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ABSTRACT. During th e :\orwegia n Anta rct ic R esea rch E xpediti on 1993 /94, fi eld 
stud ies \\-e re conducted o n a blue-i ce fi eld in Jutulgry ta , Dronning l\l a ud L a nd . 
.\Ieas urements o f sub-su rface temperatures revea led th a t tempera tures in blue ice \\'ere 
a bout 6 C hig her th a n in the adj ace nt sno\\' . D es pite the predo mina ntl y nega ti\'e air 
temperatures, a sub-surface melt laye r was di scove red within the upperm os t metre of 
the blu e ice . H ere th e tempera ture max imum was consistent thro ug ho ut the entire 
mo nth o f obse rva ti ons, and res ulted in bo th intern a l melt a nd wa ter tra nsport . Th e 
melting is a consequence of so la r radi a ti\ 'e penetra ti on a nd a bsorpti on within th e ice, 
i. e. the "solid-sta te greenh ouse". Sensiti vity expe rim ents using a no n-s ta ti o na ry 
combin ed rad ia ti \'C a nd th erm od yna mic mod el re\'eal th a t the ph ysica l pro perti es 
(here ex tinct ion coe ffi cient, radi a ti on tra nsmitta nce a nd a lbed o) strong ly control th e 
fo rma ti on a nd \'C rti cal ex tent orthe melt laye r. The persistence of th e sub-surface melt 
laye r increases th e runoff volume from blue-i ce fi elds, which o then\'ise mig ht be 
restri c ted to a re,,· yea rly e\'ents \\'hen a ir tempera ture reach or exceed the fi"eezing 
point . Th e condi tions required for melting acti\'it y a re ma rgina l inJutulgryta. H ence, 
thi s pheno menon may sen 'e as a n indicato r of' c lim a te nu ctua ti ons in th e a rea. 

INTRODUCTION th e fi 'eez ing p oint , pas t o bse rva ti o ns of melting in 

Dronning ::Vla ud La nd ha\'C been confined to nunata k 
areas \\'h ere blue ice is in contac t with bedrock, roc ks in 
the ice, o r mora inic ma teri a l, a ll of \\'hi ch increase hca t 
a bso rpti on (Autenboe r, 1962 ) . On th e :" l c:"lurdo I ce 
Shelf, a d a rk as h laye r insid e th e blue ice was reported to 

crea te sub-surface melt poo ls up to 1.5 m d eep benea th a 

30 cm ice cove r (Pa ige, 1968 ) . 

It is ge nera ll y acce pted th a t th e g rea ter pa rt of the 
:\nta rctic ice shee t consists of' acc umula ti on zo nes a nd 
thus has a pos iti\'e m ass bala nce. I n isolated a reas a rou nd 
the ma rgin , hO\\·e\,e r. blue-ice a reas exist, cha rac teri zed 

by a nega ti\'e net mass ba la nce. In Dronning ill a ud 

Land, such a reas a re mos t comm onl y fo und in rela ti on to 

nun a ta ks, e.g. Orh eim a nd Lu ce hitta (1990 ). Bint<t nj a 
a nd o th ers ( 1993 ) . The wi ncl pa ttern in th e \'icinit y of th e 
nun a ta ks tends to di sturb snowdrift so th a t little o r no 

sno w acc um ul a tes d ow n wi nd. Th e com bin a ti o n o f 

sublim a tio n, whi ch a ppea rs to be the essentia l so urce of 

a bl a ti on , a nd reduced acc umula tion ca uses thi s nega ti \'(' 
mass ba la nce th a t e\'enrua ll y leads to ex posure of th e 
charac teri sti c blue ice, e.g. J onsson ( 1992 ). Binta nj a a nd 
o th ers ( 1993 ). 

Since a ir tempera tures in Anta rc ti ca a re we ll below 
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Studi es on a blu e-ice a rea downs lope of the !'If izuh o 
Plat eau in east Dronning :yra ud La nd have shown th a t lh e 
a reas with nega ti\'e m ass ba la nce res ult f'r o m th e 

d i \ 'C rge nce of snowd ri ft rela ted to ka ta ba ti c wi nds on 

this north-facing slope (T a ka hashi a nd others, 1988 ) . The 

Jutulgryta a rea , loca ted a bo ut 1300km to the wes t on the 
sa me type o f' slope, may well ha\'e the sa me origin . \\'hil e 
it is beyond th e scope of this pa per to di sc uss th e form a ti on 
of th e J u tulgry ta blu e-ice a rea, its resem blan ce to the eas t 
Dro nning l\laud La nd blu e-ice a rea is striking . The sub

surface melting obsen 'ed in JUlulgryta does not ori gina le 
fi 'oml ocal clim a te conditi ons related to nuna ta ks, sin ce th e 
closes t nun atak is more th a n 50 km away; nor have a ny 
impuriti es been fo und whi ch could lead to intern a l 
melting as see n on the 7\I c l\ l urdo I ce Shelf. 

Bra ndt a nd W a rren ( 1993 ) summ a ri se studi es of sno\\' 

lemperalUres " 'ith spec ia l emphasis o n the occurrence or a 
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temperature maximum below th e surface , i. e . th e " so lid

sta te g reenhouse" ca used by solar-radi a ti on pene trati on 
a nd abso rpti o n insid e th e snow a nd th e fac t th a t long
wa n :' rad ia ti\'e coo ling is res tri c ted to the surfa ce . Brandt 
a nd \\'a rren concl ud e th a t \\'h ereas th e " so lid-stat e 

g reenh ouse" within sno\l' is ques ti ona ble. th e occ urrence 

o f melting insid e blu e ic pro ba bl y res ults from th e 

sm a ll e r ex ti ncti on coe fficient a nd 100I'e r a I bed o of ice . 
This pa per presents, to o ur kn o\\'led ge, th e first 

o bser \'ed sub- surface melting in blu e ice. a nd sh()\\'s 
th a t th e fc)rmati on of this sub-surface melt laye r ca n be 
mod e ll ed. Sensiriyiry a na lyses I\·jth spec ia l emphasis on 

th e importa nce of ph ysica l properti es of th e surface a rc 

performed , and th e fo rm a ti on a nd d ecay of spec ia l surfa ce 
features, i. e . melt poo ls and icing. a rc disc ussed in th e 
contex t of th e se nsiti\ 'ity an a l\'ses . 

THE FIELD-WORK PROGRAMME 

A stud y o f melt processes was ca rri ed o ut during th e 
:'\ o r \\'cgia n .\nta rCl ic R esea rc h Ex pediti o n (;\!\RE l 

1993 /9+, (i'om 2+ D ecember to 20 J a nua ry. Gro und 

obserl 'ati ons of melting ill J utulgryta \I 'e re first reported 

b y \\' inth er (1993 ), based on a short stud y during th e 
:\' .\ RE 1989 /90. The o bsc'\'\'ari ons \I 'ere fo ll o \lTd b y 
remote-se nsing a na lyses \I 'here rem a ins of la rge bas ins o f 
acc umul a tedm elt\\'a ter (class ifi ed as fi 'ozen "lakes" ) were 
d e tec ted a nd enh a nced fro m L a nd sat T:-'l im aging 

(\ \ ' inthe r, 1993). 

Fi e ld-wo rk during th e NARE 1993 /94 \\'as concen
tra ted nea r a la rge frozen "l a ke" \I,ith di stinc t fea tures o r 
refroze n wa ter on th e s urf~\ ce (Fig. I ) . \\ '1" roc used on a 
res tri c ted area a bout 3 km in ra dius where th e positi on 
d etermin ed b\' GPS was 71 °23'55" S, 0 29'55" E, a t a n 

a ltitud e o f a pprox imate ly 14 0 m a .s.1. Blu e ice In 

Jutulg ryta occurs ma inl y in iso lated a reas intersec ted b y 
sno\di e ld s (Fig . I ) . Th ese a rc oft en rela ted to COJl\'e x 

surface sha pes lI'he re ex posurc to wind is mos t prominelll, 
as obsen '('d in eas t Dronning \l a ud La nd T a ka has hi 
a nd o th e rs, 1988) . Since the surface topogra ph y undu

la tes a long th e ge ntl e northwes terl y slo pe leading d own to 

th e J utulgryta d epression , blu e-i ce li elds are commo n. 
constituting a bo ut 70% o f' th e to ta l blue-i ce regio n Fig. 
I ) . The upper limit of'thi s regio n is a round 700ma.s.1. 
where th e slope d ec reascs on th e plateau H ell eha llel. Th c 
10 \l'er limit f'o r occ urren ce of blue-i ce fi e lds IS near th e 

g rounding line lI,he re the land ice begins to noa t at th e 

Fimbulisen ice she lf' (Fig . I ) . 
Fi\ 'e th e rmisto r strings were drilled into th e ice and 

sno \\' a t different loca tions. T\I'o I\'(' re insta ll ed in a blu e
icc fi e ld a nd two in a n adj ace nt sn{)\l'ii e ld . Th e las t 
th ermisto r strin g was insta ll ed nea r th e fi 'ozen " lake" 

\\'h ere clea r ice \I'as coyered \\'ith 0. 2 m of d ensel y pac ked 

snO\I·. In the blue-i ce fi eld , water le\'e ls lIT re measured in 

a bl a ti o n sta ke holes as \\'ell as in ex tra bo reholes . Pump 
tcs ts in se lected ho les \\'(' re p e rfo rm ed in o rd er to 

d e te rmin e the rate or infl o ll·. R e fl ec tan cc (albed o ) 
measurements we re carri ed out Il'ith a SE-590 porta bl e 

spec tro meter. whi ch meas ures refl ec ta nce in 252 disc rete 

ba nd s be tll'('e n 3 70 a nd 1110 nm . In a ddition , a n 
automati c II'ea th er stati o n equipped with a sa tellit e 
tran smitt e r continu o usl\' mad e ho url y sca ns o f' I I 

Boggild alld olher:,: Sllb-.>IIIIai'e melling ill bllle-ireJlelrh 

Fig. 1. IlIdex mal) (tojJ) alld sub-.leetioll of a satellite

enhallced majJ (belou,) eOl'ering the blue-ice region ill 
} UIII(£;iJ'la . T hl' dark art'as are bllle-ice field.> whirh are 
inler.l/'fied ~J' Ihe bn~£;hl jJJolljield.1. Dark ';/)0/1 are lake.> . 
alld Ihe aiTOIl ' r~rers 10 Ih£' area oJj/dd-nwk. T o Ihe IOll'er 
righ l i.> l/ze Ilellehal/el /ila leall . and } lI ll1lgiJla i.1 10 Ihe 
IIjJJJn left of the .>alellite mal) · 

diile- rcnt m c teo rolog ica l pa ra m c ters a t +.+5 III a bo \'e 
s urf~\ ce. a nd ho url y a ll' te mp l' ra tures \I'c re reco rd ed 
0 . 15 III a bO\'C s url~lc e. 

SUB-SURFACE MELTING AND WATER FLOW 

Fig ure 2 presents s ub-s urf~\C'e tempcratures as record cd on 
8 J a nuary. Sig nifi canth hi g her ice temperat ures (6 (; or 

m orc) II'e re o \)sern'Cl a t sta kes 50 a nd 53 locatecl in a 
blu e-i ce fi eld. The blue-i ce obsen 'ati ons indi ca te th a t th l' 
temperature rem a ined a t th e melting point th ro ug ho ut 
lh e m onth o f o bstT\ 'a ti o ns (Fig . 3 ) . Sta ke 12 is a spec ia l 
case , hO\l'e \T r, sin ce th e profile consisted of c lea r ice 
co\T red by 0 .2 m of' sno \l. ,\t th e clim a te stati on a nd sta ke 

3 th e 5nO\\' a ncl ice tra nsiti ons Il'e re found a t 1. 70 a nd 

4. 23 m d epths. respecti\Tl y. 

The ma in un cen a illli es in measuring snOI\' a nd ice 
tempcra tures res ult [i'om th e radi a ti l'c hca tin g o r th e 
senso rs, since it is difTi cult to d es ign a senso r th a t ma tches 
th e spec tra l a bso rpti on o f' snO\I' a nd ice (Brandt a nd 

W a rren . 1993 ). T o minimi se th e effec t o f' radi a ti\T 

hea tin g o f' th e U ni curl ,(, 10lDET th ermisto r se nso rs, 
\I'hite ta pe was a ppli ed as a coating , and th e tempera ture 
readings \\'ere res tri c tecl to la te e\T nin g a nd midnight 
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Boggild ([lid olhers: Sub -suljace l17ellillg ill blue-ice fields 
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Fig 2. SlIb-slIIjaff lem/Jeralure.1 recorded 011 8 ] allll{lI} 

1994 aroll l7 d 2230 h L'T C'. 

when ra di a ti\T hea ting of th e sensors was m inim al. 

D es pite suc h prcca utio ns, pos iti\ 'e te mpera tures o f 

+ 0 .5°C \\'ere obsen Td Il"i thin th e mel t laye r, \\·i th a 

tolera nce of 0.2 "C give n by the ma nu fac ture r. 
Air tempcra turcs meas urcd a t th c 0 .1 5 and 4.45 m 

In'd s we re pred o min an tl y nega ti\ 'e w ith it mea n 
tempera ture or 2.8 C a t +.45 m. Th e tempera tures rose 
a bO\'e th e melting point on se \'e ra l occasions, usua ll y 

during th e ho urs a round noon. Sometim es th ese events 

d id no t res ult in \'isibl e melting on th e surface, i.c ., the 
sno\\' a nd ice s ud~1ee rema in ed dry. In ge nera l, th e 
pred omin a nLi y nega ti ve surface tempera tures ap pea red 
not to a lIec t th e continuo us cx istence oCa s ub-sud~ICC melt 

laye r in the blue ice . 

In Im d ee p a uge r holes, wa ter leve ls wer e continu

o usl y moni ta red d u ri ng th e obser\'a ti on pcriod . A fe\l' 
clays a rtet· the ho les \I'e re drill ed th ey tended to become 
na rrower nea r the top a nd bo t to m due to refreez ing, bu t 
th e midd le scc ti o n a bo ut 0.5 m below th e surface beca m c 

\I'ide r from melting. At three loca ti ons water inOo\l' was 

obsen 'ed at d epths of 0 .32 0 .4 1 m be low th e surface in 
nc\\l y drill cd holes. This d cpth ra nge co incides w ith th e 
initi a l forma ti on d epth of \\'atcT ponds th a t ha\T been 
o bse rvcd on tlt e \l c \Iurdo I ce Shelf (Pa ige . 1968 ). 

The wides pread ex istence of this sub-surface melt a nd 

\I'a ter-Oow horizo n \I' as indirec tl y d e tec ted thro ug h pump 

tes ts \I'here th e a uge r holes were kept dry a nd th e ra te of 

Observed ice and air temperatures, stake 50 

o - - -=- ---" -- =-- - -----=- ---=- =--

2 .0 m 

- ~m-

___ Air temperature 

_8L-____ ~ ______ -L ______ ~ ______ L_ ____ ~ ______ ~ 

27-0ec-94 4-Jan-95 T ime (date) 12-Jan-95 21-Jar 

Fig. 3. l ee lemperalllres (s lake 50) and air lemjJeralllres 

during Ihe period 29 December 19 ] alll/{/I)'. 
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innoll' was measured . S in ce nOli' rates sta bili sed ra th e r 
qui ckl >' a nd remained consta nt thro ug ho ut 40 min of 
p umping, it is ass umed th a t thi s pe rm ea ble laye r fo rmed a 
continuo us aquifCo r in th e ice. Th e 0 0 11' ra te was a lso 

o bsen Td to cha nge with time a t one loca ti on \I'here th e 

inOoll' on 15 J a nu a ry was onl y ha lf th a t o n 12 J a nua ry. 

CONDUCTION AND RADIA TIVE HEATING 

At th e surface th e tempera ture is d e termined by th e 

components of th e energy budge t: th e so la r radi a ti on , th e 
th erm a l in fra red radi a ti o n a nd th e turbulent exc ha nges oC 
se nsible a nd la te nt hca l. H OlI'c \'e r , in c id e nt so la r 
radi at io n d oes pe net ra te th e surface bo und a ry a nd 

toge th e r \\'ith conducti\'e hea ting controls th e tem pera

ture insid e th e sna il' a nd ice . Thus, in o rd er to trea t th e 
e\'oJ u ti on of su b-su rface tem pera tu res, it is necessa ry to 
desc ri be th e ex tin c ti o n a nd a bso rp tion o f so lar radi a ti on 
(0.3 3 /-,,111 lI-a\T leng th ) inside th e ice . [n ge nera l, thc 

d ownwa rd [lux F th a t pene tra tes th e ice d oes a ttenua te 

ex poncn ti a ll y fo ll o\\ing th e express io n (Grenfetl a nd 

:-'Iaykut, 1977 ), 

(1) 

w here z a nd A de no te d epth a nd wa \ 'cl eng th , respecti\T ly, 

a nd K,).. is th e spcc tra l ex tinction coe ffi cient of so la r 

radi a tio n lI' ithin th e ice. G renfell a nd :- Iay kut ( 1977 ) 
fo und "- >. to d ecrease sha rpl y nea r th e surface d ue to th e 
hi gh encrgy a bso rpt ion , pa rt icula r ly in th c spec tra l ra nge 
beyond 0.6 f-L111 . A t d epths grea ter th a n 0. 10 m , G renfCl I 

a nd :-lay kut ( 1977 ) suggest th a t a ne t bulk ex tin cti on 

coe ffi c ient K, can be a ppli ed . If th e incident radi a ti o n is 

meas ured on ly a, spect ra ll y integra ted values O\'e r the 
sho rt-\I'<l\'e ra nge , th e a bso rpli o n beloll' 0 .1 0 m d ep th can 
he obta in ed b y usin g a tra nsm i tt a nce coeffi c ie nt 
f3( = FlO / Fo) . H ence , th e hea t a bso rpti on fl'om radi a ti o n 

IS 

Q = (3K,Fo(1 - a) exp( -K,z) (2) 

\I'here {1 is th e a lbed o. From obse rnl ti ons, G renfel l a nd 
\Iaykut ( 1977 ) fo und (3 to ra nge from 0. 18 in w hi te ice to 

0 .43 in clea r ice, indica tin g a wide ra nge, but g il 'en th e 

exponenti a l na ture of th e radi a ti on properties insid e ice 

th e \'a ri a bility of (3 becomes less impo rta nt at th e d epths 
where melting occ urs. 

Th e hea t conductio n m ay be o bta in cd b y soking th e 
tra nsient one-dimensio na l hea t equ a ti o n (Ca rslall- a nd 

J aege r, 1959), 

(3) 

\I·here k is th e th erm a l cond ucti on , p th e d ensit y, c th e 

specific hea t of ice, T th e tempera ture, a nd t th e time. 

Due to th e tra nspa rent cha rac teri stics o f ice, tempera ture 

cha nges be low surface a re gQ\'e rn ed by th e con tributi on 
from conductio n (Equ a ti o n (3)) a nd th e a bsorp ti on of 
ra dia ti\T energy (Equa ti on (2 )) : 

peaT / at = ka2T / a} + [(3,.,;Fo(1 - a) exp( -,.,;z)] . (4) 
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SURFACE CONDITIONS 

Th e n ca r-s urf~lce temperat ures a re cha racte ri zed by a 

COIlSLa n t adjustme nr to th e c1i ma tc . \1 hi ch fo rccs energy 
Ihrough th e s urf~lce. The spec ia l o p tica l a nd th erm a l 
charac teri sti cs o f" the s urf~lce laye r II·ill th ere fo re he 
add rcssed . In situ o bse n 'a ti o l1s rC ITa lcd th e dC\T lo pm ent 

o f a ll opaq ue cru st 0 11 to p o rthe clea r ice. This cr ust c lose ly 

rcsembl es SIl OI\ ' a ll d under ce rta in li g ht co nd itions \\'as 

ci ifIi c ult to di stin gu ish from th e acculll ul ated snow in th c 
adjaccn t snOldie ld . S hu ms kii 196+ 1 dca b th o ro ug hl y \I·ilh 
Ih e p henom eno n a nd e lllploys IhreC' difkre n l tcrms fo r this 
\I 'hit c a nd opaque laye r on tOP of" clear ice. i.e . "sun 

\reatheri ng", "radiat io na l therm a l shieldin g" a nd " m elt 

crust". H erc the term "rad ia tio n crust" is used, sin ce th e 

.J u tul g n ·la sur face was clea rl y a rad ia ti o na l phe no meno n 
\I'ith tro ug hs a nd cres ts o ri e n ted in th e direct io n or th e 
most inte nse so lar radi a ti on (a ro un d noo n I . 

A sim il a r ab la ti o n crust was nC\T r obsen 'ed in th e 

b lue-i cc a reas nea r n unata ks aro un d thc ~orwegi a n T ro ll 

sta ti on. Th e nu na ta k- re la ted bluc-i cc areas ha \ e bec n 

I(J unci to co nsis t of c lea r ice a t th e su riace \I'ith ri pples of 
aho ut 0.2 m spac ing. This SUri:ICC a p parentl y d iners 
sig ni fica ntl y fi 'om th c Oll C obse rn'd in.Jutulgry ta . 

MODEL SPECIFICATIONS 

'To mode l the e\'o lutio n o f sub-surbce tC' mpera tures th e 
ice- a ir in terrace tcm per a tu re \I',IS chose n as th e u ppcr

bo u nd a r ~ ' co nd iti on. Equa ti o n r+ was so h Td using the 

e:\ pli c it fi n it e-di ffe re nce m e th od fi 'o m Boggild 1990 ). 

H c rc ..Jz \I'as se t at 0.03 III a t th e s urf~l ce a nd \I'as a llo \\'ed 

to e:\ pa nd to 0.3 m a t th e 10ll'est g rid a t 15 m . At this 
d cpt h seaso na l te m pera ture \'a ri a ti o ns ca n be neg lected 
rCrc ue l1 and Ocri emans, 1989 ) a nd thus sel'\'c as th c 

10 \\'C r-boundary tem pera ture in thi s mod el. Tim e stc ps L1t 
lI'e re chose n to m ee t th c sta bilit y crit erio n d e termin ed by 
\[ onon ( 1980 ), 

(5) 

\r hcre 1\ is th c th c rma l d iITusi\·i t y (= I,;g/ c ). Th e opaq ue 

su rface crus t as m cn ti oned a bo\'(:, led us to in clude a n 
nt in n io n coefIic ient ofsno \I' (20 m r) in the to p 0.06 m of 
th e moci e l. Howc\'er, th e j agged stru c ture a nd low de nsit y 
of thi s crust do c na blc turbulent tra nslt- r o f se nsibl e hea t 

within th e laye r , so th e bulk hea t diss ipa ti on thro ug h th e 

c ru st ra r e:\ceeds th e contributio n fi 'om conduc tio n a lo ne. 

Co nscq ue n tly, \I' t' ha \'e ass um ed th at thi s layc r is 
iso th erma l a nd ( ) ll o \I's th c ai r tcm pe ra tures . Thus. the 
te m pera tu re a t th e intel-face be twce n th c radi a ti o n crust 
a nci ice is se t equa l to thc a ir tem pe rat ure. 

SENSITIVITY ANALYSES 

Th e lirs t se t of"s iJ11 ul a ti o ns a rc ca rri ed o ut to a na lyze th e 
initi a l fiJ rm a ti o n of a s ub-s url~lce m clting layer g i\'e n 

cond itions \\'hi c h can influe nce th c rad ia ti l'C hca ting 

insid e th e ice. [ f no pe net rat io n o f'radi a ti o n lI'e rc a ll o llTd , 

th e res ults o f' th e simul a ti o ns wo uld sho\I' entire h" th e 

Boggild IIl1d oilier:, : SlIb -JIII/rICl' /11 I'll ill,!', ill b/III'- icejield.\ 

e []i:('\ or co nciu c ti \' it \·. In th a t ca,e. no su b-surface me lt 

l<wlT co uld d Cl'C lo p . since bo th th e initi a l ice tem pe ra 

turcs a nd th e pred o min a nt a ir tempe ra tu res \I 'e re 

sig n if ica ntl y belO\I' th e freez ing po int d u r ing th e peri od . 
This rurther illustra tes tha t the m e lt la\'e r is cont1'01I ed 
s tro ng ly b\' th e pene tra ti o n a nd a bso rpt io n o r radi a ti o n 
w hi c h in turn is gO\ 'e rn ed Iw th e s url~tce a lbed o 0, th e 

tra nsmi tta nce J a nd th e c:\ tin ct io n coe fli c ient h . 

T o ma tc h co ncliti o ns in Jutulg ryta o ur se nsiti \' it y 

e:\ pc rim e n ts re li ed entire ly o n o bse lyed tcmpera turc a nd 
rad ia ti on data. Fig u re +a c sh()\\ hc)\\' th e simul atcd 
tem pera tu re, at s take 12 c\'o ln' du ring a .5 d period. when 
a ll but onc of" the para m e te rs a re hel d co nstan t a nci no 

snoll' COlTr is ass umed. Th erefo re, th e sim ula ted icc 

tem pera tu res a pproach th c tcmperat ures meas urcd in th e 
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blue-i ce fi e ld (Fig . 2 ) . By imposin g n e \\" upper-boundary 

conditions \l'e \\'ere able to study the effect of changing 

onc parameter in great detail, since temperature adjust

ments to ne\\" surface conditions arc most rapid at th e 

beginning of th e simu latio ns. 

During simulat ion a ll \ 'a lu es exceeding the m e ltin g 

point in the model calc ul at ion were se t equa l to ooe but 

melting was not cons id ered . In relation to e nerg\' 

consen'at ion this is not strictly correct. HO\l'e\ 'er, the 

vo lume of melting \l'as smail and considered negligible [o r 

the e\'o luti on of temperatures. 

A s can be seen in test I in Fig ure +a, the increase of /-l. 

from 1. 2 to 2.0 m I does not m O\'e th e upper and lower 

boundaries of the melt laye r marked ly . This m ea ns that 

c hanging ,.. by 0.4 corresponds to a \"('rti cai shift of 

temperatures by 0. 15 m at the most. Th e rele rence 

temperature profile is the initial condit ion [or the 

simul at ion a nd is based on obse l"\"at ions as desc ribed 

ea rli er. " Ko radiation" r efe rs to th e e \ 'o luti on of 

simu lated temperatures based on co nduction a lone. Here 

a small te mpera ture maximum belo\l' s url~lce is e ntirel) 

from diurnal nuctuation of s url~\ce te mperatures. 

I n ext reme cases '" has been found to range from 

0.7 m I in totally clea r (blac k) ice to + m I in opaque 

wh it e ice (Gray and i\l ale. 198 1) . InJu tu lg ryta the solid 

ice be lo\l' th e ab la ti o n crust \l'as obsen'('d to be rather 

homogen eo us in a ll th e blue-ice fi c ld s, indicat in g a 

narrower r a n ge of Ii, w hi c h can be verified on ly by field 

obsen·a ti o ns. 

Test 2 examines the efTen or the tran smillance ()) ) on 

the temperature profile. From deta il ed studi es, Grenfd l and 

i\l aykut 1977 ) found ,B to \ 'a r )' rrom 0.1 8 and up to 0.63 
under especia il y cloud), cond i t ions. The h igher f~ \'a l ues 

durin g c lo ud y wea ther result from less in cident radiation to 

the surface in the infrared range (Grenfe ll and ~I aykut, 

1977 ) . Figure +b summ a ri ses the res ult of c ha ng ing /3 
within these limi ts . Again, th e res ulting temperatures a rc 

influ e nced littl e by adjusting thi s pa ra m e ter compa red to 

th e referen ce run ,\-ith no rad ia ti on. 

T est 3 examines th e effeCl o f a lbedo on temperature. 

From in situ reflec tan ce a long 25 e\'en ly distributed po ints 

the a lbedo Q was found to \ 'ary fi'om 0.51 to 0.92 \\' ith a 

m ea n orO.72 and a standard de\ 'ia ti on of ±0.12 . In sp ite 

of the apparent o\'('ra ll homogeneity of the blue ice, th e 

m eas urements show surpri sin g \ 'a ri a bility in rh e radiati\T 

\'a lu cs 0'. Two important chan ges a rc noticed as a result 

or lett in g Q range be twee n 0.5 1 and 0.92 in test 3. First, 

th e mclt layer bare ly d e \T lops w ithin 5 d with n near 

0.90. Secondly, extreme n \ 'a lu es can influence tempera

tures dO\\'Il to 4m, whic h is c\' idc ntl y far beyo nd th e melt 

layer. Th e three a nalyses described a b O\'e clearly in d ica te 

th at reOectance is rhe most important parameter and it 

can sign ifi cantly i nfluence th e thi ckness of th e melt layer. 

The transmittance ((3) is or seco ndan- importance since 

high (3-fac tor \'<l lu es arc fc)und und e r O\-ercast cond iti ons 

when incom ing g loba l radiation is reduced (Grenfe ll and 

.\laykut, 1977 ) . 

So far the [OCLlS h as been on th e dkc t o r c h angi ng onc 

pa rameter and keeping th e others constant. In reality a 

natural inte ract ion among a ll pa ramete rs is expec ted and 

can enhance the efkn on both melt-layer thi c kn ess and 

sub-surface temperatures. 

MELT POOLS AND ICING 

D e press ions a re observed on ho r izo nta l planes on the 
b l ue-ice [ield a nd m ay \'a r y in size a nd shape, bu t th ey 

mostly appear rather concent ri c with di a m eters fi'om I to 

5m and deprcssions up to 0.5 m in th e middle orrh e pools. 

Fig ure 5 shO\\-s one such pool at a c lea rl y \'isih le stage . 

Other pool s had a bri g h ter appearance. but st ill 
mainta ined the smoot h surface. a nd oth e rs aga in cou ld 

ha\'(' the charac te ri s tic radiat io n crust desc ribed ea rli e r. 

A measllred a lbedo profile of' o nc sll c h pool h as shown 

Cl' to range from 0.80 a t th e margin to 0.44 in the center. 

Th is drop in a l bedo in the l()\\'('st senion or th e pool was 

assoc ia ted with less sca tter in the wate r con tac t und e r th e 
smooth surface ice whic h was usually about O.lm thi c k. 

Beneath thi s clear ice li es a matrix of porous, loose, 

Fig , 5 .. J /)001. The diallll'ler is abolll .f Ill .. \ alire lite radial ion crllsl olll.lide lite /)oot. 
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coarse-g ra ined ice II'ith d ensiti es ra ng in g (i-om ++0 to 600 
'j 

kg m . at 0.55 III d e pth . 

The n tri e tl ' o r ph ys ica l a ppea ra nce d escribed a bo\"(' 

m ay illus tra te se pa ra te tim e stages ill th e el'o lutio n of" 
pools , al o ng th e Co ll o \l'in g lines . First, a ra di a ti o n crust 

d el·e lo ps. ~ex t, lI"a te r is tra pped nea r th e s urf~l ce . 

redu c in g th e surface albed o to, sa l. 0.+ ~ a nd thus 

enh a ncin g' a bso rpti o n a nd m e ltin g . Th e re la til "(' ly lOll" 

a lbed o a nd smoo th surface ice ha l"(, produ ced Sc\T re sub
surface m e lting, el ' ide nt li 'o m th e d elT lo pl1l cnt of" loosc. 
coarse-g ra ined ice a nd th e [c) rmatio n o f" a d e pression a t 

th e s urf~t ce . As th e \I 'ate r I ("\'C I g radu a ll y 10\lT rs, 0. ri ses 

a nd th e radiati o n tra nsmi ss i\" itl ' is reduced inside th e 

loose . coa rse-g ra ined ice. thus redu cin g th e poss ibilit l' o f" 

sub-surface m e lting. Th e C\'c le is comple ted II"h en a 

ra cii a ti o n c ru s t d en' lo ps aga in . m a kin g th e poo l ba n ' ''' 
I'isible so th a t it a ppea rs as o n'" a sha ll o \l' ci epress io n o n 

th e surface. 

Fig ure 6 sh o\l's th e temperature ("\ o luti o n fo r th e 

differe nt stages d esc ribed a bol 'C . \\'e ha lT a ppli ed th e 

J]oggild ({lid alhen: SlIb- Illrj{iCI' 1IIe/lillg ill b/lle-ice jll'/d.\ 

ini tia l te mpera ture prolile a nd simulati on period as in the 

ptT\'io llS sec ti o n o n se nsiti\ 'itl' a na lyses. H O\lT \T I". in th e 

firs t tll'O of th e lo ll o \l ' in g simul a ti o ns, no radi a ti o n crus t 

\I 'as in clud ed due to th e a ppearan ce o f c lear ice o n th e 

sur! it("c. The s tage of " 'a te r contac t is sho \l'n b y c UI'\ 'e I in 
Figu re 6 \I' here (t is se t to 0.++ f"ro tll a lbed o tll eas urenll" nt s. 
.\ s th e \I 'a ter !c\'e l I 0 11"(' rs, {\' g radual" rises to 0 .60 whi c h 

in turn redu ces th e thi c kn ess o f" th e m elt l a~ cr in cunT 2 . 

Th e (in a l ~ t age occ urs lI·hen a ra di a ti o n c ru s t has 

d t'\T lo ped (c ur\"(:' + H e r<.' h' has a rbitrarih- bee n se t to 

15 III I du e to th e o paque nature o f" th e loose . eoa rse
g ra in ed iee snOIl" is 20 tll I . C o mpa rin g cunTS 3 a nd + 
c lea rl \" illu stra tes the impo rt a nce o f" h' a t hi g h Cl \·a lues . 

On th e slo pes a simil a r phe nom c no n lI'a s o bsen·ed. but 

he re th e slo pe causes th e sub-surfacc m e lt\l'a te r to f1 ol1" 

o ut o n to th e sUrfil(T \I'here it freezes imm edi a tely Fig . 7 
The stage o f" lOll" n due to \I'a tlT conta ct li 'o m be lo \l' has 

no t bee n o bsct"l"l'd and m a l' no t occ u r . The initi a ll y 

stll oo th ~ urfi t n' lI'as o bserl"(, c1 to bccom e g radu a ll y \I'hiti sh 

and ro ug h a nd a ft e r abo ut 2 11'eeks it d e \T lo ped into a f"ull 

ra cli a ti o n cru st. Th e ic i ng ph e nom e no n co n tri bu tes to 

hig h I'a ri a bilit y in m eas ured a lbed o \I'hi ch plTI'io us 
e" pcrim e n h hal"(, sho\l n to be crucia l fo r th e thi e kn ess 

o f" th c m e lt la \"e r. Thcrei()t"e , it is like ly that th e spa tial 

di s tributi o n of" th e m e lt l a~"(' r di s pl a ~ ' s a co mpl ex three

dim ens io na l pa tt ern ins id e t he o bse n Td ice fi e ld s. 

assoc ia ted lI" ith bo th th e slo pes a nd th e fl a t a reas . 

DISCUSSION AND CONCLUSIONS 

\' a ri o us o bse n 'a ti o ns a nd m eas urem ents bm'e ShO\l"ll th a t 

a sub-surface melt laye r d e\ 'elop ed a nd persis ted thro ug h 

a pniod \I'hne surfac c te mperatures a nd the adjacent 

snoll" te mpera tures II"('I"C lI"e ll bel 0 11" th e m clting po int. 
H o ri /.() n ta l infl o ll' o r tll c lt ll"a ter \I ' a, o bse t"l 'ed in nCII"I>' 

drill ed ho les a t a d epth o f" a bo ut OA m. a nd in th e sa m e 

ho les th e \I ',uer Ie\T I fluctu a ted daily . This m<l\' result . . 
ri 'o m the d e li ca te ba lan ce bet\l'ee n ra di a ti l"l' m e lting th a t 

Fig . 7. Icillg al slake 50 . /l llO logm/litrd 0 11 10 j a lll{({l)'. T he slake is /.05111 11I~f,11. This .I II IOO/h sllIIaU' lall'l s/a r/erl /0 
dfl"e/ojJ illlo all ablalioll (l"lIsl {/j call be jeeJ! olll.lide litl' icillg area. 
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wo uld expand the thi ckn ess of the melt layer and the 
oppos ite eOcc l. nam eh- refi"eezin g; fi 'om abo\"(" and belo ll' 
due to the ex istence of a tem pera ture gradien tat both 
boundari es. 

The modelling experim ents II'Cre conducted in o rder 

to ex plore the form a ti on and sensitil'ity of a sub-surface 

melting layer and we re based on an initi a l tempcrature 
profile not ex posed to radi a til 'C heating . Radiation I\'as 
a ll o \\"Cd to penetra te a nd a bso rb insicle the ice and 
modelled m elt layer, and th e tempe rature profile 

d e\'e loped in agreement with obse rnttions. Th e most 

fayourab le conditi ons for thi s sub-surface melting arc 

found in poo ls. since a ll three paramctcrs (a lbedo. 
tra nsmi t ta ncc cocflic ien t and ex ti nc ti o n coe fTicicn t ) 
fal'our m ore radi a nt energl' penet rating th e ice \\'he rc it 
is a bso rbed. 

Other factors, li ke ex posure to the Sun and surface 

rough ness, m ay a lso contribute to sub-surface melting . 

But th e data from J utulgry ta are limited a nd rest ri c t th e 
poss ibl e lel'e l of mod el sophisti ca tion. To obtain better 
es timat es of sub-surfa .ce fl ow a nd runorr from .J utul g ryta 
o r similar areas. more de ta il ed measurements will be 

needed. It is clear that th e continuous ex istence of th e 

sub-surface melt layer during th e melt season does not 

res tri c t th e possibility of run off to a fell' yea rly el'ent s with 
a ir tempera tures nea r or a bOl'e th e melti ng; point I\·hi ch is 
req uired 1'0 1' surface runorr to occur. Th e " illl'isible" 
natu re of thi s su b-surface mel ting a nd ru no IT phen omenon 

is ge nerall y confined to a narro \\' ra nge of summ er mean 

a ir tempera tures, since a sli ght inc rease in ai r temperature 
will result in "class ica l" surface melt ing, w hereas a 
coo lin g wi ll prob ab ly di sab le sub-surfacc me lting . 
Furth er a nalysis of the range of a ir temperatures und er 
w hi ch sub-surface melting can occur may res ult in thi s 

ph enomenon se rving as a future benchm a rk for possible 

climate changes . 
Our fin a l comment is th a t the findin g of thi s 

widespread " solid-state-g reen ho use" melt layer in J lItlll
g ryta ma y contribute to thc understanding o[runoff li'om 
th e Green land ice shee t, because similar surfacc [ea tures, 

I. e. [i"oze n la kes a nd blu e-i ce fi e ld s intersec ted by 

sno \\' field s, ha l'e bee n documented nea r th e equi librium 
line in both East and Wes t Green land (Ec helmcl'Cr and 
o th ers, 199 1; R eeh and o th ers, 199 1) . 
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