pro fi les is th e \'ery sli g h t concav ity on the no rtheast 
(r ight) sid e o f t he cres t. The same concavity a ppea rs on 
a ll three p ro fi lcs, strongly sugges ting it is a continuous 
fea ture par a ll el to the cres t. I n broad terms, we beli eve 
th a t thi s concavity is th e ca use of th e a ppa rent double 
rid ge o n th e im age ry but, to d emonstra te convincingly 
th a t th is is ind eed th e sole facLO r im'oh-ed , we must 
proceed to show tha t the pos it io n and magnitude of th e 
sig na l is compa tible with o ur und ersta nding of the 
mecha nism of the image fo rm a tion. \\' e a lso note a 
simil a r but less p ronounced linea rity on th e so u thwes t 
(Icft ) sid e of the rid ge on th e pro fi les . 

CORRELATION OF SLOPE PROFILES TO THE 
LANDSAT IMAGE 

A digita l eleva tion model (D EM ) was computed from the 
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G PS eb'a tion d a ta so that th e La ndsat image (Fig. 2c ) 
co uld be regis te red to th e surface. G nd er n o rm a l 
c ircumstances, registra ti on coul d be achie\'ed by ma tching 
coordina tes of g ro u nd control po ints (G CP) id en tifia b le in 
bo th image a nd DEM . This opera ti o n was perfo rmed on 
th e whole scene by B. K. Lucc hill a using the ava il a bl e 
g round contro l. H o weve r. the poor qua lity of this gro und 
co ntrol a nd its p oor di stribu tio n mea n th a t im age 
registra tion is no beller tha n seve ra l hundred m et res. 
\\' ithin the sub-scene on the cres t o f F letcher Prom onto ry, 
th ere are no suita b le GCPs a nd Cl precise registra ti on of 
im age \I'as a ttempted by an alte rn a ti \'c method. 

Penti a nd ( 1990) has shown th a t a linear approxim
atio n to the L a mberti an sca tterin g la \I' is a pplicable 
(acc ura te to 10% ) where surface slopes a re sm a ll (less 
th a n 11 0) . His fo rmul a ti on g ives the image inte nsity 
J(::c, y) as 

[ 
f}z . f}z. . ] 

J (x, y) = p>.. cos (J + f}x cos T S111 (J + f}y sm T S111 (J 

(1) 
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Fig . 3. JVJeasured efevatioll /JroJiles along GPS tracks 
across t/ze summit regions. All JlroJiles rUllning from 
Ruiford fee Slream 10 Carlson i nlet. T racks numbers Jrom 
north 10 south . T he double ridges occur belween 300 and 
1500 m. 

wh ere the X, y axes a re horizonta l, z is the surface ele\'a ti o n, 
p is the albedo o f th e surface, A is th e strength o f th e 
i ll umination, T is th e a ngle th e proj ec tion of th e illumin a
ti on on to th e im age pla ne ma kes with the X ax is, a is th e 
a ng le the illumin a ti o n ma kes wi th th e \·enica l. 1fT = O. i. e. 
illumina ti on is a long the x ax is, th en thi s red uces to 

[ 
fJz . ] I (x, y) = PA eos a + fJx sm a ... . (2) 

This rela ti on shows th a t, und er th e li nea r approx im a ti o n , 
o nl y th e component of th e surface slope para llel to the 
d irec t ion of ill umin a ti on contributes to th e im age . I n 
o rd er to reg iste r th e DEM to th e im age, wc have therefo re 
m a d e a direc t co rre la ti on of th e surface slope pa ra ll e l to 
th e S un az imuth with th e image-brig htness \'alues, und er 
a se t of x y tra nsla ti o ns. The tra nsla t ion co rre-s pond i ng to 
th e highes t co rre la ti on coe ffi c ie nt indi ca ted th e bes t 
DEM /image registra ti on . The sha pe o f th e co rrela ti o n 
shows th a t co-reg istra tion was acc ura te to 0.92 of a pixel 
(a ro un d 50 m) a nd th ere is a uniqu e so luti on. 

Th e positi o ns of each ele\'a ti o n point a lo ng th e 
o ri g ina l three trac ks, within th e o r igina l im age, we re 
then d e term i ned a nd the co rres po nding brigh tn ess \ 'al Li es 
ex trac ted . I t is no ted th a t, sin ce th e im age /s lo pe 
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Fig . 4. Profiles rif slope along GPS tracks across the 
summit rif Fletdler PromonlOl)l. T racks 2 and 3 only. 

lOO 

co rrel a ti o n was perfo rmed onl v for trans la ti on and no t 
ro ta tio n , a small residu a l error might re m a in du e to a n y 
rotatio nal e rror in the orig ina l re-samp led image . 

Fig ure 4 shows pro fil es of slope a lo ng the d irec ti on o f 
illumin a ti o n for trac ks 2 a nd 3, both p ro fil es showing a 
distinc t d epression a t a ro und pixcl numbe r 52. Accep ting 
on ly th e to pogra ph ic d a ta, a nd P e nt la nd 's li nea r 
appro x im a tion as an a d equ a te desc ript io n of the ph ysica l 
process, this is su[fi cient to indica te tha t we shou ld cx pec t 
a doub le ridge to a ppea r in the im age ry of Fletc he r 
Pro m o nto ry. 

DETAILED CO MP ARISON OF BRIGHTNESS 
VALUES AND SLOPES 

H aving registered th e image and th e slope data , a 
reg ressio n a na lys is was perform ed LO co mpare th e 
brig htn ess va lu es (BVs) a nd slope d a ta fo r th e who le 
sub-scene (Fig. 5). I t sh o ws a good corre la ti o n , ind icating 
th a t the B\'s a re la rgeh ' d e termined b y th e to pograph y . 
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Fig. 5. Regression ana£),sis rif B f' and slopes Jor (om/Jlete 
sllb -scene. Correlalioll corjJicienl, 1"2 = 0.85. 

A feature of La nd sa t im age ry O\'e r ice a nd snow is th e 
10\1' contras t or ma n y im ages, ort en covcr ing onl y a few 
q ua nti za ti o n le\·els. Thi s im age (Fig . 2c ) is quite typica l, 
wi th o n I y a 10\V con tras t a long th e pro fi I cs, a nd so th c 
noise introduced by th e senso r pa rti a ll y obsc ures th e 
second ridge in th e pro fi le of brigh tness va l LI es . Th e sli g h t 
depressio n in profil es o f B\' , th a t corres ponds to th e 
second rid ge \Vc sec in th e image ry, is no t clea r throug h 
th e noise . T o reduce th e no ise le\'el, a s tri p 20 pi xe ls wid e, 
cenLred o n the trac k o f th e GPS cl a ta , was ex tracted rro m 
th e im age, a nd values w e re ave raged ac ross th e str ip. As a 
furth er m eas ure, the pro files from ba nd s 5 a nd 6 we re 
added toge thcr (Fig. 6a ) (for bre\'ity o nl y track 2 is 
shown ) , a ddi ti ona ll y SLI ppressing the LI nco rre la ted no ise 
betwee n th e image ba nd s (Va ughan a nd o th ers, 1988 ) . 

Us ing th e values o bta ined from th e reg ress ion rela ti o n , 
mode ll ed BVs co uld be pred icted fro m th e slope d a ta. 
Fig ure 6a shows the im age da ta a nd Fi g ure 6b shows 
predi c ted BV profil es correspond ing to G P S tracks 2 a nd 
3. Th is procedure mig ht be consid ered as following a 
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Fig. 6. ComjJarison of Ihe aclual alld lllodeLled lmage
briglt lness values. a. Profiles of average image-bTiglz lness 
value extmcl ji"om 20/Jixel wide swallz across the s1lmmil 
region of tlte sub-scene. Coincidenl witlt profiles of slope 
giWl ill Figure 5 ( track 2. J1SS ballds 5 and 6) . b. 
Profiles of modelled brightness value derived from eps 
slojN jJrofiles, Iracks 2 a!ld 3. 

circul a r a rg um ent but in this case wc a re not a ttempting 
to \'eriFy the ge nera l theo ry but ra ther to tes t it. Figure 6 is 
sim pl y in te nd ed to hig h I ig h t a ny sys tem a ti c difference 
between th e ac tual BV pro file a nd th a t w hich wo uld be 
pred icted [I-om the GPS d a ta . Compa rin g the origin a l 
im age p ro fil es lI'ilh th e two modell ed on es , the modcl 
a ppea rs to ha \'e achi eved a ve ry satisfac to l-y result. Th e 
model clea rl y shows a dro p in BV of 2 be tween pixel 
loca ti ons 60 a nd 70, co rres p o nding to th e second rid ge , 
fo ll oll'ed by a stead y inc rease. The good m a tch of th e 
modell ed a nd actual BY profiles ind ica tes th a t the double 
rid ge o bse rved in the im age ry is oftopogra j.Jhic origin a nd 
it is th e concavit y close to th e rid ge th a t is res pons ible [o r 
the effec t. 

OTHER FACTORS 

In thi s sec ti on , we a ttempt to show ev id ence th a t th e two 
oth er fa c to rs potenti a ll y a ffec ting the im age rep resent
a ti on of th e ice-ri se crests, accumulat ion a nd sastrugi , a re 
not in thi s case signifi cant. 

The acc um ula tion o f sn o w ac ross th e c res t of Fletcher 
Promonto ry was meas ured for the yea r 1986- 87 using 
acc umula ti o n stakes. Th e d a ta show a n acc umula tion of 
aro und 0 .9 m of snow . Th ere is e\'id ence of a sli ght 
dec rease (0 .2 m ) on the no rthern slope b ut the \'a ri at ion 
between success i\'e meas ure m ents is up to 0. 3 m. A more 
precise se t o f measurem ents could have b een obtained 
from a se t o f pits or boreho le studi es of ox yge n-i sotope or 
beta-radi oac ti\'it y and th ese might have shown subtl e 
\'a ri a tions in accumul a ti o n ra te. However , fro m the stake 
da ta , wc cannot identify a n y g ross va ri a tio ns in acc um
ul a ti on th a t co incide with th e doub le-ridge fea tures. 

In additi on to the profiles alread y di scussed , one 
furth el- kin em a ti c GPS p ro file was co ll ec ted. The method 
\\'as simil a r to tha t used fo r th e other profil es excep t tha t, 
in this case, the Sno\\'mo bil e was dri ven a t a pprox ima tely 
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1 m s 1 and the GPS da ta were logged at I s intervals. The 
profil e was 1.4 km long and ac ross the ice-rise c res t. The 
a im of this ex p eriment was to co ll ec t da ta th a t would 
a llow any cha nges in the sas tn,g i fiel d across th e ice cres t 
to be determined by m eas uri ng fin e d e ta il o f the 
Snowmobile traj ectory . The r es ul ting profil e showed 
th a t the amplitud e of th e sas trug i fi eld was no g rea ter 
tha n aro und 10 c m. Unfortun a te ly, the sas trugi sig nal was 
therefo re so m ewh at conta mina ted by the 5 cm noise 
resul ting from the G PS techniqu e . 

Ha\'ing rem oved the gener a l trend from the pro fil e, it 
was linea rl y inte rpola ted on to a 0.25 m spacing (8500 
p oints). Fourier tra nsforms of 51 2 point blocks o f the da ta 
were then calcula ted. Th e m e thod could be reaso na bly 
ex pected to yield da ta for surface roughness with spa ti a l 
frequencies in the range 0.5-0 .05 m 1 and , indeed , this 
p a rt of the sp ec trum conta ined a la rge proporti o n of th e 
to tal spec tra l en ergy. There w as , however , no di stinct 
cha nge in th e sh a pe of' th e sp ec tra across the ice di vide 
a nd hence n o e\'idence fo r a change in ro ug hness 
spec trum tha t mig ht show up in th e imagery. 

We conside r tha t th e onl y feature of the snow surface 
likely to cause a signal in th e im age ry th a t was not 
investigated a t the stud y site w as the small-scale rough
ness, including crysta l-sca le stru cture, a t hig her spa tial 
freq uencies th a n 0. 5 m 1. Alth o ug h la rge a reas o f the ice 
sheet appea r to be homogeneo us a t this sca le, there are 
ce rtainly occasio ns in whi ch crys ta l-sca le cha nges caused 
by wind o r Sun can ca use sig nifi cant ch a n ges in 
r eDecti\'it y ove r very short distances; an exampl e can be 
seen in Figure 2 b, on the sunn y sid e of K ealey I ce Rise, 
wh r rr there is a pa tch of snow th a t a ppears to be mu ch 
bri ghter tha n its surroundings . Such features do not, 
h owe\'er, a ppear to be ver y lo ng-li ved a nd d o not 
ge nera ll y a ppear in repea ted images of the sam e a rea. 
Th e double rid ges on th e m a in crest o f Fl e tcher 
Promontory a ppear in rep ea ted images of the sa me 
a rea . The d o ub le ridges on th e main cres t of Fle tcher 
P romonto ry a ppear consistent o n all fi ve images we have 
examined spa nning 1974-89 (G ood win , 1993) . Therefore, 
wc consider it unlikely tha t such crys tal-sca le effect are 
responsible for th e double-ridge fea tures. 

SUMMARY OF ANALYSIS 

D ouble-ridge fea tures a re a common but by no means 
ubiq uitous fea ture of linear ice di vides on ice ri ses and 
simila r fea tures . The ice di vid e o n Fletcher Promo nto ry is 
a good (a ltho ug h not the s tro ngest) example of the 
ph enomenon. Hig h- precision su r face-eleva ti on d a ta were 
co ll ec ted ove r th e summit of Fl e tcher Prom ontor y a nd , 
m odell ed co n sid erin g th e surface as a L a mberti a n 
scatterer, approxim a ted by a lin ear fun cti o n ove r the 
ve ry low ra nge of slopes en co untered. Th e resulting 
m odell ed profil es sat isfac toril y re produ ced th e ma in 
fea tures of th e im age profil es , bo th the shape o f th e cres t 
a nd the do u ble-ridge fea tu re. The la tter results from a 
subtl e concavity close to th e rid ge . YVe conclud e th a t the 
a ppa rent double ridge o bse rved in image ry can be 
exp la ined entire ly as a resul t o f th e topogra ph y a nd not 
by a cha nge in snow-crysta l fa bric across th e ridge, as was 
suggested by M a rtin and Sa nd erson ( 1980) . 
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DISCUSSION 

For those interested 111 th e ice shee t itse lf, there rema1l1s 
th e ques tion oC what causes th e co ncm'it )' and lin earit~ , 

close to the ridge , And , furth e rmore, what ca n th e 

prese nce or absence or such conca\'ities te ll us abou t th e 

ice dynamics of th e ridge? 

'\10dels o r s tead y-state ice d ynam ics predict that, at 
leas t close lO th e s ummit. a n ice di\'id c should be 

sy mm etri ca ll y bal a n ced. i.e. symm e tri ca l in prorile, This 

is ce rtainlY tru e for the rour ice ri ses that II"(' re profiled by 

t\l artin and Sa nd e rso n (1980) and which do not sholl" 

double-ridge fe a tures. Thus, lh e asymmetry ex hibited b)· 
F le tc her PromonLOry \I'o uld seem to imph· non-steady

state cond itions or, in other words. an aCli\T mi g ra tion of 

th e rid ge in res po n se to cha ng ing d yna mi c-boundary 

condit ions (personal communication rrom R. C. A. Hind

marsh , 1994) . 
\\'eertman ( 1973 ) ill\ ·es ti ga ted the contro ls on the 

positions of ice di\ ·id es and so indirec tly th e changes th a t 

mi g ht cause them LO a lter positi o n, H e showed that non

uniform surface acc umulat ion, non-unifo rm bedroc k a nd 
asymmetri c basic sliding , co uld a ll halT an effec t in 

d e te rmining the cqu ilibrium pos ition, H owe\"CJ'. the b asa l 

icc is probab ly fi ·ozen to the bedroc k benea th Fletcher 

Promo nLOr\' a nd it is un li kely that a c hange in the bed 

morphology has occ urred or th at sliding is signirieanl. 
Since \\'ec rtman round th at l-e ry la rge cha nges in the 

acc umulat ion rate pattern were requi red to ca use e \Tn 

smal l mo\·em ent s in th e ice di\·id e, none o r th ese 

ex p lana ti ons see m s likel y. I nstead , \IT consid er th e la s t 

bo undan·, i. e. th a t w ith th e surrounding ice shelf. 
Fletchcr Promo ntory is bounded to the so uth by 

Rutford Lec Stream, fl oll"i ng a l around 300 m a 1 a nd 

sh owing so me " marginally sign iri ca nt" signs or accC'ier

at ion Frolich a nd othe rs, 1989 1. T o the no rth , it is 
bounded b\' Carl so n Inlet \I·hi c h has a simi lar thickness, 

width a nd surface grad ient as Rutford lee Stream, and 

bot h occ upy we ll-developed bedrock troughs, Carbo n 
I n le t , hOIl'e \"('r, c urrenrly fl ows at on ly 7 m a I . Obse n ·

at io ns led Frolich and others to conclude th a t it is a 
difTc re ncc in ba sa l cond iti o ns that causes the dilkrent 

no\\' regim es be t \\'een th ese neighbouring glac iers. Since 

basa l co nditi ons ma y be prone to rapid c hange, \I'e may 

specu late th a t Car lso n Inlet ma y h ave ceased to s tre am 
in recent times. Since ice can o nh' lea\"(' the ice- ri se 

margins by be ing e ntrained into the icc-stream sh ca r 

marg in s. and the a m ou nt oC ice lost in this lI·ay mu s t b e 
co ntrolled by the ve loc ity or' th e ice s tream , a n e\T nt , 

s uc h as the cessaLion of strcaming on Ca rlson Tn let. 

wou ld pe rh aps upse t th e equ il ibrium oC Fletc h er 
Pro m o n to ry, A simple calculation, [ollol,·ing th c same 

reason ing emp loyed by \\·ccrtman ( 1973), indi ca tes 

that , und er equ ilibrium co nditi o ns, th e positi o n of th t' 
icc di\·id e has a linea r dependen ce o n the ab ilit\, of the 

oppos ite marg ins to cnt ra in ice . Th e eHe'ct or incrcasing 

thc rel a ti\ ·e \T loc it y oC Rutio rd Tce Stream OITr Ca rbon 

I nle t might be to dra\'I' down th c surface oC the so uth e r n 

flank of F letcher Promo ntory, di splacing the ice di\'id e to 

th e north. Onc m ig h t specu la te that the obsenTd 
conca\'ity and li nearit y a rc a n indi ca tion of a nort h

ward mig rat ion of the ice di\'ide in res ponse to th e 

cessation oC strea m ing o n Carl son T nler. So fa r, \\'e halT 

compared sunTI·S o\ 'e r the cres t or F lctc hcr Promono
ton· in 1986 and 1993 but halT found no e\'idcnce Ic)r 

ice-divid e mi g ration (Good\l'in , 1993 ); repeat sun'eys in 

the ruture mal' confirm su c h a mig ra ti on and pe rh a p s 

d eterm.inc a tim e-sca le for th e respollSe, 
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