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A force-balance study of ice flow and basal conditions of 
Jutulstrau:men, Antarctica 

0VVIND AR\t[AND HOYDAL 

Norsk PolarinstituU, Majorslua , N-0301 Oslo , Norway 

ABSTRACT. Stresses and velocities a t depth are calcula ted across Jutulstraumen, an 
ice stream in Dronning M a ud Land , draining about 1% of the Anta rctic ice shee t. The 
force-balance stud y is based on data from kin ematic GPS m eas urements on three 
strain nets, each consisting of 3 x 3 stakes. Th e maximum m easured velocity is 
443 m a 1 and the velocity variation over sho rt distances is la rge compared with 
studied ice stream s in Wes t Antarcti ca . The surface topograph y together with the 
measured ve lociti t"s across the proGle indicate that the bottom to pograph y has a great 
influence on the flow direc tion , even where the ice thi ckness is more than 2000 m. The 
basal shear stresses a re ca lculated as 180, 227 a nd 146 kPa in th e three stra in ne ts, 
while the corresponding dri ving stres es a re 180, 122 and III kPa ( ± 5% ). Th e h eat 
produced by sliding and internal d eformation is sufficient to kee p the base at the 
pressure-melting point. The annual basal melting is es tima ted to be about 60 mm. 
Investigations on the effec l of temperature softening show th a t th e flow paramete r's 
influence on th e efTec tive strain rate is more important than the fl ow pa rameter' s direc t 
so ftening in th e fl ow low a lone. The mass flow calculated by the fo rce-balance m e thod 
is between 87 and 96% of pu re p i ug flow and total discha rge is calculated to be 
13.3 ± IOkm 3 a- l

. 

INTRODUCTION 

jutulstraumen , a n ice stream in Dronning M a ud La nd 
(Fig. I ), is fed by an approxima tely 124000km2 

ca tchment basin , a bout I % o f the Antarc tic ice sheet 
(Van Autenboer and Decl eir, 1978 ). Jutulstraumen flows 
into Fimbu lisen , where it pro trudes as a floa ting ice 
tongue, nam ed Trolltunga. This ice tongue has re treated 
considerably a ft er a major calv ing event in 1967, when an 
iceberg approximately 100 km long and 50 km wide broke 
off (Vinje, 1977 ) . 

Previous studi es of th e mass ba lance ofJutul stra umen did 
not include its entire discharge. Gjess ing (1972) collected 
gra\'ilY and velocity measurements between Jutulre ra and 
northern Nashornka lven (also inves tiga ted in th e present 
stud y; profil e I in Fig. I). Decleir and Van Autenboer ( 1982) 
reca lcu la ted the bottom topogra phy from Gjessing's (1972) 
gravity measurements and estima ted th e di scharge through 
this profil e as 12.5 km3 a- I, ass uming plug fl ow. On th e basis 
of this estima te, Bentley and Giovinetto (199 1) calculated 
that accumu la tion exceeds outflow by 50%. H owever, a 
large pa rt of the J utulstraumen accumu lation area drains 
through Vidd a len, between Nashornet and Istind (profi le 2 
in Fig. I ). No velocity data we re ava ilable for th e section 
across th e outer pa rt of Vidda len and th e ou tflow th ere has 
so far been neg lected. Satellite images indica te th a t as much 
as one-third of the ice mass in Jutulstraumen may flow 
through Vidd a len. The outflow cross-sectional area in this 
stud y is based on the depth proG les of Dec leir a nd Van 
Autenboer ( 1982) (T able, I ). 

Th e fi eld work o f this projec t was ca rri ed out during 
th e Norwegia n Antarcti c Research Expedition 1992- 93 
(NARE 92- 93 ) (H eydal , in press ) , in co-operation ,witt> 
M elvold and H agen ( in press). I t h as two objectives: ( I ) 
To c larify the mass ba lance of jutulstra umen, and (2) to 
inves ti ga te th e d yna mi cs and th e vari a tion in th e stress 
Gelds of this type ofiee stream. Jutulstra umen is bounded 
by bedrock li ke a lpin e g laciers and th erefore shou ld differ 
in behaviour from the more compreh ensi\'ely studied ice 
strea ms of IN es t An tarcti ca. 

The surface-ve loci ty profil es consisted of 42 s takes 
ac ross Ju tulstraumen (Fig. 2). Twenty-seven of th e stakes 
were arranged in 3 x 3 rec tangul a r strain nets (Fig . 2 ) . 
The stakes were surveyed using the G lobal Positioning 
Sys tem (GPS). 

Th e strain-ra te m easurements from the three strain 
ne ts are used to ca lcul a te deformati ons, stresses and 
velocitics at depth. 

MEASUREMENTS AND DATA ANALYSIS 

Th e relative po 'i tions of profi le sta kes were surveyed using 
ph ase-trac king kinemati c GPS techniques (Eike n , Jll 

press ) . Three (WGS 84) GPS rece ivers were used fo r 
each survey. Two receiver antennas were mounted on 
fix ed stakes at each e nd of th e profi le and continua ll y 
recorded GPS sign a ls. The third , roving, receive r and 
antenna was mounted on a s led ge, towed b y a 
snowmobile. The snowmobile drove a long the proG le, 
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Fig . I. Jutulstraumen at the zero meridian in D ronning 
N/aud Land (map from NOTSk Polarillstitutt) . 

making short stops at each stake a nd placing th e a ntenna 
on th e top of each stake. At ea ch end of th e profile, the 
roving a ntenn a was intercha nged with the fixed a ntenna. 
R ela tive positions of the stakes were computed using 
signa ls record ed by all three GPS receivers a nd Ashtech 
XII GPPS post-processing software. 

The profi les were surveyed twi ce. The interval 
between each survey was 14 d. The computed surface 
velociti es a re plo tted in Fig ure 2 and velocities a re listed 
in T able I. These velocities are in good agreem ent with 
those measured by Gjessing (19 72 ) . 

41 4 

Stake-positioning errors (stand a rd d evia ti on) from the 
GPS measurements a nd processing are 0.05- 0.06 m for 
ne t I a nd 0.02- 0.03 m for nets 2 a nd 3. 0.005 m error on 
the sta ke positions res ults in a bout 0.1 % error in the 
velocity for th e slowes t part of th e ice stream. The 
maximum strain-rate error is 0.2 x 10- 3 a- I or about 10 % 
of th e values for ne t I gi,·en in T a bl e 2. The stresses a re 
proportional to the stra in ra tes and will conta in the sam e 
error as the strain rates. The true errors in the stra in ra tes 
a t th e nodes in T a bl e 2 are considered to be sm all er, 
because they a re based on a,·erages from four stakes a nd 
a rc more accurate positions for the stakes in nets 2 a nd 3. 
The standard d evi a tion for the verti cal pos itioning is 
large r than (or th e horizontal positioning. The maximum 
is 0.2 5 m and may result in a 5% error in the shear stresses 
for ne t 2, where the surface slope is sm allest. 

F o rce-balance calcula ti ons require four sets of stra in 
ra tes and the surface slope for each 3 x 3 strain net. 
Surface slope is computed from rela tive eleva tions o f the 
oute rmost stake. M easured velociti es are transfo rmed 
into surface-pa ra llel components and gridded to a 
regula r I km g rid using linear interpol a ti ons. The 
coordinate sys tem is Ca rtesian wi th the x axi s eastward 
along the profile, the y axis pointing northwa rd and th e 
z axis positi ve upward normal to th e local snow surface. 
Fig ure 3 illustra tes th e loca l coordina te sys tem used in 
each strain ne t. Stra in ra tes a re computed in ea ch 
quarter of a stra in net, bounded by four stakes. The 
average normal stra in rates from two sides a re Eu a nd 
Eyy , while Exy is a n average from a ll four sides . All three 
quantities apply to th e geometric centre of the square. 
This point is a nod e a nd a net co nsisting of 3 x 3 s ta kes 
gives four nodes . Th e values from these four nod es, 
toge ther with th e centre ve locities a nd the surface slop es, 
a re used in the model to compute stresses a t the centre 
poin t of each stra in ne t. 

FORCE-BALANCE THEORY 

Two simplifica tions a re made to the well-es ta blished 
for ce-balance m ethod of Van d er V een and vVhill a ns 
(1989a). First, a Cartesian coordina te sys tem is d efined 
with the z ax is perpendicula r to th e snow surface . In this 
pa per , planes pa ra llel to the z axis a re called ve rti cal. 
N ext, a simplifying assumption regarding the hydrosta ti c 
pressure is mad e. The changes are d escribed below. 

For an element with density p a nd sides ox , ay a nd az 
para llel to th e coordinate ax es, th e stress -b a la n ce 
eq ua tions are: 

a(Jxx/ax+ a(Ja·y/ ay + a(Ju / az= -pgx (1 ) 
a(Jxy/ ox + o(Jyy/ ay + o(J yz/ OZ = - pgy (2 ) 

a(J,cz / ox + o(Jyz/ ay + o(Jzz / oz = - pgz (3) 

where (Jxx, (Jyy, (Jzz a re normal stresses, (J.ry, (Jxz , (Jyz a re 
shear stresses a nd gx, gYl gz are components of g ravity in 
the x, y and z direc tions. 

Stress-deviato r components are obta ined by subtract­
ing the ayerage normal pressure (@kxx + (Jyy + (Jzz )) 
from the norma l stresses . The shear-stress compon ents 
rem ain uncha nged. 
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Table 1. Absolute velocity, normal velocity and ice flux 

Stake No" 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
36 

37 
38 
39 
40 
4 1 
42 

Velocity 

ma 

124 .62 
153.45 
173.83 
288 .05 
394.68 
4 13.20 
4 18.96 
380.70 
261.04 
180.26 
165.71 
157.71 
92.80 
73.32 
51.84 

3.66 

0.88 
136.60 
182. 19 
179. 17 
70.3 1 
33.39 

Other stakes (ve locity, m a I ) 

16 157. 12 
17 170.87 
18 178.39 
19 18 1.45 
20 168.16 
2 1 154.29 
22 285.79 
23 44 1.52 
24 406 .94 
25 406.46 
26 389.07 

n r e/ocity vl'idth 

ma - I m 

11 8.98 2439.5 1 
146.55 878.8 1 
167.82 2559.82 
272.21 4208.24 
354.65 2522.93 
367 .78 874.80 
373.76 2575.64 
358.43 4314.69 
245.39 4344.3 1 
165.47 2598.33 
15 1.99 870.66 
139.36 2621.52 
82.04 436 1.59 
65.30 3970.26 
50 .78 2792 .18 

3.30 3000.00 

0.88 1329.44 
87. 10 3088.96 

124.32 35 10.52 
142 .67 3508.09 
67. 18 3524.80 
32.68 2267.7 1 

27 
28 
29 
30 
3 1 
32 
33 
34 
35 
36 

Thickness 

m 

850 
900 
950 

1700 
2400 
2400 
2400 
1300 

700 
700 
700 
700 
700 
700 

1000 
500 

500 
1200 
2200 
1900 
1400 
800 

406 .77 
442.96 
373 .26 
157 .55 
163.33 
138.3 1 
103. 18 
13 1.67 
160. 10 

3 .66 

Factort 

0.93 
0.93 
0.93 
0.91 
0.87 
0.87 
0.87 
0.92 
0.96 
0.96 
0.96 
0.96 
0.96 
0.96 
0.93 
0.99 

0.99 
0.92 
0.87 
0.90 
0.9 1 
0.95 

Flux 

km 3 a I 

0.23 
0. 11 
0 .38 
1. 77 
1.87 
0.67 
2 .0 1 
1.85 
0 .72 
0.29 
0.09 
0.25 
0.24 
0.17 
0.13 
0.00 

0.00 
0 .30 
0.84 
0.86 
0.30 
0.06 

Tota l Flux 

T otal flux 

km 3 a - I 

10.78 

2.35 

13.13 

• S take n um bers 1- 36 are from northern N as hornkaa lven to J utulrora . Stake numbers 37- 42 arc from northern 
Nashornkalven to Istind . 

t Comp uted shape facto r between computed m ass flow and block fl ow. 

By ass uming the ave rage norma l stress to bc constant 
a lo ng planes parallcl to the su r[acc, a good approxim­
ation to the stress-bala nce eq ua ti ons is ac hi cved by 
rcplacing th e derivatives of th e normal stresses direc tl y 
with the derivatives or the d eviator-stress components: 

O(J~joz = - pgx - (o(J~.,./ox + o(J~"y/oy) (4) 

o(J~joz = - pgy - (o(J;JY/oy + o(J~y/ox) (5) 

where (J;j' i,j = X,y ,z are deviator-stress components. 
Stresses are linked to strain rates (E) through their 

deviator components (cl) in th e gene ralized fl ow law : 

(6) 

where A is thc Oow parameter among other fea tures 
d ependent on tempera ture. n is a n empirical derived 
cons ta n t, here taken to bc cc] ua l to 3 (Paw'so n, 198 1). 

The effe ctive st ra in rate (Ee) is defined as : 

. 2 I' 2· 2 1(' 2 . 2 . 2) . 2 . 2 . 2 
Ee = '5.Eij Eij = '5. E~ .. " + Eyy + Ezz + E.(,y + E.1;Z + Eyz . 

(7) 
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Fig. 2. Upper part: relative horizontal movements oJ the stakes. The longest line represents 443 m a 1. Lower part: relative 
position of each stake and elevation contours. The numbers rifer to stake and velocity data in Table 1. 

I n the field , velocity is mea$ured a t discrete locations. 
H orizontal strain rates at the surface are: 

Exy = Hauy/ax + 8ux/ay] 

Exx = auT /8x 

Eyy = auy/ay. 

(8) 

(9) 
(10) 

Assuming no ver tical shear (e.g. (8u z )/(8x) = 0 and 
(8u z )/(8y) = 0), horizon tal strain rates below the surface 
are comp uted using: 

(ll), (12) 

Table 2. Swjace strain rates (a- I) and stresses (kPa) 

Node Surface strain rates 

Exx Eyy Exy 

- I - I - I a a a 

Net 1 
I 3.71e-03 - 6.52e 03 1. 61e-02 

2 9.88e -03 _ 1.l8e-02 1.5 I e-02 

3 3.0 le -03 - 2.93e-02 2. IOe-02 

4 1.08e-02 -4.62e-03 - 2.6 Ie-03 

lvlean 6.85e 03 - 1.31 e -02 1.24e 02 

Net 2 
I 9.36e-03 1.45e 02 1.66e -02 

2 1.8 1e-02 - 3.62e-03 3. 14e-03 

3 1.44e 02 2.38e-03 - 1.2 1e 02 

4 - 3.34e-03 - 2.94e 03 8.84e -03 

Mean 9.63e-03 2.58e 03 4. 12e-03 

Net 3 
1 -7.88e 03 - 2.44e-05 - 7.38e 03 

2 - 3.1 4e-03 3.75e-03 - 1.11 e 02 

3 _ 1.l0e-03 - 1.61 e-03 - 4.20e-03 

4 -7.2 1e 03 - 1.3ge-03 - 5.48e-03 

Mean -4.83e 03 1.8Ie-04 - 7.04e 03 

4 16 

The strain nets m easured on J u tulstraumen were 
restricted to 3 x 3 arrays of stakes. This means that just 
one derivati\'e of each surface-stress component can be 
calculated for each net. Instead of introd ucing add i tional 
points outside the meas ured area to provide lateral 
boundary conditions at depth (as in Van der Veen , 
1989 ), the strain rates measured at the surface are kept 
constant with depth. This is believed to be the best 
assumption. There can ne\'er be any physical control of 
th e boundary conditions at the margins of a strain net. 
K eepin g the surface strain rates constant leads to 
dec reasing longitudin a l deviator st resses at d epth 

Swjace stresses 

a'xx a'yy a'xy 

kPa kPa kPa 

36 - 62 154 
89 - 106 136 
18 - 174 124 

150 - 64 - 36 
73.25 - 101.5 94.5 

66 103 118 
174 - 35 30 
125 20 - 105 
-44 - 39 11 8 

80.25 12.25 40.25 

- 102 0 - 96 
- 39 46 - 137 
- 24 - 35 - 93 

- 100 - 19 - 76 
- 66 - 2 - 101 
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a'.. . . All oj Ihese stresses acl Oil sll1Jaces parallel to the z a·ds. These sll1Jaces are close to vertical and a'Tl is laler called £y .y 
"verliwl shear stress" ill Figures 6, 7 and 8. (J~ l' and (J;/y are the longitudinal deviator slresses. 

because ice tempera ture . a nd thus softn ess, increases. 
The e fTecti\'e stra in ra te (fp) is includ ed in bo th 

Eq ua tions (4 ) and (5) a nd i ncl ud es both f.r= a nd Eyz . This 
coupling o f f./" , a nd Eyz requires th a t Equ a tio ns (4) and (5 ) 
a re soh-ed simulta neously. This is do ne by itera ti ons 
where th e e fTecti\'e stra in ra te is upd a ted , representing th e 
ave rage e fTec ti H' stra in ra te in the integratio n layer. 

Equ a tions (4) a nd (5) a re so h- ed fo r 8(J'rj8z a nd 
8(J~)8z fo r thin laye rs p a ra ll el to th e surface . The upper­
bounda ry conditi ons a re a tress-ri"ee surface a nd surface 
veloc ity . S tresses a nd veloc iti es a t th e lower surfaces ca n 
then be progressi\'ely calc ul a ted downwa rd to the base . 

TEMPERATURE MODEL AND INPUT 

A mod el o f tempera ture ya ri a ti on with d epth is needed to 
es tim a te th e va lu es of th e fl ow pa ra meter A . Values for A 
as a functi on of temperature ha\'e been ta bul a ted in 
Pa terson ( 198 1). The tempera ture pro fil e is es tim a ted 
using a simple model fro m Robin ( 1955 ) . Th e foll owing 
as: umpti ons are mad e: 

I. T empera ture distribution a nd ice geometry do no t 
var y with tim e (i. e . stead y sta te) . 

2 . Th e basa l te mperature is below th e m elting point o f 
Ice . 

3. Th e hori zo nta l tempera ture gradi ent is negli gibl e 
com pa red to th e ve rti ca l tem pera ture gradi en t. 
Thus, hori zonta l hea t ad vec tion is negli gible. 

4. H ea ting from intern a l fi"icti on is m a inl y importa nt 
in the lower laye rs a nd may be accounted [or by 
inc reasing th e geo therma l hea t flu x, a nd simila rl y 
for hea ( genera ted by basal sliding. 

H ea ti ng due to inte rn a l deforma ti o n , tj) , depends 
ma inly o n horizonta l shea r stresses. H ow eve r, this is no t 
kn own a priori. An initi a l es tim a te is m a d e using th e fl ow 
law a nd ass uming th a t (J.tZ = pghex: 

(13) 

where A is th e flow rate in th e flow law, 9 is g ravity, h is 
ice thi ckn ess a nd ex is surface slope. When force-ba la nce 
ca lculat io ns a l"e ca rri ed ou t, a better es tim ate is round 
from: 

(14) 

The hea ting from basa l sliding is: 

(15) 

where (Jb is basal shear stress a nd /.It) is basal sliding . This 
hea ting is initi a ll y se t to ze ro . 

The inputs required to compute a depth- tempera ture 
profil e a re acc umula ti on , geo th erma l hea t flux a nd 
surface tempe ra ture. Schyt t (1958) meas ured acc umul­
a ti on a t fo ur loca ti ons a lo ng p rofil e I in 1949 a nd 1950, 
with a n ave rage of 0.3 m w.eq . a I as a representat i\'e 
acc umul a ti o n fo r the area. 

The lo we r pa rt of Jutuls tra um en li es in a structura l 
fa ult , Penc ksokk et (Penck Tro ugh ). It is believed th a t 
Pencksokke t was formed during th e Precambri a n , so th a t 
hea ting associa ted with orogenesis should no longe r 
influence hea t fl ow. The geo th erm al hea t fl ow is assumed 
to be - 54. 6 m W m 2 or - I .72 x 106 J m 2 yea r I . This is a 
typical val ue (Scla ter and o th ers, 1980) fo r Precam bri a n 
shi elds. 

Th e a ve rage a nnu a l surface tempera ture a t th e 
profil es is - 23 °C a nd is ro und fr om te mpe ra ture 
measurem ents m ade in sha llow boreholcs (1\/f e1vo ld a nd 
H agen, in press) . The ave rage a nnua l tempera ture is 
approxim a te ly - 23°C. Thi s agrees well wi rh Schyrt's 
( 1958) es tim a tes of a \'e rage a nnua l tem p e ra ture of 
- 2 1.4°C a t 770 m a nd - 24. 7°C a t 1280 m eleva tion. By 
interpola ting Sc hytt's va lues, - 22 .2°C is found a t 900 m 
and - 22.9°C a t 1000 m eleva tion . The pro fil es are a ll 
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Fig . 4. T he sUljace profile between Nou/re Nashomkalven and J utulmra ( jJrofiLe I) . 

loca ted a t about 900 m a .s. l. (Fig. 2) . 
The advection of ice from higher eleva ti ons und oubt­

ed ly ca uses a reversed tempera ture profil e in th e upper 
layers, as has been d emonstra ted in o th er sites (e.g. V a n 
del' V een and Whilla ns, 1989b). Th e altitude of the upper 
acc umula tion a rea in jutulstraumen is above 2500 m 
(67% of the a rea is a bove 2500 m ) with an a nnu a l 
tem pe ra ture be twee n - 35a a nd - 40ac . A reve rsed 
tempera ture profile in th e upper laye rs a t Jutulstra um en 
is th erefore to be expected . 

This tempera ture model might seem too simplified for 
th e present appli ca tion. In an ice stream like Jutulsta um­
en, the basa l tempera ture is poss ibl y a t th e pressure­
mel ting poin t, violating R obin 's ( 1955 ) assumpti on (2) . 
H owever , this so lu ti on must be valid wh en the tem per­
a ture is close to th e pressure-melting poin t, beca use a 
sma ll change a t th e base will not significantl y cha nge the 
sha pe of th e profil e. The value of the flow parameter , A , is 
known a t bes t wi th in a fac tor of 5 (H ooke, 198 1; Pa terson 
and Budd , 1982 ). A n error of Sac in the tempera ture 
es tim a te will change th e fl ow pa ra m eter by a fac lo r of 
abo ut 3. It is believed that the es tima ted tempera ture 
curves a re accura te wi thin ± Sac a nd will not have much 
influence on th e accuracy of th e fl ow parameter. 

T o summa ri ze: sliding and intern a l deform a ti on 
produce hea t th a t influences th e tempera ture curve, so 
calcula ting ice temperature and deforma tion is a coupl ed 
problem. This is soh'ed by successive calcula ti ons of the 
tempera ture and th e deform a ti on . The procedure is 
desc ri bed below . 

RESULTS 

Temperature 

H ea ting due to intern al deforma ti on IS first es tim a ted 
acco rding to surface slope a nd a fl ow par a m e ter 
representing - 20°C (Equation (13)) . The initial hea t 
fl ows, 109, 82 and 5 7 mVV m 2, a re used to compute th e 
basal tempera tures th a t are - 11 a, _6° a nd - 16aC for ne ts 
1,2 a nd 3, respec tively. The initi a l tempera ture profil e is 
used in force-ba lan ce calcula tions to compute basal 
velocities and shear stresses . The cold , und eforma bl e ice 
and la rge surface velocity resul t ini tia ll y in large basal 
veloc i ti es . The th eoreti cal hea t genera ted by thi s "cold 
basal sliding" is an order of magnitude la rger th a n th e 
geo th ermal hea t fl ow. The heat fl ow needed to keep the 
base a t the pressure-m elting point is just 182, 104 a nd 
211 mW m- 2 for nets I , 2 and 3, respec ti vely. V a n d er 
V een a nd Whillans ( 1989b), and the ensuing calcula ti ons, 

41 8 

show th a t the ice temper a ture or vari a ti on in the flow 
parameter has a smaller influence on ca lculated horizon­
tal shea r stresses . H ea t genera ted by intern a l deforma tion 
(Equa tion (14)) will th en increasingly limit Equa ti on 
(15) th e closer to th e b ase the differenti a l movements 
occur. F o r a ll three ne ts, th e hea t genera ted by 
differen ti a l movemen ts is more than necessary to keep 
th e base a t th e pressure-meltin g point. Th e final 
tempera tu re curves a re shown in Figure 5. 

The force-balance calcula tions result in internal 
hea ting (Eq ua tion (14)) + heating by sliding (Equation 
(15)) equ a l to: 

570 + 320 = 890 mW m -2 for net 1, 

2530 + 1250 = 3780 m W m - 2 for net 2, and 

230 + 570 = 800 m W m -2 for net 3. 

The excess of hea t results in basal melting. T aking 
onl y the hea t produced by sliding into account, the basal 
melting is a bout 0.03, 0.10 a nd 0.05 m year- I for nets 1, 2 
and 3, respec ti vely, or 0 .06 m yea r- I as a mean. Th e 
difference in hea t produc ti on a t the three loca tions is 
mainly du e to differences in the surface velocity. As long 
as the res ulting sliding veloc ity produces more hea t than 
is needed to keep th e base a t the pressure-melting point, 
the tempera ture curves in Figure Sa, d a nd g a re expected 
to be a good approxima tion. 

In order to tes t the dependence of the results on 
tempera ture, force bala nce is calcula ted ass uming the ice 
is isothermal a t - 25°C . 

Effective strain rate 

The average effective stra in ra te, the average va lue from 
the four nod es a t each verti cal level is plo tted in Figure 5. 
Two tem pera ture pro fi les, o ne iso th ermal a t - 25aC, and 
the oth er computed as d escribed abO\'e, a re considered . 
r n the iso th ermal case (Fig . 5c, f and i), the effec ti ve strain 
ra tes a t the base are twi ce th e surface values . When the 
es tim a ted temperature profi les (Fig. Sa, d and g) a re used , 
the cha nges in effective stra in rate a re much la rge r, with 
basal stra in ra tes an order of magnitude la rger th an a t the 
surface . 

The la rge difference in effecti ve stra in ra tes between 
the isotherm al and tempera ture-varying models is a res ult 
of th e non-linearity of the fl ow law and the tempera ture­
dependence of its fl ow pa ra meter. In the iso thermal case, 
the surface-measured stresses a t the bed a re reduced to 

~63% (2 -~ ) of the surface value (Figs 6, 7 a nd 8). In the 
tempera tu re-varying case, th ere is a feed-back effect from 
the effective strain rate, due to the increased fl ow 

https://doi.org/10.3189/S0022143000003403 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000003403


H oydal: Force-balance study of ice flow and basal conditions oJ Jutulstraumen, Antarctica 

Calculated temperature (0 C) 
Strain net No 1 

a) 

Strain net No 2 

Strain net No 3 

Average effective strain rate 

b) 

co 
co 
en 

is 
'" 
co 
~ 

is 
CD 

co 
co 
'" 

c) 

o.CO .?"'o .b.O 'fOO '<O , .0 

co 
co 
en 

co 
~ 

co 
co 
CD 

co 
co 

'" 

0·0 o ·?-o ·· 0 .<0 0 ,'<> , .0 

Fig. 5. Tem/Jerature curves for strain nets 1- 3. a, calculated temjJeratllre: b, average effective strain rate: temperature 
calculated; c, average iffective strain rate: isotherm. 
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Fig. 6. Strain nel No. 1. Velocities and stresses are calculated (1) by using the temperature profile in Figure 5 and (2) by 
assuming the ice lemperature is conslanl and equal to - 2:fC. 

pa ra meter. Th e order-of-magnitude increase in effec tive 
stra in rate a t the bed decreases the measured surface 
stresses to 21% (O-~ ) of the surface valu e. The cha nge in 
th e tcmpera ture from the surface to th e bottom in creases 
the fl ow pa rameter about 50 times. This reduces the 
d eviator stresses to 27% (50-1) of th e surface \·alues . The 
effec t on the increased effective strain ra te is larger than 
the effe ct of larger fl ow parameter. Toge ther, the two 
effects res ult in basal stresses that arc on ly 5% of the 
m easured surface stresses. 

Updating the effec tive stra in rate to take accou nt of 
in creased temperature a t depth has a positive feed-back 
effec t on thc deform at ion. This can be seen in Figures 6, 7 
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and 8 for "average longitudinal deviator stresses" and 
"aver age shea r stress on vertical plan es" where temper­
ature curves are included in the calculations. The strong 
reduction of the surface-m easured stresses at the base are 
here caused by the combin a tion of soft ice and high stress 
level at the base. At the base, th e effec tive strain rate is 
totally dominated by horizontal shearing . The horizontal 
shear stress is only weakl y affected by the ice temperat ure, 
while the effect on the horizontal velocity is more 
dramatic (Figs 6, 7 a nd 8) . K eeping th e effec tive strain 
rate constant at depth will th en have on ly a sma ll effect 
on the horizontal shear but a greater effect on th e 
es timated horizontal velocity profile at depth. If th e 
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Fig. 7. Straillllet No. 2. relocities and stresses are calculated ( J) by using the temperature jJl'oJile ill Figure 5 alld (2) by 
assuming the ice temjJeratuTe is cOllstant and equal to - 2S' C. 

efTec ti ve stra in ra te had been kept consta nt a t the surface­
measured va lue, the surface-measured stresses would have 
been reduced to a bout 27% of th ose a t th e bed . 

Force-ba la nce ca lcu la ti o ns are often m ad e with the 
efTec tive stra in ra te measured a t the surface kept consta n t 
a t depth . Thi s ma kes it pos ib le to integra te direc tl y the 
force-ba la nce equ ations to th e base. This is equ ivalent to 
adjusting the fl ow pa ra m e ter to loca l condit ions a nd 
solving the fo rce ba la nce w ith a linear fl ow law. If the 
efTec ti ve s tra in ra te (or effec ti ve 'hear stress) is more or 
less consta nt, the depth vari a ti on is m a in ly assoc iated 
with the tempera ture-depend ence of th e now pa rameter . 

Va n der Veen a nd Whi ll a ns ( 198g b) fo und a rela ti\ 'ely 
small vari a ti o n in the efTecti ve shea r stress with d epth a nd 
proposed a no w la w where th e fl ow pa ra me te r in cl ud ed 
th e efTecti ve shea r stress measured a t the surface . They 
fo und no sig nifi cant difference using linea r (n = 1) a nd 
non-linea r (n = 3 ) fl ow laws. T n J u tulstra ume n, th e basal 
shea r stress is a bo ut 4 times th e basal shea r stress a t the 
Byrd Sta ti on Stra in Netwo rk fo r which Va n d er V een a nd 
Whill ans' calcu la ti ons were m ad e . The la rge r basal shear 
stress ma kes th e choice of ex po nent in th e fl ow law more 
important in Jutu lstra umen . 

T o summa rize: ass umpt io ns about th e value of n in 
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Fig, 8, Strain net No , 3, Velocities and stresses are calculated (1) by using the temperature profile in Figure 5 and (2) by 
assuming the ice temperature is constant and equal to - 25"G. 

the flow law and how the effec tive strain rate a re 
incorporated have a greater effect on the results than a 
few QC error in the calculated temperature profiles, 

The surface velocities and stress fields 

The magni tudes of the stresses are related to the veloci ties 
and the location in the ice stream, T ab le 2 shows the 
values of the interpola ted strain rates from measured 
stake positions a nd th e calcula ted surface stresses, Figure 
4 shows the surface elevation a long the profil e a nd , 
togeth er with th e elevati on contours in Figures 1 and 2, 
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thi s helps to clarify th e flow patterns, The degree of 
surface-eleva tion variation along the profi le is surprising 
consid ering that the ice thickness is more than 2 km , The 
flow patterns are consistent with those seen on sa tellite 
lmages, 

Net 1 
The ice here just passes the last of three nun ataks in the 
Nashorn ridge, Further downstream the surface slope 
decreases. Thus, there is compression in the flow direction 
("-'Y direction) and extension in the latera l direction (,,-,x 
direction ) -(T able 2) . The difference in flow direction 
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between stakes 30 a nd 3 1 (Fig. 2) erea tes o pen crevasses 
and reve rses th e sign o[ th e vertica l shear stress (the id e 
drag) a t nod e 4. 

Th ere is lateral di ve rgence between nets I a nd 2 bu t a 
conve rgence between ne t I a nd the ice stream from 
Viddalcn (profil e 2) . 

The a verage verti cal shear (the side drag) at the surface 
is 94.5 kPa, which is of th e same magnitude as net 3. 

. , 'et 2 
Th e net I ies ove r th e thi c kes t part of th e ice stream where 
the \'elociti es are la rgest. In the la tera l direc tion (x 
direction ) th ere is mainly ex tension. The net li es on a 
small hill with a dep ress io n or cha nnel to the east. Surface 
velociti es from net 2 a nd eas twa rd indi cate latera l 
convergence into this cha nnel. 

Late ra l compression might be ex pec ted in the sha ll ow 
depressio n between nets I a nd 2. However , there is a 
la teral divergent now be tween nets I a nd 2. At th e 
deepes t p art of the d epress ion there is a la rge open 
crevasse tra nS\'erse to the profil e, the onl y place along th e 
profil e with such a large oprn crevasse . The crevasse 
belongs to a system th at increases in size downstream. 
Stand ing a t the side o f this crevasse, one ge ts a weak 
impress ion of bei ng situated in a tro ug h. Furth e r 
upstream , K . M eh-ol (personal communi cat ion) has 
reported a la rger troug h . 

The now patterns in the profil es indica te that now 
west of sta ke 4 is controll ed by the bedrock d epress ion in 
Vidd a le n , wh ile ice now eas t of sta ke 4 is controll ed by th e 
depression in the middl e of profile I. Th e basa l reli ef 
should the n be signifi ca nt compared to the ice thi ckn ess . 

The vertical shea r stress at net 2 is less th a n halfofth a t 
measu red a t nets I a nd 3 . 

",, 'et 3 
The ne t is situated in a n area with a consta nt surface 
slope. Th ere is onl y sm a ll va ri a tion in th e veloci ti es but 
the y component increases latera ll y, with a la tera l 
compression due to na rrowing of Jutulstra um en as it 
passes J u tulrora. The stresses in the y direc ti o n are sma ll . 
The \'e rti cal shea r stress is - 101 kPa (opposite turning o f 
net I ) . 

Basal shear stresses and velocities at depth 

The drivi ng stresses at ne ts 1, 2 a nd 3 are ISO, 122 a nd 
III kPa, respec tively. The m ax imum surface slopes a re 
0.27°, 0.32 ° a nd 1.0 I 0, respectively. Errors in th e surface 
slope ca use up to 5% error in th e basal stress a t net 2 a nd 
a bo ut I % in nets 2 a nd 3 . Errors which originate from 
surface slope will be o f a similar magnitud e for th e 
ca lcul a ted basal stresses. The ca lculated basa l shea r stress 
at net I is ISOkPa, i.e . equ a l to the dri ving stress. This 
indica tes that th e surface stresses bal a nce eac h other. At 
net 2 th e basa l shea r stress is 227 kPa, twi ce the dri\'ing 
stress. This is caused by imba la nce of surface stresses a nd 
a relati\ 'ely constant stress fi e ld in the upper 1500 m. The 
basal shea r stress a t net 3 is 146 kPa, 32% hig her than the 
dri\'ing- stress. The differe nce between the driving stress 
a nd th e basa l shea r stress in ne t 3 is sma ll com pared wi th 
net 2, beca use th e stresses are integra ted over a sma ll er 
depth interval. Th e ice temperature has a sma ll er 
innuence on the calcul a ted hori zon ta l shear stresses. 

The res ults from "tempera ture-ca lcula ted " a nd " iso­
thermal" (Fig. 5) profil es differ by less than 3% a t net 
I where th e driving stress is a lmost eq ua l to the basa l 
shea r stress. 'Vh en th e surface stresses becom e more 
important, as in nets 2 and 3, assumed softer ice a t dep th 
m a kes the basal shea r stress 13% less (for both nets 2 and 
3) than for the case where th e ice is trea ted as being cold 
a nd st iff. 

Both driving stresses a nd calcul ated basal stresses are 
large, indica ting that the base support s the stresses. Th e 
basa l shea r stre s in net 2 is 186% la rge r tha n th e dri\'ing 
stress. That is m a inly due to lon g itudin al deviator stress in 
the la tera l direction. Net 2 is loca ted on a topographic 
high that probab ly overlies a hill in the basal topography . 
The basa l hill supports the stresses from the d eeper areas 
a t the sides. 

At the ice-st ream margins (n e ts I and 3) , th e basa l 
shea r stress is lower th an in the m iddle. Side d rag is of th e 
same magnitud e as basa l h ea r stress a nd eq uall y 
important in supporting dri\ 'ing stresses . 

Veloc iti es ca lcul a ted at d epth a re shown in Figures 6, 
7 a nd S. The basa l velocit ies a re calcul ated as 50, 171 a nd 
II 0ma t for nets 1, 2 and 3, respect ively. Ve locity a t 
d ep th is strong ly depend ent o n the ice tempera ture 
through its effect on the now p aram eter. If the lower 1-
2% of the ice thickness is treated as softer ice (by 
in c reasing th e flow para m e te r 5 times ), th e basa l 
velocities become zero at a ll ne ts. Thus, sliding \"Clocity 
cannot be accurately ca lcula ted and the on ly conclusion 
th a t ca n be draw n with confid e nce is that th ere is a steep 
ve loc ity gradi e nt close to th e bed. 

At net 2 the flow direct ion a t the base is sig ifi ca ntl y 
different from th a t a t the surface. The y compone nt of th e 
vclocity decreases to zero, \I·hil e the x compo nent remains 
un changed. In th eo ry, th e fo rce-ba la nce method shou ld 
acc ura tely predi c t such cha nges a t dep th. The e ffe cts of 
basal topogra ph y on now direc ti on should diminish 
upwa rd into the ice. The ice a t th e base wi ll , if possible, 
divert no\\' a ro und the obstacle wh il e th e ice at the surface 
is much less a fTec ted by bedroc k undulat ions . Th e no\\' 
direc ti on a t d epth in net 2 turn . in th e direction of the 
d epression in su rface topography shown east o f the stra in 
net in Figure 4. The depress io n is o ne possib le reason for 
the turning. 

In Equat ions ( I ), (2) and (3 ) the gravit y components 
ba lance the stresses acting on th e surface of a n elemen t. 
During integra ti on of th e force-ba lance eq ua ti ons, it is 
ass umed tha t the measured stra in ra tes and the indirectly 
m easured g ravity components ( the su rface . Iope) a re 
representative a t d epth. As a guid e, the di sta nces between 
stakes should eC] ual th e ice d epth where th e deform a tions 
need to be studied. The surface slo pes a nd stra ins could be 
calc ul a ted from in creased surface a reas during th e 
vertica l integra tion process . However, this would ca use 
loss of reso lut ion a t th e depth where interesting deform ­
ations origina te. Looking a t Fig u re 7, a " represen ta ti ve 
g ravity ang le" in th e x direc ti o n a t net 2 increases when a 
la rge r di sta nce a t the surface is used . A la rge r surface 
a ng le ca uses a la rge r decrease o f rhe x com p o nen t at 
depth but does not necessa ril y diminish the turn of the 
now direction. A la rge r surface a ng le in the x direction 
a lso innuences th e velocity fi eld in th e y direc ti on, because 
th e effec ti\'e shea r stress at d e pth increases . slIlg a 
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surface angle in the x direction to calculate zero x velocity 
at the base gives a high negative veloci ty in the y direction 
(the main Oow direction )! Thus, th e turning cannot be 
exp la ined from surface-angle input. 

The calculations a nd their sensitivity to surface a ngles 
indicate that th e y component of the velocity decreases 
due to interna l deformation , whi le the x component is 
more stable at depth. The ex tension in the x direction 
supports this. The llow direction at the surface is m ainly 
governed by the surface slope. Closer to the bed, bedrock 
topography will have more influence and changes in th e 
channel geometry introduce longitudinal stresses. 

The stress var iations over short distances are greater in 
J utu lstraumen than reported for some other ice streams 
(Van der Veen and Whillans, 1989b). Jutulstra umen 
flows within a wide channel in the bedrock and, together 
with high basal shear stress, this distingu ishes such ice 
streams in East Antarctica from m any counterparts in 
West Antarctica. Even though the ice thickness is more 
than 2000 m, the surface seems to be inlluenced by 
bottom topography . This implies that the velocity close to 
the bed is signifi cant, regard less of whether there is pure 
sliding or strong basal deformation. The ice fabric at the 
base, together with high basal shear stress, probably 
supports a significant basa l movement by deformation. 
The basal ice is probab ly highly plas ti c, so that th e strain 
rates a re not well defined as a fun ction of the deviator 
str ess componen ts (H 0ydal, 1993 ) . If so, then any 
prediction of velocity changes close to the base can only 
be h ypo thetical. 

The large gradient in surface velocity from the sides 
towards the middle of the ice stream do probabl y a lso 
cause basal movements of cold ice a round the nunataks. 
Glacial striations are found on the top of the nuna tak 
Nordre Nashornkalven. They origin a te probably from the 
last ice age with a cold er climate than today. The Ice 
thickness was then at least 100 m thicker than today. 

Mass flow 

Volume Oux through the profiles is determined using 
depth-varying velocities rather than by assuming plug 
flow. For each strain-net location, the along-Oow velocity 
is integrated over depth and the ratio of the depth­
averaged velocity to the surface velocity is computed as 
0.93,0.87 and 0.96 for nets 1,2 and 3, respectively. Error 
in th e factors is es tim ated to be less than 10%. The factor 
is interpolated between strain-net locations and used to 
compute "olume flux through the entire profile. The 
calculations a re shown in 'fable I. The volum e ll ux 
between Jutulr0ra and Na hornkalven is 10 .78 km3 a- I 
a nd 2.35 km3 a I across Viddalen. This gives total 
13. 13km3 a- 1 outflow at 72°15'S. The error with respect 
to the above factors should be less than 1.0 km3 a I. 

D ecleir and Van Au ten boer (1982) calcula ted the 
discharge between J utulrora and N ashornkalven as 
12.48km3 a- 1 or 1.7km3 a I higher than the present 
stud y. They made no attempt to es timate the red uction 
of hor izon tal flow wi th depth . This, together wi th the 
higher resolution of surface velocitie used in the present 
stud y, explains the devia tion of their result. The flow out 
of Viddalen a lso belongs to the J utulstraumen dra inage 
system and m ust be included ; when this is added, the 
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present study gives an outflow abou t 5% hig her than that 
of D ecleir and Van Autenboer (1982 ) . Bentley and 
Giovinetto (1991 ) used 16Gta I as input (accumula­
tion ) and an outOow eq ual to II Gt a I and concluded 
that Jutulstraume n was not in balance. A large 
uncertainty is caused by poorly known acc umulation 
and at present it is not possible to say whether the area is 
trul y in or out of balance. Planned 1 orwegia n fi eld work 
for the com ing years includes obtaining better acc umula­
tion estim ates from sha llow snow cores. 

The m ain uncertainty in these ca lculations is the ice 
thickness from gravity m easuremen t presented by Gjes­
sing ( 1972) and reinterpreted by D ecleir and Van 
Autenboer (1982). Minor errors in the depth profiles 
probably have little inlluence on the mass-OO\~, shape 
factors. The flux in T ab le I is then proportional to icc 
thickness and improved ice-thickness d a ta would rcduce 
the error in the Oux es timates . 

The lower part of J u tulstraumen (downstream of the 
profile ) is estimated to be 6200 km2 o r 5% of the total 
catchment area . Assuming that the net balance here is 
0.40 m a 1 (in w.e. ), this gives a volume of 2.5 km3 a I. 
The total outOow from J utulstraumen ac ross the ground­
ing line should then be about 15.6 km 3 a I. 

SUMMARY 

J utulstra umen is an ice stream with a warm base and 
large basal shear stress. The temperate ice at the base is 
caused by the movements of the ice stream itself. Large 
basal shear stresses lead to high effective strain rates. It is 
important that the force-balance calcu lat ions are 
perform ed such that the effective st rain ra te is calculated 
progressive ly downwards. Assumptions a bout the [low 
law a nd temperature are not important in computing the 
basa l shear stress. H owever, these assumptions a re 
important in relation to the depth variation of the 
horizontal velocity. The large basal shear stress and 
warm basal temperatures computed here imply that basal 
sliding occurs. Calculated values of basal sliding range 
from 50 to 171m a- l

. 

The basal topography contro ls th e [low direction and 
this indicates that the basal relief is significant compared 
to the ice thickness . There is good agreement between 
measured deformations a nd observed flow patterns and 
topography. 

The discharge between Istind and Nordre Nashorn­
kalven is 2.35 km 3 a- I. Between Nordre Nashornkalven 
and J u tulr0ra the discharge is 10.78 km 3 a- I. The total 
discharge through the profi les is 13.1 km 3 a- I. 
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