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ABSTRACT, D eta il ed c h a n g~s in surface d el'a ti o n o r a rece lllh- d eglac ia ted a rea 
hm'e been m a pped using a hi gh-resolutio n ph olOgra mme tri c mc th od , \\' ith a \ 'ic \\' to 
es tim a ting th e contributi o n of d e bri s fro m th e p roglac ia l a rea to th e m elt\\'a te r s treams 
dra ining Sto rg lac ia ren , no rth e rn Sll'ed e n , OHT th e pe ri od 1980 90 , Th e net 
contributio n o f sedim el1ts o rig ina ting from th e d eglac iat ed a rea imm edi a tel y in fro nt 
o f th e glacier lI'as of th e o rdcr o f 50 % o f th e suspend ed silt load tra nspo rted bl' 
m eltl\'a ter a t th e nume R ii nn a n down s tr~am ('rom th e g l ae i ~ r, but a t th e sa m (' tim e, a 
similar a m o unt of sedim e nt ace ul1lulat~d a lo ng th e stream s, Th o ug h th e re is a 
sig nifi cant exc ha nge o r m ass, th e net ehange is c lose to ze ro , .\Io reO\'(' r, the sun 'er 
prov ides d e ta iled info rmatio n a bo ut m orph o logica l c h a n g~s in th e landsca pe, Difk re nt 
processes, suc h as m elting o f perma fi'os t, (]LI\'ia l eros io n a nd sedim enta ti o n , ha lT bee n 
ac m 'e , 

Erosio n a nd sedime nta ti o n ra tes liT re ca lcul a ted fro m th e differe nce be t\\'ee n di g it a l 
te rra in mod els based o n ae ri a l ph otogra phs ta ke n in 1980 and 1990, Th e res ult sholl's 
eros io n in th e ce ntra l pa rt o r th e proglacia l a rea a nd acc umulatio n o r coa rser 
s~dime nls a lo ng th e bra id ed st rea ms, In places, th e g round is sinking, possibl y due to 
m elting or pe rmafi·os l. 

\\ 'here th e ice is thinn e r, in the m a rg in a l zo ne, th e th erm a l regim e o f ice in th e 
ton g ue o f Sto rg lac ia ren co rrespo nd s \I'ell \I ' ith th e prog lac ial geo m orph o logy, :\t 
present , th e g lacie r has a 30-40 m thi ck co ld surface la ye r \\'hi c h a t th e thinn er 
m a rg in a l zo ne co rres po nds to a 100- 200 m wid e froze n rim, Th e tempera ture 
di stribution within th e ice was m a pped using hi g h-reso luti o n rad a r. 

INTRODUCTION 

R a tes of g lac ia l eros io n are difTi c ult to m eas ure direc tl y , 
The m os t commo n m e th od used in es ti m a t i ng g lacia I 
er os io n is m eas urem ent o r th e flu x o f sedim ent in 

meltwa ter dra ining in prog lac ia l strea ms, H o wCI'e r , such 

m easurem e n ts inc lud e seclim ents d e ri\ '('cI (i 'o m pa rts o f th e 

bas in whi ch a rc ice-free , In pa rti cul a r , th e a rea imm ed­
ia te ly in ri 'o lll o f th e g lacie r. fro m \\'hi c h ice m ay hm'e 
re trea ted recenth- , w ill co n tribut e sedim e nt fi 'o m surfa ce 
run ofr in proglac ia l a reas a nd thus beco m e a difIi c ult- (()­

qua ntif)' so u rce o f error in es tim a tin g ra tes of subg lacia l 

erOSIo n, 

In a n a tt empt to es tim ate th e additi o n of sedime nt 

rro m th e proglac ia l a rea to melt \\'a ter at Sto rg lac ia ren , 
no rth e rn S \\ 'Cd e n , a pho(()gra mme tri ca l stud y, using 10 \\' ­

e lel ',lli o n ae ri a l ph o tog ra ph y, \\'as uncl e rt a k~ n to m easure 
c ha nges in s urf~\ce e!el'a ti o n 0 1,(, 1' 10 yea rs, 

W a rburLo n (1990 ) m ad e a d e ta il ed stud y of erosio n 
processes in th e proglac ia l a r~a o fB as Gl ac ie r d ' Aro lla in 
th e Sw iss Alps, durin g th e 1987 a blati o n s~aso n, H ~ 

conclud ed that 23% of th e tota l basin sedim e nt yield in 

th e m e ltwa ter s tream orig inated fro m prog lac ia l sedi­

m e lllS, Fift y-three per cent o f th e tota l flux was di sc ha rged 

durin g o nc 3 d el'e ll( \\ 'ith a hig h ra te of m e ltwa ter 
noodin g , 

Th e pa tte rn ot la nd fo rm di stribution in th e proglac ial 

la ndsca pe shol\'s simil a rities \\'ith th e th ermal regim e o f 

th e present Sto rg lacia re n (H olmlund a nd Eriksso n , 1989; 
H olmlun d a nd o th e rs, in pr~ss ) , BI' 1990, th e g l ac i ~ r had 
re trea ted .'i.'iO m s in c~ 1910, ex pos ing a n area of a bo ut 
0 ,5 km ~ in fron t or th e g l ac i ~ r Fi g, I ) , ' I 'he fi 'o n ta l pa n o r 

th e present S to rg laciaren has a 100 200 m \\'iel l' froze n 

I belol\' th e freez ing p o int ) m a rg ina l zo ne enc losing th e 

tem pe rate pa n of th e g lac ier ( Fi g , 2 ), .-\ss umin g th a t th e 
fo rm e r, la rge r, Sto rg lacia ren had a simil a r temperature 
di stributi o n to th ~ present o nc, th e p rog lac ial land sca pe 
\\' i11 prov id e us \I'ith info rm a ti o n o n p rocesses acting 

und er th e present g lac ier, 

This pa pe r presents th e res ults o rth e pho tog ra mme tri c 

stud y a nd of g ro und rad a r soundings in th e proglacia l 
a rea a nd th e lo\\'C rm os t pa rt o r th e g lac ie r. Th e a im is to 
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Fig. 1. Tile recessioll ~I Slolg/aciiiren, 1910- 90. Tlt e ji'olll 
fiosilioll did 1101 challge belween 1990 and 1995. The 
H%cellI' lIIarimum ellenl oJ Slolg/acid1"en is illdicaled b,.)' 
I-I- ilia \. 

es tim a te, O\"C r a 10 yea r pe riod , th e p ro po rti o n o f th e to ta l 
a m o unt o f sedim e nt tra nspo rt ed by m e lt wa te r (i'om th e 
bas in surfa ce runo ff fro m thi s a rea to th e turbidit y in th e 

m e ltw a te r as m easured a t a wa te r ga uge . 

PHYSICAL SETTINGS 

Storglaciaren 

S to rg lae ia ren (6rS4' N , 18 °34' E ) , a te mpera te \'a ll ey 

g lacie r wilh a prese nt a rea l ex tent of3 .1 km 2 a nd average 

t hi c kn ess o f 95 m (sce F igs 2 a nd 3 ) , has a p e renni a ll y co ld 
surface layer in t h e a bl a ti o n a rea (H o lmlund a nd 
Eriksso n , 1989 ) . Its H o locen e m a x imum ex te nt was 

3 .8 km 2 (Holmlund , 198 7) . U sing li c h e nom e try, th e 

fi'onta l m o rain es we re d a ted to a bo ut 2500 , 300 a nd 

200 BP ( K a ri en , 1973 ) . The m ean a nn u a l lo ta l sus­
pend ed-sedime nt load o f th e m e lt wate r , as m easured a t 
R a nn a n I km d ow nstream o r lh e fro nt, was 5 750 t vcar I 

bc twee n 1980 a nd 1990. fro m a bas in o f 6 .3'4 km 2 

(Schn eider a nd Bro nge, in press ) . 

In 1979 th e g lac ie r w as r a di o-ech o so und ed Iw 
Bjo rnsso n ( 198 1) , usin g a lo w-freque ncy ra d a r. In 1990 
a nd 199 1 th e bed - to pograph y m a p was impro\"(" d b y 
Eriksso n a nd o th e rs ( 1992 ) . 

T em pe ra ture m easurem e n ts in lh e surface layer of 

SlO rg lac iare n 's tongue we re ta ken b y Sch ytt ( 1968 ) a nd 

b y G o u ld (H ooke a nd o th e rs, 1983 ) . [ n 1989, th e spa ti a l 

ex te nsio n of th e co ld surface laye r o f th e g lac ie r was 
m a pped using a hi g h-fi'CCju en c)" ra di o-ech o so und er , a nd 
sh owed a \ 'a ri a bl e d e p t h o f 20-70 m (H o lmlund a nd 

Eriksso n , 1989) . The sh a d ed a rea in Fig ure 2 sho\\ 5 th e 

a rea l ex tensio n o r th e rroze n ice/ bed int errace , a nd th e 

co rres po nding r e la ti o n be t\\"Ce n tempe ra te a nd co ld ice in 

ve rti ca l sectio ns is sho wn in Fig ure 4 . 
Th e h yd ro logy o f S to rg lac ia re n has bee n th e su bj eCl o f 

se\'e ra l studi es (e .g . S tenbo rg, 1969; H o lmlund , 1988; 

Sea be rg a nd o th e rs, 1988 ) . Th ese s tucli es indi ca te 

\ N 

• ,,,",. R,,,,,,h S""oo r 

Fig. 2. ,\lap oJllte Slo lgLacidren drainage basill . Tlte erlenl oJ SI01/!,faridren is based on the 1995 sw'V!!)! of tlte frOllt . 
Shaded areas indicate where Ihe glacier isJro::.en 10 ils bed. alld dOlled areas illdicale ice-cored morailles . T he wesleml7losl 
/Jarl oJ Ihe moraine 011 the sOlllh side oJ Ihe glacier resls I'IIl ire(J' 011 the glacier, alld is Ihus class!Jied as sll/Hag/acial debris . 
T he solid fine illdicales Ihe border oJ lite drainage basill , alld lite bold dashed line illriiwles the area showll i1l Figure 5. T he 
proJiles A, B and ere/er 10 Figllre 4. 
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Fig. 3. S/orglaciiiren ji-Olll Ille easl 011 28 ] u£y 1994 . 

PllO lograjJlt b)' P . J-Jolll1/lIlld. 

dra in age in a bra ided sys tem und er th e lower pa rt o f th e 
LOn g ue . Th e h yd ro logy o r th e prog lac ia I m e lt \\"a ter 
streams h as bee n s tudi ed by Sc hneid e r a nd Bro nge 

(1993, in press ) . 

Schn eid er a nd Bro nge arg ue th a t th e beclloacl m ay 

ha \'e bee n of a simil a r o rd e r o f m ag nitud e to th e 
suspended load by a n a logy with Hild a Gl ac ier , R oe h ' 
i\ ro unwins, C ana da (H a mm er a nd Smith , 1983 ). T o tal 

. G 
sedtm ent tra nspo rt wo uld thus a n ' rage 11.5 x 10 kg 

\'ea r I. lI'hi ch \I'o uld co rres po nd to a g lac ia l eros io n rat e 

m a . s . l . 
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Fig. 4. Cl0SS- alld longilLldillal secliolls oJ IlIe longue oJ 
Slorglarii.iren showillg Lelllperale ire (shaded) alld ICe 

below ji-ee~ illg /)oilll (u 'hile ) , as ill ler/Heler! ji-OI77 radar 
soulldillg.1 lakfll ill A/Hi! 1995. For lotaliolls, see Figure 2. 

H oLm/ulld alld ollters: Sedimelll-mass ncl/{/lIge 

o f 1. 2 mm \'ear 1 (ass umin g a ll sedim e n t com es fro m 

benea th Sto rg la cia ren a nd using a density of 2880 kg m ' ). 

CliInate 

The m ea n a nnua l tem pe ra ture fo r th e peri od 1965- 93 a t 

T a r fa la R esea rch S tat io n situ a ted a t 11 30 m a. s.l. (Fig . I ) 
\\ 'as cJ. .0 C, lIith a m ea n s limm e r tcmpe ra ture o f 
+ 5 .6 v C. A\'C rage prec ipita ti o n is abo ut 1000 mm yea r I, 

but th e precipit a ti on ra te \ 'a ri es sig nifi ca ntl y O\'e r sm a ll 

di sta nces beca use o f local topogra ph y. A\ 'e rage winter 

m ass ba la nce o f Sto rg l ac i ~lre n is 1. 5 m . Th e bo tt o m o f th e 

T a rbl a \ 'a ll e\ ' has discontinuo us pe rm a fi'os t (Kin g , 19 77 , 
1982) . the g ro und being pe rm a nenth' froze n o n rid ges 
a nd beIO\\' perma n e nt sno \\' pa tches . At hi g he r eln'a ti o ns 
th e g round is pro ba bh' perm a ne ntl y froze n irres pee til 'C o f 

s urf~tce co nfi g ura ti o n. The T a rfa la \ 'a ll ey is ch a rac terized 

by ice -co red m o ra in es [i'o m H o loce n e g lacier ext ensio ns, 

th e types d escri bed b:' O strem ( 1964 ) . 
Th e co ld pe ri od to\\'Zl ITls th e e nd oC th e 19 th centun· 

caused g lac iers l O ;)ch '<l nce a t th e turn o f th e centur\·. 
Aro und 19 10 summ er m ea n tempe ra ture rose a bo ut I C 
in no rth e rn S \\"ed en (Al exa ncl ersso n and Eriksson , 1989; 

H olmluncl , 1993 ) . A te nd ency to a \\'a rm e r clim a te \I'as 

es ta blished a ro und 1920 , ca using a dra mati c recessio n o f 
g laci e rs. 

ACTIVE GEOMORPHOLOGICAL PROCESSES IN 
THE PROGLACIAL AREA 

On I 7 June 1977 a slush antian che o r \ 'o lum e 8 .5 x 10 1 m:; 
a ffe cted th e proglac ia l a rea, mO\' ing bo uld ers 0 .5 m in size . 
i'\o such large e\T nt \\'as o bse n 'ed betll'een 1980 a nd 1990, 

but e\Tr V spring th e strea m cutting its cha nn el throug h th e 

snow ac ts \'e ry mu ch like a slush a \'a la nche, a lth o ug h 

mO\'ing mo re slow h-. H OII'e \ 'e r, th e m ass in mo ti on is 
substa nti a l, and it ce rl ainh' modifi es th e mi cro-lo pograpll\ ' 
to so me ext e nt. 

During hean ' ra ins to rms in summ er. la ndslid es occ ur 

in th e centre o r th e proglacia l a rea, adding a sig nifi ca nt 

a mount o r sedim ent to th e proglac ia l s tream s. These 

e\T nts a re es pee ia ll \' impo rta nt alon g th e so uthern strea m 
(Sydj o kk l \\ 'hi c h is slow':" e rodin g northwa rd s into a pil e 
o f till. Th e pos iti o n a t w hi c h th e S ydj o kk emerges fro m 
th e g lac ier c ha nges fro m yea r to l"Ca r (Fig . 3) . During 

yea rs wh en it em erges a t its Il o rth ernmos t site , wa ter spills 

O\'e r into th e centra l g ull\" whi c h is usu a lly dry. On such 

occasio ns, much sedim e nt is a brad ed by runnin g wa te r, 
\\ 'hil e th e strea m is e rodin g ne\\· g ulli es ro \\'ards th e centre . 

Al o ng th e m a rg in a l pa rts of th e stue'" a rea, ice-co red 

la tera lmo ra ines a re slo wl y mi g ra ting d o wll-\·a ll ev . This is 

es pecia ll y striking a t th e so uthe rn sid e \I·he re a IS m thi ck, 

roc k-g lac ie r-like ice-co red mo ra ine is ap p roac hin g th e 
\".til e\; bo tt o m a t a speed o f a bo ut 0 .1 m yea r I . 

PHOTOGRAMMETRIC METHODS 

In thi s stud y. th e m o rphol ogy of th e proglacia l a rea was 

m a pped from ae ri a l ph o togra ph s ta ken by th e ~ a ti o na l 
L a nd SUJ"\'C I' o f Swed e n in 1980 a nd 1990 [i'om a n 
a ltitud e o f 1500 m. Sel'e ra l fi e ld chec ks were ca rri ed o ut 
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between 1986 a nd 1994. A . econd as pec t of th e stud y 
involved a survey of present cha nges in surfaee topogra­
ph y in th e fronta l a rea of SLOrg lac ia ren . The image sca le 

was I : 10000. Th e photogra phs from 1980 were infra red 
colour slides, a nd those from 1990 were bl ac k- a nd-white 
slid es. An a nalyti cal instrum ent, a K ern DSR-ll, equip­
ped with cha rge-coupled dev ice cameras (CCDs) was 
used fo r th e photogrammetri c measu remen ts. After inner, 

rela ti ve a nd abso lute ori enta ti on of th e im ages, heights 

were a utoma ti ca ll y assessed using a correla ti on pro­
g ra mme on a grid with points a t 2 m intervals. Seven 
poss ible eleva tions were tes ted, a t eve ry grid point, where 
the middle eleva tion co rresponded to the height m eas ured 
in th e prev io us point. The sam e g rid was m easured in 
both th e 1980 a nd the 1990 images . Ch a nges in volume 

were com pu ted as th e difference between the d ig i ta l 
terrain m odels of 1980 a nd 1990. Positi ve cha nges 
renec ted sedimenta ti on, whil st nega ti ve cha nges renec ted 
eros ion a nd /or subsidence. 

RADIO-ECHO SOUNDINGS 

The ice-depth so undings we re ca rri ed out using a high­
resoluti on continuo us-wave rad a r, based on a H ewlett 
Pac ka rd N etwork analyze r (HP8 753B) . The softwa re was 

deve loped by th e Enviro nmenta l Surveillance Prog ram 
(PFM ) in Norway. Two different frequency ra nges a nd 
a ntennae were used. ]\!fos t surveys were ca rried o ut using 
a centre frequency of 800 MHz (Allgo n 7 125 .04.05.00) 
a nd a band width of 200 MHz. Th e o ther a ntennae were 
of Vagi type (Allgon 7104. 01.05.00) ce lHred a t 345 MHz 

with a ba ndwidth of 50 MHz. D ata we re recorded on th e 

ha rd disk of a n IBM la p to p com p u ter a nd sto red on 
opti ca l di sks (Verba tim VBR3H I ) . Th e power so urce was 
lead ba tteri es with a ca pac ity of' 100Ah. Alterna ting 
current was produ ced using sin e-wave in verters. Th e 
eq uipm en t was a ttached to a sled a nd pulled by a 

snowmo bi le. StarL- and end-points were surveyed using a 

Geodim eter 440. 
R ad ar techniqu es LO sun'ey difTcrences in th e proper­

ties o f th e ice ha\'e been success full y used by H olmlund 
a nd Eriksson ( 1989), H a mra n a nd o thers ( 1995 ) a nd 

H olmlund a nd o thers (in press ) . Th e d epth of the 

pressure-m elting point isohypse was in terpreted by rada r 
reg istra ti on as the depth of the interface between dry cold 
ice a nd we t tempera te ice. 

RESULTS 

The results of the photogra mm etri c survey show va ri ous 
cha nges in the surfaee to pogra ph y (Fig. 5) . In the level, 
ma rg ina l zo ne, the surface has sunk by up to 2 m. The till 
in thi s a rea is bould er-ri ch, a nd th e fin e frac ti on is a bsent. 

This sinking is proba bl y a res ult of th e th awing of 

perm a fros t. A signifi cant acc umula ti on of g ravel was 

meas ured along the ma rg ins of S to rglaciaren 's o utlet 
streams. Th ere was a ne t in crease in eleva ti on of' 
+ 0.0 I I m over the entire a rea or 0. 28 1 kn12 over the 
10 yea r peri od. The tota l value of positi ve cha nges in 

3 volum e was 44 146 ± 657 m , a nd the corresponding 

val ue of erosion together wi th su bsidence was 40 953 ± 

66 
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Fig. 5. Changes in the topography oJ the Fontal area oJ 
Storglaciiirell, /980- 90, as measured fiom aerial photo­
grajJhs. T he study area is indicated in Figure 2. Positive 
changes reflect sedimentation, and negative changes rl!Jlect 
erosion and/or subsidence. h i order 10 reduce lite delaiLs for 
!Jresentation, a 10 111 grid ltas been used instead of the 2 III 
grid actually employed in the calculations. 

630 m3 ( Fig. 5) . Some pa rr of th e volume gain may 
ce rt a inly be a Llributed to rros t-heaving, espec ia ll y at a 
new ly ex posed la rge rill deposit in th e centre of the a rea 

(Fig . 5). H owever, ta king into consid era tion onl y a reas 

which are a ffec ted by the mel twa ter streams, th e annual 
vo l um e of erosion by runoff from the surface co rres pond ed 
to ~ 1.0 x 103 m3

, a nd sedim ellla ti o n was ~ 1. 3 x 103 m3 

Th ese vo lumes a re a pprox im a tely 50% a nd 65% of th e 
suspend ed-sedim e nt load a nd 25- 32% o f' th e to ta l 
tra nsport (assuming a 50/50 ra ti o between measured 

suspend ed load a nd es tima ted bedl oad ) measured in th e 
wa ter gauge a t R a nn a n, I km downstream. Th e p ro­
g lac ia l a rea ac ts as a la rgc sediment-excha nger, in that 
fres h coa rse sediments a re d e pos ited a nd o ld fin e 
sedim ents a re eroded from th e surface . 

r n th e a bla tion a rea of the glacier, the cold surface ice 

becomes impermeable to meltwa ter, a nd the perm afros t 

in th e ice ca n survive if melt ra tes a re mod era te. The 
rada r so undings show a co ld surface laye r a pprox ima tely 
30 m thi ck. The glacier has a co ld rim , a bo ut 100 m wid e 
a long th e sides and 200 m a t the fron t (Figs 2 a nd 4 ) . [ t is 
likely tha t the ground underneath th e toe of the g lacier is 

froze n. 
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Subglacial accumulation o f" t ill may occu r where th e 
bed is a t th e pressure-melting point for ice, but beneath 

co ld ice and a frozen substrate there w ill be no 

sed im entat ion . The pattern of land form s in ll 'ont of th e 
tongue shows spatial simil a riti es to lhe presenl tem.pera­
ture regim e of the g laci e r, wit h loose fin e-grained ti ll a nd 
sediments in the centre , enclosed by a boulder-rich rrozen 

zone. At present , permafrost seems to be thawing a t the 

oute r rim of th e H olocene ma ximum g lacier extent a nd to 
be de\'elop ing in the deposit in the centre of the proglaci a l 
a rea (Fig. 5) . 

CONCLUSIONS 

The measurements described suggest that thc proglacial 
a r ea o r Storglac iaren acts as a storage zonc for sccl iments, 
a nd rclcases sedim ents to the proglacial stream. On 

ave rage , there is an exc hange of sediments of app rox i­

mately 50 % of the annual suspended-sedim ent load in the 

streams a long th e fi rst kilometre from the g lac ie r fron t. If 
th e relation between bedload and suspend ed-sed iment 
load is believed to be SO /50 , th e mass exc hange in fro ll t o f 
SLOrg l ac i ~ire n is close to 30 % of the tota l sed im ent 
transport. \Ve ma y concl ud e that till - and sediment­

coyered areas ma y cause significant e rrors w hen using flu x 

in meltl,'aLer to assess the raLe of subglac ia l erosion , 
though in thi s case the gain a nd loss of sed im ent within 
th e a rea seem to be of the same amou n t. Ph oLOgram ­
metric studies arc helpful too ls in studi es of mass­

exchange processes withi n a proglacial area , and in 

studi es of geomorphi c changes \"ithin an area. 

~[ oreO\' er , the proglac ia l morphology suggests that 

th e tcmpera ture di str i bu tion ~" iLhin th e ice of an enla rged 
Slo rglac i ~ire n would be "ery sim.ilar to that of the present 
g la cier. At present , permafi'ost is thawing in the area 
where the lrozen toe ot th e glacier ri'ont used to be SO- 90 

yea rs ago. T he central front area may origina te from 

more temperate cond itio ns where sedimen ts were depos­
ited w hen th e glac ier had a larger extent. 
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