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ABSTRACT. L arge-scale me ltin g ph enomena s lI e h as me lt wate r dra inage 
cha nn els and meltwa te r acc umul a ti o n basins or frozen la kes we re sun-eyed on th e 
la nd ice mass inJutulg ryta , Dro nning ]Vf a ud Land , Anta rc ti ca, during th e Nor\\'egia n 
Anta rc ti c R esea rch E x pedi tion in 1989- 90 (:\i\RE 1989 90 ). Th e la rges t frozen la ke 
th a t was obse rved was close to 1 km in \I·id th. Th ese me lting fea tures \\ '(' re a lso 
de tected in a La ndsa t Thematic \Iap pe r im age record ed on 12 Febru a r y 1990 . Then, 
d uri ng N AR E 1993- 94, a 5 yea r glac iolog ica l programm e was sta rt ed in thi s a rea . In 
spite o r nega ti \'e a ir tempera tures a nd th e presence o f a frozen ice surface, su b-surface 
me lting a nd run off we re found within th e up permos t m e tre in blue-i ce fi e ld s. The sub­
su r face mel ting is a consequ ence of so la r rad ia ti \,(, pe ne tra ti on a nd a bsorption within 
th e ice, i.e . th e "so lid-sta te-greenh o use effec t" . T em pe ra tures in blu e ice we re abo ut 
6 C hig her tha n fo r snO\\·. I ntern a l m elt a nd me lt wa ter transpo rt we re obsen 'ed 
th ro ug hout th e I m o nth of meas ure m e nt s. Th e condiLions for act i\'C melting in 
Jutulg ryta arc pro ba bl y margina l. A sli g ht increase of a ir tempera tures ca n result in 
more "classica l" su r face melting, whereas a cooling m ay di sa ble sub-surface melting . 
S tu d ies of how th e ex tent and cha rac te ri stics of th e mel tin g fea tures c ha nge \I·ilh time 
can be pa rti cul a rl y \'a lua ble as indi ca to rs o f clim a te cha nge. This ongoing programme 
e1ea rl y iden tifi es the impo rtance of ana lyz ing ho\\' th ese melti ng fea tures o ri gin a te, of 
ma p p ing th eir present a rea l di stri b uti o n , of determining how sensiti ve th ey a rc to 

clim a te cha nge a nd o f stu dy ing change ' in the past a nd possible changes in the future. 

INTRODUCTION 

Even in the co ld en viro nments o f Anta rcti ca. sur face 
mel ting ca n ta ke pl ace loca ll y during summer. On c 
exa mpl e of thi s is th e South She tl a nd Isla nds w he re 
d ra in age systems associa tcd with snowmelt halT bee n 
st udi ed by Birni e a nd COl-d on ( 1980 ) . Fu rth cr. in th e d ry 
\'a ll eys, summer me lt ing of snO\\' a nd g lac iers a nd th e 
cha ra c te ri stics of pe rm a nen tl\' ice-covered la kes are 
repo rted by C hinn ( 1993 ) . Additi o na ll y, melting occ urs 
loca ll y close to nun a ta ks in ma ny a reas due to st ro ng 
a bso rp tion of sola r radia ti o n a t su rf~lces with lo\\' a l bed o. 
H o we\'e r, th e meltwa te r dra inage c ha nnels a nd mcl L-

\va ter acc umula ti on bas in s (herea fter call ed frozen lakes ) 
desc ri bed in thi s pa per a rc loca ted on th e la nd ice mass in 
Dronning l\la ud La nd , Le ns o f kilometres away from the 
closes t nun a ta k and a bo ut 130 km from th e ice-shelf 
barri e r. Th e fea tures are c rea ted by snowm elt in a north­
sloping a rea \\'hi ch is favo ura bl y ex posed to incoming 
sola r ra di a ti o n (Fig. I ) . In addi ti on, ka tabat ic \I'inds 
pro\'id e \'e r y low \I·inte r sno w acc umula ti o n. 

Th ese mel ting pheno m e na we re first su rveyed on th e 
Norweg ia n Antarct ic R esea rch Expediti o n in Februa ry 
1990 (N ARE 1989- 90) a nd la te r studi ed using a Landsa t 
Thema ti c l\[ap pcr (TM ) im age recorded o n 12 Febru a ry 
1990 (Figs 2 and 3). Im age-processing tec hniqu es such as 
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FI~ft . 1. Localioll and sill/ace lopograph)' of Ihe c \ ARE 1993- 94 slud), area ill ]ulltlgl]lla , Drollllillg M aud Land. 
T ell1jJeralure IHofiles and slraligrap/~)'Ji'ol7l {l'l)ical locations ill blue ice alld snOlt' are Sh01('II . fl 'hiLe sOllle sll/jace mellillg 
lakes place ill Ihis area, the main mell aclil' i~) ' seems 10 lake I)lace sub-sllljace ill blue-ice JieLds due 10 Ihe "soLid-slale­
greenhollse effecl" . 1)'Pical[)" Ihe 1l/)/Je1' 5- 10 clII oJ Ihe blue-ice fidds rell7ainJro::,en while Ihe .l'lIb-sllljace //leLt la)'eI' is 
abollt 0.5m thick. The Jro::.en lake shown (Lake ]Ullllsjoen) is Jed ~) ' lIleLtu'aler Ihat}lol(,S illlo all unJro::.en 1a,,)'e1' Ihal /ies 
belween the under£l,ing main ice bO({ll oJ Ihe fro::.en lake (/Ild the 10/) ice cover. This means Ihal Ihe "solid-slale-greenhouse 
if/eel" is Imsent al the fro::.en lake as well. The 101) ice COl'e/' q/ lake ]utlllsjoen u'as O'pical(J' 10- 20 Clll Ihick, whereas Ihe 
1Il1derlj,illg lr~)'er of lealer had a Ihicklless v{{l~l'il/g belween 40 alld 83 cm. 

principal co mponent ana lys is, band ratlO ln g, a nd 
histogram-equali sing were carri ed out to emphasise these 
melting fl"aturl"s (\\'inth er , 1993). Then, during NAR E 
1993- 94 the a rea was re\'isi ted and a 5 yea r glaciologica l 
prog ramme " 'as sta rted. The o\'era ll objecti\'C of th e 
prog ramme is to impro\'c our understanding of climati­
call y sig nifi cant snow/ice /a ir processes in this a rea. The 
prog ramme includes th e coll ec tion or basic glaciologica l, 
hyd rological and meteo rological da ra for use in de\'elop­
ing a m e th od for moni toring me lting variations in the 
coas ta l region of Dronning ~J aud L a nd. To obtain this 
objecti" e we em ploy remote-se nsing tec hniqu es in 
conjunction with a field observation prog ra mme. 

\V e ant icipate [h ar th e melt fea tures we ha \'e 
ide ntifi ed in Dronning l\Iaud Land will be quite se nsiti\"(' 
to \'a ri a tions in loca l a nd regional a ir temperatures and 
l" nergy balancl". Becau se or thi s sensiri\ 'ity, an uncler­
standing and desc ription of the ex rent a nd characteri stics 
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of these melt fea tures as they change wir h tim e can be 
particu larly valuable as clim ate-change indicators. The 
programme h as thus clea rl y identified the importance of 
anal yz ing h o\\' these me lting fea turl"s ori g inate, and of 
mapping their present a rea l dist ribution , d e termining 
how sensitive they are to c limatl" change and stud ying 
changes in th e past and possibl e changes in th e future. 

This paper describes our present knowledge o[ the 
melting phenoml"na in ju rulgryta, bascd on field 
obsen'a ti o ns and meas u remen ts together wi rh analyses 
o[remorcl y sensed sa tellite d a ta . Plans [or future work are 
also presenred. 

STUDY AREA 

The main area or field activity during NARE 1993- 94 
and the site of an automatic wea rher s tation which 
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Fig. 2. The dlY meltwater-drainage channel surveyed 071 13 
Februmy 1990. The channel was about 5 m wide and 0.5 m 
deep, indicating that a significant water discharge must have 
been drained through this channel. It is unknown whether 
this flow was jJroduced by "classical" swjace melting or by 
an outburst ofmeltwaterfrom an upstreamfiw:en lake. The 
jrozen lake and its island oJ snow located in the middle is 
seen in the background (from Willther, 1993) . 

Fig. 3. Colour composite histogram-equalised image oj 
Landsat T M band 5 (red), T M band 4 (green) and 
Ti\1 band 2 ( blue) ji-om 12 Febru{l}Y 1990. Note the 

jrozen lakes and drainage channels emj)/wsised in the lower 
right by TM band 5 ( red) (from J;Jl inther, 1993). 

transfers da ta vi a ARGOS is located at 71 °24' S, 0°3 1' E 
in the Jutulgryta a rea in Dronn ing Maud Land. The area 
li es between the Jutulstraum en ice s trea m (v rv 700 
m year I) and the slowly moving ice of H ell ehallet (v = 
10- 100 m year I) (Fig . 1). The ice surface ri ses from abou t 
100 m .a.s .1. near th e g round ing line of J utul straum en to 

about 1200 m a.s. l. in th e Sverdrupfj e ll a nunatak a rea to 
the sou theas t. Surface und ulations in J utulgryta are 
a bout 1- 5 km in leng th and 30- 50 m in height. During 
summer, the surface in Jutulgryta consists of patches of 
snow su rrounded by larger areas of blue ice (Fig. 4). The 
snow-covered areas are ma inl y found in wes terl y-ori ented 
concave areas . Th e proportion of snow coverage at 
Hell eh a ll e t increases with alti tude up to 500- 700 m a .s .1. 
In this co ntext th e lower parts of H ell ehall et are 
considered a part of th e J utulgryta a rea. 

J Vinther and others: M elting, runo.JJ and jormation oj fiw.en lakes 

Fig. 4. The Jutulglyta area with its mixed snow and blue­
ice fields . The mountains closest to Jutulgryta are located 
on the other side oJ the jutulstraumen ice stream about 
80 km to the west, and can be seen in the background. 

Th e nearest stations with a clima te record a re th e 
previous South African bases SANAE I - Ill which were 
located 250 km to the wes t-northwest of J u tulgryta a nd 
near th e coas t. The mean air temperature at SANAE for 
the period 1957- 84 was approxim ately - 17°C Uones and 
Limbert , 1987 ). T emperatures of 10 m b o reholes in 
Ju tul str a um e n, 200 km southwes t of Jutulgryta a t 
900 m a.s. 1. were measured to be a bou t - 2 1°C (persona l 
communi ca tion from K. M. M elvold , 1995) . The a\'erage 
annua l a ir temperature at Jutulgryta is ass um ed to be 
within these limits. 

The overa ll acc umula tion pa ttern in D ronn ing Maud 
Land sh ows d ec reasing accumula tion towards the east 
(Lunde, 196 1), with inc reas ing distance from the coas t 
(Isaksson a nd K a rl en, 1994). At Norway Stat ion on th e 
Fimbu li se n ice shelf, th e 1940- 59 mea n annual accumu­
la tion ra te was reported to be 50 cm w.e . year I (Lund e, 
1961 ). At 900 m. a.s. l. on the J u tulstraumen ice stream th e 
mean acc um ulation rate for the las t 30 yea rs is calculated 
as 33 cm w.e. yea r I from one sha llow ice core (pcrsonal 
communi ca ti on from M e lvo ld ). I n Jutul g ryta th e 
accumu latio n is ass umed to be low beca use of strong 
eas terl y ka ta bati c winds (P arish and Bromwich, 1987 ). 
The mean acc umulation in th e stud y area, based on 50 
soundings and snow shafts, was 28 cm w.e . year- I. 

FIELD OBSERVATIONS AND MEASUREMENTS 

During NARE 1989- 90, observations from heli copter and 
on the g ro und confirmed that large-sca le melting fea tures 
are presen t j n this area as fi rst published b y Orheim and 
Lucchitta ( 1987 , 1988). A glaciological progra mme was 
started on NARE 1993- 94 to invcs ti ga te these melting 
phenom ena more closely. 

Surface characteristics and albedo 

When th e ex pedition arrived at Jutulg ry ta on 23 Dec­
ember 1993 , th e surface was smooth and consisted of dry 
snow. A few weeks later, surface and sub-surface melting 
and runoff took place in most of thi s area. On e 
fund amenta l reason for thi s sudden change of surface 
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cha racteri stics was the low winter-snow accumulation in 
th e area. Strong kataba ti c winds inJutulgry ta keep snow 
acc umul a ti on from below the a\'erage in this region. In 
additi o n, thc J utulgryta area has a gen tl y north -sloping 
orientation, making it favo ura bly oriented to lI1comlIlg 
so lar radia tion and th us to a bla ti on. 

Snow penitents de\'elop due to th e strong incoming 
solar radiation and ravoura ble loca l climate . In this a rea, 
typical va ria ti ons in the height of the penitents lie 
between 10 and 40 cm . Their ma in orientation is east­
west, with a pointing angle tha t corresponds approxi­
ma tely to the eleva tion or th e sun a t noon. I t is likely th at 
the rorma tion of penitents sta rts on initia l snow ripples 
(Amstu tz, 1958) and tha t most of th e peniten ts in th is 
area can be charac teri sed as micropenitel1ls (L1ibourry, 
1954). Th e rorma tion of penitents redu ces the 0\'e ra 1l 
albed o in the area, th us inc reasing the total absorption of 
incoming sola r radi a tion on a la rgcr scale. In micro sca le 
« 0.5 m ) , surrace refl ec tion ,viiI vary substa ntia ll y when 
pcnitents a re present. At so mc point th cir presence 
initiates surface melting. 

\Nhen surrace melting first sta rts, th e a lbedo drops 
ra pidl y a nd the cnergy availab lc for meltwater produc­
ti on inc reases co rrespondingly. At this point several types 
of surraces develop, e.g. acti\·c (wct ) melt pools, inac tive 
or " d ead " (dry ) melt poo ls, blue-ice fi elds, icing rrom sub­
surface meltwa ter that breaks through the frozen top 
layer a nd freezes a t the cold surface, and a snow/ice 
mixture where penitents are th e domin a nt feature. Some 
areas remain snow-cove red. Normally , th e melt pools 
ha \'e a di ameter or 1- 5 m. Their lire cycle is desc ribed in 
Boggild a nd others (1995 ) . Al bedo \'al ues from a transec t 
crossing a melt pool a re shown in Figure 5. The surface o r 
a mel t poo l consists of ei ther open water or a thin ice laye r 
(up to 10 cm) or a com bination or th e two. The usua l 
depth of a melt poo l is a bout 0. 5 m. Benea th the melt pool 
a ma trix of loose and co rn y ice was obse rved (Boggild and 
others, 1995). After som e time, the water le \'el in th c me lt 
pools g radu all y lowers, resulting in a d ecreasing absorp­
tion o r so lar radiation . As a conseq uence, the intensity o f 
surface m elting decreases, a nd this leads into an inac ti ve 
or " d ead " stage or th e melt pool with res pec t to surface 
mel ti ng . 

In o ther places the sn ow cover melts o ff, exposing a 
blue-i ce surfacc with low a lbedo. As desc ribed below, sub­
surface melting and runoff ta ke place in thcse blue-ice 
fi elds. I n a few places su b-surrace me l twa ter is rorced 
towards th e su rface, where it Ij'eezes a nd causes icing. 
M elting from a reas where penitents are present probabl y 
contributes less than th e blue-ice fields to the total melt 
volume. Fina ll y, so m e a rea remain snow-covered. 
Generally, snow frequ entl y melts and refreezes in these 
a reas, forming a coarse-grained top laye r th a t in a rroze n 
condition typically forms a crust layer 2- 5 cm thi ck. 

Surface melting and runoff 

A m eltwa ter dra in age cha nnel was surveyed on 13 
Febru a ry 1990 (F ig . 2 ) . Similar cha nnels were late r 
detected in a Landsa t T IVI im age (Fig. 3) recorded on 12 
Febru a ry 1990 (vVinthe r, 1993). The ch a nnel observed in 
Figure 2 was a bout 5 m wide and 0.5 m d eep, indica ting 
that a signifi ca nt vo lum e o r meltwa ter has bcen 
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Fig . 5. Albedo variations along a 7.lm long t1'([l1sect that 
crosses a jJartl), drained melt /)001 (~ ) , and at jour 
locatiolls 0 11 Lake Jutulsjoe71 ( * ) . Tlte .figure visualises 
the large span ill sll1jace albedo that occurs in tltis area. 
Albedo values are integrated numbers obtained Jrom 182 
discrete measurements in the wavelengtlt regionjrom 372 to 
899/1m . Each measurement represents a bandwidth oJ 
appro ~imate0' 3 'l1n. Af easurements were acquired llsing 
the portable SE590 sjJeCtro1'([diometer. Tlte field of view oJ 
the sensor is (J' and the surface area covered by the sensor 

? 
re/Hesents about 14 cm- Jar the measurements /Jresen ted here 
(j1On7 Boggild and others, 1995) . 

transported through it. Based on the work undertaken 
prior to NARE \993- 94, it was assumed th a t surface 
melting was the only contributor to melting in this area. 
As desnihcd in the nex t subsec tion, sub-surface melting 
probably cnntributes more to the total melt volume than 
surface melt i ng does. 

HO\\'{'\T r . , "tface melt takes place at a ll urrace types 
mentiotwc\ in lht" previous subsection. G e ne ra ll y, tilt" 
meltwat<T produced during a d ay (or a few d ays whell 
night temperatures remain high) freezes during night­
tim e. This m eans that melt activity frequently slows down 
and stops. Observed surface m elt and rllnoff during th e 
1993- 94 season was far too limited to expla in the large 
dra inage c h a nnels see n in thi s a rea . Howc\'er, in 
December 1991, meltwater flooded la rge a reas in the 
shea r zo ne be tween thc land ice mass at th e Fimbulise n 
ice shelf close to our stud y si te (persona l co ml11l1 nica tion 
from S. 0sterhus, 1994). This sugges ts th a t la rge year-to­
yea r \'a ri ations in the intensity of the melt episodes can 
occur. The possibility th a t drainage chann els are formed 
from an outburst of their upstl-eam frozen lake should also 
be considered. At the mom ent, it is unclear which of th e 
two mechanisms is morc important for th c form ation of 
meltwa ter d,-ain age cha nnels. 

Sub-s urface melting and runoff 

Figure 6 shows sub-surface tem pera ture pro files tha t are 
about 6°e higher ror blue-ice fi elds (sta kes 50 and 53) 
th an for snow (stakes 3, 12 and at the climate station) , 
The temp e rature profiles seen in Figure 6 a re rep resenta­
tive for th e whole field . eason (B0ggild and o thers, 1995). 
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Observa tions from shallow pits confirm that sub-surface 
m elting as we ll as runo(f can occ ur to d cpths of abo u t 1 m. 
Th e surfacc remains froze n (Fig . 7) . 

The occu rrence of a temperature m ax imum below the 
surface (the "solid-state-greenhouse e(fec t" ) is a rcs ult of 
so lar-radiati on penetration and abso rption inside th e ice 
a nd th e fact that long-wave radi a tive coo ling is res tric ted 
to th e surface (Bra ndt a nd Wa rren , 1993 ). The "solid­
state-greenhouse effe ct" has been d esc ribed theorctica ll y 
by Schla tter (1972 ) a nd Brandt a nd W a rren ( 1993 ) . 
Brand t a nd Warren sta te th a t the ph enomcnon is ra th er 
ques tiona bl e with in snow but more likely to occur within 
b lu e ice, which has a lower ex tinc ti o n coeffi cient and 
a lbed o. Somc of the pas t observat io ns of the "solid-sta te­
greenhouse e(fec t" in snow have been a(fectcd by the 
presence of a d a rk , absorptive layer such as \·olca ni c as h 
within th e snowpack. No visible co nta mination could be 
seen at th e surface or in any of th e snow/fim pits in 
J utulg ryta . 

• 

Fig. 7. The photo shows a tyJJical/Jrofile in a blue-iceJield 
where sllb-sll1face melting and runoff take place . . \ ·ote that 
the sll1face remains frozen while the runoff la)ler or aquifer 
consists of meltwater that drains through a compLicated ice 
matrix. The sub -surface meltla)ler is normally about 0.5 m 
deep and was continuously Jmsent during 4 weeks of 
fieldwork in the /993- 94 austral summer season. 

Winther and others: Jlelting, runoff and formation of frozen lakes 

Unfortunately, no inst ruments were bro ught along to 
meas u re runo(f vo l u m e. H o wcver, strong indica tion th a t 
the m eltwater produced ac tua ll y runs off due to gra \·it y 
forces we re found by pump tes ts. M eltwater was pumped 
out of a uger holes. Flow ra tes into th e auger holes 
sta bili sed a nd remained consta nt thro ug h o ut 40 min of 
pumping (Boggi ld and others, 1995 ) . Thus, it is ass umed 
th a t sub-surface melting produces a p erm eablc layer th a t 
becom es a n aq uifer for m eltwa tcr runoff w ithin the blu e­
ice fi e lds. 

In a few places sub-surface melt\va te r was directed 
upwa rds, resu lting in a n outno,,· on thc surface. After a 
while the zero-degree water freezcs in con tact with the 
co ld surface, producing areas of icing. Th e size of the icing 
a reas was typically 50- 150 m2

. The ph ysica l mechanisms 
that dri\·e th e icing process were not studi cd . 

Frozen l a k es 

Orheim a nd Lucchitta (1987 , 1988) ass umed that large 
" lakes" ( 1- 3 km wide ) scen in La ndsa t T~J scenes were 
opcn wate r bodi es, poss ib ly cO\·ered by a ve ry thin layer 
of ice . Field obseryatio ns in Februa ry 1990 indica ted th at 
the " la kes" were frozen. A visit to such a frozen lake on 13 
Febru a ry 1990 re\·ea led no sign of m e ltwater at th e 
surfacc or in the upper part of the froze n la ke . The upper 
15- 20 cm consisted of so li d ice which co n ta in ed some a i r 
bubbles a nd snoll' crys ta ls. At tha t timc , it was conclud ed 
that t h e fr oze n la kes wcre so lid ice bodi es th a t 
occasio na ll y were fed by meltwate r d u ri ng summ c r. 
Furth e r , the hypo th es is ,,·as that th e wcll-defincd 
drainage meltwa ter channels tha t lead into the frozen 
la kes feecl th em with m cltwater. It was ass umed th a t 
when me ltwatc r Oows out on the froze n la kc surface, it 
spreads o ut la tera ll y and freezes in contac t with the co ld 
ice surface. 

However , fi eld meas u rements from N A R E 1993- 94 
showecl th a t the froze n-l a ke rcgime is difTcrent and far 
more complex th an first presumed (Fig . I ) . First, fi eld 
obsen ·a t io ns indica te th a t onl y a min o r part of the 
meltwa ter runofT is channe ll ed throug h th e we ll-defined 
dra inage c hannels. ?vlos t of the meltwate r comes from 
blu e-i ce fi e lds within th e ca tchmen t of a frozen la ke. This 
implies th a t mos t of the meltwater fceds th e frozen la kes 
throug h a compli ca ted a nd dispersed sub-surface runoff 
sys tem o utside the drainage channels. The b lu e-ice fi elds 
th a t feed the frozen la kes were ha rdl y v isible in late 
Decembe r 1993 . H oweve r, th ey develo ped considerabl y 
durin g th c nex t 2- 3 wceks. As shown in Fig ure 5, as soon 
as blu e ice becomes cxposed, the a lbedo drops signifi­
cantl y (Z e ng a nd others, 1984). Consequcntly, the blu c­
ice fi e lds ac t effi cientl y as sola r-radi a ti o n traps a nd can 
therefo re in c rease rela tive ly quick ly in size . 

M os t o f thc run off from th e blue-ice fi e lds seems to be 
sub-surface runoff. On m a ny occas ions th e blue-icc 
surface was frozen without a ny signs of surface melting. 
Neverthe less, and a t th e same time , me lting a nd 
subsequ e ntl y meltwater runoff lOok pl ace in a sub­
surfacc layc r within the blue-i cc fi c ld , as previously 
ex plai ned. A similar phe no m enon was reported by Endo 
(1970 ) w ho found unde r-i ce puddles a t 10- 20 cm dept h 
on fas t ice ( 15 111 thi ck) near Syowa Stat ion o n th e coas t of 
eas tcrn Antarctica. Furth e r, Paige (1968 ) obse rved sub-
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surface m elt pools on wind-blown blue-ice a reas near 
;\lc?\Iurdo Sta tion, An ta rc ti ca. These melt pools were 
sca ttered patches of 10- 15 m in di ameter, 7- 40 cm below 
the ice surface, and up to 1 m dee p. Sub-surface melting 
can occur because incident sola r radi a tion penetrates to a 
considera ble depth in ice, ,,·h ereas cooling by the emission 
of th erm a l infrared radi a tio n to space occ urs a t the very 
top surface of the ice (Brandt and Warren , 1993) . Brandt 
and \\' a rren (1993 ) con cl uded tha t thi s "solid-sta te­
greenho use eITect" is more favoured in ice than in snow, 
since ice has lower a l bed o and a sma lle r ex tinction 
coefft cien t. Th e " so l id -st a te-g reenh ouse effec t" was 
registered in Jutulgryta a t NARE 1993- 94 , and la ter 
modelled by Boggild and others ( 1995). Fig ure 6 shows a 
tempera ture profi le that illustra tes th e presence of the 
"solid-sta te-greenhouse effec t" in this area. 

E\'entu all y, the meltwa te r mee ts th e ba nk of a frozen 
lake. There, as in the blue-ice fields, most of th e meltwa ter 
(l ow take place below the surface. In this case, it means 
tha t mos t of the in(lov, to la ke J utulsjoen wen t direc tl y into 
a sub-surface layer of liq uid ",'a ter 40- 83 cm thi ck. Below 
thi s layer , there was solid ice, i. e., most probably the main 
ice bod y of th e froze n lake. Abo\'e this laye r, the surface 
remained frozen with a thi ckn ess \'arying be tween 10 and 
20 cm. The surface was occasionall y wetted by meltlva ter 
(lowing on top of the frozen-lake ice cover . As indica ted 
a bove, th e surface inflow constitutes o nly a small 
proportion of the total mel twa ter in(low to th e frozen lake. 

This may lead to the conclusion th a t a "solid-sta te­
greenhouse eITec t" exists at the frozen la kes as well. A 
laye r of liquid water is present during summer but can 
ha rdl y rem ain froze n when tempera tures become lower 
during the a ustral fa ll a nd winter. Thus, th e re is reason to 
beli eve th a t th e frozen lakes consist of solid ice bodi es 
e\'ery spri ng before mel ting begins. 

SATELLITE REMOTE·SENSING 

Orheim a nd Lucchitta (198 7) observed la ke-like fea tures 
with albed os close to zero in th e six refl ec tive Landsat TM 
bands in th e Jutulgryta area, to our knowl edge the first 
tim e these frozen lakes have been seen from space . They 
conclud ed th a t the frozen lakes were open wa ter bodi es, 
perh aps covered by a very thin laye r of ice. Further , 
Orh eim a nd Lucchitta ( 1987) showed that the lower TM 
bands we re mos t useful for recognising surface topogra­
ph y, w h ereas TM ba nd s 5 and 7 w er e bes t for 
disti ng ui shing differen t typ es of snow and ice. 

T empera ture studi es using Landsat TM band 6 
(Orheim and Lucchitta, 1988) showed th a t the fro zen 
lakes were the wa rmes t fea tures in an im age which a lso 
includ ed nun a taks fac ing th e sun . However , the tempera­
tures on the frozen lakes we re as low as _8° to - 9°e , 
indi ca ting no presence o f wa ter. 

During NARE 1989- 90, it was observed from both 
heli copter a nd ground surveys that th ese lakes were 
covered by ice. La ter, a L a ndsa t TM scene reco rded on 
12 Febru a ry 1990 (Fig . 3 ) simulta neously with fi eld 
obse rva tions was analyzed by Winth er (1993). Winth er 
found th a t a histogra m-equ a lised single TM band 5 
im age represents a suita bl e discrimina tor , leaving frozen 
la kes a nd wha t appeared to be surface mcltwa te r 
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drainage cha nn els as bright a reas in the Landsa t T l\l1 
scene. Good contrast betwee n th e melting phenomena 
a nd th e surroundings was obta ined , even though th e T M 
band 5 albed o of a frozen lake w as calcula ted to be 0.04, 
while th e nea rby snow- and ice-covered areas had a TM 
band .3 albed o of 0.03 (Fig . 3 ) . In spite of the sma ll 
a bsolute diITerence in albed o, th e la rge rela tive albedo 
difference favoured the use of histogram-equa li sing and 
made it possible to emph asise these fea tures. 

SENSITIVITY OF TEMPERATURES IN BLUE·ICE 
FIELDS 

In the mixed snow-and-ice zone in Jutulgryta, the 
downslope flo w of ice ca n cause snow-covered ice to 
become ex posed at ome stage, resulting in th e rise of sub­
surface tempera tures, as shown in Figure 6. The fo llowing 
a nalysis will focus on the mod elling of ice temperatures 
when a sudden exposure of blu e ice appears on previously 
snow-covered s Lll"faces . 

T o simulate the evolution of ice temperatures, the 
model of Boggild and others ( 1995) has been used. The 
o riginal model has been modified by coa rsening the grid 
resolution w hen simulating tempera ture d eve lopments 
O\'er severa l yea rs. At 15 m d epth , ice tempera tures have 
been kept constant as initial conditions in the model. The 
tempera ture profil e from stak e 3 in Figure 6 has been used 
as initial conditions, however, with the same thermal and 
optical prope rti es as for b lue ice. As forcing a nd upper­
boundary conditions in the model, monthly m ean values 
for air tempera tures and global radi a tion from the 
German Georg von Ne um ayer (G vN) sta tion have been 
used. Annual mean tempera ture measurem ents for 10 
years from G vN diITer only by 0. 3°e from the deepest 
(8.5m ) fim temperature r ecorded in Jutulgryta in 

J anua ry 1994 . With the G v J research sta tion located 
a bout 250 km west ofJutulg ryta but a t approxim a tely the 
same eleva tion and la titude, the annual cycles of air 
tempera tures in Jutulgryta can be assumed to be simil ar 
to those at GvN. 

The simulations in Figure 8 show tha t severa l year of 
exposed blue ice are need ed to produce the rise of 
temperatures from the "cold " snow-covered profile to the 
"warm" ice tempera tures of exposed blue ice seen in 
Figure 6. Th e trend is clear, but interpreta ti on cannot be 
ca rried furth er due to the lack of observa tions during 
winter. I n order for tempera tures to have risen by 6°e 
(Fig. 6), it is p ossible tha t sub-surface melting in blue-ice 
fi elds in Jutulgryta has occurred [or man y years. 
Initiation and termination temperatures a t mid -austral 
winter ( I July, Fig. 8) further show that the effect of ice­
warming during the su b-su rface melt season remains 
during the winter and is still d etectable the following 
year. This results in a cumula ti ve warming of the ice and 
a parallel ri se in ice temperatures (Fig. 8). It is a lso clear 
from Figure 8 th a t th e tempera ture increase from year to 
year dec reases with tim e, i. e . th e blue-ice-field tempera­
ture profile will eventua ll y a pproach an equilibrium after 
more than 8 years. 

The effec t of the reported ozone hole ove r Antarcti ca 
on sub-surface melting is qu es ti onable. It is likely tha t 
in creased p ene trat ion of ultrav iolet (U V ) radiati on 
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Fig. 8. AIodel simlllations of /em/Jera/ures lI/ a blue-ice 
field when the rac/ia/lve "pro/ecting" snow cover is 
removed. The simula/ions indicate that a sudden eX/JOSllre 
if blue ice will increase ice tem/Jeratures by several degrees 
Celsius . Combined with the measured /emjJera/ure 
differences between snow and blue ice seen il1 Figure 6. 
this imjJlies that these blue-ice fields have been exposed for 
man)' years. 

through th e a tmosphere will furth er enhan ce radiation 
absorpti o n in blue ice since th e ice is mos t tra nsp a rent to 
so la r-radiation penetrati on in th e shon-wa \ 'e range and 
becomes increas ingly opaque with longer wayelengths 
(Grenfell and ~la\'kut , 1977 ) . One can spec ulate th a t an 
increased UV radiati on ma y tri gge r further d eve lo pment 
of a reas ,,'he re sub-surface melting and run o ff ta ke pla ce. 
On the o th er hand , th is will be res tri c ted to a reas where 
fa\' ourabl e co nditions for in c reased ex pos ure o f blu e Ice 
ex ist, such as areas of low snow acc umu la ti o n. 

FURTHER WORK 

Future wo rk fa lls in to three m all1 ca tego rI es. The first 
consists of fi e ld meas urements and data ana lyses of loca l 
and regiona l hydrologic characteristics by ( I ) co ll ec ting and 
ana lyz ing g round-truth data, e .g. GPS for positio ning of 
melt fea tures, sno\l) ice cha rac teri sti cs. slope and aspec t 
toge ther wi th surface renec tance and te rn pe ra lure for 
sa tellite-im age interpretati o n; (2) stud ying the hydrologic 
regime in the Jutulgryta a rca, e.g. melting, drainage, 
runoIT, froze n lakes a nd \"C rti ca l tempera ture pro fil es; (3) 
perform ing and a nalyz ing radi o-echo soundings of melt 
fea tures to ob tain their three-dimensional cha racte ri sti cs; 
and (4) ca rry ing ou t a nd a nalyzing sha llow ice cores to 
obtain snow -accumu lation data . 

The seco nd ca tego ry comprises fi eld m eas urements 
and d a ta ana lyses of loca l and regiona l surface energy 
balance and me/eorological characteristics. Th ese will be 
perform ed by ( I ) stud ying melt processes, in particular 
sub-surface m e l ting; (2) co ll ect i ng and ana l yz i ng year­
round meteo ro logical d a ta; (3 ) measuring visible and 
infrared surface ren ec tance for energ" -bal a nce calcula­
tions, includi ng spec tral renec tance; and (4 ) ana lyz ing 
spec tral UV d a ta for es timating the impact that cha nges 
in the ozone layer may have o n surface energy exc hange 
and the development of melt fea tures. 

The third ca tcgo ry consists of the de\ "C lopment of a 

Win/her and others: Nlelting, rUlloff and formation of frozen lakes 

methodo logy to s tud y past a nd potenti a l future ch anges 
in th e melt-related fea tures in theJutulgryta a rea and th e 
use of th e m e thodology for other coas tal regions of 
Anta rcti ca. This 'work \ViII be carri ed out by ( I) a nal yzing 
optical and radar-sa tellite remote-sensing data combined 
with ground-truth data to ana lyze characteri sti cs a nd 
a rea l distribution o f the melt features in Jutulgry ta, and 
(2) d eveloping a lgorithms that can be used for o ther 
coas tal Anta rcti c melt regions. 

CONCLUSIONS 

L a rge-sca le m e l ting phenomen a such as m e ltwater 
dra inage cha nn e ls and meltwater accumulation basins 
or frozen lakes a re present on the land ice m ass in 
Jutulgryta, Dronning l\ I aud L and. The larges t frozen 
la kes a re 2- 3 km wide, \I·hil e som e of th e surface dra inage 
channels stre tch more than 5 km. Snowmelting a t such a 
ra te that melt\o\'arer nows in th e dra inage ch a nnels 
sun'eyed i. probabl y in freq uent. H owever, this occ urs 
occasiona ll y during periods of favourabl e meteorologica l 
condi tions and pro babl y when an ou tburst of m el twa ter 
from a n upstrea m frozen lake occurs. The surface m elt 
fea tures a re d e tec ta ble by sa t e llit e remo te-se n s in g 
techniques . They ca n be thrown into reli ef by app lying 
processing tec h n iq u es such as prin cipa l co m poncn t 
a nalvsis. ba nd ra tioing, and hi s togram-equalising . In 
particular, La ndsa t T~ r band 5 seems to be a good 
disc riminator. 

Th e presence of sub-surface melting and runoIT \\'as 
found througho ut the 1993- 94 fi eld season (+\I·eeks) . Sub­
surface melting is a res ult of solar-radi at ion penetration 
a nd a bsorpti on inside the ice . a nd long-\\'a"e radi a tiye 
cooling of th e surface, i. e. the "solid-state-greenhouse 
eITec t" . The ph eno m enon del'elops in blue-ice fi elds \\'here 
there is a ,'ery loll' winter snow acc umulation. There a re no 
signs of an int erna l a bso rbin g laye r such as \'o lcanic as h in 
Jutulgryta. Since the surface remains frozen in the a reas 
where sub-surface m elting takes p lace, th e phenomenon is 
im'isible to th e hum a n eye. Thus, this kind of melting ca n 
ta ke place QI'er large r areas and in o ther regions th a n 
studi ed in thi s pa rti cular programme. R ada r sa te llite 
se nso rs \Vi II be used to fLlrth er ilwes tiga te a nd m ap the 
area l distributi on o f areas of sub-surface melting. 

The conditions necessa ry for m e lting to ta ke pla ce in 
Jutulg n 'w a re pro bably ma rginal. A sli ght increase in a ir 
temperature ca n r esu lt in morc "c lass ica l" surface 
melting. whereas a coo ling ma y disa ble sub-surface 
m elti ng. Surface m elting in thi s a rea is limited and 
insignificant for the m ass-ba lance budge t. HO\l'e\ 'e r , \I'e 
a nti c ipate th at th e sub-surfa ce melt-related fea tures we 
ha\ 'e id entified in Dronnin g l\l a ud Land a re qu ite 
se nsiti,"C to "ariations in loca l and regiona l a ir tempe ra ­
ture a nd energy balance. Beca use o f this sensiti\ 'it y, an 
und erstanding a nd d esc ription of the ex te nt a nd 
characteristics of th ese melt featurcs as they cha nge \I'ith 
tim e ca n be parti c ul a rl y \'a lua b le as climate-c han ge 
indi ca tors. An ana lys is of th e or ig in of th ese melt 
fea tu res, ma ppi ng of their presen t a rea l di stri bu tion , 
d e termination oC th eir sensiti"i ty to clim a te change , and a 
stud y of past and possible future c hanges a re a ll \'itally 
important resea rc h areas identifi ed by this programm e. 
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