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ABSTRACT, R adio-ec ho so undin~s pro\'id c an dfccti\'(' too l fo r mapping th c 
therm a l regimcs of' po ly the rm a l glaciers n n a reg ional sca le, Rad a r s i ~ n a l s of 320 
370 \IH z penctra te ice a t s ub-fiTcz in~ tC' mperat ures but a rc rencc ted from th e top of 
laye rs of ice \\'hich a rc at th e melting point and cont a in II'allT, Radar sig nals of' 5 
20 \IH z, on th e ot her hand , sce thro ug h bo th the cold a nd thc temperate ice do\\'n to 
th e ~ Iac icr bed , R ad io-ec ho soundin~s at thcse fiTquencies halT bee n used to 
illlTs tigatc thc thermal rcgimes of'four polythcrmal glac iers in Sn llba rd: K n ngsl'cgen , 
UI'c rsbrccn , \Ji cire L m'l' nbree n and ,\ ustre Brogger breen, I n th e a blat io n area of 
Kon~s\'('~cn, a co ld s urf~lce layer (50 160 111 thi ck was underlain by a warm basa l 
layer lI'hi c h is acin'C tcd from the temperate acc umulati on area , Thc surface ab lation of 
thi s ('o ld la>"e r mal' be compensa ted by rrecz ing a l its lowcr co ld-t empera tc inte rface , 
This rcq uires th;]t the fiTe \I',He r conte nt in th e ice at the fr eez ing int erface is a bo ut l°/.) 
or the \ 'o lume, The co ld surface laver is thi cker beneath media l morain es a nd where 
co ld-based hanging g laciers enter 'th e m a in ice strea m, On U\'ersbree n th e therm a l 
regime was simil a r to th at orKongslTge n , 1\ tcmperate ho le was found in the o therwise 
co ld surface la ye r of th e ablation a rea in a sur!;lce depress ion betwee n Kongs\'e~e n an d 
UI '(Tsbreen \\'here mcltll,<.ttlT accumu latcs during th e summer (nea r the subg lac ial 
la ke Setel'atnet, 250 m a,s, l. ) , LOI'cnbrcC' n w as frozcn to th e bed a t th e sno ut a nd a long 
a ll th e m o untain slopes but benea th th e centra l part or th e ~ l ac i e r a \I'a rm basa l layc r 
(up to 50 m thi ck) was fed by tempc rate ice from two cirques, On Austre 
Broggerb rcen , a tem pera te basa l la ycr \I'as no t detectcd by rad io-ec ha so u nd i ngs 
but the basa l ice \I 'as obse rl'ed to be a t th c m elting point in t\l'O boreholes, 

INTRODUCTION 

The g lac ie rs in Sn dbard arc class ifi ed as po ly th erm a l 

(SI'Crd ru p , 1935: Sch )' ll , 1969; Li es L01, 1977a, 1988) , On 

sma ll g lac iers, th e winter co ld \1 "<11'(' is usuall y not 

elimina ted and permafrost pene tra tes sO l11e di sta nce into 
th e icc a nd el'en inlO th e bed benea th th e ice mass , 

Surfa cc meltwa ter drains supraglac ia ll y and on ly loca ll y 
reaches th c cnglacial and subglac ial dra in agc sys tem 

throu g b ClT\'aSSes a nd m o ulins, The situ a tion is different 

o n large g lac iers lI'ith accumul at ion a reas a t hi g her 
a ltitudes wh c re th e a nnual sna il' CO\T rS arc thi c kc r (see 

a lso H oo ke and ot hers. 1983) , Thcre, acc ull1 u la ti o n a reas 
a re fi-equent ly a t th e prcssure- m e lting point d OIl"n to th c 

bcd, except fo r a thin surface layer whi ch rcac hes a 
thi ckness o f a fel\' mctrcs dur ing winter, Th e thi c k annual 

snOll' cove r insulates aga inst th e winter co ld wal'e w hi ch 

cannot pene trate bcyo nd th e firn layer. Furthermo re, th e 
sno\\' is soaked lI'ith watcr during th e summ cr a nd the 

hea t ca pacit y o f thi s water prevcnls frccz ing belo l\' 10 m 
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during the winter. During summer , th e winte r cold waye 
is elimin a ted du e to the la tent hea t released from 
refreez ing of meltwa ter in the urn, In th e abla ti on a rea, 
wa rming of the so lid ice must take pl ace through hea t 
conduc ti on, whic h is insufIici ent to eliminate th e cold 
wave, and th ere th e glaciers in S\'a lbard a rC' commonl y 
frozen to their beds nea r th e sid es a nd snout. H owever, 
d own-glacier from tempera te acc umul a ti on areas, a cold 
surface layer may be underl a in for some di stance by a 
co re of l'l'ann icc wh ich has been transported downward 
from th e acc umul a ti on a rea, On th e o th er h a nd , 
temperate basa l layers in Arcti c g lac iers a re no t a lways 
adyee ted from the acc umulati on a rea but may be crea ted 
in situ by the hea t of deform a tion (Bl a ller, 1985; see 
P a terson, 1994, p. 227- 3 1). In man y of the glac iers, th e 
th ermal conditions ma y ha ve been a fTee ted by surges, 
which are beli eved to ha\'e occ urred on ahout 90% of th e 
g lac iers in S\'albard (Lies tol, 1988 ) . 

Informat ion on th e therm a l regime of Svalbard 
g laciers has been obta ined from scveral so urces . First. 
h ydrologica l cha rac teri sti cs refl ec t th e th ermal regim e of 
g lac iers. Basa l meltwater from temperate acc umula tion 
areas drains as g round-water benea th th e perm afrost or 
fi nds its way a long the glacier bed beneath the frozen 
tongue, In winter, this meltwater form s icing on lowlands 
in front of glaciers termina ting on la nd , H o\\'e\'er , n ea r 
th e fronts of tide-wa ter glac iers it fo rms thi ck fj o rd ice , 
due to the upwelling ofrresh water (Lies tol , 1977a, 1988 ). 
Secondly, tempera LUre measurements halT been ca rri ed 
o u t in boreho les. both in th e surface layer (S\'erd rup , 
1935 ) a nd d ow n to th e bedrock (K o tl ya kov a nd 
:-'l ac he ret, 1987 ; H agen , 1992 , unpubli sh ed d a ta ) . 
Thirdl y, recent reports sugges t th a t radio-echo so unding 
may prQ\' id e a n elfec ti\'e too l fo r ma pping therma l 
conditions in sub-polar glac iers on a regiona l sca le. 
Strong interna l refl ec ti ons of elec tromagneti c waves of 
very high (VHF, 35 60 \IHz) and ultra-high frequenc ies 
( UHF, 440 620 MHz) have been inte rpreted as ori g ina t
ing a t an interface between co ld ice and tempera te ice 
containing liqu id-wa ter inclusions (M ac heret a nd Zhur
a d e\', 1985; Ba mber, 1987, K o tl ya ko\' and t-.l ae h eret, 
1987; G lazo\'sky a nd t-.foskalcvs ky, 1989; H olmlund a nd 
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Fig. I. Index maps of Svalbard showing the glaciers 
investigated: KOllgsvegen, Uversbreen, M idre Lovenbreen 
and Austre BrfJggerbreen. 

Eriksson , 1989; Vasil enko a nd oth ers, 1990) . The present 
paper, wh ich adds further e\'idence fo r thi s, conta ins 
res ul ts of radio-echo so unding and from monitoring of 
temperatu res in boreholes. Four glac iers in the Kongs
fjord a rea (Fig, I) were so unded in 1990 by ultra-high
frequ ency radar (UHF, 3 10 370 \[Hz) to d etect intern a l 
refl ec tions, as well as by a high-frequency r ad a r (HF, 5-
20 ;\IHz) to map th e bed topography, S imila r radio-echo 
sound ing was carri ed out by onc of" the a uth o rs (S.-E.H. ) 
on Erikbreen in northe rn Spi tsberge n in 199 1 (Odegard 
and o th e rs, 1992) , 

SITE DESCRIPTION 

Th e fOLlr g lac iers in ves ti ga ted a r e situ ated in th e 
K ongsfj ord a rea in northwes t Spitsbe rgen a t 78" 50' N 
and 12"E (Figs 1,2, 3 a nd 4). The cha rac teristi cs oflhese 
glac iers have been described by se\'eral a uth o rs during th e 
las t three d ecades, as summa ri zed in T a bl e I , T he 
geometry of the glaciers is known from surface ma ps a nd 
radio-ech o sound ing (Pi\l ewitze r. 1967; :'\o rsk Pola rin
stitutt , 1979; t-.l ac here t and Zhura\'!ev, 1982; D OlI'deswe ll 
and o thers, 1984a, b; H age n and Si.Ctrang, 199 1; t-.l eh-old , 
1992, persona l communica ti on. 1994) . Balance \'e loc iti es 
and measured \'eloc iti es a re from Voig t ( 1965 , 1967 ) a nd 
H age n and Liestol ( 1990) . At the neigh bo u ring coas ta l 
vI'ea th er s ta ti on in Ny .A. lesund (42m a.s. l. ; in opera ti on 
since 1975 ), the mea n a nnual tempera ture is -6 C. th e 
average from O ctober through April is 12°C, and th e 
Jul y ave rage is J OC. The mean annu a l precipita ti on is 
about 370 mm (StefTensen, 1982; comm unica tion from 
Th e Norwegian fll e teo rol ogica l T ns ti tu te, 1995) , 

COORDINATE SYSTEM: VTM ZONE33 

CONTOURS FROM 1G615 

- - - - MEDIAL MORAINES 
S Setevatnet 
A Annekammen 
Ho Holta1jella 
Ha Hanskammen 

Fig . 2, Radio-echo soundillg lilies 011 Kongsvegen alld 
Ul ,ersbl'een. SIIIJace elevatloll ji-om Pil/ewitz er ( 1967) , 

K ongs\'Cgen is a tide-wa ter glacier wi th a shallow 
surface slope, draining a n ice fi eld into K ongsfjord, This 
glacie r is temperate in its ex tensi\'e acc umula tion area 
and water emerges thro ughout the yea r in ch a nn els a t th e 
cah-ing front. In th e a bla tion a rea , tempe ratures at 15m 
depth arc a few degrees below freez ing , ice is frozen to th e 
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Bjtimssoll alld others: ThermaL regime oJ sub-polar glaciers map/Jed b)' IIIIII/i:freql/enty radio-echo JO IlI/dillg 
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Fig. 3. Radio-echo sOllllding lines 0 11 .I/idre LOl,ellbreen. 
S/IIJace flel'a/ioll II/(I/J/ml ill 1977 (ji'olll . \ 'o rsk PoLar
illl/i/lIl1, 1979) : /:.'1.:1 = 400/11 a,s./. 

b ed a lo ng th e m oun la in s id es (Li es to l, 1988 ) an d 

meltll'ate r is drained supra g lac ia ll y in la rge ri\"('rs, 

K o ngs\'ege n 's \ 'e1ocity is mu c h lower than the balance 
\"('Iocity and it is presumably head ing to\\'ards a surge. 

The la st surge was in 1948 (Li estol , 1988 ) a nd sin ce lhen 

th e g la cier surface has bcen 10ll'e rill g in th e ab lati o n a rea 
(e.g. about I m a I at about 200 m elc\'clli on ) , whereas it 
h as bee n thi c kening in thc accumu la ti on area. 

l.}\·c rsbreen is a large \'a lley g lac ier tC'rminating o n 

la nd. It is lemperate in the acc umulation area but th e 

winter co ld wa\ 'e is not elimin a teci in th e ablation a rea. 
:\0 measu remen ts of" mass balance or \'e loc it y are 

a\ 'ailablc lc)r lhis g lac ier. 

t-.lidrc LO\'cnb reen , is an a lpin e-type \'a ll e), g lac ie r. Its 
acc umula ti o n area is aboul 30% of' the total a rea. The 
winter cold \~' a\ ' (" is e limin aled durin g th e summer in t\\'o 

c irqu es in its uppermost parts, \\·h ere the accumulation 
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Fig . 4, Radio-echo SOlllldillg Lines 011 Auslre Broggerbreell. 
SlIIjace elemlioll maIJ/Hr! ill 1977 (from . \ '0 r :, k Polar
Ill s/ill/Lt, 1979 ) ; EL.'"1 = 420Illa.s'/' 

ra les exceed 3m of sn ow, Elsewhere , temperatures at 15 m 
depth are belo\\' li-cez ing and meltll'ater is partly drained 

supraglacially during the summer. Large ma sses of icing 
arc obser\"ed in ri'on t of the glac ier during th e winter. 

LO\ 'cnbreen surged in th e period bet\\'een 1860 and 1880 

(Li es lOl , 1988) but it s present ve loc it y is equa l to th e 
balance \'c locity, 

Austre Broggerbree n is the thinnest of the four g lac ie rs 
and th e accumu lat ion a rea is on ly abou t 20 0ft} of its total 

area, Th e \\·int er accumu lat ion is lowe r lh an on 

Lovcnbreen. bare ice is obserw'd e\'e n in th e upperm os t 

pa n s and the winter co ld \\'a\"(' is not e1iminaled. Th e 
suprag lac ia l drainage o f meltwater during th e summ e r is 

simila r to th a t of LO\'enbreen but the g lac ier does not 

Table /. Charac/eri:, /ics 0/ A"ollgsvegen ( Jt" ) , L'versbreen ( C) , .\lidre LOl'e/lbreen ( L ) and fIlls/re Broggerbreell ( B) , 
S/Ji/sbergell 

! l d L <0 .(' 111 EU AI1R b" b, b" Cb C 
.) 

km I I km - m m m m ma ma ma ma ma 

K 102 44·0 25 20 850 490 (400 570) 0.75 0.82 0.71 0.10 20 5 

U 60 360 20 50 800 ;::::;500 0,75 

L 5.5 180 6 50 650 395 (225 650 ) 0. 35 0.75 1.08 0.33 4,5 4,5 

B 6. 1 130 7 60 650 41 3 (200 650) 0.18 0,72 1.14 ~0.4·2 3 1. 5 

A, g lac ie r a rea; d, maximum depth; L length o f g lac ier; ':0, surface elevation of th e front; <Ill ' hi g h es t ele\ 'at ion of the 
g lacie r ; ELA , mean equi librium-lin e a ltitude (minimum and maximum a ltitudes in parentheses ) ; AAR, acc umul a ti o n 

area di\ ,id ed by tota l glac ier a rea; b,,, winter balance; b, summer balance: b" , net balance; CIII balance velocit), at ELA; 

U , measured \'e loc ity a t ELA. 
~r ass balance, ELA a nd AAR for t-.lidre LO\ 'enbree n and f\ ustre Brogge rbreen a rc from the period 1 967~9 1 , an d for 

Kon gsvege n from 1986 lo 1994 (H agen and Lies t01 , 1990; Hagen a nd o th ers, 1993 ; personal communi ca ti on from K. 

t-.lel\"old , 1995 ) . 
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dra in meltwa ter during th e winter. In a bo re hole in front 
of Brogge rbrcen . perm afros t has bee n encountered down 
to 140 m (Li es tol , 1988) . Th e loll' \'e loc i t y o f Brogge r
breen may indica te tha t it is a surging glac ie r but , durin g 
th e pas t 20 yea rs, its mass ba lance may ha \ 'e been too 
nega ti \"(: to build up to a surge . 1t las t surged in about 
1890 (Li esto l, 1988). In th e peri od 19 12 88 th e glacie r 
los t a bo ut 34 m of \\'a te r, a ye raged O\'e r its entire a rea , 
whi ch co rresponds to a lm os t 30% of its \ 'o lume of 19 12 
(Lefa uconni er a nd Hage n, 1990). The m'e rage thinning 
of LO\'cnbreen has been o nl y slightl y lower (H age n a nd 
Lies tol , 1990) . For th ese t\\·o glac iers to be in mass 
ba la nce with th eir prese nt \'o lum e a nd a rea, th e 
equilibrium line \I'ould have to be about 100 m 10\\'e r 
than a t present. 

METHODS 

A ra nge-ga ted sy nth eti c-pulse rad ar sYs tem was used fo r 
so unding th e glac iers (H a m ra n, 1989; H a mra n a nd 
Aa rh olt , 1993; Ham ra n a nd o thers, in press ) . Th e rad a r 
sys tem is ab le to cover fr equ encies fro m 0 . 1 '\IH z to 
3 G H z but th e ba nd width is a djustable, d e pe ndi ng on th e 
cha rac te ri sti cs of the a nte nn ae; 201 equidi stant steps of 
freq uency were collected O\-c r the band wid th gi\ 'en by 
the a pplied a ntenn ae . Two a ntenna types were used , 
g i\'ing sub-surface info rm a ti o n a t two diffe rent \I'a \'('
leng ths. For bedrock ma pping, a non-reso na nt (resisti\ 'cl y 
load ed ) dipole antenn a w as used , opera ting from 5-
20 ~ I Hz (" 'a tts and Eng la nd , 1976; Wa llS a nd \\'ri ght, 
198 1) . A ba nd wid th of 15 MH z and frequ e ncy steps of 
75 kH z ga \-c a ra nge resolutio n in ice of 5 .6 m. Secondl y, 
fo r so unding th e intern a l stru cture of the g lac ier, a C HF 
rad a r system ~\' ith Vagi a ntennae \\'as used . with six 
clements a nd a n opening a ng le of 60°. Thi s co\'C red th e 
freq uency ra nge of 320 37 0 \IHz with ste ps of 250 kHz. 
gi\'ing a ra nge reso lution in ice of 1.7 m. Th e tra nsmitt ed 
pO\\' er per freq uency was 1 \\', prod ucing a sy ntheti c peak 
power of 200 W. Th e integra ti on ba nd width a t each 
freq uency was 3 kHz, th us g i\ 'ing low th erma l noise. 

The rad a r d a ta were co ll ec ted a nd sto red on a 
po rta bl e com puter gi\'ing qui ck-look d a ta in th e fi eld . 
Th e d a ta we re processed using in ver se F o uricr fas t 
tra nsfo rm to compute th e time do ma in sig nal a nd 
displ ayed as intensi ty-m od ul a ted plo ts wi th a lin ea r 
magni tude sca le. The ra d a r sys tem was o pera ted fro m 
sled ges pulled by a snowm obile. Th e a ntennae we re 
spaced a pproxima tely 2 .5 m a pa rt on a g lass-fibre rod 
a ttached to th e sledge in a tra nsverse positio n a bout 0.5 m 
a bo\ 'e th e sno \\' surface . Th e sa m pling of th e echo sound er 
was co ntro ll ed by a wheel a tt ac hed to th e sledge, 
cO I1\ 'ey ing tri ggering pul ses to the compute r. The rad a r 
was mO\'ed a long the g lac ie r surface a t a speed of abo u t 
20 km h 1 a nd measurem e nts were ta ken a t a n inten 'a l o [ 
every 4.2 or 8.4 m . Po we r was suppli ed by a 1500 W 
H ond a ge nera tor. Positio ning on the glac ie r was obta ined 
by referrin g to a grid used [o r mass-bala nce m easurements. 

The \ 'e!oc ity of th e ra d a r waves was ta ken as 167 m 
MS 1 . N o co rrec ti ons were m a d e for th e presence o[ a firn 
layer, because it is onl y 20- 30 m thick a t its maximum , 
a nd th e erro rs thus introdu ced in es tim a ted d epths a re 
rela ti\ 'C ly sma ll. The reOec ti o n profil es we re d ecOlw oluted 
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to bedrock pro fil es fo llo\\' i ng proced u res si m i la r to those 
used in se ismi c migra tion (sce H a rrison. 19 70 ) . The 
acc uracy of es tim a tes of ice d e pths by the HF ra d a r is 
considered to be ± 15 m or 2% a nd by th e CHF radar ± 5 Ill . 

The rad io-ech o soundings we re ca rri ed out during th e 
pe ri od 19 25 M ay 1990 hefo re me lti ng had sta rtecl . Th e 
loca ti ons of th e so unding lin es a re shown in Fig ures 2, 3 
a nd 4. 

RADAR RECORDS SUGGESTING THERMAL 
LAYERING 

I n th e abla ti o n a reas of K ongs\-cgen a nd LO\·cnbreen. th e 
U HF rad a r (320-370 fl lH z) was o nl y able to penetra te 
th e surface laye r o f sub-freez ing te mpera tures (Figs 5 a nd 
6 ) . Its range was limited b y an int ern a l r e Oec tin g 
interface \I'hi ch \\'as loca tecl close to th e top of a basa l 
layc r of iee whi c h was a t th e m elting po int. in a bo rehole 
a t KI on K o ngs\ 'egen (Fig . 2 ) , the glacier \~'as a t th e 
pressure-mel ti ng p oin t below a bo ut 80 m depth ( fi g. 7) 
a nd a t th at site intern al reOec ti o ns were obsen -ed at 90 
( ±5) m depth (Fig. 5). 

The CHF ra d ar \,'a\-cs we re to ta ll y reOec ted in th e 
wet surface laye r of th e acc umul a ti on a rea of K o ngs\-c
gen. Ind eed , be tween holes K I and K2 the interna l 
reOec ting inte rface di sappea red sudd enl y a t a bout 60 n1 
d ep th \\' ithout a n y gradu a l tra nsitio n to th e surface (Fig . 
5£1 ). This occ urred at an ele\'a tio n of about 450 m , which 
is the lowes t equilibrium-lin e e leva ti on O\'lT th e las t 8 
yea rs (in 1987 ) . A simi la r a brupt di sappea ra n ce of the 
intern al rd lec ti o n (a t 60 m d epth ) has been o bse r\'Cd on 
th e neighbouring U \'crsbreen (unpubli shed d a ta ), where
as a \ 'Cry stee p interface could b e traced on E rikbreen in 
no rth ern Spi tsbe rge n (Odegarcl a nd o th ers, 1992 ) . (The 
same ec ho so under was used in a ll three studi es .) 
Therefore, furth e r a ttenti on mu st be pa id to th e th erm a l 
layering of th e superimposed ice in th e tra nsiti o n zo ne 
bet \l'Cen the acc um ula ti on a nd a bla tion a reas of g lac iers 
in S\'a lba rd a nd to the potentia l o f VHF and UHFrada rs 
to map th ese condi tions . 

On Love n bree n , a te mp e ra te basa l laye r was 
encountered a t a bout 100 m d ep th (Fig. 7) a nd a t tha t 
site an intern a l sca tt ering inte rf~lce was obsen 'ed a t 105 
( ±5) m depth (a t site L9, 3.5 km from the fro nt ; Fig. 3). 
In a boreho le fa rth er down-g lac ie r (a t L3), th e ice was a t 
the press ure-me lting point a t a bo ut 11 0 m d epth , whi ch 
aga in co rres po nds to th e depth o f th e sca tterin g interface . 
i ntern al reOec ti o ns were no t seen on Austre Brogger
breen, a lth o ug h th e melting point was reac hed in 
bo reholes close to the bed (Fig . 7), nor w ere th e>' 
obsen 'ed in the lowes t 0. 5 km o [ th e snout of Lo\·enbreen. 

The loca ti o n of th e in te rna l re ll ec ting interface close to 
th e depths w he re the ice is a t th e press ure-m elting point 
suggests th a t th e UHF radi o waves we re sca tte red from 
th e top of a layer cO J1la ining liquid-wa ter inclusio ns (er. 
Smi th and Evans, 1972; W a tts a nd England , 19 76 ) . This 
is in agreem e nt with res ults o bta ined on Fridtjofbreen 
using airborn e echo sounding a t 620 MHz a nd boreholc 
tempera ture m easurements (K o tl yakov a nd M achere t, 
1987, p. 157 ) . Furtherm ore, Ba mber (1987 ) has a lso 
ach-anced thi s ex pla nation of intern al reOec ting laye rs, 
r eco rd ed a t 60 ?vIHz rada r fi-eq uency in Sva lba rd g laciers. 
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Fig . 5. Radio-eclio soundillgs on 1, 'ollg:il'egeJI and /li eir ill/er/He/alioll (see Figure 2/iJr 10((l /ioll ). (a) 1lIll'Ilsilj'-lIlodlllaled 
/Jlol qf illlernal rejlerliolls of CH F radar (320 370 ,11 H~) . Distance is measured/i'o m SI, 5 kmfrolll the [(I/villg '/;-on/. 
The II/J/Jmnosl Iwlline.1 .\holl' rillging ill Ihe allll'llllae alld Ih l' 10ll'N red ~Oll l' .l h01I'S IIIlerl/al uj lerliolll./i·oll7 /ell//Jnale ice. 
The inlemal ujler/ioll s are 1101 .\'!'ell ill the a(Clllllu/alion area where the I'IlngJ' is 1 0 Ia/~J ' rlj 7l'C /ed ill Ih e ll'el surjilee /cO'N (see 
dis(IIssioll ill llie 1nl ). ( b) [,ollgillldillal /Jrq/i'fe showing illler/Helalioll d radio-echo SO lllldillgS. The sltaded area is 
lem/JI'rale ite. kl alld k2 show lite locallOlI .1 I!l bure/lOles ill It'hitll lellljJeralllre jJro)ile.1 Il'erI' measured. Bedrock lo/)ugra/J/~J ' 

was ob lainI'd from 0111' HF radar (5- 20 .1/1-1::.) andjrolll a mal) I~J I Hagl'll alld Sct lrallg ( 1991 ) . BNlrork elf/'alion alllie 
ca/llillg fro lll is ]rOIll Eh'erilOi alld alhas (1980 ) and g/acil'r- slIliar{' elem/ioll is .frOIll Jlieh'old ( 1992, /Jersollal 
COlllllllllli((llioll, 1994) . 

Thus, in the following description we assum e that the 
U I-( F radar record ed the intcrLace between a co ld surLlce 
la ye r a nd a temperate basa l laye r. 

THE THERMAL REGIME OF GLACIERS OF THE 
KONGSFjORD AR EA 

Kongsvegen 

1 n th e ab la ti on area of K ongS\Tgen , a temperate basa l 

layer is Q\ 'erla in by ice ofsu h-freez ing temperatures (Figs 
.') a nd 6 ) . Th e cold surfa ce laye r in creased in thickn ess up
glac ier from about 60 to 90 m. 0\'('1' a d istance of ahout 
600 m on both sides o f S3 (Fig. 2), where th e sounding 
line approaches th e mou n tai n Garwood toppen, the co ld 
surface layer dipped still deeper (down lo 160 m in a 
200 m long sec tion ; Fig . 5 ) . Furthermore , the cold laye r 
was found to be thi cker ben ea th medi a l 1110ra ines lhan in 
their surroundings (Fig. 6 ) . One such medial moraine 
or ig in ates rrom th e nun a lak Vonehaugell , ano th er Lrom a 
mounta in rid ge separating two outlets draining nonh-

27 https://doi.org/10.3189/S0022143000030495 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030495


J ournal oJ Glaciology 

0 2000 

0 

~ 

E -..r:::: 
a. 
Cl) 100 

0 

® 

a 

200 

400 ~ 
_PG Uversbreen 

300 - Kongsvegen 
Ha Ho V S2 

S 

'" 200 

'" E 

c 100 
o 

internal refl ect ion 
bedrock S Setevatnet Ho : Holtaljella 
medi al moraine _100 +----, ____ -, __________ H,a __ H_a_ns,k_am_m __ en,-_v __ : _V_ort_e_ha_u~g,en~ 

o 2000 4000 6000 8000 

Horizontal d istance ( m ) 

Fig. 6. Radio-echo soundings along a transverse section on 
Kongsvege71 to Uversbreen Jrom S2 to P6 ( Fig. 2) alld 
their inter/Hetation. ( a) Intensity-modulated plot oJ 
rifLections oJ UHF radar system . ( b) i nterpretatiol/ of 
radio-echo soul/dings. Glacier sU7face elevation is based on 
dataJi-om Melvold (1992, jJe7"sonal communication, 1994) 
and outside the glacier Jrom PiLLewit::.n ( 1967) . 

o 

50 

100 

150 

I 
"" 15. 
'" 0 

200 

250 

300 

350 

-6 -4 

--L-

Temperature (0 C) 

-2 o 

1~ ~i ~ 
~ 

I 
,---

I 
4 

I 

I 
I 
I c' 
i 

:1 
I < 
I 

I 
[: 

? 
Kongsvegen 

Q 
-- Glacier bed I 
~6 K1 (367 m) 

Cl _K2 
~ 

I G - - (] K2 (635 m) 

2 
I 

i 
I 
, 

-
I , 
I 

Fig. 7. T emperature proJiles from boreholes on Kongs
vegen, Nfidre Lovenbreen and Austre Br@ggerbreen (from 
H agen (1992)) . For location see Figures 2, 3, 4 and 11 . 
Glacier-sll1face elevation is given in parentlzesis. 

28 

4000 

o 

50 

I 
"" 15. 
'" 0 

100 

b 150 

o 

50 

100 

C 150 

-6 -4 

Temperature (0 C) 

-2 

-6 

I 
I 
I 

I Gl 

Lovembreen 

--

fr-----i2. 

G - - 0 

-4 
I 

[] 

1\, 

Glacier bed 

L3 (180 m) 

L9 (380 m) 

Temperature ( 0 C) 

-2 

cl~ 
1\ 

q 

I 
I 

I I 
I I 

Br0ggerbreen I 
-- Glacier bed 

fr-----i2. 85 (175 m) 

[] (] 811 (375 m) 

I , 

6000 

o 

[) 

\1; 

....., ~L3 

-E il-L9 

o 2 
I 

I 

I 

I 

---,\ !f-

https://doi.org/10.3189/S0022143000030495 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030495


Bjoimsol1 and others: Thermal regime oJ sub-jJolar glaciers mafJPed by 

300 .-----------------------------,------------, 
Kongsvegen K2 Kongsvegen K3 

vi 200 
Cl! 

E 
- 100 
c: 
o 

'';:: 
Cl! 
~ o +-------"...~~~o= ...... r"7-'"""<----it_""--~"+--___l 

w 

1000 2000 
Hor izo ntal distan ce (m) 

3000 1000 

Ho rizon tal distance (m) 

Fig. 8. interpretation of radar reflections along transverse 
sectiolls oJ ft 'ongsl'egen, P2 to P3 and P4 to P5 (see Fig. 2). 

wards from H oltafJe ll a , the th ird fro m H anskammen and 
th e fourth from the Setevatnet a rea (Fig. 2). At a ll these 
loca ti o ns, th e glac icr is below th e pressure-melting po int 
to a considerable d e pth a long the m o unta in wa lls, w h e re 
ice is moving slowly and the co ld wave has had a lo nge r 
time to pene trate than in the cent ra l parts of the g lac ie r . 
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This ex pla ins why the m edial mora ines a re loca ted above 
th e cen tre li ne of these depressions of co ld ice. Along a 
tra nsverse profile at abo ut 200 m surface e le l'at ion (P2 to 
P3; Fig. 8 ) , the cold layer is depressed from 50 m down to 
90 m a t t h e HoltafJella moraine a nd 70 m at the 
Vortehaugen moraine. Hi g her in the ab lat ion area, at 
abo ut 250 m elevation , th e co ld surface laye r is depressed 
from 60 to 75m a nd 100- II Om, r espec ti ve ly, beneath 
these two moraines (Fig. 6b ). 

The co ld surface layer is on ly 10- 30 m thick ol'e r a 
dista nce of I km in the sadd le between K ongsvegen a nd 
UI'crs bree n (Fig. 6) . Surfa ce meltwa ter is drained to the 
centre or this depression and acc umulated in the supra 
and subglac ia l la ke Setel'a tnet (LieslOl, 1977b ). Th e la ke 
drains regularly in jokulhlaups, thus maint a ining cre
vasses in th e a rea which a re partly filled with ,·vater 
during the sum mer. O ver some distan ce within this a rea 
we would expect the co ld surface layer to be elimin ated 
during the summer. 

Farther up-glacier, K ongsl'egen is at th e melting point 

Fl~[f,. 9. Radio-echo soundings 017 LOllellbreen and their 
illlerj;retation. (He Figure 3 Jar lowtioll ) . ( a and b) 
/ntellJi{J'-lIlodulated plots oJ radar reflections. The heav)' 
.rolid /ill I' Oil the CH F radar (320- 370 J\1 H ::) .rhows the 
bedrock a.1 JUlIllded b), the H F radar (5- 20 AI Nz) . The 
lower bOll"r/al), oJ the sca/lerillg UHF record does 1I0t 
de.fil/ e tlte bedrock bllt delcl)'ecl retllrllS from discrete seal/ers 
all the rOllgh bed. (c) InterjJretations oJ radar reflectiolls 
along a IOllgitl/dillal prqJlLe ( R to .1:3) . Tlt e shaded area 
iJ temj;erat{' ice. L3 alld [_9 shol1' the loeatioll oJ the 
boreholes where tellljJerature jHoJiles were measured. 
(:Iacier- .IIIIJace elfl'atioll is Jrolll a majJ .from o'\ 'orsk 
Polarillsitlltt ( 1979) . 
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JoumaL of ClacioLogy 

O\'e r its en tire d epth (Figs 5a a nd 7), Th e ra d a r refl ec ti o ns 
sugges t th a t thi s may be up-g lacier from a surface 
clcnll ion as loll' as 450 m b ut fu rt her in ves ti ga ti o ns 
should be ca rri ed out lO stud y th e tempera ture condit io ns 
in th is zo ne where th e equ il ibrium li ne is fluctu a ting from 
yea r lO year. 

Th e cold su rface la yc r o r K ongS \Tge n has been 
mel tin g o n th e surface a t a n a \'e rage ra te of 0 ,65 m a 1 

o\ 'er th e peri od 1987 94 (pe rsona l com m un ica tion fro m 
K, ~1 eh'0 I d , 1995 ), Th is reduc tion in th e thi ckn ess of th e 

co ld layer may be compensa ted b>' freez ing a t its lower 
bound a ry. A t th e site K I , the freez ing ra te wo uld equ a l 
th e o bsen 'ed surface a b la ti o n of O.8 m a 1 (o \'e r 30 yea rs) 
if th e free \Va te r con ten t in th e ice a t th e freez ing interface 
\\'('I'e a bo ut I % of th e vo lum e; gi\'e n th e tempera ture 
g radi ent a t th e co ld tempe ra te interface o f 0.04 Km 1 

(Fig . 7) , a th erm a l conduc ti vi tyof iceof2 .1 ' VK I m I,a 
la tent hea t o r fu sion 01' 3 .0 x 10 8J III ~ a nd es tim a ti ng th e 

\'erti ca l ach-ec ti on from a n a pprox ima ti o n o f stead y-sta te 
ice n O\~· . A t a simi la r int e rn a l refl ec tin g interface in 
Frid tjod Jree n in th e Isoord a rea or Spitsbe rge n, K orl ya 
kO\· a nd ~ l acheret (1987 ) CO Il C I uded from bo reholr studi es 
tha t th e wa ter content in th e ice was roug h ly I 2%. 

Uversbreen 

On C n~:rs bree n , a te m pera te basa l laye r is a lso on:rla i n 
by ice a t sub-Ij'eezing tempera tures Fig . 6). As th e beel 
s ta rt s to slope fro m th e Se tenttn e t a r ea into th e 
neighbo ur ing va ll ey w hi c h con ta ins U\'e rsbreen , th e 
upper line o[ th e CH F reco rd coi ncides with th e H F 
rad ar re fl ec ti on from th e beel. Therefore , th e red zo ne o n 
th e U HF reco rd is no t inte rpreted as a te mpera te laye r 
bu t ra th er as sca LLeri ng fro m th e hed . T n th is area ice 

dra ins fro m th e sma ll ha ng ing glac ier , V es le breen (Fig . 
2), judged to be co ld -based fro m thi s obse r \'a tion. 

Lovenbreen 

On L on ':nbree n a tempera te basal laye r is situa ted in th e 
cen tra l upper pa rt of th e g lacier (Figs 9 a nd 10 ). Th is ice 
o ri gina tes from th e cirqu es on eith er sid e o f th e g lac ier , 
where the cold \Vave is e limina ted (unpublished obsen 'a 
ti ons by O. Li es to l) . Th e ex istence of a tempera te 
acc umula tio n a rea in th e eas tern cirqu e can a lso be 
a nti cipa ted b y ex tra po lating th e imern a l-re flec ti on line 
eas twa rd from PI in Fig ure 10. Exce pt fo r th ese cirques , 
the glacier is frozen to th e bed a long a ll th e mounta in 
slopes a nd pres um a bly a lso a long th e entire bed in th e 
10\\'Cs t I km of the snout. The cold su rface layer pene tra tes 
dee per into th e g lac ier a lon g th e wes tern th a n th e eas te rn 
sid e beca use th e winter acc umu la ti on is reduced a long th e 
wes te rn m o unta in wall d ue to snowdrift. 

Austre Broggerbreen 

Ko intern a l sca ttering \Vas d etec ted by th e U HF rada r on 
Austre Broggerbrecn (F ig . 11), a lthough th e sca ttering of 
th e U HF refl ec tions increased somew ha t in th e up-glacie r 
direc tion (i. e. sca tter ing fro m th e bed ). As the win ter cold 
wave is no t eli mina ted in th e acc umu la ti o n a rea of th is 
g lac ier, tempera te basa l ice is presentl y no t advec ted fro m 
th e g lac ier surface . \I easurem ents in t\\·o bo re holes (Fig. 7) , 
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hO\I'C\c r. showcd ice at thc m c lting point on the g lacier 

bed , so a thin tempera te basa l la ye r 111<1) ' underlie the 
central part of the glacier. 

CONCLUSIONS 

Radi o-echo so unding prm'ides an eflrcti\'C LOol for 

mapping thermal regim es of pol y thermal g lacie rs on a 
reg ional scale. On glaciers in S\·albard. internal reflec

tion s detec ted b y C H F radars see m to be located at the 

top of a basa l laye r containing li quid-II'atcr inclusions. 

The reflccting surrace is locatcd c lose to d epth s where 

borehoic nH:a surements indicate that the ice is at the 
press ure-melting point. The CHI<' radar waITS penetrate 

surlilce la ye rs or suiJ-rreezing temperatures but are totally 
re fl cCled in IITt su rface laye rs of accumulation areas. 

HOIIT\Tr. a g radua l transition or th e internal re fl ec tin g 

int erfillT co uld not 1)(' followecl frolll th e al)"'tion a rea to 

the accumulation area. Rath e r, th e interl ~lce di sa ppea red 

abruptly at about 60 m depth. Furth er attent ion must be 
pa id to the thermal laye ring in the transition zone 

bet\l'een tlte accumulation and ablatioJl areas of g laciers 

in S\'a lbard and to the potellt ia l or racia l'S a t \ 'anous 
freq uen cies for describing these conditions. 

In the ablation area of KongS\T ,[~T Il. a SUrfi1lT lanT of' 

sub-freezing temperatures is underlain by a temperate 
ba sa l la yer. Th e surface ablation uf'this culcl la yer mal· be 

compensateci b y freezi ng at its 10\lTr cold tempe rate 
inte rfilce. Thi s requires that the free-water cOlltcnt in the 
ice at the fiTe z ing inte rf~lce is about I 'X) by \·o lullle. The 

surfi\lT layer is thicker beneath med ia l l110raines and 

where co ld-based hanging glaciers ('lItCl' the main ice 

stream . ;\ tcmperate hole was fo und in the o tllerll·ise co ld 
surfilce layer of the ablation area. This was in a surface 

depression betllTen t\l'O adjacent ice s tream s \I'here 

l11elt\l'a ter accumulates during the summ er. 

_\ layer o f temperate ice was found beneath the centra l 
part uf LOI·c'nbrcell. This ice originated fi 'om cirques on 

either side of the glacier . Elsewhere. the g lacier is cold

based along the mountain slo pes and presumably a long 

the ent ire bed in the lowest I km of the snout. The cold 

surface layer penetrates deeper into the glacier where the 
winter accumu lation is reduced du c to sno\\'clr irtin g. 

Onl y a thin temperate b asa l layer exists beneath th e 

central parts of' r\ us tre Broggerb ree ll but a t present no 
temperate ice is ad\TCLed from th e g lac ier su rf~lce . 
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